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ABSTRACT

Luffa Cylindrica (LC) is the dried fruit of a sponge-type plant belonging to Curcu-
bitacea family. Recent advancements in hierarchical and lightweight structures have
aroused interest in this natural fibrous material for illustrating an extraordinary multi-
porous architecture of high anisotropy and low density. To the extent of its biodegrad-
able nature, such a structure is potentially apt to replace conventional porous-like
composites for low-energy absorbing and material reinforcing applications. In or-
der to investigate its candidacy as a long-term sustainable reinforcement, a LC layer
is impregnated with an epoxy resin (ER) system and subjected to tensile creep tests
within the linear viscoelastic regime. Specimens loaded with 30% weight fraction of
LC fibers are tested at four stress levels corresponding to 5%, 8%, 10% and 15% of the
static tensile strength �u of the composite. The viscoelastic response of the LC/ER
composite is found improved with respect to that of the pure polymer. This improve-
ment is reflected to the creep strain and compliance that decreased by 30%. The creep
results are subsequently probed by means of the four–parameter (Burger) analytical
model to gain insight on the viscoelastic behavior.

1. Introduction

Natural fiber composites (NFCs) are recently acclaimed for long-term sustainable industrialization po-

tentials [39, 36, 9, 49]. With global warming effects lie in wait, this interest meets the needs of our times

and lies in the natural reinforcements; a renewable, recyclable and earth-abundant source of material. Natu-

ral fillers satisfy environmental durability for attaining biomass biodegradability, ability to combust without

producing harmful gases or solid residues, and energy recovery. In addition to their superior environmental

performance [5, 76], their low density and low cost are apt to introduce them as a strong alternative for the

industries associated with the composite materials [77, 61, 78, 38, 35, 48, 50, 42]. NFCs show adequate

engineering performance, while meeting the requirements of structural applications such as decks, interior
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panels, railing and automotive components [26, 36, 19, 33, 40, 54]. To this end, the investigation for novel

natural materials as potential reinforcements for long-term performance is claimed crucial.

A newly known natural reinforcement is Luffa Cylindrica (LC), the dried fruit of a sponge-type plant be-

longing to Curcubitacea family. Common sponges vary in length from 15 cm to 60 cm, while their molecular

composition consists of cellulose (60%), semi-cellulose (30%) and lignin (10%) [73, 30, 46]. The fruit holds

a cylindrical shape of continuous fibers joined in a polyporous lattice complex architecture; see Figs.1a-e.

Such a structure comprises a vascular interlaced system of random micro-truss networks of extremely high

porosity (79-93%) [11, 12, 80, 17]. Albeit growing in different directions, the fibrous system exhibits domi-

nant patterns: fibers grow in the longitudinal direction on the inner surface, in the circumferential direction

on the outer surface, and in the radial direction within the core region; see Figs.1b,c,d.

LC sponge has all features of a typical biological product: abundance in nature, low cost, low weight,

non-toxicity, physical and chemical stability during life expectancy, biodegradability after disposal in com-

posting conditions. Such features make the material a sustainable environmental product that suggests an

alternative to the scarcity of material resources. Albeit biological, LC reveals significant mechanical and

energy storage properties [68, 29, 69], absorbing sound and shock waves; see applications in helmets and

automobiles [75, 20]. Nevertheless, the application fields for LC are still limited, noting the major ones:

textile industry, biotechnology and environmental engineering; see [44]. As a sponge, LC is worldwide

spread as a scrubber for skin care. As a biomaterial [25, 63], it is suggested as a plant cell immobilization

carrier and a drug-controlled release (delivery) system in wound dressing and wound healing [59, 62, 43].

Further research has indicated its candidacy as packaging biodegradable material [51], as removal adsorbent

of toxic products (e.g., synthetic phenols, dyes) from aqueous solutions [22] and heavy metals (Cu2+) from

industrial waters [45], as biofuel with low CO2 emissions [6], and as car filter for diesel and steam engines

[32]. In material applications, bio-nano-composites of cellulose crystals, subsequent to acid hydrolysis of

LC fibers, have started gaining traction for their thermal and mechanical properties [71, 28].

In structural applications, LC is apt to be used as an effective reinforcement for lightweight composites,

given its multi-porous and light structure [12, 31, 64, 18]. However, the use of the material is constrained by

the deficient data on its engineering properties. Little study has been carried out on its mechanical response,

comprising a static characterization of LC as reinforcing material for polymers by Papanicolaou et al. [60].

More specifically, several Luffa Cylindrica/Epoxy Resin (LC/ER) systems were prepared and subjected to
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Figure 1: LC column fiber polyporous network morphology and structure: (a) Random macropore layer from
the middle of the column wall; (b) The inner layer with fibers oriented along the longitudinal axis of the cylinder
(c) Glocal view and geometrical features; (d) The radial core layer; (e) The radial core layer incorporated to the
inner layer through compression, after cylinder-to-lamina shape transformation.

tensile tests, subsequent to scanning-electron microscopy (SEM) observations. The applied fabrication opti-

mization process (i.e., chemical treatment, ply lay-up number and orientation, fiber-weight fraction, pressure

conditions at curing) led to a considerable improvement of the elastic response up to 48%.

Natural fibres have generally poor interfacial adhesion with epoxy systems and chemical treatment is

required. To this end, different surface treatments were tested by the authors [60], such as acetone and acidic

solutions in acetone, alkali with peroxidation, acetylation and mercerization techniques. The solution of

Acetone/CH3COOH 1% was found to increase the static behavior of the composite by 30%. That first study

has revealed that LC fibers present a reasonable static performance, meeting the requirements of modern

applications upon the “green” reinforcement of epoxy systems [67, 66, 34, 79, 74]. However, a research gap

has been noticed to exist on the long-term sustainability data, where a first comprehension of LC durability

is yet to be achieved; save for [27].

To this end, static characterization cannot be claimed sufficient in terms of long-term performance under

moisture effects, alkaline interactions, fatigue, creep and physical degradation [8, 48, 17]. To slightly fill

the research gap on the sustainability data of polymer-based NFCs, we provide a viscoelastic (creep) char-

acterization of an epoxy impregnated LC system. Creep is the progressive deformation of a material under

constant load (stress). It is attributed to the coupling of elastic deformation and viscous flow and it is one of

the first parameters to be considered when designing polymer-based composites [65, 1]. This owes to a slow
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failure mechanism that may occur to a material exposed for a prolonged period to a load below its elastic

limit. In the tensile creep, the material elongates in the direction of the applied load. At ambient tempera-

ture, such a deformation can be very low for metals and ceramics and, thus, not important. However, even at

room temperature, the effect of creep in polymeric structural components is significant. In conjunction with

the environmental conditions effects, their ultra-sensitive time-dependency is known to be a non-beneficial

factor to their performance [14]. To this extent, the creep behavior of polymers has been largely explored,

yet there is this gap on the time-dependent contribution of natural fibers to polymer-based composites; see

[56].

To investigate the LC candidacy as a durable engineeringmaterial, the present work treats the viscoelastic

experimental characterization of our lately designed semi-green LC/ER composite material. A single ply LC

is impregnated with a resin system and subjected to tensile creep and recovery tests. The structural pattern of

LC is exploited to create unidirectional (UDI) long-fiber specimens. We note that the present study comprises

a follow-up of our publication on the structural and mechanical characterization of the LC/ER composite

[60]. The interested reader in the mechanical design of the composite can refer to our primary work, where

the mechanical (static) performance of LC/ER is investigated under different fabrication conditions. Here,

the LC/ER composite tested under creep is that manifesting the highest mechanical properties, i.e., among

samples of different fiber concentrations, orientations and distributions, as shown in our parametric study. In

section 2, we present the structure of thematerial system, the fabricationmethod of the LC/ER composite and

the experimental process. We note that the creep tests have been performed within the linear viscoelastic

regime for 30% fiber-weight fraction specimens and under four stress levels (5%, 8%, 10% and 15% of

the tensile strength of the LC/ER composite). In section 3, theoretical estimates for material parameter

identification are employed to determine the viscoelastic behavior of the system at hand. Here, we give

rise to the four–parameter (Burger) model for being more representational of the polymer behavior than

other lower–order models. In section 4, the experimental results are presented and probed by means of the

four–parameter model to gain insight into the viscoelastic response.
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2. Material and methods

2.1. Materials

The matrix material of the composite is the epoxy resin system under the commercial designation Ren-

Lam CY 219, Huntsman Co., Switzerland. The hardener used is the Ren HY 5161, Huntsman Co.

The LC sponges were supplied by Ningbo Kanger Greenness Consumer Co., Ltd, Ningbo, China and

received in the form of dry compact layers (plies) with long continuous fibers oriented in parallel with the

longitudinal direction of the layer; see Figs.2a,b. The dimensions of such plies were 200 x 130 (±10) x

2 (±0.2) mm3. The struts within a LC layer were defined by a micro-cellular architecture of continuous

hollow micro-channels (pores with diameter of 1–4 mm) that form vascular bundles and yield a multimodal

pore system; see Figs.1a-e,2e. Within each layer, fibrils interlace with each other forming micro-trusses,

retaining though the dominant scale-up orientation, e.g., Figs.1d,2b. The material structure within lamina

is quite complex, especially after taking into account the regions where fibers grow in orientations different

from the principal ones; also see Fig.2a. Such different orientations are attributed to the processing method,

transforming the material from cylinder to lamina. The transformation requires a longitudinal section at

the circumference of the cylinder and throughout its wall thickness. Subsequently, the developed layer is

subjected to compression along the thickness, leading to the integration of the damaged core fibers into

the new main in-plane body. To this end, this is how the randomly oriented regions of fibers are formed,

interconnected with each other in various directions (note that two dominant directions of [±45]T can be

observed nevertheless).

2.2. Sample preparation

2.2.1. Fabrication of pure epoxy resin specimens

Following a first heating up to 50◦C for 2 min to decrease its viscosity, the resin pre-polymer was mixed

with the hardener at a weight ratio 2:1. After being thoroughly stirred for 5 min, the mixture was degassed

into a vacuum chamber for 7 min and then poured into a rectangular metallic mold. The mold was previously

cleaned, polished and joined together with screws. It also comprised six casting positions for specimens,

each one dimensioned as 165 x 20 x 2 mm. After assembling the mold to enclose the polymer mixture,

the material was subjected to the optimal thermal processing studied in Papanicolaou et al. [60]. Such a

processing calls for a mechanically applied pressure of 4.6 kPa at 50◦C for 24h, with a 5◦C h−1 rate of

temperature rise (drop) from (to) ambient. In this way, the complete polymerization of the matrix material
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Figure 2: (a) Supplied LC ply sample; (b) Region of the LC ply with interfiber pores experimentally exploited;
(c) Schema of fabrication setup; (d) A single UDI long-fiber LC ply impregnated epoxy resin (LC/ER) and a
pure epoxy resin (ER) rectangular tensile creep specimen; (e) Continuous hollow micro-channels forming the pore
system; (f) Scanning electron photomicrograph of a single ply LC/ER. Transverse fracture section, cross-section
profiles of brittle damaged LC fibers (x30); (g) Optical microscopy observation of the LC/ER specimen section.

was achieved while the properties of the final product did not exhibit storage-dependence. The six creep

test specimens were removed from the relevant six casting mold positions. Each specimen had dimensions

165 x 20 x 2 (±0.2) mm3. The fabrication of the neat resin specimens was used as reference to have the

prospective LC reinforcing value revealed in the next stage; see Fig.2d.

2.2.2. Fabrication of LC epoxy composite specimens

The metallic mold surfaces were carefully washed, dried and lightly waxed. The mold was subsequently

joined together with screws. Six LC specimens were cut out from the raw LC plies in dimensions 165 x 20

x 2 (±0.2) (mm), strictly taken from the regions of the plies where the reinforcing fibers are in parallel; see
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Figs.2a,b,d. The specimens prepared from the sheet were cut in the same direction. The resin pre-polymer

was weighed out and catalyzed at a weight ratio 2:1. After stirring for 5 min, the mixture was degassed into

a vacuum chamber for 7 min. As depicted in Fig.2c, a thin film of stirred mixture was applied at the bottom

of the six casting positions. Six LC plies were then impregnated with resin and placed within the six casting

positions. If needed, the upper surfaces of the single LC ply specimens were additionally filled with resin.

Next, the system was subjected to the same 24h thermal/pressure processing of the pure polymer specimens

described above (see paragraph 2.2.1). Preconditioning of the specimens prior to testing was considered

for at least 48h. Since the properties can be affected by moisture, the specimens were kept in dry sealed

environments. Each specimen measured 165 x 20 x 2.2 (±0.2) mm3. The reinforcement weight fraction at

30% was calculated asWf = (raw LC ply mass / composite LC/ER specimen mass) x 100 (%).

Based on ASTM D2990–01 [2], the surface finish is a parameter to be considered, and the specimens

should be smooth and scratch free. A slight smoothing on the transverse surfaces of the specimens (where

cut LC fibers can be scratchy) was done where needed, to avoid the development of edge stresses during

the creep test. Optical images by means of LEICA MZ 16 stereomicroscope were then employed to review

the roughness of the sectional areas; see Fig.2g. Observations with a JSM 6610 LV Scanning Electron

Microscope (SEM) of several cross–sections, perpendicular to the longitudinal axis of the fibers, showed an

adequate adhesion between the fibers and the polymeric matrix; see Fig.2f.

2.3. Setup and experiment

Different creep-recovery tests are conducted at stress levels percentage of the ultimate tensile strength

of the material estimated from tensile tests. An experimental static stress-strain curve of these tests is useful

and thus presented in Fig.3.

The creep test measures the dimensional changes of a specimen versus time under constant static load.

At a constant temperature, a constant load is applied to the specimen under a selected loading configuration,

such as tension, and the deformation is measured as a function of time. Here, tensile on-axis creep tests were

performed within the linear viscoelastic regime of a) three pure epoxy resin (ER) specimens and b) three

30% fiber-weight fraction LC/ER specimens. The tests were carried out under four stress levels of �0 =

5%, 8%, 10% and 15% of the tensile strength �u(= 64 MPa) of the LC/ER composite material. The tensile

strength was previously measured by means of an INSTRON machine, following ASTM D638–03 [3] for

the resin and ASTM D3039 [4] for the composite. It is noted that based on ASTM D2990–01 [2], in creep
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Material: LC/ER_[0]_4.6kPa

Spec: 2

Young's Modulus: 3.517 GPa

Ultimate strength: 59.59 MPa

Strain at u: 3.58%

Figure 3: Experimental static test stress–strain curve of the LC/ER composite material.

testing at a single temperature, the minimum number of test specimens needed at each stress level should be

three if fewer than four levels of stress are used. The specimens measured 165 x 20 x 2.2 (±0.2) mm3, with

a gauge length at 104 mm over the 165 mm of total length.

The viscoelastic characterization was carried out at a lever-armed tensile creep test machine. The initial

tensile load was applied by the simple method of adding (suspending) weights to (from) the specimen. The

full load was being smoothly applied to the specimen in less than 5s. The lever system was designed so that

the load was kept fixed, as the lever arm was moving during the test. The ratio of the applied to the desired

load was 1:4. The grips permitted the centering of the specimen prior to load application. Each test involved

a 3h tensile creep loading, followed by a 3h recovery stage. The timing started at the loading onset. Upon

completion of the creep stage, the load was removed rapidly and smoothly.

The extension (vertical displacement) was measured directly on the specimen by means of a Linear Vari-

able Differential Transformer (LVDT) sensor, supplied by RDP Electronics, with 975 mV mm−1 sensibility.

The extensometer was sensitive since the actual amount of deformation before failure was on the order of

only two or three per cent. An A/D converter of the National Instruments CO was employed for the data

acquisition, automatically recording displacement versus time through the LabVIEW v.60 interface. The

results were then plotted on a graph of strain versus time. The measured creep strain �(t), which is the total
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strain at a time t produced by the applied stress during the test, was evaluated as

�(t) =
V0 − V (t)
S N

, (1)

where V0 in V the initial indication of the sensor, V (t) in V the continuous–time signal values, S in V mm−1

the sensibility of the sensor and N in mm the span length of the specimen. Under constant conditions, the

creep strain occurs as the response to the initial stress �0, which is the ratio of the applied force to the initial

cross–sectional area and writes �0 =
a m
A

, with a = 38.465 (N kg−1) the mass to load conversion coefficient,

m in kg the mass of the static load, andA = 20 x 3 = 60 mm2 the area of the rectangular cross–section. For a

linear viscoelastic behavior, the creep Compliance, C(t), is a time-dependent function relating the developed

creep strain �(t) to the initial applied stress �0 and simply writes C(t) = �(t)
�0

.

3. Theoretical analysis

3.1. Parameter estimation of the four–parameter viscoelastic (Burger) model

The linear viscoelastic behavior of a material can be represented by means of simple elements. An

ideally linear elastic solid is modeled by a spring, while an ideal Newtonian fluid viscous behavior can be

modeled by a dashpot. On the topic of creep behavior, there have been various models eligible in both

interpreting and predicting the time-dependent response of materials. Such models comprise combinations

of spring/dashpot elements. The springs represent the instantaneously recoverable elastic response, while

the dashpots give rise to a viscous drag. Highly elaborated models are mostly used for soil rheological

behavior predictive purposes and thus, propose higher–order systems of five to seven parameters. A simpler

but effective for polymer behavior model is the four–parameter (Burger) model, including a Maxwell model

(spring and dashpot in series) connected in series with a Kelvin/Voigt model (spring and dashpot in parallel).

We note that such a model is applicable assuming linear viscoelasticity.

In the four–parameter model, we consider two springsF (R1), F (R2) of stiffnessR1,R2 and two dashpots

D(n1),D(n2) of Newtonian viscosity n1 and n2 respectively; see Fig.4a. We also consider the deformation �1

corresponding to the spring with constant R1, the deformation �2 corresponding to the viscous damping n1

and the deformation �3 corresponding to the Voigt mechanical analog (damping n2 and springR2 in parallel).

The elements F (R1) and D(n1) are in series to serve as elements of the Maxwell model. Because of the

way they are connected (in series), these two elements undergo the same stress but different strains, �1 and �2
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Luffa Cylindrica/Epoxy resin creep response

a b

t0 t1 t

Figure 4: (a) Schema of the rheological four–parameter model. (b) Indicative creep curve for the identification
of �, �, OA and AA’ parameters.

respectively, see Fig.4a. The different strains at a given time t are attributed to the constitutive nature of each

element: a spring deforms instantaneously, contrary to a dashpot which needs time to deform. The elements

F (R2) andD(n2) are in parallel for being the elements of the Voigt model. These two elements manifest the

same strain �3 but different stresses, Fig.4a. This is because their mode of connection (in parallel) forces them

to deform together (isostrain condition), and under a time-dependence due to the way the dashpot functions.

To this end, the stress-strain relation of the Maxwell model writes � = R1�1 = n1 ̇�2, while that of the

Kelvin/Voigt model writes � = R2�3 + n2 ̇�3.1 Eliminating �1, �2, and �3 while applying Laplace transform,

one obtains the constitutive law of the four–parameter model in terms of the total stress and strain

� +
(

n1
R1

+
n1
R2

+
n2
R2

)

�̇ +
n1n2
R1R2

�̈ = n1�̇ +
n1n2
R2

�̈. (2)

Solving eq.2, for � = �0 = const., we obtain the creep strain

�(t) =
�0
R1

+
�0
n1

t +
�0
R2

(

1 − exp
(

−R2t
n2

))

. (3)

From eq.3, we observe that the creep behavior of the four–parameter model is simply the sum of theMaxwell
1The “over-dot” Newton notation ẏ denotes the time derivative of y, where y is a function of t. Similarly, the second derivative

of a function y of t is represented using double “over-dot” notation, ÿ.
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and the Voigt analog behaviors. In the right member of the relation, the first two terms express the instan-

taneous elastic deformation of the spring R1 and the viscous flow of the damper n1 of the Maxwell model,

respectively. The third term expresses the delayed elastic behavior of the Voigt model.

The model can represent both loading and unloading behavior of a viscoelastic body. If the creep stress

is removed at time t = t1, one can assume that a constant stress −�0 is added to the system. According to

the principle of Boltzmann superposition, the recovery strain �(t) for t > t1 is the sum of the creep strain

�(t < t1) and the strain at load removal �(t1), i.e., the sum of the two independent actions. To this end, the

recovery strain can be easily retrieved

�(t) =
�0
n1

t1 +
�0
R2

(

exp
(

R2t1
n2

)

− 1
)

exp
(

−R2t
n2

)

, t > t1. (4)

Differentiating eq.3 with respect to time t, the creep rate of the viscoelastic material writes

�̇(t) =
�0
n1

+
�0
n2

exp
(

−R2t
n2

)

. (5)

In practice, four randomly selected experimental data points are required for achieving the optimal solution.

As illustrated in Fig.4b, one can identify the model parametersR1, R2, n1, n2 after estimating the geometrical

features �, �, OA, AA′ from an experimental creep curve, such as

�̇(0+) =
(

1
n1

+ 1
n2

)

�0 = tan(�) (6a)

�̇(∞) =
�0
n1

= tan(�) (6b)

OA = �1 =
�0
R1

(6c)
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AA′ =
�0
R2
. (6d)

The stiffness R1 of the spring element F (R1) is obtained from the instantaneous strain �1 when a creep

load is applied; see eq.6c. Related to the irreversible component of the viscoelastic deformation, the dashpot

constant n1 is obtained from the slope (equivalent to strain �2) in the steady state regime of the curve; see

eq.6b. Similarly, related to the reversible component of the viscoelastic deformation, the stiffness constant

R2 is estimated from the delayed deformation �3((t0) = AA′− �2(t0)) by use of eq.6d. Reflecting the viscous

reversible deformation in the regime where the delayed elasticity dominates, the dashpot coefficient n2 is

found with substitution of a data point of the creep curve (see eq.6a) into eq.5.

In Section 4.2, we will demonstrate the efficacy of the four–parameter model in predicting the response

of viscoelastic NFCs, validated with the aid of our LC/ER single ply 30 wt% case study. A trial-and-error

schemewill be employed to identify themodel parameters. Once the parameters are known, a straightforward

analysis can predict the system response.

4. Results and Discussion

4.1. Experimental behavior of LC epoxy composite vs. pure epoxy system

Four different low value stress levels �0, as compared to the tensile strength of the composite �u(= 64

MPa), were selected for loading the tensile creep specimens, i.e., �0 ≤ 0.15�u, to reserve a linear viscoelastic

response at room temperature. As seen in Figs.5a-d, the strain at time t = 0+ occurs instantaneously upon

application of the load.2 Although this strain is elastic and thus simply proportional to the applied stress, it

is important for being a considerable fraction of the allowable total strain. Therefore, it should be included

in all calculations, especially in those for the creep modulus.

In Fig.5a, for a stress level at 3.2 MPa corresponding to 5%�u, a 27.11% decrease of the respective

pure polymer creep strain is achieved. Such a favorable restriction of the creep phenomenon is attributed

to the LC fibers, whose less ductile behavior leads to an overall restraint of deformation for the composite.

In other words, the presence of rigid LC fibres increases creep resistance by hindering the mobility of the

polymer network. In Fig.5b, under a stress level of 5.1MPa corresponding to 8%�u, another drop of the creep
2For time t = 0−, the applied stress is zero. For time t = 0+, the stress jumps to a non-zero value.
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Figure 5: Tensile creep strain results for the pure resin ER and the LC/ER composite material at 25◦C and stress
level (a) �0 = 0.05�u; (b) �0 = 0.08�u; (c) �0 = 0.1�u; (d) �0 = 0.15�u, with �u the tensile strength of the
LC/ER composite. The strain is plotted versus a log time axis.

strain response by 30.61% is achieved. Likewise, in Fig.5c and under a stress of 6.4 MPa corresponding to

10%�u, a creep strain reduction by 32.91% is attained. Eventually, in Fig.5d, under a stress level of 9.6 MPa

corresponding to 15%�u, a nearly identical drop of 32.38% is obtained. It is noted that at each stress level,

the presented percent changes in strain correspond to the arithmetic means of the experimental data points

along loading, excluding the recovery part of the curves. The decrease by less than 1% of the creep percent

change (or creep resistance) from the test level of 10%�u to that of 15%�u is shown to be attributed to the

very first part of the creep curve that is susceptible to inertia phenomena; see neighborhood close to the
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instant of loading imposition, t= 0+, in Fig.5d. Such phenomena grow stronger with applying stress loading

and may slightly perturb the initial slope of the curve [7],[41].

For better illustration, the creep strain behavior is shown in Figs.6a,b at a longer time t = 10000 s.

In Fig.6a, the creep strain is presented versus the applied stress level for both pure resin (ER) and LC/ER

composite. Here, we show the tendency of the creep response to linearly increase with applying stress.

Similarly, the creep strain reduction, which simply writes the difference between ER and LC/ER strain, is

shown to increase with applying stress in Fig.6b. This implies that the greater the applied load, the greater the

effect of the LC fibers to restrain creep. Considering this creep restraint in percent change (i.e., resistance)

in Fig.6b, the creep resistance reads 24.82%, 28.33%, 30.66% and 30.9% under a stress level of 5%, 8%,

10% and 15%�u, respectively. Thus, at longer times, the resistance increases with applying stress, though

under a decreasing rate within the tested range of stresses �0 > 0.1�u, probably due to the introduction of

stronger inertia phenomena at the instantaneous loading onset versus increasing stress level [7],[41] (but see

also result interpretation in Section 4.2).

Another reason for such a behavior at applied stress �0 > 0.1�u could be the introduction of inelastic

deformations if the applied load �0 was close to the yield limit [37]. Then, one could capture apparent drops

of creep strain, as the real strains would be underestimated due to plastic effects [55]. However, the static load

a b

LC/ER

ER

Figure 6: Tensile creep results against the normalized applied stress at 25◦C and time t = 10000 s. (a) Creep
strain for both pure resin ER and LC/ER composite. Standard deviation of measurements among three specimens
is included in the experimental data points; (b) Creep strain reduction and creep resistance (i.e., the creep restraint
in percent change) due to the LC reinforcement.
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is far below the yield stress (see Fig.3) and, thus, one cannot claim that inelastic deformations have begun

to act. The micro-mechanics of the composite structure [10] to restrain the viscoelastic/plastic response are

presented just below. A further insight on this point will be provided by means of the viscoelastic modeling

in Section 4.2.

As it is challenging to find data on LC creep response, a comparison with similar studies on other natural

fibre polymer composites gives a tangible sense of the results obtained. We should note that comparisons

are not direct though, due to differences in experimental conditions. Creep data at 20◦C of pure polypropene

(PP) and 26 wt% woodflour/PP composite report a reduction in the creep strain of woodflour/PP by about

10% compared to pure PP [53]. Another study [47] at 20% static loading level reports a creep reduction by

about 18% for 30 wt% woodflour/PPcomposite. Flexural creep tests at a stress level of 5 MPa and 25◦C of

pure unsaturated polyester (UPE) and 10 vt% (corresponding to two reinforcing plies) hemp/UPE composites

report a reduced creep strain by about 47% for the composite [23]. Injection-moulded 30 wt% short basalt

fibre reinforced polylactic acid (PLA) composites showed a creep strain reduction by 24% compared to pure

PLA, at 20% static loading level [72]. At 50◦C, 25 wt% jute/PP composite showed a reduction by about 30%

for 1MPa constant stress [15]. We note that jute fibers are known to have much higher mechanical properties

than LC fibers [58, 60], same for the sisal [58, 60]. The creep strain of 30 wt% sisal fibre reinforced PCL-

starch composite is about 75% reduced compared to pure PCL-starch, for 5 MPa stress level and 28◦C [21].

To gain some insight on the physical mechanism of creep restriction, the composite material can be

treated as a network of chains bridged by cross-linked junctions. In a meso-scale level, this network is

interpreted as awhole ofmeso-regionswith arbitrary shapes and sizes. In relation to the theory of cooperative

relaxation [10], the viscoelastic behavior owes to the rearrangement of meso-domains that occurs at random

times when the regions are thermally activated. Referring to the creep behavior, polymer fiber composites

can exhibit substantial creep resistance due to the restricted motion of meso-regions, derived by the presence

of the fibers and the consequent creation of new adhesive bonds. These bonds depend, in turn, on the quality

of the interface between the fibers and the polymeric matrix [24]. The optimized fabrication illustrated in

Papanicolaou et al. [60] assures an adequately strong interfacial bonding, so that the loads can be transferred

from the matrix to the fibers. To this end, the fibers manage to increase the resistance to cooperative chain

segmental mobility of the polymeric chains and stiffen the matrix.

We note that no significant debonding has taken place for small times, t ≤ 40s in Figs.5a-d. If that was the
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Figure 7: Tensile creep compliance curves for different stress levels at 25◦C corresponding to (a) the pure resin
ER and (b) LC/ER composite. Confirmation of linear viscoelasticity.

case, one could only see the resin properties prevail (at t = 0+, the elastic jump of the LC/ER curves would

not deviate by more than 2% from that of the pure ER polymer in Figs.5a-d [70, 57]) and other failure features

would appear, e.g., long pullout lengths, neat fiber beads, etc [13]. We also note that the creep at low stress in

LC fibres direction was perceivable without optically detecting damage. For porous viscoplastic materials,

the damage evolution is related to the progressive debonding of the fillers and the consequent propagation

of microvoids [81, 16, 70]. To estimate the macroscopic viscoplastic behavior, homogenization schemes

are employed, usually under the assumption that the debonded inclusions are regarded as microvoids upon

partial separation from the matrix [16, 70]. Within this framework, porous materials, such as geomaterials

containing pores and rigid inclusions, e.g., claystones, have been reported to manifest debonding for times

t < 3s [16] and macroscopic strains � ≈ 0.01 − 0.02 [16, 70], depending on the stress level, the size and

morphology of the fillers.

To better explain debonding in monotonic loadings, strain is accumulated around the voids and defects

that are randomly distributed into the volume of the deformed body. The total evolved deformation is dis-

tributed inhomogeneously around these regions, depending on the topological nature of each defect. When

the distributed elastic energy (associated with this strain) of each such region reaches a critical value, an

irreversible transition takes place and induces plastic deformation [52]. In the LC/ER composites though,

the natural fibers are adequately adhered to the matrix due to fabrication under optimized pressure and thus,
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they reduce the irreversible plastic transitions.

When being in the linear viscoelastic regime, the successive compliance moduli versus time for different

stresses should superimpose upon each other; see verification in Figs.7a,b for both pure resin (ER) and LC/ER

composite. The physical context of the creep compliance decrease is related to the rise of the material’s

difficulty to deform. Treating creep in terms of the linear viscoelastic behavior, we also present the creep

test data given in Figs.5a-d manipulated by cutting sections through the creep curves at constant times and

plotting the stress as a function of strain, so as to be displayed as short-term stress-strain curves. These

manipulated creep curves are called isochronous curves, while their slope is defined as the creep modulus

Ecreep. It should be mentioned that if isochronous are linear this is a clear indication that the viscoelastic

behavior of the materials tested is a linear viscoelastic one.

In Fig.8a, the applied stress is plotted against the developed creep strain for the LC reinforced epoxy

systems, at times t = 0, 2500, 5000, 7500 s. Apart from illustrating the viscoelastic response of our ma-

terials, the isochronous plots can also serve to interpolate non-experimental data. In Fig.8b, the slopes of

the isochronous curves are plotted versus time for the pure epoxy and the LC reinforced epoxy system. As

expected, creep modulus variation with time follows an exponential decay.
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Figure 8: Constant time cross–sections (a) Isochronous curves for different time instants t=0,2500,5000,7500 s
of LC/ER composite. (b) Creep Modulus of pure resin ER and LC/ER versus time.
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4.2. Viscoelastic modeling of LC epoxy composite by means of the four–parameter model

The linear viscoelastic behavior of the LC/ER composite is demonstrated by the isochronous stress-strain

curves in Fig.8. This satisfies the condition needed for the four-parameter (Burger) model to be applied.

Model parameter estimation is of outstanding importance for correctly describing the viscoelastic behavior of

a material. Although the four–parameter model is more representational of the polymer behavior than lower–

order models, its use for descriptive purposes has faced challenges for determining the material parameters

in real case studies. Here, we make use of the model to understand better the creep response of our LC/ER

single ply 30 wt% material. Thus, our study will end with the fitting analysis after considering material

parameters.

To begin with, four randomly selected experimental data points are required for achieving the optimal

solution. Here, a trial-and-error scheme is employed to identify thematerial parameters. Once the parameters

are known, a straightforward analysis can predict the system response. However, since the experimental

creep curves of the 0.15�u applied stress level do not follow the rest of the trend, a second set of fitted values

is demonstrated for this specific case. Tables 1 and 2 present the fitted values of the two curves used in

correspondence to the four–parameter model intrinsic constants.

As seen in Table 1, the elastic parameter R1 is constant irrespectively of the stress levels, demonstrating

the linear elastic behavior of themodel at the time of load imposition. A similar to Young’s modulus behavior

is rather expected, since R1 parameter represents the reversible elastic component of the strain. Reacting

instantaneously to the applied load at time t = 0+, the spring F (R1) of the Maxwell model counterpart is

the only element in the entire model representing elasticity. For stresses beyond the yield limit, parameter

R1 would be no longer stable, as the introduction of plastic strains would rather alter the elastic behavior of

the spring.

Viscous flow expresses internal inertia that get intensifiedwith load increase. Related to the experimental

response in Section 4.1, the presence of inertia effects at small times is demonstrated through the behavior

of the viscous component n1. The parameter n1 represents the damping behavior of the Maxwell model

counterpart which is found to increase with applying load. The higher the load, the stronger the reaction

of the dashpot against the load and thus, the higher the viscosity n1. At time t = 0+, although the damper

D(n1) is attached in series to the other elements and can be freely deformed, it is not designed to respond

to the instantaneous load imposition (n1 → ∞). Therefore, its deformation becomes gradually apparent for
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Stress level �0 Strain �0 R1 = �0∕�0 tan(�) tan(�) n1 = �0∕tan(�) n2 = �0∕(tan(�)
(%�u) (%) (GPa) (1/s) (1/s) (GPa s) −tan(�)) (GPa s)
≤ 10 0.310 2.045 1.7122e-08 4.0575e-07 2.75e+05 1.206e+04
15 0.310 2.081 2.72818e-08 7.15565e-07 3.52e+05 1.40e+04

Table 1
Geometry �, � (rad) and material R1, n1, n2 parameters of the single ply LC/ER composite material of 30%
fiber-weight employed in the four–parameter model analysis to probe the experimental creep curves.

Stress level �0 ti �(ti) OA’ = �(ti) AA’ = OA’-�0 R2 = �0/AA’
(%�u) −tan� ti (GPa)
≤ 10 10288.4 0.00308 0.00290 0.00055 8.507
15 10560.54 0.00654 0.00625 0.00163 5.9

Table 2
Geometry OA’, AA’ and material R2 parameters of the single ply LC/ER composite material of 30% fiber-weight
employed in the four–parameter model analysis to probe the experimental creep curves.

t > 0+. Such a constitutive behavior explains the first perturbed regime of the experimental creep strain

curves for t ≤ 40s in Figs.5a-d.

Shown in Table 2, the element F (R2) represents the delayed elastic deformation of the model via the

spring constant R2 of Voigt counterpart. This spring responds to the applied static load with some phase

difference, since it is in parallel connected to the damper D(n2). The damper manifests an intrinsic delayed

response and binds the F (R2) spring to common deformation. As seen in the table, the parameterR2 exhibits

a notable drop from the test levels �0 ≤ 10%�u to the level of �0 = 15%�u. Such a variation reveals the

influence of the applied load on the under-competition elastic and viscous component. At low stresses, the

Voigt system is “locked" by the dashpot’s viscosity and the elastic response is dominant. Past a stress level

(�0 > 0.1�u), the internal flow starts becoming favored until the viscous character of the material overtakes

the elastic one, which gradually diminishes.

The damping element of the Voigt componentD(n2) represents the flow related to the delayed viscoelas-

tic deformation. At time t = 0+, the damper is “locked" by infinite viscosity (n2 → ∞) due to inertia. A

lower loading rate would reduce the viscosity of the flow and consequently the spring stiffness (since the

spring is forced to follow the movement of the damper). To this end, we note that the material parameters

are not constant, as they depend on the rate of the applied loading. Table 1 shows that the variation of the

parameter n2 versus stress acts in a complementary fashion to that of the parameter R2. Voigt stiffness R2 is

constant for �0 ≤ 0.1�u, while subsequently decreases as the viscous coefficient n2 increases and stabilizes
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(at time �ret = n2∕R2).

The retardation time �ret is the time needed for the viscous component of the behavior to become dom-

inant. Practically, it is the time needed for the creep strain to approach a horizontal asymptote, where � =

const. for any time. The physical context of this time is related to the microstructure of the material. It

reveals the time required for the molecules to be rearranged in the direction of the externally imposed load.

Each molecule is in a different orientation with respect to the load, so it has a different delay time. Therefore,

this time is not a fixed value, but a continuous distribution range.

Related to the experimental response in Section 4.1, the presence of highly viscous effects taking prece-

dence over the elastic ones with applying load is demonstrated through the behavior of the parameters R2

and n2. We also observe that the coefficient n2 is lower than that of n1. This is because the damper D(n2)

shares the applied stress with the spring F (R2), while the damper D(n1) is forced to hold the entire load by

itself. Consequently, the reaction of the damper D(n1) against the external load is greater than that of the

damperD(n2). Such a feature explains why the viscous flow (n2) versus applying load does not significantly

affect the initial regime of the experimental creep curves (attributed to internal inertia, see Figs.5a-d), i.e.,

these regimes do not significantly augment versus applying load.

Solving for the creep and the recovery response of the model (see eq.3 and 4), after defining the initial

conditions and the geometrical features of a single experimental curve under �0 = 5%�u applied stress (see

eq.6a-d), one has all the necessary elements to apply the model on the rest of the experimental data. In Fig.9,

the theoretical and the experimental creep curves are presented together for all stress levels experimentally

tested. The theoretical creep curves, generated by means of the material constants found from the stress

creep tests, showed a closed agreement with the experimental data. The model is found valid to predict

the developed strain versus time for the entire range of the applied stress levels �0 ≤ 10%�u, except of the

case of �0 = 15%�u which diverges from the main trend of the response and thus, requires its own set of

material parameters. The model can represent both the loading and the unloading behavior of our LC/ER

composite. However, the efficacy of the developed procedure in back-estimating the model parameters has

been demonstrated considering only the loading phase. A less precise recovery description is observed,

mostly for the stress level of 15%�u, caused by the challenges at the instant of load removal.
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Figure 9: Fitting the experimental LC/ER creep curves with the four–parameter model under tested stress levels
�0 = 0.05, 0.08, 0.1, 0.15�u, with �u the tensile strength of the LC/ER composite.

5. Conclusions

To investigate the candidacy of the natural fibrous Luffa Cylidrica (LC) as a durable engineering mate-

rial for lightweight structural applications, this work presents the viscoelastic (creep) characterization of our

newly designed semi-green LC epoxy composite. Given the urge to find alternatives towards the scarcity of

material resources, LC biomaterial exhibits properties that are worth to be studied. The use of LC fibre rein-

forced composites in engineering applications is merely considered and a thorough comprehension of their

durability is yet to be achieved. Here, we tackle the restriction of the creep response, since it is a phenomenon

costing performance of polymers under real operating conditions. The natural fibers LC are found efficient

in restricting the creep behavior of the epoxy system, providing a higher by 30% performance. The present

study suggests a very first step towards the tensile creep characterization of LC thermoset composites. The

effect of temperature combined with surface treatment on LC creep is a next step to consider.
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