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Marı́a José Paternina Reyes, Jimy Unfried Silgado, Juan Felipe Santa Marı́n, Henry Alonso
Colorado Lopera and Luis Armando Espitia Sanjuán
Cashew Nutshells: A Promising Filler for 3D Printing Filaments
Reprinted from: Polymers 2023, 15, 4347, doi:10.3390/polym15224347 . . . . . . . . . . . . . . . . 120

Hyunkyung Lee, Minsu Kim, Gyungha Kim and Daeup Kim
Effect of the Chemical Properties of Silane Coupling Agents on Interfacial Bonding Strength
with Thermoplastics in the Resizing of Recycled Carbon Fibers
Reprinted from: Polymers 2023, 15, 4273, doi:10.3390/polym15214273 . . . . . . . . . . . . . . . . 134

Sofie Verstraete, Bart Buffel, Dharmjeet Madhav, Stijn Debruyne and Frederik Desplentere
Short Flax Fibres and Shives as Reinforcements in Bio Composites: A Numerical and
Experimental Study on the Mechanical Properties
Reprinted from: Polymers 2023, 15, 2239, doi:10.3390/polym15102239 . . . . . . . . . . . . . . . . 148

v



Antoine Runacher, Mohammad-Javad Kazemzadeh-Parsi, Daniele Di Lorenzo, Victor
Champaney, Nicolas Hascoet and Amine Ammar et al.
Describing and Modeling Rough Composites Surfaces by Using Topological Data Analysis and
Fractional Brownian Motion
Reprinted from: Polymers 2023, 15, 1449, doi:10.3390/polym15061449 . . . . . . . . . . . . . . . . 167

Sujith Sidlipura, Abderrahmane Ayadi and Mylène Lagardère Deléglise
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Preface

This special issue presents a diverse collection of research articles, categorized as follows:

1. Composite Material Development

• Li et al. (2024): developed low-density, high-performance PP/POE composite foam via

irradiation crosslinking, improving mechanical properties and thermal shrinkage resistance.

• Sun et al. (2024): focused on flame-retardant thermoplastic corrugated sandwich panels,

highlighting flame-retardant additives’ potential in expanding application ranges.

• Wang et al. (2023): investigated sisal-fiber-reinforced polypropylene composites, enhancing fire

resistance in natural-fiber-reinforced materials.

2. Process Optimization and Applications

• Birtha et al. (2023): optimized the consolidation of unidirectional fiber-reinforced thermoplastic

tapes, enhancing bonding strength and reducing voids.

• Zarges et al. (2023): studied the impact of hot runner systems on regenerated-cellulose-

fiber-reinforced polypropylene.

• Lins et al. (2023): modified polyamide 66 for media-tight hybrid composites with aluminum,

targeting automotive uses.

• Mei-Xian Li et al. (2023): investigated rapid impregnating resins for automotive composites,

focusing on optimizing resin impregnation.

3. Sustainability and Environmental Impact

• Paternina Reyes et al. (2023): used cashew nut shells as a filler for 3D printing filaments,

promoting sustainability by utilizing agricultural waste.

• Lee et al. (2023): examined silane coupling agents in improving bonding strength with

thermoplastics in recycled carbon fibers.

• Verstraete et al. (2023): used flax stems as reinforcements in polylactic acid bio-composites,

offering an eco-friendly alternative.

4. Advanced Modeling Techniques

• Runacher et al. (2023): modeled rough composite surfaces using topological data analysis and

fractional Brownian motion, providing insights into surface roughness.

5. Advanced Characterization Techniques

• Sidlipura et al. (2024): utilized 2D extended-field and multimodal imaging to analyze porosity

and surface area fractions in partially impregnated glass-fiber-reinforced polypropylene

composites, showcasing the approach’s potential at the meso-scale.

This collection of articles underscores the diversity of research directions and the potential of

fiber-reinforced thermoplastic composites in various applications, driven by the ongoing pursuit of

sustainability, performance optimization, and material innovation.

Abderrahmane Ayadi, Patricia Krawczak, and Chung Hae Park

Editors
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Low-Density and High-Performance Fiber-Reinforced PP/POE
Composite Foam via Irradiation Crosslinking
Hongfu Li * , Tianyu Wang, Changwei Cui, Yuxi Mu and Kangmin Niu *

School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China
* Correspondence: lihongfu@ustb.edu.cn (H.L.); niukm@ustb.edu.cn (K.N.)

Abstract: This study addresses the challenge of achieving foam with a high expansion ratio and
poor mechanical properties, caused by the low melt viscosity of semi-crystalline polypropylene
(PP). We systematically employ a modification approach involving blending PP with polyolefin elas-
tomers (POE), irradiation crosslinking, and fiber reinforcement to prepare fiber-reinforced crosslinked
PP/POE composite foam. Through optimization and characterization of material composition and
processing conditions, the obtained fiber-reinforced crosslinked PP/POE composite foam exhibits
both low density and high performance. Specifically, at a crosslinking degree of 12%, the expansion
ratio reaches 16 times its original value, and a foam density of 0.057 g/cm3 is reduced by 36%
compared to the non-crosslinked PP/POE system with a density of 0.089 g/cm3. The density of
the short-carbon-fiber-reinforced crosslinked sCF/PP/POE composite foam is comparable to that
of the crosslinked PP/POE system, but the tensile strength reaches 0.69 MPa, representing a 200%
increase over the crosslinked PP/POE system and a 41% increase over the non-crosslinked PP/POE
system. Simultaneously, it exhibits excellent impact strength, tear resistance, and low heat shrink-
age. Irradiation crosslinking is beneficial for enhancing the melt strength and resistance to high
temperature thermal shrinkage of PP/POE foam, while fiber reinforcement contributes significantly
to improving mechanical properties. These achieve a good complementary effect in low-density and
high-performance PP foam modification.

Keywords: polypropylene; melt strength; thermoplastic foam; irradiation crosslinking; fiber composite;
mechanical property

1. Introduction

Due to the ease of synthesis, excellent comprehensive performance, and low cost of
polypropylene (PP), it has become one of the most widely used plastics globally, and is
extensively applied in various aspects of our daily lives [1]. For instance, PP can achieve
lightweight design and high specific strength structural application through foaming
processes, while possessing characteristics such as thermal insulation. Particularly driven
by the increasing demand in recent years, there is a significant need for PP in emerging
fields, like sandwich structures of automotive structures, interiors, food packaging, and
other fields [1–3]. Enhancing the foaming expansion ratio and mechanical properties
of PP foam to reduce the usage of chemically synthesized materials represents a crucial
direction in the development of polymer foam applications under the impetus of a low
carbon footprint.

However, due to the uniform chain structure and high crystallinity of PP, its low melt
strength near foaming temperature makes it challenging to support the stable growth of
high expansion ratio bubbles, leading to the occurrence of bubble rupture. For instance,
Lee [4] investigated the relationship between the extrusion foaming ratio and processing
temperature of PP. It was found that, during the foaming process, if the temperature is
too high, the melt strength of PP significantly decreases, resulting in severe gas escape
and potential damage to the bubble structure. On the other hand, if the temperature is

1



Polymers 2024, 16, 745

too low, the melt strength becomes excessively high, hindering the growth of bubbles.
The optimal foaming temperature for the system was identified as 190 ◦C, and it was
emphasized that the foaming temperature needs to consider the impact of the system
and foaming agent type. Burt [5] evaluated the foaming temperature window for PP and
found a narrow temperature range of only 4 ◦C suitable for PP foaming. Therefore, to
achieve PP foaming materials with a high expansion ratio, enhancing the melt strength of
PP during the foaming process and expanding the operational temperature window are
crucial technical challenges.

To enhance the melt strength of PP, various approaches such as blending with ther-
moplastic elastomers [6–8], introducing side-chain branching to PP [9,10], and crosslink-
ing [11–14] can be employed. For instance, Wang and Gong [8,15] investigated blending
modifications of PP and polyolefin elastomers (POE), revealing that POE exhibits higher
melt strength, good flowability, lower melting temperature, compatibility with PP, and ease
of processing. Additionally, incorporating POE can reduce the crystallinity of PP, which
is advantageous for minimizing the sensitivity of melt strength to temperature changes,
and enhancing the impact resistance of PP. Han [16] utilized a two-step method involving a
foaming agent, crosslinking agent blending modification, and irradiation crosslinking to
improve the melt strength of PP. Subsequently, foaming of the crosslinked PP was achieved
using compression molding, resulting in PP foam with uniform pore distribution, small
pore size, and excellent mechanical properties. Notably, physical crosslinking methods such
as irradiation [17–19] are more environmentally friendly compared to chemical crosslink-
ing methods. They effectively avoid the use of volatile peroxide initiators and chemical
crosslinking agents like benzoyl peroxide (BPO), dicumyl peroxide (DCP), and triallyl
isocyanurate (TAIC), aligning with development needs for a low carbon footprint and low
VOC emissions [13].

However, the high foaming ratio results in a significant reduction in material density,
and it is challenging to simultaneously maintain excellent mechanical properties. Well-
dispersed particles like clay [20–22], talc [23,24], nano-CaCO3 [25], hollow molecular-sieve
particles [26], CNT [27], and graphene [28] are generally used to enhance PP cell structures
and mechanical properties. However, the reinforcing effect of particles is often limited.
Fiber reinforcement has proven to be an effective method for enhancing the performance
of polymer materials [29,30] and concrete [31,32]. In recent years, the concept of fiber
reinforced polymer composites has gradually been applied to the research on the reinforce-
ment and modification of high-performance polymer foams. Relevant results indicate that
fiber parameters such as strength, length, and content can influence the thermal and me-
chanical properties of polymers, as well as their foaming behavior [33–36]. Sebaey [37,38]
investigated the energy absorption behavior of polyurethane (PU) foam-filled carbon-fiber-
reinforced polymer composite tubes under impact. Chuang [39] developed carbon-fiber-
and glass-fiber-reinforced foamed PU composite multifunctional protective boards suit-
able for diversified environments. Kumar [40] emphasized the reinforcement of rigid
polyurethane foam (RPUF) via the addition of glass fibers for diverse engineering applica-
tions. Mechanical properties were found to be improved with addition of GF content due
to the increased foam density and decreased cell size. Kuranchie [41] reviewed the effect of
natural fiber reinforcement on PU composite foams. Shen [42] carried out foaming analysis
of polystyrene-carbon nanofiber nanocomposite. However, for PP polymer, research is
primarily concentrated on fiber-reinforced non-foamed PP composites [43–45], with limited
reports on attempts to obtain fiber-reinforced PP composite foam. Wang [46] attempted
to enhance PP fine-celled foaming with the incorporation of short carbon fibers via melt
compounding in a twin-screw extruder, followed by injection molding and foaming with
supercritical CO2. The most uniform foam size distribution and cell morphology were
achieved with 25 wt.% carbon fibers. Nonetheless, a large number of unfoamed regions
could still be observed. Furthermore, a low foaming rate, indicated by a high foam den-
sity of 0.58 g/cm3, was achieved due to the increased melt viscoelasticity at high fiber
content, which inhibited the foaming process. Cai [35] predicted the elastic moduli of the
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foamed glass-fiber-reinforced PP composite foam through experiments and by constructing
a multilayer RVE model. Rachtanapun [47] investigated wood fiber reinforced PP/HDPE
blend composites to determine the effects of processing condition, blend composition, and
wood fiber content on the void fraction and cell morphology of the materials without
involving the study of mechanical properties. Therefore, it is evident that there are still
challenges in achieving a high foaming expansion ratio while maintaining high strength
for fiber-reinforced PP.

Based on this, we simultaneously employed a blend modification approach using
POE thermoplastic elastomer and physical irradiation crosslinking to enhance the melt
strength of PP, aiming to produce a higher expansion ratio and low-density PP foam.
Simultaneously, we utilized short glass fibers (sGF) and short carbon fibers (sCF) to enhance
the mechanical properties of the PP foam. Through optimization of material composition,
process conditions, and characterization assessments, we systematically investigated the
influence of thermoplastic elastomers, crosslinked network structures, fiber types, and
content on the foaming, thermal stability, and mechanical performance of PP, ultimately
achieving the fabrication of low-density and high-performance fiber-reinforced PP/POE
composite foam.

2. Materials and Methods
2.1. Materials

Isotactic polypropylene (PP), a brand of S131, with a molecular weight (Mw) of 420,804
and a melt flow index of 1.3 g/10 min was supplied by Sumitomo Chemical Co., Ltd.,
Tokyo, Japan. Polyolefin elastomer (POE), a brand of 6202, exhibiting a Shore hardness of
64 A and a melt flow index of 9.1 g/10 min was obtained from ExxonMobil Corporation,
Spring, TX, USA. The foaming agent ADC 271, primarily composed of azodicarbonamide,
was sourced from Baerlocher GmbH, Unterschleißheim, Germany. Stearic acid was utilized
as a lubricant during processing. The antioxidant 1076G was obtained from BASF. The
nucleating agent TMA-3, identified as an α-type nucleating agent for improving the cell
distribution of foaming materials, was procured from Anhui Xiangyun Rubber Plastic Co.,
Ltd., Hefei, China. Triallyl isocyanurate (TMPTMA), a brand of TMPTMA-P, was used as a
crosslinking agent and was provided by Anhui Xiangyun Chemical Co., Ltd., Hefei, China.
Short carbon fibers (sCF), specifically T300 with a length of 2 mm, were procured from
Toray. Short glass fibers (sGF) with a length of 3 mm were supplied by Shanghai Lishuo
Composite Materials Co., Ltd., Shanghai, China.

2.2. Preparation of PP/POE Blend Sheets Ready to Foam

In this study, a two-step compression molding foaming process was employed to
prepare PP foam samples. This method requires low flowability of the polypropylene melt,
making it particularly suitable for convenient operations when modifying the foaming
system through blending, incorporating fibers, or introducing other inorganic fillers [48].
As shown in Figure 1, initially, according to the proportions listed in Table 1, a banbury
mixer (XH-401CE-160, Guangdong Xihua Machinery Co., Ltd., Dongguan, China) was
utilized to mix PP, POE, stearic acid, antioxidant, and either sCF or sGF at 160 ◦C for
5 min at medium speeds and high speeds, respectively, resulting in the preparation of a
fiber-reinforced PP/POE premix. Subsequently, the foaming agent, nucleating agent, and
crosslinking agent were added, followed by low-speed mixing for 5 min and high-speed
mixing for an additional 5 min. The mixed material was then placed on a flat vulcanization
bed, degassed at 170 ◦C for 1 min, and held under high pressure for 90 s to mold the
pre-mixture into PP/POE sheets ready to foam.

3
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tion crosslinking, and foaming processes.

Table 1. The composition of PP/POE blend and fiber-reinforced PP/POE composite foams.

Material PP POE Nucleating
Agent

Lubricating
Agent

Antioxygen
Agent

Foaming
Agent

Crosslinking
Agent

Reinforced
Fibers

Brand S131 6202 TMA-3 Stearic acid 1076G ADC TMPTMA sCF or sGF

Content (g) 60 40 0.4 1.0 0.5 15 0–16 0–20

2.3. Radiation Crosslinking and Foaming of PP/POE Blend Sheet

The premixed samples of PP/POE or fiber-reinforced PP/POE sheets were placed
in plastic bags. After purging air and introducing nitrogen, the bags were sealed. An
electron accelerator (GJ-2, Sichuan Atomic Energy Research Institute) was used to in-
duce active radicals and crosslinking in PP by adjusting the irradiation dose settings to
2/4/8/10/15/20 kGy. The irradiated sheets were then heat treated at 120 ◦C for 2 h to
eliminate residual free radicals generated during the irradiation process. Subsequently, the
heat treated premix sheets were placed in a coating machine for foaming, with a foaming
temperature of 200–220 ◦C and a dwell time of 5–7 min, resulting in the final production of
crosslinked PP/POE blended foamed sheets.

2.4. Characterizations

The density of PP premix sheets and foams was measured using a solid density
analyzer (KW-300Y). The foaming expansion ratio Vf was determined by Formula (1):

Vf =
ρu

ρ f
(1)

where Vf represents the foaming expansion ratio, ρu is the density of the unfoamed sample
in g/cm3, and ρf is the density of the foamed sheet in g/cm3.

The degree of crosslinking was assessed through gel content in PP. Approximately
0.2 g of the crosslinked and unfoamed sample was weighed and recorded as W. After the
sample was wrapped in a copper mesh with a 200 mesh and dried at 80 ◦C for 30 min, the
dried mass was recorded as W1. Following this, the sample was placed in 140 ◦C xylene
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and stirred reflux for 6 h. Finally, the PP mass, after removing the copper mesh and drying
at 80 ◦C for 1 h, was recorded as W2. The gel content G was calculated using Formula (2):

G =

(
1 − W1 − W2

W

)
× 100% (2)

high temperature thermal shrinkage performance involved placing 20 mm × 20 mm × 4 mm
samples in a 160 ◦C oven for 10 min. After the samples cooled to room temperature and
were allowed to stand for 2 h, the changes in thickness before (Hu) and after (Hρ) thermal
treatment were measured, and the thermal stability parameter α was calculated according
to Formula (3):

α =
Hu − Hρ

Hρ
(3)

the dynamic rheological properties were tested using a rotational rheometer (MCR302).
A parallel plate mold with a diameter of 35 mm and a 1 mm sample gap was used. The
frequency was set from 0.1 to 100 rad/s, and the linear viscoelastic range strain was 2%.
The storage modulus, loss modulus, viscosity, and tan δ of the polymer matrix were tested
at 200 ◦C in a N2 environment.

Tensile strength of the samples followed ASTM D638 standard, with sample dimen-
sions of 200 mm × 15 mm × 4 mm and a stretching rate of 10 mm/min. Impact strength
was evaluated using a simple beam impact tester (XJ-300) for specimens without notches,
measuring 75 mm × 15 mm × 4 mm, with an impact speed of 2.9 m/s. Tear strength
testing followed ASTM D 3574 standard, with a sample size of 150 mm × 20 mm × 4 mm,
containing a triangular notch in the middle. The crosshead speed of grip separation was
500 mm/min.

Microscopic foam pore morphology was observed using a scanning electron micro-
scope (SEM). Image J software v1.54 was employed for pore size and distribution statistics.

3. Results and Discussion
3.1. Irradiation Crosslinking Process Optimization of PP/POE Foam
3.1.1. Crosslinking Degree

The mechanism of chemical structure crosslinking induced by irradiation in PP is
illustrated in Figure 2. Under the influence of irradiation, high-energy particles excite PP
to generate tertiary carbon radicals. In the absence of a crosslinking agent in the system,
the generated tertiary carbon radicals tend to undergo β-scission reactions [49], leading to
the main chain breakage of PP. This results in a decrease in molecular weight, and further
decomposition into small molecules. The melt strength of these small molecules is lower,
making it less favorable for foaming. However, when a crosslinking agent with double
bonds and multifunctional groups is present in the PP system, its carboxyl functional group
can effectively inhibit β-scission reactions under irradiation. The carboxyl functional group
binds with tertiary carbon radicals, forming more stable radicals. These stable radicals
can undergo coupling termination reactions with the remaining tertiary carbon radicals,
forming a crosslinked structure or network structure. The addition of a crosslinking agent
and irradiation dosage are the two main influencing parameters affecting the degree of
crosslinking in PP [50]. The degree of crosslinking is generally characterized by the gel
content of the material, where a higher gel content corresponds to a higher degree of
crosslinking. In this study, Trimethylolpropane trimethacrylate (TMPTMA) was chosen as
the crosslinking agent, primarily controlling the crosslinking reaction through its double
bond structure, as depicted in Figure 2.
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Figure 2. (a) Molecular structure of the crosslinking agent TMPTMA, (b) mechanism of PP chain
scission and crosslinking induced by irradiation.

Figure 3a illustrates the relationship between the crosslinking degree and the amount
of crosslinking agent at an irradiation dosage of 10 kGy. It is evident that, with a crosslinking
agent content below 8 phr, the crosslinking degree increases with an increasing crosslinking
agent. However, beyond 8 phr, the trend becomes more gradual. This is attributed to the
excess tertiary carbon radicals generated in the system due to irradiation. As the content
of the crosslinking agent increases, the crosslinking degree shows a positive correlation.
However, the limited production of tertiary carbon radicals at 10 kGy can result in an
insufficient supply of radicals to match the increased amount of crosslinking agent and
facilitate additional crosslinking. At this point, the crosslinking degree reaches a peak,
entering a plateau phase.
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Figure 3b illustrates the relationship between crosslinking degree and irradiation
dosage at a crosslinking agent content of 8 phr. It is evident that an initial increase in
irradiation dosage significantly enhances the crosslinking degree. At an irradiation dosage
of 15 kGy, the crosslinking degree reaches its maximum at 55%. Subsequently, with further
increases in irradiation dosage, the crosslinking degree shows a declining trend. The
observed decrease may be attributed to the accumulation of tertiary carbon radicals in
the system with increasing irradiation dosage. However, since the crosslinking agent
content in the system is fixed, the number of tertiary carbon radicals available for forming a
crosslinked system with the crosslinking agent is limited. Excessive radicals can trigger the
aforementioned β-scission reactions, causing PP to degrade into numerous small molecules
and resulting in a decrease in gel content.

It can be concluded that the amount of the crosslinking agent and the irradiation
dose jointly determine the PP/POE crosslinking degree. Achieving a high crosslinking
degree requires a high irradiation dose and an adequate amount of crosslinking agent
corresponding to the irradiation dose. Additionally, under the experimental conditions
of this study, the crosslinking degree of the crosslinked PP/POE blend system can be
regulated within a relatively broad range of 0–60%. Therefore, by adjusting the ratio of
irradiation dose to crosslinking agent content, the crosslinking degree, melt strength, and
flowability of the PP/POE blend can be controlled. This, in turn, allows for the control of
the foaming behavior, mechanical properties, and thermal stability of PP foams.

3.1.2. Foaming and Rheological Behaviors

The crosslinking degree has a certain impact on the melt strength and flowability of
the system during foaming, thereby influencing the foaming effect of the foam material. We
employ different PP/POE premix sheets with varying crosslinking degrees and compare
their lowest achieved foaming density to explore the influence of the crosslinking degree on
the foaming effect. Figure 4 shows the relationship between the density and the crosslinking
degree of PP/POE foam. It is evident that with an increase in the crosslinking degree, the
density of the foamed material significantly decreases. Particularly, when the crosslinking
degree reaches 12%, the density reaches its lowest point, with a foaming density of only
0.057 g/cm3 and a corresponding foaming ratio of 16. The density is much lower than that
of non-crosslinked PP/POE blend and that reported in the literatures [13,25,46]. As the
crosslinking degree continues to increase to 35%, the foaming density shows a noticeable
increase and then maintains a constant plateau up to 55%, with a density of 0.076 g/cm3.
However, the density is still lower than that of the non-crosslinked material, which has
a density of 0.089 g/cm3. It is evident that the foaming density does not exhibit a purely
positive correlation with the crosslinking degree. This is because, with an increase in the
crosslinking degree within the system, the melt strength of the foaming system continues to
improve. However, when the crosslinking degree is too high, such as 55%, the flowability
of the melt is significantly restricted due to high viscosity, leading to insufficient expansion
and growth of the bubbles, affecting both the size and quantity of the generated pores.
Ultimately, this results in a decrease in the foaming ratio. Han reported that the melt
viscosity drops remarkably above 2 kGy, decreasing to below the melt viscosity of the
virgin PP [16]. Overall, a crosslinking degree of 12% demonstrates the best foaming effect
for the system, achieving a foaming ratio of 16.

The impact of increasing crosslinking degree on the enhancement of melt strength in
the PP foaming system and its influence on foam morphology can be elucidated through the
rheological properties presented in Figure 5. Figure 5a illustrates the relationship between
the storage modulus of different crosslinking degrees in the crosslinked PP/POE blend
foaming matrix and shear rate. It can be observed that the storage modulus increases with
the increment of shear rate, and the crosslinked PP/POE blended system with a higher
crosslinking degree exhibits a larger storage modulus. Since the storage modulus at low
shear viscosity reflects the elasticity of the melt, it is evident that the elasticity of the melt is
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significantly enhanced after the introduction of crosslinking modification, contributing to
the growth of bubbles.
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Figure 5. The impact of crosslinking degree on the melt properties of (a) storage modulus, (b) loss
modulus, (c) viscosity, and (d) loss factor.

Figure 5b depicts the relationship between the loss modulus of the melt and shear rate.
At low shear rates, the crosslinked PP/POE blended system has a higher loss modulus
compared to the non-crosslinked blended system, which may be attributed to the formation
of a crosslinked network in the crosslinked system, limiting the movement of the melt.
Figure 5c shows that the viscosity of the PP/POE blended system exhibits a typical shear-
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thinning phenomenon due to the gradual orientation of the POE and PP polymer chains
during oscillatory shear. At low shear rates, both the storage modulus and viscosity of the
crosslinked system increase significantly when compared to the non-crosslinked system.
As the shear rate increases, they begin to become indistinguishable. However, due to the
constraints imposed by the crosslinked structure, the viscosity of the crosslinked PP/POE
blended system is higher than that of the non-crosslinked system.

Furthermore, by examining the loss factor, the ratio of the loss modulus to the storage
modulus, it is evident that the loss factor of the crosslinked system is significantly smaller
than that of the non-crosslinked system (Figure 5d). Simultaneously, the loss factor of the
crosslinked system is less than one, indicating that the elastic modulus in the crosslinked
system is significantly higher than the loss modulus, and the melt exhibits better elasticity.
This implies that the crosslinked PP/POE system can to some extent prevent the merging
and rupture of bubbles. Additionally, it can be observed that when the crosslinking degree
reaches 55%, the loss factor of the system slightly increases. This also explains the reduction
in pore size and uneven distribution at a 55% crosslinking degree: the increased viscosity in
the viscoelasticity leads to poor melt flowability, restricting the flow of the melt and causing
insufficient growth dynamics of pore size. Therefore, from the perspective of rheological
behavior, crosslinking modification shows a significant improvement in the foaming effect
of the system. However, there is a peak value, and an excessively high crosslinking degree
is unfavorable for the growth of bubbles.

3.1.3. Thermal and Mechanical Properties
Thermal Shrinkage Performance

Figure 6 illustrates the dimensional changes of foam materials with different crosslink-
ing degrees after high temperature treatment at 160 ◦C for 10 min. It is evident that with
the increase in crosslinking degree, the thermal shrinkage rate of the material at high
temperatures significantly decreases. On one hand, compared to the non-crosslinked sys-
tem, the foam material thickness in the crosslinked PP/POE blend system has increased,
reaching a maximum value of 11.1 mm at a crosslinking degree of 12% and indicating a
higher foaming ratio at this point. On the other hand, the thermal shrinkage rate of the
crosslinked system has notably decreased, especially at a crosslinking degree of 55% where
the shrinkage rate is only 13.4%, and the thickness after shrinkage remains at 8.4 mm,
indicating good thermal stability. Thus, it is observed that an increase in the crosslinking
degree significantly enhances the thermal stability of the material in the crosslinked system.
Since foam materials often undergo thermal processing during fabrication, the thermal
stability of the material is crucial. In the crosslinked system, this requirement is essentially
met, and a higher crosslinking degree evidently contributes to improved thermal stability
without compromising foaming efficiency.
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Mechanical Properties

The influence of the crosslinking degree on the tensile strength, tear strength, and
impact toughness of the PP/POE blend system is shown in Figure 7. From Figure 7, which
represents the change in tensile performance of the unfoamed PP/POE blend system, it is
observed that the tensile strength of the crosslinked system is not significantly improved
when compared to the non-crosslinked system. However, for the foamed system, an
increase in crosslinking degree leads to a decrease followed by an increase in the tensile
strength of foamed materials. At a crosslinking degree of 12%, the system exhibits the lowest
tensile strength of 0.23 MPa, representing a 53% reduction compared to the non-crosslinked
system. When the crosslinking degree reaches 55%, the tensile strength returns to 0.51 MPa.
Thus, it can be inferred that the crosslinking degree itself has minimal impact on the tensile
strength of unfoamed sheets. Instead, the tensile strength of foamed material is primarily
determined by the foaming effect, i.e., foaming ratio and pore structure. Considering the
SEM morphology in Figure 4, at a slight crosslinking degree of 12%, the pore size increases,
foaming ratio increases, and pore density decreases, resulting in a loss of mechanical
strength in the final foamed material. However, when the crosslinking degree is 55%, the
foaming ratio decreases and the pore size is minimized, leading to an improvement in the
tensile strength of the material. This phenomenon is also observed in tear strength and
impact strength, exhibiting similar curves to the tensile strength variation, i.e., a decrease
followed by an increase in strength. At a crosslinking degree of 12%, the tear strength and
impact toughness are at their lowest, measuring 2.0 kN/m and 1.1 kJ/m2, respectively. As
the crosslinking degree increases to 55%, tear strength and impact toughness rebound to
3.2 kN/m and 1.9 kJ/m2. This phenomenon is similar to the variation in tensile strength,
influenced by the pore structure and pore size of the foamed material.
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3.2. Fiber-Reinforced Crosslinked PP/POE Composite Foam

From the above results of irradiation crosslinking in the PP/POE blend matrix, it can
be observed that mild crosslinking effectively enhances the melt strength of PP, signifi-
cantly increases the foaming expansion ratio, reduces foam density, and improves high
temperature thermal stability. However, it comes with a significant decrease in mechanical
properties. Therefore, we further carried out fiber reinforcement modification on the afore-
mentioned 12% crosslinked PP/POE blend system, corresponding to a 4 kGy irradiation
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dose in the experiment, to compensate for the adverse effects on mechanical properties
caused by the high foaming expansion ratio.

3.2.1. Impact of Fibers on Foaming Behavior

The density and cell morphology of fiber-reinforced irradiation-crosslinked PP/POE
composite foams are shown in Figure 8. When the fiber content is less than 10 phr, there
is no significant change in the foam density, only an increase of 10%. As the fiber content
continues to increase beyond 15 phr, the density of fiber-reinforced crosslinked PP/POE
composite foams sharply increases, and the foaming expansion ratio significantly decreases.
Specifically, when the addition is 25 phr, the densities of sCF/PP/POE and sGF/PP/POE
composite foams are 0.114 g/cm3 and 0.097 g/cm3, respectively, which have increased by
100% and 70%, respectively, compared to the PP/POE polymer foam without fiber addition
at 0.057 g/cm3. This indicates that the foaming behavior of the crosslinked PP/POE blend
system is significantly adversely affected at a high fiber content.
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Figure 8. Effects of fiber content on (a) the PP/POE composite foam density, and pore cell morphology
of (b,c) 10 phr- and 25 phr-reinforced sCF/PP/POE foam, and (d,e) 10 phr- and 25 phr-reinforced
sGF/ PP/POE foam.

By examining the SEM cross-sectional morphology in Figure 8b–e of foams from
10 phr and 25 phr sCF/PP/POE and sGF/PP/POE composite materials, it can be observed
that with 10 phr fiber addition, the cell morphology of both materials is relatively clear,
and the cell structure is relatively uniform. However, compared to the system without
fiber in Figure 4, the foaming structure of fiber-reinforced PP/POE composite materials
is still somewhat damaged, showing some irregularly shaped cells and increased cell
openings. With the addition of 25 phr fibers, the cell morphology of fiber-reinforced
PP/POE composite materials is significantly affected, especially in the case of sCF/PP/POE
composite foam, where the foam structure is severely disrupted with irregular cell walls
and collapsing and merging phenomena occurring between cells.

3.2.2. Impact of Fibers on Thermal and Mechanical Properties of Foam
Thermal Shrinkage Performance

As shown in Figure 9, the addition of sCF is conducive to a slight reduction in the
thermal shrinkage of PP/POE material, while sGF has almost no effect. This may be
attributed to the negative thermal expansion coefficient of CF, which acts as a counterforce
against certain degrees of thermal shrinkage. However, these changes are not significant. A
possible reason is that although the addition of fibers is beneficial for increasing the thermal
stability of thermoplastic polymers [51,52], in the case of foam structure, the shrinkage
behavior is predominantly influenced by the continuous network structure dominated by
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polymers. Therefore, the contribution of fibers with a dispersed and low faction is limited.
In addition, the introduction of fibers deteriorates the overall integrity of the foam and
increases the pore size, leading to an increased probability of pore collapse after heating,
offsetting the positive contribution of fibers. In the end, the thermal shrinkage stability is
not significantly enhanced. However, despite the improvement in material viscosity and
thermal shrinkage to some extent with the addition of carbon fibers in sCF/PP/POE, a
further comparison with Figure 6 reveals that its contribution is far less significant than the
enhanced thermal shrinkage stability brought about by irradiation crosslinking.
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Mechanical Properties

Figure 10a illustrates the relationship between tensile strength and fiber content for
sCF/PP/POE and sGF/PP/POE composite foamed materials. It can be observed that the
addition of sCF and sGF significantly enhances the tensile strength of PP/POE composite
foamed materials, with both reaching their maximum values at 10 phr. However, the
reinforcing effect of sCF is more pronounced than that of sGF. Specifically, at a sCF content
of 10 phr, the tensile strength of the sCF/PP/POE composite foamed material increases to
0.69 MPa. This represents a 200% increase compared to the 0.23 MPa of the 12% crosslinked
PP/POE system and a 41% increase compared to the 0.49 MPa of the non-crosslinked
PP/POE system. This improvement is attributed to the uniform distribution of fibers
within the pore walls in the crosslinked sCF/PP/POE composite foam system, which
significantly enhances the polymer matrix. When the foamed material is loaded, fiber
fracture and pull-out from the matrix can effectively absorb energy, increase the load
required for material failure, and thereby enhance the mechanical properties of the foamed
system (Figure 10b,c). For sCF, its individual fiber strength is higher than that of sGF, so
the increase in pore wall strength is more pronounced after its addition. However, with a
further increase in sCF content to 15 phr, a sharp decrease in tensile strength is observed
for the sCF/PP/POE composite foamed material. At an sCF content of 25 phr, the tensile
strength is only 0.29 MPa, approaching the mechanical strength of the system without
added fibers. As shown in the SEM cross-sectional pore morphology in Figure 8, the
addition of sCF at high content severely disrupts the internal pore structure, leading to
significant loss of mechanical strength in the pores and ultimately resulting in a decrease
in the overall mechanical strength of the material. This is because high fiber content often
leads to increased matrix viscosity [46], hindering foaming, and it also introduces a large
number of stress concentration points, making the cell walls prone to rupture and unable
to form perfectly connected cell walls for load bearing. According to the classical theory
F = σA, a large number of defects in the cell walls mean that the effective load-bearing
area A decreases. Under the constant intrinsic strength σ of the material, the load-bearing
capacity F decreases.
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Figure 10. Effect of fiber content on the tensile behaviors of (a) tensile strength, SEM failure cross-
section of crosslinked, (b) sGF/PP/POE composite foam, and (c) sCF/PP/POE composite foam; on
the impact behaviors of (d) impact strength, SEM failure cross-section of crosslinked, (e) sGF/PP/POE
composite foam, and (f) sCF/PP/POE composite foam; and on the tear behaviors of (g) tear strength,
SEM failure cross-section of crosslinked, (h) sGF/PP/POE composite foam, and (i) sCF/PP/POE
composite foam.

Similarly, with the increase in fiber content, both sCF/PP/POE and sGF/PP/POE
composite foams exhibit a similar pattern of initially increasing and then decreasing impact
strength (Figure 10d). However, there is a significant overall improvement in performance
across the entire addition range. For sCF, the impact strength reaches the maximum value of
4.5 kJ/m2 at a content of 5 phr. This represents a 246% increase compared to the 1.3 kJ/m2

of the 12% crosslinked PP/POE system and a 96% increase compared to the 2.3 kJ/m2 of
the non-crosslinked PP/POE system. As for sGF, its impact strength reaches the maximum
value of 3.6 kJ/m2 at a content of 10 phr. Similarly to the tensile process, the impact fracture
failure process is accompanied by fiber fracture and pull-out, so the reinforcing effect of
sCF is better than that of sGF.

Figure 10g shows the variation curve of the tear strength of sCF/PP/POE and
sGF/PP/POE composite foamed materials with fiber content. It can be observed that
the tear strength of PP/POE composite foamed materials is significantly improved with the
addition of sCF and sGF, and both start to decrease after the addition exceeds 10 phr. When
comparing the two fibers, the enhancement of tear strength by sGF is more pronounced,
reaching a maximum tear strength of 4.2 kN/m. There is no obvious fiber fracture from the
fractured surface morphology after tearing, and the main failure mode is the debonding at
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the fiber/matrix interface and fiber pull-out. Due to the better interface compatibility of
sGF with the matrix, compared to the unmatched epoxy sizing of sCF, sGF shows a more
pronounced enhancement in tear strength.

In summary, simultaneously combining the results from this section with those of
Section 3.1, crosslinking modification has a significant enhancing effect on the melt strength
and high temperature thermal stability of PP/POE foam, with little impact on mechanical
properties. Conversely, fibers have a significant impact on improving mechanical properties,
with little effect on melt strength and high temperature thermal stability. In the fiber-
reinforced crosslinked PP/POE blend foam system, the two mechanisms achieve a good
complementary effect.

4. Conclusions

This study addresses the challenge of achieving high foaming ratios and high per-
formance of polypropylene (PP) foam, caused by its low melt strength. A systematic
exploration of material composition, irradiation crosslinking, and fiber reinforcement was
conducted. Ultimately, a fiber-reinforced PP/POE composite foam with both low-density
and high-performance characteristics was obtained. The main conclusions are as follows:

(1) The crosslinking degree of the PP/POE blend can be effectively controlled within
the range of 0–60% by adjusting the irradiation dose and crosslinking agent content. The
crosslinking degree is positively correlated with the irradiation dose and crosslinking agent
content, while it exhibits an increase and then decrease trend with the foaming ratio. At a
crosslinking degree of 12%, the foaming ratio of the crosslinked PP/POE blend can reach
16, representing a 36% reduction in density and a 60% increase in foaming ratio compared
to the non-crosslinked PP/POE blend.

(2) Mild crosslinking at 12% effectively enhances the melt strength of PP, significantly
improves the foaming ratio, reduces foam density, and enhances resistance to high tem-
perature thermal shrinkage. However, it leads to a 53% decrease in mechanical properties.
Through further fiber reinforcement, the mechanical strength of the crosslinked PP/POE
composite material is significantly improved. Specifically, the foam density of 10 phr
carbon-fiber-reinforced crosslinked sCF/PP/POE composite material is comparable to that
of the 12% crosslinked PP/POE system, but the tensile strength reaches 0.69 MPa, increas-
ing by 200% compared to the 12% crosslinked PP/POE system and by 41% compared to
the non-crosslinked PP/POE system. It also exhibits a 96% increase in impact strength and
an 11% increase in tear resistance when compared to the non-crosslinked PP/POE system.

(3) In summary, irradiation crosslinking is beneficial for enhancing the melt strength
and resistance to high temperature thermal shrinkage of PP/POE foam, while fiber rein-
forcement contributes significantly to improving mechanical properties. These achieve a
good complementary effect in low-density and high-performance PP foam modification.
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Abstract: In this study, in order to expand the engineering application range of thermoplastic corru-
gated sheets, flame-retardant thermoplastic corrugated sheets were prepared by the thermoplastic
molding method. Based on our previous research results, we prepared flame-retardant prepreg tapes
with the flame retardant addition accounting for 15%, 20%, and 25% of the resin matrix. Then, we pre-
pared flame-retardant thermoplastic corrugated sandwich panels with corresponding flame retardant
addition amounts. The limiting oxygen index test, vertical combustion test, cone calorimetry test,
and mechanical property test were carried out on each group of samples and control group samples.
The results showed that when the flame retardant was added at 25%, the flame retardant level could
reach the V0 level. Compared with the control group, the flexural strength and flexural modulus
decreased by 2.6%, 14.1%, and 19.9% and 7.3%, 16.1%, and 21.9%, respectively. When the amount of
flame retardant was 15%, 20%, and 25%, respectively, the total heat release decreased by 16.3%, 23.5%,
and 34.1%, and the maximum heat release rate decreased by 12.5%, 32.4%, and 37.4%, respectively.

Keywords: flame retardant; corrugated sandwich panel; thermoplastic composites; continuous fiber

1. Introduction

Compared with traditional thermosetting composites [1–3], continuous-fiber-reinforced
thermoplastic composites are recyclable, in line with the concepts of low carbon and envi-
ronmental protection, and also afford a fast molding speed and good impact toughness.
Continuous-fiber-reinforced thermoplastic prepregs have no storage conditions. There-
fore, the research and applications of thermoplastic composites have attracted increasing
attention in recent years [4].

In the thermoplastic resin matrix, polypropylene has the advantages of a low mold-
ing temperature, low price, good chemical stability, and excellent comprehensive perfor-
mance [5]. The application fields and market for continuous fiber-reinforced polypropylene
composites are also gradually expanding. The flammable characteristics of polypropylene
have led to its limitations in many application scenarios; thus, modifying polypropylene
with flame retardants has important practical significance for expanding the application
range of polypropylene and its composites. Research on flame retardants for polypropylene
composites is relatively comprehensive and mature. However, according to a literature
review, research on continuous fiber reinforcement needs to be further expanded and
deepened. The flame retardancy of continuous fiber-reinforced polypropylene shares some
similarities with that of the polypropylene matrix, and there are also many differences
that have not received special attention in previous research [6]. We conducted extensive
research on the flame retardancy of continuous glass fiber (CGF)-reinforced polypropy-
lene. Building on previous research [7], we further investigated the structural applications
of continuous-fiber-reinforced flame-retardant polypropylene. The corrugated sandwich
panel is a representative structure [8–12]. Corrugated structures are simple to prepare, have
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strong bearing capacities, and are widely used in aerospace, marine vessels, packaging,
and other fields [13–16]. Compared with other structural forms, such as the honeycomb
sandwich structure, the corrugated structure is characterized by the fact that the available
overall space of the corrugated structure is larger than that of the honeycomb structure. This
feature can facilitate the subsequent use of corrugated sandwich panels, such as filling the
corrugated space with thermal insulation to increase thermal insulation performance and
also using its space to place other components. It can be said that the corrugated sandwich
structure can provide more space that can be used, which is also a feature and advantage
compared with other sandwich core structures. The feature can provide designers and
engineers with more design possibilities. For example, when the corrugated sandwich
panel structure is applied to the new energy vehicle industry, the battery part can be put
into the corrugated space to realize the integration of structure and function.

At present, based on a literature survey, there is no relevant research on continu-
ous fiber-reinforced polypropylene flame-retardant corrugated sandwich panels [17,18].
However, few studies have paid attention to the flame retardancy of continuous fiber
thermoplastic corrugated sandwich panels, and whether the flame retardant performance
can meet the corresponding requirements is the key to whether it can meet the needs
of use scenarios. Therefore, this study focuses on further exploring the preparation and
performance of a flame-retardant corrugated plate on the basis of previous research on
continuous fiber-reinforced polypropylene flame-retardant prepregs.

In this study, we prepare a continuous fiber-reinforced flame-retardant polypropylene
prepreg tape and further prepare a flame-retardant prepreg tape on flame-retardant corru-
gated panels. The process possibility of preparing corrugated core materials by thermoplastic
molding was verified. The effect of the addition of flame retardant on the mechanical prop-
erties of composite materials was compared by the bending mechanical properties test. The
flame retardant performance of corrugated panels is evaluated. The amount of flame retardant
added to meet the different flame-retardant performance levels was determined.

2. Materials and Methods
2.1. Raw Materials and Test Equipment

Polypropylene (Bx3900), plastic granules with a melt flow index of 100.0 g/10 min
(230 ◦C, 2.16 kg), was obtained from SK (Corporation: Seoul, Republic of Korea). Polypropy-
lene (MF650X), plastic granules with a melt flow index of 1200.0 g/10 min (230 ◦C, 2.16 kg),
was obtained from LyondellBasell (Corporation: Rotterdam, The Netherlands). Maleic
anhydride-grafted polypropylene (MAPP), MF650X, plastic granules with a melt flow index
of 20.0 g/10 min (230 ◦C, 2.16 kg), was obtained from Exxon Mobil Co., Ltd. (Brussels,
Belgium). The intumescent flame retardant(IFR) was purchased from Xinxiu Chemical
Co., Ltd. (Xinxiang, China). The Continuous fiberglass yarn (4305S), pre-treated by sizing
agent and dedicated to the Polypropylene resin, was obtained from Chongqing Polycomp
International Corporation (Chongqing, China).

In order to make the material and equipment information used in the experiment
easily accessible and readable, it has been presented in the form of a table. Information on
the materials used in the experiment is listed in Table 1. The information on test equipment
is listed in Table 2.

Table 1. Raw materials used in the experiment.

Raw Materials Provider Product Grade

Polypropylene SK Bx3900

Polypropylene LyondellBasell MF650X

MAPP Exxon Mobil Exxelor PO 1020

Continuous fiberglass yarn Chongqing International Co. 4305s

IFR Xinxiu Chemical IFR-PP-1
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Table 2. Specifications of devices used in the experiment.

Device Manufacturer Device Model

Prepreg belt production M Designed and assembled in
laboratory BUAA-2019

Molding machine DiDa Machinery Manufacturing
Factory (Chengdu, China) Y35-100T

Limiting oxygen index tester Jiangning Analytical Instrument
Co., Ltd. (Nanjing, China) JF-3

Combustion grade tester Yaoke (Shanghai, China) YK-Y0142

Cone calorimeter VOUCH (Shanghai, China) 6810

2.2. Preparation of Flame-Retardant Prepreg Tape

We first prepared flame-retardant-modified polypropylene by melt-blending and then
used a self-designed and assembled prepreg tape production line to prepare the flame-
retardant prepreg tape with the fiber, as described in our previous work. In the preparation
of the continuous glass fiber-reinforced flame-retardant prepreg tape, the key process
parameters in the prepreg belt process were adjusted to obtain a flame-retardant prepreg
belt with excellent performance for the subsequent related experiments.

2.3. Preparation of Flame-Retardant Corrugated Sandwich Panels

After preparation, the flame-retardant prepreg was cut to a certain size and used to
form the corrugated plate panel and core material. The preparation of the flame-retardant
corrugated plate is detailed below.

2.3.1. Preparation of Upper and Lower Panels of Corrugated Plates by Molding Method

The skin of the corrugated plate was prepared by the molding method. The prepared
flame-retardant prepreg was cut and spliced into a rectangular shape with dimensions of
320 mm × 120 mm and laid in the middle of two layers of aluminum plate according to
the designed laying order, then heated on the heating plate for 5 min. The resin in the
prepreg in the heating plate was in a completely molten state, and the aluminum plate was
immediately placed in a molding machine for molding. The molding pressure was set to
5 MPa, the temperature of the molding machine was set to 80 ◦C, and the heat preservation
and pressure holding time was 5 min.

2.3.2. Preparation of Core Material for Corrugated Plate by Roller Pressing Method

The corrugated core material was prepared using a roller-pressing method. The flame-
retardant prepreg tape was wound around the unwinding reel. The unwinding device
is composed of an unwinding shaft, drive motor, and other parts. The motor drives the
unwinding shaft and rotates to realize the continuous motion of the prepreg belt. The
prepreg belt was heated by the heating device. The temperature of the heating device was
set to 250 ◦C. The resin in the prepreg belt in a molten state was passed through the roll
mold, and the corrugated plate core material structure was formed. The overall molding
process is shown in Figure 1.

2.3.3. Hot Melt Method of Bonding Upper and Lower Panels and Corrugated Core Materials

Based on the structural characteristics of the corrugated core materials, combined
with the advantages of the thermoplastic composite materials for secondary processing,
a bonding device for connecting the corrugated core materials with the upper and lower
panels was designed. The bonding device is shown in Figure 1, where the prepared
corrugated core material was placed in the middle of the upper and lower panels. The
outside of the material (the upper and lower aluminum plates) can be heated, and the heat-
shaping rod is placed inside the core material. The heating temperature of the heating rod
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was set to 220 ◦C, and the heating temperature of the upper and lower heating aluminum
plates was set to 220 ◦C. After the core material and the heating position of the upper and
lower panels were molten, pressure was applied through the heating rod to complete the
bonding molding of the corrugated core material and the panel.
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Figure 2 visually shows the overall preparation process from polypropylene pellets to
flame-retardant corrugated sandwich panels.
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2.3.4. Water Cutting Method for Cutting Specimens

After preparing the flame-retardant corrugated plate, the specimen was cut by water
cutting to avoid melting at the edge of the cutting material caused by the heat generated
during the process of cutting the thermoplastic composites.

2.4. Performance Test
2.4.1. Limiting Oxygen Index Test

The limiting oxygen index (LOI) method, also known as the LOI or critical oxygen
index method, was proposed by Fenimore and Martin in 1966 to evaluate the combustion
performance of plastics and textile materials. The oxygen index test is a good indicator of the
combustion performance of a material. The combustion performance can be quantitatively
evaluated with numerical results to a certain extent. The advantages are: the test is simple
and the experimental cost is relatively low. This method has been widely used in evaluating
the combustion characteristics and fire performance of materials.

The limiting oxygen index is defined as the minimum oxygen concentration at which
the tested sample can maintain combustion under specified experimental conditions, that
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is, the lowest volume percentage of oxygen in the combustion environment of a gas-oxygen-
nitrogen mixture during the experiment, expressed as follows:

LOI =
[O2]

[O2] + [N2]
× 100%,

where [O2] and [N2] are the volumetric flow rates of oxygen and nitrogen, respectively.

2.4.2. Vertical Combustion Test

Plastic combustion grade tests are divided into horizontal and vertical combustion
tests and are commonly used to evaluate the combustion performance of materials. The
UL94 vertical combustion test method divides the difficulty of material combustion into
V-0, V-1, and V-2 grades. The specific test methods and grade judgment standards were
referenced from the test standard ASTM D3801-20a protocol (Standard Test Method for
Measuring the Comparative Burning Characteristics of Solid Plastics in a Vertical Position).
Vertical burning tests were conducted using a vertical burning test instrument (YK-Y0142)
(Yaoke, Nanjing, China) with dimensions of 130 mm× 13 mm × 3.0 mm.

2.4.3. Cone Calorimetry Test

A cone calorimeter is used to determine the amount of heat released during combus-
tion by measuring the oxygen consumed by the material during combustion, which in
turn determines the rate of heat release of the material during the combustion test. Cone
calorimetry tests (CCTs) were conducted using a cone calorimeter (Fire Testing Technol-
ogy, Leeds, UK) with a heat flux of 50 kW/m2 according to the ISO 5660 standard. Each
specimen measured 100 mm × 100 mm × 12 mm.

2.4.4. Mechanical Properties Test

The mechanical property tests were performed on Changchun Kexin WDW-100 Uni-
versal Mechanical Testing Machine. According to ASTM D7264 standard, three-point
bending property tests were carried out on each specimen at a beam moving speed of
2 mm/min to obtain the bending strength and bending modulus of the composites.

3. Results and Discussion
3.1. Limiting Oxygen Index and Combustion Rate Test

The results of the limiting oxygen index test are shown in Figure 3. The limiting
oxygen index of the blank control group without flame retardant addition is 20.5. When
15, 20, and 25% flame retardant were each added, the limiting oxygen index was 25.2, 31.9,
and 34.3, corresponding to an increase of 22.9, 55.6, and 67.3%, respectively. The test results
indicate that as the amount of added flame retardant increased, the limiting oxygen index
increased. The limiting oxygen index was largest when the content of the flame retardant
was increased from 15% to 20%, moving from 22.9% to 55.6%; after the added amount
exceeded 20%, the limiting oxygen index increased to a lesser extent. When the amount of
added flame retardant was increased from 20% to 25%, the limiting oxygen index increased
from 55.6% to 67.3%. This phenomenon can be explained by considering the combustion
mechanism. With a flame-retardant content of 15%, the expanded carbon layer formed after
the combustion of the material is relatively fluffy and not dense; thus, the flame-retardant
effect is not good. With the addition of 20% flame retardant, the expanded carbon layer
formed by the sample during combustion is more compact, the flame-retardant effect is
further improved, and the data show that the limiting oxygen index is greatly improved.
When the flame-retardant content is further increased, the density of the expanded carbon
layer formed after the combustion of the sample is limited. Thus, the limiting oxygen index
increased to a lesser extent.
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The results of the combustion grade test are shown in Table 3. When no flame retardant
was added, because of the continuous fiber used as the reinforcement, the glass fiber did
not burn during the combustion process, and the specimen did not exhibit droplet behavior
during combustion, which is different from the combustion of the polypropylene matrix
spline. With an increase in the amount of flame retardant to 25%, the flame retardant
level of the sample reached V0. This flame retardant level can meet the needs of most use
scenarios. Notably, when 15% flame retardant was added, the LOI was greatly improved
compared to that of the blank control group, but the vertical combustion grade still did not
reach the lowest flame retardant level. Thus, for use in a scenario where the flame retardant
level requirement reaches V1, the addition of 20% flame retardant should be selected, not
only to reduce the amount of flame retardant and the cost of materials but also to meet the
material requirements.

Table 3. Vertical combustion grade of each group of specimens.

Sample UL-94 Rating Dripping

CGF/PP No rating NO
CGF/PP/15IFR No rating NO
CGF/PP/20IFR V1 NO
CGF/PP/25IFR V0 NO

3.2. Cone Calorimetry Test

The heat release rate of the corrugated plates with different amounts of added flame
retardant is shown in Figure 4. For the corrugated plates without flame retardant addition,
the heat of combustion quickly reached a peak; with increasing flame retardant addition,
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the maximum heat release rate decreased significantly compared with when no flame
retardant was added. When 15%, 20%, and 25% flame retardant were each added, the
maximum heat release rate decreased by 12.5%, 32.4%, and 37.4%, respectively. When the
amount of flame retardant was increased from 15 to 25%, the effect on the reduction of
the exothermic peak was significant. However, beyond 20% addition, the flame retardant
had a limited effect on the reduction of the heat release peak. The total heat release was
121.8 when no flame retardant was added. When 15%, 20%, and 25% flame retardant were
each added, the total heat release was 101.9, 93.1, and 80.3, corresponding to a decrease of
16.3%, 23.5%, and 34.1%, respectively. The total heat release reduction data demonstrate
that the effect of increasing the flame retardant content on the total heat release and heat
release peak was different. When the flame retardant content was increased from 20%
to 25%, the total heat release was significantly reduced from 23.5% to 34.1%, which can
also be reflected in the heat release rate diagram. For several groups of specimens, the
heat release curve quickly peaks after ignition, after which the heat release rate decreases
rapidly, leading to a second heat release peak.
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gated plates.

The fire growth index (FGI) and the fire performance index (FPI) are commonly used
to quantify and compare the size of the fire hazard. The FGI is the ratio of the heat release
peak to the peak time; the larger the index, the faster the fire grows. The fire performance
index is defined as the ratio of the ignition time to the heat release peak; the longer the
ignition time, the smaller the heat release peak, and the larger the FPI value, reflecting the
better flame retardant performance of the material. Many studies have shown that the FPI
has a certain correlation with the development time of a fire in a closed space. The larger
the FPI, the longer the boom. The boom time is an important parameter for designing fire
escape methods. The FGI and the FPI of each group of corrugated plates are calculated and
summarized in Table 4.
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Table 4. Comparison of relevant data of various groups of flame-retardant corrugated plates.

Sample Name FRS-0 FRS-15 FRS-20 FRS-25

Weight (g) 46.3 44.7 47.6 46.9
Heat release peak (kw/m2) 347.7 304.3 234.7 217.5

Total heat release (J) 121.8 101.9 93.1 80.3
Time to heat release peak (s) 29 34 24 26

Time to Ignition (s) 10 12 11 13
FPI 0.0287 0.0394 0.0469 0.0598
FGI 11.99 8.95 9.78 8.36

The mechanical performance test is reflected through the bending strength test, and the
bending test can better reflect the influence of flame retardants on the mechanical properties
of flame-retardant prepreg. Figure 5 is the bending strength-strain curve, and Figure 6 is
the line chart of the bending strength and bending modulus of various groups. Overall,
the addition of flame retardants will result in a decrease in material bending strength, with
the bending strength of the blank control group at 313.5 MPa and the bending modulus
at 13.7 GPa. The bending strengths at 15%, 20%, and 25% flame retardant addition are
305.3, 269.2, and 251.1 MPa, respectively, representing a decrease of 2.6%, 14.1%, and 19.9%
compared to the control group. The bending modulus at 15%, 20%, and 25% flame retardant
addition are 12.7, 11.5, and 10.7 GPa, representing a decrease of 7.3%, 16.1%, and 21.9%
compared to the control group’s modulus of 13.7 GPa. The addition of flame retardants
will affect the mechanical properties of the material. When the flame retardant content
is 15%, the decrease in the bending strength of the material is relatively small, but when
the flame retardant content is further increased, the mechanical properties of the material
decrease significantly. This is because when the amount of flame retardant added is too
large, it will affect the adhesive strength between the matrix and the fibers at the micro
level, resulting in a significant decrease in mechanical properties at the macro level.
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Figure 6. Comparison of flexural strength and flexural modulus of each group of samples. 
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From Figure 5, it can be seen that when the flame retardant content is 15%, the decrease
in bending strength is not very significant, while the fracture toughness increases. When the
flame retardant content is 20%, the bending strain reaches 0.025, and the bending strength
of the material slightly decreases, then maintains the bending strength, and eventually, as
the bending strain increases, the material fails and fractures. When the flame retardant
content reaches 25%, the strain at which the material fails is comparable to that of 15%
addition. By comparing the above sets of data, it can be concluded that the addition of flame
retardants improves the material’s bending fracture toughness. The increase in toughness
shows a trend of first increasing and then decreasing with the increase in the amount of
flame retardants added.

4. Conclusions

1. The hot pressing scheme for preparing corrugated plates was explored. The skin and
core material of the corrugated plate were prepared by the hot pressing method. The
skin and core material were welded together by the hot melt method, which not only
ensures the quality of the forming process but also has high production efficiency.
The production and preparation process can be further optimized and improved in
subsequent research.

2. The amount of flame retardant added to the corrugated plate can be determined
according to the needs of different use scenarios to achieve a balance of the flame
retardant performance, molding process, and cost-effectiveness of the material. The
flame retardant efficiency is the highest with the addition of 20% flame retardant. This
can meet the primary flame retardant demand while reducing the amount of flame
retardant added and can significantly reduce the cost of materials, thereby ensuring
the economic viability of the flame-retardant corrugated plates.

3. The use of flame retardant will have a certain impact on the mechanical properties
of the material, but by optimizing the molding process and selecting the appropriate
amount of flame retardant, the mechanical properties can meet the requirements of the
corresponding grade when the flame retardant performance meets the requirements
of the corresponding rates.

4. The flame retardant performance of the corrugated plate can be further designed
because the skin and core material of the corrugated plate are formed separately. The
amount of flame retardant added to the core material and the skin can be different to
achieve a balance between flame retardant properties, mechanical properties, and the
economic cost of materials.
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Abstract: Natural-fiber-reinforced polypropylene (PP) composites with a series of advantages in-
cluding light weight, chemical durability, renewable resources, low in cost, etc., are being widely
used in many fields such as the automotive industry, packaging, and construction. However, the
flammability of plant fiber and the PP matrix restricts the application range, security, and use of these
composites. Therefore, it is of great significance to study the flame retardants of such composites. In
this paper, sisal-fiber-reinforced polypropylene (PP/SF) flame-retardant composites were prepared
using the two-step melt blending method. The flame retardant used was an intumescent flame
retardant (IFR) composed of silane-coated ammonium polyphosphate (Si-APP) and pentaerythritol
(PER). The influence of different blending processes on the flammability and mechanical properties
of the composites was analyzed. The findings suggested that PP/SF flame-retardant composites pre-
pared via different blending processes showed different flame-retardant properties. The (PP/SF)/IFR
composite prepared by PP/SF secondary blending with IFR showed excellent flame-retardant perfor-
mance, with a limited oxygen index of about 28.3% and passing the UL-94 V-0 rating (3.2 mm) in the
vertical combustion test. Compared with the (PP/IFR) /SF composite prepared by a matrix primarily
blended with IFR and then secondly blended with SF, the peak heat release rate (pk HRR) and total
heat release (THR) of the (PP/SF)/IFR composite decreased by 11.3% and 13.7%, respectively. In
contrast, the tensile strength of the (PP/SF)/IFR system was 5.3% lower than that of the (PP/IFR)/SF
system; however, the overall mechanical (tensile, flexural, and notched impact) properties of the
composites prepared using three different mixing processes were similar.

Keywords: polypropylene; sisal fiber; flame retardant; preparation; mechanical properties

1. Introduction

In order to target the global warming threat, the world is committed to controlling
peak carbon emissions in the hope of becoming carbon neutral in the near future. Man-
ufacturers need greater awareness of their production chains and need to develop new
materials with reusable or renewable natural resources. Regarding this, natural-plant-fiber-
reinforced thermosetting and thermoplastic composite materials are rapid developments
in basic research and industrial applications as they are created to be light, renewable,
chemically resistant, low-cost, easy to manufacture, completely or partially recyclable, and
biodegradable [1–3]. Sisal fiber (SF)-reinforced polypropylene (PP) composite (PP/SF)
materials have been widely used in automotive applications because of the advantages they
impart in low cost and density, as well as satisfactory mechanical properties coupled with
processing [4–6]. However, the inherent flammability of the PP matrix and SF has limited
the applications of their composites for many semi-structural components that require strict
fire safety [5–7]. In this regard, it is of great importance to study the fire performance of
natural-fiber-reinforced polymeric composites.
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In recent years, flame retardant research on PP has mainly been based on the addition of
the intumescent flame retardant (IFR) system composed of ammonium polyphosphate (APP)
and pentaerythritol (PER), so as to further optimize the flame-retardant effect. The main re-
search has focused on the following: (1) The microencapsulation of APP to improve the poor
compatibility between APP and substrate, low flame retardant efficiency, and portability of
APP [8,9]. (2) The search for an efficient carbon source to improve the carbonization [10,11].
(3) The adoption of a new acid source to replace APP [12–14]. (4) The compounds of different
flame retardants [15–19]. (5) The development of one-component flame retardants [20–22].
The flame-retardant modification of natural fibers is mainly achieved by the flame retar-
dant post-treatment of fibers or fabrics [23–27]. To address the flammability of the PP/SF
composite, flame retardant is recommended for the composite to constrain and delay the
spread of fire after ignition. Among the kinds of flame retardants, the current popular flame
retardant system applied to PP/SF is the compound system composed of phosphorous
flame retardants, among which the more classic combustible formula is APP as the main
flame retardant and PER or metal hydroxide as the synergist [5–7,28,29].

Processing technology has a great influence on the physical and mechanical properties
of SF-reinforced polymeric composites due to the fiber impregnation and mixing, final
length and diameter, and interface adhesion being closely related to the processing vari-
ables [30–32]. The existing research has mainly focused on how to control the production
quality of these kinds of composite materials in different manufacturing technologies, such
as extrusion, compression molding, resin transfer molding, etc. [33,34]. However, studies
on the effect of processing technology on the flame retardancy and mechanical properties
of the PP/SF composite is still scarce, and there is still a gap in further research on the effect
of processing technology on the flame-retardant mechanism of PP/SF composite during
combustion. In light of this, flame retardant PP/SF composites were prepared with an
intumescent flame retardant system consisting of silane-coated ammonium polyphosphate
(Si-APP) and PER in this work, and the influence of the blending process on the flame
retardancy and mechanical properties of PP/SF composites was studied; the corresponding
influencing mechanism was also analyzed.

2. Materials and Methods
2.1. Materials

Homopolymerized polypropylene pellets (PP, T03, density 0.9 g/cm3, melt flow in-
dex 3.0 g/10 min, melting point temperature 168.5 ◦C) were purchased from Dongguan
Juzhengyuan Technology Co., Ltd., Dongguan, China. Sisal fiber (SF) roving yarn, com-
prising a bundle of elementary fibers without surface chemical treatment, was provided
by Guangxi Longzhou Strong Hemp Industry Co., Ltd., Chongzuo, China. Ammonium
polyphosphate with silane structure (Si-APP, TF-201W, phosphorus content ≥31%, nitrogen
content ≥14, average degree of polymerization ≥1000) was purchased from the company
of Shifang Taifeng new flame retardant, Shifang, China [35]. Pentaerythritol (PER) was
supplied by Tianjin Kemiou, Chemical Reagent Co., Ltd., Tianjin, China.

2.2. Sample Preparation
2.2.1. Experimental Technological Process

The two-step melt blending method was used for the preparation of PP/SF flame-
retardant composites. SF and IFR were mixed with a PP matrix in a different order, as
shown in Figure 1. After each melt blending step, the extruded strips were cut into pellets
and dried for subsequent processing. In order to better distinguish each sample, the
abbreviations of the composite materials prepared under different mixing processes were
simply named as (PP/IFR)/SF, (PP/SF)/IFR, and PP/IFR/SF, where (PP/IFR)/SF indicates
that the matrix and flame retardant were firstly melt blended, and then remixed with SF
(as shown in Figure 1a). (PP/SF)/IFR indicates that the matrix and SF were firstly melt
blended, and then remixed with IFR (as shown in Figure 1b). PP/IFR/SF indicates that PP,
IFR, and SF were firstly melt blended, followed by a second blend (as shown in Figure 1c).
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2.2.2. Preparation of PP/SF Flame-Retardant Composites

Sisal fibers were cleaned with distilled water to ensure the removal of any surface
impurities, and then dried at 80 ◦C in an oven for 12 h. The dried sisal fibers were soaked
in sodium hydroxide solution with a weight percentage of 10 wt% for 4 h and washed with
distilled water until neutrality; we then put them in the oven at 80 ◦C for 12 h to dry.

The PP pellets, Si-APP, and PER were dried at 80 ◦C in an oven for 8 h to remove
any hygroscopic moisture. According to the previous research experience of our research
group [36], all of the raw materials were configured according to the formula in Table 1 for
melt blending. The auxiliaries here refer to the processing auxiliaries including compati-
bilizers and antioxidants. The equipment used for blending was a corotating twin screw
extruder (AK22, Nanjing Keya Chemical Complete Equipment Company, Jiangsu, China),
the extrusion temperature was from 178 ◦C to 180 ◦C, and the screw speed was 80 rpm.
The standard samples for flammability and mechanical tests were injection molded from
178 ◦C to 180 ◦C using a UN90A2 injection machine (Guangdong Yizumi Precision Ma-
chinery Co., Ltd., Guangdong, China). The injection pressure and pressure holding time
were 55 bar and 10 s, respectively. The prepared samples were annealed in a drying oven at
80 ◦C for 4 h to be tested.

Table 1. Formulation and UL-94 rating, as well as limiting oxygen index of original PP and
PP/SF composites.

Designation PP
(wt%)

PER
(wt%)

Si-APP
(wt%)

SF
(wt%)

Auxiliaries
(wt%)

UL-94
(3.2 mm)

LOI
(%)

PP 95 0 0 0 5 NR a 18.4
(PP/IFR)/SF 45 7.5 22.5 20 5 NR 24.7
(PP/SF)/IFR 45 7.5 22.5 20 5 V-0 b 28.3
PP/IFR/SF 45 7.5 22.5 20 5 NR 25.7

a No rating. b A single sample could be extinguished within 10 s after double fire ignition, and the total flame
burning time of five samples was not more than 50 s.

2.3. Characterization

The combustion behaviors of samples were conducted using a cone calorimeter (Fire
Testing Technology Ltd., East Grinstead, UK) under an external heat flux of 50 kW/m2 in
accordance with ISO 5660-1. The specimen size used was 100 × 100 × 6 mm3.

A fire oxygen index apparatus (TTech-GBT2406-1, Testech Testing Instrument Technol-
ogy Co., Ltd., Suzhou, China) was used for the limiting oxygen index (LOI) tests, according
to the GB/T 2406.2-2009 standard [35]. The tests were conducted using rectangular samples
(80 mm × 10 mm × 4 mm). The LOI value of the composite was the average of the minimum
oxygen concentration, which supports ten replicate samples which retained combustion.

The Underwriters Laboratories-94 (UL-94) vertical burning tests were conducted using a
vertical burning tester (TTech-GBT2408 [35], Testech Testing Instrument Technology Co., Ltd.,
Suzhou, China). The tests were performed according to the GB/T 2408-2008 standard with
samples of size 125 mm × 12.5 mm × 3.2 mm. The final UL-94 rating of the composite was
judged by the total flame burning time of five samples.
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Tensile and flexural tests were performed on a universal testing machine (TCS-2000,
GOTECH Testing Machines Inc., Qingdao, China), along with a ZBC-8400 impact testing
machine (MTS Industrial System Co., Ltd., Hong Kong, China) for the notched Izod impact.
All of the tests were performed at room temperature. The tensile test was conducted and
evaluated according to the GB/T 1040-2006 standard [35], with measurements conducted
with a crosshead speed of 50 mm/min. Flexural tests (according to the GB/T9341-2008
standard [35]) were performed at the rate of 2 mm/min with a span distance of 64 mm.
The notched Izod impact behaviors of the composites were measured according to the
national GB/T 1043-2008 standard [35]. All of the mechanical test results given represented
an average value of at least five tests.

The thermal stability of the composites was analyzed via thermogravimetric tests
(TGA) conducted using a TGA/SDTA851e Thermogravimetric Analyzer (Mettler-Toledo
International Co., Ltd., Zurich, Switzerland). The measurements were conducted from
room temperature to 800 ◦C with a heating rate of 10 ◦C/min under a protective atmosphere
of nitrogen.

The fracture surface after the notched impact test and charred residue obtained from
the cone test of the PP/SF composites were observed using a field emission scanning
electron microscope (JSM-7610F, Electronics Corporation, Tokyo, Japan). Furthermore, a
laser Raman spectrometer (Renishaw inVia, Gloucestershire, UK) with a laser excitation
source of 780 nm was used for the detection of the internal structure of residual carbon
after vertical burning tests.

3. Results and Discussion
3.1. Flammability of PP/SF Flame-Retardant Composites

The properties of polymer composites are closely related to their morphology and
structure. Different processing technology will affect the internal structure of polymer
products, and then affect the performance of products. Therefore, the effects of different
feeding processes on the mechanical properties and flame retardancy of PP/SF flame-
retardant composites were investigated. The results of the LOI test and vertical burning
test of pure PP and PP/SF composites are presented in Table 1. The (PP/IFR)/SF and
PP/IFR/SF samples had a high burning rate and could not reach any UL-94 rating. Pure PP
is very flammable and its limiting oxygen index value is only 18.4%. The addition of sisal
fiber and flame retardant can effectively improve the flammability of PP, which showed
that the LOI value increased by at least 37.2%. Compared with (PP/IFR)/SF, the LOI
value of PP/IFR/SF composites increased to 25.7%. The difference in LOI values may be
caused by the different dispersion of flame retardants at the matrix and fiber interface. The
(PP/SF)/IFR composite reached a UL-94 V-0 rating, showing excellent fire resistance, and a
remarkably high LOI value of 28.3% was obtained, which increased by 14.6% compared
with the (PP/IFR)/SF system.

When the sample is burned under the thermal radiation of the conical electric heater,
the flame will consume a certain concentration of oxygen in the air and release a certain
calorific value of combustion. The combustion behavior of PP and PP/SF composites was
evaluated using a conical calorimeter. The experimental principle was to calculate and
measure the heat release rate, mass loss rate, and other parameters in the combustion
process according to the amount of oxygen consumed by materials during combustion,
and then analyze and judge the combustion performance of the material. The results of
the cone calorimeter experiment are listed in Table 2. Figure 2 shows the curves of the
heat release rate (HRR) and the total heat release (THR) versus time. In general, compared
with pure PP, the addition of flame retardants shortened the time to ignition (TTI) of the
PP/SF composites, with the peak heat release rate (pk HRR) decreasing and the total
smoke production (TSP) increasing, which indicated that the combustion process of the
PP/SF composites was suppressed and incomplete. The pk HRR and THR of the PP/SF
flame-retardant composites obtained in different blending sequences were different. The pk
HRR of (PP/SF)/IFR and PP/IFR/SF were 11.3% and 9.3%, lower than that of (PP/IFR)/SF.
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Compared with (PP/IFR)/SF, the THR value of (PP/SF)/IFR decreased to 122.2 MJ/m2 and
reduced by 13.7%. These results showed that the (PP/SF)/IFR composite exhibited better
fire resistance, which was consistent with the LOI and vertical combustion test results.

Table 2. Cone calorimetric combustion experimental results of pure PP and PP/SF flame-
retardant composites.

Designation PP (PP/IFR)/SF (PP/SF)/IFR PP/IFR/SF

TTI (s) 36 23 29 28
pk HRR (kW/m2) 646.2 362.2 321.3 328.6

THR (MJ/m2) 135.3 141.6 122.2 134.9
mean EHC (MJ/kg) 25.2 22.3 21.3 22.0

SEA (m2/kg) 299.3 451.0 477.3 461.6
Av CO (kg/kg) 0.02 0.08 0.09 0.07
Av CO2 (kg/kg) 1.4 1.2 1.1 1.1

TSP (m2) 14.3 25.3 24.1 24.9
TTI: Time to ignition; pk HRR: Peak heat release rate; THR: Total heat release; mean EHC: Mean effective heat
of combustion; SEA: Specific extinction area; Av CO: Average carbon monoxide yield; Av CO2: Average carbon
dioxide yield; TSP: Total smoke production.
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Figure 2. HRR (a) and THR (b) curves of pure PP and PP/SF flame-retardant composites.

Multiple heat release peaks appeared in the release rate curves of composites under
different processes. According to the analysis of the mechanism of flame retardants during
combustion [35], Si-APP can play its flame retardant role via both the condense phase
and the gas phase. Si-APP was decomposed by heat during combustion and produced
active free radicals such as PO· and PO2· into the gas phase, which can trap active radicals
such as H·, O· and HO· in the flame reaction, so as to inhibit the combustion reaction. In
the condensed phase, Si-APP was dehydrated and decomposed by heating, and the first
exothermic peak was produced (as shown in Figure 2a). As the combustion process went
on, the phosphoric acid substances generated via Si-APP thermal decomposition promoted
the dehydration of the matrix and SF into carbon residues; in this way, a dense charred
layer was formed onto the underlying substrate surface to isolate the internal structure
from air and heat, further inhibiting the combustion process. The residual charred layer
and the protected matrix further decomposed to form a more stable charred layer structure,
resulting in the emergence of a second exothermic peak, as seen in Figure 2a.

According to the above research results, although the total amount of flame retardant
added to the matrix was the same, different processing sequences lead to different flame-
retardant effects. The composite, with PP and SF blended first, and then mixed with flame
retardants, shows better flame retardancy.

3.2. Morphology of Char Residues

The quality of residual carbon is closely related to the flame retardant efficiency.
Figures 3 and 4 show the digital photos of the residual carbon layer of composite material
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after the cone calorimeter test and SEM photos, respectively, from which the carbon for-
mation of the flame retardant system after combustion can be directly reflected. As can
be seen from Figure 3, although the carbon layer of the composites obtained by different
blending processes was relatively complete, cracks were not absent (as indicated by the
arrow). There were many cracks on the charred layer of the (PP/IFR)/SF composite. The
incomplete and fragmented charred layer provides channels for combustible gas, heat, and
oxygen to enter the underlying matrix, resulting in flame retardant failure.
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In contrast, the charred layer of PP/IFR/SF and (PP/SF)/IFR composites was relatively
thick and dense. In particular, the charred layer formed by (PP/SF) /IFR was thick and
continuous, which could effectively play the role of heat and oxygen isolation, so as to
endow the composite with excellent flame-retardant performance.

The internal structure of the carbon layer was further analyzed via SEM (as shown
in Figure 4). The (PP/IFR)/SF composite formed a fluffy and porous charred layer after
combustion, and only part of the surface of sisal fibers was covered by the charred residue
(as shown in Figure 4a). There were numerous holes and cracks along the interface between
fibers and the matrix (as indicated by the ellipse), which provided channels for heat and the
gases that support combustion. The charred layer produced by the PP/IFR/SF composite
was relatively dense, and the sisal fibers were mostly coated by the charred layer (as shown
in Figure 4c), which endowed the PP/IFR/SF composite with a better flame-retardant
effect. The charred layer of the (PP/SF)/IFR composites was relatively compact, with fewer
cavities and good quality (as indicated by the arrow in Figure 4b). The dense charred layer
can prevent the contact between volatile combustible gas and external oxygen.

The quality of the carbon layer is not only related to its external morphology, but
also to its internal graphitization degree. Raman spectroscopy was used to evaluate
the graphitization degree of charred residue formed during combustion after the cone
calorimeter test; the corresponding results are shown in Figure 5. The D-peak and G-peak
are two characteristic peaks of the carbon atomic crystal near 1300 cm−1 and 1580 cm−1,
representing a lattice defect of the carbon atom and the in-plane stretching vibration of the
sp2 hybridization of the C atom, respectively [37,38]. The ratio of the integrated intensities
of D and G bands (ID/IG) is used to estimate the graphitization degree of the charred
residue [39]. In general, the smaller the ID/IG value, the fewer defects of the carbon atoms
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in the formed structure, and the higher the degree of graphitization of the charred layer,
indicating a better quality of the combustion residue of the material [35,40]. A good stable
carbon residue can act as a barrier to isolate the combustible medium from air at high
temperatures [38,39]. The ID/IG of (PP/IFR)/SF, (PP/SF)/IFR, and PP/IFR/SF was 0.69,
0.61, and 0.63, respectively. The ID/IG of (PP/SF) /IFR composites was the lowest, which
indicated that the degree of graphitization of the carbon residue was the highest.
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3.3. Thermal Stability of PP/SF Composites

The fire resistance of materials is closely related to the thermal stability of materials,
which can be obtained using thermogravimetric analysis. Figure 6 and Table 3 are the TG
and DTG results of PP, SF, and PP/SF flame-retardant composites. PP was thermally stable,
with an initial thermal decomposition temperature (T−5%) as high as 409.5 ◦C; nonetheless,
there was little residue after thermal decomposition at 800 ◦C. The sisal fibers were thermal-
sensitive when the temperature was above 200 ◦C [41], and the T−5% of sisal fiber was only
269.1 ◦C; however, the sisal fiber did have a high residue of 18.3% at 800 ◦C, which means
that sisal fiber can be used as a carbon forming agent to enhance the flame retardation of the
condensed phase of PP [2]. The introduction of flame retardants further reduces the thermal
stability of composites, which is related to the action mechanism of flame retardants. In
the case of fire, the thermal decomposition of flame retardants occurs before the substrate,
so as to produce the corresponding chemical substances to inhibit the combustion process
of the matrix and play the role of flame retardation. The thermal degradation trend of
the three kinds of PP/SF flame-retardant composites was consistent. There were slight
differences between the initial decomposition temperatures of (PP/SF)/IFR, (PP/IFR)/SF,
and PP/IFR/SF composites, where T−5% of the (PP/SF)/IFR composite was the lowest,
which was 245.6 ◦C. However, the temperatures of 50% thermal weight loss (T−50%) and the
maximum weight loss (Tmax) of composites obtained under different processing sequences
were similar. Additionally, the char yield of the (PP/SF)/IFR composite at 800 ◦C was
23.9%, slightly higher than the other two materials.

Table 3. Thermal analysis data of PP/SF flame-retardant composites.

Designation T−5%/◦C T−50%/◦C Tmax/◦C Residue/%

PP 409.5 455.3 492.5 0.8
SF 269.1 363.6 361.8 18.3

(PP/IFR)/SF 249.0 480.4 479.0 22.5
(PP/SF)/IFR 245.6 480.2 480.1 23.9
PP/IFR/SF 250.6 480.0 480.4 22.5
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of the fiber surface during combustion, as shown in Figure 4a. The bare fiber interface 
provided a channel for the transport of oxygen and combustibles during the combustion 
process, resulting in a poor flame-retardant effect of the composites. In addition, the fi-
bers in the (PP/IFR)/SF composite underwent only one extrusion process and had poor 
dispersion in the matrix; this resulted in an uneven charred layer formed during com-
bustion and obvious cracks on the surface of the carbon layer, as shown in Figure 3a, 
which led to the deterioration of the flame-retardant performance of the composite. In 
the (PP/SF)/IFR composites, PP was blended with SF first, the fiber was wrapped by PP, 
and then the flame retardants were wrapped in the outer layer of PP. During the com-

Figure 6. TGA (a) and DTG (b) of PP, SF, and PP/SF flame−retardant composites.

3.4. Flame-Retardant Mechanism

The flame-retardant mechanism that may be involved in the combustion process of the
PP/SF flame-retardant composites is shown in Figure 7. During the combustion process, Si-
APP catalyzed the carbon formation of sisal fiber and the PP matrix, along with the release
of some volatiles from the decomposition of the substrate. In the (PP/IFR)/SF composites,
the matrix was first blended with flame retardants. In this process, the flame retardants
were coated by the matrix, and then blended with fiber in the secondary extrusion process,
and most of the flame retardants were separated from the fibers by the matrix; less were
attached to the surface of the fibers. This resulted in poor carbonization of the fiber surface
during combustion, as shown in Figure 4a. The bare fiber interface provided a channel for
the transport of oxygen and combustibles during the combustion process, resulting in a
poor flame-retardant effect of the composites. In addition, the fibers in the (PP/IFR)/SF
composite underwent only one extrusion process and had poor dispersion in the matrix;
this resulted in an uneven charred layer formed during combustion and obvious cracks
on the surface of the carbon layer, as shown in Figure 3a, which led to the deterioration
of the flame-retardant performance of the composite. In the (PP/SF)/IFR composites, PP
was blended with SF first, the fiber was wrapped by PP, and then the flame retardants
were wrapped in the outer layer of PP. During the combustion process, the flame retardant
decomposed in advance, promoting the carbonization of the internal matrix and forming
a dense carbon layer on the fiber surface, as shown in Figures 3b and 4b. The charred
layer with the expansion structure formed during combustion can effectively protect the
base from thermal decomposition, endowing the composite with good flame-retardant
performance. Polypropylene, fiber, and flame retardants in the PP/IFR/SF composite were
randomly dispersed, and the flame-retardant effect was relatively poor.
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3.5. Mechanical Properties

The effects of different mixing sequences on the mechanical properties of the PP/SF
flame-retardant composites are shown in Figure 8. In general, the addition of fiber and
flame retardants improved the tensile and flexural properties of PP, while they deteri-
orated the notched impact strength of PP, which was due to the introduction of fibers
and flame-retardant particles increasing the defects of the system, leading to higher stress
concentrations and therefore the failure of the material at a lower stress.
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The flexural strength and modulus (Figure 8) of the composites showed an increase
with the incorporation of sisal fibers and flame retardants in the pure PP. Flexural strength
represents the load-carrying capacity of the specimen, which is related to the distribution
of the fillers in the composite and the interfacial adhesion between fillers and the matrix.
Both the flame retardants and fibers in the PP/IFR/SF composite underwent secondary
blending and were well dispersed in the matrix, endowing PP/IFR/SF a better bending
strength than that of (PP/SF)/IFR and (PP/IFR)/SF. The flexural moduli of the obtained
composites were of the same order of magnitude with pure PP. As is well known, various
mechanisms such as shearing, tension, and compression take place simultaneously during
the bending test [42]. The failure characteristics of composites were completely changed
as a result of the addition of fibers and flame-retardant particles. Moreover, the modulus
of the added natural fiber was comparatively lower than that of the inorganic fibers such
as glass fiber and carbon fiber; therefore, a combination of influencing factors leading to
the composite modulus is not an order of magnitude higher than that of pure PP. Similar
results have been observed by some research groups [5,42,43].

Compared with the (PP/IFR)/SF and PP/IFR/SF systems, the overall mechanical
properties of the (PP/SF)/IFR composites were slightly worse. The tensile strengths of
the PP/IFR/SF and (PP/SF)/IFR composites were relatively low, especially that of the
(PP/SF)/IFR composites, which was 37.2 MPa. In general, in a certain size range, the
longer the fiber length in the fiber-reinforced products, the more damage work the fiber
consumes through its own fracture in the process of material failure, and thus the higher
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the mechanical strength of the composite material [44,45]. Therefore, the (PP/IFR)/SF
composite exhibits the best mechanical properties. However, after secondary extrusion
shearing, the length of the fibers in the PP/IFR/SF and (PP/SF)/IFR composites was
obviously damaged, which led to the reinforcement effect of the fiber being obviously
weaker than that of the (PP/IFR)/SF composites.

The interfacial bonding and fiber dispersion within the fiber-reinforced polymeric com-
posites can be evaluated by the morphology of the impact section. The SEM micrographs of
the impact section of the PP/SF composites are shown in Figure 9. As can be seen from the
figure, the fibers of composite materials obtained by different blending processes had differ-
ent degrees of pulling out when the samples were destroyed by external forces. As shown
in the position indicated by the ellipse in Figure 9a, fiber pull-out in (PP/IFR)/SF was
obvious, leaving many pulled-out marks and holes. There was little resin matrix residue
on the surface of the pulled-out fiber. However, there was no obvious peeling phenomenon
between the fiber and matrix in Figure 9b and c, which indicated that the interface bonding
between the fiber and the matrix in (PP/SF)/IFR and PP/IFR/SF was better than that of
(PP/IFR)/SF. This also showed that the secondary blending of the fiber and matrix was
conducive to the interfacial bonding between the fiber and matrix. Moreover, it can be seen
that the length of the fiber pulled out in the (PP/SF)/IFR sample was shorter than that
of the PP/IFR/SF sample, indicating that the interfacial bonding between the fiber and
the matrix of (PP/SF)/IFR was better than that of PP/IFR/SF, showing a slightly higher
notched impact strength of 2.5 kJ/m2.
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4. Conclusions

Sisal-fiber-reinforced polypropylene flame-retardant composites were prepared via
twin-screw extrusion and the effects of different blending procedures on the fire retardancy
and mechanical performance of the composites were investigated. In the case of the same
raw material formula, the (PP/SF)/IFR composite prepared by PP, first blended with
SF, and then with flame retardants for secondary blending, showed an excellent flame-
retardant performance, with a limited oxygen index of 28.3% and reaching a UL-94 V-0
rating. The tensile strength of the (PP/SF)/IFR system was 5.3% lower than that of the
(PP/IFR)/SF system; however, the comprehensive mechanical properties of (PP/SF)/IFR
were not much different from those of the composites prepared via the other two mixing
processes. It is clear from the present study that the blending procedure has a great
influence on the properties of the composites, especially the flame-retardant properties. A
useful composite with good fire resistance and strength could be successfully developed
through the process of matrix blending with fiber first, and then secondary blending
with flame retardants. These good properties allow sisal-fiber-reinforced polypropylene
flame-retardant composites to exhibit great application prospects in construction and the
automotive industry.

However, adding large amounts of flame retardants is still the main means to realize
the flame retardancy of existing natural-fiber-reinforced polymeric composite products,
which will undoubtedly lead to the deterioration of the mechanical properties of the
composites, especially the notched impact properties as shown in this study. In order to
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balance the flame retardancy and mechanical properties of nature fiber-reinforced polymeric
composites, some key technical problems such as the compatibility between the matrix
and fillers, the multiple interfacial processing technologies between fiber, matrix, and
flame retardants, and the interfacial heat conduction problem need to be solved. From
a practical and commercial point of view, the majority of scientific research workers and
enterprises still need to commit to developing halogen-free, low-smoke, low-toxicity flame
retardants and new methods of flame retardant modification with high efficiency and
environmental protection, simplifying the natural fiber flame retardancy treatment process,
and ultimately realizing the development of high efficiency halogen-free flame retardants
and high-performance natural-fiber-reinforced polymeric flame-retardant composites.
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Abstract: The main aim of this work was to optimize the consolidation of unidirectional fiber-
reinforced thermoplastic composite tapes made of polycarbonate and carbon fibers using a heating
press and a cooling press in combination. Two comprehensive studies were carried out to investigate
the impact of process settings and conditions on the quality of the consolidated parts. The initial
screening study provided valuable insights that informed the design of the second study, in which
the experimental design was expanded and various modifications, including the implementation of a
frame tool, were introduced. The second study demonstrated that the modifications in combination
with a high heating press temperature and elevated heating and cooling pressures successfully
achieved the desired goals: the desired thickness (2 mm), improved bonding strength (23% increase),
and reduced void content (down to 4.64%) in the consolidated parts.

Keywords: thermoplastic composites; consolidation; optimization; unidirectional tapes

1. Introduction

Thermoplastic composites are prime candidates for the design of lightweight compo-
nents. Compared to their thermoset counterparts, their advantages include that they can be
remelted multiple times, are recyclable, and they offer high damage resistance and excellent
vibration dampening [1,2]. One way of manufacturing or locally reinforcing structural
plastic components is to use unidirectional (UD) fiber-reinforced thermoplastic tapes. They
provide part designers with a high degree of flexibility, since they can be freely oriented and
layered in an automated manner. Alongside the automated tape placement (ATP) process,
compression molding using a hot plate to consolidate UD tapes is gaining in popularity
due to the shorter cycle times required.

The consolidation process involves melting of the thermoplastic matrix of the UD
tapes under compression, which causes the viscosity of the polymer to decrease. This
allows the voids due to asperities of the tapes to be filled in. Once in full contact, the
molecular chains of the matrix material can diffuse across the interface, which—after
cooling—achieves bonding between the tapes [3]. The quality of the consolidated tape
stack strongly depends on the processing conditions, such as temperature, pressure,
and time. Producing a void-free, well-bonded part therefore requires finding optimal
process settings.

The rich literature describes a variety of experimental approaches to optimizing the
consolidation of polyether ether ketone (PEEK)-based thermoplastic composites using
different processes. Khan et al. [4,5] used the ATP process to monitor the temperature
profile below the first and seventh layer using thermocouples during consolidation, and
to optimize various process settings based on the void content, the density, and the inter-
laminar shear strength using lap-shear tests. Similarly, Sonmez et al. [6] used PEEK with
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the ATP process to find optimal process settings by observing the peak residual stress,
thermal degradation, and the degree of bonding. With three different processes, namely the
vacuum-bag-only in oven (VBO) approach, laser-assisted automated fiber placement (AFP),
and using a hot press, Saenz-Castillo et al. [7] measured the void content, the in-plane shear
strength, and interlaminar shear stress (ILSS) to assess the optimal settings for producing
PEEK-based composites.

The majority of studies have focused on PEEK matrices, while other materials have
received less attention. Saffar et al. [8] used the VBO technique to investigate the bonding
quality of polyetherketoneketone (PEKK)-based composites. Hoang et al. [9] performed a
large-scale study employing the same type of material, but post-consolidated their parts
using four different methods, including in situ consolidation, annealing, VBO, and using a
hot press. Optimization of the consolidation process based on void content and mechanical
properties in an autoclave with carbon/polyphenylene sulfide (CF/PPS) was investigated
by Patou et al. [10]. Further materials, such as polyaryletherketone (PAEK) [11], polyamide-
6 [12], and polypropylene-based [13] thermoplastic composites have also been used to
optimize various processing techniques. To the best of our knowledge, research based on
the consolidation of polycarbonate-based (PC) composites is scarce. Notably, Borowski
et al. [14] used carbon-fiber-reinforced polycarbonate (PC/CF) to optimize their additive
manufacturing-based in situ consolidation process by measuring the flexural strength and
the porosity of the finished part. Asséko et al. focused on the temperature development
during the joining of glass-fiber-reinforced polycarbonate (PC/GF) and confirmed that—
even above the glass-transition temperature—perfect cohesion was not achieved [15].

Compared to the ATP and automated fiber-placement (AFP) processes, the consol-
idation of thermoplastic composites using a hot press has gained less attention. Schnell
et al. [13] determined the robustness of the hot press process by the bonding quality of
polypropylene (PP)/glass prepregs. They also used thermocouples to measure the tem-
perature of the hot plates and at the interface between the prepregs to assess the stability
of the process. In a study by Almeida et al. [16], PEEK laminates were used to assess the
degradation of the matrix and the type of voids appearing in the semi-finished product.
As previously mentioned, Saenz-Castillo et al. [7] used various processing techniques,
including a hot press. In their study, they varied the temperature and the pressure of
a hot press to assess how the void content and the ILSS are influenced by changing the
process settings.

Most of these studies used the void content or interlaminar strength to assess the
quality of the final product. Other mechanical tests used for optimization include the
double cantilever beam test [17], the four-point bending test [18], and the mandrel peel
test [19]. In the case of semi-crystalline matrix materials, the degree of crystallinity is also
an important quality parameter [20–22]. By means of process modeling and experimental
investigations, Sonmez et al. [3,6,23] measured the residual stress, among other quality
parameters, to optimize the ATP process. The investigation of fiber waviness development
during the consolidation process has recently started to attract attention, as it leads to a
decline in compressive strength and surface quality [24–26]. Finally, the change in laminate
thickness and the resulting squeeze flow has also been considered in some studies [27,28].

The main objective of this work was to optimize the consolidation process of PC/CF
UD tapes using a combination of a hot and a cold press in three consecutive studies. The
choice of material was based on the selection of an amorphous matrix-based thermoplastic
composite, suitable for potential use in interior automotive applications. The overall goal
was to obtain well-bonded, void-free consolidated parts made from 12 individual layers
with a total thickness of 2 mm. From an optimization perspective, this involved (i) maxi-
mizing bond strength, (ii) minimizing void content, and (iii) achieving a 2 mm thickness to
match the wall thickness of the injection molding machine’s tool in the downstream process
for an arbitrary amorphous matrix-based thermoplastic composite. First, consolidation
experiments were performed to assess the thermal behavior of the core layer of the stack
after changing the set temperature in both the heating and the cooling presses. For this
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purpose, Type K thermocouples were positioned in the center of the stack, and the informa-
tion gathered was used to determine the cycle time. Second, a screening test was carried
out to evaluate industrially relevant process windows. To this end, we investigated the
influence of various process parameters—the cycle time, temperature, and pressure of the
heating and cooling presses—on the quality of the consolidated part in terms of bonding
strength, thickness, density, and warpage. In addition, we examined the change in part
area after consolidation (as a measure of squeeze flow). Third, informed by the results of
the screening test, we implemented a frame tool. Applying the findings of the previous
analyses, we used a central composite design to identify optimal process parameters that
produce the highest quality in terms of bonding, void content, thickness, and warpage.

2. Experimental
2.1. Material

We used Maezio CF GP 1003T UD tapes made from PC/CF with a fiber volume
content of roughly 44% (according to the material supplier’s data sheet) in our consolidation
experiments provided by Covestro AG (Leverkusen, Germany). Table 1 shows an overview
of the properties of the matrix and fiber materials. The tape stacks were positioned and
spot-welded in a tape-laying cell based on the pick-and-place principle [29]. In each case,
12 layers of UD tapes were arranged in a stacking sequence of [0◦/90◦/0◦/90◦/0◦/90◦]s.
The nominal dimensions of the tape stack were 230 × 150 × 2.1 mm. However, a previous
study focusing on measuring the thickness of UD tapes at 648 different positions revealed
an average tape thickness of 0.186 ± 0.0073 mm. This analysis confirms that stacking
12 layers of these UD tapes should yield a total thickness greater than 2.1 mm.

Table 1. Properties of the matrix and fiber materials in the UD tape.

Material Property Value Unit

Matrix
(Polycarbonate)

Melt mass flow rate 37 g/10 min
(300 ◦C/1.2 kg)

Density 1190 kg/m3

Glass-transition
temperature 145 ◦C

Tensile modulus 2400 MPa
Yield stress 65 MPa, at 50 mm/s

Fiber
(Carbon Fiber)

Density 1800 kg/m3

Denier 14,400 den
Tensile modulus 250 GPa

2.2. Experimental Set-Up

The tape stacks were consolidated in a FILL SM-03 consolidation unit, as shown in
Figure 1. The unit consists of two hydraulic presses, namely a heating press and a cooling
press, along with a transport system for the material being processed. The tape stack is
initially placed between two 5 mm steel tool plates (Figure 1a), which are first moved
(Figure 1b) to the heating press (Figure 1c). In this stage, the lay-up is subjected to elevated
temperatures above the glass-transition (Tg) (in case of amorphous polymers) or melting
(Tm) temperature (in case of semi-crystalline polymers) of the matrix, while pressure is
applied for a predetermined period. The steel plates (Figure 1d) carrying the molten
material are then transported to the cooling press (Figure 1e) within approximately 5 s,
where it is cooled to below the Tg or Tm of the matrix. Once the fully automatic process is
completed, the consolidated plate can be retrieved by lifting the top steel plate using sucker
pins and a mechanical locking mechanism.
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Figure 1. Consolidation unit used in the experiments: (a) transport system, (b) shuttle system,
(c) heating press, (d) steel plate tools, (e) cooling press.

The heating press can reach a maximum temperature of 450 ◦C and apply a maximum
force of 25 kN. In contrast, the cooling press has a maximum operating temperature of
140 ◦C and can exert a maximum force of 290 kN. These specifications define the upper
temperatures and forces that the presses can achieve and maintain during operation. These
limits also define the operation of the consolidation unit: in the heating press, minimal
pressure is applied to prevent excessive squeeze flow, while in the cooling press a much
higher force is applied to finalize the consolidation step.

Furthermore, pressure sensors installed at the hydraulic accumulators indirectly mea-
sure the force exerted on the parts. They are used to determine the time required to reach
the maximum pressure during the consolidation process.

2.3. Experimental Design

In the first set of experiments, the preliminary tests, the temperature in the core of
the laminate at 200 ◦C, 250 ◦C, and 300 ◦C heating press temperature and 60 ◦C cooling
press temperature was assessed using thermocouples. These were positioned between the
6th and 7th layers of the tape stack to measure the minimum amount of time it takes for
the core to reach the set temperature. In both presses, the pressure was kept low (1 bar
and 10 bar for the heating and cooling presses, respectively) to ensure that the sensors
remain intact.

Figure S1 illustrates the temperature evolution within the core of the samples at var-
ious heating press temperatures for the settings investigated. Heat is conducted from
the plates via the outer layers to the core layer, which takes time. Consequently, we
sought to investigate the time-dependent temperature behavior of the core layer. The
heating process is completed when the core layer has reached its required temperature. As
anticipated, higher set temperatures of the plate surfaces require more time for the core tem-
perature to reach the set temperature, with approximately 104 s for 200 ◦C, 138 s for
250 ◦C, and 168 s for 300 ◦C. These values constitute the lower limits of the experi-
mental design, representing the minimum periods of time required to reach the desired
core temperature.
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Furthermore, an additional test was conducted as part of the optimization trial, where
two specimens were produced using the lowest (250 ◦C heating press temperature, 60 ◦C
cooling temperature, 1 bar heating pressure, 10 bar cooling pressure) and highest (325 ◦C
heating press temperature, 100 ◦C cooling press temperature, 6.5 bar heating pressure,
85 bar cooling pressure) process settings possible. Similarly, a thermocouple was positioned
in the core layer of both stacks to monitor the temperature changes during consolida-
tion. Pressure sensor data were additionally collected by an HBM data-recording device
(QuantumX CS22B-W, HBM, Darmstadt, Germany) and analyzed in these experiments.

In the second set of experiments, the screening test, a definitive screening test design,
was employed with 13 different settings. An overview of the experimental design is given
in Table S1. The parameters were selected with the aim to (i) avoid thermal degradation
of the matrix while (ii) covering a broad range of physical conditions. The consolidation
pressures exerted on the parts were based on the set force and their nominal area. The
holding time corresponds to an additional period that extends beyond the time necessary
for the core of the part to reach the set temperature. This holding time parameter was
established based on findings from preliminary tests (Figure S1). Twelve plates were
produced within one consolidation parameter setting. No flow restrictions were applied to
the tape stack under consolidation.

To analyze the quality of the consolidated parts, destructive and non-destructive
methods were employed. Due to spatial constraints of some measurement systems, we used
smaller plates (20 × 10 mm2, obtained by water cutting) to analyze thickness, density, and
apparent shear strength (ASS). The remaining parameters (e.g., warpage) were measured
using the whole plate.

Position, size, and numbering of the cut samples are shown in Figure 2. The met-
rics used to analyze the quality of consolidation were: (i) projected area, (ii) thickness,
(iii) warpage, (iv) density, and (v) ASS.
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Figure 2. (a) Location and numbering of the small samples used in the screening and optimization
trials; (b) photograph illustrating a consolidated plate with small samples cut out from it.

In the third set of experiments, the optimization test, several adjustments to the
experimental design and setup were made based on the findings of the previous studies,
such as expansion of the design space and introduction of a frame tool. A split-plot central
composite design consisting of 26 different settings with four factors and multiple levels
was employed, with the setting at the center point performed three times. Three plates were
produced for each setting. In this new design, the holding time as an influencing factor was
replaced by a constant cycle time of 3 min for both presses. Split-plot designs allow factors
to be set that cannot be changed within an experimentally reasonable time frame, which
imposes limitations on the randomization of the experiment’s execution order. In particular,
the temperature of the heating press—changing of which requires a significant amount of
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time—was considered as such a factor. The experimental design of the optimization test is
shown in Table S2. Selection of the settings was guided by the insights gained from the
screening test (see Section 3.1) and aimed to establish a configuration in which both the
temperatures and pressures were maximized in relation to the recommended maximum
processing temperatures and forces of the consolidation unit.

A frame tool with a thickness of 1.9 mm was installed between the two steel plates, as
can be seen in Figure 3. A small opening was intentionally incorporated on the right side of
the frame tool. Screening trials revealed that, when subjected to high pressure, the matrix
material exhibited excessive flow in multiple directions, which made part removal difficult.
Forcing the flow of the matrix material in one predefined direction made part handling
easier. To assess the quality of the manufactured plates, (i) thickness, (ii) warpage, (iii) void
content, and (iv) ASS were investigated. In analogy to the screening test, thickness, void
content, and ASS measurements were performed using smaller samples. However, only
areas 1, 4, and 7 (see Figure 2) were taken under consideration due to the high number of
plates produced during the optimization trials. A summary of both experiments can be
seen in Table 2.
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Figure 3. (a) Frame tool used to manufacture the samples for the optimization trials. The hatched area
indicates the position of the tape stack under consolidation; (b) visual representation of the frame
tool.

To analyze the influence of process settings on quality parameters, main influence
graphs, cube plots, and surface plots were produced. To confirm the statistical significance
of the results, we applied the analysis of variance (ANOVA) statistical method (with 95%
statistical confidence) using the Design Expert software package (version: 22.0.4 64-bit).
The resulting ANOVA table provides a summary regarding the statistical significance
of factors through p-values. These p-values are calculated based on the sum of squares,
which represents the squared differences between the overall average and the observed
variation, degrees of freedom (df), denoting the number of estimated parameters used for
computing the sum of squares, and the F-value, which serves as a test for comparing the
calculated mean square to the residual mean square. A factor is considered influential
with 95% statistical confidence when the corresponding p-value is below 0.05. The design
model used in the screening trial was a reduced quadratic model that considered the main
effects and the interaction between heating press temperature and pressure. In contrast, the
optimization trial employed a quadratic model that incorporated all two-factor interactions.
The summary of the ANOVA tables that served as a basis for interpretation of influencing
factors can be found in the Supplementary.
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Table 2. Summary of the screening and optimization trials.

Trial Condition Experimental
Design

Number of
Settings Sample Type

Number of Test
Samples Per

Setting
Metrics

Screening No frame tool
Definitive

screening design 13

Whole plate 12 Projected area
Warpage

Small
samples 14

Thickness
Density

ASS

Optimization Frame tool
Split-plot central
composite design 26

Whole plate 3 Warpage

Small samples 9
Thickness

Void content
ASS

2.4. Measurement Methods
2.4.1. Projected Area

To measure the projected area of plates manufactured during the screening test, a high-
resolution camera with 64 megapixels was used to record images. The camera was mounted
on a stand, positioned above the consolidated plates placed on the ground. However, due
to significant warpage observed in these analyses, the samples were flattened using a
500 × 500 × 6 mm3 anti-reflective white glass. This glass helped to minimize distortions
and ensured accurate measurement of the projected area. The schematic drawing of the
setup is given in Figure 4.
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Figure 4. Schematic drawing of the experimental setup of the area measurement: (a) stand, (b) optical
camera, (c) glass plate, and (d) specimen.

To determine the projected area of the parts, two prerequisites had to be fulfilled.
First, the pictures captured had to exhibit sufficient contrast to allow thresholding of the
part from the background. This was achieved by placing the black part against a white
background. Second, the scale of pixels–mm had to be determined. To achieve this, three
“calibration” pictures of the same 200 × 150 mm2 part were taken. By carefully selecting the
longitudinal length and converting the pixel distance to millimeters, a scale was obtained.
To allow fast thresholding and measurement of the projected areas, the ImageJ software
(version: 1.53e) was employed, which provides automated thresholding and enables quick
computation of the areas.
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2.4.2. Thickness

Thickness measurements of the consolidated plates were conducted using a microm-
eter with a precision of ±0.01 mm. Due to the limited reach of the measurement device,
the small (i.e., cut) samples specified in Figure 2 were analyzed in both the screening and
optimization trials.

2.4.3. Warpage

To assess the level of residual stress accumulated in a plate during the consolidation
process, warpage tests were carried out. The test involved placing a part on a flat surface,
securing it at one corner, and measuring the degree of lifting of the part using a caliper, as
illustrated in Figure 5.
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2.4.4. Density and Void Content

The density of the small plates extracted from the consolidated plates (see Figure 2)
was determined according to ASTM D792-13 [30] (November 2013). In addition, for the
optimization tests, the void content was determined in accordance with ASTM D2734-
16 [31] (December 2016). To obtain the fiber content, the matrix was removed by burning
in a Gero HTK 8 high-temperature furnace according to ASTM D2584 [32]. Based on
results from preliminary tests, the furnace was heated at a rate of 10 ◦C per 10 min until
a temperature of 900 ◦C was reached. The parts were then held in the furnace at an
isothermal temperature of 900 ◦C for one hour and subsequently cooled. Nitrogen was
used throughout the process at a flow rate of 250 L/h. To obtain the void content, the
following equation was used:

Vv = 100 −
(M f

Mi
× 100 × ρc

ρr

)
−
(Mi − M f

Mi
× 100 × ρc

ρm

)
, (1)

where M f is the weight of the fiber that is retained after the matrix burn-off test, Mi is the
initial weight of the composite, ρc is the density of the composite, ρr is the density of the
reinforcement, and ρm is the density of the matrix material [9]. The densities of matrix and
fiber were 1.19 g/cm3 and 1.8 g/cm3, respectively.

2.4.5. Apparent Shear Strength

The ASS tests were performed in accordance with the ISO 14130 [33] (1997) standard
to evaluate the bonding strength of small samples. An MTS 852 Test Damper System with
a 10 kN loading cell was used with a 1 mm/s displacement rate. The shear strength of the
specimens was determined by considering the first maximum force achieved during the
testing procedure.
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3. Results and Discussion
3.1. Screening Test
3.1.1. Projected Area and Thickness

Figure 6 illustrates the consolidation settings (see Table S1) with the greatest influence
on the projected area of the plates, while Figure 7 shows the effects of consolidation
settings that led to significant variations in the thickness of parts. ANOVA reveals that
both temperature and pressure of the heating press had a statistically significant influence
on the projected area, with calculated p-values below 0.05 (see Table S3). Regarding the
thickness, the heating press temperature showed a significant effect with a p-value of 0.0014.
However, no other process parameters exhibited a discernible influence on either area
or thickness.

Polymers 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 

2.4.5. Apparent Shear Strength 

The ASS tests were performed in accordance with the ISO 14130 [33] (1997) standard 

to evaluate the bonding strength of small samples. An MTS 852 Test Damper System with 

a 10 kN loading cell was used with a 1 mm/s displacement rate. The shear strength of the 

specimens was determined by considering the first maximum force achieved during the 

testing procedure. 

3. Results and Discussion 

3.1. Screening Test 

3.1.1. Projected Area and Thickness 

Figure 6 illustrates the consolidation settings (see Table S1) with the greatest influence 

on the projected area of the plates, while Figure 7 shows the effects of consolidation set-

tings that led to significant variations in the thickness of parts. ANOVA reveals that both 

temperature and pressure of the heating press had a statistically significant influence on 

the projected area, with calculated p-values below 0.05 (see Table S3). Regarding the thick-

ness, the heating press temperature showed a significant effect with a p-value of 0.0014. 

However, no other process parameters exhibited a discernible influence on either area or 

thickness. 

 

Figure 6. The consolidation settings with the greatest influence on the projected area of the plates as 

summarized in Table S1. The red line indicates the grand average of all values. 

 

Figure 7. The influence of heating press temperature on the thickness of the plates. The red line 

indicates the grand average of all values. 

At a heating press temperature of 200 °C, the plate showed no observable deviation 

from its initial size based on the projected area. At higher heating press temperatures, par-

ticularly at 300 °C, the plate exhibited an increased projected area and reduced thickness. 

This behavior can be attributed to the material’s ability to flow freely in all directions, 

Figure 6. The consolidation settings with the greatest influence on the projected area of the plates as
summarized in Table S1. The red line indicates the grand average of all values.

Polymers 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 

2.4.5. Apparent Shear Strength 

The ASS tests were performed in accordance with the ISO 14130 [33] (1997) standard 

to evaluate the bonding strength of small samples. An MTS 852 Test Damper System with 

a 10 kN loading cell was used with a 1 mm/s displacement rate. The shear strength of the 

specimens was determined by considering the first maximum force achieved during the 

testing procedure. 

3. Results and Discussion 

3.1. Screening Test 

3.1.1. Projected Area and Thickness 

Figure 6 illustrates the consolidation settings (see Table S1) with the greatest influence 

on the projected area of the plates, while Figure 7 shows the effects of consolidation set-

tings that led to significant variations in the thickness of parts. ANOVA reveals that both 

temperature and pressure of the heating press had a statistically significant influence on 

the projected area, with calculated p-values below 0.05 (see Table S3). Regarding the thick-

ness, the heating press temperature showed a significant effect with a p-value of 0.0014. 

However, no other process parameters exhibited a discernible influence on either area or 

thickness. 

 

Figure 6. The consolidation settings with the greatest influence on the projected area of the plates as 

summarized in Table S1. The red line indicates the grand average of all values. 

 

Figure 7. The influence of heating press temperature on the thickness of the plates. The red line 

indicates the grand average of all values. 

At a heating press temperature of 200 °C, the plate showed no observable deviation 
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ticularly at 300 °C, the plate exhibited an increased projected area and reduced thickness. 

This behavior can be attributed to the material’s ability to flow freely in all directions, 

Figure 7. The influence of heating press temperature on the thickness of the plates. The red line
indicates the grand average of all values.

At a heating press temperature of 200 ◦C, the plate showed no observable deviation
from its initial size based on the projected area. At higher heating press temperatures,
particularly at 300 ◦C, the plate exhibited an increased projected area and reduced thickness.
This behavior can be attributed to the material’s ability to flow freely in all directions,
resembling a squeeze flow mechanism. Figure 8 shows a split open sample produced at
a heating press temperature of 300 ◦C and a heating press pressure of 5 bar. It is evident
that the squeeze flow not only significantly reduced the thickness, but also distorted the
fiber structure of the plate. On the sides, the fibers appear slightly bent, reflecting the flow
behavior of the matrix material. Consequently, a decrease in mechanical performance is
expected in these areas.
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Figure 8. A split-open sample produced at 300 ◦C heating press temperature and 5 bar heating press
pressure. The fibers at the sides deviate from their original orientation.

The combined influence of heating press temperature and pressure is illustrated in
Figure 9 for (a) area and (b) thickness. The ANOVA analysis reveals statistically significant
effects of these two factors on the projected area and thickness. The influence of heating
press pressure increased with increasing temperature. However, for the thickness, the p-
value of 0.19 indicates no statistical significance. This lack of significance may be attributable
to the considerable variations in tape thickness, as previously indicated. Nevertheless, it is
evident that at higher heating press temperatures, the pressure applied by the heating press
has an impact on the thickness achieved. Other two-factor interactions either lack statistical
significance or are confounded with other factors, thus limiting the scope of analysis in
this study.
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Figure 9. Surface plots showing the combined influence of heating press (HP) temperature and
pressure on (a) the projected area and (b) the thickness in the screening test as summarized in Table
S1. Set values for the remaining parameters: cooling press temperature: 100 ◦C (factor C); cooling
press pressure: 20 bar (factor D); holding time: 10 s (factor E).

3.1.2. Warpage

Figure 10 illustrates the consolidation settings (see Table S1) with the greatest influence
on the warpage of parts. Again, ANOVA showed that the influence of heating press
temperature and pressure were significant, with p-values of 0.0005 and 0.033, respectively
(see Table S5). Although the effect of the heating press pressure may not be immediately
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apparent in the main influence graphs, a closer examination of the results shown in Figure 11
reveals its significance at 300 ◦C.
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plates. The red lines indicate the grand average of all values.
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Figure 11. Detailed examination of the warpage results in the screening test: (a) the influence of
heating press pressure at 300 ◦C heating press temperature; (b) surface plot showing the combined
influences of heating press (HP) temperature and pressure on the warpage in the screening trial as
summarized in Table S1. Set values for the other parameters: cooling press temperature: 100 ◦C
(factor C); cooling press pressure: 20 bar (factor D); and holding time: 10 s (factor E).

As the part is squeezed during consolidation, the internal structure of the part also
changes, as demonstrated in Figure 8. Increasing the heating press parameters leads to
greater squeeze flow, resulting in a distorted laminate structure and subsequent warpage.
Further, the dynamic nature of the process is noteworthy. During the screening experiments,
the specimens were heated to the desired temperature within 2–3 min (depending on the
set temperature) and subsequently cooled within the same time frame. We hypothesize that
the rapid thermal cycling during the process may have induced higher levels of residual
stress in the plate, thereby increasing warpage in the final part.

3.1.3. Density

The influence of the consolidation settings (see Table S1) on the density of the plate is
illustrated in Figure 12. ANOVA shows that the heating press temperature had the greatest
impact, followed by the heating press pressure and the cooling press pressure (see Table S6).
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There is a slight correlation between the first two, but it is not statistically significant (see
Figure 12d). With increasing heating press temperature and pressure, the matrix material
exhibited enhanced flowability, which allowed the gaps and voids between the layers of the
composite tape stacks to be filled more effectively. The high standard deviation of densities
indicates that the press was unable to apply uniform pressure to the part. Additional
investigation revealed that this issue was particularly prominent at cooling press pressures
of 10 and 20 bar.
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Figure 12. The influence of (a) heating press temperature, (b) heating pressure, and (c) cooling press
temperature on the density of the plates (the red lines indicate the grand average of all samples).
(d) Surface plot showing the combined influences of the heating press (HP) temperature and pressure
on the density in the screening trial. Set values for the other parameters: cooling press temperature:
100 ◦C (factor C); cooling press pressure: 20 bar (factor D); and holding time: 10 s (factor E).

3.1.4. ASS

The heating press temperature had a significant impact on the apparent shear strength
(see Figure 13 and Table S7). In addition, Figure 13 shows that the combined effect of heating
press temperature and pressure—especially at 300 ◦C—influenced the ASS positively.

This behavior can be explained by examining the degree-of-bonding model [3]. As
the temperature increases, the viscosity of the matrix material decreases, promoting higher
macromolecular mobility. Consequently, stronger bonding between the layers of the
laminate is facilitated as the interlayers diffuse. We assume that, although the heating press
temperature was above the glass-transition temperature of the matrix material, a significant
amount of time was required to achieve complete bonding, especially at 200 ◦C heating
press temperature.
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Figure 13. The influence of consolidation settings on the ASS of the plates: (a) the influence of heating
press temperature; (b) surface plot of ASS with the heating press temperature and pressure in the
screening trial. Set values for the other parameters: cooling press temperature: 100 ◦C (factor C);
cooling press pressure: 20 bar (factor D); and holding time: 10 s (factor E).

The highest ASS value measured (33 MPa) fell well below the expected value. The low
strength achieved could be attributed to the excessive squeezing of the material, which
causes distortion in the inner structure of the composite plate, compromising the strength
of the material. Additionally, high void content and/or defects could contribute to the
low apparent shear strength. However, further investigation specifically focused on these
factors was beyond the scope of this trial.

3.1.5. Screening Trial Discussion

The screening trial provided a first understanding of the key factors that influence
the quality parameters of the composite plate, namely heating press temperature and
pressure. The cooling press pressure was significant only in relation to density, while
cooling press temperature and holding time did not exhibit any significant effect on the
quality parameters measured.

Increasing the heating press parameters, specifically the temperature, enhanced the
effect of squeeze flow. It promotes better bonding between the layers of the laminate,
resulting in improved bonding and compaction, which can potentially lead to a lower void
content. However, excessive squeezing is to be avoided, as it results in a significant increase
in the projected area, a decrease in thickness of the samples, and an increase in warpage.
This could cause problems in later manufacturing stages of the production cell, namely, in
the mold of the injection molding machine. Therefore, precise control of the squeeze flow
during consolidation is essential. The frame tool shown in Figure 3 partially contributes to
achieving this control.

Significant density differences across different areas indicate pressure inhomogeneity
during processing of the part. It remains unclear whether the variations in density can be
attributed primarily to differences in carbon-fiber content resulting from the squeezing
effect or whether void content played a significant role.

The definitive screening test design proved to be effective, providing a general under-
standing of the influences of process settings on the composite plate. However, due to the
presence of aliased two-factor interactions, its usefulness for detailed analysis was found
to be limited. Specifically, the design constraints hindered investigation of the combined
effects of cooling press temperature and pressure.

In the optimization trial (see Table S2), a split-plot central composite design was
implemented. First, the holding time was found to have no significant effect on the
quality of the samples and was therefore removed from the design. A fixed cycle time
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of 180 s was instead used for both presses. Second, the process window of the heating
press temperature was redefined to a range between 250 ◦C and 325 ◦C. Due to the time-
consuming nature of heating and cooling the heating press, this factor was blocked in the
experimental design. Although this led to the omission of information concerning the
heating press temperature, the significant impact it demonstrated on the quality of the
composite plates in the screening trial justified this decision. Third, the range for the heating
press pressure was set to between 0.6 bar and 6.5 bar—the minimum and maximum forces
achievable by the heating press, respectively. Fourth, the process window for the cooling
press temperature was narrowed down to 40–100 ◦C. Since no significant effect of cooling
press temperature was observed in the screening trial, with this adjustment we aimed to
investigate whether lowering the temperature range would elicit any additional response
in the quality parameters. Finally, the cooling pressure was also redefined to between
10 bar and 85 bar. The selection of 10 bar as the minimum pressure setting was based on
its correlation with uneven pressure distribution in the screening trials. The objective was
to examine whether this phenomenon would persist in the optimization trials conducted
with a frame tool. The 85 bar corresponded to the maximum force the cooling press can
exert on the part. These additional limits were chosen to enhance the responsiveness and
capture the influence of the cooling press pressure.

3.2. Optimization Trials
3.2.1. Thickness

The influence of the consolidation settings on part thickness is plotted in Figure 14a,b,
while the ANOVA results are shown in Table S8. Significant influences of heating press
temperature, heating press pressure, and cooling press pressure were observed in all areas
(see Table 2 and Figure 2) under investigation. In addition, a combined effect of heating
press temperature and pressure was detected.
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Figure 14. The influences of consolidation settings on part thickness in the optimization trial as
summarized in Table S8: (a) cube plot representing the influence of heating press (HP) temperature
and pressure and cooling press (CP) pressure; (b) surface plot showing the interaction between heating
press temperature and pressure. Set values for the other parameters: cooling press temperature:
70 ◦C (factor B); cooling press pressure: 47.5 bar (factor D).

One notable achievement of the frame tool is that it ensured that part thickness
remained above 2 mm even at the highest settings. This indicates that production of
parts with consistent thickness is possible. Using high heating press temperatures and
high heating- and cooling press pressures allows the target thickness of 2 mm to be
achieved successfully.
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3.2.2. Warpage

Figure 15 shows the influence of the consolidation settings on warpage, while Table S9
summarizes the ANOVA results. Both indicate that the process settings had no significant
influence on warpage.
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Figure 15. Influence of consolidation settings on warpage in the optimization trials as summarized in
Table S9. For the cube plot, the heating press pressure was set to 0.6 bar.

We conclude that the limitation of squeeze flow led to minimal shape changes in the
part, which resulted in a significant reduction in warpage. This is beneficial in terms of
process stability, as constant part dimensions are also essential for downstream processing.
However, the measurement method employed is unable to assess residual stress. We
believe that the part retains a considerable amount of residual stress due to the dynamic
nature of the process, but measuring it would require destructive methods.

3.2.3. Void Content

Figure 16 illustrates the impact of the consolidation settings on the void content, while
Table S10 presents the ANOVA results. The effect of heating and cooling press temperature
and cooling press pressure is significant. In addition, the combined effects of (i) cooling
press temperature and heating pressure and (ii) heating and cooling pressure are significant.
The average fiber, matrix, and void volume fraction can be found in Table S11.

Increasing the process settings led to a decrease in void content to some extent. In-
creasing the cooling press temperature also aids the removal of excessive void content.
Employing a slower cooling rate gives the press more time to squeeze out effectively the
voids, which results in a reduced void content in the consolidated parts due to lower
viscosity and thus in higher molecular mobility. The minimum achieved void content was
4.64%. This value exceeds the upper limit in aerospace applications (1%) [34,35]. However,
in some other applications, a maximum of 5% is allowed [36]. The inability to further
reduce the void content may be attributed to the presence of inherent voids within the UD
tapes themselves, which cannot be eliminated during the manufacturing process.

3.2.4. ASS

Table S12 summarizes the ANOVA results, while Figure 17 presents a box plot il-
lustrating the influence of process settings on the ASS. The most influential parameter
was the heating press temperature, followed by heating pressure and cooling pressure
and temperature.
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Figure 16. The influence of consolidation settings on the void content in the optimization trial (as
summarized in Table S10: (a) cube plot representing the influence of heating press temperature and
pressure and cooling pressure; (b) surface plot showing combined influence of heating pressure and
cooling pressure. Set values for the other parameters: heating press temperature: 250 ◦C (factor a);
cooling press temperature: 70◦C (factor B).
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Figure 17. The influence of consolidation settings (as summarized in Table S2) on the apparent shear
strength in the optimization trial. For the cube plot, a cooling press temperature of 100 ◦C was set.

Heating press temperature and pressure also had the greatest influence on the ASS,
primarily due to the reduced viscosity of the matrix material. The low strength values ob-
tained at low cooling pressures suggest that the tool does not establish full contact with the
part under these conditions. Consequently, pressure and heat are inadequately transferred.
This lack of contact is further supported by the void content measurements indicating
inadequate quality. Implementation of the frame tool resulted in overall improvements in
ASS values. Compared to the maximum bonding achieved in the screening test, an average
increase of 23% in ASS was achieved at maximum settings under these conditions, which
corresponds to an average value of 41.62 MPa.
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3.2.5. Optimization Trials Discussion

In conclusion, the optimization trials resulted in an overall improvement in the quality
of the parts produced. The implemented changes, including installation of the frame tool,
contributed to maintaining a thickness above 2 mm, minimal changes in the projected area,
and a significant enhancement in bonding quality. Controlling the squeeze flow allowed
higher process settings to be used, which positively impacted the overall quality of the
consolidated plates.

The extended experimental design provided a deeper understanding of the individual
process settings and their combined effects. While the influence of the heating press was
well understood from the screening test, aliasing of other two-factor interactions meant
that understanding of the effects of the cooling press was incomplete.

In most cases, the cooling pressure had a noticeable impact on the quality of the parts,
while the cooling press temperature had a minor influence in specific instances. Applying
maximum pressure allowed the quality of the consolidated parts to be increased.

Higher void content and lower apparent shear strength values observed at lower
settings can be attributed to three main factors. First, the construction of the frame tool
consisted of four sections that formed the edges of the consolidated plate. The presence of
an 8 mm gap on the right side of the tool allowed the matrix material to flow freely in that
direction, resulting in increased thickness, higher void content, and weaker bonding in this
area. On the opposite side of the part, we detected a small gap between the components
of the frame tool that allowed some material flow, but not to the same extent as on the
right side. Second, as hypothesized in the screening test, there may be pressure variations
throughout the part. At low cooling pressures, the steel tool plate apparently does not
make sufficient contact with the specimen or with the press during consolidation. This
is supported by the fact that, at maximum cooling pressure, quality variations between
different areas were minimal. Finally, note that the influence of the cooling press on part
quality was generally lower than expected. For instance, in the center of the part, the impact
of the heating pressure was more significant than that of the cooling pressure, as indicated
by the p-values in the ANOVA results. This finding was unforeseen, as one would expect a
higher impact from increasing the cooling pressure from 10 to 85 bar than from increasing
the heating pressure from 0.6 to 6.5 bar.

To comprehensively assess the influence of the cooling press, tests were conducted
to monitor the temperature changes within the core layer of the tape stack (specifically
between the 6th and 7th layer) by means of a thermocouple. Additionally, the pressures
applied by both the heating and cooling presses were measured and recorded. Figure 18
presents the temperature and pressure profiles during the pressing process, specifically
focusing on the stage where the part underwent compression in the cooling press. At the
lowest settings (Figure 18a), namely at 250 ◦C heating press temperature, 0.6 bar heating
pressure, 40 ◦C cooling press temperature and 10 bar cooling pressure, the pressure had
built up fully after 239 s of data recording. However, the part reached its glass-transition
temperature after 242.4 s in the cooling press. This indicates that during the compression
phase in the cooling press, the molten part experienced the defined pressure for only about
3 s. However, at the highest settings (325 ◦C heating press temperature, 6.5 bar, 100 ◦C
cooling press temperature and 85 bar cooling pressure), the period under full pressure while
at a temperature above glass-transition extended to approximately 41 s in the cooling press
(Figure 18b). This phenomenon is the primary reason why the cooling press had a limited
effect on the void content and ASS results, especially at low heating press temperatures. As
indicated by the degree-of-bonding model, adhesion between the layers is a time-dependent
process. At the lowest settings, when the part reached its glass-transition temperature in
only 3 s, molecular movement between the layers ceased. Our findings demonstrate that
this period is too short to achieve adequate bonding between the layers and to eliminate
excessive void content.
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Figure 18. Temperature measurement at the core and the pressure development during consolidation
at (a) low settings and at (b) high settings. The first black vertical line indicates the time at which the
cooling press reached its maximum set force, while the second line indicates the time point at which
the matrix material reached its Tg.

The numerical optimization tool of the Design Expert software, which combines a
desirability function with a hill-climbing technique, can provide suggestions for optimal
process settings. Based on our analysis of the results and using this tool, we consider the
following process settings to be optimal:

• Heating press temperature: 325 ◦C;
• Heating pressure: 6.5 bar;
• Cooling press temperature: 100 ◦C;
• Cooling pressure: 85 bar.

Implementing these settings (the highest in the experimental design) is expected to
achieve the desired thickness of 2 mm while minimizing void content and maximizing the
apparent shear strength.

4. Conclusions

This work focused on optimizing the consolidation of PC/CF tape stacks using a
combination of a heating press and a cooling press, with the aim to obtain well-bonded,
void-free plates with a target thickness of 2 mm. Two studies were conducted to find
optimal process settings and investigate the behavior of the process.

The screening test revealed that increasing the temperature and pressure of the heating
press improved part quality, while the cooling press had minimal impact. Excessive squeeze
flow resulted in a higher projected area and lower plate thickness than expected.

In the optimization trials, we expanded the experimental design and implemented
a frame tool. These modifications had a positive impact on the consolidation process.
We thus achieved a plate thickness of 2 mm and a 23% increase in bonding strength
compared to the initial trials. The minimum measured void content was 4%. We observed
that the cooling press influences the quality of the parts, and that this effect is more
pronounced at high settings, where the material remains under pressure and above its Tg
for a longer period. Based on our findings, we determined that setting the temperature and
pressure at both presses as high as possible in this setup is crucial to obtaining parts with
optimal properties.

Additional research is required to optimize the process further. We hypothesize that
incorporating a fully enclosed frame tool, extending the cycle time, and using a cooling
unit that can maintain temperatures above Tg of the matrix material would enhance the
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quality of the parts. Additionally, investigating the process settings’ impact on the degree
of crystallinity using a semi-crystalline matrix material would provide valuable insights.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15234500/s1, Figure S1: Temperature development at the sample core
at set temperatures of (a) 200◦C, (b) 250◦C and (c) 300◦C. The first vertical black line indicates the start
of the process, while the second shows the time at which the core has reached the set temperature;
Table S1. Experimental design used in the screening test, Table S2. Experimental design used in the
optimization test; Table S3. ANOVA for the influence of consolidation settings on the projected area
in the screening trial; Table S4. ANOVA for the influence of consolidation settings on the thickness
in the screening trial; Table S5. ANOVA for the influence of consolidation settings on the warpage
in the screening trial; Table S6. ANOVA for the influence of consolidation settings on the density in
the screening trial; Table S7. ANOVA for the influence of consolidation settings on the ASS in the
screening trial; Table S8. ANOVA for the influence of consolidation settings on the thickness in the
optimization trial; Table S9. ANOVA for the influence of consolidation settings on the warpage in the
optimization trial; Table S10. ANOVA for the influence of consolidation settings on the void content
in the optimization trial; Table S11. Average fiber, matrix, and void fraction in the optimization trials;
Table S12. ANOVA for the influence of consolidation settings on the apparent shear strength in the
optimization trial.
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ANOVA analysis of variance
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CP cooling press
DoE design of experiments
HP heating press
PC polycarbonate
PC/GF polycarbonate/glass fiber
PC/CF polycarbonate/carbon fiber
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PAEK polyaryl ether ketone
PEEK polyetheretherketone
PEKK polyetherketoneketone
PP polypropylene
VBO vacuum-bag-only approach
UD unidirectional
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Abstract: The increasing demand for renewable raw materials and lightweight composites leads
to an increasing request for natural fiber composites (NFC) in series production. In order to be
able to use NFC competitively, they must also be processable with hot runner systems in injection
molding series production. For this reason, the influences of two hot runner systems on the structural
and mechanical properties of Polypropylene with 20 wt.% regenerated cellulose fibers (RCF) were
investigated. Therefore, the material was processed into test specimens using two different hot runner
systems (open and valve gate) and six different process settings. The tensile tests carried out showed
very good strength for both hot runner systems, which were max. 20% below the reference specimen
processed with a cold runner and, however, significantly influenced by the different parameter
settings. Fiber length measurements with the dynamic image analysis showed approx. 20% lower
median values of GF and 5% lower of RCF through the processing with both hot runner systems
compared to the reference, although the influence of the parameter settings was small. The X-ray
microtomography performed on the open hot runner samples showed the influences of the parameter
settings on the fiber orientation. In summary, it was shown that RCF composites can be processed
with different hot runner systems in a wide process window. Nevertheless, the specimens of the
setting with the lowest applied thermal load showed the best mechanical properties for both hot
runner systems. It was furthermore shown that the resulting mechanical properties of the composites
are not only due to one structural property (fiber length, orientation, or thermally induced changes in
fiber properties) but are based on a combination of several material- and process-related properties.

Keywords: viscose fiber; natural fiber composites; hot runner system; injection molding; fiber length;
fiber orientation; X-ray microtomography analysis; mechanical properties; dynamic image analysis

1. Introduction

Natural fiber composites (NFC) with polypropylene (PP) as matrix material and short
natural fibers for reinforcement are increasingly used in series production, e.g., in the
field of automotive parts and other engineering applications [1–3]. The reason for this is
the increasing demand for renewable raw materials and the possibility to combine good
mechanical properties with the lightweight potential of low-density fibers [4,5]. A large
number of studies regarding the processing and characterization of NFC used compression
molding for specimen production [6–9], while injection molding tends to be more important
for industrial applications, especially for the production of serial parts. In most natural
fiber composites, polyolefins are used as matrix material, and natural plant fibers are used
for reinforcement [7,8,10,11]. The reason for using polyolefins is their comparatively low
processing temperature of approx. 200 ◦C, which allows processing with almost no thermal
degradation of the sensitive natural fibers (NF). Degradation, the rate of which depends
strongly on the exposure temperature, starts at approx. 170 ◦C, depending on the cellulose
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content of the NF [12,13], and results in a reduction in mechanical properties [14–18]. The
pure cellulose fibers are thermally more stable and show significant material degradation
in thermogravimetric analyses only from 240 ◦C due to a measured loss of mass [19–22].

A major disadvantage of NFC is the deviating geometrical and mechanical properties
of the natural fibers used, which makes it considerably difficult to predict the fracture
and failure behavior of NFC [2,23]. For this reason, regenerated cellulose fibers (RCF)
have been used as reinforcement in addition to plant fibers (hemp, flax, jute, sisal, etc.) in
previous studies. RCFs, also known as viscose or rayon, produced by the viscose process
have very constant geometric and mechanical properties in addition to their lower density
compared to conventional glass fibers and the significant lightweight potential associated
with them [24–26]. Another reason for using RCFs as reinforcement is their higher elongation
at break (approx. 13%) compared to that of glass fibers (approx. 2%), resulting in a more
ductile, less spontaneous, and more predictable failure behavior of the composites [9,27].
This toughness and the good mechanical properties of RCF composites in general can be
attributed to the fiber length distribution and fiber-matrix adhesion [28–30]. Due to the lower
bending stiffness of RCF compared to GF, the RCF is less shortened by the shear stresses
in the compounding and injection molding process and thus still exceed the critical fiber
length in some cases even in the test specimens or components, while the lengths of GF
in the components are usually significantly below the critical fiber length. This leads to
a good reinforcement effect of the RCF and at the same time to a good toughness due to
friction-intensive fiber pullouts at failure [9,30–32].

The above-mentioned properties of RCF lead to a significant increase in mechanical
properties, especially notched impact strength, and fracture toughness [12,33,34]. More
specifically, compared with glass fiber reinforced composites (GFC), the values of notched
impact strength are about four times higher at the same fiber weight content, and the values
of fracture toughness are about three times higher [31,35], while the density is 20% lower.

With regard to the structure, in particular, the fiber orientation, which is induced by
the injection molding process, the RCF composites, similar to all other short glass fiber rein-
forced thermoplastics, are significantly influenced by the injection molding parameters. As
a result, the short fiber reinforced thermoplastics exhibited locally different microstructures,
such as crystallinity [36] and fiber orientations [37–39], due to the processing influences,
which can have a significant influence on mechanical and fatigue properties [36,39–44]. Sev-
eral publications have characterized the influence of fiber orientation in injection molded
composites, showing that the more fibers oriented in the loading direction, the better the
mechanical properties [44–47]. With regard to the process influences during injection mold-
ing, a significant influence of the melt and mold temperature as well as the volume flow
rate could be shown. It was demonstrated that higher melt temperatures and volume flow
rates have a positive effect on the strength, stiffness, and fatigue properties of the resulting
GFC due to the higher number of fibers oriented in the direction of loading [47,48].

In order to make the natural or viscose fiber-reinforced plastics competitive as well as
to increase efficiency and reduce material waste, as mentioned above, it must be possible to
process the RCF composites in the injection molding process even with hot runner systems.
This, however, is complicated by the thermal sensitivity of RCF and the longer dwell time of
the melt in the hot runner at a higher temperature, which negatively affects the mechanical
properties of RCF, such as tensile strength and elongation at break [10,14,18,19,27,34]. At
the same time, the small cross-sections in a hot runner system can lead to higher shear and
thus to a significant reduction in RCF length [8,17,28,31]. Both result in a reduction of the
mechanical properties of the RCF composites. In addition, the high fiber length combined
with the flexural properties of the RCF could lead to a plugging of the narrow cross sections
in a hot runner system, which would make a trouble-free series production considerably
more difficult.

As explained in detail here, RCF composites have not yet been processed with hot
runner systems in series-production injection molding processes in previous investigations.
The reason for this is that it was not clear until now to what extent processing is possible
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without exposing the RCF composites to excessive thermal and mechanical stress. The
objective of this paper is to demonstrate the feasibility of this processing and to present
a process-structure-property correlation. For this purpose, two different hot runner systems
and a conventional cold runner system (as reference) are used, combined with different
injection molding process parameters. In addition to mechanical properties, structural
properties such as fiber lengths and orientations are characterized and presented in correla-
tion to the process parameters. To illustrate the material differences of an RCF composite,
reference composites of a glass fiber-reinforced PP are characterized in parallel.

2. Materials, Processing, and Characterization
2.1. Used Materials

The polypropylene PP 575P used as the matrix material, was provided by the company
Sabic (Riyadh, Saudi Arabia). The PP used has a melt flow rate (MFR) of 10.5 g/10 min
at 230 ◦C and 2.16 kg and a density of 0.905 g/cm³. According to the manufacturer’s
datasheet, the processing temperature of the material is 200–225 ◦C, while the molecular
weight distribution is given as broad.

Chopped, regenerated cellulose fibers provided by the company Cordenka GmbH &
Co. KG (Obernburg, Germany) with an average filament diameter of approx. 12 µm and
an average initial length of approx. 2.3 mm was used for reinforcement. The fibers are pro-
duced by the viscose process, which is still considered the main large-scale RCF production
process, although both the lyocell and carbamate processes are far less environmentally
harmful than the viscose process because of the chemicals used [49,50]. Compared to the
Lyocell fibers (Tencel), the rayon fibers from Cordenka have a significantly higher Young’s
modulus and tensile strength (see Table 1). The pure cellulose fibers have only very short
fiber lengths, which, compared to the Lyocell and rayon fibers, achieve only a very small
strengthening effect in the composite [51–53].

Table 1. Lengths and mechanical properties of different cellulosic fibers [51–53].

Initial Length
[mm]

Diameter
[µm]

Young´s
Modulus

[GPa]

Tensile Strength
[MPa]

Elongation
[%]

Cordenka Rayon
(Viscose Fiber) 2.3 12 22 778 13

Tencel FCP
(Lyocell Fiber) 0.4–6 f 15 556 11

Arbocel BC1000
(pure Cellulose) 0.7 20 [-] * [-] * [-] *

* not measurable due to short fiber length.

The very good mechanical properties of RCF by Cordenka are also reflected in the
mechanical properties of the composites, which were already shown in a large number of
publications and independent of the matrix material. In addition to the good quasi-static
properties of the RCF composites, this always led to a significant increase in the notched
impact strength, both in comparison with glass fibers and other natural fibers [34,35,54–57].
The used RCF were coated with a PPL-sizing (aqueous polyvinyl alcohol solution) of
approx. 10 wt.% by the manufacturer, which was applied to increase the pourability for use
in a gravimetric feeding systems. The RCF exhibits a density of 1.5 g/cm³ and an elongation
at a break of 13%, a Young’s modulus of approx. 22 GPa, and a tensile strength of approx.
800 MPa [58–60].

Regenerated cellulose fibers (RCF) are referred to as cellulose type II due to their molecu-
lar structure caused by the manufacturing process, which usually has larger non-crystalline
regions [19,50,61,62]. A major difference from cellulose type I is its behavior in absorbing and
releasing moisture. The tensile strength of cellulose type II (RCF fibers) increases with the
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release of water, e.g., residual moisture at higher temperatures, while the elongation at break
decreases [62–64]. For that reason, the RCF was dried prior to compounding.

In addition to that, glass fibers CS 7952 provided by the company Lanxess AG
(Cologne, Germany) with a diameter of 14 µm, an initial length of 4.5 mm, a density of
2.6 g/cm³ and a sizing suitable for polypropylene were investigated for reference purposes.

2.2. Compounding

To compare the properties of the glass and cellulose fiber reinforced composites,
compounds with 20 wt.% of each fiber were compounded using the twin screw extruder
ZSE 18 HPE (Leistritz Extrusionstechnik GmbH, Nuremberg, Germany) that has a screw
diameter of 18 mm and a process length of 40 D. The fiber content of 20 wt.% was chosen
because 20 or 30 wt.% glass fibers are currently mainly used for reinforcement in technical
components. Due to the significantly lower density of RCF (1.5 g/cm3) compared to glass
fibers (2.6 g/cm3), this results in a significantly higher fiber volume content of RCF for the
same fiber weight content. Since it was not clear at the beginning of the test series whether
the high fiber volume content at 30 wt.% RCF could lead to a problem during processing
with the hot runner systems, 20 wt.% RCF was used.

Prior to the compounding process, the cellulosic fibers were dried in an air convection
oven until their moisture content was less than 1%. All materials were fed into the extruder
via a gravimetric feeding system (Brabender Technologie, Duisburg, Germany). After
compounding, the strand was cooled down on a discharge conveyer using compressed air
before being pelletized to a length of approx. 3 mm by a Scheer SGS 25-E strand pelletizer
(Maag Germany GmbH, Grossostheim, Germany).

The screw configuration was optimized regarding less shear stress in previous inves-
tigations. For the named reason the configuration only consists of conveying elements
after the fiber feeding zone, which reduces the shear stress but still realizes a homogeneous
distribution of the fibers. The screw speed was set to 200 rpm while the processing temper-
atures were also set to a lower and more gentle level (below 200 ◦C, see Table 2) to reduce
the thermal load on the cellulosic fibers [31,35,51].

Table 2. Process temperatures of twin screw compounding.

Feeding
Zone Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7

Temperature [◦C] 200 200 180 180 160 140 140 160

2.3. Injection Molding

Prior to the injection molding process, the compounds containing viscose fibers were
dried using an air dryer TORO-systems TR–Dry–Jet EASY 15 (Gfk Thomas Jakob und
Robert Krämer GbR, Igensdorf, Germany) for 4 h at 80 ◦C.

The test specimens (see Figure 1) were produced on two different injection molding
machines. In connection with the valve gate hot runner system, a hybrid injection molding
machine from Engel VC200/80 Electric (ENGEL AUSTRIA GmbH, Schwertberg, Austria)
was used. This machine is equipped with an electric injection unit and a hydraulic clamping
unit. The clamping force is 500 kN, the screw diameter is 30 mm with a resulting max.
metering volume of 85 cm³ and the used open machine nozzle has a diameter of 6 mm.

For comparison, test specimens were also produced with an open hot runner system,
for which a hydraulic injection molding machine Arburg A270S (Arburg GmbH + Co KG,
Loßburg, Germany) was used. This machine has a clamping force of 250 kN, and a screw
diameter of 22 mm with a resulting max. metering volume of 30 cm³ and a machine nozzle
with a diameter of 6 mm. The mold temperature on both machines was set to 40 ◦C and the
temperatures of the plasticizing unit were set according to the following Table 3.
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Table 3. Process temperatures of injection molding.

Feeding
Zone Zone 1 Zone 2 Zone 3 Zone 4

Temperature [◦C] 40 200 200 200 200

With both hot runner systems, the melt is injected via the point gate and spreads out
from there in a circular shape in the cavity (see Figure 1).

After adjusting the process (Setting 01), the composites with cellulose fibers (PP 20RCF)
were then subjected to successive increases in temperature and dwell time (see Table 4) in
order to show the influence of the higher thermal load, which results from a combination
of the temperature and the dwell time, on the structural and mechanical properties.

Table 4. Process parameters of injection molding.

Material Setting
Hot Runner
Temperature

[◦C]

Cooling
Time

[s]

Injection
Time

[s]

Holding
Pressure

[bar]

Holding
Time

[s]

Dwell Time
[s]

PP 20GF 01 200 8 0.50 300 3 16
PP 20RCF 01 200 8 0.65 300 3 16
PP 20RCF 02 200 8 0.30 300 3 16
PP 20RCF 03 200 20 0.30 300 3 28
PP 20RCF 04 220 20 0.30 300 3 28
PP 20RCF 05 240 20 0.30 300 3 28
PP 20RCF 06 240 40 0.30 300 3 48

In cooperation with Günther Heisskanaltechnik GmbH (Frankenberg, Germany) the
following two hot runner systems (see Figure 2) were used to characterize the feasibility
of processing cellulose fiber reinforced composites with different hot runner systems and
their influence on the structural and mechanical properties of the cellulose and glass fiber
reinforced plastics:

(a) Open hot runner system with tip (5SHF50) with a gate diameter of 1.5 mm
(b) Valve gate hot runner system (nozzle 6NHF50 LA-1.4; needle 3NHP175-1.4 (clamping

force of the needle: 800 N)

Both nozzle typesthe fiber length distribution and orientation (see are designed with
the Blueflow® heaters by Günther Heisskanaltechnik. In conjunction with the two-part
shaft (steel vs. titanium alloy with low thermal conductivity) of the nozzles, this results
in a very homogeneous temperature profile in the nozzle and reduces the heat transfer
from the nozzle to the mold. The BlueFlow® technology involves heating elements that
are manufactured on the basis of thick-film technology. Here, the dielectric layers and
the heating conductor are applied under clean room conditions using the screen printing
process. The manufacturer declares the following advantages compared to similar systems:
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(a) Precise and homogeneous power distribution over the entire length of the nozzle
(b) Avoidance of temperature peaks in the melt-carrying material tube
(c) High power concentration in the front nozzle area.
(d) Rapid thermal reaction, thereby lower energy consumption

Due to the rapid thermal reaction of these heating elements, appropriate control tech-
nology must also be used. Therefore, a DPT control device from Günther Heisskanaltechnik
GmbH was used for the tests. Experience shows that the homogeneous temperature profile
of the applied hot runner and control technology is particularly suitable for the processing
of thermally and shear-sensitive bioplastics or compounds with natural fibers in order to
avoid thermal damage to the melt or the natural fibers.

In order to be able to quantify the influence of processing with the hot runner systems
on the mechanical properties in a comparative manner, reference test specimens were
produced with a cold runner system on a hydraulic injection molding machine Allrounder
320C Golden Edition (Arburg GmbH + Co KG, Loßburg, Germany) with a screw diameter
of 25 mm and a clamping force of 500 kN. The cycle time was approximately 43 s, including
a cooling time of 20 s.
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2.4. Characterization

All composites were characterized while in a dry state and in a standardized climate
(23 ◦C, 50% relative humidity).

2.4.1. Tensile Test

Tensile tests were carried out at a speed of 5 mm/min according to EN ISO 527 using
a UPM 1446 testing machine (Zwick Roell, Ulm, Germany) with a 10 kN load cell. During
the tests, Young’s modulus, tensile strength, and elongation at break were evaluated. Five
specimens were tested for each material.

2.4.2. Color Measurement

Any thermal loads to the cellulose fibers resulting from processing lead to a darkening
of the composites due to the degradation that occurs.

To objectively quantify this discoloration and its influence by individual process
parameters, color measurements were carried out on the test specimens using the Ultra
Scan Pro spectrophotometer (Hunterlab, Reston, VA, USA). This system uses the L*a*b*-
color-model for color measurement, in which the brightness of a color is indicated by the
L-value. The higher the L-value, the brighter the color. More precisely, an L value of 100
means that the color is white, while an L-value of 0 means a black color.

2.4.3. Fiber Length Measurement

The resulting fiber length in the tensile specimen was measured using the dynamic
image analysis QicPic R06 (Sympatec GmbH, Clausthal-Zellerfeld, Germany) with a Mixcel
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liquid dispersion unit. The fibers of representative parts of the specimens were separated
from the matrix using xylene with a temperature of 80 ◦C for a duration of min. six hours.
Afterward, the fibers were dispersed in isopropanol and filled into the liquid dispersion
unit of the measuring system, which provided a constant flow of the dispersed fibers. This
isopropanol flow with the fibers passed a cuvette with a thickness of 2 mm and a window
at which a high-speed camera captured images of each fiber. Subsequently, the software
Windox calculated the length and diameter of the fibers. The objective M7 with a resolution
of 4.2 µm was employed, which realizes a minimal fiber size of 12.6 µm and a maximum
fiber size of 8.66 mm. The distribution of the calculated fiber lengths is number-based (q0),
which is well-suited for representing broad ranges of size distributions.

2.4.4. X-ray Microtomography Analysis of the Composite Structure

For a structural characterization by X-ray microtomography (µCT), RCF-reinforced
specimens produced with Settings 01, 02, 03, 05, 06 and the open hot runner system were
selected. The intention of these analyses is to determine the correlation between fiber
orientations within the parts and their mechanical properties.

High-resolution results have been obtained using an X-ray microtomograph Zeiss
Xradia Versa 520 (Carl Zeiss, Oberkochen, Germany). These allow individual fibers to be
examined separately and evaluated quantitatively. The measurements were performed
at a voltage of 72 kV and a current of 83 µA using the 0.4x objective and no filter. The
number of images acquired with an exposure time of 3.5 s for each image was 1601. Binning
setting 1 resulted in a voxel size of 4.13 µm. These settings were chosen to obtain an image
section in the center of the specimens of half the cross-section with an adequate voxel size.
The subsequent reconstruction was performed with the Zeiss XMReconstructor software.
A 3D data visualization and analysis software system Avizo 9.4 (Thermo Fisher Scientific,
Waltham, MA, USA) with the XFiber extension for the quantitative analysis of fiber proper-
ties was utilized to generate the required data. After the preparation of the volume data,
primarily the software modules “Cylinder Correlation” and “Trace Correlation Lines” were
employed to detect the individual fibers regarding their fiber orientation with the settings
from Table 5. The minimum continuation quality parameter was chosen in order to ensure
that the resulting fiber lengths of the fiber tracing model have the same median as the fiber
lengths of the QicPic fiber length measurements (see Section 2.4.3).

Table 5. XFiber extension settings for the individual evaluated samples.

XFiber Parameter Setting
01 02 03 05 06

Cylinder length [µm] 38 38 38 38 38
Angular sampling [-] 5 5 5 5 5

Mask cylinder radius [µm] 8.3 8.3 8.3 8.3 8.3
Outer cylinder radius [µm] 6.3 6.3 6.3 6.3 6.3

Minimum seed correlation [-] 203 203 203 196 198
Minimum continuation quality [-] 140 123 107 98 89

Direction coefficient [-] 0.4 0.4 0.4 0.4 0.4
Minimum distance [µm] 3 3 3 3 3
Minimum length [µm] 38 38 38 38 38

The investigated volume within the samples is shown in Figure 3. Within this region,
the orientation angle theta (Θ) was evaluated. It describes the angle between the x-axis
and the yz-plane. In the case of Θ = 0◦, a fiber is positioned exactly in the direction of
flow respectively in the direction of the load during tensile tests, in the case of Θ = 90◦

perpendicular to this.
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3. Results
3.1. Mechanical Properties

The comparison of the mechanical properties of glass and cellulose fiber reinforced
composites in Figure 4 initially shows the expected significantly higher stiffness and lower
elongation at the break of the GF composites.
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Furthermore, with regard to the glass fiber reinforced composites, it can be seen that
the values of stiffness (Young’s modulus) and elongation at break obtained during process-
ing with the two hot runner systems are very close to those of the reference composites
processed with a cold runner system. Regarding the tensile strength, a drop in the values
of the GF composites of both hot runner systems of approx. 20% compared to the reference
specimen is noticeable. The extent to which this drop is caused by damage to the structures,
in particular a reduction in fiber length, by the hot runner systems is described with the
characterized fiber length distributions in Section 3.3.

For the cellulose fiber reinforced composites, a reduction in Young’s modulus of 5%
for the valve gate hot runner system and 10% for the open hot runner with tip is shown
in comparison between the reference specimen and the specimen of RCF 01 (Setting 01).
The tensile strength drops by 20% with both hot runner systems compared to the reference
specimen. There are also further differences between the composites RCF 01 to RCF 06,
which were processed with the valve gate hot runner system. For example, Young’s
modulus and tensile strength decrease with increasing composite number. This can be
explained by the combination of higher hot runner temperature and higher dwell time of
the melt in the hot runner due to the higher cooling time in the injection molding process
(see Table 4), which leads to higher thermal load and damage of the fibers. The decreasing
elongation at break also indicates higher thermal damage to the fibers. The lowest tensile

68



Polymers 2023, 15, 1924

strength and stiffness values of specimen of RCF 06 are in total approx. 30% below the
cellulose fiber-reinforced reference specimen.

The mechanical properties resulting from the different process settings can be at-
tributed to the thermal properties of the RCF in addition to the fiber length distribution
and orientation (see Sections 3.3 and 3.4). Higher temperature exposure leads to degrada-
tion phenomena, which occur in RCF from about 220 ◦C due to the breaking of chemical
bonds [19,65]. Overall, pure cellulose (e.g., RCF) exhibits higher heat resistance compared
to conventional natural fibers [12,13,66]. With the onset of the degradation processes, the
tensile strength of the RCF and especially the elongation at break decreases. In addition,
the brittleness of the fibers and the associated higher number of fiber breaks in the process
leads to a reduction in fiber lengths [67,68].

The tensile strengths and stiffnesses of the RCF-reinforced composites processed by
means of an open hot runner system with tip are rather different. After a reduction in tensile
strength (3 MPa) and stiffness (200 MPa) from batch RCF 01 to RCF 02, the values increase
again up to batch RCF 06, although this cannot be described as a statistically significant
change. At the same time, the elongation at the break of the composites decreases. In detail,
this means that a higher melt temperature and the associated low viscosity in combination
with a higher volume flow rate (at a shorter injection time) leads to higher tensile strengths
and stiffnesses of the test specimens, since the fibers tend to be oriented in the flow direction
and thus in the loading direction [41,47,69]. This will be validated with the results of the
µCT analysis and the resulting fiber orientation in Section 3.4. The correlation between the
shear rate and the viscosity of PP reinforced with glass and cellulose fibers has been shown
in previous work. Here, a decreasing viscosity with a higher shear rate could be shown,
whereby in particular the higher fiber volume fraction due to the RCF´s low density led to
higher viscosities of the RCF composites overall [51,70].

The increasing dark coloration of the test specimens with increasing thermal loading
(see Figure 5) is described by the results of the color measurement in Section 3.2, while the
influence of the fiber length distribution and orientation is described in Sections 3.3 and 3.4.
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3.2. Discoloration

Figure 5 shows representative specimens processed with the settings of Table 4, while
Figure 6 shows the results of the color measurement described in Section 2.4.2.
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It can be seen that in the tests with both hot runner systems, the composites show
a lower L-value and thus a stronger dark coloration with the increasing number and
thus with increasing thermal load. Cellulose is a polysaccharide and thus a sugar in
which the process of caramelization takes place at higher temperatures (approx. 140 ◦C
for saccharides). This process is accompanied by a darker coloration of the cellulose
and thus also of the RCF, as well as the development of a roasted aroma (caramel odor).
Since, depending on the thermal stability of the RCF, degradation processes do not yet
occur immediately, the mechanical properties initially decrease only to a minor extent.
With further increasing temperatures or longer dwell times, degradation of the RCF then
leads to a reduction in tensile strength and elongation at break of the fibers. [18,27,35]. In
addition to the decreasing L-value, an increase in the a-value and b-value can be seen with
increasing thermal stress, which is indicative of an overall more intense coloration of the
RCF composites.

3.3. Fiber Length Distribution

The results of the fiber length distributions determined with the help of the dynamic
image analysis system QicPic, described in Section 2.4.3, are presented and explained in the
following. Figures 7 and 8 show the fiber length distributions of the glass fiber reinforced
PP and the results of the six parameter settings for the RCF reinforced PP processed with
the hot runner system (see Table 4) as well as the two reference composites processed with
the cold runner system.

The fiber lengths of the materials processed with the open hot runner system, shown
in Figure 7, initially show the two distribution curves typical for GF and RCF. The glass
fibers show a Gaussian distribution with a median of about 411 µm. A comparison of the
two GF distributions shows that the fiber lengths of the material processed with the open
hot runner are slightly below the values of the reference batch (median: 357 µm). Thus,
there is shortening of the GF in the hot runner of approx. 15%, which is, however, sufficient
to bring about the 20% reduction in tensile strength described in Section 3.1.
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In contrast to the GF, the distribution of the RCF lengths does not turn out to be
a Gaussian distribution. Due to the already described lower stiffness and higher elongation
at break, the RCF are not shortened as much and are therefore present in greater numbers
with higher lengths. This allows the good mechanical properties of these composites
described above. Compared to the six hot runner composites, the reference composite has
a similar fiber length distribution and only slightly more long fibers (10% higher median).
Contrary to the assumption, this could be due to a similar shear in the cold runner geometry
of the reference composite, which is different from that of the hot runner. The differences
between the RCF reinforced composites of Settings 03 to 06 are very small and insignificant
and can be attributed to minor differences in viscosity due to the process parameters from
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Table 4. In comparison, the RCF lengths of Settings 01 and 02 show lower values of fiber
lengths, which can be attributed to the melt viscosity due to the low temperatures and
dwell times and the resulting high viscosity (see Table 4).

Table 6 shows the values of the 10th, 50th and 90th percentile of the fiber length
distribution of both hot runner systems for comparison.

Table 6. Percentile values (10th, 50th and 90th) from the fiber length distributions of the characterized
composites.

Composite System x10
[µm]

x50
[µm]

x90
[µm]

Reference GF cold runner 108.6 436.1 1311.3
Reference RCF cold runner 143.1 411.7 832.9

PP 20GF 01 open hot runner 110.4 357.1 742.0
PP 20RCF 01 open hot runner 90.9 303.4 979.9
PP 20RCF 02 open hot runner 98.9 324.6 1033.8
PP 20RCF 03 open hot runner 103.3 386.9 1155.4
PP 20RCF 04 open hot runner 94.8 390.9 1233.9
PP 20RCF 05 open hot runner 102.0 422.7 1192.9
PP 20RCF 06 open hot runner 98.7 391.9 1232.2
PP 20GF 01 valve gate hot runner 111.4 361.1 747.1

PP 20RCF 01 valve gate hot runner 96.5 404.8 1444.3
PP 20RCF 02 valve gate hot runner 106.9 384.9 1311.5
PP 20RCF 03 valve gate hot runner 106.4 399.9 1324.1
PP 20RCF 04 valve gate hot runner 102.4 371.8 1310.9
PP 20RCF 05 valve gate hot runner 90.9 398.5 1444.5
PP 20RCF 06 valve gate hot runner 97.6 388.6 1392.8

Figure 8 shows the fiber length distributions of the materials processed with the valve
gate hot runner system. The typical distribution curves for GF and RCF can also be clearly
seen here. When comparing the two normal distributions of the glass fibers, the valve gate
hot runner also shows only a slight shortening of the GF. Similar to the open hot runner
system, there is a shortening of the GF of approx. 13%, which nevertheless leads to the 20%
reduction in tensile strength described in Section 3.1.

The distribution of RCF lengths slightly deviates from that of the open hot runner.
Contrary to the assumption the geometry and cross-sections of the valve gate hot runner
does not result in a greater shortening of the RCF. Compared to the fiber length distribution
of the open hot runner and the reference specimen processed with cold runner this is
reflected in a larger number of longer fibers and a smaller number of shorter fibers. This
result reflects very well the better mechanical properties (see Figure 4), in which the
composites from the processing with valve gate hot runner show the better mechanical
properties, which can now be attributed, at least in part, to the longer fiber lengths.

The comparison of the six process settings shows only very small differences in the
fiber length distributions, so that the influence of the valve gate hot runner is greater than
the influence of the process parameters used (see Table 4).

Based on the shown results, the reduction in tensile strength of RCF composite speci-
mens from Setting 01 to 06 of both hot runner systems compared to the reference cannot
only be attributed to the reduced fiber lengths but rather a combination with a reduction in
tensile strength of the RCF due to thermal loading of the fibers. This will be discussed in
more detail in the following sections.

3.4. Fiber Orientation

Figure 9 shows the fiber orientations of the specimens produced with different Settings
and with open hot runner system, which were detected with the trace algorithm (see
Section 2.4.4). It should be noted that the individual fibers are represented by lines in
three-dimensional space and that white areas indicate that there are only few fibers. On
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the one hand, this can be explained by the lower fiber content in the edge areas of the
sample. On the other hand, this area is located at the outer edge of the µCT measurement
volume, where the image sharpness is lower, so that fewer fibers can be detected. Here, the
fibers that are present in the flow direction (x-direction) and thus have an angle of Θ = 0◦

are colored blue. The fibers oriented perpendicular to the flow direction and thus aligned
closer to the yz-plane (Θ = 90◦) are shown in red. Each image represents the measuring
area marked in Figure 3.
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Figure 9. Illustrations of fiber orientations of RCF reinforced specimens produced with open hot
runner system obtained by fiber tracing evaluation of the µCT data.

In this representation, the core of the sample is located on the right, a mold wall is
positioned on the left, as well as at the upper and lower edges. The blue areas on the mold
walls (edge regions) mark a high degree of orientation along the flow direction, while the
fibers in the core region are rather unoriented or oriented perpendicular to the x-axis (red).
The strong orientation of the fibers in the edge regions is due to classical layered models,
which provide an explanation for the parallel orientation (0◦) at high shear rates [71–73].
The fibers aligned in this way cool and freeze particularly quickly at the mold wall, so
that this alignment is conserved. The core layers are influenced by the swell flow and lead
to this (approximately) perpendicular alignment. The size of the respective areas can be
attributed to the different process parameters within the settings used.

The frequency distributions of the angle Θ derived from fiber tracing are shown in
Figure 10. Here, the test specimens of Settings 01, 02, and 03 show the highest values in the
range of Θ = 5–15◦ and thus have the most fibers with an orientation in the flow direction.
This can be attributed to the short injection time and the resulting high shear rate, which
results in a wider edge area.

Contrary to the expectations, the increase in melt temperature and the associated
decrease in viscosity in samples 5 and 6 do not lead to the increase in fiber orientation in
the flow direction described in Section 3.1.

Based on the results of the process-induced fiber orientation of the open hot runner
system, which was characterized by means of µCT, again no clear correlation to the me-
chanical properties of the composites shown in Figure 4 can be concluded. This will be
discussed in detail in the following section.
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3.5. Discussion

As described in the previous paragraphs, the mechanical properties of the character-
ized composites could not be attributed only to one structural feature, such as the thermal
load, fiber length distribution, or fiber orientation. This will be discussed in the following.

Figure 5 shows that the RCF-reinforced composites darken with increasing thermal
load due to higher process temperatures and dwell times. From this, it can be concluded
that with increasing thermal load from Setting 01 to Setting 06, the fiber tensile strength
and consequently the tensile strength of the composites is also reduced.

Regarding the fiber lengths, it was shown that these are influenced by the material
shear stress resulting from the melt temperature and shear rate. Thus, also here the fiber
lengths are highest at high melt temperatures (Setting 04, 05, and 06) and thus low viscosity
for both hot runner systems. For this reason, especially with the open hot runner, the
average fiber lengths of Settings 05 and 06 are higher than the values of Settings 01 and 02.

Thus, the fiber length distribution, which achieves larger values at higher temperatures,
represents an opposing effect with the fiber strength, which is reduced more at high
temperatures. This fact provides the explanation for the fact that the RCF-reinforced
specimen of Setting 01 processed with the open hot runner system achieves the highest
mechanical properties due to the lowest thermal stress on the fibers despite the lowest fiber
lengths present.

As already described in Section 3.1, tensile strengths are generally higher at higher
melt temperatures and high injection volume flow rates due to better fiber orientation. This
effect with e.g., higher injection velocities at Settings 02-06 and higher melt temperatures at
Settings 04, 05, and 06 thus also partially counteracts the effects of fiber length distribution
and fiber strength.

The qualitative curves in Figure 11 from the values of fiber strength [74] and average
fiber length for the valve gate hot runner and additionally the fiber orientation (Θ-values
between 5◦ and 15◦) for the open hot runner system of the various settings show that
a curve qualitatively composed of these variables describes very well the course of the
tensile strengths of the composites from Figure 4.
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4. Conclusions

In summary, the investigations carried out here showed that cellulose fiber-reinforced
composites from PP can be processed very well with various hot runner systems in the
injection molding process.

Regarding the influence of hot runner processing, it was shown that the tensile strength
of the GF-composites and the RCF-composites is about 20% lower than the reference
samples even at the lowest thermal load (Setting 01).

As expected, the tensile strengths of the RCF composites decrease with high thermal
load (Setting 06) up to 30% for the valve gate hot runner and 22% for the open hot runner.
The elongation at break of the RCF composites at Setting 06 is about 28% (valve gate) and
10% (open hot runner) lower than for the reference specimen.

These differences are partly due to the resulting fiber length distributions, whose
median in both hot runner systems is 20% lower than that of the reference batches for
the GF composites and only about 5% lower for the RCF composites. With regard to the
fiber orientation, it was found that the different parameter settings have an influence on
the orientation of the RCF in the core and edge areas. Especially at the higher shear rates,
the fibers in the edge region are more oriented in the flow direction and thus also in the
loading direction.

Summarized it was shown that the resulting mechanical properties of the composites
are not only attributable to one structural property but are rather based on a combination
of several process-related properties. The influence of the process parameters was also
presented, showing the temperature-time influence on the properties of the RCF composites.
From this, it can generally be deduced that the thermal load as a combination of temperature
and cycle time should be kept as low as possible.

However, in the context of this temperature-time influence, it also shows that the
process window for achieving good mechanical properties is quite large. This increases
the fault tolerance in a later series production and thus also the acceptance of the partially
bio-based composites. Thus, the results represent a further step towards the possible
series production of components made from alternative material systems by means of
injection molding.
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Abstract: Metal–plastic composites are becoming increasingly important in lightweight construction.
As a combination, e.g., for transmission housings in automobiles, composites made of die-cast alu-
minum housings and Polyamide 66 are a promising material. The interface between metal and plastic
and the properties of the plastic component play an important role with regard to media tightness
against transmission oil. The mechanical properties of the plastic can be matched to aluminum by
glass fibers and additives. In the case of fiber-reinforced plastics, the mechanical properties depend on
the fiber length and their orientation. These structural properties were investigated using computer
tomography and dynamic image analysis. In addition to the mechanical properties, the thermal
expansion coefficient was also investigated since a strongly different coefficient of the joining partners
leads to stresses in the interface. Polyamide 66 was processed with 30 wt% glass fibers to align the
mechanical and thermal expansion properties to those of aluminum. In contrast to the reinforcement
additives, an impact modifier to improve the toughness of the composite, and/or a calcium stearate
to exert influence on the rheological behavior of the composite, were used. The combination of the
glass fibers with calcium stearate in Polyamide 66 led to high stiffnesses (11,500 MPa) and strengths
(200 MPa), which were closest to those of aluminum. The coefficient of thermal expansion was
found to be 6.6 × 10−6/K for the combination of Polyamide 66 with 30 wt% glass fiber and shows
a low expansion exponent compared to neat Polamid 66. It was detected that the use of an impact
modifier led to less orientated fibers along the injection direction, which resulted in lower modulus
and strength in terms of mechanical properties.

Keywords: plastic–metal hybrids; fiber orientation; X-ray microtomography; dynamic image analysis;
thermal expansion exponent

1. Introduction

The combination of two materials makes it possible to combine the positive properties
of both partners [1]. Metal–plastic hybrid composites are therefore a promising way to
reduce the weight of, for example, automobiles and, thus, CO2 emissions [2]. Due to
their high mechanical properties, fiber-reinforced plastics and aluminum, with their low
densities, play a major role in this material combination [3].

In-mold technology has become established for the production of metal–plastic com-
posites. A metal insert is placed in an injection mold and the plastic is injected with an
injection molding machine [4,5]. One challenge in combining the two materials is the
interface between the metal and the plastic, as these have different mechanical and thermal
characteristic values [3]. When metal–plastic joints are produced by injection molding,
the quality of the finished part significantly depends on the adhesion of the composite.
The metal part is often pretreated by chemical etching or sandblasting to generate a rough
surface [6]. The rough surface creates strong bonding by mechanically anchoring the melt
to the pretreated surface [7].

Especially for the automotive industry, a strong bond between metal and plastic is
essential. The substitution of non-load-bearing areas in a die-cast housing with plastic must

80



Polymers 2023, 15, 1800

also provide tightness against media such as transmission oil on the interface between
plastic and metal.

The influence of additives, such as an impact modifier or a lubricant, has already been
demonstrated in combination with Polyamide 6 [8]. The viscosity of the polymer can be
influenced by the impact modifier and the calcium stearate. The mechanical properties of
the polyamide are increased and brought as close as possible to those of aluminum by the
addition of glass fibers. This study investigated to what extent the impact modifier and
calcium stearate influence the fiber length and the fiber orientation.

For a media-tight bond between Polyamide 66 and aluminum, the interface plays
an important role. In order to bond the two joining partners as strongly as possible, the
surface is roughened and/or an coupling agent is used. Ultimately, however, the failure
of the bond is caused by stress peaks caused by brittle properties or different expansion
coefficients. In this project, it will later be investigated whether a less brittle material can
enable a long-lasting, tight connection between the joining partners, which can guarantee
tightness even with small movements and vibrations due to higher ductility. For this reason,
the fiber-reinforced material will be provided with additives such as a lubricant and/or
an impact modifier and investigated with regard to the mechanical properties and the
thermal expansion coefficient. This study can be seen as preliminary work for the further
investigation of composite Polyamide 66 and aluminum.

The examination of glass fibers in a selected volume with regard to fiber length
and fiber orientation is possible through 3-dimensional analysis by X-ray microtomogra-
phy [9,10]. Due to the high density of the glass fiber of 2.6 g/cm3, it can be easily separated
from the polyamide with a density of 1.15 g/cm3. In 2015, Nguyen Thi et al. investigated
glass fibers in Polyamide 6 using X-ray microtomography and were able to visualize and
evaluate the fibers in terms of length and their orientation at different locations within a
test specimen [11].

In addition to the mechanical properties, the coefficient of thermal expansion plays
a major role with regard to the bond strength. If the coefficient of thermal expansion of
the two components is very different, the different behavior during cooling has a negative
effect on the bond strength. A similar behavior of the two joining partners means a low
interfacial stress. For this reason, fiber-reinforced polymers are used for applications in
joining metal and plastic in order to obtain high dimensional stability under thermal
influences, and during cooling after injection molding [12,13]. Heckert et al. were able to
show that the coefficient of thermal expansion decreased as the weight content of fibers in
a fiber-reinforced polymer increased. The coefficient of thermal expansion for Polyamide 6
is 85 × 10−6/K and could be reduced to 50 × 10−6/K by adding 60 wt% glass fiber [14].

2. Materials and Methods
2.1. Materials

The base polymer used for this study was Polyamide 66 (PA66) from BASF (Lud-
wigshafen, Germany). The grade Ultramid A27E has a density of 1.14 g/cm3 and is a
special grade for compounding. Before processing, the polyamide was dried in a Dry Jet
Easy Dryer from TORO-Systems (Igensdorf, Germany) for at least 4 h at 80 ◦C to achieve a
moisture content of max 0.2%. The PA66 was used as a non-colored grade.

To reinforce the polyamide, glass fibers were added as short fibers with a content of
30 wt% in the compounding process. The glass fibers of type CS 7928 were purchased from
Lanxess Germany GmbH (Cologne, Germany). The fibers had an initial length of 4.5 mm
and a fiber diameter of 11 µm. A sizing on the surface of this fiber type promised good
adhesion to polyamides.

The use of an impact modifier leads to an increase in the toughness of a plastic and was,
therefore, used here to modify the properties. An impact modifier from Kraton Polymers
LLC (Houston, TX, USA) was added to the polyamide in two components. One component
of the modifier was type FG1901, which consists of a linear triblock copolymer based on
styrene and ethylene/butylene with a polystyrene content of 30%. This component was
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added with a weight content of 8%. The second component was type G1657, which is
a linear triblock copolymer based on styrene and ethylene/butylene with a polystyrene
content of 13%. This component was added with a weight content of 12%. Both components
had a density of 0.9 g/cm3. The weight content of the impact modifier was 20% in total.
The components and their weight contents were selected according to a recommendation
of the manufacturer [15].

The lubricant calcium stearate from the Faci Group (Genova, Italy) was also used
to reduce the viscosity of the polyamide melt. The salt is also used as a lubricant in
pharmaceutical products and as a lubricant in the paper and metal processing industries.
It has a melting point of 150 ◦C and a density of 2.6 g/cm3. The stearate was used with
a weight content of 0.1%. After consultation with the manufacturer, it was advised that a
higher concentration would have a negative effect on the adhesion properties between the
plastic compound and the aluminum.

2.2. Compounding

The compounds were produced on a co-rotating twin-screw extruder from Leistritz
(Nuremberg, Germany), type ZSE18 HPe. The barrel has a diameter of 18 mm and an L/D
ratio of 40. The extruder is equipped with a screw configuration that has a high proportion
of conveying elements. This configuration is intended to generate lower shear energy in the
melt to prevent severe fiber shortening. The impact modifier and the lubricant were mixed
into the PA66 granules and added to the compounding process by a gravimetric feeder from
Brabender (Duisburg, Germany). After melting of the granules, the glass fibers were also
added to the process by a gravimetric feeder. The melt temperature during compounding
was 280 ◦C and the screw speed was 200 rpm. The extruded material strand was cooled
with compressed air after exiting the die and then cut into granules with a length of 3 mm
in a pelletizer of the type Scheer SGS 25-E (Grossostheim, Aschaffenburg, Germany). The
material composition of the PA66, the additives, and the glass fibers can be seen in Table 1.

Table 1. Compositions of charges produced by compounding.

PA66 GF Impact Modifier Calcium Stearate

Kraton FG1901 Kraton G1657 CaSt

wt% wt% wt% wt% wt%

PA66/30GF 70 30 - - -
PA66/30GF/IM 50 30 8 12 -

PA66/30GF/CaSt 69.9 30 - - 0.1
PA66/30GF/IM/CaSt 49.9 30 8 12 0.1

In the following table and in the results section, the compounds are described with the
abbreviations glass fiber (GF), impact modifier (IM), and calcium stearate (CaSt).

2.3. Injection Molding

The specimens, according to DIN EN ISO 527 Type 1A, were injection-molded for
mechanical characterization and X-ray microtomography (µ-CT). An injection molding
machine from Arburg (Loßburg, Germany) type 320C Golden Edition was used for this
purpose. The machine has a clamping force of 500 kN. The temperature along the screw
was set to 290 ◦C and the injection speed was set to 16 cm3/s. The mold temperature was
set to 80 ◦C. All compounds were dried at 80 ◦C for at least 4 h before processing.

2.4. Tensile Testing

Tensile tests to DIN EN ISO 527 were performed on a universal testing machine, type
Z010 from Zwick Roell (Ulm, Germany). The tests were performed at a speed of 5 mm/min
and the Young’s modulus, tensile strength, and elongation at break were evaluated.
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2.5. Dynamic Image Analysis (DIA)

For dynamic image analysis, the fibers were separated from the matrix material by
ashing the samples at 600 ◦C for 6 h. The system QICPIC/R06 (Sympatec, Clausthal-
Zellerfeld, Germany) with a MIXCEL wet dispersion unit was used to measure the fiber
length distribution. The fibers were dispersed in isopropanol. The images were acquired
at a rate of 175 Hz and a resolution of 4.2 MP. A cuvette with a width of 0.5 mm was
used and the fibers were measured with an M5 objective. This objective records fibers
with a length of 1.8 µm to 3700 µm. For each sample, 3 measurements of 60 s were
performed. Approximately 10,000 fibers were measured for each measurement. The fibers
were evaluated with the LEFI (length of fiber) module, which measures the shortest distance
between the endpoints of the fiber.

2.6. X-ray Microtomography

A volume shown in Figure 1 was examined by X-ray microtomography to compare
the fiber length in the volume with the fiber lengths from DIA and to examine the fiber
orientation along the flow direction. For this purpose, a Zeiss Xradia Versa 520 (Oberkochen,
Germany) was used. The measurements were performed at a voltage of 80 kV and a current
of 87.2 µA. A volume of size 4 mm × 5 mm × 12 mm from the middle of a tensile specimen
was recorded, as shown in Figure 1, with a 5279 µm field of view and a pixel size of
5.2 µm. Avizo 9.4 software was used to compose the 1600 taken images and a volume of
5 mm × 2 mm × 2 mm was used to display the optical fibers and to evaluate them in terms
of orientation and length. The flow direction during mold filling corresponds to the z-axis.
The deviation of the fiber from the z-axis is represented with an angle theta (θ). Thus, a
fiber with an angle θ = 0◦ is oriented along the z-axis and an angle of θ = 90◦ shows that
the fiber is oriented orthogonally to the z-axis. About 60,000 fibers were evaluated in the
volume of the specimen. Fiber length in X-ray microtomography was evaluated to provide
a reference for the results of the DIA.
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2.7. Dynamic Mechanical Analysis

The coefficient of thermal expansion was determined by dynamic mechanical analysis
(DMA) with variation in the temperature and a constant load. A Q 800 module from
TA Instruments (Hüllhorst, Germany) was used for this purpose. The specimens for the
measurements had dimensions of 30 mm × 10 mm × 4 mm and the clamp distance was
20 mm. The coefficient of expansion was measured in a temperature range from 25 to 100 ◦C
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and the heating rate was 3 ◦C/min. A constant load of 10 N was applied to the specimen.
For the evaluation, the average coefficient of linear expansion (α) was determined using
the following formula:

α = dL/(dT ∗ L0) (1)

The mean coefficient of thermal expansion is represented by α taken from the first and
last measuring points (dL) according to Figure 2. This is divided by the temperature differ-
ence (dT) and the original length (L0). Three specimens were tested for each compound.
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3. Results and Discussion
3.1. Tensile Test

For the evaluation of the results, tensile test specimens were first manufactured ac-
cording to DIN EN ISO 527 and tested in tensile tests. The use of various additives, such as
an impact modifier or a lubricant, changes the viscosity of the melt and the flow properties.
In this study, the mechanical properties as well as the glass fiber orientation and the length
of the fibers in the test specimens were demonstrated on Polyamide 66 with the use of the
individual additives and considering the interaction of both additives.

Figure 3 shows the results of the tensile tests. An increase in the elongation at break was
clearly visible between the samples PA66/30GF and PA66/30GF/IM. By adding a weight
fraction of 20 wt% of the impact modifier to the compound PA66/30GF, the elongation at
break increased from 3.1% to 3.7%, while the tensile strength decreased from 185 MPa to
137 MPa. On the one hand, this may have been due to the change in the chemical structure
caused by the impact modifier. The modifier largely consisted of styrene and formed a
two-phase mixture due to its incompatibility with polyamide [16]. On the other hand, it is
possible that the impact modifier changed the bond of the fiber to the matrix. If the fiber
is in contact with the impact modifier, the adhesion to it is worse than to the PA66. As a
result, the reinforcing effect is reduced due to lower force transmission.

The elongation at break of the PA66/30GF/IM/CaSt compound was also similar to
that of the compound PA66/30GF/IM, accompanied by a reduction in tensile strength. The
use of both additives was, therefore, dominated by the high degree of toughness of the
impact modifier. The compounds contained 0.1% by weight of CaSt. Such a small amount
was sufficient to have an influence on the flow properties of the polyamide melt. In terms
of mechanical properties, a slight increase in tensile strength was seen for the compound
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PA66/30GF/CaSt at 200 MPa compared to the PA66/30GF at 185 MPa. The Young’s
modulus was also increased from 10,650 MPa to 11,500 MPa by using calcium stearate. The
flow properties of the compound with calcium stearate led to better orientation of the fiber
to the flow direction, which was reflected in enhanced mechanical properties [17].
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For a media-tight composite of aluminum and PA66, the approach used was to make
the reinforced PA66 tougher by means of additives so that the media-tight composite could
be maintained even in the case of vibrations and small movements in the interface. For the
later tests of the composite, variation in the mechanical properties was, therefore, possible
with the additives used here. The use of an impact modifier was able to increase the
toughness of the plastic even with a fiber weight content of 30%.

3.2. Dynamic Image Analysis (DIA)

The fibers detached from the matrix by ashing were measured by DIA to compare
the results with the fiber lengths measured from µ-CT analysis. The results of the DIA
are shown in the diagrams of Figure 4. Overall, it can be seen that the fibers based on
the results of DIA were longer than the fiber lengths from the X-ray microtomography.
This was evident at the 75th and 90th percentiles. For the compound PA66/30GF, the 75th
percentile was 260 µm when evaluated by X-ray microtomography and approximately
310 µm in the DIA. The results of the other measurements with IM or CaSt were similar. In
the evaluation of the DIA results, as well as in the evaluation by the X-ray microtomography,
no great change in fiber length was seen. The compound PA66/30GF/CaSt only showed
slightly shorter fibers, especially at the high percentiles (75th and 90th), compared to
the PA66/30GF/IM/CaSt and PA66/30GF/IM compounds. This can be explained by a
decrease in the viscosity [11]. This resulted in more fiber breakage and, thus, in shorter
fiber lengths.
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Figure 4. Results of the distribution density of measured fiber length from dynamic image analysis.
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3.3. X-ray Microtomography

The investigated volume from a tensile specimen included the edge region as well as
the center of the specimen in order to investigate all regions with respect to orientation and
fiber length.

Figure 5 shows the fiber lengths determined by X-ray microtomography. The differ-
ences between the four compounds were very small. The results visualized as boxplots
showed a slight fiber shortening in the compound PA66/30GF/CaSt. In particular, a differ-
ence was observed at the 75th and the 90th percentiles. The differences, especially in the
long fibers of the 75th and 90th percentiles, showed that the use of an impact modifier influ-
enced the process-induced shortening of the fiber length. In this compound, the fibers were
the shortest. On the other hand, the compounds with impact modifier PA66/30GF/IM and
PA66/30GF/IM/CaSt had longer fibers, especially at the 75th and 90th percentiles, due to
the tough properties of the impact modifier. Fiber shortening was less for these compounds.
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The figure shows that a difference in fiber length along all compounds was observed
in the higher values of the percentiles. At the 10% and 25% percentiles, no difference in
fiber length was visible.

In addition to the fiber length, the fiber orientation was investigated since the fiber
orientation also has a strong influence on the mechanical properties. In Figure 1, the z-axis
specifies the flow direction. The orientation of a fiber is described by an axis of its cylindrical
shape. The deviation of this axis from the flow direction is described by the angle theta (θ).
The smaller the angle theta, the better the fiber is oriented in the flow direction [18].

The orientation of the fibers can be seen in Figure 6, in which the fibers are colored
according to their orientation. Blue shows the fibers well-aligned to the z-axis and those red-
colored are the fibers with an orientation orthogonal to the flow direction. The figure shows
a volume that was separated from a tensile specimen and examined according to Figure 1.
In all four images in Figure 6, a very good orientation of the fibers can be seen in the edge
region. This can be explained by the swelling flow during injection molding and has already
been reported in numerous publications. In the volumes from specimens without an impact
modifier, good orientation of the blue colored fibers can be seen over the whole examined
area. In the case of the specimens from PA66/30GF/IM and PA66/30GF/IM/CaSt, it can
be seen that the fibers were less oriented to the flow direction in the center of the specimen
than in the edge region. A fiber with an orientation perpendicular to the flow direction
absorbed less stress than a fiber with an orientation in the flow direction since the flow
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direction also corresponds to the loading direction in the tensile test. The orientation to the
flow direction decreased towards the center for the samples mentioned.
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The fiber orientation is also illustrated quantitatively in bar graphs in Figure 7. The
fibers oriented to the flow direction are shown on the left of the horizontal axis in these
diagrams; the perpendicular oriented fibers are on the right. It can also be seen that a high
number of fibers in the specimens without impact modifier were oriented along the flow
direction. With this orientation, the fibers can absorb the forces under a tensile load in the
z-direction (Figure 1) much better than fibers that are oriented perpendicular to the flow
direction. The bar graphs also show that a smaller number of fibers were oriented along
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the flow direction in the specimens with impact modifier. This is also confirmed by the
pictures in Figure 6.
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The fiber orientation of the compounds with and without impact modifier also pro-
vides an explanation for the results of the tensile test in Figure 3. Here, the compounds
with impact modifier showed lower stiffness and strength than the compounds without
impact modifier. This was due, on the one hand, to the lower number of fibers oriented
to the loading direction, and, on the other hand, to the toughness of the impact modifier.
The mechanical properties of differently oriented fibers had previously been investigated
by Zarges et al. In their study, specimens with fibers oriented along the direction of load-
ing were also observed to be able to absorb a higher force than specimens with a fiber
orientation transverse to the direction of loading [19].

3.4. Dynamic Mechanical Analysis

The thermal expansion of the two joining partners is of great importance after process-
ing by injection molding. Plastic has a significantly higher coefficient of thermal expansion
than aluminum. This difference results in stresses in the interface between the two joining
partners, which, in turn, had a negative effect on adhesion, and, as a result, on the tightness
at the interface between the plastic and the metal. For this reason, the coefficient of thermal
expansion of the plastic should be brought into line with that of the aluminum [12,14,20].
Figure 8 shows the coefficients of expansion of the modified PA66, and, in comparison,
the coefficient of expansion of neat PA66. In the temperature range from 25 ◦C to 100 ◦C,
aluminum has a very low thermal expansion coefficient compared with plastics [21]. The
coefficient can be reduced by fiber reinforcement with GF [12,20]. It can be seen that the com-
pound PA66/30GF achieved the lowest coefficient of thermal expansion with 6.6 × 10−6/K.
The specimens for the determination of the coefficient of thermal expansion were prepared
in the same way as for the tensile tests for the injection-molded specimens according to DIN
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EN ISO 527. The fiber orientation in these tests was, therefore, exactly as shown in Figure 7.
The addition of additives to the compound PA66/30GF led to an increase in the coefficient
of expansion. As expected, the neat PA66 had the highest coefficient of thermal expansion.
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4. Conclusions

In this study, specimens were manufactured to investigate the tensile and thermal
properties of PA66 reinforced with 30 wt% glass fibers. In addition to glass fibers, an
impact modifier and/or a lubricant was added to vary the properties for investigation of a
media-tight plastic-metal bond. To explain the mechanical results, a volume of a specimen
was characterized by X-ray microtomography and the fibers were examined in terms of
length and orientation. In addition, the coefficient of thermal expansion was investigated
to compare the expansion of the modified PA66 with aluminum. The following conclusions
can be drawn:

• The addition of an impact modifier to GF-reinforced PA66 resulted in a higher elon-
gation at break and a reduction in the strength and stiffness of the compound. The
addition of calcium stearate led to a small increase in stiffness and strength, which
was closest to the properties of aluminum.

• The fiber length measured with X-ray microtomography was only very slightly affected
by the addition of the additives. In the case of the short fibers with a length of approx.
100 µm, no influence of the additives could be detected. For longer fibers of 250 µm
to 400 µm, the addition of an impact modifier had a minor effect on increase in fiber
length. The results of DIA produced similar results to those of X-ray microtomography.
The fiber length was slightly higher in the DIA results. In summary, no significant
change in fiber length due to the addition of the additives used in this study was
responsible for changes in the mechanical properties.

• The impact modifier had an influence on the fiber orientation. Towards the center
of specimens with impact modifier, the fibers were oriented in parallel less than in
specimens without impact modifier. At the edge region, the fibers were well oriented
along the flow direction due to the swell flow. The fiber orientation to the flow
direction showed a clear dependence on the mechanical properties. Fibers oriented to
the direction of flow showed higher strength and stiffness in the composite than fibers
whose orientation deviated from the direction of flow.
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• The use of individual additives led to an increase in the coefficient of thermal expansion.
As a result, the very low coefficient of thermal expansion of PA66/30GF (6.6 × 10−6/K)
was able to be brought into line with the very low coefficient of aluminum, which
led to low stresses in the interface and contributed to a media-tight bond. For low
stresses in the interface between aluminum and GF reinforced PA66, the addition of the
additives used here was counterproductive as they increased the thermal expansion
coefficient.
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Abstract: As environmental regulations become stricter, weight- and cost-effective fiber-reinforced
polymer composites are being considered as alternative materials in the automobile industry. Rapidly
impregnating resin into the reinforcing fibers is critical during liquid composite molding, and the
optimization of resin impregnation is related to the cycle time and quality of the products. In this
review, various resins capable of rapid impregnation, including thermoset and thermoplastic resins,
are discussed for manufacturing fiber-reinforced composites used in the automobile industry, along
with their advantages and disadvantages. Finally, vital factors and perspectives for developing rapidly
impregnated resin-based fiber-reinforced composites for automobile applications are discussed.

Keywords: rapid impregnation; thermoset resins; thermoplastic resins; fiber-reinforced composites

1. Introduction

Recently, lightweight automobiles have been increasingly used to save energy and
reduce pollution in light of strict regulations. It has been reported that reducing auto-
mobile weight by 10 wt.% could decrease fuel consumption by 6–8% and reduce CO2
emissions [1]. The key to solving this problem is to replace metal components with high-
performance, fiber-reinforced, polymer-based composites. As for environmental issues,
extensive research has been conducted on biocompatible and environmentally-friendly
resins, including the use of the poly (ethylene glycol) diacrylate (PEGDA) monomer [2],
their applications in dental materials [3], and their utilization in 3D printed materials [4–6].
This research focuses on polymer composite molding processes, and understanding these
molding processes is essential.

Polymer composites, including thermosets and thermoplastic composites, have been
used in panels, modules, structures, and other parts of automobiles after being reinforced
with continuous or discontinuous fibers that have undergone liquid composite molding
(LCM) processes, such as resin transfer molding (RTM), vacuum infusion, and reaction
injection molding [7]. Takahashi et al. [8] reported that the weight of carbon fiber reinforced
polymer (CFRP) composites is one third that of steel panels, and the flexural strength of
CFRPs is approximately three times higher. As for the polymer composite, fiber-reinforced
thermoset composites (FRTSCs) generally exhibit good mechanical properties, thermal
stability, and dimensional stability [9]. Thermoset resins have a relatively low viscosity
compared with thermoplastic resins, which is an important factor in the RTM process.
Traditionally, depending on the part size and geometry, the cycle time of a standard RTM is
30–60 min with a 10–20 bar injection pressure, whereas that of high-pressure resin transfer
molding is less than 10 min with a 20–120 bar injection pressure.
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Fiber-reinforced thermoplastic composites (FRTPCs) are also extensively used because
of their high processability and recyclability. However, the high viscosity of thermoplastic
resins requires high temperatures and pressures for the materials to be impregnated with
fiber reinforcements. For example, thermosetting resins, such as epoxy, can be impregnated
with fiber reinforcements and cured below 200 ◦C, whereas thermoplastic resins must
be heated above the melting temperature, which is typically well above 200 ◦C, and
impregnated with high pressures (10–50 bar). Moreover, the high pressure and viscosity of
the resins may cause a misalignment of the fiber reinforcements.

In the automobile industry, cost and cycle time reductions are key issues. In the case
of thermoset resins, there is a need for research into fast-curing resins like rapid curing
epoxies and endo-dicyclopentadiene. On the other hand, for thermoplastic resins, research
is required on the development of rapidly impregnating resins that can be applied at low
temperatures and low pressures. Regarding fast-curing thermoset resins, recent research
by Zhang et al. [10], Odom et al. [11], Gan et al. [12], and Reichanadter et al. [13] presented
the application of fast-curing epoxy resins and its processes. Boros, Róbert, et al. [14],
Ota et al. [15], and Willicombe, K., et al. [16] showed the rapid impregnation process and
feasibility of a new approach using thermoplastic resin. In many instances, research tends
to emphasize methodologies and approaches that are focused on specific manufacturing
systems. Consequently, it can be challenging to find examples and studies that provide a
comprehensive exploration of various types of resins.

The main objective of the present study is to provide a comprehensive overview
of various types of fast-curing and rapidly impregnating resins using a broad array of
resin cases. In the present study, a comprehensive overview of commonly used, rapidly
impregnating, low-viscosity resins in the automobile industry was provided, including
thermosets and thermoplastic resins. Additionally, various reactive processes, and the
parameters that influence them, were presented, alongside an examination of the properties
associated with Fast-Curing Resin Thermosetting Composites (FRTSCs) and Fast-Curing
Resin Thermoplastic Composites (FRTPCs). Finally, the current status of related research
and insights into future perspectives in this field were addressed.

2. Rapidly Impregnating Resins and Their Fiber-Reinforced Composites
2.1. Knowledge Gaps and Current Challenges

Numerous methods for rapidly impregnating thermoset and thermoplastic resins
in fiber-reinforced composites have focused their attention on various aspects requiring
further development. This section presents the main knowledge gaps that need to be
filled in order to address the current challenges regarding the rapid impregnation of
thermoset and thermoplastic resins and their fiber-reinforced composites, to understand
the development method and the its applications.

Thermoset resins, such as epoxy, polyester, and vinyl ester, are used in a wide range of
automobile parts, such as headlamp housings, battery covers, and frames for windows or
sunroofs. Thermoset composites have excellent dimensional and chemical stabilities and
high impact strengths, which are necessary for the interior and exterior parts of automobiles.
In this section, thermoset resins and their fiber-reinforced composites are discussed.

If the manufacturing cycle time can be reduced by using thermoset resin, several
advantages become particularly noteworthy. To address these issues, various state-of-the-
art methods have been introduced to achieve the fast impregnation of thermoset resin,
as shown in Figure 1. The current state-of-the-art method for the rapid impregnation of
thermoset resins and their fiber-reinforced composites primarily involves material selection,
including the choice of resin and curing agent, as well as the utilization of advanced mixing
techniques. Utilizing optimal materials (such as the epoxy resin with phenolic novolac
epoxy and bisphenol-A epoxy, and the curing agent aliphatic polyamine dicyandiamide
(DICY)), a specific manufacturing process was applied to achieve the rapid impregnation
of the resin into the reinforcing fibers for resin transfer molding (RTM), vacuum infusion,
and the reaction injection molding process [7]. The approach to achieving a fast and cost-
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effective impregnation and curing process was closely related to factors such as curing time,
gel time for the resin, and curing kinetics. Consequently, finding most suitable resin and
curing agent ultimately resulted in a substantial reduction in manufacturing costs (10~20%
reduction in fiber cost, mandrel cost, tooling cost, system set up cost/process time under
240 min.) [17].
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The current state-of-the-art rapidly impregnating thermoplastic resins and their fiber-
reinforced composites have been tested with impregnation techniques, material selections,
and processing parameters, etc. Several impregnation techniques, such as melt impreg-
nation, powder impregnation, and resin transfer molding, have been explored to achieve
the rapid impregnation of thermoplastic resins into fiber reinforcements; they have shown
promise in terms of achieving efficient impregnation, reducing cycle times, and enhancing
the overall quality of the composite [38,39]. Generally, higher temperatures can lower the
viscosity of thermoplastic resins and pressure also helps to drive the resin into the fiber
reinforcement, thus enabling better fiber impregnation and complete wetting, as well as
the removal of void trapped within the fiber reinforced composites. However, excessively
high temperatures may lead to resin degradation, and excessive pressure may lead to fiber
deformation or damage. Therefore, optimizing the processing parameters is essential for
achieving uniform resin distribution, complete fiber wetting, and strong interfacial bonding
between the matrix and reinforcement, leading to the minimization of void content, as well
as enhanced mechanical properties [40,41].
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2.2. Thermoset Resins
2.2.1. Epoxy

Epoxy resins have been used in the automobile industry since the 1980s, owing to
their superior mechanical properties, low shrinkage and creep, and outstanding chemical
resistance. The estimated size of the global epoxy resin market was USD 12.5 billion in 2021,
and it is anticipated to reach approximately USD 23.4 billion by 2030, with an expected
annual growth rate (CAGR) of 7.22% during the forecast period from 2022 to 2030 [18].
A representative commercial epoxy resin is the epoxy-dicyandiamide system, and many
strategies have been implemented to develop low-viscosity, fast-curing epoxy resins.

Conventionally, low viscosity can be achieved and controlled by incorporating various
diluents, such as epoxy-based reactive diluents, which participate in the polymerization
reaction and contribute to the cross-linking network. For example, the preferred viscosity
range for the resins used in manufacturing composite materials via liquid molding is
generally between 200 and 1000 cP at room temperature for 2~3 h of curing time [42].
Epoxy-based reactive diluents come in various forms, including vegetable oil-based epoxy
resins, glycidyl ethers of phenol and paraalkyl substituted phenols, vinylcyclohexane
dioxide, the phenyl glycidyl ether, and the trimethylol propane triglycidyl ether [19–24].
In addition, by introducing the catalytic mechanisms wherein epoxy crosslinks with the
curing agent, a rapid curing time below 3 h can be obtained with tertiary amines.

Fast-curing epoxy resins can be obtained by adding glycol diglycidyl ether (GDE)
series. For example, a low-viscosity acrylate-based epoxy resin (AE)/GDE system was
developed by Yang et al., and its rheological behavior is shown in Figure 2A [43]. Seraji
et al. [25,44,45] developed a rapid-curing epoxy amine resin with low viscosity, which
consists of the diglycidyl ether of bisphenol F, an epoxy phenolic novolac resin, diethyl
toluene diamine, and 2-ethyl-4-methylimidazole. The resin system exhibited good thermal
and mechanical properties, and superior flame retardancy. Based on these trends, low-
viscosity, fast-curing epoxy resins were obtained using the synthesized epoxies. Two resins,
the diglycidyl ether of ethoxylated bisphenol-A (BPA) with two and six oxyethylene units
(DGEBAEO-2 and DGEBAEO-6), respectively, were synthesized and characterized; the
curing exothermic enthalpy decreased with increasing oxyethylene units (Figure 2B) [26].
The viscosities of the blends decreased as the DGEBAEO-6 content increased. In addition,
difunctional aromatic epoxy-divinylbenzene dioxide, which was synthesized with epoxi-
dizing divinylbenzene as the catalyst, had a low molecular weight and viscosity, as well
as excellent thermal (Tg was approximately 201 ◦C) and mechanical properties (tensile
strength was 131.99 MPa). Wu, Xiankun, et al. [27] and Chen et al. [29] developed a series
of epoxy systems with a soft butyl glycidyl ether and rigid nano silica, and a viscosity lower
than 600 mPa·s, thus providing an excellent processing performance for the large-scale
production of composites in automobile manufacturing. In addition, this system demon-
strated improvements in terms of tensile strength and modulus, as well as in elongation at
break. Wang et al. [46] reported an epoxy resin-1-(cyanoethyl)-2-ethyl-4-methylimidazol
system. The epoxy cured in a few minutes at 120 ◦C with an acceptable pot life and low
water absorption.

The reaction time decreased with the addition of the various particles. Chikhi et al. [30]
developed a modified epoxy resin using liquid rubber (ATBN). All reactivity characteristics
(gel time, temperature, curing time, and exothermic peaks) decreased. The addition of
ATBN led to a reduction in either the glass transition temperature or the stress at break,
accompanied by an increase in the elongation at break and the appearance of yielding.
Zhang et al. [48] designed a tetrafunctional eugenol-based epoxy resin with a cyclosilox-
ane structure. Allyl glycidyl ether was selected as the reference compound to generate
a silylation epoxy resin. The viscosity of the silicone-containing tetrafunctional epoxy
monomers (<0.315 Pa·s) was significantly lower than that of conventional oil-based epoxy
resins (14.320 Pa·s) (Figure 2C) [43].
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Figure 2. (A) Effect of glycol diglycidyl ether (GDE) content on the rheological behavior of the
acrylate−based epoxy resin (AE)−40/LPA system: (i) 40 ◦C, (ii) 50 ◦C, (iii) 80 ◦C, (iv) 20 phr GDE
content. Reproduced with permission [43]. Copyright 2015, John Wiley and Sons. (B) DSC curves
for (i) three neat epoxy resins and (ii) DGEBA/DGEBAEO−6 cured using DDM. Reproduced with
permission [26]. Copyright 2011, John Wiley and Sons. (C) Rheological behaviors of epoxies (without
curing agent): (i) Change in viscosity, with shear rate from 0.01 to 60 s−1 at 25 ◦C, (ii) Change in vis-
cosity with temperature from 25 to 100 ◦C at a shear rate of 60 s−1. Reproduced with permission [47].
Copyright 2022, John Wiley and Sons.
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Moreover, the low viscosity of epoxy resin-based component epoxy systems has re-
cently been obtained for thermal latent curing agents and flame-retardant epoxies (generally
below 200 cP at room temperature) [25–27,42]. Thermal latent curing agents of Imidazole
are widely employed to fabricate single-component epoxy systems, and they meet the
requirements for large-scale industrial production [49–51]. Several phosphorus-modified
imidazole derivatives have been developed to combine fast curing rates (below 3 h [25–27]
and great flame retardancy characteristics [52–54].

2.2.2. Polyester

Regarding polyester resins, low-viscosity polyester resins can be obtained via particle
synthesis. Low-viscosity polyester resins can be applied to produce environmentally
friendly coatings, as well as to toughen and reinforce unsaturated polymers. The global
market size of unsaturated polyester resins was estimated to be USD 12.2 billion in 2022,
and it is expected to grow at an annual growth rate (CAGR) of 7.1% from 2023 to 2030 [55].

Traditionally, low-viscosity polyester resins can be obtained through various methods,
including the use of solvents, mechanical mixing methods, etc. For instance, solvents such
as styrene, methyl ethyl ketone peroxide (MEKP), and cobalt octoate are typically used.
Control and mixing methods involving alcohol are frequently utilized. Nurazzi et al. [56]
developed a method to reduce the gel time of unsaturated polyester (UPE) by blending it
with methyl ethyl ketone peroxide (MEKP) and various percentages of cobalt. Using this
method, the gel time can be reduced by up to 36%.

Recently, alternative approaches have been employed to achieve a lower viscosity
(<300 mPa·s) in the compound [57], which facilitates the formation of crosslinking net-
works. These methods include synthetic techniques, particle synthesis using nanomaterials,
microwave irradiation, among others [58,59].

Chen et al. [31] prepared a series of silica particles with different sizes and surface
groups through the sol–gel process, using tetraethyl orthosilicate, and they were directly
introduced into polyester polyol resins via in situ polymerization. The resulting nanocom-
posites exhibited lower viscosities than the resins obtained using the blending method.
Viscosity increased as the particle concentration increased (Figure 3A). Zhang et al. [28]
examined a low-viscosity unsaturated hyperbranched polyester resin (<10,000 cP) using
a synthetic method involving a reaction between a maleic anhydride monoisooctyl alco-
hol ester and a hydroxyl-ended hyperbranched polyester resin prepared from phthalic
anhydride and trimethylolpropane. Zhou et al. [57] synthesized a series of unsaturated
polyester resins with low viscosities (<300 mPa·s), for a vacuum infusion molding process,
by simply controlling the amount of alcohol used in the reactants. Yuan et al. [60] developed
a series of low-viscosity transparent UV-curable polyester methacrylate resins, derived
from renewable biologically fermented lactic acid (LA), and they reduced the viscosity
from 34,620 mPa·s to 160–756 mPa·s by randomly copolymerizing LA and-caprolactone.

The curing time can be reduced using various solvents and applying microwaves.
Nasr and Abdel-Azim [33] investigated unsaturated polyester resins, and styrene, methyl
ethyl keton peroxide (MEKP), and cobalt octoate were selected as the solvent (monomer),
catalyst, and accelerator, respectively. A significant reduction in curing time occurred when
the cobalt octoate concentration was increased to 0.02 wt.%. Furthermore, the curing time
decreased when the catalyst concentration was increased from zero to 2 wt.%. Mo et al. [32]
applied microwave irradiation to the curing of an unsaturated polyester resin with CaCO3
particles, and they showed that microwave irradiation heated the unsaturated polyester
resin evenly and rapidly, causing a chain growth reaction which greatly reduced the
curing time (Figure 3B). Chirayil et al. [61] prepared nanocellulose-reinforced unsaturated
polyester composites via mechanical mixing. The curing time required for gelation in the
nanocellulose-filled unsaturated polyester was lower than that for the neat resin, indicating
the catalytic action of nanocellulose in the curing reaction (Figure 3C). Kalaee et al. [34]
utilized the nanoparticle of CaCO3 (nCaCO3) and found that a decrease in the number of
carboxyl groups in the formulation leads to a higher degree of crosslinking.
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2.2.3. Vinyl Ester

The extensive use of vinyl ester resins as matrix materials in reinforced composites is
due to their low viscosity, rapid curing capabilities at room temperature, and cost-effective
advantages. Typically, in highly viscous vinyl ester resins, a low-viscosity environment
can be achieved by utilizing dispersants and various acids, which effectively reduce their
surface activities.

Yong and Hahn [35] conducted a rheological analysis of SiC nanoparticle-filled vinyl
ester resin systems using the Bingham, power law, Herschel–Bulkley, and Casson models.
The incompatibility between a hydrophilic SiC and a hydrophobic vinyl ester resin can act
as the driving force for the formation of SiC aggregates, even when low particle loading
occurs (<0.04 volume fraction), resulting in the high viscosity of the resin. The optimum
fractional weight percentage of dispersants (wt.% dispersant/wt.% SiC) for dispersion
stabilization is 1–3% for particles in the 0.1–3-µm range, and it can be proposed, as follows:
the addition of a dispersant at the optimum dosage lowers the viscosity of SiC/vinyl ester
suspensions by 50% (Figure 4A).
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(ii) Viscosity curves of SiC/vinyl ester resin systems with and without 1-octanol. Reproduced
with permission [35]. Copyright 2006, John Wiley and Sons. (B) The DSC graphs (a), degree of
conversion at 60 ◦C (b), graphs of TGA (c), and DTG (d) at a heating rate of 5 ◦C/min for the LM
filled and unfilled comonomer vinyl ester composites. Reproduced with permission [62]. Copyright
2022, MDPI.

Gaur et al. [36] obtained the zero-shear viscosity of vinyl ester resins containing styrene
(40 wt.%) as the reactive diluent. The curing of vinyl ester resins can be controlled by re-
acting the epoxy novolac resin with methacrylic acid. They found that the curing and
decomposition behavior of vinyl ester resins worsened with an increase in methacrylic acid
content (11, 22, 32, 38, and 48 mg KOHg−1 solid). The cured product with the lowest acid
value was the most thermally stable product. Cook et al. [37] analyzed the gel time and
reaction rate of a vinyl ester resin and found that the cobalt species played a dual role in
initializing the formation of radicals from MEKP and destroying primary and polymeric
radicals. Based on these results, the reaction rate (determined using differential scanning
calorimetry, (DSC)) increased and the gel time decreased with increasing concentrations
of MEKP. However, cobalt octoate cocatalyst slows the reaction rate, except at very low
concentrations. The gel time decreased as MEKP and cobalt octoate concentrations in-
creased. Curing vinyl ester resins with modified silicone-based additives was achieved by
Mazali et al. [63]. Silicone-based additives were used to modify the properties of the vinyl
ester resin. For the resin cured in the absence of N, N-dimethylaniline, the silicone-based
additives acted as retardants of the curing reaction, which is a typical diluent effect, whereas
in the presence of this promoter, the reaction enthalpy and rate improved.

The viscosity of the vinyl ester resin could be reduced by increasing the reactive diluent
content. Rosu et al. [64] found a linear correlation between the reactive diluent content
and the logarithm of viscosity, showing that the presence of reactive diluents accelerated
the curing reaction and diminished the gel time. Dang et al. [62] proposed reinforcements
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for a comonomer vinyl ester (cVE) resin at different weight fractions of up to 2% via a
direct polymerization process with a eutectic gallium–indium (EGaIn) alloy and graphene
nanoplatelets, showing that sub-micron sized EGaIn (≤1 wt.%) could promote the curing
reaction of cVE without changing the curing mechanism (Figure 4B).

2.2.4. Polydicyclopentadiene (p-DCPD)

Dicyclopentadiene (DCPD) is a commercially available monomer that is derived from
low-viscosity petrochemicals, making it easy to impregnate into fibers. Due to its impregna-
tion characteristics, its market revenue reached approximately USD 0.86 billion in 2020 and
is expected to grow at a CAGR of 5.7% between 2022 and 2030 [65]. Polydicyclopentadiene
(PDCPD) is a highly crosslinked polymer formed by the ring-opening metathesis poly-
merization (ROMP) of its monomer precursor. Exothermic characteristics were observed
during the polymerization process because of the relief of the ring strain energy initiated
by the transition-metal/alkylidene complexes. Several studies investigated the effects of
these catalysts.

Li et al. [66] conducted the ROMP of DCPD using the catalyst systems, WCl6–Et2AlCl
and (WCl6–PhCOMe)–Et2AlCl, and their polystyrene-supported counterparts. The acetoph
enone-modified catalyst system exhibited better catalytic properties than the unmodified
system. Moreover, as the polymer yield of ROMP increased, the mechanical properties
of notched impact strength (NIS) and the tensile strength (TS) of the synthesized PDCPD
increased. Kessler et al. [67] investigated the curing kinetics of PDCPD, prepared via
ROMP, with three different concentrations of Grubbs’ catalyst using differential scanning
calorimetry (Figure 5A). The catalyst concentration had a large effect on the curing kinetics,
and the activation energy increased significantly at 30 ◦C. Yang and Lee [68] investigated
the curing kinetics of endo-dicyclopentadiene (DCPD) with two types of Grubbs’ catalysts
(1st and 2nd generation), using dynamic DSC at different heating rates (Figure 5).
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single DSC exotherm of the 1st generation system (Figure 5(Ai)), the appearance of a 
shoulder above the single exotherm of the 2nd generation system (Figure 5(Aii)) suggests 
that reaction mechanisms other than ROMP, regarding the norbornene and cyclopentene 
units, may be involved in this catalyst system. The 2nd generation catalyst system showed 
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Figure 5. (A) The DSC curves for (i) low concentration (ii) medium-concentration, and
(iii) high−concentration DCPD and Grubbs’ catalyst samples; (iv) predictions for isothermal curing
at 30 ◦C based on the model−free iso−conversional method for low, medium, and high catalyst
concentrations. Reproduced with permission [67]. Copyright 2002, John Wiley and Sons. (B) DSC
scans at different heating rates for endo−DCPD with (i) 1st generation and (ii) 2nd generation
Grubbs’ catalysts (inset shows the shoulder region). Reproduced with permission [68]. Copyright
2013, Elsevier.

Experimental DSC data obtained at different heating rates were used to evaluate
the kinetic parameters of the model-free iso-conversional and model-fitting methods. In
the single DSC exotherm of the 1st generation system (Figure 5(Ai)), the appearance of a
shoulder above the single exotherm of the 2nd generation system (Figure 5(Aii)) suggests
that reaction mechanisms other than ROMP, regarding the norbornene and cyclopentene
units, may be involved in this catalyst system. The 2nd generation catalyst system showed
a slower initiation rate but a faster polymerization rate compared with the 1st generation.
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Yang and Lee [69] also studied two Grubbs’ catalysts that exhibited apparent differ-
ences in the isothermal curing of endo-dicyclopentadiene (endo-DCPD) via ROMP, using
the 1st and 2nd generation Grubbs’ catalysts as polymerization initiators. The 2nd genera-
tion catalyst was more efficient than the 1st generation catalyst in terms of catalytic activity,
as evidenced by the reaction rates and fractional conversions (Figure 6A).
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tivity, as evidenced by the reaction rates and fractional conversions (Figure 6A). 
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generation and (ii) the 2nd generation Grubbs’ catalysts. (iii) Activation energy as a function of
the fractional conversion of endo-DCPD with the 1st and the 2nd generation Grubbs’ catalysts.
Reproduced with permission [69]. Copyright 2014, American Chemical Society. (B) Dynamic DSC
curve with endo-DCPD with different amounts of decelerators. Reproduced with permission [70].
Copyright 2019, Elsevier. (C) Isothermal DSC profiles of endo-DCPD with different amounts of
decelerators, as follows: (i) 0.5 wt. mass %, (ii) 1.0 wt. mass %, (iii) 1.5 wt. mass %, (iv) 2.0 wt. mass
%. Reproduced with permission [70]. Copyright 2019, Elsevier.

Recent state-of-the-art research on vinyl esters and DCPD has focused on controlling
the curing time; this is due to their extremely fast curing times, as shown in Figure 7.
Yoo et al. [70] obtained the curing kinetics of endo-DCPD, using isothermal differential
scanning calorimetry, by experimentally acquiring kinetic parameters in accordance with
model-fitting approaches. Due to the rapid curing of DCPD, a decelerator was included
in the manufacturing process. Therefore, the effect of the decelerator was investigated
using the curing kinetics of endo-DCPD with different amounts of decelerator solutions,
and it was found that the decelerator delayed the reaction and slowed the curing process
(Figure 6B,C).
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3. Rapidly Impregnating Thermoplastic Resins and Their Fiber-Reinforced Composites

In recent times, to a certain extent, thermoplastic composites (TPCs) have started to
replace thermosetting composites and lightweight metal materials. Worldwide, the market
value of TPCs increases every year, from 28 billion U.S. dollars in 2019 to an estimated 36 bil-
lion U.S. dollars by 2024; this is because they are very tough, the manufacturing process is
faster, they are highly processable and recyclable, they are able to be welded, etc. [72].

Generally, the high melting viscosities of thermoplastic polymers require high pro-
cessing temperatures and pressures to fully impregnate fibers and reduce defects in prod-
ucts [73]. Subsequently, in situ polymerization methods for fiber-reinforced TPCs have
been developed using low-viscosity monomers or oligomeric precursors, such as capro-
lactam [74–77], laurolactam [78,79], methylmethacrylate (MMA) [80], and cyclic butylene
terephthalate (CBT) [81,82], to fabricate fiber-reinforced polyamide 6 (PA6), polyamide
12 (PA12), polymethylmethacrylate (PMMA), and polybutylene terephthalate (PBT) com-
posites, respectively. The global market size for PA 6 is estimated at USD 12.7 billion, and
for PA 12, it is estimated at USD 19.43 billion [83]. For the PMMA, the global market size
was expected to reach USD 8.33 billion by 2032 and USD 5382 million by 2029 [84]. These
monomers (or oligomeric precursors) are polymerized via the addition of catalysts and
activators. Table 1 lists several processing parameters and applications of commonly used
monomers (or oligomeric precursors) with low viscosities that are suitable for LCM. In this
section, we mainly introduce PA6, PA12, PMMA, and PBT thermoplastic composites, and
we provide an overview of thermoplastic composites fabricated via in situ polymerization
during LCM. Moreover, the effects of reactive processing parameters on the mechanical
properties are discussed.

3.1. Polyamide 6 (PA6)

PA6 was synthesized via the anionic ring-opening polymerization of ε-caprolactam,
which is a crystalline cyclic amide with a melting temperature of 70 ◦C, and it is poly-
merized at 130–170 ◦C in the presence of a catalyst and activator [85] (Figure 8). PA6
based fiber-reinforced composites can be fabricated within 3–60 min, depending on the
type and amount of the catalyst and activator used. Ahmadi et al. [91] suggested that the
correct ratio of monomer, catalyst, and activator is a key component in anionic-caprolactam
polymerization, and it provides the lowest monomer residue and best properties for the
PA6 samples. In addition, polymerization time directly affects the production cycle and
cost. Our previous research [76] focused on the effect of polymerization temperature on the
degree of polymerization and polymerization time in order to produce perfect products
with the shortest molding cycle time. The results showed that the polymerization and crys-
tallization of PA6 occurred simultaneously during heating. As the heating rate increased,
the crystallinity decreased, but the degree of polymerization increased. Furthermore, the
viscosity of ε-caprolactam varied almost linearly with time in the early stages, whereas it
increased exponentially from 20 s after the start of polymerization, indicating the presence
of the injection molding cycle time. Ben et al. fabricated glass and carbon fiber hybrid PA6
composites (Figure 9) with A (caprolactam and activator) and B (caprolactam and catalyst)
mixtures via vacuum-assisted resin transfer molding (VaRTM) in order to evaluate their
mechanical properties when applied to automobile structures [75]. The results showed
that the bending, tensile, and compressive strengths of the hybrid-fiber-reinforced PA6
were 594, 315, and 297 MPa, respectively, which were comparable to those of the hybrid,
fiber-reinforced fast-curing epoxy (597, 327, and 318 MPa, respectively). However, the
flammability of polyamides, which is a key issue in the automobile industry, limits their
widespread application. The main challenges include the inhibition of in situ polymer-
ization in the presence of flame retardants and the insolubility of flame retardants due to
the filtration of reinforcements such as titanium dioxide, multiwalled carbon nanotubes,
phosphorus compounds, etc. [92,93].
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Table 1. Processing temperatures and processing times of various monomers.

Monomer
Processing

Temp.
(◦C)

Processing
Time
(min)

Application Ref.

Thermoset

Epoxy
(glycol diglycidyl ether
(GDE) series diglycidyl

ether of bisphenol F, diethyl
toluene diamine, and

2-ethyl-4-methylimidazole)

120 180
Aerospace, marine,

automobile,
construction.

[25–27]

Polyester
(polyethylene terephthalate

(PET))
40–80 120 Construction,

marine, chemical. [57]

Vinyl
Ester

(vinyl acetate, vinyl
propionate, and vinyl

laurate)

50–200 <240

Coatings, printed
circuit boards,

building materials,
automotive parts,

and
fiber-reinforced

composites.

[36,37,63]

p-DCPD
(Dicyclopentadiene

monomer)
50–90 2

Sporting goods,
automotive

industries, as well
as military and

aerospace
applications.

[70]

Thermoplastic

PA-6
(ε-caprolactam) 130–170 3–60

Wipers, gears,
bearings, and
weatherproof

coatings.

[85]

PA-12
(ω-laurolactam) 180–240 with cooling

process

Fuel pipes, fuel
filters, high

pressure oil pipes,
gears, brake hoses.

[86,87]

PMMA
(Elium®)

(vinyl polymerization of
methylmethacrylate

(MMA))

80–160
(room temp.~)

low emp.: >900
high temp.:
Boiling of
monomer

Decorative trims,
interior lighting,
door entry strips.

[85,88]

PBT
(1,4 butanediol and

dimethyltetrephthalate)
180–250 <30 Door handles,

bumpers. [72,89,90]Polymers 2023, 15, 4192 17 of 28 
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In addition, recycling is also an issue for PA6. As a non-degradable plastic, PA6
is extremely challenging to recycle, and it cannot be recycled using traditional methods.
Recently, Wursthorn et al. [94] developed lanthanide trisamido catalysts, with which, PA6
can be depolymerized to ε-caprolactam with a high selectivity (more than 95%) and yield
(more than 90%), and no solvents or toxic chemicals are used in the whole process. The
generated ε-caprolactam can be used as monomers to obtain new PA6, thus, it is feasible to
employ this method to recycle PA6 products.

3.2. Polyamide 12 (PA12)

PA12 is called nylon 12, and it is synthesized via the anionic ring-opening polymer-
ization of ω-laurolactam, as shown in Figure 10. ω-laurolactam has a low initial viscosity
above its melting point at 153 ◦C, facilitating the easy and complete impregnation of fibers
in the mold. Similar to PA6, PA12-based fiber-reinforced composites can be fabricated using
LCM processes, such as thermoplastic resin transfer molding (T-RTM). The desired injection
temperature was found to be 170–205 ◦C, and polymerization started at 180–250 ◦C, after
introducing the catalyst and initiator. Mairtin et al. [79] developed carbon-fiber-reinforced
PA12 composites, with a 60% carbon fiber volume fraction, which exhibited high tensile
strength (788.3 MPa) and high compression strength (365.7 MPa). It is also reported that
the polymerization time is related to polymerization temperature, that is, it takes 8.5 min
and 20 min at molding temperatures of 240 ◦C and 200 ◦C, respectively.
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As listed in Table 1, PA12 is commonly used in fuel filter housing and fuel pipe
connectors, which are close to the engine and exposed to fuel and high service temperatures.
Therefore, fuel uptake and aging behavior are important factors. Wei et al. [95] found that
pure PA12 showed fast and remarkably high fuel uptake when exposed to a mixture of
ethanol and gasoline at 120 ◦C; however, a lower uptake was observed for glass-fiber-
reinforced PA12 composites. As shown in Figure 11, the PA12 and glass-fiber-reinforced
PA12 composites gradually changed color from white to yellow as the exposure time
increased; this is due to the oxidation of PA12, and the cracks in PA12 were larger than those
in glass-fiber-reinforced PA12, indicating a suppression effect of glass-fiber on fuel uptake.
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Figure 11. Images of (a) PA12 and (c) glass-fiber-reinforced PA12 composites (from left to right,
samples aged for 0, 150, 300, 500, and 700 h). SEM images of the surface of the (b) 150 h-aged PA12
sample and (d) 150 h-aged glass-fiber-reinforced PA. Reproduced with permission [95]. Copyright
2022, Springer Nature.

In addition, PA12 can be recycled and used in automobiles. It has been reported
that an automobile fuel-line clip, produced with recycled PA12 through a selective laser
sintering method, provides an 8% reduction in life-cycle global warming potential and
life-cycle primary energy demand compared with conventional PA66 [96], thus improving
sustainability properties.

3.3. Polymethyl Methacrylate (PMMA) (Elium®)

PMMA is extensively used in the automobile industry to produce various parts and
components of vehicles, such as external, rear, and indicator light covers; decorative trims;
ambient lighting; door entry strips; and automobile glazing. This is due to its light weight,
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high scratch resistance, and low stress birefringence. As shown in Figure 12, PMMA was
synthesized via the free radical vinyl polymerization of methylmethacrylate (MMA) in
the presence of peroxide initiators. The melting temperature of MMA is −48 ◦C, and it is
polymerized at relatively low temperatures (120–160 ◦C); however, the boiling temperature
of MMA is 100 ◦C, which means that it boils easily and can cause voids in the final products.
Moreover, a long cycle time (>900 min) was required to fully polymerize MMA below its
boiling temperature.
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Recently, a novel liquid-reactive MMA has been developed by Arkema, named Elium®.
It has low viscosity and low processing temperature (room temperature), and it is used in
conjunction with a dibenzoyl peroxide initiator [88]. Elium® can also be used to impregnate
fibers via the LCM process, which is the same method used as traditional MMA. Several
studies have been conducted to evaluate its mechanical properties. Kazemi et al. [97] stud-
ied the dynamic response of carbon-fiber-reinforced Elium® and carbon fiber-reinforced
epoxies (Epolam, Sikafloor) using low-velocity impact tests. This study demonstrated the
higher plasticity of Elium®-based composites compared with epoxy-based composites,
resulting in less structural loss and less absorbed energy, as shown in Figure 13. In ad-
dition, many studies have reported on the good mechanical properties of Elium®-based
fiber-reinforced composites, such as good toughness, flexural and tensile strength, welding
performance, etc. [98–100]. However, Elium® has a much higher shrinkage rate than that of
common PMMA due to its fast polymerization, which is a problem to be solved in future
studies [101].
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In addition, some recycling technologies for Elium®, such as the mechanical recycling
method and chemical recycling method, have already been developed to obtain recycled
materials or they have been recovered as monomers [102]. Generally, these recycled
materials are reused with virgin materials to enhance mechanical properties, however,
recovered monomers could be polymerized to obtain new products. Though a few studies
on the characterization and analysis of recycled products have been investigated, more
intensive work should be needed to evaluate the life cycle of these recycled products.

3.4. Polybutyleneteraphthalate (PBT)

PBT is widely used in the automobile industry owing to its high stiffness and strength.
Indeed, 1,4 butanediol and dimethyltetrephthalate are used as monomers to produce macro-
cyclic oligomers of CBT with two to seven repeat units [103], and this is followed by the
polymerization of semicrystalline PBT in the presence of an initiator (Figure 14). The initial
viscosity of CBT is 20 mPa·s at 190 ◦C, which is suitable for the LCM processing of, for instance,
RTM [104]. It is reported that PBT polymerized from CBT via RTM is more brittle than that of
conventional PBT due to the high crystallinity of the polymerized PBT [105]. Its toughness
could be improved with the addition of nanoparticles [106,107], fibers [108], etc. Baets et al.
found that the addition of 0.05–0.1 wt.% of multi-walled carbon nanotubes (MWCNTs) could
increase the toughness, stiffness, and strength of PBT composites [109]. They also prepared
polycaprolactone-blended CBT/glass-fiber composites to improve the toughness of the com-
posites [109]. Yang et al. [110] found that woven carbon fabric and glass fabric hybrid PBT
composites, which are fabricated via a vacuum assisted prepreg process, have a higher impact
resistance than that of PBT/carbon fiber (CF) composites, although the presence of fibers may
reduce the conversion of CBT. Furthermore, non-isothermal production processes, solvent
blending, the addition of plasticizers, and chemical modification can enhance the toughness
of CBT composites [81,111,112].

In addition, PBT can be recycled via depolymerization into CBT or monomers (1,4-
butanediol and dimethyltetrephthalate) which exhibit properties comparable to those of
baseline materials. Cao et al. [113] prepared super tough PBT/MWCNT/epoxidized elas-
tomer composites with excellent mechanical properties for a wide range of PBT applications
in the automobile industry.

Despite significant progress, several challenges persist in terms of the rapid impreg-
nation of thermoplastic resins to produce fiber-reinforced composites in the automobile
industry. These challenges include achieving uniform resin distribution, controlling fiber
wetting, minimizing void content, and maintaining mechanical properties. Recent advance-
ments have focused on addressing these challenges through innovative approaches [41,114].
Furthermore, thermoplastic-based automobile parts are also required to increase automo-
tive plastic reuse, recycling, and recovery, in order to reduce overall automotive plastic
waste generation for environmental sustainability. Many studies have reported that plastic
parts could be reused or recovered from end-of-life vehicles, and some parts could be recy-
cled via high-vacuum extraction, melt filtration, introducing additives, and so on. However,
it is challenging to recycle fiber-reinforced plastic composites or multi-component-blended
composites. Recently, a physicochemical recycling method has been developed to recover
matrices and fibers which preserve the fibers’ lengths [115]. Furthermore, more intensive
work on the environmental impacts and life cycle assessments of these recycled products
should be investigated [116,117].
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4. Current Research Gaps and Future Research Outlook

The current research concerning rapidly impregnating resins and the production of
fiber-reinforced composites in the automobile industry has identified several research gaps.
Addressing these gaps and focusing on future research can lead to advancements and
improvements in this field. Here are some of the current research gaps and potential future
research directions [118–120].

Enhanced impregnation efficiency: Achieving the uniform impregnation of reinforced
fibers with resin is critical for high-quality composites. Research has focused on exploring
different impregnation techniques and parameters to minimize voids, ensure uniformity,
and enhance interfacial adhesion. Although progress has been made in terms of impregna-
tion techniques, there is a need to further enhance the impregnation efficiency of rapidly
impregnating resins, which would enhance the amount of pore space penetrated by the
resin [121–124]. Future research should focus on improving resin flow and wetting behavior
to achieve the better impregnation of reinforcing fibers. This includes studying the effects
of resin viscosity, fiber architecture, and processing parameters on impregnation efficiency.

Optimization of curing processes: A rapid curing process is crucial for the efficient
production of fiber-reinforced composites [10,125]. Future research should aim to optimize
curing processes by investigating advanced heating methods, optimizing curing temper-
atures and times, and exploring the use of catalysts or additives to accelerate the curing
reaction. Such research will help reduce cycle times and improve the overall productivity
of composite manufacturing.
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Characterization and optimization of mechanical properties: Understanding and
tailoring the mechanical properties of rapidly impregnating resins for specific automotive
applications is essential. Future research should focus on exploring the development of new
resin formulations that are specifically designed for rapid impregnation; this will involve
modifying the viscosity, curing kinetics, or surface tension of the resin to improve its
flowability and fiber wetting characteristics. In addition, the resin composition, placement
of fiber reinforcement, and processing conditions should be optimized to achieve the desired
mechanical properties. This can be achieved through a combination of experimental testing,
numerical modeling, and material characterization techniques [126–128].

Durability and long-term performance: Regarding environmental issues, sustain-
able fibers are of great interest to the automotive industry. However, automotive parts
are usually exposed to environmental factors, such as UV radiation, temperature, hu-
midity, and chemical exposure, resulting in poor interfacial properties, water absorption,
swelling, etc. [129,130]. Therefore, future research should focus on developing bio-based
materials and enhancing the resistance of the composites, as well as their degradation
mechanisms [131,132].

Environmental sustainability and recyclability: Given the increasing environmental
concerns, future research should focus on developing sustainable and recyclable rapidly
impregnating resins [133]. This includes exploring the use of bio-based or recycled mate-
rials as resin matrices, investigating recycling techniques for end-of-life composites, and
assessing the environmental impact of these materials throughout their lifecycle.

By addressing these research gaps in future research, the automobile industry can
benefit from improved rapidly impregnating resins that offer enhanced impregnation
efficiency, optimized curing processes and mechanical properties, and improved durability
and sustainability.

5. Conclusions and Outlook

The impregnation performance of thermoset resin and thermoplastic resin is crucial
for manufacturing composite materials like glass-fiber or carbon-fiber-reinforced poly-
mers. The resins act as a matrix that bind the fibers together, providing strength, stiffness,
and durability to the composites. They enable the production of lightweight, yet high-
performance, materials that are widely used in aerospace, automotive, and construction
industries. One key aspect of impregnating resins is their ability to improve the structural
integrity of composite materials. By impregnating fibers or porous structures, the resins
enhance the strength, stiffness, and impact resistance of the composite. This is particularly
important in industries where lightweight and high-performance materials are sought
after, such as in the aerospace and automotive sectors. Therefore, impregnating resins are
of significant importance in the polymer resin market due to their ability to enhance the
mechanical properties, durability, and protection of materials; this highlights their value
and the demand for such specialized resins.

In this paper, rapidly impregnating resins for fiber-reinforced composites are discussed
as alternatives to high-performance metal components. An overview of suitable rapidly
impregnating resins with low viscosities are introduced, and the differences between
thermoset and thermoplastic composites are identified.

Thermoset resins, such as epoxy, polyester, vinyl ester, and DCPD, have excellent
dimensional and chemical stabilities and high impact strengths. The epoxy-dicyandiamide
system, as a representative commercial epoxy resin, has many strategies which have been
implemented to develop low-viscosity, fast-curing epoxy resins, such as the addition of
a GDE series and synthesized epoxies. The reaction time decreased with the addition of
various particles. The reinforcement of low-viscosity unsaturated polyester resins has also
been introduced. Low-viscosity polyester resins can be obtained via particle synthesis. The
curing time can be reduced by using various solvents and applying microwaves. Low
viscosity, coupled with a rapid curing rate at room temperature, and the relatively low cost
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of vinyl ester resins, can be obtained using dispersants and various acids to reduce the
surface-active properties.

Regarding the thermosetting resins, PA-6, PA-12, PMMA (Elium®), and PBT were intro-
duced, which have high melting viscosities, and they require a high processing temperature
and pressure to fully impregnate the fibers and reduce defects in the products. Therefore,
in situ polymerization methodologies for fiber-reinforced thermoplastic composites with
low viscosities have been developed, and they are suitable for liquid molding processes.

Overall, extensive studies have been conducted on the characterization, analysis, and
simulation of rapidly impregnating, resin-based, fiber-reinforced composites. However,
the large-scale production of such composites has been rare. Therefore, future research
should focus on the large-scale production of composites for the automobile industry, a
reduction in their manufacturing time, and an improvement in their performance. In
addition, as environmental regulations become stricter, the requirements of automobile
materials are also becoming stricter. Some heavy metals and organic substances are banned
or restricted to use in automobiles, and automobile parts which cannot be further divided
should be merged with homogeneous resins so that they can be recycled more efficiently.
Therefore, alternative materials should satisfy the harmlessness to the human body and the
environment, and the material itself also needs to satisfy certain performance criteria so that
they are comparable to fiber-reinforced or polymer-blended composites. As technologies
and industries continue to advance, the importance of rapidly impregnating resins is
expected to grow, driven by the need for improved performance, longevity, and reliability
of materials and products.
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Abstract: Cashew nutshells from the northern region of Colombia were prepared to assess their
potential use as a filler in polymer matrix filaments for 3D printing. After drying and grinding
processes, cashew nutshells were characterized using scanning electron microscopy (SEM), attenuated
total reflectance Fourier-transform infrared (ATR-FTIR), and thermogravimetric analyses (TGA).
Three different filaments were fabricated from polylactic acid pellets and cashew nutshell particles
at 0.5, 1.0, and 2.0 weight percentages using a single-screw extruder. Subsequently, single-filament
tensile tests were carried out on them. SEM images showed rough and porous particles composed of
an arrangement of cellulose microfibrils embedded in a hemicellulose and lignin matrix, the typical
microstructure reported for natural fibers. These characteristics observed in the particles are favorable
for improving filler–matrix adhesion in polymer matrix composites. In addition, their low density
of 0.337 g/cm3 makes them attractive for lightweight applications. ATR-FTIR spectra exhibited
specific functional groups attributed to hemicellulose, cellulose, and lignin, as well as a possible
transformation to crystalline cellulose during drying treatment. According to TGA analyses, the
thermal stability of cashew nutshell particles is around 320 ◦C. The three polylactic acid–cashew
nutshell particle filaments prepared in this work showed higher tensile strength and elongation at
break when compared to polylactic acid filament. The characteristics displayed by these cashew
nutshell particles make them a promising filler for 3D printing filaments.

Keywords: natural fiber-reinforced polymers; cashew nutshell particles; 3D printing filament

1. Introduction

A remarkable augmentation in the use of natural fibers as reinforcement or dispersed
phase in polymer matrix composites to replace pure polymers or traditional reinforcements
has attracted a great deal of attention in the past years; however, these bio-composites
exhibit large variability in their properties. The electrical, mechanical, and rheological
properties of date palm waste-derived biochar–polypropylene matrix composites were
investigated [1]. The authors reported that the increase in biochar content decreased tensile
strength and ductility, but increased the modulus of elasticity, the electrical conductivity,
and the storage moduli of composites. The effect of fiber content and fiber treatment on
the mechanical behavior of banana fiber–polyethylene matrix composites was assessed [2].
In all cases, the 20 weight percentage fiber addition increased tensile strength, modu-
lus of elasticity, and elongation at break. However, both 40 and 60 weight percentages,
as a function of treatment, increased and decreased these properties, a fact attributed
to the different chemical composition (lignin and cellulose contents) and the degree of
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crystallinity produced on the fibers by each treatment. Other researchers prepared bio-
composites by compounding unmodified and acylated cork powder with polylactic acid
(PLA), and polycaprolactone (PCL) matrices at 1, 5, 10, 20, and 30 weight percentages of
powder [3]. The results indicated that unmodified and acylated cork contents equal or
lower to 10 mass percentage slightly affected the modulus of elasticity of both composites,
whereas a considerable decrease in this property was observed for 20 and 30 mass percent-
ages. In contrast, tensile strength decreased with the augment on cork content, regardless
of treatment and polymer matrix. The weathering performance of bio-composites has been
evaluated by some researchers. The effect of moisture on the mechanical properties of
PLA matrix composites reinforced with ramie, flax, and cotton fibers at 10, 20, 30, 40, and
50 mass percentages was reported [4]. Independently of moisture and fiber content, the
fiber addition improved the flexural properties of composites; however, impact behavior
decreased with increasing fiber content. Furthermore, the weathering resistance of bio-
composites produced by the addition of microcrystalline cellulose and nutshell fibers into
a high-density polyethylene matrix was investigated [5]. A weathering test was used to
simulate outdoor degrading factors for 672 h. It was reported that bio-composites with
nutshell fibers were less affected by weathering exposure. The thermal degradation and
fire resistance of unsaturated polyester (UP) and unsaturated polyester with acrylic acid
(Modar) matrices reinforced with different natural fibers (including jute, flax, and sisal
at a 30 volume percentage) was compared to glass fiber composites [6]. According to
the results, Modar matrix composites were more resistant to temperature than UP matrix
composites. Nevertheless, the fire risk was similar between them. Among the fibers, flax
fibers are the most adequate to be used. They showed the best thermal resistance due to
their low lignin content, a long time to ignition, and a long period before reaching the
flashover. Glass fiber composites showed more flame resistance than the bio-composites,
but exhibited higher emissions of CO and CO2. Other disadvantages reported for synthetic
fibers include a limited recycling capability that increases their carbon footprint due to
further CO2 emissions, unsustainable production processes, the high energy involved in
their manufacturing processes, and their nonbiodegradability [7,8]. Composites constituted
by both synthetic and natural fibers and polymer matrix have also been reported. Hemp
as continuous fiber reinforcement and palm shell and coconut shell powders as particle
reinforcements were used to obtain hybrid epoxy matrix composites [9]. The researchers
showed that the inclusion of an optimum amount of coconut shell and palm shell powders
improved tensile strength, failure strain, flexural strength, resistance to shock, and hardness.
Consequently, these composites may be used in structural applications. Thus, the addition
of fibers and particles obtained from agroindustrial residues on polymer matrix composites
may either increase or decrease properties. This dispersed behavior exhibited by natural
fibers is associated with growing conditions and plant maturity at harvest, poor fiber
extracting and processing methods, and differences in farming practices, among others.
Despite this, natural fibers are low-cost, biodegradable, originate from renewable resources,
exhibit low density and have other characteristics that make them attractive for lightweight
applications. Particularly, weak interfacial bonding emerges as a common issue in natural
fiber–polymer matrix composites, promoting variability in mechanical properties and low
load transfers from matrix to fibers [7]. Some characteristics of natural fibers are considered
relevant to increase interfacial bonding, such as rough and porous surfaces, high specific
surface area, chemical composition (the content of hemicellulose, cellulose, and lignin), and
crystallinity [1,2,5,7]. Efforts towards enhancing natural fiber–polymer matrix adhesion are
mandatory to overcome these adversities.

The region of Córdoba in Colombia mainly bases its economy on agriculture. Cashew
plantation is one of the crops grown in the region. Besides the nut, a rich-phenol liquid
known as cashew nutshell liquid (CNSL) is extracted from cashew nutshells. This liquid
provides essential components used in the fabrication of sustainable and green products,
such as resins, rubbers, biodiesel, and insecticides [10,11]. Other derivative and value-
added products obtained from cashew nutshell, cashew apple, and cashew biomass can
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be found in the literature [12–17]. Unfortunately, Córdoba’s farmers extract only the nuts,
and the cashew nutshell residues are not used. Occasionally, these residues are improperly
disposed of in open fields, causing environmental damage associated with the pH of the
anacardic acid from the cashew nutshells [18]. Moreover, these residues are available at low
or no cost because they are considered waste material, and fillers fabricated from cashew
nutshells are not commercially available in the market. Therefore, a feasible alternative
to convert these agroindustrial residues into valuable filaments for 3D printing arises,
promoting economic and environmental benefits. Although research has been oriented
toward the isolation and application of cellulose, CNSL, anacardic acid [16,19–23], and
biochar production from cashew nutshells [24,25], few studies have been developed on
evaluating their behavior in polymer matrix composites [26], and no work was found on
their use on filaments for 3D printing.

Additive manufacturing techniques such as 3D and 4D printing comprise a promissory
set of material processes and allow the fabrication of shape-memory materials [27], biocom-
patible materials [28], blending materials [29], filler powder-reinforced materials [30], and
continuous or discontinuous fiber-reinforced composite materials [31], among others. Many
high-value characteristics such as sustainability, assembling complexity, and flexibility are
present in these manufacturing processes [32,33]. Particularly, the development of filaments
containing cashew nutshell particles is not only a novel approach for the development
of bio-composites but also allows the possibility of combining the biodegradability of
natural fibers and PLA with the precise component fabrication achieved by 3D printing
according to customer requirements [34,35]. In this work, cashew nutshell particles were
prepared and their potential use as filler for filaments for 3D printing was assessed in terms
of surface characteristics, apparent density, thermal stability, and content of hemicellu-
lose, cellulose, and lignin. Furthermore, single-filament tensile tests were carried out on
filaments fabricated with polylactic acid and three different mass percentages of cashew
nutshell particles.

2. Materials and Methods

Cashew nutshells were kindly provided by Asopromarsab, a producer organization
located in Chinú, Córdoba, Colombia, as shown in Figure 1. Cashew nutshells were
received after manual removal of the nut. No chemical, physical, or any other treatment
was carried out on them. From this point on, this original condition is referenced as the
as-received condition.
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Cashew nutshells were dried at 250 ◦C for 30 min in a muffle furnace and air-cooled
to room temperature. Shore D hardness was measured according to the ASTM D2240
standard [36], and afterwards, the nutshells were submitted to a grinding process.

2.1. Apparent Density and Morphology Analysis

Apparent density was calculated using a predefined volume container of 123.45 cm3,
a scale of 0.001 g, and the following equation:

ρa =
m
v

(1)

where m is the mass of the particles deposited in the container (g), v is the volume of the
particles including internal pores (cm3), and ρa is the apparent density (g/cm3). In addition,
the morphology, surface characteristics, and microstructure of the ground material were
assessed by scanning electron microscopy (SEM).

2.2. Bromatological Analyses

Bromatological analysis was developed on the dried-cashew nutshells. Mass percent-
ages of dry matter, ashes, acid detergent fiber (ADF), neutral detergent fiber (NDF), and
cellulose were determined according to standard methods proposed by AOAC Interna-
tional [37]. Equations (2) and (3) were used to calculate the mass percentages of lignin and
hemicellulose:

Lignin = ADF − Cellulose (2)

Hemicellulose = NDF − ADF (3)

2.3. ATR-FTIR and TGA Analyses

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were col-
lected using a resolution of 4 cm−1 from 4000 to 500 cm−1. Thermogravimetric analyses
(TGA) were carried out from 24 ◦C to 900 ◦C using a heating rate of 5 ◦C/min in a nitrogen
atmosphere. The first derivative of the TGA curve (the dW/dT curve) was also plotted
to determine inflection points useful for in-depth interpretation of the thermal behavior
of cashew nutshell particles. In both analyses, the as-received condition was used for
comparison purposes.

2.4. Preparation of 3D Filaments

Three different filaments were fabricated from polylactic acid (PLA) pellets and cashew
nutshell particles at 0.5, 1.0, and 2.0 weight percentages (wt%) using a single-screw extruder.
The maximum value of 2.0 wt% of particles was selected to avoid nozzle clogging during
the 3D printing process. The filaments were continuously produced at 190 ◦C, with an
extrusion speed of 7 RPM and a nozzle diameter of 1 mm. PLA filament for comparison
purposes was also fabricated. The nominal properties of the PLA pellets used in this work
are displayed in Table 1.

Table 1. Nominal properties of the PLA pellets used in this work.

Properties Values

Modulus of elasticity 3450 MPa
Tensile strength 63 MPa

Tensile strain at tensile strength 4%
Tensile stress at break 44 MPa
Tensile strain at break 10%
Melting temperature >155 ◦C

Density 1.25 g/cm3
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2.5. Tensile Tests

Single-filament tensile tests were carried out to measure tensile strength and elonga-
tion at break percentage. The ends of a 100 mm-length single filament were glued on a
30 × 110 mm cardboard. The tests were conducted using a testing speed of 5 mm/min and
a gauge length of 50 mm. The cross-sectional area of the filaments was calculated using
the mean diameter determined by digital image analysis. Five tests were performed on
each filament.

3. Results and Discussion

Figure 2 shows the cashew nutshell particles produced after the drying and grinding
processes. Apparent density and Shore hardness were 0.337 g/cm3 and 39.67 ± 12.80 D,
respectively. These low values agree with those reported for other natural fibers, and are
desirable for bio-composite manufacturing due to the opportunity to produce lightweight
and biodegradable components [38,39].
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Figure 2 shows angular particles with a rough and porous surface and heterogeneous
particle sizes ranging from ~7 to ~150 µm. Irregular and porous particles and even surfaces
may enhance the filler matrix bonding in composites due to higher mechanical interlock-
ing [7]. The influence of fillers on the properties of polymer matrix composites has been
evaluated by some researchers [9]. They reported that the rigid and 3D irregular shapes
of coconut shell particles provided mechanical support and were suitable for distribut-
ing stresses. The composites evidenced a higher ultimate strength of 22.9 ± 2.49 MPa;
however, as the particles are nonporous, the mechanical interlocking was lower, resulting
in lower failure strain values. In contrast, polymer matrix composites with palm shell
particles showed extensive interlocking due to their porosity, promoting better failure
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strain and higher ductility. They also reported an increase in composite hardness due to
the augmentation in particle percentage. Other researchers recommend enhancements on
natural particle properties such as porosity and surface functionalization by physical or
chemical methods. These characteristics might improve filler–matrix interaction and result
in superior composite properties [1].

The characteristic plant cell wall microstructure is observable in cashew nutshell
particles: an arrangement of cellulose microfibrils embedded in a hemicellulose and lignin
matrix [8]. The major components in natural fibers include cellulose, hemicellulose, and
lignin, while minor components include volatiles, ash, and lipid [40]. Essentially, cellulose
microfibrils act as a skeletal component, hemicellulose surrounds them, and lignin provides
binding and protection.

Table 2 summarizes the chemical composition of dried-cashew nutshells. Cellulose,
hemicellulose, and lignin contents agree with those reported for several natural fibers [7].

Table 2. Chemical composition of cashew nutshells dried at 250◦.

Component Mass Percentage Method

Dry matter 97.39 AOAC 930.39
Ashes 2.01 AOAC 942.05
ADF 88.88 AOAC 973.18
NDF 89.58 AOAC 2002.04

Lignin 24.31 Equation (1)
Cellulose 64.57 AOAC 973.18

Hemicellulose 0.70 Equation (2)

Particularly, cellulose percentages in dried-cashew nutshell particles are comparable
with hemp, jute, flax, and sisal fibers [6,7]. Cellulose is a strong, linear, and unbranched
molecule composed of β-1,4-linked d-glucose polysaccharide units arranged into crystalline
and amorphous regions. It constitutes about 9 to 80 wt% of lignocellulosic biomass [40].
Some benefits of cellulose in polymer matrix composites can be found in the literature. Stor-
age modulus and thermal stability increased with the addition of cellulosic reinforcement
in PLA composites [41]. Crystalline cellulose ensures a strong reinforcement in polymer
matrix and improves tensile and flexural strength of polymer composites [42]. The strength
of fibrillar cellulose combined with its economic advantages presents an opportunity to
develop lighter and stronger composites [43].

Figure 3 shows the ATR-FTIR spectra for the cashew nutshells in the as-received
condition and dried at 250 ◦C.

In both spectra, the typical wave numbers of cellulose, hemicellulose, and lignin
previously reported for natural fibers are observed [2,44–46]. The valleys at 1374 cm−1 and
752 cm−1 evidence the hemicellulose and anacardic acid degradation, respectively, during
the drying process. Wave numbers located at 3420 cm−1 and 1615 cm−1 are attributed
to humidity absorption; nevertheless, the former has been assigned to crystalline cellu-
lose [45,46]. It is possible that during the drying treatment, crystalline cellulose was formed.
Many studies have been carried out in obtaining microcrystalline cellulose by alkaline
or acid treatments. For instance, a conversion to crystalline cellulose from cellulose I in
banana rachis treated with an 18 wt% KOH solution was reported [46]. The FTIR spectra
showed two bands located at 3487 cm−1 and 3442 cm−1 associated with intramolecular
hydrogen bonding in cellulose II due to changes in the hydrogen bonding system. This
transition was also confirmed by X-ray diffraction and electron diffraction coupled with
transmission electron microscopy. However, transformation to crystalline cellulose involv-
ing temperature treatments was not found in the literature. Further research must be done
to understand this phenomenon. Table 3 shows the indexation carried out in this work.
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Table 3. ATR-FTIR indexation for the cashew nutshells in the as-received condition and dried at
250 ◦C.

Wave Number (cm−1) Functional Group Components Observation

3420 –OH Humidity absorption, possible
cellulose ii formation Hydrogen bonding

2921 C–H Cellulose, hemicellulose, lignin Aliphatic group

1698 C=O Hemicellulose, lignin Ester and acetyl groups of
polysaccharides

1615 –(H)C=O Cellulose, hemicellulose, lignin,
humidity absorption Carboxyl ions

1436 –CH Lignin Stretching on the aldehyde group
1415 –(Ar)C=C Lignin Stretching on aromatic fractions
1374 C–O Hemicellulose, lignin Acetyl group
1163 C=O Lignin Symmetric stretching of lignin

1027 C–O–C Lignin, cellulose Secondary alcohols, aliphatic ethers,
cellulose monomer bonds

752 C–H Lignin, anacardic acid Bending vibrations on the aromatic group

The thermal behavior of cashew nutshells in the as-received condition and dried at
250 ◦C is shown in Figure 4.

The as-received condition shows four significant changes around 250 ◦C, 320 ◦C,
350 ◦C, and 430 ◦C. This behavior is consistent with the analyses described by other
researchers [19,20,24,47,48], and can be associated with the following stages.

Stage I (24–200 ◦C): Release of the moisture absorbed between 24 ◦C and 120 ◦C [22],
and decarboxylation reaction of anacardic acid around 177 ◦C [20,47]. This stage shows an
8 wt% reduction.

Stage II (200–375 ◦C): The weight reduction at this stage is attributed to three factors:
1. hemicellulose degradation from ~220 ◦C to ~300 ◦C [24,47], 2. CNSL decomposition at
~275 ◦C [47,48], and 3. the beginning of cellulose degradation at ~280 ◦C [17,22,35]. This
stage exhibited a 32.4 wt% reduction.
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Figure 4. TGA and dW/dT curves of cashew nutshells in (a) as-received condition and (b) dried at
250 ◦C.

Stage III (375–600 ◦C): Cellulose degradation carries on until 450 ◦C [19,47], and around
this temperature, lignin degradation occurs [47]. From this point on, the weight percentage
stabilized due to the decomposition of the material to residual char. This stage exhibited
a higher weight percentage reduction of 40.66%. In contrast, on dried-cashew nutshells,
changes at ~320 ◦C and ~430 ◦C only were identified, corresponding to cellulose and
lignin degradation, respectively. Both moisture release and anacardic acid decarboxylation
reaction occurred during the drying process at 250 ◦C. It is worth mentioning that ABS and
PLA are the most used polymers with natural fiber fillers and their printing temperature
range is from 130 ◦C to 250 ◦C [35]. These temperatures are lower than the degradation
temperature of cellulose; therefore, the advantages and characteristics of dried-cashew
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nutshell particles discussed in this work might remain during filament manufacturing and
the 3D printing process.

Figure 5 shows the PLA–cashew nutshell particle filaments fabricated in this work.
Broadly speaking, the filaments exhibited an even and regular surface and were free
of perceptible protuberance, voids, or cross-sectional area changes. Very few particles
were observed at the surface: most of them were homogeneously dispersed throughout
the filament volume. The filament diameter was 1.05 ± 0.02 mm, 1.08 ± 0.01 mm, and
1.28 ± 0.01 mm for 0.5, 1.0, and 2.0 wt% of particles, respectively.
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Figure 6 shows the tensile strength as a function of elongation percentage, while
Table 4 summarizes the tensile strength and elongation at break of PLA filaments and
PLA–cashew nutshell particle filaments.
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Table 4. Tensile strength and elongation at break of PLA filaments and PLA–cashew nutshell
particle filaments.

Filament Tensile Strength MPa Elongation at Break %

PLA 47.30 ± 6.72 4.2 ± 0.19
0.5 wt% of particles 58.28 ± 5.0 7.8 ± 0.07
1.0 wt% of particles 52.03 ± 5.17 5.6 ± 0.05
2.0 wt% of particles 64.20 ± 2.28 14.1 ± 0.08

Cashew nutshell particle addition increased both tensile strength and elongation at
break in every percentage when compared to PLA filament. The highest values of these
properties were exhibited by the 2.0 wt% particle filaments. Particularly, elongation at
break percentage increased ~3.36 times, evidencing a significant improvement in ductility,
which might reduce the brittle response of PLA when submitted to impact conditions.
Furthermore, the tensile strength showed by PLA–cashew nutshell particle filaments is
greater than those reported for kenaf fiber–PLA filaments [49] and similar to crab shell–PLA
filaments [50]. However, the highest elongations at break shown by those filaments were
~3.6% and ~4.2% respectively, values extremely low in comparison to the 14.1 ± 0.08%
shown by 2.0 wt% PLA–cashew nutshell particle filaments fabricated in this research.
Regarding other fillers in PLA matrix, wood reduces the modulus of elasticity and tensile
strength of filaments by about 50%, and metallic particles including Fe, Cu, Al, and bronze
have a negligible or negative impact on tensile strength, elongation at break, and flexural
properties. In contrast, carbon nanotubes increase tensile strength and modulus of elasticity
by around 50% and 60% [51]. However, a cost–benefit analysis should be carried out to
determine whether this remarkable increase in mechanical properties is worth it.

The above characteristics for the PLA–cashew nutshell particle-reinforced composites
show the feasibility of this new composite material as an alternative for 3D printing
filaments. Among these characteristics are low density, surface characteristics, thermal
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stability, cellulose content, and homogeneous particle dispersion along the PLA matrix. In
addition to these characteristics, other advantages are as follows. First, cashew nutshell
is a waste material, not properly disposed of or used in many countries, and thus its use
for 3D printing filaments is good for the environment and for the economy as well (as a
new process can generate employment in the region and perhaps reduce costs depending
on the application). Second, cashew nutshell particles significantly reinforced PLA with
the particle loading used, as shown in Figure 6. This is very important for filaments, since
particles can deteriorate the composite properties, particularly under tensile applications.

A complete characterization of bio-composites fabricated with these filaments, includ-
ing printing ability, microstructural features, and mechanical properties, will be presented
in a further work.

4. Conclusions

Cashew nutshell particles were produced by drying and grinding processes. Their
potential use as filler for filaments for 3D printing was assessed in terms of surface charac-
teristics, apparent density, thermal stability, and content of hemicellulose, cellulose, and
lignin. Three different filaments were fabricated from polylactic acid pellets and cashew
nutshell particles at 0.5, 1.0, and 2.0 wt%, and then single-filament tensile tests were carried
out on them. The main conclusions can be summarized as follows.

Drying and grinding processes produced irregular, rough, and porous cashew nutshell
particles with a Shore hardness of 39.67 ± 12.80D, an apparent density of 0.337 g/cm3, and
size particles ranging from ~7 to ~150 µm. The surface characteristics of the particles are de-
sirable because they provide a greater adhesion force due to mechanical interlocking at the
interface of natural fiber and polymer matrices. The hardness and low apparent density of
the particles encourage their use in the fabrication of light and biodegradable components.

The thermal stability of the cashew nutshell particles was around 320 ◦C; therefore,
their characteristics might remain during filament production and subsequently 3D printing
of polymer matrix composites.

Cashew nutshell particles exhibited the characteristic microstructure observed in
natural fibers; an arrangement of cellulose microfibrils embedded in a hemicellulose and
lignin matrix. The mass percentages of cellulose, hemicellulose, and lignin were 64.57, 0.70
and 24.31, respectively. Cellulose within the structure may enhance the mechanical strength
and thermal stability of cashew nutshell particle–polymer matrix filaments. A possible
transformation to crystalline cellulose might occur during the drying process at 250 ◦C.
Additional research is encouraged to gain a better understanding of this phenomenon.

The filaments fabricated with polylactic acid and cashew nutshell particles are free of
perceptible defects and exhibit a homogeneous distribution of particles along them. In addi-
tion, these filaments showed higher tensile strength and elongation at break in comparison
to polylactic acid filament. The 2.0 wt% polylactic acid–cashew nutshell particle filaments
showed the highest tensile strength and elongation at break, with 64.20 ± 2.28 MPa and
14.1 ± 0.08%.

These results suggest that the cashew nutshell particles prepared in this work are
promising as natural fillers for polylactic acid matrix filaments for 3D printing.

5. Patents

A national utility patent application has been submitted to the Superintendency of
Industry and Commerce (SIC) in Colombia: NC2023/0005743.
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Abstract: Upcycling recycled carbon fibers recovered from waste carbon composites can reduce the
price of carbon fibers while improving disposal-related environmental problems. This study assessed
and characterized recycled carbon fibers subjected to sizing treatment using N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (APS) chemically coordinated with polyamide 6 (PA6) and polypropy-
lene (PP) resins. Sizing treatment with 1 wt.% APS for 10 s yielded O=C-O on the surface of the carbon
fiber, and the -SiOH in the APS underwent a dehydration–condensation reaction that converted
O=C-O (lactone groups) into bonds of C-O (hydroxyl groups) and C=O (carbonyl groups). The
effects of C-O and C=O on the interfacial bonding force increased to a maximum, resulting in an
oxygen-to-carbon ratio (O/C) of 0.26. The polar/surface energy ratio showed the highest value of
32.29% at 10 s, and the interfacial bonding force showed the maximum value of 32 MPa at 10 s, which
is about 15% better than that of commercial carbon fiber (PA6-based condition). In 10 s resizing
treatments with 0.5 wt.% 3-methacryloxypropyltrimethoxysilane (MPS), C-O, C=O, and O=C-O
underwent a dehydration–condensation reaction with -SiOH, which broke the bonds between carbon
and oxygen and introduced a methacrylate group (H2C=C(CH3)CO2H), resulting in a significant
increase in C-O and C=O, with an O/C of 0.51. The polar/surface free energy ratio was about 38%
at 10 s, with the interfacial bonding force increasing to 27% compared to commercial carbon fiber
(PP-based conditions). MPS exhibited a superior interfacial shear strength improvement, two times
higher than that of APS, with excellent coordination with PP resin and commercial carbon fiber,
although the interfacial bonding strength of the PP resin was significantly lower.

Keywords: carbon fiber; resizing; silane coupling agent; thermoplastic; interfacial shear strength;
mechanism; oxygen functional group

1. Introduction

Carbon fibers are lightweight materials with low density, high specific strength, heat
resistance, and excellent thermal and electrical conductivity, and their applications are
expected to expand not only in the aerospace industry but also in all industries in the fu-
ture [1–9]. However, due to the high price of carbon fiber and the expensive manufacturing
process, it is only used for expensive parts, such as aerospace, shipbuilding, and sporting
goods, and it is difficult to expand its application to fields such as general commercial
vehicles due to its high price [10,11]. In addition, carbon composites currently in use are
made of thermosetting resins, which are difficult to recycle, and most are disposed of by
landfill and incineration, causing environmental pollution [12]. To reduce the price of
carbon fibers and solve environmental pollution problems, upcycling technology to recover
waste carbon composites for recycling is absolutely necessary [13–16].
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The surface properties of carbon fibers greatly affect the mechanical properties of
carbon composites, and surface treatment and sizing are essential for upcycling recycled
carbon fibers recovered from previously used carbon composites to achieve properties
equivalent to commercial carbon fiber without degradation [17]. Sizing treatment is a
simple process that protects the surface by coating the carbon fiber with an interfacial
binder, while offering a stable interface by improving the chemical bonding force with the
resin to yield better chemical and mechanical properties than those obtained by surface
treatment of general carbon fibers [18–20]. Sizing treatments include coating with organic
polymers and coating with metal oxides, which are inorganic molecules, and converting
them into metal crystals to form a protective film [19,20]. The sizing treatment of carbon
fibers with poly(phthalazinone ether ketone) was previously shown to result in C-N and
C=N bonds present in the phthalazine ring, which improved the thermal stability, and the
surface energy was enhanced by the increase in C=O bonds [21].

The coating of basalt fibers with an amino–silane coupling agent reportedly enhanced
the interfacial bonding of basalt fibers and PA66 by the non-polar CH2 chains and po-
lar amino groups of the silane coupling agent. As the number of CH2 chains increased,
the chain entanglement between Si molecules and PA66 improved the interfacial bond-
ing [22]. By coating the basalt felt (BF) surface with a nickel-based metal-organic framework
(Ni-MOF), the papers reported that the weak interfacial bond with the epoxy resin was
improved by the self-lubricating behavior of Ni-MOF during friction, increasing the inter-
facial bond strength by about 15.19%. [23]. Changes in the chemical properties of carbon
fibers sized with E51 epoxy resin and the curing agent DDS, analyzed using X-ray pho-
toelectron spectroscopy (XPS), showed enhanced epoxide bond formation and interfacial
shear strength (IFSS), which were not seen in untreated carbon fibers [5]. Further, sizing
treatment with 4,4′-diphenylmethane diisocyanate can increase the content of oxygen func-
tional groups via the chemical reaction of carbonyl, carboxyl, and -NCO groups on the
carbon fiber surface and can improve the wettability between carbon fiber and resin [24].

Carbon fibers treated with poly(amidoamine) can improve the mechanical proper-
ties of carbon composites by forming covalent bonds between amino groups and epoxy
resin [25], and carbon fibers sized with carboxylic polyphenylene sulfide (PPS-COOH) have
been shown to increase interfacial bonding with polyphenylene sulfide resin by eliminating
C-N bonds, forming new C-S bonds, and increasing the content of C=O [26]. According
to research so far, most studies have been conducted on the mechanical and chemical
properties according to the sizing type and processing conditions of commercial carbon
fiber and resin; however, the mechanism of surface chemical structure changes during
resizing treatment using recycled carbon fibers has not been clarified.

In this study, to improve the interfacial bonding between recycled carbon fibers and
resins for the purpose of upcycling recycled carbon fibers, recycled carbon fibers were
desized and then resized using silane coupling agents that are chemically compatible with
thermoplastic PA6 and PP resins. This study aimed to identify the optimal conditions under
which recycled carbon fibers with resizing treatment have the same physical and chemical
properties as commercial carbon fiber and to investigate the effects and mechanisms of PA6
and PP silane coupling agents on the interfacial bonding force between recycled carbon
fibers and thermoplastic resins.

2. Materials and Methods
2.1. Materials

This study used recycled carbon fibers recovered from hydrogen tanks, and their
physical properties were compared with Toray’s commercial carbon fiber, as shown in
Table 1. In accordance with the ASTM D3822 standard [27], tensile tests were conducted
at a tensile speed of 5 mm/min, and the average value was calculated for the results of
>20 tests per condition. The silane coupling agents used in the resizing process were N-(2-
aminoethyl)-3-aminopropyltrimethoxy silane (KBM-602, 99.9%, Shin Etsu, Tokyo, Japan,
hereinafter referred to as APS), which has good chemical harmony with PA6 (Figure 1a),
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and 3-methacryloxypropyltrimethoxysilane (KBM-503, 99.9%, Shin Etsu, Tokyo, Japan,
hereinafter referred to as MPS), which has good chemical harmony with PP (Figure 1b).
The chemical structures of the sizing agents used in this study are shown in Figure 1.

Table 1. Properties of carbon fiber in this study.

Type Commercial CF Recycled CF

Tensile strength (Gpa) 4.49 3.45

Modulus (Gpa) 261 256

Elongation (%) 2.62 2.08

Density (g/cm3) 1.80 1.80
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2.2. Experimental Methods

To desize recycled carbon fibers, they were treated in acetone (99.5%, Daejung Chemi-
cal, Siheung-si, Republic of Korea) at 60 ◦C for 30 min to completely remove the chemical
components remaining on the surface of the carbon fibers when they were recovered and
separated from the waste carbon composite. Surface treatment was then performed by
immersion in nitric acid (60.0%, Samchun Pure Chemical, Seoul, Republic of Korea) at
100 ◦C for 1 h, and the carbon fiber without surface treatment and resizing was labeled
“untreated.” Recycled carbon fiber with nitric acid surface treatment was subjected to
resizing treatment, and the sizing agent was prepared by adding 0.5–2 wt.% silane coupling
agent to ethanol (99.5%, Daejung Chemical, Siheung-si, Republic of Korea) and distilled
water. The recycled carbon fibers with nitric acid surface treatment were immersed in the
sizing agent for 3–15 s for resizing and then dried at 120 ◦C for 2 h.

2.3. Characteristic Analysis

The recycled carbon fiber with the resizing treatment was analyzed for the amount of
sizing agent coated on the surface of the recycled carbon fiber using thermogravimetric
analysis (TGA, WATERS (TA Instruments, New Castle, DE, USA) (Discovery SDT 650)),
and the sample was heated up to 1000 ◦C at a ramping rate of 10 ◦C/min in a nitrogen
atmosphere to analyze the change in thermal weight. IFSS (Interfacial shear strength tester,
ST-1000) was performed based on ASTM C1557 [28] to analyze the interfacial bonding
strength between carbon fiber and resin; the interfacial shear strength was evaluated
through the pull-out method by depositing 200 µm of carbon fiber into the resin and
pulling it out at a speed of 0.1 mm/min, and the average value was used for 25 tests per
test condition.

XPS from Nexsa (Thermo Fisher Scientific Inc., Whaltman, MA, USA) was used to
investigate the changes in the chemical functional groups on the surface of recycled carbon
fibers following resizing treatment. The specimens were irradiated with monochromatic Al
Kα (1486.6 eV), and high-resolution spectra were obtained at a pass energy of 50 eV and a
beam size of 400 µm. In addition, to analyze the surface energy changes, the contact angle
of each condition was measured using the Wilhelmy Plate Method based on ASTM D1331-
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20 [29], in which the carbon fiber was dropped into hydrophilic water and hydrophobic
diiodomethane (99.9%, Sigma–Aldrich Co., Llc., St. Louis, MO, USA) at a constant injection
rate of 6 mm/min. The contact angle measurements were evaluated five times per condition,
and the surface energy was calculated from the contact angle obtained from the angle of
immersion of the carbon fiber in the sample and its exit angle.

3. Results and Discussion
3.1. Thermal Properties of Recycled Carbon Fibers

The amount of sizing agent bound to the surface of the recycled carbon fiber was
evaluated using TGA to assess changes in thermogravimetric weight. Figure 2 shows the
TGA graph as a function of the sizing agent concentration and the resizing treatment time.
To select the optimal concentration, the treatment time was fixed at 10 s, and the resizing
was performed according to the change in concentration from 0.5 to 2 wt.% (Figure 2a–d).
The weight loss of the PA6-based APS sizing agent was about 0.48% at a concentration
of 0.5 wt.%, about 1.05% when resizing was performed at 1 wt.% and about 2.23% for a
concentration of 2 wt.%. The weight loss of the PP-based MPS sizing agent was about 1.08%
at a concentration of 0.5 wt.% and about 2.27% at a concentration of 1 wt.%, which was
significantly higher than that of APS. Regarding silane coupling agents, the best properties
are reportedly obtained when the carbon fibers are coated with 1% of the agent. When
sizing agents with a concentration of 1 wt.% or more are used, the concentration of silane-
based substances that exhibit stiff properties should be gradually increased to minimize
the impact on the properties [24]. Therefore, in this study, the concentration of 1 wt.% for
APS and 0.5 wt.% for MPS was optimally fixed as a coating condition of 1% from the TGA
results, and the changes with treatment time were evaluated.
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Figure 2. Thermogravimetric analysis and derivative thermogravimetry of recycled carbon fibers
according to the concentration and treatment time of the silane coupling agent: (a,b,e,f) rCF/APS,
(c,d,g,h) rCF/MPS.

When fixing the APS concentration at 1 wt.% and observing the weight loss as a
function of treatment time, the weight change was about 0.21% at 3 s, about 0.5% at 5 s,
about 1.05% at 10 s, and about 2.18% at 15 s, and the weight loss gradually increased
(Figure 2e,f). When the MPS concentration was fixed at 0.5 wt.% and the weight change
with treatment time was analyzed, the weight change was about 0.34% and about 0.52% for
the resizing treatment for 3 s and 5 s, respectively, about 1.08% at 10 s, and about 2.15% at
15 s (Figure 2g,h). This is believed to be due to the larger molecular chain and molecular
weight of MPS compared to APS, which results in a faster coating of the recycled carbon
fiber. According to the TGA graph, the weight loss in the range of 100–200 ◦C was caused
by the evaporation of water present in the recycled carbon fiber, and the weight change after
300 ◦C was due to the removal of water molecules in the -SiOH condensation reaction on
the surface of the recycled carbon fiber and the thermal degradation of the silane coupling
agent [30,31].

Other studies have reported that when more than 1% sizing treatment is applied to
the surface of carbon fibers, fiber-to-fiber bonding and agglomeration are observed. This
phenomenon causes the deterioration of the mechanical properties of carbon composites,
due to the difficulty of the resin in penetrating between the carbon fibers when mixed to
produce carbon composites, and becomes more severe as the coating amount of the sizing
agent increases [21,32,33]. In this study, TGA results showed that a 1% sizing agent coating
on the surface of recycled carbon fibers was the optimal condition. The PA6 sizing agent
was optimal at a concentration of 1 wt.% and a treatment time of 10 s, whereas the PP sizing
agent was optimal at a concentration of 0.5 wt.% and a treatment time of 10 s.
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3.2. Mechanical Properties of Recycled Carbon Fibers

The interfacial shear strength was evaluated as a function of treatment time at the
optimum concentration, and the results are shown in Figure 3. The recycled carbon fibers
treated with PA6-based APS sizing agent were compared with PA6 resin, and the recycled
carbon fibers treated with PP-based MPS sizing agent were compared with PP resin. For
the recycled carbon fibers treated with APS at a concentration of 1 wt.%, the interfacial
shear strength increased with increasing treatment time, reaching a maximum of 32 MPa at
10 s, and began to decrease at 15 s (Figure 3a). For MPS at a concentration of 0.5 wt.%, the
interfacial shear strength gradually increased until the treatment time of 10 s, and decreased
by about 11% at 15 s, compared to 10 s.
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Na Sun et al. reported that when the amount of sizing agent coated is low, the
microscopic grooves present on the surface during carbon fiber manufacturing are not
completely filled, which leads to pores at the interface of PA6 resin and carbon fiber during
composite formation and reduces the interfacial bonding force [33]. The sizing agent-
coated layer can improve interfacial bonding through chemical bonding and intermolecular
attraction by chain entanglement, thereby preventing cracks from occurring at the interface
with the resin [26]. A study reported that the interfacial shear strength was improved due
to better impregnation, a rough surface, and high surface free energy between carbon fiber
and resin [21].

This study confirmed that the interfacial shear strength was improved, compared to
commercial carbon fiber, by resizing treatment under optimal conditions. When treated
with APS for 10 s, the interfacial shear strength increased by about 15% compared to
commercial carbon fiber at a concentration of 1 wt.%, and it increased by about 27%
when treated with MPS at a concentration of 0.5 wt.% for 10 s. This is attributed to the
improvement of the interfacial bonding force through a more active chemical reaction
between the carbon fiber and the resin with the use of a sizing agent which has better
chemical coordination with each resin than the epoxy sizing agent coated on commercial
carbon fiber.

The rate of increase in the interfacial bonding force of carbon fibers treated with a
non-polar PP-based MPS sizing agent, which has a significantly lower interfacial bonding
force with carbon fiber and resin than the PA6-based APS sizing agent, was higher. This is
attributed to the optimal surface treatment in this study and the resizing treatment with
MPS, which has a good chemical bond with PP resin and contributes to an improved
interfacial bonding force with carbon fiber than using epoxy, a sizing agent used on the
surface of commercial carbon fiber. However, the interfacial shear strength decreased when
the concentration of APS was 1 wt.% for more than 10 s and when MPS was 0.5 wt.% for
more than 10 s. Previous studies have indicated that increased resizing treatment time can
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result in an uneven coating layer on the carbon fiber surface when the sizing agent is 1% or
more, resulting in sizing agent agglomeration and the breakdown of the interfacial bonding
in the sizing layer due to van der Waals interaction between sizing agent molecules, which
results in a decrease in the interfacial shear strength [34].

3.3. Chemical Properties of Recycled Carbon Fibers

Figure 4 shows the C1s and O1s XPS spectra from the analysis of the chemical state of
the recycled carbon fiber surface according to the resizing conditions. The oxygen-to-carbon
ratio (O/C) for judging the degree of composition change and oxygen content increase
is summarized in Table 2. With a 1 wt.% PA6-based APS sizing agent, the content of
carbon and oxygen decreased, and the content of nitrogen and silicon increased, compared
to the untreated control. The carbon content decreased until 10 s and increased at 15 s;
oxygen showed the highest value at 10 s, and the nitrogen and silicon content increased
continuously as the treatment time increased. By contrast, with the 0.5 wt.% PP-based
MPS sizing agent, the amount of carbon decreased as the treatment time increased, and
the amount of oxygen and silicon increased. The ratio of O/C, which indicates the degree
of activity of the carbon fiber surface, showed the highest value of 0.26 at 10 s with APS
treatment, and the recycled carbon fiber treated with MPS gradually increased as treatment
time increased. The optimum value of 0.51 at 10 s was about twice that of the APS. Other
studies have reported that the surface activity of carbon fibers is enhanced when the O/C
is higher than 0.26 [11]. As shown in Table 2, the O/C of commercial carbon fiber is 0.28;
thus, the recycled carbon fibers in this study are considered to have sufficiently introduced
oxygen functional groups. Further, the reason for the significantly higher O/C of MPS
compared to APS is thought to be the increased introduction of oxygen functional groups
due to the large amount of oxygen contained in MPS.
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According to the C1s spectra, the O=C-O (lactone group), which was present in the
untreated carbon fiber without sizing treatment, decreased significantly as time increased,
while the C-O (hydroxyl group) and C=O (carbonyl group) increased up to 10 s of treatment
time and decreased at 15 s (Figure 4a, Table 3). This is because, up to 10 s, the -SiOH (silanol
group) present in the APS reacted with the O=C-O on the surface of the recycled carbon
fiber in a dehydration–condensation reaction, causing the O=C-O bond to decrease and
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the O connected to the O=C-O to bond with another carbon, resulting in an increase in
C-O and C=O; however, beyond 10 s, the hydrolysis of APS is actively occurring, resulting
in a decrease in O=C-O, C-O, and C=O [34]. However, after the resizing treatment with
MPS, O=C-O, C-O, and C=O increased continuously with the increasing treatment time
(Figure 4d, Table 3). This is possibly due to the -SiOH in MPS that reacted with the O=C-O
in the recycled carbon fiber, breaking the bonds and increasing the amount of C-O and
C=O. MPS contains a large amount of methacrylate groups, which are rich in oxygen; thus,
O=C-O, C-O, and C=O tended to increase gradually in treatments with MPS. According to
the O1s spectra, C-O increased up to 10 s of treatment time but decreased at 15 s as a result
of resizing with APS (Figure 4b). This means that O=C-O reacted with -SiOH contained in
APS to become C-O and C=O, and C-O increased up to 10 s of treatment time. After 10 s,
APS actively reacted with both O=C-O and C-O, and C-O decreased.

Table 2. Surface element composition of recycled carbon fibers according to sizing treatment conditions.

Treatment Condition Elemental Composition (at. %)
O/C

Sizing Agent Time (s) Carbon Oxygen Nitrogen Silicon

Commercial CF 76.31 21.31 0.75 1.63 0.28

Untreated 73.91 22.81 2.73 0.55 0.31

APS
(1 wt.%)

3 63.79 13.86 13.44 8.91 0.22

5 62.71 14.28 13.73 9.28 0.23

10 60.61 15.59 14.11 9.69 0.26

15 62.54 12.56 14.77 10.13 0.20

MPS
(0.5 wt.%)

3 64.08 27.51 0.27 8.14 0.43

5 60.64 29.42 0.32 9.62 0.49

10 58.55 29.80 0.30 11.35 0.51

15 55.20 31.28 0.28 13.24 0.57

Table 3. Functional group according to sizing agent and treatment time by XPS.

Treatment Condition C1s (at. %)

Sizing Agent Time (s) C-C, C=C C-O, C=O C-N O=C-O

Commercial CF 71.09 26.86 0.98 1.07

Untreated 74.00 8.12 6.28 11.59

APS
(1 wt.%)

3 60.75 20.04 11.84 7.31

5 60.13 20.83 12.91 6.13

10 60.06 22.19 13.74 4.01

15 63.19 19.95 14.27 2.59

MPS
(0.5 wt.%)

3 76.05 10.53 5.27 8.15

5 71.40 14.36 4.70 9.54

10 62.43 22.47 3.70 11.40

15 58.58 24.13 3.21 14.08

Further, the C-O of recycled carbon fiber treated with MPS gradually increased until
the treatment time of 15 s (Figure 4e). This is because MPS has a large amount of oxygen.
Thus, C-O steadily increased as the processing time increased. According to the Si2p
spectra, the Si-O-Si of APS tended to increase continuously as the treatment time increased,
which this study attributed to the binding of -SiOH contained in the sizing agent during
the resizing process to remove H2O. MPS showed the same trend, with Si-O-Si gradually
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increasing with treatment time, which is thought to be due to the active reaction between
-SiOH (Figure 4c,f).

Previous studies have reported that after sizing treatment with DMHM (N-(4′4-
diaminodiphenyl methane)-2-hydroxypropyl methacrylate), vinyl functional groups
(-CH=CH2) are introduced to the carbon fiber surface, increasing the radial width of
the C=C peak, and O=C-N bonds are formed by the reaction of COOH (carboxyl group)
and NH2 (amino group) at the carbon fiber surface [35,36]. Furthermore, sizing with poly-
dopamine can increase the amount of carbon and nitrogen, and C-N bonds have been
shown to be generated through the spontaneous oxidative polymerization of dopamine [37].
When treated with poly(phthalazinone ether ketone), bonds such as C-N and C=N ap-
peared due to the formation of phthalazine rings [21], and when an amino–silane coupling
agent is used, the content of carbon increases as the length of the chain increases; the Si
content also increases as the Si-O-Si bond increases, but the content of Si is thought to
decrease because excessively long chains cover the Si located inside [21]. Vinyl ester treated
with the R806 sizing agent contains many C-O bonds, which is expected because vinyl
ester is the product of an unsaturated monoacid reaction with epoxy [38]. Further, with
MR13006, a sizing agent with fewer C-O and more O-C=O than R806, it was difficult to
distribute the agent uniformly on the carbon fiber, and it was reported that C-O has better
compatibility with the carbon fiber surface than O=C-O [38].

In this study, C-O and C=O increased due to the dehydration–condensation reaction
of O=C-O and -SiOH in the sizing agent on the surface of recycled carbon fiber, up to
the optimum concentration of 1 wt.% and the treatment time of 10 s for APS, and Si-O-Si
increased slightly due to the bonding of -SiOH on the surface of carbon fiber. When the
treatment time was more than 10 s, C-O and C=O decreased due to the combination of APS,
and Si-O-Si increased significantly due to the active reaction of -SiOH on the surface of the
recycled carbon fiber. In the case of MPS, at the optimum concentration of 0.5 wt.%, C-O
and C=O continuously increased with increasing treatment time due to the methacrylate
group present at the end of MPS, and Si-O-Si increased significantly due to the reaction of
-SiOH on the surface of recycled carbon fiber. Plausibly, these oxygen functional groups
increase the surface energy of the recycled carbon fiber and improve the interfacial bonding.

To investigate the changes in surface free energy of recycled carbon fibers due to the
resizing process, the contact angle was measured, and the values were substituted into the
following Equation (1) [39] to calculate the polarized and non-polarized surface free energy,
which is shown in Figure 5.
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With APS at 1 wt.%, the contact angle decreased up to 10 s of treatment time, reaching
the lowest value of about 41.36◦, and then increased slightly at 15 s. The contact angle
of carbon fiber treated with MPS at a concentration of 0.5 wt.% decreased until 10 s of
treatment time. By contrast, the carbon fiber treated with MPS at a concentration of 0.5 wt.%
showed a decreasing trend up to 10 s and almost no change beyond 10 s. From the contact
angle results, the surface energy as a function of the resizing treatment time showed that
the surface energy of the recycled carbon fiber treated with 1 wt.% APS increased up to 10 s
of treatment time and decreased beyond 10 s. The increase was due to the polar surface
area. The increase up to 10 s was due to the increase in polar surface energy, while the
non-polar surface energy did not change. The polarity/surface energy ratio showed the
highest value of 32.29% at 10 s, which is about 2.6 times higher than that of commercial
carbon fiber, and decreased at treatment times above 10 s, compared to 10 s. It is possible
that when APS is coated on recycled carbon fibers at 1% or more, it breaks the oxygen
functional groups and actively binds the APS, reducing the amount of oxygen and thus
reducing the polar surface energy.
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When treated with MPS, the polar surface energy was the highest at 10 s; the change
was insignificant after 10 s and the polar/surface free energy ratio was about 38% at 10 s,
which is about 3 times higher than that of commercial carbon fiber. This is believed to be
due to the large amount of oxygen contained in MPS, which greatly enhances polar surface
energy. In previous studies, the polar surface free energy was shown to increase due to
-NH2 after treatment with poly(amidoamine), and it increased continuously with increasing
concentration [34]. Sizing agents can also increase the amount of oxygen functional groups,
such as C=O, in carbon fibers to improve the polar surface energy [18].

3.4. Mechanism of Functional Group Change during Resizing Treatment

To investigate the effect and mechanism of PA6 and PP silane coupling agents on
the interfacial bonding force between recycled carbon fibers and thermoplastics, surface
treatment with nitric acid was performed under optimal conditions, followed by sizing
treatment. Based on the results of analyzing the mechanical and chemical properties of
recycled carbon fibers according to the concentration of the sizing agent and treatment
time, the chemical structure and functional group mechanisms of recycled carbon fibers are
shown in Figure 6.
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With a PA6-based 1 wt.% APS sizing agent, H2O was removed by a dehydration–
condensation reaction between O=C-O present on the surface of recycled carbon fiber and
-SiOH contained in APS at a treatment time of 3 s (Equations (2) and (3)). At this time,
O=C-O was converted into C-O and C=O by breaking the bonds between carbon and
oxygen, and it seems that O=C-O gradually decreased and C-O and C=O increased slightly.
In general, sizing agents react with water to undergo hydrolysis, in which -OCH3 (methyl
groups) become -OH (hydroxyl groups), and undergo a dehydration–condensation reaction
with the oxygen functional groups of recycled carbon fibers [40,41]. In this study, H2O was
removed, and O=C-O was converted to C-O and C=O through a dehydration–condensation
reaction between O=C-O present on the carbon fiber surface and -SiOH contained in APS.
At 10 s, similar to the trend at 3 s, O=C-O decreased, and C-O and C=O continued to
increase, suggesting that -SiOH mainly reacted with O=C-O at this time. Thus, this study
can conclude that at a treatment time of 10 s, C-O and C=O increased to the maximum, and
the interfacial bonding force was maximized due to the optimal oxygen to carbon ratio
(O/C). When the treatment time was 15 s or more, O=C-O, C-O, and C=O were all reduced
due to the dehydration–condensation reaction with the -SiOH contained in the sizing
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agent, which broke the bond between carbon and oxygen. Si-O-Si was greatly increased
by reacting with each other and combining with the -SiOH contained in the sizing agent
during the resizing treatment. As a result, O/C decreased due to the decrease in C-O and
C=O, and the interfacial binding force decreased somewhat more than at the treatment
time of 10 s.

In the case of the resizing treatment with 0.5 wt.% of PP-based MPS sizing agent, H2O
was removed by a dehydration–condensation reaction of O=C-O on the carbon fiber surface
with the -SiOH contained in the sizing agent at a treatment time of 3 s. At this time, the
bond between the carbon and oxygen of O=C-O was broken, and the methacrylate group
(H2C=C(CH3)CO2H) containing a large amount of oxygen from the MPS was introduced
into the broken bond, and O=C-O, C-O, and C=O increased (Equations (2)–(4)). At a
treatment time 10 s, similar to the trend at 3 s, O=C-O and the -SiOH contained in the sizing
agent underwent a dehydration–condensation reaction. The bonds of O=C-O were broken,
and the methacrylate group was continuously and significantly introduced into the broken
bonds, and O=C-O, C-O, and C=O continued to increase. For up to 10 s of treatment time,
SiOH was judged to have reacted mainly with O=C-O. As a result, at 10 s of treatment
time, the optimum O/C was obtained due to an increase in O=C-O, C-O, and C=O, which
represents the maximum interfacial bonding force. At 15 s or more, not only O=C-O but
also C-O and C=O present on the surface of the carbon fiber underwent a dehydration–
condensation reaction with the -SiOH contained in the sizing agent, breaking the bond
between carbon and oxygen but greatly introducing methacrylate groups containing a large
amount of oxygen, resulting in a significant increase in C-O, C=O, and Si-O-Si. In addition,
at a treatment time of 15 s or more, the -SiOH contained in the sizing agent reacted and
bonded with each other, resulting in an increase in Si-O-Si. As a result, C-O and C=O
continued to increase at 15 s rather than at 10 s, but the interfacial bonding force decreased
within the error range. Thus, this study judged that optimal sizing was achieved at the
shortest time of 10 s.

O = C − O ↓ +− SiOH
↗ C = O ↑ +C − O − Si + H2O (2)
↘ C − O ↑ +C − O − Si + H2O (3)

−SiOH +−SiOH → Si − O − Si + H2O (4)

4. Conclusions

In this study, the thermal, mechanical, and chemical properties of recycled carbon
fibers were analyzed according to the sizing agent concentration and treatment time after
desizing, the optimal conditions were derived, and the chemical changes and functional
group mechanisms according to the desizing treatment conditions were identified.

1. In the case of resizing with the PA6-based APS sizing agent, at a concentration
of 1 wt.% of the sizing agent and a treatment time of 10 s, the O=C-O present on
the surface of the carbon fiber and the -SiOH contained in the APS underwent a
dehydration–condensation reaction, and the O=C-O was converted into the bonds of
C-O and C=O, the C-O and C=O increased, and from this, the effect of C-O and C=O on
the interfacial bonding force increased to the maximum, and the ratio between oxygen
and carbon (O/C) was 0.26. In addition, the polar/surface energy ratio showed
the highest value of 32.29% at 10 s, and the interfacial bonding force showed the
maximum value of 32 MPa at 10 s, which is about 15% better than that of commercial
carbon fiber, and was determined to be the optimal PA6-based sizing condition.

2. When the PP-based MPS sizing agent was used, both C-O and C=O as well as O=C-O,
at a concentration of 0.5 wt.% and treatment time 10 s, were subjected to a dehydration–
condensation reaction with -SiOH, which broke the bonds between carbon and oxygen
and introduced oxygen-rich methacrylate groups (H2C=C(CH3)CO2H) into the broken
bonds, resulting in a significant increase in C-O and C=O and a significant increase in
O/C to 0.51. Further, this study recorded a polar/surface free energy ratio of about
38% at 10 s, and the interfacial bonding force maximally increased to about 27%,
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compared to commercial carbon fiber, which was judged to be the optimal PP-based
sizing condition.

The interfacial shear strength characteristics reported in this study are comparable
to those of commercial carbon fiber, which are typically coated with epoxy sizing agents.
This outcome is attributed to the resizing of the carbon fibers in this study, achieved
by selecting sizing agents that had excellent chemical coordination with each resin after
surface treatment with nitric acid, an optimal condition indicated in previous studies [37].
In the future, this study plans to produce carbon composites by impregnating recycled
carbon fibers and thermoplastic resins under optimal conditions to evaluate whether their
mechanical properties are equivalent to those of commercial carbon composites, which can
contribute to the commercialization of automotive parts built with these materials.
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Abstract: The complete flax stem, which contains shives and technical fibres, has the potential to
reduce the cost, energy consumption and environmental impacts of the composite production pro-
cess if used directly as reinforcement in a polymer matrix. Earlier studies have utilised flax stem
as reinforcement in non-bio-based and non-biodegradable matrices not completely exploiting the
bio-sourced and biodegradable nature of flax. We investigated the potential of using flax stem as
reinforcement in a polylactic acid (PLA) matrix to produce a lightweight, fully bio-based composite
with improved mechanical properties. Furthermore, we developed a mathematical approach to
predict the material stiffness of the full composite part produced by the injection moulding pro-
cess, considering a three-phase micromechanical model, where the effects of local orientations are
accounted. Injection moulded plates with a flax content of up to 20 V% were fabricated to study the
effect of flax shives and full straw flax on the mechanical properties of the material. A 62% increase
in longitudinal stiffness was obtained, resulting in a 10% higher specific stiffness, compared to a
short glass fibre-reinforced reference composite. Moreover, the anisotropy ratio of the flax-reinforced
composite was 21% lower, compared to the short glass fibre material. This lower anisotropy ratio is
attributed to the presence of the flax shives. Considering the fibre orientation in the injection moulded
plates predicted with Moldflow simulations, a high agreement between experimental and predicted
stiffness data was obtained. The use of flax stems as polymer reinforcement provides an alternative
to the use of short technical fibres that require intensive extraction and purification steps and are
known to be cumbersome to feed to the compounder.

Keywords: flax fibres; injection moulding; mechanical properties; short fibre reinforced thermoplastics
(SFRT); bio composites

1. Introduction

To address the end-of-life challenges of thermoset composite materials, the use of
thermoplastic as matrix material is receiving more and more attention in academia and
industry. Thermoplastic matrices allow faster cycle times and are applicable in large
volume processes such as extrusion, compression moulding or injection moulding. The
latter two processes allow the production of complex parts at relatively low production
costs. However, these production processes restrict the reinforcement to short fibres. Short
fibre-reinforced thermoplastics are therefore used in applications where ultimate strength
or stiffness are not the main requirements [1].

As the awareness for sustainable resources is growing, recent trends show an increas-
ing interest in the use of natural fibres as a bio-based alternative to synthetic fibres [2–6].
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Flax fibres with mechanical properties that even outperform the specific stiffness of glass
fibres are among the most commonly used natural fibre reinforcements [7]. The cultivation
of flax fibres is characterised by a low environmental impact and relatively short sowing-
to-harvesting cycle of approximately 100 days. Cultivation factors such as flax species,
geographical location, nutrition, temperature, season and local climate conditions affect
the mechanical properties and overall quality of natural fibres [8,9]. To cope with this
inevitable variation in properties, special regulations and monitoring of cultivation are
applied. This ensures the high quality of flax and reduces the variation in mechanical
properties [10]. After harvesting, the flax stems are carefully and evenly spread on the soil
to undergo a dew-retting process. The flax fibres and the wooden parts, also called shives,
are hereby separated by a natural process of pectin degradation that binds the fibres with
shives [11]. After retting, flax stem is broken, and the shives are separated from the fibres
by a scutching process. Finally, flax fibres are hackled to detangle and straighten produc-
ing individual technical fibres that are suited for use in the textile industry or long-fibre
reinforced composites [12,13].

Further advances towards “green composites” require the development and utilisation
of alternative bio-based polymers. These polymers are synthesised out of renewable
feedstock such as sugar, starch, cellulose, lignin and show an interesting combination of
environmental friendliness and mechanical properties [14]. A starch-based polylactic acid
(PLA) biopolymer can achieve Young’s modulus of 3 GPa, tensile modulus of up to 70 MPa
and impact strength of 2.5–3 kJ/m2 [15]. The literature indicates that adding short flax fibres
to a PLA matrix preserves the possibility of using the material in an injection moulding
process, while the tensile modulus increases up to 5 GPa at a volume fraction of 20% [16,17].

Shives are separated from the flax stem during the production process of flax fibres
and represent agricultural waste that is currently used as animal bedding, particleboard,
thermal insulation material for buildings [18] or even as an alternative to the widely used
wood flour plastic composites (WPC) [19]. About 70 to 85% (depending on the flax variety)
of the flax stem consists of shives [20]. As France, Belgium and the Netherlands combined
have a total flax cultivation area of over 124,000 ha, it is estimated that about 400,000 tonnes
of flax shives was available in 2018. This amount is expected to further increase due to the
growing interest in the application of natural fibres [21].

Shives were found to be responsible for 30% of the bending stiffness of the dry flax
stem [20]. Nuez et al. investigated the potential of these flax shives as reinforcement in
a polymetric matrix and found an improvement in the mechanical properties of a flax
shive/polypropylene composite [22]. In another study by Soete et al., the fibre breakage of
the flax stem during an injection moulding process was investigated [23]. They showed
that the high shear forces during the compounding and injection moulding process are
responsible for fibre breakage, resulting in rupture of the flax fibres and the wooden parts
or flax shives that are adjacent to each other in the composite. Results of the tensile tests
showed an improvement in mechanical properties when used in a PP matrix [24]. Results of
the tensile tests on hackled flax fibre-reinforced PP showed an improvement in mechanical
properties [24].

Since the use of flax shives as well as the whole flax stem as reinforcements in a PP
matrix have shown promising results, there is a potential for high-value application of this
agricultural waste product. Therefore, the present study focuses on the use of flax shives as
well as the whole stem in a bio-based PLA matrix. The obtained composite is then 100%
bio-based and biodegradable. By using the whole stem of the flax plant as reinforcement,
energy-consuming production steps to extract the technical fibres are avoided. This leads
to a reduction in the production cost of the material while maintaining the interesting
mechanical properties of the composites.

The effect of the reinforcements strongly depend on the size of the fibres. In the case
of continuous fibre-reinforced composites, application of nano particles in a polymetric
matrix result in an increase in mechanical (tensile, flexural, fatigue, . . . ) properties or
flame retardant improvement [25–30], or they can act to improve the mechanical properties

149



Polymers 2023, 15, 2239

for long fibre composites [31]. For short fibre composites, an optimal design of the fibre
orientation extends the life of the composite system while lowering production cost and
minimising the fibre volumetric percentage [32]. When a short fibre composite is produced
through injection moulding, it is well documented that the fibre orientation is determined
by the flow of the material. In this way, the typical skin–shell–core orientation is obtained [1].
The orientation of the short fibres mainly depends on the rheological properties of the
molten compound, which is directly affected by the aspect ratio and volume fraction
of fibre in the compound. This results in non-isotropic and non-orthotropic mechanical
properties of the composite. The ratio of the minimum and maximum value of tensile
modulus is defined as the degree of anisotropy in the material, which increases with
increasing fibre volume fraction [33]. The literature reports a higher tensile modulus
and strength along the flow direction of injection moulded parts [34,35]. The coupling
of the injection moulding production process and the obtained mechanical properties
is inevitable and must be considered during the design phase of a part. When used in
larger assemblies for semi-structural applications, considering the local anisotropic material
properties is mandatory [36].

Therefore, in the present study, the stiffness ratio along the two orthogonal directions
was considered to evaluate the degree of anisotropy, and a three-phase [37] multi-layer
analytical model was established to predict the mechanical stiffness along all orientations
of an injection moulded plate. The approach is based on the Mori–Tanaka (MT) microme-
chanics model combined with general laminate theory (GL) and considers the aspect ratio,
mechanical properties and process-induced orientations of the flax fibres and shives.

2. Materials and Methods
2.1. Materials

The thermoplastic matrix material considered in this study is a commercially available
polylactic-acid (PLA) 4043D Ingeo biopolymer (manufactured by NatureWorks, Minneapo-
lis, MN, USA) with a melt flow index (MFI) of 6 g/10 min (210 ◦C, 2.16 kg) and a density
of 1.24 g/cm3.

Flax straw (consisting of technical flax fibres and flax shives) and flax shives were pro-
vided by ABV (Algemeen Belgisch Vlasbond, Kortrijk, Belgium) and used as reinforcement
to the PLA material. Short E-glass fibres are used as reference material to benchmark the
performance of the flax reinforcements. The initial properties of the considered fibres are
summarised in Table 1.

Table 1. Physical properties of the raw fibre materials.

Fibre Type E-Modulus (GPa) Tensile Strength (GPa) Density (g/cm³) Initial Length (mm) Initial Diameter (µm)

Glass fibre [38] 70 3.5 2.6 10 10
Flax fibre [23] 45 0.77 1.5 10 ±1500

2.2. Production Process of the Bio-Based Composite

The composites are produced using a two-step production process. First, a compound-
ing step is used to blend the reinforcement into the PLA matrix. Subsequently, samples
are produced through injection moulding. Prior to each processing step, the PLA matrix
and the flax reinforcements are dried with a Moretto pressurised air dryer at 80◦C for 6 h.
A Leistritz ZSE18MAXX (Nürnberg, Germany) corotating twin-screw laboratory extruder
was used to shear-blend the components and produce pellets with a length of 5 mm. The
details of the compounding step are shown in Table 2. Compounds of PLA with up to
15 V% flax shives, up to 20 V% straw flax (flax shives + flax fibres) and up to 20 V% glass
fibres were prepared. In the following sections, the volume fraction is referred to as the
volume percentage and is therefore indicated with the unit %. The compounding screw
elements were selected to avoid excessive shear forces to reduce fibre breakage.
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Table 2. Compounding parameters.

Parameter Value

Main feed 150 rpm
Melt pressure 61 bar

Melt temperature 195 ◦C
Die temperature (∅ 3 mm) 185 ◦C

Screw configuration (length: 36D)
• 2D
• 12–16D
• 16–20D
• 28–32D

• Feeding PLA
• Vent
• Feeding fibres
• Vacuum

After the second drying step of the compound (80 ◦C, 6 h), a batch of 15 plates of
85 mm × 85 mm × 3 mm was produced using an Arburg 320S injection moulding machine
(Loßburg, Germany). The studied compounds exist of virgin PLA, PLA with 5-, 10- and 15%
flax shives (FS), 5-, 10- and 20% straw flax fibres (FF) and 10- and 20% of glass fibres (GF).
Tensile bar samples are milled out of the injection moulded plates at different orientations
with respect to the flow direction of the melt. These tensile bars are used for mechanical
testing (Figure 1a). The parameters of the injection moulding process are summarised
in Table 3.
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Figure 1. Plate mould geometry showing (a) the production of tensile bars (ISO 527-1BA) under 
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Table 3. Injection moulding parameters. 

Parameter Value 
Melt temperature 190 °C 
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Figure 1. Plate mould geometry showing (a) the production of tensile bars (ISO 527-1BA) under
different orientations for material characterisation and (b) the filling time of the plate, indicating a
parallel flowing front during injection moulding process.

A fan-gate injection sprue is used to obtain a parallel flow front in the plate, as shown in
Figure 1b. This parallel flow front ensures a high fibre orientation along the flow direction,
which allows for the investigation of the tensile modulus of composites along different
orientations with respect to the flow direction.
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Table 3. Injection moulding parameters.

Parameter Value

Melt temperature 190 ◦C
Injection volume 30.7 cm3

Injection pressure 1065 bar
Injection time 5.8 s

Holding pressure 750 bar
Holding time 15 s

Cooling water temperature 25 ◦C
Mould temperature 25 ◦C

Temperature profile in cylinder
• T1
• T2
• T3
• T4
• T5
• T6

30 ◦C
160 ◦C
170 ◦C
190 ◦C
190 ◦C
190 ◦C

2.3. Fibre Morphology

During twin screw compounding, high shear forces are exerted by the screw onto
the material. These shear forces separate the technical fibres from the shives, but also
inevitably cause unwanted fibre breakage and damage [24]. At each step of the production
process, the morphology and dimensions of the fibres and shives were determined using an
extraction process. This comprises dissolving the PLA material in chloroform for 24 h. The
shives were separated from the fibres based on density, and the chloroform was removed
from each component by filtration.

The straw flax structure was examined by optical laser microscopy. The fibre was
embedded in an epoxy resin (EpoxyFix for embedding materialographic specimens, Struers,
Kopenhagen, Denmark), and the surface was polished using a diamond paste with grain
size of 1 µm. The composition was determined by weighting the two components from
at least 3 batches and at different volume fractions, as described by [23]. Dimensions
of the reinforcements, such as aspect ratio (AR) and volume fraction, were measured
using a reflection mode optical laser microscope (VK1050, Keyence, Mechelen, Belgium) in
combination with an image processing algorithm in MATLAB.

2.4. Mechanical Characterisation

ISO 527-1BA dog bone specimens were produced, using a milling process, at different
orientations relative to the flow direction (0◦, 30◦, 45◦, 60◦ and 90◦) from the plates (PLA,
PLA + 5-, 10- and 15% FS, PLA + 5-, 10-, 20% FF and PLA + 10- and 20% GF). Three
specimens of each compound were tested at room temperature using an Instron 3367
two-column tensile bench equipped with a 30 kN load cell (Darmstadt, Germany), in
combination with an extension meter (Instron 2630–125). A crosshead speed of 1.3 mm/min
was used. Additional tests were performed in combination with a digital image correlation
setup (stereo-DIC, Limess, Krefeld, Germany) to obtain values for Poisson’s ratio. The
CMOS cameras with a resolution of 2.3 Mpx were calibrated using an A6 (type: KL 50108)
calibration grid. Results were measured with a frequency of 4 Hz and analysed in the
ISTRA4D (4.6) software. A summary of the setup is given in Table 4, as described in [39].
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Table 4. Experimental DIC settings and performance (Limess).

Parameter 3D Image Correlation

Sensor type 1/1.2” CMOS
Resolution 1920 × 1200 px (2.3 Mpx)
Pixel size 5.86 µm × 5.86 µm

Correlation criterion Universal correlation evaluation
Optimisation residual 0.1349 pixel

Pre-smoothing applied to the images None
Subset size 17 × 17 pixel

Shape function Affine
Interpolation function Bicubic polynomial

Smoothing method Local regression (kernel size ACSP 05 × 05)

3. Theoretical Analysis

A numerical method is developed to determine the elastic properties of straw flax-
reinforced thermoplastics. The result of this numerical method is compared to
experimental data.

3.1. Three-Phase Mori–Tanaka (MT) Modelling

The Mori–Tanaka micromechanics approach is selected to determine the elastic prop-
erties. Since straw flax consists of flax fibres and shives, the composite is considered to
be a three-phase system [40]. The different phases are illustrated in Figure 2. The first
step considers the composite made of neat PLA and flax shives. In the second step, this
composite is reinforced with flax fibres. In each step, the individual elastic properties and
dimensions of both reinforcing components are taken into account.
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Figure 2. Setup of a Mori–Tanaka model for a three-phase system.

The stiffness tensor of the flax straw reinforced composite is calculated by the gener-
alised Mori–Tanaka homogenisation procedure [35]. In the first step of this three-phase
system, the stiffness tensor Ccomp_1 is described by a Mori–Tanaka homogenisation model
presented in Equation (1). This compliance refers to the neat PLA reinforced with flax
shives. The second homogenisation step, described in Equation (2), calculates the stiffness
matrix Ccomp for the full straw flax composite. In this step, the shives-reinforced composite
is considered to be the matrix material and the flax fibres the reinforcement.

Ccomp_1 = Cm + Vs(Cs − Cm)AMori−Tanaka_1 (1)
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Ccomp = Ccomp_1 + Vf

(
C f − Ccomp_1

)
AMori−Tanaka_2 (2)

The subscript m represents the PLA matrix, s the flax shives and f the flax fibres.
V indicates the volume fraction corresponding to the relevant composition of the fibres or
shives, and AMori−tanaka is the concentration strain, as defined by Mori–Tanaka [35],

AMori−Tanaka_x = A
[(

1 − Vf

)
I + Vf A

]−1
(3)

A =
[
I + S

(
C−1

m

)
(Cf − Cm)

]−1
(4)

where S represent the Eshelby strain tensor. This tensor is based on the assumption of an
elliptic inclusion in which the width and height of the inclusion are assumed to be equal
(a2 = a3) [35]. The aspect ratio of the inclusion is calculated as ρ = a1

a2
, where the values for

a1 and a2 are experimentally determined values for shives and technical fibres.

3.2. Orientation

Subsequently, the effect of the fibre orientation on the elastic properties is evaluated.
During injection moulding, the short fibres are immersed in a highly viscous polymer melt.
The final orientation distribution of the fibres is determined by the rheological behaviour
of the compound and by the injection moulding process conditions. The orientation of
the fibres is described by the probability distribution function Ψ(p). In this function, the
orientation of the fibres is associated with unit vector p. The components of p are related to
the angles θ and Φ, as shown in Figure 3 [40].

p1 = sinθ cosΦ (5)

p2 = sinθ sinΦ (6)

p3 = cosθ (7)
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A set of second-order orientation tensors is defined by forming dyadic products of
the vector p and integrating them with the distribution function over all possible direc-
tions, as given in Equation (8). Each element of the orientation tensor is described as
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aij =
∮

pi pjΨ(p)dp [40]. The subscripts i and j represent values between 1 and 3, referring
to the orientations in Equations (5)–(7).

P =



⟨p1 p1⟩ ⟨p1 p2⟩ ⟨p1 p3⟩
⟨p2 p1⟩ ⟨p2 p2⟩ ⟨p1 p3⟩
⟨p3 p1⟩ ⟨p3 p2⟩ ⟨p1 p3⟩


 ≈




a11 a12 a13
a21 a22 a23
a31 a32 a33


 (8)

The fourth-order stiffness tensors Tijkl according to the fibre orientation tensor P are
then obtained for a transversely isotropic material assumption using Equation (9).

Tijkl(p) = B1

(
aijkl

)
+ B2

(
aijδkl + aklδij

)

+B3

(
aikδjl + ailδjk + ajlδik + ajkδil

)

+B4
(
δijδkl

)
+ B5

(
δikδjl + δilδjk

) (9)

The B-factors are 5 scalar constants related to the independent components of the
transversely isotropic elasticity tensor. These are defined as B1 = C11 + C22 − 2C12 − 4C66,
B2 = C12 − C23, B3 = C66 +

1
2 (C23 − C22), B4 = C23 and B5 = 1

2 (C22 − C23) [40].
The fourth-order orientation tensor aijkl in Equation (9) is calculated using Equations

(10)–(12). The hybrid closure approximation is used to obtain the fourth-order orientation
tensor from the second-order orientation tensor, where f = Aaijaji − B. For orientation in a
planar state, A is equal to 2, and B is equal to 1 [40].

aLIN
ijkl = 1

7

(
aijδkl + aikδjl + ailδjk + aklδij + ajlδik + ajkδil

)

− 1
35

(
aijδkl + aikδjl + ailδjk

) (10)

aQUA
ijkl = aijakl (11)

aHYB
ijkl = (1 − f )aLIN

ijkl + f · aQUA
ijkl (12)

3.3. Variability of the Fibre Orientation through Thickness

Due to the injection moulding process, there is no uniform fibre orientation through
the thickness of the plate [41–44]. To account for these variations, the injection moulded
samples are considered as a multilayer material. In each layer, the orientation distribution
is assumed to comply with transverse isotropic material properties. These values are ob-
tained with Autodesk Moldflow simulations using a Midplane mesh consisting of 12 layers
(determined by a sensitivity study) [45]. The revised Folgar–Tucker fibre orientation model
was selected, introducing standard calculated values for the coefficient of interaction (Cl)
and the thickness moment of interaction coefficient (Dz). This approach gives high accuracy
of the predicted fibre orientation in a concentrated suspension, using hybrid closure [46].

The fibre orientation tensor component a11 represents the fibre orientation along the
flow direction in the plate. In this study, the x-direction is parallel to the flow direction.
The numerical results for a11 through the thickness of the plates (PLA reinforced with 10-
and 20% straw flax fibres) are shown in Figure 4. In this figure, the through-thickness
position in the 3 mm thick plates is normalised in the range (–1,1). The a11 values are
reported for different positions (X1 → X5 ) on the plate and visualised in Figure 4. These
positions are chosen at specific locations in the plate, covering both the longitudinal and
transverse orientations during mechanical testing. Position 1 is at the centre of the plate,
positions 2 and 3 are along the orientation of the flow, position 4 is along the perpendicular
orientation (y-direction), and position 5 is at an angle of 45◦ with respect to the x-axis.
Results indicate a constant orientation distribution through the thickness over the chosen
positions on the plate. Therefore, the fibre orientation tensor (FOT) at the location in the
centre of the plate (X1) is considered to be the representative distribution over the entire
plate. Additionally, the fibre volume fraction affects the final fibre orientation distribution
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in the plate by changing the viscosity of the SFRT in the molten state [1]. For this reason, a
representative FOT distribution is defined per volume fraction of a composite.
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Figure 4. Orientation distribution for a11 through the (normalized) thickness of the plate at different
locations, obtained via Moldflow simulations for (a) PLA10FF and (b) PLA20FF.

Next, the classical laminate theory (CLT) [47–49] is applied to obtain the material
behaviour of the full SFRT, considering the 12 individual layers of the midplane mesh.
The reduced stiffness matrix [K] is constructed in Equation (16), using Equations (13)–(15).
Where k is the number of layers, and z is the height of the bottom of the layer, for which
the coordinate system is taken at the centre of the composite. According to the plain stress
assumption, a reduced 3 × 3 matrix [Q] is obtained using the fourth-order stiffness tensor
[T] described in Equation (9). Subscript i refers to each individual layer.

[A] =
k

∑
i=1

[Q]i(zi − zi−1) (13)

[B] =
1
2

k

∑
i=1

[Q]i

(
z2

i − z2
i−1

)
(14)

[D] =
1
3

k

∑
i=1

[Q]i

(
z3

i − z3
i−1

)
(15)

[K] =
[

A B
B D

]
(16)

The 6 × 6 matrix [Q] of the laminate of 12 layers in Equation (16) is obtained according
to Equations (13)–(15). Note that injection moulding allows the presence of a limited
amount of out-of-plane oriented fibres. The present model does not allow taking different
fibre orientations into consideration. Since the Moldflow simulations indicate values for
a33 to be smaller than 0.05, this assumption is reasonable.

To predict the stiffness of the composite along these different orientations, only the
relevant part of the stiffness matrix [K] is considered [50,51]. The reduced stiffness matrix
[Q′] is rotated for angles Φ in the (1,2) plane. Experimental data for load cases at different
angles with respect to the flow direction are compared to the calculated elastic properties
under these angles in Equation (17).

[Q_angle] = [T1]
[
Q′][T2]

−1 (17)
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where:

[T1] =




cos2Φ sin2Φ 2 cos Φ sin Φ
sin2Φ cos2Φ −2 cos Φ sin Φ

− cos Φ sin Φ cos Φ sin Φ cos2Φ − sin2Φ


 (18)

[T2]
−1 =




cos2Φ sin2Φ − cos Φ sin Φ
sin2Φ cos2Φ cos Φ sin Φ

2 cos Φ sin Φ −2 cos Φ sin Φ cos2Φ − sin2Φ


 (19)

4. Results
4.1. Measurement of Fibre Composition

Figure 5 presents the interior structure of a flax stem before processing. The elemental
fibres are located in the outer layer of the flax stem, while the flax shives are located in the
core of the stem. This observation is in line with the literature [23].
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Figure 5. Microscopic image of the straw flax fibre before processing using the Keyence
laser microscopy.

Fibre breakage and splitting of shives and fibres occur due to the high shear forces
during processing [24]. This results in flax shives and elementary fibres separately present
in the composite. The microscopic image in Figure 6 shows the cross-sectional area of the
composite after injection moulding. The impregnation of the PLA matrix within the hollow
structure of the flax shives is visible.

The composition of the flax straw used in this work was determined after dissolving
the PLA matrix of the injection moulded plates. The results of these measurements are
summarised in Table 5 and are consistent with the data in the literature. The shives content
is in the range of 70 to 85 V%, depending on the type of flax [20,52].
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Table 5. Composition of the str aw flax fibre.

Component Weight Fraction Volume Fraction

Technical fibres 25 wt% 22 V%
Flax shives 75 wt% 78 V%

4.2. Measurement of the Fibre Morphology

The aspect ratio distribution for shives and fibres is shown in Figure 7. Gravimetric
separation of shives and fibres (1.5 g/cm3 and 1.237 g/cm3, respectively [23]) allows the
evaluation of their aspect ratio separately. Both number and volume-based distributions
of the aspect ratio can be used to analyse the fibre breakage during processing. However,
earlier studies indicate that the distribution by volume of the fibres is preferred, as this
parameter is most representative of the volume fraction of the reinforcements and, therefore,
of the mechanical reinforcement properties [22,24,38]. Therefore, volume-based distribution
is reported in this study.
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The results summarised in Table 6 indicate a strong reduction in the dimensions of
the reinforcements during processing. Average aspect ratios of 2.3 and 9.5 were measured
for the flax shives and fibres, respectively. The fibre aspect ratio shows a much wider
distribution, compared to the shives (Figure 7). The main difference in size between the
two components is shown by the larger average values for the length and width of the flax
shives. These act rather as larger particles in the flow.

Furthermore, an average fibre diameter of about 200 µm is measured for the flax
fibres. It is known from the literature that the average diameter of an elementary flax
fibre is between 40 and 80 µm [50]. This difference between the measured diameter and
the literature values suggests that the elementary fibres are not completely separated into
individual technical fibres, and that fibre bundles are also present in the compound. This
reduces the apparent aspect ratio of the flax fibres, leading to an underestimate of the
mechanical stiffness of the composite. To determine the effect of flax fibres on mechanical
performance, the average diameter of the elementary fibres is considered. These results
also indicate that separation of the fibres from the shives occurs during the compounding
and injection moulding step. When technical flax fibres are used as reinforcement, an extra
scutching step prior to the processing would be required.

Table 6. Properties of fibre morphology by volume averaging.

Component Length (µm) Diameter (µm) Aspect Ratio (-)

Flax shive-reinforced composite

Flax shives Mean. Value
St. dev. 1147 ± 109 521 ± 37 2.3

Straw flax-reinforced composite

Technical fibres Mean. Value
St. dev. 567 ± 215 60 ± 17 9.5

Flax shives Mean. Value
St. dev. 992 ± 212 496 ± 99 2.1

Glass fibre composite

E-glass Mean
St. dev. 228 ± 140 10 ± 0.1 22.6

4.3. Tensile Properties SFRT Composite

The elastic properties of the SFRT composites obtained after tensile testing are sum-
marised in Table 7. They mainly depend on the type of reinforcement, volume fraction and
orientation. Adding 15% of flax shives to the neat PLA material results in a 31% increase of
stiffness in the flow direction and a degree of anisotropy of 11%, defined by the relative
difference in stiffness in the first and second orientation, written as E11−E22

E11
·100%. Lower

pressure values were observed during the melt processing of the compounds for straw
flax-reinforced materials. This allowed the production of straw flax-reinforced composites
with a volume fraction up to 20%. This is attributed to a smaller increase in viscosity caused
by the straw flax, compared to the flax shives. Adding 20% of straw flax of the PLA results
in a 58% increase in stiffness and a degree of anisotropy of 21%.

Table 7. Mechanical properties of SFRT (FS: Flax Shives, FF: Straw Flax Fibres).

Material E11 Modulus (MPa) E22 Modulus (MPa) V12 (-) Degree of Anisotropy (%)

PLA 3877 (±193) - 0.35 -

PLA + 5% FS 4186 (±96) 4077 (±239) 0.34 2.6
PLA + 10% FS 4737 (±100) 4337 (±128) 0.34 8.8
PLA + 15% FS 5070 (±307) 4596 (±515) 0.33 11.1

PLA + 5% FF 4284 (±79) 4137 (±135) 0.34 3.5
PLA + 10% FF 5091 (±158) 4563 (±133) 0.33 10.4
PLA + 20% FF 6129 (±58) 4828 (±123) 0.32 21.2
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These results show the promising effect of using the whole stem as reinforcement,
thus avoiding the extra scutching step beforehand. A variation of less than 5% in the
mechanical properties was obtained. This low variation is attributed to well-controlled
processing parameters and using fibres and shives from the same batch. The values for
the Poisson’s ratios were obtained by taking the ratio of the average strain in the first and
second direction over the surface of the tensile bar, as shown in Figure 8.

The mechanical properties of glass fibre-reinforced PLA are summarised in Table 8.
The stress strain curves are visualized in Figure 9. The increase in tensile stiffness of these
composites is slightly higher, compared to the straw flax-reinforced PLA. However, if the
density of the reinforcement is considered (2.6 g/cm3 [38] and 1.3 g/cm3 [23], respectively),
the flax-reinforced composite shows a higher specific stiffness than the glass fibre-reinforced
composite. A higher aspect ratio of the glass fibres was measured using the same technique
as for the straw flax-reinforced composites. This higher aspect ratio is mainly caused by the
small diameter of the glass fibres (10 µm), compared to the diameter of the flax fibres. This
explains the higher degree of anisotropy. Furthermore, as the flax shives possess an aspect
ratio of only 2.1, they rather act as a filler that increases the stiffness in both directions at a
lower degree of anisotropy, compared to the fibre-filled composites.
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Table 8. Specific stiffness (FF: straw Flax Fibres, GF: Glass Fibres).

Material Young’s Modulus E11 (MPa) Specific Young’s Modulus E11/ρ Stiffness Ratio (%)

PLA + 10% FF 5091 (±158) 4085 10.4
PLA + 20% FF 6129 (±58) 4895 21.2

PLA + 10% GF 5211 (±103) 3787 27.0
PLA + 20% GF 6475 (±240) 4282 36.1
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4.4. Stiffness Estimation of Flax Shives

The literature on the effect of flax shives on a PP matrix indicates that a micromechanics-
based model is well suited to determine the elastic properties of the composite [23]. No
experimental data on the mechanical properties of flax shives are currently available in the
literature. To obtain the stiffness of the flax shives used within this study, a micromechanics-
based reverse engineering approach is applied. Due to the low aspect ratio of the flax shives,
the effect of the varying orientations trough thickness is negligible. Therefore, a generalised
two-phase Mori–Tanaka approach for unidirectional (UD) is used. The error between the
predicted tensile modulus C using the generalised Mori–Tanaka homogenisation approach
and experimental data for the tensile modulus in both longitudinal and transversal direc-
tions at different volume fractions was minimised. The minimisation of the cost function in
Equation (20) is obtained by a nonlinear optimisation function in MATLAB. By optimising
the cost function, a stiffness of 22.2 GPa was found for the shives. Figure 10 indicates the
correlation between the experimental values and the predictive model optimised according
to these data.

Cost(Cshives) = mini=0% → 15%shives

(
Cmori−tanaka(i)− Cexperimental(i)

)
² (20)
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4.5. Fibre Orientation

Considering the straw flax reinforced composites, the mechanical properties are ini-
tially modelled by assuming a highly aligned SFRT using the proposed generalised Mori–
Tanaka approach for a three-phase system. The stiffness of the flax fibre bundles used in
this work is reported to be 43.5 GPa in the literature [24]. The other necessary input values
were obtained in the experimental part of this study. When the composite is assumed to
be a highly aligned SFRT composite material (UD assumption), with no variations in fibre
orientation through the thickness, the obtained stiffness data overestimate the experimental
data for the longitudinal direction and underestimate the data in the transverse direction
(Figure 11). This indicates the expected importance of the through-thickness variation
in fibre orientation, caused by the injection moulding process. The use of the multilayer
approach (multi-layer setup) leads to a better correspondence of the model to the exper-
imental data. The overestimated stiffness predictions are reduced by lower orientations
across the plate thickness.
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The varying fibre orientation through the thickness causes non-negligible deviations
in tensile modulus with respect to a unidirectional (UD) orientation of the fibres [46]. The
experimental results of tensile stiffness and strength at 0, 30, 45, 60, and 90◦ are summarised
in Table 9. Since the analytical model allows the consideration of any fibre orientation, a
comparison of the modelling approach with the experimental data is made. A fibre rotation
matrix for the cases between 0◦ and 90◦ was used to obtain stiffness data along different
directions. The results are shown in Figure 12.
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Table 9. Mechanical properties of SFRT under different orientations (FF: straw Flax Fibres).

Orientation PLA + 10% FF PLA + 20% FF

Angle on Flowing Front E (MPa) σ (MPa) E (MPa) σ (MPa)

0◦ 5091 (±158) 65.3 (±1.2) 6129 (±58) 58.0 (±0.0)
30◦ 5051 (±73) 59.3 (±2.8) 5544 (±130) 49.6 (±2.3)
45◦ 4897 (±243) 51.3 (±0.9) 5263 (±247) 48.3 (±2.3)
60◦ 4675 (±36) 54.3 (±0.4) 5037 (±23) 44.3 (±2.3)
90◦ 4546 (±113) 54.4 (±0.4) 4829 (±123) 44.8 (±1.0)
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Experimental data are compared with the two modelling approaches. When the UD 
orientation of the SFRT is assumed, there is a rapid decrease in stiffness as the angle devi-
ates from 0°. When the multilayer approach is used, the stiffness remains at a higher value 
over a wider range of angles. In this approach, the effect of local fibre orientations through 
the thickness increases the stiffness in different orientations and thus results in a reduction 
of this drop in stiffness for off-axis orientations. This highly corresponds to the experi-
mental data, which indicates this effect by showing a slow decrease in stiffness over var-
ying angles with the flow front. Results of this study clearly indicate the importance of 
taking local orientations into account for short fibre reinforced injection moulded compo-
sites, as otherwise the anisotropy over the full composite will be overestimated. The devi-
ation between the UD assumption and the experimental data was shown to be even more 
pronounced considering the stiffness under various angles with respect to the flow orien-
tation. 

5. Discussion and Conclusions 
Considering the entire flax stem as reinforcement for thermoplastic composites re-

quires less production steps and reduces the cost of time and energy. The potential of flax 
shives, available as agricultural waste, and straw flax (consisting of fibres and shives) as 
reinforcing materials in a thermoplastic matrix is investigated in this study. The use of 
these bio-based reinforcements to produce lightweight and high-performance composites 
was found to be promising in previous studies that focus on non-renewable feedstock-

Figure 12. Comparison of the UD modelling approach, the proposed multi-layer approach and
experimental data for (a) PLA reinforced with 10% straw flax and (b) PLA reinforced with 20%
straw flax.

Experimental data are compared with the two modelling approaches. When the UD
orientation of the SFRT is assumed, there is a rapid decrease in stiffness as the angle deviates
from 0◦. When the multilayer approach is used, the stiffness remains at a higher value over
a wider range of angles. In this approach, the effect of local fibre orientations through the
thickness increases the stiffness in different orientations and thus results in a reduction of
this drop in stiffness for off-axis orientations. This highly corresponds to the experimental
data, which indicates this effect by showing a slow decrease in stiffness over varying angles
with the flow front. Results of this study clearly indicate the importance of taking local
orientations into account for short fibre reinforced injection moulded composites, as other-
wise the anisotropy over the full composite will be overestimated. The deviation between
the UD assumption and the experimental data was shown to be even more pronounced
considering the stiffness under various angles with respect to the flow orientation.

5. Discussion and Conclusions

Considering the entire flax stem as reinforcement for thermoplastic composites re-
quires less production steps and reduces the cost of time and energy. The potential of flax
shives, available as agricultural waste, and straw flax (consisting of fibres and shives) as
reinforcing materials in a thermoplastic matrix is investigated in this study. The use of these
bio-based reinforcements to produce lightweight and high-performance composites was
found to be promising in previous studies that focus on non-renewable feedstock-based
matrices such as PP/MAPP [21–23]. This work has investigated the applicability of this
type of reinforcement in a polylactic acid (PLA) matrix to obtain a fully bio-based material.
Moreover, the elastic material properties using a multilayer micromechanical approach
were predicted.
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Results show that the tensile stiffness of the material increases with increasing volume
fraction of the straw flax. These results included an increased degree of anisotropy due
to fibre orientation caused by the injection moulding process. For straw flax-reinforced
PLA, an increase in tensile strength was observed up to a fibre volume fraction of 10%,
after which there was a decrease. Compared to chopped glass fibre-reinforced PLA, the
low density of natural fibres leads to a higher specific composite stiffness in the proposed
bio-based composite. In addition, the presence of the flax shives in the compound also
leads to a lower degree of anisotropy, as they behave more as fillers to increase the stiffness
of the matrix.

Furthermore, an analytical modelling approach based on the Mori–Tanaka microme-
chanical model was set up and validated. By minimising the cost function of flax shives
reinforced PLA for different volume fractions, the stiffness of flax shives was estimated via
a reverse engineering approach. Assuming that the material is a three-phase system, the di-
mensions and mechanical properties of both the flax shives and the flax fibres present in the
flax stem were considered separately. Injection moulding causes a typical through-thickness
variation in fibre orientation, which is taken into account with a multilayer approach, with
each layer considered to have its own fibre orientation. This approach resulted in a high
correlation of the predicted stiffness with the experimental data in the longitudinal and
transverse directions. Assuming complete UD orientation gives an overestimation of the
mechanical properties indicating the importance of taking the actual fibre orientation into
account, even if the deviation from UD seems rather small. The UD assumption overesti-
mates the drop in stiffness at increasing angle values. The multilayer approach presented
in this work was found to be better suited to predict the stiffness of the injection moulded
SFRT composites along different orientations.
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Abstract: Many composite manufacturing processes employ the consolidation of pre-impregnated
preforms. However, in order to obtain adequate performance of the formed part, intimate contact
and molecular diffusion across the different composites’ preform layers must be ensured. The latter
takes place as soon as the intimate contact occurs and the temperature remains high enough during
the molecular reptation characteristic time. The former, in turn, depends on the applied compression
force, the temperature and the composite rheology, which, during the processing, induce the flow of
asperities, promoting the intimate contact. Thus, the initial roughness and its evolution during the
process, become critical factors in the composite consolidation. Processing optimization and control
are needed for an adequate model, enabling it to infer the consolidation degree from the material and
process features. The parameters associated with the process are easily identifiable and measurable
(e.g., temperature, compression force, process time, . . . ). The ones concerning the materials are also
accessible; however, describing the surface roughness remains an issue. Usual statistical descriptors
are too poor and, moreover, they are too far from the involved physics. The present paper focuses on
the use of advanced descriptors out-performing usual statistical descriptors, in particular those based
on the use of homology persistence (at the heart of the so-called topological data analysis—TDA),
and their connection with fractional Brownian surfaces. The latter constitutes a performance surface
generator able to represent the surface evolution all along the consolidation process, as the present
paper emphasizes.

Keywords: topological data analysis—TDA; composite consolidation; rough surfaces; fractional
Brownian surfaces

1. Introduction

Many manufacturing processes are based on the consolidation of composites’ pre-
impregnated preforms that are available in the form of sheets or tapes. In both cases, the
consolidation requires putting a new sheet (or tape) in contact with the one already laid,
which now constitutes the so-called substrate [1]. If the temperature at the sheet–substrate
contact level is high enough, the polymer viscosity becomes low enough to ensure the
asperities flow under the externally applied pressure (from a press or from a roller in the
case of automated tape laying as sketched in Figure 1). Thus, the initial asperities flow and
spread, inducing the roughness smoothing and the increase in the intimate contact. As soon
as the intimate contact occurs, at a temperature ensuring molecular mobility and during a
time period long enough to ensure molecular reptation across the interface, consolidation
is attained, and ideally bulk properties are recovered at the sheet interfaces.
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Analysis and modeling of the roughness evolution are critical points for evaluating
the quality of parts [2], to predict the remaining roughness that will result in a residual
porosity in the composited laminate [3], and to evaluate tribological [4] or mechanical
properties [5]. Other processes, such as machining, can induce noticeable roughness in the
parts’ surfaces [6].

Figure 1. The automated tape placement (ATP) composite manufacturing: (a) physical phenomena;
(b) processing.

The design, optimization and control of the process involves description, modeling
and simulation issues [7], revisited below.

1.1. Rough Surface Representation

Different approaches have been proposed to represent a rough surface in view of
consolidation analyses. The simplest consists of representing the asperities as rectangular
elements of a given height and width [8,9]. To consider more realistic representations,
fractal surfaces have also been employed, where several characteristic dimensions are
hierarchically present [10–15]. Finally, the most realistic option consists of acquiring the
real surface itself, on which physics-based models can be applied. The use of wavelet
representations is a valuable route, because of the fact that they favor a multi-resolution
description, and that a simple description consisting of rectangles is easily manipulable
when, for example, the Haar wavelet is considered [7].

All these descriptions enable surface representation for solving realistic physical
models on them; however, as discussed later, they do not allow to easily perform sur-
face comparisons or classifications. The latter, in general, require the use of adequate
metrics, different to the usually considered Euclidean metrics. The use of dynamic time
wrapping [16] could help in some cases, but it remains too macroscopic when different
description scales co-exist (fine and coarse surface features), as is the case when considering
micro and macro roughness.

When looking for more intrinsic descriptors, extracting roughness features that could
serve to compare and classify surfaces, statistical descriptors [17–21] represent a first natural
choice. However, in many cases such descriptors are quite far from the physics involved in
the consolidation process, and, even if they are adequate for describing roughness from
a geometrical point of view, they seem limited in representing the physics-based surface
properties as well as the time-evolution during processing.

Indeed, there exist many advanced and richer descriptors of microstructures, such
as the ones reported in a study by Torquato [22]. Richer descriptions should retain much
more information but at the same time be more intrinsic than when one proceeds on
the real surfaces, as previously mentioned. Thus, real surfaces could be expressed in
alternative spaces by using well-experienced transformations, such as Fourier, discrete
cosine transform, wavelets, . . . , or by learning the appropriate transformation such as
Code2Vector [23] performs, for instance.

Recently, alternative transformations emphasizing topological persistence, which are
at the heart of the so-called TDA—topological data analysis (revisited later), are emerging
and proving their value [24–29]. The so-called persistence diagram PD and its associated
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persistence image PI describe the topology of data in a very convenient way, such that
surfaces exhibiting the same topology result in a similar PI . Persistence images, being
defined in a vector space, can be easily compared by using adequate metrics (e.g., Euclidean,
Wasserstein, . . . ) or manipulated by using standard machine learning technologies such as
convolutional neural networks—CNN [30].

In [31] we proved that TDA can be used for classifying surfaces according to their topo-
logical content, out-performing previous studies making use of statistical descriptors [17],
and proved it is possible to use that information to infer process-induced properties. By
analyzing usual statistical roughness descriptors and TDA-based descriptors, respectively,
in [17,31], the superiority of the latter was observed.

Another possible route consists of extracting the main modes representing these
images by performing linear (principal component analysis—PCA) or nonlinear dimen-
sionality reduction based on manifold learning [32], as successfully accomplished in [33],
or by employing auto-encoders [34].

The main issue related to the use of statistical descriptors and transformation proce-
dures is the possibility of generating synthetic surfaces according to these descriptors.

A valuable surface generator consists of exploiting the link between the random
nature of roughness and Brownian motion. Generating time series, curves or surfaces from
Brownian motion has been widely considered. However, Brownian motion seems, in some
cases, too limited, in particular when processing occurs and the surface is strongly modified.
In those cases, fractional Brownian motion seems a valuable route. Fractional motion is
closely related to fractional diffusion, which, in turn, makes use of fractional calculus.
Anomalous diffusion, also called non-Brownian diffusion or fractional diffusion, occurs
when the mean square displacement scale with a non-integer power of time, this depending
on the exponent value, defines surdiffusion (long-jumps) or subdiffusion (long-rest) [35].

Generating random surfaces by using fractional Brownian motion becomes a valuable
route, and, even more interesting, this motion (as well as the resulting surfaces) is character-
ized from a single scalar, the so-called Hurst index. Fractional Brownian surfaces represent
a timely research topic widely considered [36–40].

Thus, one could expect that modeling the Hurst index from some features, enables
constructing models and makes it possible to reconstruct surfaces compatible with the
features, a key route for material and process optimization and for processing control. This
point represents the main goal of the present paper.

1.2. Original Contribution and Paper Outline

The present paper represents a step forward in the description of machine learning-
based process modeling and process-induced properties.

Its main original contributions concern: (i) proving that TDA is able to discriminate
fractional Brownian surfaces, the latter characterized by the Hurst index, in a very efficient
manner, as soon as a regression model is developed for predicting the Hurst index from
TDA-based persistence images; (ii) evaluating the effect of the composite compression on
the persistence image, proving the ability of TDA to discriminate original and compressed
surfaces; (iii) evidencing that the surface compression increases the Hurst index; and
(iv) emphasizing the ability of fractional Brownian motion to generate synthetic surfaces
with controlled topology, enabling further statistical analyses.

The paper is organized as follows. After the present introduction, the next section
revisits the main methodologies employed in the present research work, in particular
topological data analysis and fractional Brownian surface generation. Then, Section 3
addresses numerical analyses proving the ability of TDA to infer the Hurst index of
fractional Brownian surfaces, as well as the evolution of topology and Hurst index during
surface compression.
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2. Methods
2.1. Topological Data Analysis

When TDA is applied on a time series, it transforms the time series into an image
defined in a vector space, the so-called persistence image, that could be considered as a
topological descriptor, enabling topological metrics to serve in comparing curves, or even
to be employed as inputs in learned models.

For that purpose, and as explained in [31,41], when using a level-set-based filtration,
neighboring local minima/local maxima are paired, leading to the so-called min–max pairs.
Each min–max constitutes a point of the persistence diagram. The persistence diagram
consists of a two-dimensional representation, where, on its horizontal axis, the minimum
value of each data-pair is reported, while the associated maxima are displayed on the
vertical axis. Because the maximum is always higher than the associated minimum, the
axes of the persistence diagram are usually labeled as birth and death axes, respectively.

For the random profile depicted in Figure 2, (11, 14), (7, 9) and (9, 10) represent the
three neighboring local minima/local maxima.

Figure 2. Random profile.

Because of the nature of maximum and minimum (or birth and death) the points in
the persistence diagram are located in the upper bisector defining the space y ≥ x, with x
and y referring to birth and death (horizontal and vertical), respectively. The persistence
diagram related to the profile depicted in Figure 2 is shown in Figure 3.

Figure 3. Typical persistence diagram PD.

The higher the distance of a point to the diagonal x = y, the more persistent the
topology of the considered point (maximum to minimum difference). Points located close
to the diagonal contain a small persistent topology, which in many cases can be associated
to noise (or finer physical scales).
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Another important point concerns the invariance properties that the topology provides.
If we consider a point on the persistence diagram depicted in Figure 3, for example the
(11, 14)-pair, this point is associated with local-minimum/local-maximum neighboring
data points. All the pairs with a minimum value equal to 11, and the neighboring local
maximum equal to 14, are associated with the referred (11, 14)-pair, all of them represented
by the same data-point in the persistence diagram, independently of their location on the
time axis, or the time delay between the minimum and maximum constituting each pair.

Thus, two identical time series, but one of them translated in the time axis with respect
to the second one, are represented by the same persistence diagram. Two time series, one
of them consisting of a dilation of the other, have the same persistence diagram. These
invariance properties are very important when the topology is more important than the
location at which these topological events take place.

When addressing heat and momentum transfer on rough interfaces, TDA seems a
very promising descriptor that extracts geometrical features closely related to the physics
operating on it.

When topologies are close but not identical, their associated persistence diagrams
consist of two set of points. To evaluate the distance between them, appropriate metrics
must be employed for comparing the distance between both point clouds. Thus, the
Wasserstein distance consists of a simple and efficient choice for measuring the distance
between two persistence diagrams.

Another derived representation consists of the so-called persistence image. Prior
to its introduction, an intermediate transformation is needed. Instead of representing
birth–death, an equivalent representation consists of representing birth–lifetime, the latter
defined as the difference between the death and the birth. The main advantage of using the
lifetime diagram instead of the usual persistence diagram, is that in the former points fill
the whole 2D space instead of only the upper bisector (y ≥ x). The lifetime diagram LT
associated with the persistence diagram PD shown in Figure 3 is given in Figure 4.

Figure 4. Lifetime diagram LT .

Now, the last step consists of smoothing the point representation involved in the
lifetime diagram, to transform a point into a 2D function. For that purpose, and as described
in [31], points in the lifetime diagram are replaced by a Gaussian function centered at each
point of the lifetime diagram LT .

Next, the so-called persistent image PI , defined in a vector space is constructed.
For that purpose we consider a continuous piece-wise differentiable non-negative weight
function w(x, y) and a bivariate normal distribution gx,y(u, v) centered at each point (x, y),
from which a function ρ(u, v) can be defined at each point (u, v) in the lifetime domain [31]

ρ(u, v) = ∑
(x,y)∈LT

w(x, y) g(x,y)(u, v). (1)
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Now, the domain is partitioned in a series of non-overlapping subdomains covering
it, the so-called pixels Pi, i = 1, 2, · · · , where function ρ(u, v) is averaged to define the
persistence image PI , according to

PI(Pi) =
∫∫

Pi

ρ(u, v) du dv. (2)

A typical persistence image related to a profile larger than the one shown in Figure 2
is illustrated in Figure 5. Now, this being a quite standard image, one is tempted to
use it as input in learning procedures, in particular those making use of convolutional
neural networks—CNN [33], even if many other options exist. Other possibilities consist
of applying dimensionality reduction, either linear (e.g., PCA) or nonlinear (e.g., auto-
encoders), to facilitate the neural network training, that now makes use of smaller input
data, or of applying the weights of PCA modes when using the PCA or the data mapped
into the latent reduced space when considering auto-encoders.

Figure 5. Typical persistence image.

2.2. From Brownian Diffusion to Anomalous Diffusion

This section revisits the derivation of Brownian diffusion and its connection with
Brownian motion, viewed as a random walk. Then, in the case of anomalous diffusion,
fractional Brownian motion will lead to the so-called fractional Brownian trajectories and
surfaces.

2.2.1. Brownian Diffusion

Following Einstein’s works, the particle displacement ∆ in the unbounded one-
dimensional axis x is represented by a random variable whose probability density reads
ϕ(∆).

The particle’s balance considers both, the local time evolution

ρ(x, t + τ) = ρ(x, t) +
∂ρ(x, t)

∂t
τ + Θ(τ2), (3)

and the transport in space

ρ(x, t + τ) =
∫

R
ρ(x + ∆, t)ϕ(∆)d∆. (4)

Developing ρ(x + ∆, t)

ρ(x + ∆, t) = ρ(x, t) +
∂ρ(x, t)

∂x
∆ +

1
2

∂2ρ(x, t)
∂x2 ∆2 + Θ(∆3) (5)
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and taking into account the normality
∫
R ϕ(∆)d∆ = 1 and symmetry

∫
R ∆ ϕ(∆)d∆ = 0

conditions, the final result is

ρ(x, t) +
∂ρ(x, t)

∂t
τ = ρ(x, t) +

1
2

∂2ρ(x, t)
∂x2

∫

R
∆2ϕ(∆)d∆, (6)

or
∂ρ(x, t)

∂t
τ = D

∂2ρ(x, t)
∂x2 , (7)

with
D =

1
2τ

∫

R
∆2ϕ(∆)d∆. (8)

The integration of the diffusion equation from the localized (at x = 0) initial condition
ρ(x, t = 0) = δ0(x), leads to the Gaussian distribution

ρ(x, t) =
1√

4πDt
e−

x2
4Dt , (9)

whose main square displacement scales linearly with the time

⟨x2⟩ = 2Dt. (10)

2.2.2. Brownian Motion

The diffusion equation can be also derived from a random walk. For illustrating the
derivation, we consider a grid on the x-axis, with step ∆x being the time step ∆t. At each
time step, each particle is assumed to jump to one of its two neighboring sites with the
same probability.

Thus, the balance at the j-site (grid node) reads

Wj(t + ∆t) =
1
2

Wj+1(t) +
1
2

Wj−1(t), (11)

where Wj(t) is the probability of having the particle at site j at time t.
By developing Wi(t + ∆t), Wj+1(t) and Wj−1(t) according to





Wi(t + ∆t) = Wj(t) +
∂Wj(t)

∂t

∣∣∣
t
∆t + Θ(∆t2)

Wj+1(t) = Wj(t) +
∂W(t)

∂x

∣∣∣
j
∆x + 1

2
∂2W(t)

∂x2

∣∣∣
j
∆x2 + Θ(∆x3)

Wj−1(t) = Wj(t)− ∂W(t)
∂x

∣∣∣
j
∆x + 1

2
∂2W(t)

∂x2

∣∣∣
j
∆x2 − Θ(∆x3)

, (12)

the balance results in the usual diffusion equation

∂W
∂t

= D
∂2W
∂x2 , (13)

with D defined in the limit of infinitesimal ∆x and ∆t by

D =
∆x2

2∆t
. (14)

2.3. Fractional Brownian Motion

The equivalence between Brownian diffusion and Brownian motion motivates the
modeling of anomalous diffusion (which results in the fractional diffusion equation [35])
by using fractional Brownian motion.

In fractional Brownian motion, also known as fractal Brownian motion, the increments
are not independent, in contrast to Brownian motion.
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For that purpose, we consider the continuous Gaussian process BH(t) (the index •H
refers to the Hurst index), with BH(t = 0) = 0, having a null expectation at each time, and
defined by the covariance

E(BH(r), BH(s)) =
1
2

(
|r|2H + |s|2H − |r − s|2H

)
, (15)

with H = 0.5 in the case of Brownian motion.
For generating a random trajectory we consider a set of time instants t1, t2, . . . , tn and

construct the matrix R (symmetric positive–definite), whose component Rij given by

Rij =
1
2

(
|ti|2H + |tj|2H − |ti − tj|2H

)
. (16)

The singular value decomposition—SVD of R writes R = VDVT . Thus, we can define
the matrix S = VD1/2VT .

Now, we generate n values following a standard Gaussian distribution (zero mean
and unit variance), grouped in vector G. Finally, this results in the associated fractional
values in vector FH :

FH = SG. (17)

3. Numerical Tests
3.1. Topological Data Analysis

Different pre-impregnated composite sheets, delivered by the same provider and pre-
pared with the same materials and under the same process conditions, were analyzed, to
check the existence of topological variability on their respective surfaces. A Bruker optical
profilometer was used to extract the surface roughness profiles along different directions
on the sheet surfaces, in particular along the direction of fibers, along the perpendicular di-
rection to those fibers, and along long fibers that constitute the pre-impregnated composite
sheets reinforcement.

Roughness profiles were measured at 17 different locations on both surfaces of each
composite sheet. The locations of those measured zones and their dimensions are illustrated
in Figure 6, where the fibers’ orientation is also indicated.

Figure 6. Measurement locations on the composite sheets’ surfaces.

The persistence images associated with the different profiles measured along a fiber’s
direction and along its perpendicular direction, were obtained. A supervised random
forest classifier involving 400 trees was trained to discriminate the profiles related to each
of the three available composite sheets. A total of 80% of the 1020 available profiles was
considered in the training, whereas the remaining 20% served to test the trained classifier
performances. Figure 7 shows the associated confusion matrix related to the test set. This
figure proves that the three sheet surfaces exhibited similar roughness from a topological
viewpoint, and consequently the trained classifier failed to discriminate to which sheet
each profile in the test set belongs.
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Different classifiers were tested, all them exhibiting similar performances. To conclude
on the reasons of the poor classifier performance, different persistence images extracted
from the three sheets were analyzed and it was noticed that the differences between the
images coming from the same sheets were similar to the differences between the images of
different sheets. Thus, it can be concluded that the poor classification capabilities are due
to the nature of the surfaces, instead of being a consequence of the classifiers’ performance.
In these analyses, the Wasserstein distance was considered for quantifying the differences
between the topological description of the surfaces.

Figure 7. Confusion matrix related to the profiles of the three composite sheets.

However, during composite processing, the sheet surfaces will experience a compres-
sion affecting the roughness. Even if, as commented, no difference is expected between
the different sheets, a difference is expected concerning the roughness topology before
and after compression. To prove that discrimination ability, a sample of each sheet was
heated to 200 degrees Celsius and compressed by using a pneumatic press, during 5 min,
for ensuring the flow of surface asperities.

Figure 8 compares two characteristic surface topographies before and after compres-
sion, from which a noticeably higher smoothness can be seen on the compressed surface.
Then, different rough profiles were measured by again using the optical profilometer in
both directions (with respect to the fiber orientation).

As the roughness is significantly higher in the perpendicular direction to the fiber
orientation, our analyses mainly focus on profiles along that perpendicular direction.

Figure 8. Surface topography before (left) and after (right) compression.

Figure 9 shows the confusion matrix associated with a random forest classifier (in-
volving 400 trees), trained from 1016 profiles and tested on 254 profiles that were excluded
from the training set. It can be concluded that TDA perfectly discriminates original and
compressed surfaces.
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Figure 9. Confusion matrix related to the profiles of the three composite sheets.

To better visualize the roughness-topology change induced by the compression,
Figure 10 shows three persistence images, one extracted from each of the three composite
sheets along the perpendicular direction to the long fibers, where no major differences are
noticed between them.

These figures also reveal an almost mono-disperse topological content, which explains
the localized pattern present in the persistence images.

On the other side, Figure 11 compares the roughness topologies before and after
compression, where a significant difference can clearly be noticed; the topology is more poly-
disperse after compression. On the original surface the asperities’ height seems quite mono-
disperse, with the associated localization in the persistence image. When compressing
the surface, the highest asperities start to be compressed and the asperities’ height starts
exhibiting a larger spectrum, with the associated effect on the persistence image.

Figure 10. Persistence images related to three roughness profiles, each extracted from one of the three
composite sheets.

Figure 11. Characteristic persistence images before (left) and after (right) compression.

3.2. Fractional Brownian Surfaces

This section aims at generating different roughness profiles by using fractional Brow-
nian motion, characterized by different Hurst indexes. Then, a classifier is trained with
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the associated TDA surfaces, and the classifier’s performance is tested on the surfaces
composing the test set.

Figure 12 shows three surfaces generated from a fractional Brownian motion with
H = 0.25, H = 0.5 and H = 0.75. No major differences are noticeable at first glance;
however, a topological footprint is expected to exist, enabling an efficient classification.

Figure 12. Profiles generated by a fractional Brownian motion characterized by H = 0.25 (left),
H = 0.5 (center) and H = 0.75 (right).

To prove the Brownian behavior of profiles generated with H = 0.5, and the anomalous
diffusion for H < 0.5 and H > 0.5, we generated 1000 trajectories and evaluated their
mean square displacement evolution. Figure 13 superposes 30 different profiles generated
with H = 0.25, H = 0.5 and H = 0.75. Figure 14 depicts the evolution of the mean square
displacement. As expected, it can be noticed that for H = 0.5 (Brownian motion) the mean
square displacement evolves linearly.

Figure 13. Population of 30 profiles generated by a fractional Brownian motion characterized by
H = 0.25 (left), H = 0.5 (center) and H = 0.75 (right).

Figure 14. Mean square displacement evolution for the population of profiles generated by a fractional
Brownian motion characterized by H = 0.25 (left), H = 0.5 (center) and H = 0.75 (right).

Now, the persistence images associated with each profile are obtained, and a part of
them (2400 images) used for training a random forest classifier (involving 400 trees), which
is then applied for classifying 600 persistence images composing the test set.

The confusion matrix associated with the classifier, again a random forest involving
400 trees, trained from 8000 images, applied to the test set (composed of 2000 images)
is shown in Figure 15 and proves the ability of the TDA to capture the different data
topologies associated with the different Hurst indexes.
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Figure 15. Confusion matrix related to the trained classifier applied to the three fractional Brownian
surfaces characterized by H = 0.25, H = 0.5 and H = 0.75.

In order to prove the proposed model’s robustness, the procedure was repeated, but
now considered 10 different Hurst indexes. Again, the confusion matrix associated with
the trained classifier, shown in Figure 16, proves the TDA’s robustness for representing
fractional Brownian surfaces.

Figure 16. Confusion matrix related to the trained classifier applied to ten fractional Brownian
surfaces.

3.3. Hurst Index Evolution during the Surface Compression

To better understand the effect of surface compression on the Hurst index, we consid-
ered many Brownian surfaces generated by considering H = 0.5. Then, we removed all
the positive peaks, that is, the positive part of all the profiles was removed and replaced
by a null value, for emulating the flatness induced by the compression. The asperities’
flattening is compulsory for consolidation to occur, because of the fact that molecular
reptation needs the intimate contact that flatness facilitates. Then, a regressor (random
forest involving 400 trees) operating on the persistence images of 4800 profiles, with Hurst
indexes ranging in the interval (0.05, 0.75), and tested on the 1200 images composing the
test set, was applied to the persistence images associated with flattened profiles. It was
observed that the inferred Hurst index ranged in the interval (0.55, 0.6), proving that, as
expected, higher correlations are induced in the data representing the flattened profiles.

Now, the same rationale was applied to the real composites’ profiles, for comparing
the Hurst index distribution before and after compression. For that purpose 250 non-
compressed and other 250 compressed profiles, randomly chosen from the 1270 available,
were analyzed, and their Hurst indexes inferred by using the trained regressor just intro-
duced. The histograms related to the inferred Hurst indexes are compared in Figure 17, evi-
dencing that the compression induces a noticeable increase in the Hurst index distribution.
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Figure 17. Inferred Hurst index histograms for 250 non-compressed (red) and 250 compressed (blue)
profiles.

4. Conclusions

The present paper first proved the ability of topological data analysis to quantify the
roughness evolution during composite processing involving compression, and at the same
time characterize the roughness of pre-impregnated composite sheets.

Then, the link between TDA and fractional Brownian surfaces was evidenced. TDA
enables classifying those surfaces according to their associated Hurst indexes.

Finally, compressed and non-compressed surfaces were characterized using a Hurst
index evolution, which could represent a valuable descriptor in processing optimization
and control.
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Assessing Intra-Bundle Impregnation in Partially Impregnated
Glass Fiber-Reinforced Polypropylene Composites Using a 2D
Extended-Field and Multimodal Imaging Approach
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Abstract: This study evaluates multimodal imaging for characterizing microstructures in partially
impregnated thermoplastic matrix composites made of woven glass fiber and polypropylene. The
research quantifies the impregnation degree of fiber bundles within composite plates manufactured
through a simplified compression resin transfer molding process. For comparison, a reference
plate was produced using compression molding of film stacks. An original surface polishing pro-
cedure was introduced to minimize surface defects while polishing partially impregnated samples.
Extended-field 2D imaging techniques, including polarized light, fluorescence, and scanning electron
microscopies, were used to generate images of the same microstructure at fiber-scale resolutions
throughout the plate. Post-processing workflows at the macro-scale involved stitching, rigid registra-
tion, and pixel classification of FM and SEM images. Meso-scale workflows focused on 0◦-oriented
fiber bundles extracted from extended-field images to conduct quantitative analyses of glass fiber
and porosity area fractions. A one-way ANOVA analysis confirmed the reliability of the statistical
data within the 95% confidence interval. Porosity quantification based on the conducted multimodal
approach indicated the sensitivity of the impregnation degree according to the layer distance from
the pool of melted polypropylene in the context of simplified-CRTM. The findings underscore the
potential of multimodal imaging for quantitative analysis in composite material production.

Keywords: compression molding; polymer matrix composites; thermoplastic resin; microstructural
analysis; porosity; polarized light microscopy; fluorescence microscopy; scanning electron microscopy;
multimodality

1. Introduction

Compression resin transfer molding (CRTM) is a process within liquid resin transfer
molding to manufacture polymer matrix composites and is suitable for thermoplastic
matrices, such as polypropylene (PP). For thermoplastic matrices, processing includes
thermal regulation to bring the polymeric resin to its liquid state, which is then forced to
flow through a fabric of reinforcing fibers, filling spaces between individual fibers at a
micro-scale and between fiber bundles at a meso-scale. The impregnation vector during
CRTM can be controlled by applying compressive mechanical pressure or a controlled
displacement along the direction of the preform’s thickness (macro-scale). This pressure
reduces unfilled spaces between the reinforcing filaments starting from the micro-scale
and alters the preform’s permeability; at the same time, it promotes resin flow by creating
streamlined pathways between and within bundles of reinforcing fibers. This antagonistic
mechanism, where mechanical compression reduces permeability but facilitates filling of
empty spaces, requires an in-depth understanding to effectively saturate the initially dry
preform and reduce porosity (i.e., unfilled spaces and trapped air bubbles). For detailed
insights into how physical forces interact with fluid dynamics to optimize resin distribution
and quality in CRTM, refer to [1]. A significant challenge in CRTM processes is monitoring
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the flow of resin and the degree of impregnation, particularly in the thickness direction of a
dry preform, known as the through thickness flow. This through thickness flow scenario
is complex due to factors such as gravity, pressure gradients, permeability, temperature
gradients, and capillary effects within the fabric’s microstructure. Simplifying assumptions
can be considered where the through thickness flow can be simplified to the case where a
fully saturated liquid zone (i.e., a pool of polymeric resin in the liquid state) transitions to
unfilled, non-saturated fabric layers. In addition, when the saturated liquid zone is located
below the preform, the combination of high-viscosity thermoplastic resins (compared to
thermosets) and gravity allows for the neglect of capillary effects at the micro-scale of
individual fibers.

Isothermal compaction can help to limit the presence of thermal gradients. The sce-
nario involving pressure gradients and permeability variations is introduced by the authors
in another study [2] and is referred to as simplified-CRTM. This displacement-controlled
thermo-compression method (i) simulates CRTM’s impregnation phase, (ii) bypasses the
injection stage of the molten polymeric resin, (iii) assumes isothermal conditions, and
(iv) allows the resin to flow transversally through the preform’s thickness. Based on gen-
eral considerations from the scientific literature about CRTM processes, to capture the
anisotropic and non-linear behavior of resin flow, advanced computational fluid dynamics
and experimental monitoring of the microstructure are needed to better understand these
dynamics, ensuring the even saturation of the resin throughout the fibrous preform and
mitigating potential residual porosity. Due to the complexity of real-time monitoring of
fluid dynamics at multiple scales, post-manufacturing characterization of the microstruc-
ture can help to assess the porosity and degree of impregnation as a first step toward more
complex analyses, passing through intermediate state impregnation levels. A literature
survey focused on microstructure characterization of polymer matrix composites using
2D imaging techniques is provided in Table 1. This survey highlights studies on polymer
matrix composite materials, including carbon fiber-reinforced polymers (CFRPs) and glass
fiber-reinforced polymers (GFRPs), utilizing 2D imaging techniques such as optical mi-
croscopy (OM) and scanning electron microscopy (SEM). The analysis indicates 2D imaging
techniques are mainly destructive, involving surface preparation and sample cutting to
conduct subsurface observations and provide information about the microstructure in the
form of multidimensional spatial arrays known as “images”. Authors frequently associate
both destructive and non-destructive imaging methods to analyze microstructure-related
aspects, including residual porosity, morphological aspects of fiber bundles or porosity, and
impregnation. For porosity characterization, Purslow [3] utilized OM and SEM to assess
porosity in CFRPs at the micro-scale, focusing on quantification and distribution, while
Liu et al. [4] characterized porosity shape, size, and location at the meso- and micro-scales,
linking these observations to processing parameters. Abdelal et al. [5] compared methods
for characterizing porosity in glass fiber-reinforced composites (GFRCs), primarily using
OM and µCT (micro-computed tomography). Gagani et al. [6] used OM to determine poros-
ity location and quantification in GFRPs, and Ekoi et al. [7] investigated fatigue-induced
damage in 3D-printed CFRPs using SEM. Zou et al. [8] examined residual porosity in
aramid fiber-reinforced polymers using SEM and µCT. Regarding bundle morphology,
Kabachi et al. [9] performed image-based characterization at the macro- and meso-scales
using OM, while Breister et al. [10] studied bundle interactions in vinyl ester polymer using
OM and SEM. Liu et al. [11] investigated high fiber volume fraction thermoplastics using
SEM. For impregnation and resin flow, Ishida et al. [12] used OM during the compression
process of thermoplastic composites, capturing images at different holding times to track
impregnation and flow front progression at the meso- and micro-scales. Little et al. [13]
analyzed oven-cured CFRP samples using density measurement, OM, environmental SEM,
and µCT, while Eliasson et al. [14] used OM with neural network-based segmentation for
void characterization in CFRP laminates. This non-extensive literature review indicates
that various 2D imaging techniques are effective for both the qualitative and quantitative
inspection of polymer matrix composites. However, several gaps remain unaddressed
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or insufficiently documented: (i) Studies lack comparative analyses of the same region
of interest (ROI) under different imaging techniques. Indeed, multimodal imaging ap-
proaches, commonly used in the biological and medical fields, combine information from
different images obtained through multiple techniques to create a richer and more accurate
synthetic 2D image, overcoming the limitations of individual techniques [15–21]. The use
of multimodal imaging in the context of polymer matrix composites is poorly documented
(refer to Appendix S1 for a brief literature review exploring keyword co-occurrence relation-
ships [22], and graphical illustrations created using the open access software VOSviewer,
version 1.6.20 [23]). (ii) The analysis of partially impregnated composite samples using 2D
destructive imaging techniques requires extensive surface preparation, such as polishing,
yet the quality of these prepared surfaces is poorly documented. (iii) The observation of the
entire thickness of composite samples is often needed, but there is a lack of consideration
regarding the trade-off between the field of view, the smallest detectable detail, and the
achievable resolution. (iv) Abdelal et al. [5] compared methods for characterizing porosity
in GFRCs, employing ultrasound, burn-off tests, serial sectioning with OM, and µCT. They
used a fluorescent dye mixed with epoxy as a resin mount and with talc powder on polished
surfaces to highlight voids, although fluorescence microscopy (FM) was not used due to
the lack of a UV source.

Table 1. Overview of microscopy-based imaging techniques for characterizing polymer matrix com-
posites focused on references [3–14]. For each reference, the (X) mark indicates the considered imaging
technique, length scale, and focus of the analysis. Shaded cells indicate the non-considered aspects.

Ref.
Techniques Used Scale Analysis Focus

OM SEM FM Other Micro Meso Macro Porosity Bundles Impregnation
[3] X X X X
[4] X X X X
[5] X X X
[6] X X X X
[7] X X X X X X X
[8] X X X
[9] X X X X
[10] X X X X X X
[11] X X
[12] X X X X X
[13] X X X
[14] X X

The current research explores the potential of multimodal 2D imaging techniques for
qualitative and quantitative microstructure analyses of glass fiber-reinforced polypropy-
lene matrix composites manufactured using isothermal compression molding to generate
partially impregnated composite plates. A first manufacturing configuration based on
film stacking is used to generate a reference composite plate formed of alternating thermo-
plastic films and woven unidirectional glass fiber plies. A second configuration based on
simplified-CRTM is then used to manufacture two other plates by varying the compaction
ratio during displacement-controlled impregnation. The aim is to generate composite plates
with different impregnation levels to examine how the polypropylene (PP) matrix saturates
a preform of six layers of woven glass fiber that are stacked as [0/90]3, aiming to understand
resin distribution and localize porosity. The study addresses the potential of multimodal
imaging (i.e., using different microscopy techniques) for analyzing the same composite
microstructure for two main objectives: (i) quantifying porosity (i.e., unfilled spaces within
the polymeric matrix) and (ii) assessing the degree of impregnation (i.e., saturation degree
of intra-bundle spaces post-manufacturing) at a meso-scale of cross-sections of glass fiber
bundles. The targeted techniques include optical microscopy using polarized light (PLM)
for surface quality inspections and multimodality based on fluorescence microscopy (FM)
and scanning electron microscopy (SEM) for quantitative analyses. The integration of these
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techniques provides a comprehensive assessment of the composites’ internal structure,
contributing to the optimization of other manufacturing processes such as CRTM, including
through thickness flow-dominated impregnation scenarios.

2. Materials and Methods
2.1. Materials

The matrix material employed was a commercial-grade polypropylene (PP) thermo-
plastic, identified as PPC13442 by Total® (France), featuring a density of 0.905 g/cm3, a
melting point of 165 ◦C, and a melt flow index of 100 g per 10 min. This PP was provided
in form of pellets and was processed into thin films through thermocompression, yielding
films with a mean thickness of 0.57 mm (±0.03 mm). For reinforcement, an experimental
unidirectional (UD) woven glass fiber (GF) provided by Chomarat® (France), referenced
as JB111, were utilized. This GF exhibited a density of 2.55 g/cm3 and an areal density
of 1054 g/m2. Rectangular UD plies measuring 375 × 375 mm2 were manually sectioned
from larger length-scale rolled sheets. Rectangular composite plates with the dimensions
of 375 × 375 mm2 were fabricated, each incorporating six of UD woven glass fiber plies
arranged in a [0/90]3 sequence and seven thin sheets of PP matrix.

2.2. Methods
2.2.1. Fabrication of Composite Plates

The goal of this section is to manufacture glass fiber-reinforced polymer composites
(GFRPs) as partially impregnated plates, each with a different level of PP matrix saturation.
As a reminder, the aim of the current research study is to evaluate multimodal imaging
for assessing porosity and not optimizing the manufacturing of composite plates. In this
context, three composite plates with varying impregnation levels were fabricated using
isothermal compaction molding using an industrial-scale press (Pinette PEI®, France) capa-
ble of 120 tons of controlled force and precise top mold displacement to within ±0.1 mm
(Figure 1a). During manufacturing, the press executed programmable cycles for temper-
ature, displacement, and force, ensuring controlled manufacturing conditions. The glass
fiber-reinforced polypropylene composite plates were produced using the same mold
schematically illustrated in Figure 1b and which is equipped with a venting part allowing
the evacuation of excessive polymer. The targeted theoretical heights of the composite
plates were modified while maintaining the exact same constituents (i.e., seven PP films
and six GF plies), as shown in Figure 1c,d, and can be verified from the column indicating
the initial masses before manufacturing in Table 2. A first plate was manufactured using
a film stacking configuration (Figure 1c), alternating glass fiber (GF) plies and PP films.
A fixed compression force of 21 kN was applied to the top part of the mold (Figure 1b),
and the mold’s cavity-height evolution during the process was recorded (Figure 1e). At
this imposed level of compressive force, the preform was barely compacted (compared to
the other plates within this same study), and impregnation was primarily due to the fixed
compression force. Film stacking was selected to limit the compression level and maintain
the fiber bundles undisturbed, based on force-driven control of the compression process.
As the polymer melted, the mold gap was expected to progressively decrease due to the
force-controlled process. The final thickness of the obtained plate was considered as the
reference height for the other composite plates and for assessment of the compaction ratio
(Cr) according to Equation (1):

Cr =
hre f − h f inal

hre f
(1)

where hre f is height of the plate manufactured using configuration 1 and h f inal is height of
consecutive plates manufactured using configuration 2.
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sion the primary driver for the impregnation of the GF bundles. Variations in the impreg-
nation quality were influenced by the balance between the preform’s mechanical deform-
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Figure 1. (a) Manufacturing platform: Pinette PEI press. (b) Schematic representation of the mold
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Table 2. Control parameters before and after the manufacturing of the composite plates. Vf refers to
the measured final fiber volume fractions after manufacturing, while Vf* refers to the targeted fiber
volume fractions set before manufacturing the composite plates.

Manufacturing Metrological Control Microscopy Control Burn-Off Test

Plate Lay-Up Config.
Weight

(g) Vf*
(%)

Thickness
(mm) Cr

(%)
Vf
(%)

Thickness
(mm) Cr

(%)
Vf
(%)

Vf
(%)

Initial Final Avg StDev Avg StDev Avg StDev

Cr_0%

[0/90]3

Film
Stacking 1397 1350 42.2 6.1 0.08 0 41.6 6.2 0.01 0 40.0 38.6 0.1

Cr_30% Simplified-
CRTM 1408 1081 45.2 4.2 0.13 30.7 60.1 4.4 0.01 30.2 57.4 58.4 0.9

Cr_41% Simplified-
CRTM 1392 1037 63.2 3.5 0.08 41.9 71.7 3.7 0.09 40.9 67.8 64.9 0.4

The other two plates were manufactured using isothermal compression molding simi-
lar to simplified-CRTM by positioning all solid-state PP sheets below the stack of GF plies
(Figure 1d). Impregnation levels were controlled through a displacement-controlled pro-
cess, targeting the compaction ratio of the preform as in a previous study by the authors [24].
The heating configuration was similar to film stacking, with isothermal compactions con-
ducted at 215 (±2) ◦C. As the PP melted, a one-sided fluid pool formed below the preform.
Due to the high viscosity of PP (compared to thermoset resins), capillary-driven flow into
the preform gaps was restricted, making mechanical pressure during compression the
primary driver for the impregnation of the GF bundles. Variations in the impregnation
quality were influenced by the balance between the preform’s mechanical deformability
and reduced permeability under compression, potentially resulting in residual porosity,
including dry zones and trapped air bubbles. Some porosity may also result from PP
shrinkage post-cooling [25]. No distinction is made between the causes of residual poros-
ity in the context of the current study. This procedure is denoted by simplified-CRTM
through the following sections. The simplified-CRTM procedure involved a ten-segment
program, which included temperature-regulated heating, displacement-controlled com-
pression, and cooling steps. Initially, two consecutive heating segments were carried out,
with conductive heating using calorific oil to stabilize the mold temperature at 100 ◦C.
This was followed by electric heating to achieve 215 (±2) ◦C. Once the target temperature
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was reached, six displacement-controlled segments, each lasting 300 s, were automatically
activated to conduct staged compaction, progressively impregnating the reinforcement and
achieving the targeted final thickness. The final two segments focused on cooling the plates
while maintaining the final mold height, reducing the temperature to around 40 ◦C before
opening the mold and extracting the plate. This displacement-controlled manufacturing
configuration ensured the control of the final thicknesses of the plates, and thus, control
over compaction ratios, which help in varying the impregnation levels. The input (i.e.,
displacement) and output (i.e., force) of the manufacturing process for the manufactured
plates using simplified-CRTM are detailed in Figure 1f,g.

The final thickness control of the manufactured plates was achieved through metro-
logical inspections, providing global average thicknesses from at least five locations on
each manufactured plate. Additionally, optical microscopy inspections, including at least
ten control points, were conducted on one localized sample extracted from the center of
each composite plate (Figure 2a). Based on these microscopy inspections, compaction ratios
of 0%, 30%, and 41% were obtained using Equation (1), as detailed in Table 2. A limited
difference between the global metrological and local microscopy inspections was observed,
confirming a relative uniformity in the thickness of the manufactured composite plates.
Since the imaging techniques in the following sections will focus on these same samples
used for optical microscopy-based height inspection, the corresponding compaction ra-
tios were used to establish a simplified nomenclature for the composite plates: Cr_0%,
Cr_30%, and Cr_41%, as denoted in Table 2. This nomenclature will be consistently used
to reference the plates in subsequent sections. The final fiber volume fractions (Vf) of all
three composite plates post-manufacturing, compared to the target volume fractions (Vf*)
set before manufacturing, are reported in Table 2. Additional burn-off tests, according to
ASTM D 2584, were conducted similarly to those reported in another study by the authors
of [24] to quantify the Vf within the manufactured thermoplastic composite plates. As pro-
vided in Table 2, the obtained fiber volume fractions were 38.6%, 58.4%, and 64.9%, which
were within same range of microscopy- and metrology-based evaluations. For each of the
manufactured plates, a certain amount of polypropylene (PP) escaped the mold’s cavity,
with weight losses of 3.4%, 23.2%, and 25.5% for the Cr_0%, Cr_30%, and Cr_41% plates,
respectively. The significant losses observed in plates manufactured using the simplified-
CRTM configuration can be explained by the unconstrained boundaries of the preform
within the mold’s cavity, allowing in-plane polymer squeeze flows at the edges. As this
study focuses on the microstructure inspection of partially impregnated composite plates
using multimodal imaging, and not on correlating microstructure with manufacturing
parameters, the limited constraints applied to the edges of the preforms during isothermal
compression molding were considered beyond the scope of the current study.
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2.2.2. Mechanical Polishing of Partially Impregnated Composite Samples

After manufacturing the composite plates, one sample of 10 × 20 mm2 from the
central zone of each composite plate, as illustrated in Figure 2a, was cut using a water-
lubricated diamond saw and dried for 12 h at 40 ◦C to eliminate residual water. The surface
preparation protocol for these dried samples relied on resin embedding and mechanical
polishing to expose the subsurface within the microstructure. The mechanical polishing
plane was considered perpendicular to the 0◦-oriented bundles (in layers 1, 3, and 5) and
tangential to the 90◦-oriented bundles (in layers 2, 4, and 6). Mechanical polishing is mainly
used for well-impregnated glass fiber-reinforced polypropylene composites to achieve a
glossy mirror surface with controlled surface roughness [26,27]. However, in the presence
of residual porosity and unsaturated regions within the preform where glass fibers are
not fully impregnated by the polymeric resin, mechanical damage to unstable fibers limits
surface quality control. Indeed, during polishing operations, glass fibers are subjected
to quasi-static compressive forces (from the sample holder) and dynamic shear forces
(from the rotating polishing discs), causing the breakage of single fibers and debonding
of poorly impregnated fibers (Figure 2). To the best of the authors’ knowledge, no study
has explicitly addressed the challenge of polishing partially impregnated thermoplastic
composites. To address the specific challenge of polishing samples extracted from partially
impregnated composite materials, this section introduces a four-step surface preparation
protocol, which is illustrated in Figure 3. The aims are: (i) minimizing glass fiber breakage,
particularly within fiber bundles perpendicular to the polishing surface (i.e., oriented at
0◦), and (ii) helping the detection of process-induced residual porosity during image-based
inspection after surface preparation while minimizing surface damage within these bundles.
Surface control during the surface preparation protocol was principally qualitative, and
quantitative inspections such as surface roughness control were considered beyond the
scope of the current study. The first step involved a non-classic resin embedding operation
of the cut and dried samples, by applying a fluorescent dye-enriched resin mount. EpoFix
(Struers®, Denmark) resin and EpoDye (Struers®, Denmark) fluorescent agent were mixed
respecting a ratio of 5 g dye per 1000 mL resin before adding the hardener with respect
of a volume mixing ratio of 15 to 2. The mixture was degassed in a vacuum chamber for
20 min and then immediately poured into a circular mold of approximately 30 mm of inner
diameter and 20 mm depth containing a carefully oriented and clamped composite sample.
The mixture was then left to cure at room temperature for 12 h to ensure full polymerization.
The second step involved height-controlled serial polishing using abrasive discs of 500, 1200,
and 4000 grits and an automated polishing machine (TegraMin 20, Struers®, Denmark).
This equipment allows the control of parameters including the compression force applied
on the sample, rotational speeds of the sample and the disc, and the duration of each
polishing step.
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The inspections visually checked the 0◦-oriented bundles where the limited presence
of surface scratches and relatively good circularity of single fibers are signs of acceptable
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results at 4000 grit. In the case of the 90◦-oriented bundles, as the polishing exposes
new surfaces over time, their quality was not considered for surface control during this
second step of the protocol, where a significant amount of broken and debonded single
fibers are observed. These broken fibers in vicinity of 90◦-oriented bundles caused the
deterioration of the surface quality, notably deep scratches within polymer-rich zones
and in 0◦-oriented bundles. An illustrative example of surface state progression during
polishing and following grit changes is provided in Figure 2b. The 500 grit, which is
considered the roughest, was considered to remove about 0.3 mm/min from the composite
sample to be away from any potential structural damage caused during the sample cutting
operation. Polishing parameters for each grit level were selected through an extensive
trial-and-error procedure combined with polarized light microscopy inspections of the
surface using a microscope equipped with a digital camera.

After finishing the polishing at 4000 grit and qualitatively inspecting the quality of
the 0◦-oriented bundles, a third step of the surface preparation procedure was applied. It
consisted of a second embedding of the exposed surface using the fluorescent dye-enriched
epoxy mixture in the same proportions as in the first step. Precautions were taken to
add an around 5 mm thick layer without changing the outer boundaries (i.e., bottom
surface and cylindrical side wall) of the existing resin mount. The purposes of these steps
are to (i) mechanically constrain all exposed and poorly impregnated glass fibers and
(ii) seal new exposed porosity (i.e., including dry zones, trapped air bubble cavities) by
the conducted sequential polishing steps and potential surface damage, such as scratches
and localized fiber breakage. The fourth step of the surface preparation procedure consists
of repolishing, assisted with the metrological control of the heights at a precision level of
±0.005 mm, to re-expose the same surface reached by the end of the second step using 500-,
1200-, and 4000-grit discs. This step removes the excess resin from the second embedding
(i.e., the third step) while preserving the same microstructure exposed at 4000 grit by the
end of the first polishing. The control of this operation is based on comparisons with the
reference height of the resin mount after the first polishing step at 4000 grit. Additionally,
microscopy inspections were simultaneously conducted on 0◦-oriented bundles while
ensuring that the fluorescence-enriched resin maintains transversely oriented single fibers
within 90◦ bundles, limiting their debonding. For the glass fibers within the 0◦ fiber
bundles, the interstitial spaces from dry zones or localized surface micro-cracks caused by
the polishing from step 2 were expected to be infiltrated by the fluorescence-enriched resin,
thus limiting further damage to fiber circularity and breakage. The polishing operation at
4000 grit was stopped once the target surface was fully exposed with a distance control of
±0.005 mm. Two finishing steps, using diamond particles of 6 µm and 3 µm, were then
applied to refine surface quality and enhance the circularity of fibers, particularly in the 0◦-
oriented bundles (Figure 2b). It is worth noting that the sequence of polishing parameters
(force, rotation speeds, and durations) used in this study cannot be considered unique
or optimal, but it is considered reliable enough to guarantee similarity of surface states
with minimal fiber breakage within the 0◦-oriented bundles and minimal fiber debonding
from the 90◦-oriented bundles when applied to the considered partially impregnated
samples. Additionally, all steps of the polishing procedure included ultrasonic cleaning in
ethanol for the removal of material residues and surface cleaning. The main qualitative and
quantitative focus will be on layers where bundles are oriented at 0◦. For the layers where
fiber bundles are oriented at 90◦, the fluorescence-enriched resin is expected to saturate all
unfilled spaces, enhancing the global surface quality. However, this improvement comes
with the drawbacks of (i) hiding the core of these bundles for PLM and SEM observations
and (ii) limiting the extraction of quantitative information using FM due to the local
saturation with the fluorescence-enriched mounting epoxy resin, which is expected to cause
localized brightness effects.
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2.2.3. Microstructure Characterization Using 2D Multimodal Imaging Techniques

The characterization of microstructural features in partially impregnated composite
materials requires detailed information about the localization of the material constituents
(i.e., GF and PP) and structural integrity correlated with manufacturing defects such as
porosities, including trapped air bubbles or unsaturated zones termed dry zones. To this
end, the current study focused on laboratory-scale 2D imaging equipment based on surface
inspection using a comprehensive suite of imaging modalities. A numerical microscope
(Axio Zoom V16, Zeiss®, Germany) equipped with a white light source, a fluorescence light
illuminator (HXP 200 C), and a 20-megapixel microscope camera (Invenio20EIII, DeltaPix®,
Denmark) was used. This setup is suitable for collecting RGB-encoded images from both
polarized light microscopy (PLM) and fluorescence microscopy (FM) modes. This mi-
croscope, with an automated displacement-controlled stage and an X80 magnification
lens, allowed for extended field imaging across all six layers of fiber bundle cross-sections
throughout the sample’s thickness (Z-direction), covering between five and six complete
bundle cross-sections within each layer. Precautions were taken to localize the bundle
cross-sections at least by excluding one bundle from each of the cut edges (by the di-
amond saw) in the through thickness direction of the prepared composite sample. A
scanning electron microscope (JCM6000, Jeol®, Japan) operating in Backscattered Electron
Detector—Composition mode (BED-C mode) was used at X200 magnification to collect
extended-field images (Appendix S2, in Supplementary Materials). SEM samples required
additional gold-based metallization. The increased magnification for SEM observations
was deliberate to maximize details at the scale of single fibers. The lack of an automated
stage in the SEM device necessitated operator-assisted manual translations for capturing
overlapping images. The collected images followed a snake-like column-based trajectory,
allowing later assembly (i.e., extended-field image reconstruction) using a numerical stitch-
ing operation to generate a complete overview of the targeted microstructure. All image
acquisitions from the three microscopy techniques (PLM, FM, and SEM) were carried out
on composite samples polished up to 3 µm according to the preparation protocol (refer
to Section 2.2.2). The integrative use of multimodal imaging techniques provides a ro-
bust framework for characterizing the microstructure of partially impregnated composite
samples beyond the classical use of optical microscopy (OM) in Figure 4a. Indeed, PLM
was used to control the state of the polished surfaces, augmenting contrast in anisotropic
materials. PLM can reveal subtle differences on the observed surface, where birefringence
indicates the orientation and integrity of fibers and the polished surface. This imaging
technique excels in identifying areas with structural anomalies, such as surface scratches or
rough zones, which are critical for assessing the quality of the polishing process (Figure 4b).
FM is expected to enhance porosity visualization in composites by using a resin mount
enriched with fluorescent dye. This resin infiltrates open porosities and/or dry zones. UV
light excites the dye’s UV-sensitive molecules, which emit light at varying wavelengths
based on the dye concentration (Figure 4c). The intensity of fluorescent-rich zones depends
on the EpoDye concentration, corresponding to the depth of the damage, mainly due to
process-induced porosities or, secondarily, to surface preparation-induced damage. SEM in
the BED-C mode was used for the detailed compositional analysis of the polished surface of
the composite samples. This technique involves directing an electron beam onto the sample
surface, where heavier elements (such as glass fiber) cause more electrons to scatter back.
The BED-C mode captures these backscattered electrons to generate high-resolution images
that provide contrast based on atomic number variations. This method is especially effec-
tive for mapping the distribution of different phases (i.e., resin, PP matrix, and glass fiber)
within the samples (Figure 4d). SEM in the BED-C mode delivers precise compositional
mapping, essential for analyzing glass fibers.
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Figure 4. Images obtained using optical microscopy (OM), polarized light microscopy (PLM),
fluorescence microscopy (FM), and scanning electron microscopy (SEM) of the same surface polished
to 4000 grit following the application of the first fluorescent dye-enriched resin mount.

This multimodal approach allows for a comprehensive analysis of the same microstruc-
ture, with each technique providing unique insights that contribute to a detailed assessment
about the material. The data are encoded in a 2D spatial array (i.e., numerical images),
where each pixel represents specific physical properties. Based on a comparative qualitative
inspection of the same zone of interest within the exposed surface of the microstructure
using the OM, PLM, FM, and SEM techniques as illustrated in Figure 4, surface defects
such as scratches are predominantly discernible with PLM. For instance, surface scratches
are clearly detectable in the residual polypropylene layer marked by the triangle symbol
in Figure 4. SEM images are more reliable for glass fiber localization and the clear iden-
tification of the fiber bundle contours, as seen in the representative bundles B1, B2, and
B3 illustrated in Figure 4. SEM significantly contributes to detecting single fibers, where
small red arrows in Figure 4d point to a single fiber that was torn out due to polishing
from a 90◦-oriented bundle. The same single fiber is barely detectable using OM but can
also be detected using PLM. Since the single fiber is not impregnated with the fluorescent
resin, it is undetectable using FM. FM clearly highlights the zones of localization of the
fluorescent agent, as seen from bundle B3 in Figure 4, where high brightness branches
indicate a significant presence of the fluorescence-enriched epoxy, indirectly indicating a
poor impregnation of the fiber bundle core by PP. Bundle B2 in Figure 4 appears to have
a high level of impregnation, as the presence of bright green color in Figure 4c is faint,
with numerous black spots indicating exposed glass fiber surfaces. This observation is
supported by corresponding OM and SEM observations.

191



Polymers 2024, 16, 2171

3. Post-Processing Multimodal Images

The subsequent sections detail a workflow for post-processing multimodal images,
with a primary emphasis on SEM and FM extended-field images, progressing to bundles
of glass fibers. Figure 5 depicts this workflow at the macro-scale of the full thickness
of the microscopy-inspected samples. It is worth noting that no filtering, histogram
normalization, or brightness corrections were applied to the raw images (Table S2, in
Appendix S2 of Supplementary Materials) to preserve the authenticity of the captured
data. The process begins by stitching single-tiled images from each imaging techniques
to form extended-field images (cf. Section 3.1). Given that extended-field images based
on PLM and FM have an X80 magnification, SEM images are resized to match this mag-
nification by reducing their original X200 magnification, typically using interpolation
methods to maintain image quality. All full-scale and extended-field images from the
same composite sample are then registered to ensure their accurate alignment with
the reconstructed extended-field SEM image as the reference image (cf. Section 3.2).
These registered images are then compiled into a stack and subsequently cropped. The
cropped FM and SEM images are subjected to pixel classification using Random Forest
classifiers, a machine learning technique that classifies pixels based on various fea-
tures extracted from the images (cf. Section 3.3). The processed images are stored in a
five-layer stack.
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Figure 5. Schematic representation of the post-processing workflows at the macro- and meso-scales
for generating bundle datasets from input tiled multimodal images.

At the meso-scale, this stack for each composite sample is manually annotated to
identify and segregate fiber bundles oriented at 0◦ into distinct five-layer stacks. Man-
ual annotation follows strict criteria to ensure consistency, with each stack meticulously
inspected for stitching imperfections and undergoing local adjustments to ensure pre-
cise alignment. The final bundle images are compiled into a dataset containing about
15 individual 0◦-oriented bundles from each composite sample. This quantity is expected
to create a robust dataset for both qualitative and quantitative analyses. Additional details
on the operations within this two-scale workflow, including the specific algorithms and
software used for stitching, registration, and pixel classification, will be elaborated upon in
the following sections.
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3.1. Macro-Scale Stitching: Reconstruction of Extended-Field and Full-Scale Images

Stitching operations enable the merging of elementary images to visualize larger
areas of interest while preserving the pixel resolution of the input elementary (i.e., tiled
images). This method is essential for conducting principally qualitative analyses at the
macro- and meso-scales (i.e., physical scale of the plate thickness and the respective
individual glass fiber bundles) and then achieving the precise pixel classification of
pixels and segmentation of microstructures principally at the micro-scale of the single
glass fibers. An illustrative example of the considered image stitching method is pro-
vided in Figure 6, which depicts a stitched grid of (3 × 3) SEM local images, including
the acquisition path of these images. During the acquisition, each image included an
overlapping area ranging between 10 and 25%, covering identical microstructural details,
such as single fibers, to aid in creating the extended-field image. This stitching method
utilizes the open-source Image Stitching of ImageJ/Fiji plugin [28,29], which relies on the
Fourier Shift theorem to compute in-plane (X,Y) translations between a grid of 2D images.
The corresponding computations are based on a predetermined path for collecting these
images and leverages cross-correlation measurements to determine the optimal overlap,
thereby reconstructing extended-field images from numerous tiled input images. The
Image Stitching plugin requires prior inputs, including the number of columns and rows,
the expected overlap range between tiles, and the tolerated minimum and maximum
displacement thresholds. The plugin can automatically compute the optimal overlaps,
and then merges the images based on different methods, including the linear blending
of gray levels within the common intersection areas between adjacent images. It is this
same procedure that was applied for generating the full-field stitched images presented
in Figure 7 based on the corresponding elementary tiled images provided in Table S2, in
Appendix S2 of Supplementary Materials.
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Figure 6. Illustrative examples of collected tiled images: (a) polarized light microscopy (PLM),
(b) fluorescence microscopy (FM), and (c) scanning electron microscopy (SEM). (d) Example of
the stitching operation for a grid of 3 × 3 SEM local images, demonstrating the creation of an
extended-field image from individual tiles.
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Figure 7. Overview of the final extended-field images of the samples generated using an image
processing workflow based on the open-source software ImageJ/Fiji. The images underwent stitching,
resizing, registration, and cropping operations. All extended-field images in (a–i) conform to the
scale bar indicated in (a). Localized details illustrating full-scale are highlighted in zones A, B, and C.
Images (a–c) were obtained using PLM, images (d–f) using FM, and images (g–i) using SEM.

3.2. Macro-Scale: Resizing and Registration Operations of Extended-Field Images

Utilizing the same Zeiss microscope for both PLM and FM simplified the registration
process due to the similarity in acquiring the grids of tile images (Table S2, in Appendix S2
of Supplementary Materials), thereby facilitating the alignment of their correspondent
extended-field images. SEM images were resized for congruence with the sample’s plate
thickness, as determined by the PLM reference image. The resized SEM images, based on
bicubic interpolation using ImageJ/Fiji functionality, offered enhanced clarity and contrast
for visualizing glass fibers and served as reference images for the rigid registration of the
corresponding PLM and FM images. This registration involved translations in the XY
plane and rotations about the out-of-plane axis. The registration process aligned control
points, primarily individual glass fibers and the outer shapes of fiber bundles. Rigid
registration operations utilized the TrakEM2 plugin from ImageJ/Fiji, which supports both
the manual and semi-automatic alignment of image stacks through rigid transformations.
These transformations can be stored as “.xml” files, and the aligned images can be exported
post-registration to the same input image-encoding formats. Additional details about the
TrakEM2 plugin are available in [30]. Post-registration, the images were grouped into
stacks of images (i.e., a multilayer image) and then cropped to eliminate extraneous zero-
value pixels at the edges and to focus on a region of interest at the macro-scale containing
between five and six complete fiber bundles in the top layer of the composite plate (referred
to as layer 1 and containing 0◦-oriented bundles). Figure 7 provides a visual summary
of the resized and registered images for the three analyzed samples, while Table S2 (in
Appendix S2 of Supplementary Materials) outlines the dimensions and pixel sizes of the
images post-stitching, resizing, registration, and cropping.

The obtained extended field PLM images, as illustrated in Figure 7a–c, facilitate the
qualitative inspection of the polished material surfaces. These images reveal the presence
of numerous scratches, particularly within polypropylene-rich areas and fluorescence-
enriched epoxy resin layers used for embedding the composite sample. Based on PLM
images and SEM scans of the 3 µm polished surface according to the four-step surface
preparation procedure (see Section 2.2.2), the presence of single fibers pulled out from the
90◦-oriented bundles and covering the adjacent 0◦-oriented layers of fiber bundles is absent.
The absence of such debonded single fibers on the final surface post-polishing qualitatively
indicates the improved impregnation of dry zones within the exposed composite layer by
polishing, thus underscoring the efficacy of the developed four-step polishing technique.
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Additionally, a localized examination of the fiber bundles showed an acceptable level of
circularity for individual fibers within the 0◦-oriented bundles (check zones A, B, and C in
Figure 7).

3.3. Macro-Scale: Random Forest-Based Pixel Classification

The pixel classification methodology was applied using the open-source software
Ilastik (version 1.3.3) [31,32], developed by Sommer et al. [33], which incorporates inte-
grated machine learning approaches designed for users with limited machine learning ex-
perience. This method employed Random Forest classifiers for analyzing high-dimensional
image data [34]. Ilastik accommodates both mono-channel (8-bit) and multichannel (RGB)
inputs. Initially, users select up to nine data features, including color/intensity, edge detec-
tion, and texture, which Ilastik automatically computes at various scales using Gaussian
smoothing variance. Users then graphically select and label a few pixels using a virtual
brush tool, assigning specific labels to each pixel class. These annotated pixels and their
associated features are used by the Random Forest classifier to generate a decision tree
matching the training labels, allowing for real-time feedback and iterative improvements
to enhance the classifier accuracy. Ilastik outputs label predictions and accuracy levels,
assisting in the evaluation of classifier performance. To optimize classifier convergence,
random pixels from each extended field image were selected to adjust for variations in
contrast and brightness, as detailed in Figure 7. Computations were executed on a Windows
workstation with an Intel Xeon E5-1650 v2 CPU, 64 GB RAM, and an Nvidia Quadro K2000
GPU, completing the classification process within approximately 30 min per extended-field
image. In the case of SEM extended-field images, five specific pixel labels were utilized:
center of single glass fibers, edge of glass fibers, zones of rich PP such as residual PP layers,
fluorescence-enriched epoxy outside the sample, and unfilled spaces at the ground level of
8-bit grayscale images (see Figure 7). Given that the study’s primary focus is quantitative
analysis, pixel classification in SEM images primarily targeted pixels at the center of glass
fibers to facilitate separation within densely packed 0◦-oriented fiber bundles, enabling the
calculation of local distances to neighboring fibers and the generation of distance maps
between the centers of single glass fibers. Figure 8 shows input SEM images and segmented
glass fibers, noting local contrast variations due to the sensitivity of the retro-diffused elec-
tron probe during image acquisition. Despite these variations, the high gray level values of
glass fibers in 8-bit SEM images enabled accurate pixel segmentation (see Figure 8, zones
A, B, and C). These contrast variations were considered non-critical for the Random Forest
classifier-based machine learning pixel classification. Post-segmentation, SEM images were
used to delineate the physical limits of fiber bundles and systematize the nomenclature
from left to right for complete bundles and from top to bottom between the layers of UD
plies principally oriented perpendicularly to the observation plane (Figure 8a–c). The
similarity in nomenclature designation (LiMj) of bundles does not imply any bundle order
correspondence between the composite samples; it is used solely for simplicity.

In RGB-encoded FM extended-field images, pixel classification utilizes a five-label
scheme through Ilastik with a Random Forest classifier, focusing on the intensity of the
green color to indicate fluorescent agent concentrations. This methodology categorizes
fluorescence into five levels: 0 (no agent), 1 (low saturation), 2 (medium-low saturation),
3 (medium-high saturation), and 4 (maximum brightness indicating pixel saturation). Level
0, depicting the absence of fluorescence, is prominently seen in Figure 9a, highlighting
the sample Cr_0% known for high-quality impregnation and minimal dry zones. Level
4, often at the interface between the robing resin and the composite samples as shown
in Figure 9a–c, represents maximum brightness and potential optical interference effects.
Level 1 indicates partial staining on PP layers, likely due to abrasive polishing, signifying
thin residual layers of the embedding matrix or slightly stained PP. Level 2, associated
with medium-low saturation, typically appears in resin zones outside the main composite
structure. Level 3, characterized by a yellow-dominated hue representing medium-high
saturation, is visible in the 90◦-oriented layers in both Figure 9b,c, marking dry zones or
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debonded and broken single glass fibers, as identified by the scratching marks on the PP
layers depicted in Figure 7a. Figure 9 provides a comprehensive view of these fluorescence
levels across three composite samples, with segmented images in Figure 9d–f illustrating
variations in impregnation levels and resin distribution. This classification framework aids
in the precise segmentation and analysis of the composite microstructure. Due to limited
visibility in 90◦-oriented fiber bundles caused by excessive fluorescent resin residues from
polishing, qualitative inspections will focus on 0◦-oriented bundles.
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Figure 8. Final extended field SEM images of samples Cr_0%, Cr_30%, and Cr_41% are shown in
(a–c), respectively, alongside five-label pixel classification based on Illastik (version 1.3.3) in (d–f) and
segmented glass fiber pixels in (g–i). Bundle nomenclatures are based on SEM images, with glass
fibers extracted using a five-label Random Forest pixel classification. Illustrative classifications of
pixels in zones A, B, and C are provided with corresponding GF segmentations. Arrows denote the
orientation of the plate’s thickness within the manufacturing mold. The similarity in nomenclature
designation (LiMj) of bundles does not consider any bundle order correspondence between the plates.
All extended-field images in (a–i) conform to the scale bar indicated in (a).

In Figure 9d, the Cr_0% sample shows predominant levels 0 and 1, indicating limited
fluorescent agent presence and suggesting well-exposed single glass fibers with mini-
mal polishing damage and high saturation by PP from the film-stacking manufacturing
method. In contrast, the Cr_30% sample in Figure 9b presents high impregnation quality
in 0◦-oriented layer 5, adjacent to the bottom PP layer, likely due to PP fluidity during
manufacturing. Progressing from bottom to top through layers 5 to 3 and then to 1, mixed
levels of 1, 2, and 3 indicate partial impregnation. As the compaction ratio increases from
Figure 9e–f, the impregnation quality appears to improve, although level 1 bundles near the
top exhibit higher impregnation at the edges, suggesting limited through thickness polymer
flow. This analysis potentially supports a justification of the through thickness flow in
a simplified-CRTM process, though further analysis is required to correlate macro-scale
compaction ratios and impregnation scenarios in the samples.
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Figure 9. Final extended-field FM images of samples Cr_0%, Cr_30%, and Cr_41% are shown in (a–c)
respectively, accompanied by segmented concentration level domains in (d–f) respectively. Arrows
indicate the orientation of the plate’s thickness within the manufacturing mold. All extended-field
images in (a–f) conform to the scale bar indicated in (a).

3.4. Meso-Scale: Workflow Applied to 0◦-Oriented Bundles

The main focus of the current section based on meso-scale inspections is focused on
0◦-oriented fiber bundles to conduct the quantification of glass fiber content, porosity, and
consequently, polypropylene as a third possible component. In the specific context of
conducting meso-scale quantitative analyses of the segmented images obtained from FM
and SEM, all image processing operations relied on finalized extended-field image and their
respective segmented images illustrated in Figures 7–9. All post-processing procedures
conducted at the meso-scale of fiber bundles were based on open source Fiji/ImageJ
software, open source Ilastik (version 1.3.3), and MATLAB R2022a software (Mathworks
Inc., MA, USA).

3.5. Meso-Scale: Inspection of Stitched Images

First, the manual annotation and extraction of fiber bundle contours were conducted
based on local inspection at the meso-scale of the extended field output images following
the macro-scale image post-processing workflow, including stitching, resizing, rigid regis-
trations, cropping, and pixel classification operations. The main challenges were related to:
(i) controlling the output of automatic stitching operations of the large grids of collected
tiled images (see Table S2, in Appendix S2 of Supplementary Materials) and (ii) checking
the local precision of the rigid registration operations conducted at the macro-scale. Indeed,
the considered macro-scale control procedure was based on the extended field images from
the three microscopy techniques (PLM, FM, and SEM), as illustrated in Figure 7. First, the
three images of the same microstructure generated from the three microscopy techniques
(PLM, FM, and SEM) and the segmented images of SEM and FM were all merged into
a five-layer single stack (i.e., pile of 2D images), all encoded into the RGB format. Then,
manual annotations were conducted using a polygon-based manual contouring of fiber
bundles using ImageJ/Fiji to extract all individual bundles from the images based on the
visual delimitation of each single bundle limit based on SEM images.
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The visual inspection of each bundle was then conducted to check for the presence of
critical stitching imprecisions. Subsequently, rigid registration was applied to the five-layer
stack (of SEM, PLM, FM, SEM segmented, and FM segmented images) to further correct
any potential imprecision at the scale of the single fibers. The main critical imprecision
consisted of misalignment at the interface of overlapping individual tiles, causing a shadow
effect or the local discontinuity of the microstructure. The detection of such imperfections is
considered an exclusion criterion for a few fiber bundles, which will not be included in the
following quantitative analyses. In this study, only the bundles L1M6 and L5M5 extracted
from the sample Cr_0% were excluded, and the corresponding imperfections are illustrated
in Figure 10. This problem of limited precision in stitching is expected when using large
datasets of individual tiles. The rest of the bundles are considered within the required
precision range to conduct the quantitative analyses. In the context of FM and PLM images,
the image acquisition included the automatic coordinate-based collection of individual tiles,
and it was noted that stitching misalignments were absent with respect to the considered
stitching approach using the Image Stitching plugin of ImageJ/Fiji. A second challenge
observed after macro-scale stitching is the presence of local changes in grayscale brightness
levels between the tiles, particularly in SEM images, as seen in the macro-scale extended-
field images in Figure 7. This effect is due to long-duration acquisitions ranging from
8 to 16 h (according the total grid for each sample indicated in Table S2, in Appendix S2 of
Supplementary Materials), which are associated with inevitable drift of the incident electron
beam and performance stability of the electron detector of the used SEM equipment. As
indicated earlier, no histogram normalization or filtering operations were applied to the
raw tiled images or the reconstructed extended-field images. To check the performance of
Random Forest classifiers in overcoming such effects, a representative bundle, L5M3, from
the Cr_0% sample was considered. Detailed visuals of the segmentation procedure are
provided in Figure 11. Two regions of interest, ROI 1 and ROI 2 (Figure 11a), were extracted
from the raw SEM image of the bundle, and the corresponding histograms of grayscale
levels were generated (Figure 11b). The obtained histograms show that equipment drift
over time (as the right and left sides of this particular bundle are from two different
tiled images) causes a shift in histogram peaks from left to right, with the peak around
grayscale level 250 corresponding to glass fiber pixels and the peak around grayscale level
50 corresponding to polymer-rich zones. This shift is considered insignificant during pixel
classification, as shown by the classified pixels from ROI 1 and ROI 2 (Figure 11c), and
mainly affects the distinction between PP and the epoxy-based mount resin. This intensity-
related local variability was deemed negligible in this study. However, as a precaution,
quantitative analyses will evaluate the glass fiber content from each bundle to estimate the
uncertainty caused by such brightness change-related image artifacts.
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individual bundles oriented at 0° from SEM and FM extended-field images is presented 
in Figure S3a–c in Appendix S3 of Supplementary Materials. The PLM images were 
mainly collected to check the surface state following the polishing procedure and will not 
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Figure 10. Examples of misalignment detected locally after the macro-scale automatic stitching of the
single tiles. (a) corresponds to bundle L5M5 from the Cr_0% sample, and (b) corresponds to bundle
L1M6 from the Cr_0% sample. Rectangles indicate zones of limited stitching precision, marked by
shadows from non-overlapping single glass fibers due to the linear blending of misaligned adjacent
image tiles.
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Figure 11. (a) Effect of local brightness in SEM images shown through two regions of interest, (b) the cor-
responding grayscale histograms, and (c) the corresponding Random Forest pixel classification output.

After conducting all the inspection operations, a clear visual overview of all extracted
individual bundles oriented at 0◦ from SEM and FM extended-field images is presented in
Figure S3a–c in Appendix S3 of Supplementary Materials. The PLM images were mainly
collected to check the surface state following the polishing procedure and will not be used
during the meso-scale quantitative analyses, and the corresponding single bundles are
not illustrated.

3.6. Meso-Scale: Quantitative Analysis Workflow of 0◦-Oriented Fiber Bundles

The conducted quantitative analyses were based on the extracted bundle SEM, FM,
and corresponding segmented images. First, pixels corresponding to the central pixels of
single glass fibers were extracted and converted to binary masks, as illustrated in Figure 12c.
In a second step, the SEM images of fiber bundles were subjected to a two-step procedure
for the object classification of the extracted single fibers using the open-source Ilastik
software (Version 1.3.3), which allows the attribution of a single identifier to each fiber
(Figure 12d). The objective of this operation was to check the number of single glass fibers
within a bundle and to extract the center of each fiber. Based on interpolation between
the coordinates of the fiber centers, an initial bundle contour was identified. This contour
overestimated the bundle area, particularly in bundles with non-packed fibers, such as
those from the top layer of the composite sample Cr_41%, where the limited impregnation
of layer 1 (see Figure 7) was discussed in the section on the qualitative inspection of the
corresponding macro-scale-segmented FM image. To overcome this limitation, normalized
distances between the center of each single glass fiber and its nine adjacent neighboring
fibers were evaluated using MATLAB, and the corresponding maps of normalized distances
were provided, as illustrated in Figure 12e and in Figure S3a–c in Appendix S3 of the
Supplementary Materials. Maps of normalized distances were first considered without any
filtering to define the largest bundle contour passing by the center of all circumferential
single fibers. In a second step, a maximum normalized distance threshold of 0.4 was
judged appropriate by the authors to objectively define a narrower contour for all fiber
bundles, excluding parts of single fibers with normalized distances higher than 0.4, while
conserving the shape of the packed bundles. An illustration of the two generated contours,
one large and one narrow, is shown in Figure 12f and in Figure S3a–c in Appendix S3 of the
Supplementary Materials. These two contours were then superimposed on the segmented
FM image of the bundle to extract the pixels within each contour representing levels 2,
3, and 4 of fluorescent concentration. These levels were considered indicators of limited
impregnation, based on the macro-scale qualitative analysis of the segmented images. Next,
the pixels corresponding to the segmented glass fibers in Figure 12c were subtracted from
the masks representing levels 2, 3, and 4 of the FM images to define the zones outside the
single glass fibers, representing either porosity or areas of limited impregnation. A second
subtraction of the total bundle area, defined by each of the previously identified contours in
Figure 12f, removed the glass fiber pixels and the limited impregnation pixels, leaving the
remaining pixels to represent the PP-impregnated areas. This meso-scale workflow resulted
in two sets of quantitative values for each bundle (one from the large contour and one from
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the narrow contour). The same process was repeated and generalized to all bundles identified
as suitable for quantitative analysis. In this context, all distance maps and the two contours
are provided in Figure S3a–c in Appendix S3 of the Supplementary Materials.
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CR_41%, (h) Pixel classification of the FM image, (i) Contour of the large bundle, (j) Contour of the 
narrow bundle, (k) Synthetic image based on segmented glass fibers and classified pixels of the FM 
image, (l) Quantitative analysis of the area percentage of GF, PP, and porosity.” 

4. Results 
4.1. Quantification of GF Single Filaments 

Following the pixel classifications of SEM images, an automated object classification 
procedure was applied to the population of pixels representing the central core of single 
fibers. An additional constraint was imposed on the size of isolated pixel clusters to ex-
clude fragmented cross sections, separate adjacent cross sections of single fibers, and iden-
tify non-separated single fibers exceeding an area threshold of 650 pixels. The conducted 
flow chart was based on Ilastik and did not require the implementation of any Supple-
mentary Materials. Based on the separated objects, we extracted the coordinates of the 
center of each single glass fiber and quantified the number of single fibers per bundle. A 
summary of the collected data is provided in Figure 13. The global mean ሺ𝜇ሻ of single 

Figure 12. Suggested imaging workflow at the meso-scale of fiber bundles for the quantification of
area fractions of GF, PP, and porosity. (a) SEM image of bundle L1M1 from sample CR_41%, (b) Pixel
classification of the SEM image, (c) Segmented GF pixels, (d) Object classification of a single GF,
(e) Distance map of a single GF, (f) Two bundle contours: the contour in green represents a large
bundle, and the contour in red represents a tight bundle, (g) FM image of bundle L1M1 from sample
CR_41%, (h) Pixel classification of the FM image, (i) Contour of the large bundle, (j) Contour of the
narrow bundle, (k) Synthetic image based on segmented glass fibers of SEM image and classified
pixels of the FM image, (l) Quantitative analysis of the area percentage of GF, PP, and porosity.

4. Results
4.1. Quantification of GF Single Filaments

Following the pixel classifications of SEM images, an automated object classification
procedure was applied to the population of pixels representing the central core of single
fibers. An additional constraint was imposed on the size of isolated pixel clusters to exclude
fragmented cross sections, separate adjacent cross sections of single fibers, and identify
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non-separated single fibers exceeding an area threshold of 650 pixels. The conducted flow
chart was based on Ilastik and did not require the implementation of any Supplementary
Materials. Based on the separated objects, we extracted the coordinates of the center of
each single glass fiber and quantified the number of single fibers per bundle. A summary
of the collected data is provided in Figure 13. The global mean (µ) of single filaments
based on all fiber bundles was 4038, with a standard deviation (σ) of 63. Most of the
counted filaments fell within the 95% confidence interval, corresponding to (µ ± 2 × σ),
with approximately 5% of data points falling outside this range. The filaments falling
outside the (µ + 2 × σ) interval were due to the presence of stitching fibers imbricated
in the 0◦-oriented bundle, such as in bundle L1M4 from plate Cr_41%, or the significant
presence of fragments from glass fibers imbricated between the circular cross-sections
of the 0◦ bundle filaments, such as in bundles L1M3, L2M3, and L3M3 from the same
composite plate. These observations highlight the limits of the defined surface preparation
procedure, where mechanical polishing cannot completely eliminate the breakage of GF
tips. The maximum relative error computed from these identified bundles with a high
number of single filaments was 3.87%. Conversely, a few fiber bundles presented a low
number of single filaments, falling below the lower bound of (µ − 2 × σ), such as bundle
L5M3 from plate CR_0%, which had 3900 single filaments, representing a relative error of
3.42%. Beyond experimental bias that may explain variations in the number of counted
single filaments, this operation was also conducted to estimate the precision of the object
identification procedure in identifying single filaments. The obtained data appear to fall
within the 95% confidence interval.
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Figure 13. Overview of the total extracted single glass fiber filaments from all non-excluded 0◦-
oriented fiber bundles. The color indicates a change in the considered composite sample. The
similarity in nomenclature designation (LiMj) of bundles does not consider any bundle order corre-
spondence between the plates.

4.2. GF Area Fraction Quantification

Glass fiber (GF) area fractions within the bundles oriented at 0◦ were quantified to
assess the sensitivity of the SEM image segmentation to local brightness variations in the
BED-C mode. The obtained quantitative data are graphically represented in Figure 14.
For the sample produced by film stacking, the average GF area percentages in layers 1,
3, and 5 were 46.6% (±3), 46.5% (±2.8), and 44.8% (±2.2), respectively. The percentages
extracted from the narrow contours were 47.4% (±3.0), 47.1% (±3.0), and 45.6% (±2.0).
As the fiber bundles in this configuration are expected to have a high level of impregna-
tion, the quantified surface areas are consistent. For the plate Cr_30%, the average GF
area percentages in layers 1, 3, and 5 were 53.7% (±0.6), 57.4% (±0.4), and 57.3% (±0.4),
respectively. The percentages extracted from the narrow contours were 54.6% (±0.5), 57.9%
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(±0.6), and 57.7% (±0.4). For the plate Cr_41%, the average GF area percentages in layers 1,
3, and 5 were 51.1% (±1.7), 57.7% (±1.1), and 57.8% (±1.1), respectively. The percentages
extracted from the narrow contours were 52.7% (±1.7), 58.3% (±1.1), and 57.7% (±1.2). For
the samples extracted from the plates manufactured using simplified-CRTM, the average
GF area percentages were within the same ranges for both samples. However, the bundles
from layer 1 for both samples contained less GF than layers 3 and 5.
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Figure 14. Graphical representation of the meso-scale quantitative output of the area fractions
of porosity and glass fibers within 0◦-oriented fiber bundles, considering the narrow (red bundle
contour) and large (green bundle contour) bundle contours. GF and porosity area percentages in
SEM and FM images: (a) Cr_0%, (b) Cr_30%, and (c) Cr_41% samples.

This observation can be attributed to a higher exclusion of loose GF, reducing the
bundle contour and the number of single GFs included. The global observations did
not show significant variations due to contrast differences in the SEM images used to
reconstruct the extended field of view. This indicates that the Random Forest classifiers are
less sensitive to these image biases. The variation in percentage between Cr_0% and the
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other plates can be explained by the morphology of the extracted bundles, which are less
flattened in Cr_0% compared to the other plates.

4.3. Quantification of Porosity Area Fractions Based on Narrow and Large Bundle Contours

Porosity area fractions within the 0◦-oriented bundles were quantified based on the
large and narrow bundle contours and are reported in Figure 14. For the sample produced
by film stacking, the average porosity area percentages in layers 1, 3, and 5 were 5.2% (±1.8),
0.02% (±0.04), and 3.8% (±3.4), respectively. The percentages extracted from the narrow
contours were 4.0% (±1.7), 0.02% (±0.03), and 3.6% (±3.2). These results indicate minimal
porosity within the core of the composite plate, suggesting a high degree of impregnation.
For the plate Cr_30%, the average porosity area percentages in layers 1, 3, and 5 were 34.9%
(±2.8), 35.5% (±3.5), and 12.4% (±4.24), respectively. The percentages extracted from the
narrow contours were 33.7% (±2.6), 34.9% (±3.5), and 11.9% (±4.4). The average porosity
levels in layers 1 and 3 of plate Cr_30% were similar, whereas layer 5, which was closest
to the PP-rich bottom zone, had about 11.9% porosity. The bundles in layer 5 showed
significant impregnation but were not fully saturated. For the plate Cr_41%, the average
porosity area percentages in layers 1, 3, and 5 were 24.1% (±5.7), 13.6% (±5.5), and 0.2%
(±0.1), respectively. The percentages extracted from the narrow contours were 21.5% (±6.3),
12.0% (±5.3), and 0.1% (±0.1). Plate Cr_41% displayed a clear trend of a through thickness
impregnation gradient from the bottom to the top layers compared to plate Cr_30%. Layer
5 had a negligible amount of porosity, while a significant increase was observed from layer
5 to layer 3 to layer 1. This observation was confirmed by the qualitative inspection of the
extended field images, where the bundles of plate Cr_41% showed loose fibers towards the
outer surface, indicating the presence of PP dry zones.

4.4. Statistical Significance of the Generated Data: One-Way Anova Test

The purpose of this section is to assess the statistical significance of the obtained data
in detecting the effect of manufacturing configurations on the variation of the degree of
impregnation of 0◦-oriented bundles between layers 1, 3, and 5. For this purpose, a one-way
analysis of variance (ANOVA) at a 95% confidence interval was conducted. The obtained
data, illustrated in Figure 14, were converted into the degree of impregnation of a bundle,
defined by Equation (2), which allows the estimation the saturation of the unfilled spaces
within the fiber bundle cross-section with the PP matrix after the exclusion of the area filled
by single GF filaments.

Degree o f impregnation = 100 × Total Bundle area − GF area − Porosity area
Total Bundle area − GF area

(2)

4.4.1. Hypothesis 1: Consideration of All Fiber Bundles without Any Distinction between
Composite Layers

The null hypothesis for ANOVA considers that no differences among the mean values
of impregnation degrees between the layers from plates Cr_0%, Cr_31%, and Cr_40%.
The decision rule based on ANOVA considers the rejection of the null hypothesis if the
p-value is lower than or equal to the significance level. The significance level is commonly
defined at 0.05 as set in another study by the authors (i.e., meaning that there is a 5%
risk of concluding that there is an effect) [35]. Since the current study is exploratory, a
less stringent level of risk defined at 10% was considered to increase the test’s sensitivity.
Table 3 represents the average degree of impregnation of bundles layer per layer as well as
the manufacturing configurations. The obtained p-values from the one-way ANOVA were
evaluated based on data evaluated from the large and narrow contours. The computed
“p-values” that were obtained were, respectively, 0.053 and 0.0463 for the large and narrow
contours. With consideration of a risk level of 5%, the p-value for the narrow contour
of fiber bundles successfully rejects the null hypothesis. For the case of the large bundle
contour, the p-value, despite being close to the 5% limit, technically fails to reject the null
hypothesis, indicating no conclusive significance of the manufacturing conditions on the
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impregnation of fiber bundles from layers 1, 3, and 5. However, with the increase in the
sensitivity of the test, as due to the limited number of bundles per layer and due to the
variability during the manufacturing of composite materials, the null hypothesis can be
rejected, meaning that the three manufacturing methods have different impregnation effects
on the bundles from layers 1, 3, and 5. This less restricted test limit of 10% can be supported
by the qualitative observations from the bundles, but, on the other hand, it indicates that
there is a need for the testing of the image-based approach with samples manufactured
with a higher level of confidence of control of the manufacturing process, which is an
ongoing target by the authors.

Table 3. One-way ANOVA results for the degree of impregnation of 0◦-oriented fiber bundles across
different manufacturing configurations. The table presents the average degree of impregnation for
each layer, the manufacturing configurations, and the corresponding p-values for both large and
narrow contour data.

Degree of Impregnation (%)

Narrow Contour Large Contour

Manufacturing
Conditions

Layer 1
(%)

Layer 3
(%)

Layer 5
(%)

Layer 1
(%)

Layer 3
(%)

Layer 5
(%)

Cr_0% 90.34 ± 3.46 99.95 ± 0.07 93.23 ± 5.86 92.28 ±3.23 99.95 ±0.06 93.39 ± 5.58

Cr_30% 24.44 ± 6.14 16.66 ± 8.91 70.88 ± 10.10 25.60 ± 6.23 17.08 ± 9.2 71.77 ± 10.38

Cr_41% 50.51 ± 12.28 67.95± 12.50 99.67 ± 0.31 54.32 ± 13.49 71.41 ± 12.31 99.67 ± 0.26

p-value

Hypothesis 1 0.0530 0.0463

Hypothesis 2 0 0 0 0 0 0

4.4.2. Hypothesis 2: Considering the Distinction between Composite Layers

With consideration of a separation between manufacturing conditions and the layers
from which bundles are extracted, the null hypothesis corresponding to the ANOVA
analysis performed separately for each layer posits that there is no significant difference
in the means of the porosity values across the different manufacturing methods (A, B,
and C) for each layer. Specifically, for each layer, the null hypothesis asserts that the
average porosity is the same regardless of the manufacturing method used: For layer 1,
the null hypothesis (H0) states that the mean porosity for the manufacturing conditions
of plate Cr_0% (Method A) equals the mean porosity for the manufacturing conditions of
plate Cr_30% (Method B) and the manufacturing conditions of plate Cr_41% (Method C);
similarly, for layer 2 and layer 3, H0 maintains that the mean porosity for Method A equals
that of Methods B and C. Conversely, the alternative hypothesis for each layer suggests that
at least one of the manufacturing methods has a different mean porosity compared to the
others, indicating a significant effect of the manufacturing method on porosity within each
layer. As indicated from results from the ANOVA analysis in Table 3, all p-values in this
context are equal to zero, meaning a strong rejection of the null hypothesis and confirming
a high variability index on the porosity levels of each layer while changing the process.

5. Assessing Uncertainty in Porosity Quantifications from FM- and
SEM-Based Approaches

To further consolidate the previous results, an evaluation of the degree of uncertainty
was conducted based on a quantitative assessment of the surface area percentage (SAP) of
dry zones (including porosity and unfilled space within the preform) obtained from the
multimodal approach, including (i) FM images from Figure 9, concentration levels 2, 3,
and 4 of the fluorescent agent and (ii) SEM images from Figure 8, pixels corresponding
to GF. In the case of SEM only-based data, only pixels corresponding to unfilled zones
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and epoxy mount, as indicated in the segmentation in Figure 8, were used. Continuing
the previous sections, the analysis was limited to the 0◦-oriented cross-section of the
fiber bundles. The data obtained were added to Figure 14, with the legend modified to
include additional surface area percentages of porosities based on SEM images without
affecting the data. For the Cr_0% sample, the SEM-based quantification of the surface area
percentage (SAP) of porosity (dry zones), as shown in Figure 14a, is higher than dry zones
infiltrated by the fluorescent agent-enriched mount epoxy, according to the multimodal-
based quantification method. Specifically, the average SAP of porosity based on SEM is
approximately 23.4% (±2.3%), while the multimodal-based measurement relying on FM is
about 2.9% (±3.0%). When using a tighter contour of the meshes (in red color in Figure 12f),
the average values for both cases are not significantly different. As observed from Figure 9a
and its corresponding segmented FM image in Figure 9d, there is no significant presence of
high concentrations (levels 2 to 4, from Figure 9d) of the fluorescent agent in layers 1 and
especially layer 3 of the bundle cross-sections oriented at 0◦. This qualitative verification
suggests that the SEM-based quantification may overestimate the surface area percentage of
porosity (dry zones) due to the limited grayscale distinction between PP and epoxy mount
using the BED-C mode, as indicated by the histogram peaks in Figure S4 (for grayscale
levels ranging between 25 and 150). Indeed, the signal drift during SEM acquisitions, while
collecting the 850 tiles in the case of the Cr_0% sample, is associated with local changes
in the gray levels of PP and mounting epoxy between the tiles, making it challenging
for user-assisted Random Forest classifiers to accurately distinguish between PP and
epoxy-rich pixels (check segmentation details B and C in Figure 8d). On the other hand,
as the Cr_0% sample was extracted from a plate manufactured based on an alternated
film stacking according to configuration 1 (Figure 1c), it is expected that PP impregnates
easily the adjacent GF plies. With consideration of all previous observations related to the
Cr_0% sample, the uncertainty level is higher based on the SEM images compared to the
multimodal approach integrating FM-based quantification of the surface area percentage
of porosity based on the trace of infiltrated fluorescent agent under UV light.

For the 0◦-oriented bundles in the plate Cr_30%, the SEM-based surface area percent-
age (SAP) of porosity (dry zones) is approximately of 6.1% (±2.6%). The SAP of porosity
(dry zones) based on the FM quantification approach is around 28.1% (±11.4%), using the
green contour of the GF bundles. In addition, the histogram of grayscale levels for the
macro-scale SEM image of the Cr_30% sample in Figure S4 shows at least four distinctive
peaks for gray levels ranging from 25 to nearly 125. These peaks indicate a significant
gray level drift during the acquisition of the corresponding 348 tiles, making it challenging
to accurately differentiate between PP and epoxy, similar to the Cr_0% case. In contrast,
the FM image in Figure 9b and its corresponding segmented image in Figure 9e show
high concentrations of the fluorescent agent. The FM-based quantification approach of
porosity also demonstrates sensitivity to the degree of impregnation, as seen in the SAP of
porosity (dry zones) in layer 5, which is closest to the PP layer in the plate manufactured
according to configuration 2 (Figure 1c), compared to layers 1 and 3, which are expected
to be less impregnated as they are more distant than layer 5 from the pool of melt PP
during manufacturing.

The SEM-based quantification of SAP of dry zones seems to underestimate the porosity
level in the 0◦-oriented bundles. The Random Forest classifier appears to overestimate the
pixels corresponding to PP compared to those corresponding to the epoxy used as a resin
mount, especially in layers 1 and 3, with no significant change in SAP between bundles
extracted from layers 3 and 5, as shown in Figure 14b. For bundles corresponding to layer
5 from the Cr_30% sample, the average SAP of porosity from SEM-based quantification is
about 3.9% (±0.9%), while the SAP based on the FM approach is approximately of 12.4%
(±4.24%). This suggests that, for 0◦-oriented bundles with a relatively high impregnation
level, notably layer 5, the FM quantification approach provides roughly a one order of
magnitude greater accuracy compared to solely using SEM. For 0◦-oriented bundles with
limited impregnation levels, such as in layers 3 and 1, the risk of underestimation of
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the SAP of porosity when relying only on SEM images is around 20%. This estimation
considers the mean SAP for layers 1 and 3 in the Cr_30% case, which are of 7.1% and 35.2%,
respectively. When compared to relatively high impregnation bundles extracted from the
Cr_0% sample, SEM seems to have about 807% overestimation of porosity levels compared
to the FM-based approach. These estimations highlight the sensitivity of SEM acquisitions
and the difficulties related to pixel classifications, especially for PP and epoxy based on the
BED-C mode. This issue requires further investigation into correcting the signal brightness
of collected SEM tiles and quantifying the error propagation due to acquisition artefacts to
assess the uncertainty level of segmenting PP and epoxy in the context of epoxy-based resin
mounts frequently used in microstructure characterizations of thermoplastic composite
materials. These suggested investigations were considered to be outside the scope of the
current study.

In the case of fiber bundles in sample Cr_41%, Figure 14c indicates less disparity in the
SAP of porosity (dry zones) compared to samples Cr_0% and Cr_30%. These observations
align with the assumptions made about layer 5 of the Cr_30% sample. Specifically, for
the Cr_41% sample, the SAP of porosity based on SEM images for layers 5, 3, and 1 were
5.3% (±2.5%), 5.2% (±1.5%), and 12.9% (±1.3%), respectively, compared to 0.2% (±0.13%),
13.6% (±5.5%), and 24.1% (±5.7%) based on the FM-based approach. These values indicate
an underestimation of porosity levels of 38.2% for layer 3 and 53.5% for layer 1 based
only on the SEM image. The uncertainty levels for layers 1 and 3 seem consistent with
layer 5 of the Cr_30% sample. However, for layer 5 of the Cr_41% sample, there is an
overestimation level of 2650% of SEM-based SAP of porosity compared to the FM-based
approach. This observation is in the context of the high impregnation level of layer 5 for
the sample Cr_41%; thus, FM can also be considered to underestimate the SAP of porosity
(dry zones) due to the limited infiltration of the fluorescent agent-enriched epoxy mount
and the consideration of fluorescence concentration levels higher that level 2, as indicated
by the scale of concentration levels provided in Figure 9. This overestimation of porosity
by SEM compared to the FM-based approach aligns with the Cr_0% sample, where most
layers are expected to be well impregnated. The case of layer 5 in the Cr_41% sample
indicates that the multimodal approach associating FM and SEM techniques can be reliable
for quantifying the SAP of porosity in partially impregnated bundles; however, more
precautions are required, especially in the case of fully impregnated bundles.

6. Conclusions

This study highlighted the potential of combining multimodal and extended-field
imaging, principally integrating PLM, SEM, and FM techniques, for inspecting the surface
quality after mechanical polishing and for assessing the degree of impregnation at the
meso-scale of 0◦-oriented bundles of glass fibers. The multimodal approach focused on FM
and SEM extended-field images, providing a robust characterization of fiber bundles based
on SEM images quantifying single fibers and area fractions of GF, and porosity based on the
FM extended-field analysis of the concentration levels of the fluorescence-enriched epoxy
resin mount. The methodology involved detailed experimental workflows for surface
preparation to minimize defects during the mechanical polishing of partially impregnated
polymer matrix composites. Two-scale post-processing workflows of multimodal images
were developed, including image alignment and pixel classification techniques at the macro-
scale, ensuring precise quantitative analyses at the meso-scale of fiber bundles oriented
perpendicularly to the polishing plane (0◦-oriented bundles). Bundle contours at the meso-
scale were objectively identified based on normalized distance maps following the object
classification of single glass fibers. Large and narrow contours were defined, with the
large contour encompassing all single glass fibers and the narrow contour including only
single fibers with a normalized distance to their nearest neighbors lower than 0.4 to exclude
isolated single fibers detached from the bundles. The image post-processing workflow at
the meso-scale was comprehensively evaluated to assess the number of single GF filaments
per bundle, the area fractions of glass fibers (GFs), and porosity in 0◦-oriented fiber bundles
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across three manufacturing configurations. Analyses utilizing pixel classifications of SEM
images, followed by an automated object classification procedure, revealed that full-scale
extended-field images at the considered resolutions indicated an average of 4038 single
filaments per bundle, with a standard deviation of 63, indicating that most data points fell
within the 95% confidence interval. The GF area fractions indicated consistent impregnation
levels for the film stacking sample, with percentages ranging between 44.8% and 47.4%,
indicating fewer GF fractures. Higher GF area fractions were observed in samples Cr_30%
and Cr_41%, suggesting less significant impregnation levels by the simplified-CRTM
manufacturing process with changing compaction ratios, but the levels were, respectively,
around 53.7% and 57.3%, indicating relatively controlled single fiber damage following
the four-step surface preparation protocol. Porosity area fractions were minimal in the
film stacking sample, whereas higher levels were detected in Cr_30% and Cr_41%, with
distinctive impregnation gradients noticed between layers 1, 3, and 5 in Cr_41%, reflecting
more representative through thickness flow impregnation. The statistical analysis using a
one-way ANOVA confirmed significant differences in impregnation degrees across different
manufacturing configurations, particularly at a 10% risk level. Furthermore, the separate
layer analysis demonstrated significant variability in porosity levels due to manufacturing
conditions, with all p-values being zero. Overall, the findings underscore the significant
impact of multimodal imaging for the quantitative analysis of the degree of impregnation
and porosity within fiber bundles. Regarding manufacturing configurations, the statistical
results from the current study and the datasets of fiber bundles indicate the need for
more precise control in the manufacturing process to achieve more consistent process-
related correlations. Additionally, the efficacy of multimodal imaging as a powerful tool for
detailed inspection and quality control in composite material production was demonstrated.
Its implementation could lead to a better understanding and optimization of compression
molding and CRTM manufacturing processes, which constitute an active research area for
the authors. The current study also generated a significant dataset of multimodal images
of 0◦-oriented fiber bundles, which opens the door to interdisciplinary topics related to
machine learning-based image post-processing approaches in the context of thermoplastic
matrix composites.
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