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of biopolymers and biocomposites
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a b s t r a c t

An Environmental Stress Cracking test was used to investigate damage to glass fiber rein-
forced poly(lactic acid) based biocomposites. The study was performed in water. The main
advantages were a significant decrease in experiment duration compared to natural, artifi-
cial or accelerated tests and an increase in the reliability of the results. Depending on the
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ant types of failure behavior were observed.
1. Introduction

Glass-fiber reinforced composites are widely used in
industry (e.g. the automobile industry) as structural
materials. Under their conditions of use, thesematerials are
subject to ageing, with the ageing phenomena conditioned
by the environment. In the case of composites, the ageing
process is reflected by different types of degradation. In
certain specific environments this degradation is critical,
while in other climates no effect is observed.

The development of biocomposites is expanding rapidly,
with most materials based on a poly(lactic acid) (or PLA)
matrix. Someapplicationsof PLA requireknowledgeabout the
durability and predictability of the material’s properties. The
rateof PLAhydrolysis increasesmarkedlyaboveTg [1] andalso
as hydrolysis proceeds, presumably due to the production of
hydrophilic groups (alcohol, acid.) [2]. Likewise, hydrophilic
molecules and functional groups such as lactide and carbox-
ylic groups, whose concentrations are proportional to degra-
dation, increase the level of moisture. In addition, the
x:þ33 4 66 78 53 65.
ret).
morphology - both crystallinity and the presence of micro-
voids or porosity - may affect water permeation [3].

A series of tests has been developed to characterize the
evolution of material properties. These tests are intended to
simulate the ageing of materials in use. Singh [4] summa-
rizes the various mechanisms of plastic degradation and
the methods used to observe them.

In environmental ageing tests, samples are placed
in natural conditions (temperature, humidity, light
exposure.). After a period of up to several months, the
samples are characterized by visual observation (crack
formation, chalking, color changes.) and analytical
methods (IR, mechanical tests.) [4]. However, these tests
have major drawbacks. Firstly, they require long ageing
periods and, in addition, they are representative of a specific
location, i.e. the study site. For example, the same material
will obviously not age in the sameway in a tropical region as
in a temperate climate [5,6].

The second kind of test, the artificial ageing test, repro-
duces natural conditions in the laboratory. One or more
specific parameters are controlled. The simplest example is
temperature, which is controlled by air-conditioning. These
tests help to accelerate ageing but can never fully simulate all
the external conditions (sun exposure, microorganisms.).
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Finally, most of the tests currently used are accelerated
ageing tests. Here, one or more environmental parameters
are modified. Thus, for a hydrothermal ageing test,
temperature and humidity are both increased, although
UV-ageing does not occur (since the test is performed in an
autoclave). Moreover, amplifying a given factor may cause
parasitic phenomena that would not occur in normal
conditions. Some chemical reactions involved in the failure
of a material are sequential but most of them require the
diffusion of reactants (themselves products of reactions).
As a result, the various reactions do not accelerate in the
same way as a function of temperature. Accelerated ageing
tests may, therefore, lead to different failure mechanisms
than those induced under natural conditions. Finally, in the
environment the material may undergo mechanical
stresses concurrently with environmental degradation.

Several papers [7–12] deal with the relationship
between natural and artificial ageing processes and
conclude that there is no correlation. This viewpoint is
reflected in several standards [13,14]. Even accelerated
ageing outdoors [4,14] using mirrors to increase sun
exposure gave contradictory information concerning
polyolefins [15]. Similar doubts have been expressed
regarding the relationship between data obtained in an
extreme environment and the prediction of performances
in a temperate climate [6].

A phenomenon usually called Environmental Stress
Cracking has been used to try to predict failure under stress.
Two methods have been developed. The first involves tests
where specimensare stressedunderconstant strain [16,17] or
constant stress [18]. Time to crazing is measured by obser-
vationof the samples. The other type of test uses a slow strain
rate (10-3%/s [19–22]) or slow stress rate (4 MPa/h [23,24]).
However, all of these tests are carried out in a chemical
environment (acetone, ethanol and other organic solvents).

In order to determine the ageing mechanisms of
a material in service, an accelerated ageing method was
adapted by applying a slow strain rate. Our method is able
to simulate the ageing of the material under stress in
a well-defined environment. The method is rapid and easy
to set up as well as representative of the ageing process.

Our test could yield similar results to other accelerated
ageing tests without causing the emergence of secondary
phenomena (crystallization.). The main phenomenon
observed is environmental stress cracking, which is the
susceptibility of thematerial to failure under the conditions
of use [15]. Turnbull et al. [21] adopted a similar approach
by comparing the results of four point bending, constant-
load and slow strain rate tests.

For this study, to demonstrate the efficiency of the ESC
test adapted to our material, it will be compared to a clas-
sical three-point bending (3 PB) test before and after ageing
in water.

2. Experimental

2.1. Materials and processing

2.1.1. Materials
PLA (PLA 700D) was provided by Nature Works LLC

(Blair, USA). The polymer has an average molecular weight
(Mn) of 142 kDa and a polydispersity index of 1.80 deter-
mined by SEC (THF, 25 �C).

Two different types of glass fibers (Diameter ¼ 10 mm),
a commercial E-glass and a new X-glass, were provided by
OCV Reinforcement International (Chambéry, France). The
composition of the X-glass fiber enabled relatively high
solubility, especially of alkaline components. Both fibers
were coated with a standard water-based sizing used in
traditional composites such as PET or PBT/E-glass. The
sizingmainly consists of an aminosilane coupling agent and
an epoxy sticking agent. Tenacity, which is an indicator of
the resistance of the sized fiber, was measured by a tensile
test applied to a long fiber. The maximum force (in N) was
divided by the weight of 1 km of fiber (in tex). Tests were
performed by OCV Reinforcement in compliance with
Standard ISO 3341. The X-glass and E-glass fiber tenacity
were 0.4 N/tex and 0.45 N/tex respectively.

2.1.2. Composite processing
The pellets were dried at 50 �C under vacuum for 12 h

before processing (manufacturer’s recommendation). The
composites consisted of a PLA matrix reinforced by 30% in
mass of E-glass or X-glass fibers (respectively named PLA-E
and PLA-X). The fiber content was verified by LOI (1 h,
600 �C).

A co-rotating twin-screw extruder (Clextral BC21) was
used for melt blending. Temperature was set to 170 �C and
the screw rotation speed was maintained at 250 rpm. After
extrusion, the composites were cooled in a water bath and
pelletized.

The composite pellets were dried under vacuum at 50 �C
for 12 h and were then injection-molded at 170 �C (San-
dretto, 95 tons) to obtain tensile samples compliant with
Standard ISO 527-2 type 1A. The screw speed during the
plasticization step was maintained at 30 rpm, cycles were
67 s long and the mold temperature was set at 40 �C.

2.1.3. Glass fiber length
The initial glass fiber length was 4.5 mm. The fiber

length after processing was measured as follows. First, the
composites were dissolved in THF. Then, the solutions were
placed on glass lamella under vacuum and observed using
an optical microscope. Finally, the images were processed
by means of a software application developed by the
laboratory. Approximately one thousand fibers were
measured and the average size in number (Tn) and length
(Tl) were calculated. The dispersity factor (Df) was deter-
mined using the following equation (Equation 1):

Df ¼ T1 � Tn
Tn

(1)

2.2. Mechanical properties: three-point bending test

Three-point bending (3 PB) tests were carried out at
least 3 days after injectionmolding at ambient temperature
and humidity. In order to determine the flexural modulus
and the stress and deformation at break, the size of the
samples used was 80 mm � 10 mm � 4 mm. Specimens
were loaded with a crosshead speed of 2 mm/min, using
a Zwick Z100 testing machine equipped with a 2.5 kN load



Fig. 1. ESC apparatus.
cell (Zwick/Roell, 2 mV/V) and the span was set at 64 mm
(Standard ISO 178). Five specimens were tested at 23 �C and
50% R.H. The stress, deformation and modulus were
calculated using Equation 2, Equation 3 and Equation 4
respectively.

sðMPaÞ ¼ 3�F � L
2�b� h2

(2)

3ð%Þ ¼ 6�d� h
L

(3)

EðGPaÞ ¼ F � L3

4�b� h� d
(4)
2.3. Immersion ageing

2.3.1. Water uptake
The water uptake was measured by weighing the

samples after ageing (one week, 23 �C, deionized water).
For the ESC immersion test, water was removed and the
samples were quickly wiped andweighed (Mettler balance,
accuracy �0.1 mg) to assess the mass variation. The water
content Mt was calculated as follows (Equation 5).

Mt

�
%
�

¼ Wt Wo

Wo
�100 (5)

Wo and Wt were the specimen weights before and after
ageing respectively. For the composites, the water uptake
due to the matrix fraction (70% in mass) was subtracted
from the total water uptake. The difference can be attrib-
uted to the influences of sizing and fibers.

2.3.2. Environmental accelerated creep test
The apparatus (length ¼ 1558 mm, width ¼ 520 mm

and height ¼ 945 mm) consisted of a frame and two arms
on which were set the three-point bending supports. The
arms were designed for a maximum traction/compression
force of 100 kN. The force was measured with a 1 kN form
HBM load cell, model U3 (precision 0.2%). A bath could be
placed on the bench in order to immerse the specimen in
a defined environment (air, water, enzyme solution etc.) at
different temperatures (Fig. 1).

For this study, two environments were selected: air and
water (8 L of de-ionized water) at room temperature (23 �C,
measured using a J type sensor, precision þ/� 1 �C). Tests
were carried out with a maximum deflection of 4.5%
(12 mm). Three specimens of ESC material were tested.

Displacement was monitored using an incremental
encoder (precision < 0.7%). The selected strain rate was
0.5 mm/h (0.1875%/h). This rate is an interesting factor
because it provides results about ageing in 24 h.
2.4. Thermal analysis

The crystallinity ratio was studied by Differential Scan-
ning Calorimetry (DSC). The analyses were carried out using
a Perkin Elmer PYRIS Diamond DSC equipped with a cooling
attachment, under a nitrogen atmosphere. Data were
collected by heating the materials from 20 �C to 180 �C at
a constant rate of 10 �C/min. A PLA sampleweight between 5
and 10 mg was used sealed in aluminum pans. The melting
temperature was measured and the crystallinity ratio was
determinedwith themelting enthalpymeasured for the ESC
sample. Three analyses were carried out.

The crystallinity content (xc) was calculated from
Equation (6) excluding the fiber content of the composites:

xc PLA

�
%
�

¼ 100:DHm

93
(6)

where DHm (J/g) is the measured polymer melting
enthalpy. A melting enthalpy of 93 J/g has been reported by
Fischer et al [25] for 100% crystalline PLA.

For the composites, a similar Equation (7) was used,
taking into account the PLA fraction (70% in mass):

xcCompositesð%Þ ¼ 100:D0m

93
�0:7 (7)

The fusion enthalpy was calculated by subtracting the
crystallization enthalpy (DHc) from the melting enthalpy
(DHf) using Equation 8.

DHm ¼ DHf � DHc (8)

2.5. Environmental scanning electron microscopy

The surface morphology of fractured samples was
observed by environmental scanning electron microscopy
(ESEM) at room temperature. A Quanta 200 FEG (FEI
Company) environmental scanning electronmicroscopewas
used to collect ESEM images for the composite specimens. A
gold coating was deposed on the broken surface to protect
the PLA surface. Samples were viewed perpendicular to the
fracture surface. The aim was to observe the interface
adhesion between the matrix and the fiber, the fracture
mode and the fiber length after fracture. A magnification of
750 was used to observe the fiber surface.

3. Comparison between ESC test and 3 PB test

3.1. Reproducibility of ESC test

The reproducibility of the ESC test was clearly demon-
strated by the low standard deviation (Table 1 and Fig. 2).



Table 1
Results of PLA tested with ESC apparatus.

Sample 1 Sample 2 Sample3 Average Standard
deviation

Modulus 3.15 3.15 3.32 3.20 0.53
Maximum

force
116 117 118 117 1
3.2. Before water ageing

Air was considered as a non-aggressive environment.
Fig. 3 shows stress/strain curves (MPa/%) for PLA and PLA
composites obtained through ESC and 3 PB tests.

There were no significant differences between the ESC
and 3 PB test curves of the pure PLA. No breakwas observed
in either test.

The curves of the composites exhibited a higher
maximum stress than that of the matrix. The modulus was
higher with the ESC test than the 3 PB test. This result could
be explained by a difference in apparatus geometry. The
distance between the supports was 80 mm in the ESC test
compared with 64 mm in the 3 PB test. In general, the
displacement ofmacromolecules decreases when the strain
rate is increased and the material appears to be stiffer [19].

Failure occurred later in the ESC test. This was due to
matrix relaxation, enabling the polymer chains to move at
low strain rate. The material became more ductile, leading
to an increase in strain at break. These results are contrary
to those obtained by Arnold [19].

The mechanical properties obtained by the ESC and 3 PB
tests are given in Table 2. The results obtained were similar.
For thepurePLA, themoduluswasapproximately 3.3GPaand
an increase of up to 10 GPawas observed for the composites.

The maximum stress values displayed the same trends.
It should be noted that the difference between the mate-
rials according to the ESC test was about 60 MPa, compared
to 35 MPa with the 3 PB test.

The difference in strain between the PLA-X and PLA-E
composites was close to 0.25% for the 3 PB test and 0.65%
for the ESC test.

Hence, ESC before ageing appears be an interesting test,
able to highlight differences between the behavior of
materials.
Fig. 2. Force/displacement curves for PLA before ageing.
3.3. Water ageing

3.3.1. Water absorption
The water uptake data (Table 3) show differences

between the one day water immersion ESC test and
a classical one week water immersion test. After one day
(immersion test), pure PLA absorbed 0.22 wt% of water
whereas it absorbed 0.32 wt% of water during the one day
water immersion ESC test. These results illustrate a marked
increase (þ64%) in water diffusion within the PLA matrix,
enhanced by the slow chain deformation occurring during
the EAC test. Similar observations were made for the
composites. However, it should be noted that specimen
breakdown during the ESC test involved the emergence of
two newly formed facture surfaces in contact with water.
The area of these contact surfaces grew with time up to the
global specimen section (40 mm2).

The contribution of the matrix to water absorption in
the composites was evaluated. The experimental water
uptake was less than the theoretical value whatever the
composite (0.21% for both composites compared to 0.15%
and 0.20% for PLA-X and PLA-E respectively, for the one day
immersion ESC test and 0.48% for both composites
compared to 0.36% and 0.29% for PLA-X and PLA-E
respectively, for the classical one week immersion test).
The reduction in the water diffusion coefficient was caused
by the fibers, which act as a barrier.

3.3.2. Mechanical properties
Fig. 4 shows the stress/strain (MPa/%) curves for the PLA

and PLA composites obtained by applying the ESC and 3 PB
tests to water-aged materials.

As before ageing, the ESC and 3 PB tests curves for the
pure PLA were similar (Table 4). No break was observed in
the presence of water. Siparsky et al. [26] demonstrated
that PLA hydrolysis at ambient temperature is a very slow
diffusion mechanism compared, for example, to water
vapor diffusion. The effect of matrix degradation by
hydrolysis can, therefore, be considered negligible
compared to the effect of matrix plasticization [27]. In the
case of the composites, other phenomena appear simulta-
neously with the water uptake. Water molecules in the
interphase would tend to have more influence on ageing
behavior than in the bulk. The interphase area is the critical
region of the composite. Previous studies have shown, for
Fig. 3. Graphs of stress/strain for ESC and 3 PB tests in Air.



Table 2
Comparison of mechanical properties obtained by ESC test and 3 PB test (Air).

Test material ESC test 3 PB Test

Modulus (GPa) Maximum stress (MPa) Strain at break (%) Modulus (GPa) Maximum stress (MPa) Strain at break (%)

PLA 3.20 � 0.53 119 � 1 >4.5 3.36 � 0.02 102 � 1 3.48 � 0.02
PLA-X 10.03 � 0.11 182 � 6 1.89 � 0.11 9.28 � 0.09 138 � 4 1.56 � 0.07
PLA-E 10.83 � 0.24 241 � 2 2.55 � 0.01 10.15 � 0.25 171 � 5 1.82 � 0.11

Table 3
Experimental and theoretical water contents (wt%) of samples after classical immersion test during one day (for PLA) and one week (for all materials) and
after one day immersion ESC test.

Material One day immersion ESC test One day immersion test One week immersion test

Experimental Theoretical Experimental Theoretical Experimental Theoretical

PLA 0.32 � 0.03 0.32 � 0.03 0.22 � 0,07 0.22 � 0,07 0.68 � 0.09 0.68 � 0.09
PLA-X 0.15 � 0.02 0.21 � 0.02 ND ND 0.36 � 0.01 0.48 � 0.06
PLA-E 0.20 � 0.02 0.21 � 0.02 ND ND 0.29 � 0.00 0.48 � 0.06

ND: not determined.
a PET/30 wt% glass fiber composite [28,29], that global
ageing results in matrix ageing (hydrolysis, crystallization)
and interphase degradation (interfacial cracking, osmotic
failure). The modulus was higher in the ESC test that the
3 PB test for the reasons described above.

Finally, the failure occurred at higher strains in the ESC
test than the 3 PB test (as before ageing). It is interesting to
note that different types of failure were observed in the
different composites. The PLA-E composite tested by the
ESC test broke down progressively, with a pronounced
stress decrease near 1.8% strain, followed by a gradual
stress decrease until 4.5% strain. In the case of the PLA-E
composite tested by the 3 PB test and the PLA-X with both
tests, there was a sudden failure. This result would appear
to indicate a better interaction between the E-fiber and the
matrix due to the sizing. This observation was enabled by
the low interphase strain rate.

The maximum stress for the PLA-X and PLA-E compos-
ites was higher than for the pure PLA, (Table 4). In both the
ESC and the 3 PB tests, the differences between materials
were close to 30 MPa. Moreover, composite strain at break
was the same whichever the test.
Fig. 4. Graphs of stress/strain for ESC and 3 PB tests after water ageing.
The values obtained using the ESC test were higher and
standard deviations lower than with the 3 PB test. These
differences could be explained by the slower strain rate in
the ESC test, enabling thematerial to reconfigure/relax [19].
During the mechanical test, it is well known that reorga-
nization of macromolecules may occur within the polymer
matrix and/or the glass fiber sizing that could be empha-
sized by a very slow strain rate.

Significant differences between the failure modes of the
composite materials could, therefore, be revealed through
the ESC test compared to the classical 3 PB test because of
the low strain rate.

4. Comparison between biocomposites

4.1. structure of biocomposites

Concerning glass fiber length in composites, results
show that Tn is about 245 mm for PLA-X (Df ¼ 0.15) and
225 mm for PLA-E (Df ¼ 0.14). Therefore, this parameter
would not influence the following results.

From DSC analysis, (Table 2) a difference in the chain
structure of the compositewas detected. The crystallinity of
PLA-Xwas twice that of PLA-Ewhich implies amodification
in chain structure. Two hypotheses could explain this
phenomenon. The first is that the X-glass surface is rougher
than that of the E-glass, affecting the matrix chain struc-
ture. Roughness provides nucleation points on the PLA
chains, explaining the higher crystallinity of the PLA-X. The
second hypothesis is the migration into the sizing of alka-
line glass components, which crystallize during drying.
These crystals could also act as nucleation sites in the PLA
matrix.

4.2. Before water ageing

In both the ESC and the 3 PB tests, flexural modulus
increased in the presence of glass fibers from 3.2 GPa (pure
PLA) to 10 GPa and 10.8 GPa (PLA-X and PLA-E



Table 4
Comparison of mechanical properties obtained by ESC test and 3 PB test (Water).

Test material ESC test 3 PB Test

Modulus (GPa) Maximum stress (MPa) Strain at break (%) Modulus (GPa) Maximum stress (MPa) Strain at break (%)

PLA 3.48 � 0.09 113 � 3 >4.5 3.26 � 0.05 98 � 3 3.43 � 0.10
PLA-X 9.83 � 0.00 131 � 0 1.33 � 0.00 9.03 � 0.14 113 � 7 1.35 � 0.10
PLA-E 10.51 � 0.11 178 � 1 1.74 � 0.02 10.14 � 1.62 157 � 3 1.72 � 0.05
respectively), demonstrating an increase in material
rigidity induced by the fibers. The maximum stress
increased from 119 MPa for the pure matrix to 182.3 MPa
for PLA-X and 240.6 MPa for PLA-E. Moreover, the strain at
break of the composites was half that of the PLA. It should
be noted here that strain at break for the PLA was higher
than 4.5% (maximum deflection of 12 mm).

Before ageing, the X-glass fiber provided lower rein-
forcement than E-glass fiber. This result may be the
consequence of a more brittle glass and/or a lower level of
interaction at the fiber/matrix interface.

The fracture surfaces were observed by ESEM. The
images obtained are presented in Fig. 5, enabling compres-
sive and tensile zones to be defined.

In the compressive area, the same morphology was
observed whichever the test used. Nevertheless, it can be
noted that more sizing remained on the surface of the X-
fibers than the E-fibers. The low strain rate enabled the
macromolecules in the sizing to reorganize concomitantly
with the relaxation of the matrix.

In the ESC test, there were slight differences between
the materials in the tensile zone. ESEM observation
revealed some differences between the broken sections
obtained after the 3 PB and ESC tests. After the 3 PB test,
matrices were disturbed by the fiber displacement in the
PLA. This modification was much less visible in the
composites tested by ESC. To explain these differences, it
could be assumed that the higher strain rate in the 3 PB test
prevented reorganization of the polymer chain around the
Fig. 5. Fibers and sizing after 3 PB test and ESC
fiber. On the contrary, the low strain rate of the ESC test
enabled the matrix to creep around the displaced fiber.

4.3. Water ageing

4.3.1. ESC test in water
The mechanical property representative of short times

is the Young’s modulus (from 0.13 to 0.67 mm). There were
no major differences in modulus between the ESC and 3 PB
tests. For the pure PLA, the modulus was 3.48 and 3.26 GPa
according to the ESC and 3 PB tests respectively. The values
for the composites were also very close. It could be noted
that the ESC values were slightly higher than those
obtained in the 3 PB test but the standard deviation was
lower. The maximum stress increased from the pure PLA to
the PLA-X and the PLA-E. In both the ESC and the 3 PB tests,
the differences between the materials were close to
30 MPa. Interestingly, the composite strains were the same
in both the ESC and the 3 PB test.

The PLA modulus results showed no significant differ-
ence before and after ageing (3.20 GPa and 3.48 GPa
respectively). This is due to an induction period [24] during
which the water diffusion through the PLA matrix was very
low. In the case of the composites, on the other hand, a slight
decrease in the modulus was observed. This effect can be
attributed to water diffusion at the interphase [30]. It has
been well established that these regions probably have
a diffusion coefficient higher than that of the bulk matrix,
creating a preferential diffusion path for water molecules.
test before ageing for PLA-E and PLA-X.



Fig. 6. Effects of water on mechanical behavior (:, E-glass; D X-glass; O PLA).
During the ESC test (Fig. 6), the PLA was plasticized.
After 24 h the maximum stress was lower than before
ageing. These results reflect the increase of residual stress
introduced by immersion [22]. By contrast, the composite
was more degraded. The interphase degradation was
confirmed by the earlier occurrence of the failure than
before ageing. This could be due to the water molecules
preferentially diffusing at the interphase and degrading the
chemical “matrix/fiber” bonds. This phenomenon causes
decohesion and a reduction in mechanical properties. The
cracking behavior was different before and after ageing for
the PLA-E. It was not as clear as for the PLA-X and was
progressive due to the nature of the fibers.

During the ESC test, the materials were under mechan-
ical strain simultaneously with water ageing, whereas the
material underwent ageing before the 3 PB test.

4.3.2. 3 PB test after one-week’s immersion in water
Materials tested using the 3 PB test after one-week’s

immersion exhibited a decrease in maximum force
compared to unaged materials. The Young’s modulus
decreased due to matrix plasticization.

Water absorption was 0.48% for the PLA matrix. By
subtracting this value from the values for PLA-X and PLA-E,
Fig. 7. Fibers and sizing after 3 PB test and ES
it is possible to measure the contribution of the fiber and
the sizing. Since the X- and E-glasses have the same sizing,
the difference between them can be attributed to the
nature of the fiber. The X-glass fiber, which can be degraded
bywater, exhibited awater adsorption 25% higher than that
of the E-glass. Camino et al. [31] reported that water
diffusion is affected by the partial dissolution of glass fiber,
which forms a number of new electrolytes.

However, the behavior difference observed before and
after ageing was lower when the materials were subjected
to the 3 PB test (one week) compared to the ESC (one day).

For the material tested by ESC, the maximum stress was
lower inwater (Table 4). This phenomenon can be explained
by matrix plasticization. The water molecules were inter-
spersed between the polymer chains, reducing the intermo-
lecular interactions [19]. As the water absorption increased,
the PLAmatrix became softer, as indicated by the decrease in
the modulus. Nevertheless, water plasticization had more
impact on the maximum stress than on the modulus. This
phenomenon can be explained by the difference in water
absorption during the initial and longer-term ageing times.

Fig. 7 shows the fracture surfaceof thePLA-E andPLA-Xas
a function of the type of ageing and the area observed
(compressive or tensile). In the compressive zone, the
C test after ageing for PLA-E and PLA-X.



matrix/fiber fracture seems to be similar. In both composites,
the sizing had good interaction with the fiber. In the tensile
zone, the surface exhibited an interfacial area with a degree
of disorganization in all cases. This disorganizationwasmore
pronounced in the PLA-E. The matrix elongation was more
significant after the 3 PB test than the ESC test. However, the
differences were smaller and a matrix displacement
occurred after the ESC test. This displacement could be
connected to matrix plasticization. A swelling of the matrix
was detected near the fibers. This may be due to greater
water diffusion at the interface than in bulk PLA.

5. Conclusions

The ESC test clearly demonstrated its efficiency for
studying the mechanical properties of materials in
a controlled environment. Its high levels of accuracy enabled
the use of only three specimens and several phenomena
were revealed.

In comparison with a classical 3 PB test in air, the ESC
test was remarkable for its ability to determine thematerial
behavior under strain and in-service conditions as a func-
tion of the matrix, fiber and sizing used. Differences in
mechanical properties were emphasized. This can partic-
ularly be explained by higher deformation of the interphase
with the lower strain rate of the ESC test.

Applying a low strain rate in a water environment
enabled various kinds of failure to be detected in both
composites. The test was long enough to enable both bulk
and interphase water diffusion, together with relaxation.
The differences in cracking behavior can be ascribed to
matrix/fiber interaction in relationwith sizing efficiency. In
the PLA-E, the composite sizing especially developed for
this matrix/fiber system created good adhesion. In the PLA-
X composite, the lower mechanical properties would
suggest that adhesion was lower despite the presence of
sizing detected by ESEM.

The influence of water was demonstrated by the inter-
phase swelling (ESEM observations) and the matrix soft-
ening (mechanical properties) during the ESC test. An
increase in water diffusion, measured by weighing the
specimens, seems to be caused by the mechanical straining
of the material in the testing environment.
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