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Abstract

This work is focused on the effect of the content and length of cellulose fibres on PLA foams
produced by extrusion-foaming process assisted by sc-CO;. The produced foamed samples were
characterised by water pycnometry, modulated differential scanning calorimetry, and scanning
electron microscopy. Increasing the length and the content of cellulose fibres results in a
reduction of the expansion of the foams at a given die temperature. Nevertheless, long fibres at
low content allows an increase of the longitudinal expansion of the foams. Furthermore,
composite foams can be processed at a lower die temperature than neat PLA, providing a wider
processing window. In general, the addition of cellulose fibres increases the crystallinity of the
foams. Narrower cell size distributions and smaller cells are obtained when adding fibres,

implying more homogeneous foam structures.
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1 Introduction

The use of polymer foams in several fields of activity such as packaging, sound and heat insulation
or filtration, ranging from the automotive industry for the realisation of dashboards or the
padding of door panels, to the padding of children helmets or the packaging of refrigerated food
products has raised the important problem of their environmental impact. A polymer foam or
cellular polymer contains cavities filled with gas (cells) which allow to increase its flexibility,
improve its insulating character, and make it damp or lighten it while keeping its structural
properties [1]. In general, these foams are obtained from petroleum-based and non-
biodegradable polymers such as polyurethane, polystyrene, polypropylene or polyethylene [2].
Due to the shortage of fossil resources and the rise of environmental issues and related societal
concerns, biopolymers (biobased and/or biodegradable and/or biocompatible polymers) are

more and more used [1].

Despite the general use of PLA in medical applications [3], its different properties have made PLA
an appealing material for different industries [3-6], being one of the most studied biopolymers
[7-9]. As it can be thought, the use of PLA as a polymer matrix for the production of foams has

increased.

The manufacturing of foamy polymers requires the incorporation of blowing agents (chemical
blowing agents CBAs and physical blowing agents PBAs). However, the use of these compounds
poses several problems: in one hand, CBAs are generally carbonated salts that decompose into
gas under the action of heat, leave residues in the polymer after the formation of the pore network
and their decomposition often requires high temperatures. The use of these blowing agents for

PLA has been already reported in the literature [10-13].

On the other hand, most PBAs, like freons, are harmful to the environment by attacking the ozone
layer or like hydrocarbons such as pentane or butane pose safety concerns due to their
flammability [14]. The technology of supercritical fluids, and more particularly supercritical CO;

(sc-COy), could respond to these problems by offering an alternative free of the drawbacks just



mentioned. Indeed, CO; has the advantage of being non-toxic, non-polluting, non-flammable, and
is neutral for the environment. It is available in high purity and at an affordable price. In the
supercritical phase, it is soluble in large quantities in many polymers and therefore behaves as an

excellent plasticiser [1].

Foaming with SFCs, though conceptually simple, is a complex dynamic process requiring full
appreciation of the fundamentals of thermodynamics, physics, chemistry of solutions, interfaces,
and interacting species; as well as polymer sciences and process engineering [15]. In general, the
polymer is exposed to CO; at the operating pressure and temperature, which plasticises the
polymer upon its solubilisation and reduces its apparent glass transition temperature and
melting point [14]. During the depressurisation, the polymer becomes supersaturated in CO», and
therefore nucleation of cells occurs. Then, the growth of the cells continues until the polymer
solidifies [16]. The saturation pressure, the saturation temperature, and the depressurisation rate
are the key parameters that determine the cell density and the cell size distribution in the final
foam [16]. Different works report sc-CO; as a blowing agent being used with a wide range of
polymers such as poly(methyl methacrylate) (PMMA) [17-19], polycarbonate [20-22],
polyethylene terephthalate (PET) [23-25], polystyrene [26-29], glycol-modified PET [30,31],
polyvinyl chloride (PVC) [32], polypropylene [33,34], polyurethane [35], polyimide [36], and
polycaprolactone (PCL) [36-38]. Furthermore, the use of sc-CO; has extended to the foaming of

(bio) composites [39-44], which shows the versatility of sc-CO; as a foaming agent.

The foaming of PLA using sc-CO; has been largely reported for the different foaming process,
batch [45-54], semi-continuous (injection moulding) [55,56] and, continuous (extrusion)
[53,57-60,60,61]. These works displayed that foaming of PLA is a challenge mainly due to its low

melt strength and slow kinetics of crystallisation.

Melt strength can be described as the resistance of a molten polymer to stretching. It is a very

important property during the foaming process, which, when low, can induce cell wall instability



through cell collapse and coalescence, leading to a heterogeneous foam morphology [62]. As for

the crystalline phase, it could facilitate and induce bubble nucleation [63].

At present, a lot of methods have been proposed to enhance the foamability of PLA like chain
branching [64-66], modifying the L/D ratio of PLA molecules [67,68], blending modification and
crystallisation regulation [57,64,68-71]. The use of particles is considered as an option to limit
the coalescence of cells, tailoring the melt strength of the polymer and its crystallisation [70-78].
Also, they contribute to the increase in the cell nucleation rate during foaming, acting as a

heterogeneous nucleation agent [40-42,79].

Potential fillers can vary in origin from lignocellulosic fibres from different sources [80,81] to
mineral ones, especially talc [72,73], clays [54], and silicates [82,83], as well as in terms of size,
from micro [84] to nanoparticles [83,85,86], and shape. The presence of a filler in the polymer
melt can increase the cell nucleation rate during foaming, acting as a heterogeneous nucleation
agent [40-42]. Fillers can also increase the melt strength [72,73] and the crystallisation rate of
PLA [74,75]. Compounding PLA with fillers does not only have foaming advantages but can also
improve the performances of the final composites. When using lignocellulosic fibres, mechanical
properties of the composite such as Young’s modulus, tensile strength, elongation at break,
among others, can be tailored by changing the characteristics and the amount of the fibre/filler

[80].

The sc-CO; assisted extrusion process is widely described in the literature [1,87]. Recently this
technology has been studied with biopolymers [1] because it allows to make "green" foams with
a clean process. As the presence of a filler in the polymer melt does not only have foaming
advantages, compounding a polymer with fillers can also improve the mechanical performances
of the composites. The interest in foaming bio composites, especially PLA bio composites using

sc-CO; assisted extrusion process has increased.

Thanks to the numerous researches carried out in the field of foaming PLA biocomposites with

the sc-CO; assisted extrusion process [14], it has been shown that different morphologies and



properties can be obtained for the foams produced when a filler is added. However, the work in
the literature mainly focuses on assessing the effect of the mere addition of different fillers or the
operating conditions, without looking at how the properties of the fillers affect the morphological
and functional properties of the produced foam. The fillers can be varied in terms of quantity,
size, aspect ratio or even the chemical interactions they have with the polymer matrix. Cell
morphology can be affected by each of these parameters. As a first approach to understanding the
effects of these parameters, our work will focus on understanding the impact of varying the size
and content of cellulose fibres on the morphology of PLA foams produced by extrusion foaming,

which has not been comprehensively addressed in the available literature.

2 Materials and methods

2.1 Materials

An extrusion grade of polylactic acid (PLA) supplied by Natureplast France® was used as a
polymer matrix for this work. Under the reference PLE 005A (amorphous) and in the form of
translucent granules, this PLA has a melt flow index (MFI) of 3 g/10 min (210 °C; 2.16 kg), glass
transition and melting temperatures of 61 °C and 157 °C respectively (obtained by Differential
Scanning Calorimetry DSC), a Young’s modulus of 3500 MPa (ASTM D882) and, a relative density

of 1.25 (ASTM D792).

Cellulose fibres with different initial sizes were used and provided by ]. Rettenmaier & S6hne
Germany under the Arbocel® brand (BE60020: short fibres, BC200: long fibres). The fibres are
mainly composed of cellulose, which represents 99.5 % of their composition. Shortened as S for

short fibres and L long ones. Table 1 presents the characteristics of the fibres.

Table 1. Arbocel® fibres characteristics by J. Rettenmaier & Sohne Germany, determination of dimensions by air jet
sieve analysis. Determination of bulk density by the method presented in DIN EN ISO 60.

Average fibre length Average fibre width Bulk density
Reference
pum um kg m-3

Short (S) 23 17 240 - 300




Long (L) 300 20 35-55

2.2 Samples compounding

PLA was dried overnight at 50 °C under vacuum and, fibres were dried at 105 °C for two hours. A
single-screw extruder CLEXTRAL BC21 900 mm was used to produce the composites, this
extruder has a 900 mm long barrel (L) whose internal diameter (D) is 25 mm, which offers an
L/D ratio of 36. The centre distance is 21 mm. The barrel is made up of nine modules of 100 mm
each, which can be heated independently up to 250°C. In the first place, a masterbatch with 30
wt.% of fibres was obtained for both references (S and L). Then, to obtain composites with 5 wt.%
and 15 wt.% of fibres (named respectively S_5, S_15, L_5 and L_15), the masterbatch was mixed
with neat PLA and then extruded again. At the exit of the extruder, a cold-water bath was used to
cool down the extrudate as well as a cold air flow right before a pelletiser. The obtained pellets

were dried for 48 h at 50 °C.

2.3 Foaming

Fig. 1 corresponds to the extrusion system used for the foaming process, a Rheoscam SCAMEX
extruder that has a single screw of 30 mm. This extruder has 4 zones. The first one has a length-
diameter ratio (L/D) of 20 and the next two zones of 7.5, the three zones have a length of 1.05 m.
The fourth part corresponds to a removable static mixer with an L/D of 2 (SMB H 17/4, Sulzer).
A restrictor ring has been placed between the different zones of the extruder to prevent the
upstream of the CO; injected into the barrel. The equipment temperature is measured and
controlled in 6 heating zones distributed throughout it. Zones 1 and 2 are before the CO; injection,
whilst 3 and 4 are after the injection, zone 5 is on the static mixer and, finally zone 6 is located in
the die. Likewise, pressure is measured in 4 zones, zone 1 right after the injection zone, zone 2
after the gastight ring, zone 3 before the static mixer and, zone 4 right before the die. The
dimensions of the extruder can be found in Table 2. The CO; is pumped up using a syringe pump
260D Isco by Serlabo. An annular die equipped with a pointed tip is used (Fig 2), this die has a

diameter of 6 mm and a length of 4 mm. It can be plugged by a tip with a tapered end. The pressure



exerted by this tip is adjusted by means of compressed air, which also makes it possible to adjust
the pressure drop along the die and therefore the pressure of the polymer just before the die. Its

primary function is to control and adjust the pressure P4 in this case, at a value of 135 + 5 bar.
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Fig. 1. Extrusion system with COz injection.

Table 2. Dimensions of the extruder used for extrusion foaming process.

Length 1.05 m
Barrel diameter 30 mm
Screw body diameter 21 mm to 27 mm
Pitch 30 mm
Flight width 3.5mm
Channel depth 4.5 mm to 1.5 mm
Staggering angle 17.66°

Fig 2. Annular die.

The protocol has been already described in previous work [58,62]. Some operating conditions
were kept constant, such as the screw speed N (30 rpm) and the temperature from 77 to 7
(T=T=T5=170°Cand 7,=160 °C), while 75 7s(equal to 75), and CO; volumetric flow rate (vco2)

have been varied (2.5 mL min-!and 3 mL min-1). 75and 75 were first set up at 160 °C without



CO; injection, then they were lowered together to get a high enough pressure inside the extruder
to start the foaming experiments. At this moment, a constant CO; volumetric flow rate is injected
and 7sand Tswere lowered together, and samples collected once the system has reached a steady
state. The experiments were stopped when the syringe pump was empty, or the torque reached

the safety limit of the apparatus.

The produced samples can be identified as X-75-v¢os; where X corresponds to neat PLA or a
composite ( S_5, S_15, L_5 or L_15), 75 corresponds to the die temperature (also known as
foaming temperature) and, vcoz the volumetric flow rate of CO; used to produce the sample (2.5

mL min—-tand 3 mL min-1).

To determine the mass fraction of CO2 (wcoz) the following equation is used.

PUMP
Vcoz * Pco2 @))

PUMP .
Vcoz * Pcoz . T MpoL

Wco2 =

pEYMP corresponds to the density of the CO- in the pump at 5 °C and at P; pressure in the injection

point. This density was obtained via NIST (Span and Wagner equation of state). ripg;
corresponds to the mass of a foamed sample taken during a certain time ¢ at the exit of the

extruder. All the data are available in the supplementary data section.

2.4 Foams characterisation

2.4.1 Porosity

The total porosity (er), was calculated as follows:

H,0

£ = Vporosiry -1 — Ps 2)
H,0
VroraL ProL

Where: pSHZO is the sample density and pgéf represents the density of a non-foamed sample, both
measured by water pycnometry (kg m-3). A Borosilicate glass 3.3, DIN ISO 3507, Gay-Lussac type
pycnometer was used.

The density of a sample i is determined by water pycnometry and calculated by using equation

(3).



H,0 m; * Pu,o0 ©))

Where:

Pu,o: water density (taken as 1000 kg m-3).

m,;: sample mass (kg).

My, o : pycnometer full of water mass (kg).

my: pycnometer with water and sample i mass (kg).
2.4.2 Expansion

The total expansion is widely used in bibliography to express in a different scale the porosity of a

foam. It was calculated as follows:

H,0
E, = Vi _ProL _ 1 @
Veo pi2° 1 — ¢

Vs is the volume of the foamed sample and Vp; is the volume of polymer in the same sample.

The maximum expansion (E¥) is calculated as follows (equation (5)). This is a theoretical value
found under the assumption that all the solubilised CO2 was used to foam the polymer (i.e. no CO>
escape from the sample) [53]. The data for all samples are available in the supplementary data

section.

H,0
Wco, . PpoL 5)
— AMBIENT
1=weo, Pco,

To find out the effectiveness of foaming, the expansion ratio (Rg) can be calculated as the ratio of

expansion and the maximum expansion [53].

The radial expansion (£%) is defined as the ratio of foamed sample diameter to non-foamed

diameter (Duon-foamed = 2.5 mm), the diameter of the extrudate is measured using a calliper.



The longitudinal expansion (£7) is also calculated by dividing the length of the foamed sample by
that non-foamed at the same temperature and screw-rotation speed for the same time ¢ (Lnon-foamed

= 6.54 m during 1 min).

2.4.3 Thermal behaviour

A DSC Q200 by TA instruments was used with a constant dry nitrogen flow rate of 50 mL min-to
ensure an inert atmosphere during the tests. An average temperature change of 2 °C min-1 with
a sinusoidal amplitude of 0.8 °C and period of 40 s was used. The cooling rate was set at 10 °C
min-1. Depending upon the sample’s given thermal history, a cold crystallisation exothermic peak

may or may not be observed during the DSC experiment.

The initial degree of crystallinity only considers the crystallites formed during the processing of

the foamed sample (i.e at the end of the foaming process) and it is calculated by using the equation
(6).

Ah,, — Ah,, ©)
Ah:n * (1 - xFibres)

Xo =

The total degree of crystallinity corresponds to the crystallinity of the sample after the first
heating scan in the DSC. It thus considers the crystallites formed during the foaming and the cold

crystallisation phenomena upon heating in the DSC, and was calculated as follows:

Ah:n * (1 - xFibres)

Xc

Where:
Ah,,: melting enthalpy of the sample (J g1).
Ah,.: cold crystallisation enthalpy of the sample (J g'1).
Ah,,, : melting enthalpy of a pure PLA crystal (taken as 93 ] g'1) [88].

Xripres : Mmass fraction of fibres within the sample (equal to 0 for neat PLA).



2.4.4 Cellular structure

To find the cell size and the cell density of foams, scanning electron microscopy (SEM) was used.
Samples were fractured using liquid nitrogen to avoid as possible any damage of the morphology.
The surface has been metallised (Metalliser SC7640 Polaron) with platinum under an argon
atmosphere. A Thermoscientific Quattro S microscope by ThermoFisher scientific was used, the

primary energy was 5 keV and a spot of 2 was used.

The average cell Feret diameter (0. and cell density are further determined from the SEM
micrograph by using the software Image]. The average cell diameter corresponds to the Dspof the

cell cumulated frequency distribution by number. The cell density (/N,) is calculated as follows:

mis pH20
— | POL
NC - [A] pHZO ®
s

Where mis the number of cells on an SEM image, 4 is the area of the image.

Using 3 different samples produced under the same operating conditions (for 1 minute), the
standard deviation o of the different measurements of this work is calculated by using the
equation (9).

rii(x —x)2 ©))

n—1

Where:
x;: value of a measure.
X: average of the population.

n: number of samples (n=3)



3 Results

3.1 Porosity

Fig. 3 shows the porosity of the produced foams. It is noticeable that the total porosity of
composites is lower than that of neat PLA for each die temperature and volumetric flow rate of
COg, this result has already been obtained by Bocz et al. [62] for PLA/cellulose and basalt foams.
In general, the higher fibre content in the composite, the lower the porosity. The effect of the size
is less evident, but it seems that the longer the fibre the lower the porosity. In addition,

composites allowed to drop the die temperature more than the neat PLA, providing a wider

processing window.
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Fig. 3. Effect of die temperature on the total porosity of PLA-cellulose foams produced by sc-COz assisted extrusion
foaming. vcp, = 2.5 mL min-1. Continuous lines have been added to facilitate the visualisation of the graphs.

3.2 Expansion.

The results for the study of the expansion can be observed in Fig. 4. The longer the fibres the
higher their content in the composite, the less the foam expands. In general, the expansion of the
composites is more affected by the content of fibres than by their size. Regarding the expansion
ratio, it was diminished when adding fibres. Composites with low fibre content and short fibres
(S_5) achieved a higher radial expansion than net PLA at lower die temperature and higher sc-
CO; flow rate (3 mL min-1). It is also remarkable that the composite with longer fibres and low

fibre content (L_5), produced high longitudinally expanded foams (Fig. 4.d) than neat PLA.
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3.3 Thermal behaviour

Fig. 5 presents the thermograms of the foams produced at T¢= 120 °C and vy, = 3 mL min-1.
Table 3 presents the characteristic thermal parameters of PLA-cellulose foams produced by
extrusion foaming determined by MDSC as well as the values for non-foamed extruded samples.
These data correspond to the first heating run of the MDSC test. For all the analysed samples, the
presence of a first endothermic event corresponding to the glass transition at around 59 to 60 °C
is followed by an endothermic relaxation often attributed to secondary molecular rearrangement
in the amorphous phase of the polymer [89]. Neither foaming with COz nor the presence of fibres

has any effect on the glass transition temperature of the samples.

All the samples presented a cold crystallisation peak which is commonly observed for PLA. At the
same flow rate of CO,, a decrease in the foaming temperature did not change the onset or the cold
crystallisation peak temperatures. When increasing the volumetric flow rate of CO», the onset and
peak temperatures slightly decreased. The onset and peak temperatures and the cold
crystallisation enthalpy increased when adding the fibres, increasing their content, and

increasing their size.



Regarding the melting process, an endothermic peak is observed for all the samples. All the
melting peaks seem to start with a small "shoulder”. No significant variations in melting peak
temperature are noticed with changes in the die temperature or flow rate of CO,. The onset
melting temperature seems to slightly increase with the content and size of the fibres, while the

melting peak temperature remains constant.

The initial crystallinity (x,) (crystallinity produced during the foaming process) of the foams is
higher than that of the extruded PLA, which confirms the enhancing effect on crystallisation
caused by sc-CO; reported in the literature [53,90,91] among others. Increasing the amount of sc-
CO; increased the initial and the total (y.) crystallinity (after cold crystallisation). Decreasing the
die temperature caused a slight increase in both crystallinities. Initial crystallinity increases with
content and size of the fibres. Total crystallinity increases with content but remains unchanged
when increasing the size.
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Fig. 5. MDSC 1st heating run of PLA-cellulose composite foams produced by extrusion foaming assisted by sc-CO2.
Vcoz= 3 mL min—1. Te¢ = 120 °C.

Table 3. Characteristic thermal parameters of PLA-cellulose foams produced by sc-CO2z assisted extrusion foaming
determined by MDSC.

Sample Tec Tm
T Ah Ah
& Onset Peak c« Onset Peak m




°C °C ] gpLal °C ] gpral % %

Non foamed
PLA-170-0 59.1 895 97 21 139.6 144.4-152.2 22.8 19 246
S_5-170-0 595 89.6 96.2 22.2 139.5-146.7 143.7-151.9 27.0 51 29.0
S_15-170-0 595 90.7 934 30.6 140.15-146.7 143.2-152.4 331 28 356
L_5-170-0 59.1 904 973 22.0 143 146.8-152.4 29.1 7.6 312
L_15-170-0 59.8 874 943 27.7 145.6 152.6 33.9 6.7 365
Vo2 = 2.5 mL min—1
PLA-105-2.5 59.2 809 93.1 17.9 143.9 150.9 26 8.7 28
PLA-107-2.5 59.2 798 929 16.8 143.9 150.6 25 88 269
PLA-110-25 602 80.6 929 15.9 144 150.4 23.3 8 25.1
PLA-120-25 603 86.8 938 20.4 143.4 151.7 26.7 6.8 287
S_5-100-2.5 59.1 753 86.1 12.2 141.4 150.4 27.8 16.8 29.9
S_5-105-2.5 599 755 945 11.8 143.9 150.2 24.8 14.0 26.7
S_15-90-2.5 58.7 700 915 10.0 141.7 149.9 31.9 235 343
S_15-105-2.5 60.0 829 94.7 18.3 143.6 150.5 32.3 15.1 3438
S_15-110-2.5 598 829 949 183 143.7 151.2 31.5 143 339
L_5-107-25 59.0 743 93.0 16.5 144.0 150.9 25.5 9.7 274
L_5-112-25 602 764 91.2 14.6 143.8 150.5 25.8 12.0 27.7
L_15-95-25 59.0 793 934 13.7 143.1 150.3 34.0 21.8 36.6
L_15-105-25 599 738 94.1 16.3 142.7 150.3 33.2 181 35.7
L_15-112-25 598 775 951 219 143.7 150.8 31.9 10.7 34.3
Vco2 = 3 mL min—1
PLA-100-3 59.0 764 90.6 11.3 141.4 149.9 28.2 182 304
PLA-105-3 60.0 762 913 121 1421 150.8 28.2 173 304
PLA-110-3 591 755 905 14.4 142.5 150.2 29.5 16.2 37.1
PLA-120-3 593 820 93.0 183 144.7 151.4 27.0 9.4 291
S_5-100-3 593 739 90.2 12.6 141.4 150.4 27.8 16.3 299
S_5-105-3 60.2 750 94.2 12.0 142.4 150.5 25.8 149 27.7
S_5-112-3 599 743 924 11.8 141.8 150.0 26.2 15.5 282
S_5-120-3 59.6 842 965 19.4 145.0 151.2 26.5 7.6 285
S_15-103-3 59.8 735 945 14.5 143.3 150.2 311 17.7 334
S_15-110-3 60.1 827 949 15.0 143.5 150.7 23.5 9.2 253
S_15-120-3 595 880 96.1 23.8 145.5 151.8 31.8 8.6 342
L_5-105-3 598 740 85.6 10.2 143.9 150.0 28.0 19.1 30.2
L_5-110-3 588 732 941 16.8 144.5 150.8 24.4 82 263
L_5-112-3 604 779 95.7 15.6 144.6 150.9 23.4 84 252
L_5-120-3 59.6 843 955 17.5 144.8 151.2 27.5 10.7 295
L_15-105-3 59.2 703 944 15.5 1441 150.4 32.2 179 34.6
L_15-112-3 60.1 809 953 17.3 143.9 150.2 31.2 15.0 33.6
L_15-120-3 599 88.0 96.6 23.7 145.6 151.4 31.5 84 338

3.4 Cell morphology

SEM microphotographs of fractured surfaces taken from the highly expanded foams are
presented in Fig. 6. They are characterised by the presence of an inhomogeneous hollow and also

retracted material, this is mainly caused by the type of die that is being used, since it has a moving



tip that allows the pressure to be regulated, which leaves its mark in the foam, modifying the
structure. Besides, it can be observed that foams present a classic "honeycomb" structure. It is
noticeable that long fibres at a high content did not allow to obtain a regular and homogeneous
morphology. In the molten state, the high-loaded composites of long fibres (composites in the
concentrated regime) tend to behave like a threshold fluid having a solid-like rheological
behaviour. On cooling, it will solidify rapidly, so there will be no time for its expansion and the
escaping gas will generate undefined and ragged cells. A skin of piled-up cells encircling the foam
is observed for all of the samples, which seems to be thicker when increasing the size of the fibres.

This skin is normally related to the cooling process of the sample at the exit of the die.

Scale= 5 mm* Scale = 2 mm Scale =500 um

B

¢ L.5-107-2.5



"d.S.15-90-2.5

e. L_30-95-2.5

Fig. 6. SEM micrographs of PLA-cellulose highly expanded foams produced by sc-CO2 assisted extrusion foaming. v¢¢,
= 2.5 mL min-1.

* Scale of sample S_5-100-2.5 is 10 mm.

In Fig. 7, the cell size cumulated frequency distribution of the samples is shown, it can be observed
that cell size was decreased when increasing the flow rate of sc-CO,. When adding fibres, a
decrease in the cell size can be observed as well. Narrower distributions are obtained when
adding fibres, which implies more homogeneous structures. Increasing the content of fibres
produced a more homogeneous structure with smaller cells than when increasing the size of the
fibres. As already mentioned, a high content of long fibres did not produce a well-defined

structure, which made these samples hard to analyse.
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Fig. 7. Cell size cumulated frequency distribution of PLA-cellulose foams produced by sc-CO: assisted extrusion
foaming process.

Table 4 provides data on the mean diameter and the cell density of the most expanded foams. It
can be observed that in general the addition of fibres produced an increase in cell density and a
decrease in cell size (diameter). In the same way, an increase in fibres content, produced an
increase in cell density and a decrease in cell size. On the other hand, an increase in fibre length
decreases the cell density and increases the cell size. In general, increasing the volumetric flow of

sc-CO2 produced foams with higher cell density and minor cell size.

Table 4. Morphological characteristics of the most expanded PLA-cellulose foams produced by sc-CO2 assisted
extrusion process.

Sample De Ne

um cells m3

PLA-107-2.5 269.2 1.41x107
S_5-100-2.5 153.5 4.81 x107
L_5-107-2.5 71.3 6.32 x107
S_15-90-2.5 225.7 4.11 x107
PLA-110-3 107.9 1.38x108
S_5-100-3 164.2 9.32 x107
L_5-105-3 59.2 1.51 x108
S_15-103-3 145.9 1.22 x108

4 Discussion

The results will be discussed in two primary parts, the first corresponding to the effect of the die

temperature on the PLA foams and, the second to the effect of the cellulose fibres.



4.1 Effect of the processing temperature

It was observed in the literature [58] that, the foaming temperature has a "threshold” value at
which porosity decreases when decreasing temperature. When the temperature decreases, the
diffusion of CO; in PLA decreases, thus gas escaping the from the polymer becomes more difficult
[92]. In addition, the decrease in the temperature causes a solidification that will not allow the
polymer to expand, so at a certain point, these two phenomena can provoke a decrease in the
porosity which can be slightly seen at 100 °C in our range of temperature. On the other hand,
when the temperature is high, the low viscosity allows a rapid movement of CO2, which tends to
escape quickly, without contributing to the foaming. Moreover, the cooling kinetics of the polymer
at these temperatures does not allow the solidification of the matrix, the bubbles then collapse in

on themselves decreasing total expansion.

As regards the study of expansion, longitudinal expansion increases as the CO, volumetric flow
rate increases, while radial expansion decreases slightly as the flow rate increases. In both cases,
longitudinal expansion is higher than radial. We know that the surface of the sample is exposed
to the environment and therefore will cool and solidify faster than the inside. For the same die
temperature, regardless of the CO; flow rate, this phenomenon occurs in the same way. However,
in Table 3, it is observed that foams produced with 3 mL min—! of CO; are more crystalline than
those produced with 2.5 mL min-1. It is well known that the crystallisation of a sample leads to
its solidification. The foregoing allows us to conclude that foams produced at 3 mL min—1 of CO>
were able to solidify slightly faster than those produced at 2.5 mL min—! of CO; due to faster and
improved crystallisation, preventing CO, from escaping and therefore generating less radial

expansion.

Regarding the longitudinal expansion, as there is more CO; solubilised at 3 mL min—! than at 2.5
mL min-! and, the radial path is hindered by the solidification, consequently the gas passes
through the inside of the extrudate in the flow direction, which is still hot and soft. This will create

a more important longitudinal expansion than the radial one.



The results of the thermal behaviour showed that the glass transition temperature of PLA is not
affected by the foaming process. The most remarkable result is that initial crystallinity increases
when decreasing the foaming temperature and increasing the flow rate of sc-CO,. The
temperature is considered constant throughout the die and, according to Wang et al. [53], during
the foaming process, most of the nucleation of crystals occurs at the die. [t has been demonstrated
that at moderated degrees of supercooling (from 100 to 110 °C), the crystallisation rate is at its
maximum, and in general, the rates can be considered fast [93]. In addition, with the accelerating

effect of sc-CO», higher crystallinities can be expected when reducing the die temperature.

Regarding the effect of the increasing amount of sc-CO,, a higher content of dissolved gas
promotes higher nucleation given the higher supersaturation of the polymer, Mihai et al. [90]
showed that crystallinity was further developed by the biaxial stretching. So, if the stretching
increases, crystallinity, increases as well. Finally, as it was shown by Jalali et al. [94] that, after
applying pre-shear to a sample, it had a higher degree of crystallinity. This could indicate that a
significant number of shear-induced nuclei had been formed, which mixed with the effect of sc-

COg, can generate an increase in crystallinity.

A decrease in cell size and an increase in cell density were noticed when increasing the flow rate
of sc-CO. From these results, we know that foams produced with a higher amount of sc-CO>
present higher crystallinity, which is consistent with the enhancing effect of sc-CO already
explained in this work and in the literature. These crystals, likely generated in the die, can serve
as nucleation sites for bubbles [90], consequently increasing the cell density and therefore,

decreasing the cell size.

4.2 Effect of fibres

It was noticed that composites allowed to drop the die temperature more than the neat PLA,
providing a wider processing window. After the compounding process, a noticeable decrease in
viscosity was observed, reflecting a degradation of the polymeric matrix upon addition of the

cellulose fibres. This, together with the plasticising effect of CO, may explain this result.



In general, the addition of fibres decreased the porosity and expansion of the PLA foams. It was
noticed that, when increasing the amount of sc-CO, the reduction of the porosity caused by the
fibres was more important. A reduction in porosity was measured by Le Moigne et al. [44] when
foaming poly (3-hydroxybutyrate-co-3-hydroxyvalerate)/organo-clays composites. In this case,
this result can be explained by the difference of the die pressure caused by the plasticizing effect
of the gas in the polymer. As for these experiences, the die pressure remained constant, this
behaviour is influenced by the enhanced crystallisation provided by the sc-CO. This is confirmed

by the high crystallinity observed for the foams produced at 3 mL min-1! (see Table 3).

Regarding the study of the expansion, generally, and according to literature, the presence of fibres
hinders the cells from expanding radially as well as the frozen skin at the outer surface of foams
inhibit these cells and push the gas towards the longitudinal axis [58]. Thanks to SEM images, it
was possible to observe that composites have a wider cooled skin with stacked cells than neat
PLA. The thickness of this skin increases as the amount of added fibres also increases. In the
results section, it was noticed that the composite with longer fibres and less charged (L_5),
produced high longitudinally expanded foams compared to the rest of the samples. The work
presented by Qian et al. [95] showed that when the total fibre volume ratio is increased even to
4%, the percentage of the fibre aligned along the extrusion direction is high. As long as the
composite L_5 possesses a fibre volume ratio inferior to 4%, we can hypothesize thatlonger fibres
oriented in the direction of the flow, served as guides for the exit of the gas, provoking a higher
longitudinal expansion. Furthermore, given the limited interfacial adhesion between the fibres
(which, for this work, were not functionalised) and the matrix, the local debonding could favour
the pass of the gas. Cryofracture cutting of samples in the direction of flow, coupled with SEM

observations, could help corroborate this hypothesis.

It was revealed during the MDSC tests, that the volumetric flow rate of sc-CO; was not important
in the thermal properties of the composite foams produced. This result shows a different
behaviour compared with neat PLA, where the flow rate of gas was important for the crystallinity

of the samples. It can be suggested that, in the presence of fibres, the effect of the supercritical



CO; is less important. For the expansion ratio, it can be noticed that, for both flow rates, the
behaviour and even the values are similar, indicating that the gas used for foaming was quite
similar regardless to the initial flow rate. We can suggest that the fibres facilitated the escape of
the gas from the polymer given the low interaction between the matrix and the fibres. So, the

effect of fibres overlaps the effect of the gas producing foams with similar crystallinities.

In general, for the cellular morphology, foams with smaller and more uniform cell size
distribution and larger cell density were obtained. Nevertheless, less uniform cells compared to
the neat PLA were obtained. This can be linked to the fibre distribution within the polymer matrix
and the interaction between these two components. In our case, no treatment was done for
enhancing the interaction between PLA matrix and cellulose fibres. Many local matrix fibre
debonding micro holes are induced, where the gas loss hinders the cell growth ability resulting
in a non-uniform cell structure and limits gas expansion which decreases the porosity of foams

[96].

5 Conclusions

PLA-Cellulose fibre composite foams were produced by supercritical CO;-assisted extrusion.
During the process the effect of temperature and volumetric flow rate of CO2 on PLA and
composite foams were studied. In general, as the die temperature decreased, the porosity and
expansion increased until a maximum was reached at a temperature of 105 °C, and then
decreased. When increasing the CO2 volumetric flow rate, porosity, expansion (total, radial and
longitudinal), cell size and crystallinity were increased. By adding fibres, generally the porosity,
expansion (total and longitudinal) and cell size decreased, while radial expansion and degree of
crystallinity increased. By adding fibres, in general the porosity, expansion (total and
longitudinal) and cell size decreased, while radial expansion and degree of crystallinity increased.

By increasing the fibre content in the matrix this trend is confirmed.

It can be remarked that the porosity of all samples is above 90 %, which means that high porosity

foams can be obtained from the composite materials. Our result also reveals that it is possible to



master the cellular morphology of foam, not only by changing the processing conditions but also
by mastering the length and content of cellulose fibres. Moreover, the addition of fibres widens
the processing window in terms of temperature, which is an advantage for decreasing energy
consumption and preserving material properties. Moreover, higher crystallinities were obtained
when adding fibres. It is generally admitted in the literature that cellulose fibres should be
functionalised to be more compatible with PLA and, consequently obtain higher porosities and
more uniform foam morphologies. This work demonstrates that this is not necessarily needed to

obtain such result.

Future research should delve into a comprehensive exploration of the effect of temperature
profiles, screw speed, and die geometries on cell morphology. Understanding how these
parameters influence the foaming process can provide valuable insights. Furthermore, an
intriguing avenue for future investigation lies in simultaneously incorporating fibres and PLA at
the same time during the foaming process (i.e. compounding and foaming at the same time). This
approach has the potential to simplify the generation of biocomposite foams, offering a promising

direction for advancing the efficiency and versatility of the manufacturing process.

The study of the mechanical, rheological, thermal, degradation and other properties of the foams

produced can shed light on the different applications and future developments of these materials,
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Highlights

e Foaming PLA-cellulose composites produce less expanded foams than neat PLA.

e Short fibres at low contents produce higher radially expanded foams than neat PLA.
e Long fibres at low contents increase longitudinal expansion of neat PLA foams.

e Degree of crystallinity of foams increases with fibre size and content.

e Foam structure is homogenised by increasing the fibre content.





