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Abstract.

This study aims to assess the viability of nanocomposites in fused filament fabrication. Polylactide/organo-modified
layered silicate materials have been studied in terms of structure and properties evolution through the whole manufacturing
chain, and for thermomechanical optimisation. The method included the optimisation by the composite formulation and by
the additive manufacturing process by experimental designs. A competition between flow thinning of the molten composite
and stiffness of the input filament with the addition of filler allows an enhanced printability at intermediate loadings. The
method provides an optimisation of the final parts, enabling similar or greater tensile properties, while providing better
thermal stability, with additively manufactured nanocomposite materials compared to conventionally manufactured
polymers.

Keywords: A. Polymer-matrix composites (PMCs), B. Microstructures, B. Thermomechanical, C. Statistical
properties/methods, Additive manufacturing.

1. Introduction
Initially used for rapid prototyping, additive manufacturing (AM) processes offer the possibility to manufacture complex
parts thanks to their layer-by-layer assembly, which enables the fabrication of expensive end-use products at lower cost,
or of impossible-to-manufacture parts with usual subtractive or formative techniques. However, a loss in mechanical
performance is observed with additively manufactured parts compared to those produced by subtractive and formative
processes, which prevents the development of this technology towards small-series production or medical applications [1].
This development is a major issue and requires new materials to design fully functional products [2]. The addition of fillers
in a polymer matrix is one way to adapt the rheological and functional properties, and to expand their potential uses [3].
Fused Filament Fabrication (FFF) technique is one of the most commonly AM process used due to its speed and cost-
effectiveness [4], but the use of micrometric fillers could cause the nozzle to clog because of the filler dimensions compared
to the low nozzle diameter [5]. Nanofillers appear as an obvious solution to get around this geometric problem. One
particular nanofiller is the organo-modified layered silicate (OMLYS), a clay (phyllosilicate) in the form of nanoplatelets of
around 1 nm in thickness and 100 to 1000 nm in width and length. These dimensions develop a high specific surface area
of around 800 m2/g, which allows the properties development at low loadings, less than 10 wt% against 40 to 60 wt% for
microfillers [6], which would again decrease the nozzle clogging risk. Ray et al. [7] revealed several property
improvements thanks to OMLS, from thermal stability and gas barrier properties, to mechanical reinforcement.
Consequently, the use of nanocomposites is one promising solution to move the FFF technology towards small-series
productions of functional end-use products [8]. With the use of polylactide (PLA) as the matrix, a bio-sourced,
biodegradable and biocompatible aliphatic polyester, the applications are expected, but not limited, in aerospace, medical
field or packaging [9].
Independently of the kind of fillers, a thickening effect is observed with the addition of particles in a molten polymer [10],
which could prevent the materials to flow through the nozzle. The printability of nanocomposite systems is then not certain.
An optimisation of the OMLS loadings is expected with a competition between the ability to be shaped by FFF and the
development of thermomechanical properties.
The aim of this article is to assess the viability of additively manufactured PLA/OMLS-based materials while
simultaneously reaching similar or greater thermomechanical performance than formative neat PLA one. Indeed, it is well-
known that printed parts generally have lower mechanical properties compared to injected parts, and therefore have lower
thermodynamic properties. Thermomechanical performance in this study includes thermal stability and tensile properties,
namely Young’s modulus, ultimate tensile strength and elongation at break. PLA/OMLS-based nanocomposites silicates
are proposed in fused filament fabrication to extent this technology towards the small series production of functional and
customisable parts. Targeted applications may include on-demand part production during long-duration space missions
where high thermomechanical performance are needed, customisable packaging where barrier properties are sought, or

1



medical applications for drug control delivery in bone tissue engineering. As the rheology is dependent on temperature,
shear rate and OMLS loading [11], the optimisation must consider the thermokinetic process parameters in addition to the
formulation. The viability of nanocomposites includes (1) the possibility of use and (2) the capacity of the technology to
freely tailor thermomechanical properties. A method is introduced in this study, including multi-physics characterisation
and modelling/statistical tools for performance tailoring. Thermal properties are characterised by thermogravimetric
analysis (TGA) to obtain the thermal stability and by differential scanning calorimetry (DSC) to assess the crystallinity
rate and the phase transitions. Mechanical properties are characterised by tensile tests and optimised using Doehlert designs,
a response surface methodology for properties optimisation and process understanding with a time and cost efficiency [12].
Two factors are considered, namely printing speed and temperature. Flow behaviour is defined by capillary rheology.
Formulation state is determined by gel permeation chromatography (GPC) for polymer molar mass, TGA for filler loading,
and X-ray diffraction (XRD) and transmission electronic microscopy (TEM) for filler dispersion morphology.

2. Materials and methods
The overall experimental section is depicted in the following schematic diagram (see Figure 1).
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Figure 1. Schematic diagram of the overall experimental section, from materials preparation to characterisation tests.

2.1.  Materials and nanocomposite preparation

PLA was purchased from NaturePlast (Ifs, France) in pellets form under the reference PLE 005, an extrusion grade. PLA’s
specific gravity is 1.26. The OMLS was an organically modified montmorillonite (MMT) supplied by Southern Clay
Products (Gonzales, TX, USA) under the trade name Cloisite® 30B (C30B). The modifier was the methyl, tallow, bis-2-
hydroxyethyl, and quaternary ammonium with a concentration of 90 mEq per 100 g. C30B’s specific gravity is 1.98, and
that of native MMT is 2.86.

PLA was first dried at 70 °C overnight before nanocomposite compounding with a co-rotating twin-screw extruder Clextral
BC21 (D = 25 mm, L/D = 36) with temperatures set between 165 °C and 180 °C at 300 rpm. The residence time was
approximately three minutes with a mass flow of 1.8 kg/h. A masterbatch at 13.2 wt% of clay in PLA was obtained. The
masterbatch was then dried and diluted with PLA at desired loadings of 0.5, 1, 3, 5, and 7 wt%. Samples were named
PLAO5, PLAL, PLA3, PLA5, and PLA7, respectively. PLA also underwent the extrusion process, and the sample was
named PLAO. This method permitted us to reach a better nanoparticle dispersion and orientation, as described by Alix et
al. [13] for polyamide nanocomposites, which is essential to develop the composite properties compared to the added
amount of clay [14]. Materials were then pelletised using a Scamia granulator 960001 GR.

Pellets were first dried overnight at 70 °C in a ventilated oven and then shaped into a 1.65 + 0.05 mm diameter filament
thanks to a single screw extruder Axon BX10 (D = 10 mm, L/D = 18) with a screw speed at 20% of maximum speed and
a 0,46 kg/h mass flow. The profile temperature was set to 190 °C, 185 °C, 185 °C from feeding zone to nozzle. Filaments
were cooled with a water bath at room temperature. The filament was pulled by a Haake PP1 to obtain the required diameter.
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Once filament obtained, tensile test specimens were manufactured using a Makerbot Replicator 2 with a 0.4 mm diameter
nozzle. The specimens were modelled using Solidworks software with dimensions according to 5A-type specimens from
ISO 527-2 standard. STL file was then imported to the Makerbot Print software. Specimens were printed with two shells,
in a 90°/0° crossed-deposition fashion and with 0.2 mm layer height since these parameter values gave the optimal
mechanical properties [15-17]. Infill percentage was set to a theoretical 100%. Printing speed and extrusion temperature
were kept constant for the whole part and were defined according to the Doehlert method. A Doehlert network with two
experimental designs, including ten experiments, was used to evaluate the tensile properties regarding printing speed from
15 to 105 mm/s in seven levels and extrusion temperature from 190 to 240 °C in three levels according to Ginoux et al.
work [12]. One should note that PLA7 was not printed because of its rigidity. The PLA7 filament did not accept the strain
applied by the roller driving the filament towards the printing head. The broken filament was then impossible to print with
FFF and only PLAO and nanocomposites loaded under 5 wt% were printed.

To compare tensile properties of printed parts to fully infill parts manufactured by a formative process, materials in pellet
form after compounding were injected moulded into 5A-type specimens with a Babyplast 6/10P equipped with an 18 mm
diameter piston and a Moullo X Dry Air to preheat pellets at 70 °C and keep them moisture-free before injection moulding
at 200 °C.

2.2.  Characterisation tests

Before each measurement, all samples were dried at 80 °C under vacuum (-72 cmHg) for 3 h.
TGA were performed for each formulation and after each process to assess the thermal stability regarding formulation and
the remaining MMT mass fractions through successive extrusions. A TG209 F3 from Netzsch was used. Samples were
heated from 25 °C to 800 °C at a 20 K/min heating rate under nitrogen flow of 3 mL/min. The MMT mass fraction was
controlled by thermogravimetric analysis from residue after degradation at 800 °C for 10 min under air flow for pellets,
filaments, and tensile test specimens. Each measurement is repeated three times.

Calorimetric measurements were performed on filaments to assess the behaviour of nanocomposites during melting and
their temperature of use. For this purpose, only the first heating is presented in this study. A DSC204 F1 from Netzsch was
used and calibrated with Indium standard. Samples were analysed from 25 to 210 °C at a 10 K/min heating rate three times
for standard deviation calculation. Equation (1) was used to calculate the crystallinity rate, y..
AH,, — AH,, 1

AR 1-o,

Xe = 1)

AH,, is the measured melting enthalpy, AH,. the measured cold crystallisation enthalpy, AHY, the melting enthalpy of a
theoretical 100% crystalline PLA (93 J/g [18]), and &,,, the MMT mass fraction.

PLA molar masses were determined by GPC for each formulation after compounding to determine the molar mass
degradation regarding MMT mass fraction. A multidetector 390-LC apparatus from Varian with refractive index detectors
was used with two 300 x 7.5 mm columns of PLgel 5 um MIXED-D. Chloroform was used as a solvent for the samples,
and as an eluent. Columns and detectors were held at 30 °C. Sample solutions were prepared to concentrations of
approximately 2 mg/mL, and filtered with polytetrafluoroethylene filters with 0.45 um pores. Weight average molar masses
are measured regarding polystyrene standards.

Tensile tests were conducted for each formulation, after 3D printing or after injection-moulding to compare the difference
of tensile properties between additively manufactured materials and materials manufactured by a conventional formative
process. 3D printed samples were tested at the ten configurations of the Doehlert network for mechanical optimisation. An
Instron 33R 4204 apparatus was used with 1 kN load at a 5 mm/min constant tensile speed. Data were treated with Bluehill
software. All measurements were repeated at least five times for mean response and standard deviations. Dixon tests (Q-
tests) were performed to eliminate aberrant values. Models associated to Doehlert designs were calculated after data
processing and statistically checked by analysis of variance.

Capillary rheology data were obtained after compounding to assess the effect of MMT mass fraction on the rheological
behaviour thanks to a Rosand apparatus with two 1 mm capillary dies of 0.25 and 16 mm in length at 190 °C. Bagley and
Rabinovitsch corrections were used to get viscosity as a function of the shear rate. Each formulation was measured at least
two times, and mean values were obtained.

The microstructure was determined for each formulation and after each process to observe the developed MMT
morphology regarding the formulation and the successive extrusions. A D8 Advance X-ray diffractometer was used at
ambient temperature with a Cu K, X-ray source of 0.15406 nm wavelength, generated at 40 kV and 40 mA. Measurements
were performed with a 2@ range between 2 and 10° with 2 s steps of 0.06°. Samples were in a powder form using a ZM1000
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ultra-centrifugal mill under liquid nitrogen. TEM tests were conducted by the Institute of Materials Science of Mulhouse
(I1S2M, France) with a Philips CM200 at an acceleration voltage of 200 kV. TEM samples 90 nm thick were prepared using
a Leica EM UC7 ultramicrotome at room temperature.

3. Results and discussion
3.1.  Nanocomposite behaviour in processes

e PLA molar mass stability
Weight average molar mass of PLA in nanocomposite pellets after compounding is depicted in function of the MMT mass
fraction in Figure 2. Considering experimental errors, a linear decrease with the mass fraction is observed, which was
attributed to the presence of interlayer water. As the OMLS was not dried to increase the basal spacing and to improve the
intercalation/exfoliation process [19], interlayer water could be released in the matrix during compounding and cause PLA
to degrade if water content has reached 250 ppm [20]. The decrease of the weight average molar mass could be essentially
assigned to the degradation of PLA during compounding of the masterbatch since it was dried before dilution and
compounding of nanocomposites from PLAO5 to PLAY. This dilution could follow a proportionality rule and would explain
the linear dependency. The decrease of PLA molar mass could significantly modify the rheological and thermomechanical
properties of materials and should be reminded as an indirect effect of MMT on nanocomposite properties. Indeed, among
others, direct effects of MMT are an increase of Young’s modulus [21], a higher thermal stability to degradation [22], and
a thickening effect on polymer rheology [23], while a decrease of molar mass implies lower tensile properties, a lower
stability to degradation [24] and a reduced viscosity [25].
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Figure 2. Linear decay of the weight average molar mass of PLA, as measured by GPC, with the addition of OMLS during
the elaboration of nanocomposites. Horizontal bars depict the standard deviations of MMT mass fractions as determined
by TGA. Vertical bars are an assumed error of 10% on molar mass measurements.

e Evolution of MMT morphology
Table 1 summarises XRD data and the intercalation state of MMT platelets in nanocomposites after each process step,
namely compounding, filament shaping and printing by FFF (compound data from a previous work [11]). PLA5 presents
a mixed morphology with the presence of peaks attributed to tactoids and intercalated platelets. Compared to the basal
spacing of C30B, 1.87 nm, tactoids of PLA5 show a lower average basal spacing of 1.68 nm. This reduced basal spacing
could be due to either an organo-modifier departure towards the PLA matrix or a beginning of its degradation leading to
shorter hydrocarbonated chains and narrower interlayer spacing. By diluting the MMT loading, PLA3 only shows a peak
of intercalated platelets, while XRD peaks for PLAOS5 and PLA1 were both not observable. The absence of peaks means
either a fully exfoliated state or a low particle density to emit a signal in XRD analysis [25]. To verify the exfoliation state
of PLAO5 and PLA1, direct imaging is needed. Figure 3 illustrates the MMT morphology of PLAO5 and PLAL from TEM
micrographs. It appears the two diluted nanocomposites, namely PLAQ5 and PLA1, consist of exfoliated platelets, except
for rare intercalated platelets in PLA1 after compounding, totally absent after filament shaping and printing. Both
formulations can be qualified as having reached a good exfoliation level. Therefore, the intercalation/exfoliation level
increases as the MMT loading decreases. The observation is consistent with the work of Aubry et al. [26] reporting that



particles tend to stay in an aggregate form after a maximum packing volume fraction, around 1 vol%, which returns an
intercalation process less efficient with semi-diluted nanocomposites.

Table 1. Comparisons of Bragg angle, intensity, and basal spacing of MMT platelets in C30B and nanocomposites at
different MMT contents from 0.5 to 5 wt% and between each process step, as determined by XRD measurements.
Sample 20 Intensity dgo1

o Comments
name (°) (cps) (nm)
Control C30B 473 18207 1.87 Tactoid
PLAOQ5 / / / /
PLA1 / / / /

Compound PLA3 289 323 3.05 Intercalated
PLA5 259 153 3.41 Intercalated
PLA5 5.26 698 1.68 Tactoid

PLAO5 / / / /
PLA1 / / / /
Filament PLA3 / / / /

PLAS5 5.03 499 1.76 Tactoid
PLAS5 7.52 170 1.17 Tactoid

PLAO5 / / / /
PLA1 / / / /

Print PLA3 / / / /
PLA5 259 81 3.41 Intercalated
PLA5 5.20 300 1.70 Tactoid
PLAS 7.69 74 1.15 Tactoid

(a) | (b)
Figure 3. TEM micrographs of (a) PLAO5 and (b) PLAL nanocomposites after compounding. Black oval points out some
observed intercalated platelets in PLAL.

Figure 4 shows the evolution of MMT morphology after each process step for PLA3 and PLAS. PLA3 essentially consists
of intercalated platelets after compounding and exfoliated ones after filament shaping and printing. The evolution towards
a more exfoliated state is consistent with the disappearance of peaks in XRD for PLAS3 after filament shaping and printing
(see Table 1). Similarly, PLA5 TEM micrographs after compounding (Figure 4b) indicates the presence of tactoids and
some intercalated platelets and the presence of the three morphologies after filament shaping and printing (Figures 4d and
4f), namely tactoids and intercalated and exfoliated platelets. These observations are consistent with the decrease of
intensity of XRD peaks from tactoids in PLAS after each process step and the appearance of a peak from intercalated
platelets after printing (Table 1). Therefore, the successive extrusions tend to increase the intercalation/exfoliation state,
which concurs with the works of Vaia and Giannelis [27] since the intercalation is a kinetic process. The increase of time
spent in a molten state would then lead the nanocomposites to evolve towards a more intercalated or exfoliated state.
However, a second XRD peak is observed for PLAS5 around 7.6° after filament shaping and printing. The corresponding
basal spacing is around 1.15-1.17 nm and close to that of native MMT (1.17 nm) [28]. Consequently, PLAS is shared
between (1) an evolution towards a more intercalated/exfoliated morphology with the successive extrusions and
lengthening of time spent in a molten state, and (2) the organo-modifier departure from the interlayer spacing or its
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degradation leading to more aggregated particles. The first phenomenon would develop the thermomechanical properties
of the materials, while the second one would limit them [14]. More precisely, the trend to aggregate could be an issue
during printing by clogging the nozzle at high MMT loadings. Nevertheless, the reduced interlayer spacing is not
accompanied by an increase of the number of particles in a stack, and the phenomenon seems then limited on TEM
micrographs (Figure 4f) compared to the evolution towards a more intercalated state.

(b)

© | @

(e) M
Figure 4. TEM micrographs of (a,c,e) PLA3 and (b,d,f) PLA5 nanocomposites after (a,b) compounding, (c,d) filament
shaping, and (e,f) printing.

e Evolution of MMT loading
Figure 5 illustrates the evolution of MMT loading in hanocomposites after each process step. The MMT mass fractions
appear close to target values after compounding: 0.5+0.1,1.0+0.3,2.7 £ 0.2, and 4.8 + 0.3 wt% for, respectively, PLAO5,
PLAL, PLA3, and PLA5. A mild lower value for PLA3 and PLA5 could be assigned to an MMT loss during compounding.
A more visible decrease of around 10% is observable for PLA3 and PLAS5 from beginning to end, mostly assigned to the



filament shaping process; MMT mass fractions were 2.5 + 0.1 wt% for PLA3 and 4.3 £ 0.1 wt% for PLA5. Regarding
standard deviations, FFF process does not significantly decrease the MMT mass fractions, with measured values being 2.4
+ 0.2 wt% for PLA3 and 4.2 + 0.1 wt% for PLAS. Therefore, one should overload the polymer matrix by around 10%,
depending on the used shaping process, to compensate the loss of MMT during filament shaping, and eventually during
compounding. As a second consequence of these observations, nanocomposites do not present a high clogging risk for long
duration prints since FFF process does not seem to remove MMT from materials to machine. Then, viability of
nanocomposites with FFF is not expected to be limited by an accumulation of MMT in the printing head.
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Figure 5. Evolution of MMT mass fraction after compounding, filament shaping and printing for each formulation. Vertical
bars represent the standard deviations calculated from MMT mass fraction measurements as determined by TGA.

e Nanocomposite behaviour during melting inside printing head

Figure 6 shows the DSC analysis that informs on the behaviour of nanocomposites during melting, which would determine
the temperature of use. As the filaments after shaping were quenched, the polymer matrix was amorphous. The temperature
of use of nanocomposites in FFF could be then just above the softening temperature, above the glass transition after 76 °C
(see Figure 6). However, DSC measurements also indicate that nanocomposites go through a cold crystallisation, starting
around 89 °C, which would increase the viscosity of materials and cause a greater probability of nozzle clogging. Cold
crystallisation temperature of nanocomposites is lower than that of neat PLA and could be caused by a nucleating effect of
the MMT [29], which would ease the cold crystallisation mechanism. A decrease of the molar mass with the clay loading
(see Figure 2) could also be an explanation to the ease of nanocomposite to crystallise because of the greater mobility of
polymer chains [30]. Around 160 °C, an exothermic peak is visible, which is attributed to a disorder-to-order transition
[24,31], and is followed by the melting of PLA around 180 °C. The variation in melting temperature between the different
formulations is not significant, which is consistent with other PLA-based nanocomposites, namely PLA/graphene for
instance [32]. However, greater melting temperatures were also reported with other nanocomposites, namely polyether
block amide/graphene nanocomposite, while adding nanofiller [33]. From those two studies, such difference is explained
by the nanofiller/matrix interaction and the degree of intercalation/exfoliation of the nanoplatelets [32,33]. In the case of
PLA-based nanocomposites, when observing the morphology of PLA/OMLS (see Table 1 and Figure 3), the low number
of platelets in diluted systems and the transition to an intercalated morphology in the semi-diluted systems are not sufficient
to impact the melting process (see Figure 6). Consequently, the printing temperature should be above the melting
temperature, which ends up after 190 °C independently of the formulation, to avoid a potential clogging risk because of
the crystallisation. The temperature of use of all PLA/OMLS nanocomposite filaments is recommended to be above 190
°C.
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Figure 6. DSC thermograms of PLAO (red), PLAOS (green), PLAL (blue), PLA3 (black), and PLAS (purple) after filament
shaping at the first heating.

e  Printability

Printability is conditioned by the possibility of use of filaments and the rheological behaviour of nanocomposites in
extrusion process. Firstly, as written in section 2. Materials and methods, PLA7 cannot be printed because of the filament
stiffness increasing with the MMT loading, as already reported by Lee et al. [34]. Secondly, the increase of MMT mass
fraction is expected to increase the viscosity [10], which would cause the impossibility of the materials to be printed [8].
Nevertheless, semi-diluted nanocomposites were observed with a lower viscosity compared to that of neat polymer in non-
linear rheology [35,36]. These authors suggested a possible slip between the matrix and exfoliated MMT as well as a
decrease in molar mass with the addition of fillers during mixing. Despite the increase of viscosity with the addition of
fillers, it appeared according to Ginoux et al. study [11] that the decrease in viscosity is mainly attributed to greater
activation energies with semi-diluted nanocomposites and to the PLA molar mass degradation as observed in Figure 2.
Therefore, the viscosity in function of the MMT loading increases after the first addition of MMT, then decreases up to be
lower than that of neat PLA after 3 wt% of MMT (see Figure 7). The decrease is more pronounced with higher printing
temperature since the dependency of viscosity on temperature is greater with semi-diluted nanocomposite (> 1 wt%) [11].
This observation is in agreement with the printing failure rate noted during experimental design. On the entire Doehlert
network, consisting of ten experiments, PLAO showed a global printing failure rate around 10%, while that of PLAO5 and
PLA1 was between 20 to 40% in function of the configuration. The higher failure rate is consistent with a higher probability
of nozzle clogging because of the thickening effect by the filler with diluted systems. On the contrary, PLA3 and PLA5S
showed a drastic decrease of printing failure rate, below 10%, which is, again, consistent with a thinning effect by the filler
with semi-diluted systems. The printability is then improved for nanocomposites loaded at more than 3 wt% of MMT due
to a direct and indirect thinning effect by the filler on the molten materials but worsened at more than 7 wt% due to the
stiffness of the filaments.
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Figure 7. Rheogram plotting the viscosity against the shear rate for PLAO to PLA5 at 190 °C. Black arrows show the
increase followed by the decrease of viscosity with the increase of MMT loading.

3.2.  Thermomechanical optimisation
e  Thermal stability
Figure 8 depicts the evolution of thermal degradation temperatures of PLA with MMT loading. The more the MMT is
added to PLA, the lower the onset of degradation, and the greater the remaining residue. Actually, the addition of platelet-
like fillers was reported in the literature to shift the onset of degradation towards higher temperatures by inducing fewer
effective collisions to trigger the intra- and inter-molecular degradation phenomena [21,22]. However, Saiter et al. [24]
also noticed a decrease of the onset of degradation with the addition of MMT, which was supposed to be due to the pre-
degradation of the polymer matrix by the addition of filler during compounding. As seen in Figure 2, the addition of OMLS
to the PLA reduced the matrix molar mass and is consistent with the assumptions from Saiter et al. study [24].
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Figure 8. TGA thermograms at a 10 K/min heating rate from PLAO to PLAS. Black arrows show the variation of thermal
degradation onset and of residual mass after degradation with the increase of MMT loading in PLA.

The endset of degradation firstly indicates an increase with the addition of MMT from 0 to 3 wt%, then a decrease
afterwards. The degradation temperature range appears more reliable for discussion as the endset is dependent on both the
onset and the kinetics of thermal degradation. In that way, the degradation temperature range is around 38.6 + 1.4 °C for
diluted systems (from PLAO to PLA1 included) and reaches 49.2 + 0.5 °C for semi-diluted systems (PLA3 and PLADS).
Krishnamachari et al. [37] had suggested the migration of MMT to explain the increase of thermal stability since the filler
would create a protective physical barrier. A direct visual observation after TGA of diluted systems showed the presence
of a white powder with granulometry in the micrometer range, while semi-diluted ones had a different aspect (see Figure
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9). PLA3 and PLADS, after TGA, showed a remaining porous and friable structure of the size of the pellets before thermal
degradation. This structure could act as a physical barrier. As observed in Figure 9b, blisters are visible on the external
surface and could reflect the overpressure by the accumulation of degraded materials. This phenomenon would result in a
slower kinetics of thermal degradation by slowing down the departure of degraded materials to the outside of the system.
The formation of such structure could be attributed to the relatively high amount of MMT in semi-diluted systems, which
had previously indicated an increase of the filler-filler interactions at the expense of filler-matrix ones with a less exfoliated
morphology (see section 3.1.), leading to a percolation. Consequently, the thermal stability is indirectly reduced by the pre-
degradation of the PLA matrix by the OMLS inherent to the compounding process but is improved by a barrier-structure
during degradation after a percolation threshold. After this critical mass fraction, kinetics do not seem modified and an
optimal MMT loading is expected around 3 wt% to increase the thermal stability by the barrier-structure formation without
reducing it excessively by the pre-degradation.

(@)

(b)

Figure 9. Photographies of a PLAS pellet after thermal degradation, cut in half with (a) the inside view and (b) the outside
view.

e  Optimisation of tensile properties by Doehlert designs
Elongations at break and at ultimate tensile strength were treated by Doehlert method, but experimental standard deviations
were high, leading to low significance on all the coefficients and models. Therefore, printing speed and extrusion
temperature have been concluded with no impacting effect on elongations. However, by taking the mean value of
elongation at break from all the Doehlert design configurations for a same nanocomposite, then by comparing them in
function of the MMT loading, the effect of the formulation is observable. The variation of elongation at break in function
of the MMT loading for printed samples is compared that of injected moulded samples in Figure 10. One could see that,
independently of the process, diluted systems show greater elongations at break than that of neat PLA, while semi-diluted
ones show the lowest elongations. The observation is consistent with literature: Lai et al. [38] reported an extended
elongation at break for PLA charged with 1 wt% of MMT compared to more loaded nanocomposites. This phenomenon is
assigned to a plasticised interphase surrounding nanoparticles. This interphase modifies the micromechanical properties
when abundant, which would be the case when particles are smaller than 100 nm [39]. With the use of MMT as a filler,
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only exfoliated platelets correspond to particles smaller than 100 nm, and intercalated or aggregated ones would not develop
abundant plasticised interphase. As observed previously, only PLAO5 and PLAL have indicated a fully exfoliated state and
would explain the extended elongations at break.
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Figure 10. Comparison of the elongations at break of 5A-type tensile test specimens manufactured by injection moulding
(in light orange) and by FFF (in dark brown) in function of the MMT loading. Vertical bars represent the standard deviations
on ten measures for injected moulded specimens and on fifty measures for printed specimens (five measures at each of the
ten configurations of the Doehlert network).

For semi-diluted systems (PLA3 and PLA5), MMT stiffens the PLA-based materials and the elongation at break is reduced.
However, the decrease is less pronounced for printed specimens than for injected ones that have half the elongations of
neat PLA (Figure 10). The MMT loss during filament printing and the more exfoliated/intercalated morphology with the
successive extrusions could be an explanation but did not seem to evolve to the point of increasing the elongation at break
of the printed tensile test specimens from + 42% (PLAD5) to + 97% (PLA3) compared to the injected samples (see section
3.1.). A more relevant explanation may come to the mesostructure inherent to the FFF process. The interlayer adhesion is
known to be weak in additively manufactured parts, which brings brittleness to the parts [40]. This phenomenon is even
more pronounced with the addition of filler as the nanocomposites have greater viscosities when shear rate is null, right
after deposition, due to a percolation threshold [11], which causes a quite weak adhesion of the deposited filaments [41].
The enhanced elongation at break is then counter-intuitive, but an explanation stands in the de-adhesion of the rasters in a
same layer, rather than between layers [40]. As the materials are deposited in a 45°/-45° fashion and due to the structure
consisting of deposited filaments, the rasters separate from each other by shearing, which realigns each raster in the load
direction during tensile testing and the tensile test specimens would be able to fracture filament by filament (see Figure
11). The fracture toughness is then improved for printed samples, while injected ones have a sharper fracture for the semi-
diluted systems, namely PLA3 and PLAS. Therefore, the mesostructure of the printed samples would compensate the loss
of elongation at break caused by the addition of a high MMT amount in PLA with the injected moulded specimens.

Figure 11. Photography of the fracture of a printed 5A-type tensile test specimen of PLAS3 after tensile test at a 5 mm/min
tensile speed.
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Young’s modulus and ultimate tensile strength were chosen as responses for models with Doehlert designs. Models
globally showed a minimum or a tendency to a minimum on the first design (15 to 75 mm/s and 190 to 240 °C) and a
maximum or a tendency to a maximum on the second design (45 to 105 mm/s and 190 to 240 °C) as already reported in
Ginoux et al. work [12] because of the numerous phenomena modifying tensile properties. To compensate the loss of
mechanical properties from formative to additive process, maximum responses are desired for optimisation and can be
calculated from Doehlert quadratic mathematical model. Predicted maximum responses and factor values corresponding
to the maximum response are summarised in Table 2. Printing speed and extrusion temperature tend to increase then to
decrease with the addition of OMLS in PLA (see Table 2). The variation is analogous to that of viscosity (see Figure 7).
Because of several deposition defects depending on flowability and instabilities with the printing speed, an optimal
viscosity is expected [12], and is an explanation to the increase then to the decrease of printing speed, correlated to the
shear rate. As nanocomposites show shear-thinning behaviour (see Figure 7), higher shear rates compensate the higher
viscosities with diluted systems (PLAO5 and PLA1) compared to semi-diluted systems (PLA3 and PLAS) or neat PLA.
One should note that extrusion temperature tends to increase with printing speed. An explanation stands in the decrease of
residence time in the heating nozzle with higher flow rates, which is not favourable to an optimal heat transfer. Although
higher shear rates could self-heat the molten materials in opposition, this phenomenon does not compensate the lack of
heat transfer and would need a compensation by a higher extrusion temperature setpoint.

Table 2. Maximum responses predicted by Doehlert design with the Young’s modulus (E) and the ultimate tensile strength
(om) as response in function of the MMT loading and with the printing speed and extrusion temperature associated to the
predicted response. Prediction is not presented if the maximum is out of the Doehlert network.

Speed Temp.  Prediction

Sample  Property

(mm/s) (°C) (MPa)
o G m L
PLAOS O'ENI ~6%0 >22210 62/,2
PLAL o s o o
LA L e e s

Figure 12 compares the Young's modulus and the ultimate tensile strength between full and printed specimens at different
MMT loadings. As expected, according to literature [1], tensile properties are lower for printed samples than for injected
ones. The properties of the printed specimens are represented with the maximum response and the minimum response
obtained throughout the Doehlert network. These responses are experimental and not predicted. These values may then
extend beyond (see Table 2). The average mechanical properties over the entire network are also displayed in Figure 12
and serve as a basis for evaluating the variation of the properties with the MMT loading, independently of a specific
configuration. Whatever the manufacture process, the Young's modulus is linearly correlated with the MMT loading
(Figure 12a). However, the improvement of the Young's modulus with the MMT loading is enhanced for the injected
specimens with a sharper slope compared to that of the printed specimens. Conversely, the maximum stress decreases
linearly with the MMT loading for the printed specimens (Figure 12b), and the use of nanocomposite cannot compensate
the loss of properties from injected samples to printed ones. Similarly to elongation at break, diluted systems show a
synergetic effect with the development of matrix/filler interaction over filler/filler or matrix/matrix interactions, which lead
to higher ultimate tensile strength compared to ultimate tensile strengths for neat PLA or semi-diluted systems. This
synergetic effect is not observable with printed samples and could be hidden by the dominance of structural defects inherent
to the FFF process.
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Figure 12. Comparison of (a) the Young’s moduli and (b) the ultimate tensile strengths in function of the MMT mass
fraction in PLA, as measured by tensile test on injected moulded 5A-type specimens (blue diamond) and on printed 5A-
type specimens at the maximum response (green circle), at the minimum response (red square) and at the mean response
(orange triangle) of the ten configurations from the Doehlert network. Vertical bars represent the standard deviations on
ten measures for injected moulded specimens and on five measures for printed specimens.

For neat PLA, the average loss of mechanical properties between formative and additive processes is estimated around
14.6% for the Young's modulus and 11.3% for the ultimate tensile strength. However, this loss can reach respectively
19.0% and 13.6%, but can also be minimised to 10.3% and 7.4% regarding the configuration in the studied Doehlert
network. With the prediction from the theoretical mathematical models (see Table 2), this loss of properties can be lowered
t0 9.9% and 7.2% for Young's modulus and ultimate tensile strength. Consequently, the optimisation of the printing speed
and extrusion temperature cannot reach alone the mechanical properties of the injected PLAO specimens. Nevertheless, the
use of the Doehlert method divides by two the loss of mechanical properties by comparing an unfavourable configuration
with a favourable one. Full property compensation must then go through the use of nanocomposite. Thus, the Young's
modulus of injected moulded PLAO is approximately equal to that of PLA3 at its maximum response and that of PLAS at
its minimum response. On the other hand, because of the negative tendency of the ultimate tensile strength with the MMT
loading, the minimum loss of property is achieved with the PLAQ. To obtain similar properties to the PLAO specimens
manufactured by injection moulding, one should opt for the more diluted nanocomposite in MMT to avoid the loss on the
ultimate tensile strength while reaching the same Young's modulus at a configuration maximising the response. Therefore,
the PLA3 printed to the maximised configuration seems to be the best compromise if the optimisation of the Young's
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modulus and/or thermal stability (see Thermal stability section) has priority over the ultimate tensile strength. In addition,
its elongation at break is close to that of injected PLAO. For a priority optimisation on the ultimate tensile strength, the
PLAO printed to the maximised configuration is recommended.

4. Conclusions

Characterisation results were compared with those resulting from the Doehlert experimental design methodology and
revealed (i) an optimisation of thermal stability and tensile mechanical properties via the parametric printing process
depending on the formulation, and (ii) lower viscosities due to a pre-degradation of the polymer matrix with the addition
of OMLS during compounding and to a greater dependency of viscosity on temperature with semi-diluted systems,
accompanied by a lower nozzle clogging probability and so a lower failure rate and a better printability for PLA charged
at intermediate loadings. The presented methodology allows a deeper mastery of the manufacturing chain by
simultaneously controlling materials formulation and process-induced structure to freely tailor thermomechanical
performance of additively manufactured composites. Numerical modelling based on this experimental method would help
design parts by predicting multi-physics characteristics, which would reduce the number of test-failure iterations in
applications where waste must be limited, such as, for example, in space station with on-demand tooling or repairing.
Several recommendations are presented in this work. Despite an improved fracture toughness with printed nanocomposites
compared to injected moulded nanocomposites, future studies should focus on new formulations with plasticiser since PLA
remains a brittle matrix. As another way, formulations with nanohydroxyapatite could help design functional scaffolds for
bone tissue engineering applications in combination with barrier properties of MMT for drug-controlled release. Future
studies should also focus on the filament ageing. As MMT is a nucleating agent and the filaments are amorphous, a
crystallinity could appear on the long term and cause the filament to gain brittleness. Other additives should be sought to
enhance the viability of functional nanocomposites with FFF.
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