
1. Introduction

1.1. Background

Poly(lactic acid) (PLA) is a bio-derived plastic that

is used to form bottles, films, food packaging and

serviceware. PLA can be sourced from the fermented

starch of corn, rice, wheat or sugarcane and unlike

polystyrene and some other petroleum sourced plas-

tics, degrades biologically with industrial compost-

ing [1–3]. PLA is also readily foamed and can be a

replacement for expanded polystyrene because of

similar mechanical properties and means of process-

ing [4, 5].

Thin films of PLA can be foamed, offering new ap-

plications for PLA [6]. Foamed films have been used

as wire wraps, tamper-evident seals and packaging

labels and liners but most of these foamed films are

made from polystyrene and polypropylene [7].

Foamed films are light-weight, can have high gloss

and opacity that is suitable for printing [6] and are soft

to the touch. There is a limit to light-weighting of

foamed films as the stiffness is significantly reduced

since it is proportional to foam density [8].

1.2. Modelling composite foam stiffness

Polymer foams consist of isolated or interconnected

voids/cells containing a specific gas or air. The poly-

mer matrix material surrounds the cells and forms

the walls of the foam structure. The stiffness of PLA

foams increases with particle reinforcement: glass

beads [9], wood flour [10] and wood fibres [11].  For

low aspect ratio particles, models have been pro-

posed where the particles are embedded within and

reinforce the cell walls. Examples include short glass

fibres and beads [12] and micro-crystalline cellulose

(MCC) [13]. For models with particles larger than

the cell walls, the entire foam cell structure was treat-

ed as a homogeneous matrix reinforced by embed-

ded particles [11, 14, 15].
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1.3. The effect of stretching on the stiffness of

foamed films

The stiffness of PLA foamed films increases by ap-

proximately 4 times when they are mechanically

stretched above the glass transition temperature [6].

This large increase in stiffness has also been ob-

served for foamed polypropylene films for both uni-

axial [16] and biaxial stretching in both the machine

and cross-machine directions (MD, CD) [17, 18].

There are two proposed mechanisms by which

stretching increases the elastic modulus of foamed

films: a) an increase in crystallinity and b) alignment

of the foam cell walls. Although, the orientation of

crystals will have an impact on elastic modulus in

plastics, it is proportional to degree of crystallinity

[19]. Therefore, we assume that if there are no

changes to degree of crystallinity, there will be no

changes to crystal orientation. Foaming applies strain

hardening effects to the solid plastic material by elon-

gating polymeric chains. This increases the degree of

crystallinity and the tensile elastic modulus. Studies

by Wang et al. [20] and Garancher and Fernyhough

[21] confirmed increases in the crystallinity of PLA

by up to 35 % due to expansion from foaming. How-

ever, both studies found that increases in crystallinity

were limited and subtle with increased levels of

foaming. Drumright et al. [22] also found that crys-

tallinity of solid PLA films reached a maximum at a

stretch ratio of 4.

Gibson and Ashby highlighted that when already

foamed materials are mechanically stretched the cell

walls become aligned in the direction of the stretch-

ing [8]. Initially, for unstretched foams tensile defor-

mation of the entire foam will cause the cell walls to

bend. Subsequently, the cell walls will align in the di-

rection of the applied load. These aligned cell walls

will deform axially, which requires more force than

bending and this causes a structural stiffness rein-

forcement [8].

1.4. Focus of present study

In this study we investigated MCC reinforced com-

posite PLA foams (produced through solid-state

foaming) that were stretched in the MD. We have used

a mechanistic model that predicts the foam composite

tensile elastic modulus and found a good fit to the

model through particle characterisation and compar-

ison to experimental results. An X-ray nano-tomog-

raphy unit was used to help characterise the MCC

particles in the foamed matrix and any changes to

the particles due to foaming and stretching. Scanning

Electron Microscopy (SEM) was used to charac-

terise the foam cellular structure. The novelty of this

study is that it is possible to treat foams (cellular ma-

terial) as a homogenous matrix when applying micro-

mechanical models to predict the improvements in

stiffness from adding fillers. In addition, structural

reinforcement from cell wall alignment can explain

increases in foam stiffness.

2. Methods and materials

2.1. Solid film preparation

Pellets of PLA (Ingeo™ 3052 D, NatureWorks LLC,

Minnesota, USA) were compounded with MCC pow-

der (Cellulose microcrystalline powder, 435236-1KG,

Sigma Aldrich Co. USA). To determine the particle

size distribution, the MCC powder was dispersed in

water and a drop mounted on a glass slide. The MCC

was imaged under cross-polarised illumination (10×

PL Fluotar objective) using a Leica DMRB micro-

scope fitted with a Leica EC3 digital camera (Leica

Microsystems, Germany). ImageJ (version 1.52b, Na-

tional Institutes of Health, USA) [23] was used to

determine the feret lengths of the individual parti-

cles. The median length was 7.5 µm and the 25 and

75% quartiles were 1.7 and 14.0 µm respectively. A

LABtech™ vented extruder type LTE 26–40 (LabTech

Engineering Co. Ltd, Praksa, Muang, Samutprakarn,

Thailand) was used to create composite films of 5

and 10 weight% (wt%) MCC. Control samples (0 wt%

MCC) were also developed. The following extrusion

settings were employed: temperature profile (from

feed to die) 180–190°C, 200 rpm screw speed, feed-

er rate 18 rpm, calendering roller temperature 40°C

and speed 3.2 m/s with a nip gap of 0.3 mm.

2.2. Foaming and stretching composite films

Solid-state batch foaming with liquid CO2 as a phys-

ical blowing agent was employed. The films were

impregnated at 0 or 20°C and 6000 kPa for 45 min-

utes and then placed in a water bath at 80 or 90°C

where they immediately stretched in all directions.

The films were foamed at different CO2 concentra-

tions (approximately 8–15 wt%). Before foaming the

films were approximately 100×40×0.3 mm (MD×

CD×thickness). Through foaming the films stretched

to approximately 280–300 mm in the MD (~3 times),

100–120 mm in the CD and 0.6 mm in thickness.

The foamed films were stretched further (MD only)

at 80 or 90°C using hand operated metallic clamps
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to increase the stretch ratio (length of sample after

foaming and stretching divided by the original un-

foamed length) beyond 3 times resulting in final

stretch ratios up to approximately 6 times. The tem-

peratures used were above the glass transition tem-

perature of the PLA grade used. This resulted in a

decrease in stretch ratio in the CD and in thickness.

The final stretch ratio is a combination of the initial

expansion due to foaming and then further mechan-

ical stretching.

2.3. Mechanical and material properties

Tensile testing on foamed films was performed using

a TA Instruments RSA-G2 (TA Instruments – Water

LCC, Delaware, USA) at 23°C and 50% relative hu-

midity to determine the tensile elastic modulus. Sam-

ples tested were 15 mm in length and 3 mm in width

and the strain rate was 0.03 mm/s. Both MD and CD
samples were tested.

A TA instrument Discovery DSC (TA Instruments –

Water LCC, Delaware, USA) was used to determine

the crystallinity of the foamed samples. Degree of

crystallinity [%] was calculated based on a melting

energy of 93 J/g for 100% crystalline PLA polymer

as described in a previous study [24]. Samples of dif-

ferent stretch ratios were evaluated.

Due to the foaming and stretching technique em-

ployed, it was very difficult to develop replicate sam-

ples with identical final stretch ratios for tensile test-

ing. Therefore, a range of stretch ratios was targeted

to observe general trends for the tensile modulus.

2.4. Materials visualisation

A Bruker SkyScan 1272 (Bruker micro CT, Kontich,

Belgium) was used for X-ray tomography. The set-

tings were: 27 kV accelerating voltage, 155 µA cur-

rent density, a scanning resolution of 0.5 µm voxels

and 360 degree rotation with images generated at

0.2 degree intervals. Automatic thresholding was

performed using the resident ImageJ (version 1.51e)

implementation of the entropy based Yen method

[25, 26]. Manual thresholding was also used as a com-

parison. The images were cropped to approximately

2.4 mm in the X (test/stretch/MD) direction and

1.3 mm in the Z direction (perpendicular to the X di-

rection). The segmented unstretched sample and co-

ordinate system are shown in Figure 1.

For analysis the image resolution was decreased to

1 µm voxels. The particle analyser component in Im-

ageJ (BoneJ v1.4.1 [27]) that uses fitted ellipses was

used to determine particle volume, aspect ratio and

3D particle orientation vectors on particles with vol-

umes ≥27 µm3 (3×3×3 pixels). The polar angle θ was

determined according to Figure 2. Two-dimensional

analysis was also performed on individual image

slices of the full 3D stack. The distance between the

centres of neighbouring particles was determined

using the ImageJ resident Voronoi analysis. Particle

distribution was estimated by calculating the coeffi-

cient of variation (standard deviation/mean) of the dis-

tance between particles (CoV interparticle space) [28].

For SEM analysis a razor blade was used to expose

an XZ plane (see Figure 1) within the thickness of

the film. They were coated with chromium using an

Emitech K575X sputter coater (Quorum Technolo-

gies Ltd, Kent, United Kingdom) and imaged using

Hussain and Dickson – eXPRESS Polymer Letters Vol.13, No.1 (2019) 18–26

20

Figure 1. Segmented unstretched sample showing coordi-

nate system. Stretching is performed along the X
axis. Approximate dimension: X = 2.4 mm; Y =

0.3 mm; Z = 1.3 mm.

Figure 2. Determining the polar angle (θ) of the fibre axis

(r) from unit vector components x,y,z. X =

test/stretch direction, Y = foam thickness.



a JEOL JSM6700F (JEOL Ltd, Tokyo, Japan). Six

images were taken per sample. One hundred foam

cells were randomly selected per image, using a ran-

dom number algorithm, and their perimeters traced

manually. An algorithm determined the smallest rec-

tangle (best fit rectangle) enclosing the perimeter.

Cell orientation was defined as the angle of the rec-

tangle long axis to the horizontal. Cell shape was de-

fined by the aspect ratio of the best fit rectangle (long

axis/short axis) (see Figure 3). Analysis was based on

the mean values from each image (i.e. n = 6). Image

analysis was performed using ImageJ.

The orientations of particles (X-ray tomography) and

voids (SEM) are presented relative to the X direction

(X = 0°) and angles range from –90 to +90°. The vari-

ation in particle/void orientation was estimated by

determining the Full Width Half Maximum (FWHM)

of a Gaussian curve fitted to the angle frequency data.

3. Results and discussion

3.1. MCC particle aspect ratio and placement

in foam matrix

Based on fitted ellipses to over 700 particles (depen-

dant on sample and threshold, X-ray tomography),
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Figure 3. Representative SEM images of unstretched (a) and stretched (3.9 final stretch ratio) (b) unreinforced foams. Dotted

rectangles are examples of best fit rectangles for selected cells. Arrows indicate the orientation of the rectangle

long axis. Asterisks (*) indicate adjacent cells with walls on the same plane and aligned in the stretch direction.

Mean angular dispersion (FWHM) and rectangle aspect ratios are measured from 100 cells selected from each of

6 images per sample.



the mean 3D aspect ratios were in the range of 3.0–

4.2 for the range of different thresholds used (see

Table 1). SEM imaging was also performed but we

were unable to obtain sufficient contrast between the

MCC particles and PLA for meaningful analysis. We

assumed that any matrix reinforcement from the par-

ticles can be explained by the Mori-Tanaka Theory

for short-fibre composites [29]. We assumed the

MCC particles were embedded in the matrix material

[10, 13, 14].

3.2. MCC particle orientation and particle

distribution

For the two samples the mean θ was approximately

0 indicating there was no strong deviation from the

X axis over the range of different thresholds and

there was no evidence that particle orientation analy-

sis was influenced by thresholding (see Table 1).

The FWHM of θ were in the range of 98 to 100 de-

grees, indicating a large variability in angle which we

regarded as being essentially random. We therefore

assumed that particle alignment was random for the

unstretched sample and that stretching did not result

in a change of particle alignment relative to the stretch

direction. We interpreted from this that during stretch-

ing at 80 or 90°C there was minimal or no alignment

of the MCC particles due to minimal stress transfer

from the softened surrounding PLA matrix material.

The CoV of the interparticle spaces for both the

stretched and unstretched foams was in the approx-

imate range of 0.3–0.5 (data not shown). A value of

approximately 0.36 is considered to represent a ran-

dom distribution [28]. This suggests the MCC parti-

cles were well distributed within the foam matrix.

3.3. Cell wall alignment microscopy

Stretching resulted in a significant change in foam cell

morphology (see Figure 3). Unstretched foam cells

had a mean aspect ratio of 1.5±0.0 and a dispersion

(FWHM) of 98±1°.  Stretching to a final MD stretch

ratio of 3.9 increased the cell aspect ratio to 2.2±0.2

and decreased the dispersion to 66±10°. This indi-

cated that stretching both elongated the cells (in-

crease in aspect ratio) and aligned the walls of indi-

vidual cells in the stretch direction (decreased dis-

persion). In places, this alignment extended to several

adjacent cells in the stretch direction (see Figure 3).

3.4. Increases in normalised tensile elastic

modulus

The normalised tensile modulus (tensile modulus/

sample density) increased exponentially with stretch

ratio (see Figure 4). The modulus was normalised by

density due its large effect on the modulus of foams
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Table 1. 3D particle analysis based on fitted ellipses from X-ray tomography.

aRange from –90° to +90° where 0 is the X direction, for particles over 27 µm3 (3×3×3 pixels).
bM = manual threshold; Y = Yen threshold; (…) contains threshold level used. Greyed data = similar thresholded total particle volumes.
cFull Width Half Maxiumum of fitted Gaussian distribution.

Sample Thresholdb Number of

particles

Θa Aspect ratio

mean FWHMc mean Std. Dev.

Stretched M1 (53) 1350 –2.0 99.3 3.0 5.4

Stretched Y (64) 729 0.5 100.2 3.4 2.5

Unstretched Y (99) 3667 –1.6 98.5 4.2 6.5

Unstretched M1 (126) 1440 –1.5 98.2 3.7 5.0

Unstretched M2 (144) 983 –1.5 98.4 3.1 2.2

Figure 4. MD and CD normalised tensile modulus with

stretch ratio for foams stretched in the MD. Stretch

ratios above 2.5 are MD data and below 2.5 are CD

data. There is an increase in tensile modulus with

higher loadings of MCC particles and larger final

stretch ratio. R2 values shown without brackets are

for both the MD and CD data. The values in brack-

ets are for the MD data only.



[8]. The area density was used for normalisation since

the thickness was in the order of 1000 times smaller

than the foamed lengths in the MD and CD and sub-

tle changes to the thickness would have significant ef-

fects on the normalised results but mechanically lim-

ited effects. At the highest stretch ratios in the MD,

the 10 and 5 wt% MCC particle films showed nor-

malised elastic moduli approximately 3.5 and 2 times

higher, respectively, than unreinforced foamed films

(see Figure 4).

3.5. Cell wall alignment effect on normalised

tensile modulus

For foamed films, the process of foaming will in-

crease the degree of crystallinity from the alignment

of polymeric chains [20, 21]. Table 2 shows that

foaming increased the MD stretch ratio for both the

pure and composite PLA foams and the degree of

crystallinity was also increased to approximately

30%. Stretching further increased the MD stretch

ratio but the degree of crystallinity was unchanged.

However, there was a significant increase in tensile

modulus. This means the observed increases in mod-

ulus cannot be attributed to increased crystallinity. It

is also interesting to note that the degree of crys-

tallinity for 10 wt% MCC samples is slightly (but

not statistically significantly) lower than the degree

of crystallinity for the pure foams, however, the ten-

sile modulus significantly increases. This suggests

the particle reinforcement is more significant than

degree of crystallinity.

With uniaxial stretching in the MD, the cells de-

formed and the cell walls aligned (see Figure 3) which

led to structural strain hardening and reinforcement

through the cell walls [6, 8]. In the CD there was no

cell wall alignment or structural strain hardening.

This means the exponential relationship between the

normalised tensile elastic modulus of the foamed

films and stretch ratio can be attributed solely to cell

wall alignment.

3.6. Mechanistic model for foam

reinforcement by MCC particles

We used a mechanistic model to explain the increase

in normalised tensile elastic modulus with increased

MCC particle content and final stretch ratio (stretch-

ing in MD). From previous studies [11, 14], we as-

sumed that an equivalent solid homogeneous matrix

can represent the foamed cellular structure in the

model (see Figure 5). The cells contained air which

does not contribute to the stiffness. However, we as-

sumed that the remaining solid PLA matrix and the

embedded MCC particles did contribute to the stiff-

ness. Therefore, by ignoring the hollow cells, an

equivalent solid composite homogeneous matrix was

used to predict the composite tensile elastic modulus.

We tested this mechanistic model by using micro-

mechanical modelling to predict the normalised ten-

sile elastic modulus of the equivalent composite
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Figure 5. Reinforced foamed structure represented as a ho-

mogeneous matrix with the same volume. Foam-

ing leads to voids/cells are ignored when determin-

ing the composite elastic modulus.

Table 2. Degree of crystallinity and elastic modulus.

*±95% confidence intervals. The number in brackets (…) is the number of replicates.

The crystallinities were not significantly different (single factor ANOVA, α = 0.05).

Sample Treatment
Final stretch ratio

(MD, CD)

Degree of crystallinity

[%]*

Normalised MD elastic modulus

[GPa/(g/m2)2]

Pure PLA film

No foaming 1.0, 1.0 0 N/A

Foamed 2.8, 2.8 33.0±6.3 (2) 4.6·10–5

Foamed and stretched 4.1, 1.8 30.4±2.6 (2) 1.4·10–4

10 wt% MCC-PLA film

No foaming 1.0, 1.0 0 N/A

Foamed 2.5, 2.5 27.8±2.3 (5) 1.0·10–4

Foamed and stretched 5.5, 1.5 28.3±2.7 (3) 1.0·10–3



homogeneous matrix and compared this to the ex-

perimental results.

3.7. Specifics for the mechanistic model

The Mori and Tanaka theory was used to predict the

composite homogeneous matrix elastic modulus

[29]. The theory predicted the elastic modulus of com-

posite materials well [30–32]. The theory is an im-

provement on the inclusion theory of Eshelby [33].

In this study, we used the simplifications to the Mori-

Tanaka model developed by Tandon and Weng [34,

35]. These simplifications were designed for short

particles that are either unidirectional in two-dimen-

sions or randomly oriented in three dimensions. Der-

ivations of the equations used and explanations for

the simplifications can be found in [34] for two di-

mensions and [35] for three dimensions.

The properties to calculate the composite elastic mod-

ulus from the Mori-Tanaka model used are: PLA ma-

trix (tensile modulus from equation in Figure 4,

Poisson’s ratio 0.25, solid material density 1.2 g/cm3,

density measured for the entire foam, volume fraction

0.918) and MCC particles (tensile modulus 25 GPa

[36], Poisson’s ratio 0.3 [37], density 1.5 g/cm3 [38],

volume fraction 0.081). The volume fractions were

calculated from the weight fractions and material

densities. Five different aspect ratios were used (2.1,

2.7, 4.1, 6.2, 9.3) as they corresponded to the 25th

through to 95th percentile of aspect ratio size (M1

threshold, 1350 particles, see Table 1) from the X-

ray tomography data.

3.8. Comparing the mechanistic model results

to experimental results

The mechanistic model proposed and the MCC par-

ticle dimensional values extracted from the X-ray to-

mography analysis showed a good fit to the compos-

ite normalised tensile elastic modulus at the different

stretch ratios for the 10 wt% composite samples (see

Figure 6).

The composite elastic modulus was predicted well

for both the two-dimensional and three-dimensional

particle orientation cases. However, the three dimen-

sional scenario predicted the composite elastic mod-

ulus better across all stretch ratios than the two-di-

mensional scenario. The three-dimensional scenario

assumes random orientation whereas the two-dimen-

sional scenario assumes unidirectional orientation.

This confirmed the tomography analysis which sug-

gested that the MCC particles were randomly dis-

persed in three dimensions. The higher percentile as-

pect ratio (p95) best predicted the composite elastic

modulus, whereas the very low aspect ratio particles

(p25) did not reinforce the matrix as much.

The results suggest that the fibre reinforcement ca-

pability is increased at higher stretch ratios. This is re-

lated to the exponential increase in PLA matrix elas-

tic modulus due to cell wall alignment at higher stretch
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Figure 6. Mechanistic model fitted to 10% MCC data for a range of aspect ratios. a) the 2D case and b) the 3D case. Different

aspect ratio percentiles (25th, 50th, 75th, 90th and 95th) were used. This highlights that very low aspect ratio particles

(25th percentile) do not contribute to the increased composite stiffness.



ratios. A weakly foamed matrix will preferentially

deform, however, a stiffer matrix will transfer more

stress to the MCC particles.

4. Conclusions

The normalised tensile elastic modulus of PLA

foams with embedded MCC particles increased ex-

ponentially with uniaxial stretching in the MD. This

increase was attributed mainly to cell wall alignment

in the MD. This theory was supported with micro-

scopic analysis and unchanged degree of crystallini-

ty from measurements using a DSC. The elastic mod-

ulus was higher for foams with higher MCC content.

Specifically, there was an increase of 3.5 times for

10 wt% and 2 times for 5 wt% MCC foamed films

at the highest stretch ratios.

In order to understand the stiffness reinforcement

from increased particle content a mechanistic model

was proposed and tested. It was assumed that the cel-

lular structure can be replaced with an equivalent

solid homogeneous matrix with embedded MCC par-

ticles. X-ray tomography was used to determine that

the particles had low aspect ratios and random ori-

entation. Particle orientation was not influenced by

the threshold used meaning that, within reason, par-

ticle orientation analysis was not dependent on the

selection of a correct threshold level. Using a varia-

tion of the Mori-Tanaka theory which assumes ran-

dom orientation in 3 dimensions, good correlation

between predicted and experimental results for the

composite elastic modulus was found for a wide

range of measured aspect ratios.
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