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In this study, the effect of macromolecular chain-
branching on poly(lactic acid) (PLA) rheology, crystalli-
zation, and extrusion foaming was investigated. Two
PLA grades, an amorphous and a semi-crystalline one,
were branched using a multifunctional styrene-acrylic-
epoxy copolymer. The branching of PLA and its foam-
ing were achieved in one-step extrusion process. Car-
bon dioxide (CO,), in concentration up to 9%, was
used as expansion agent to obtain foams from the two
PLA branched using chain-extender contents up to
2%. The foams were investigated with respect to their
shear and elongational behavior, crystallinity, morphol-
ogy, and density. The addition of the chain-extender
led to an increase in complex viscosity, elasticity, elon-
gational viscosity, and in the manifestation of the
strain-hardening phenomena. Low-density foams were
obtained at 5-9% CO, for semi-crystalline PLA and
only at 9% CO, in the case of the amorphous PLA. Dif-
ferences in foaming behavior were attributed to crys-
tallites formation during the foaming process. The
rheological and structural changes associated with
PLA chain-extension lowered the achieved crystallinity
but slightly improved the foamability at low CO, con-
tent. POLYM. ENG. SCI., 50:629-642, 2010. © 2009 Society of
Plastics Engineers

INTRODUCTION

Poly(lactic acid) (PLA) is an aliphatic polyester first
used in medical applications and now in the industrial
packaging field. It is a rigid, brittle, and transparent bio-
based polymer and can be obtained from ring-opening po-
lymerization of lactide, a lactic acid dimer. PLA is often
compared with poly(ethylene terephthalate) (PET) in
terms of its tensile strength, elastic modulus, impact resist-
ance, and barrier properties [1, 2]. It can be transformed
using extrusion and molding technologies [3]. PLA crys-
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tallinity can be controlled by adjusting the content of its
two stereoisomers, L-LA and p-LA. The PLLA crystallin-
ity can attain around 45%. This crystallinity level
decreases with D-LA content and molecular weight [4].

The extrusion foaming process includes a sequence of
complex phenomena. First, the blowing agent must be dis-
solved under pressure into the polymer leading to the plas-
ticization of the polymer melt. When the polymer-blowing
agent solution emerges from the die, the pressure drop
causes phase separation and nucleation of gas cells. These
cells undergo a growth stage fueled by the diffusion of the
blowing agent from the polymer matrix into these newly
formed gas cells. The next step is the foam stabilization
which depends on nonlinear viscoelastic property (strain-
hardening), polymer deplasticization (i.e., the separation by
diffusion of blowing agent phase out from polymer phase),
polymer crystallization, and cooling rate [5, 6]. The strain-
hardening is a rapid extensional viscosity increase in time
that occurs when the polymer melt is highly oriented, i.e.,
during the cell growth stage in the particular case of poly-
mer foaming. The strain-hardening is observed when the
macromolecular chain disentanglement rate is too low in
relation with the deformation rate. In linear polymers, the
incorporation of long chain branches or the addition of a
low fraction of high molecular weight polymer has been
used to create strain-hardening and to enhance the foaming
process [7—11]. At first glance, PLA rheology is not well
suited for the foaming process because it has a relatively
low melt strength and typically does not exhibit any strain-
hardening. A further drawback of PLA is that it has a poor
thermal stability and can undergo chain-scission during
processing [12, 13]. Therefore, in comparison with poly-
mers such as polyethylene, polypropylene or polystyrene,
the PLA requires substantially larger molecular weight to
display similar melt viscoelastic behavior at a given tem-
perature [14]. When the chain architecture of PLA is
changed from linear to star or branched, then zero-shear
viscosity and elasticity increase, the shear-thinning behav-
ior is accentuated and relaxation time is increased which
should be favorable to foam stabilization [15-18].
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There are very few studies about extrusion foaming of
PLA [19-21]. Amorphous and semi-crystalline PLA were
foamed by extrusion using the CO, as blowing agent.
Low-density foams, with densities in the 20-30 kg/m’
range, were achieved when the CO, concentration
exceeded a threshold of around 7%. The foam crystallin-
ity was shown to vary depending on D-LA content, CO,
concentration, polymer flow rate, and die diameter.

The literature is also very scarce with respect to elon-
gational viscosity of PLA. During elongation of PLA,
strain-hardening was reported and was associated to the
presence of a low fraction of high molecular PLA in the
sample [22]. It was also showed that the addition of small
amounts of PDLA could lead to strain-hardening in PLLA
melts [23]. In this case, the stereocomplex formation
acted as crosslink points and resulted in physical branch-
ing of the PLA chains. This effect was stronger when
PDLA of low molecular weight was used.

Chemical chain-extension is largely used to increase
the melt strength and elasticity of linear polymers. For
polyesters, chain-extension consists in increasing the mo-
lecular weight by bridging the hydroxyl or carboxyl reac-
tive-end groups using bi or poly-functional molecules. For
PET, branching was obtained by reaction with pyromel-
litic dianhydride, [24-26], and with various epoxy-based
chain-extenders, [27-31]. For PLA, various diisocyanate
were investigated for this purpose [32-39]. All these
bifunctional molecules have a narrow processing window
and can lead to gel formation. Long-random copolymers
with multiple reactive sites are another approaches for
producing chain-branched structures. For example, ethyl-
ene-methyl acrylate-glycidyl methacrylate copolymers
have successfully been used for the branching of PET
[40]. Recently, a multifunctional styrene-acrylic-epoxy
random oligomer, with a molecular weight around 3000
g/mol, has been proposed as chain-extender without the
aforementioned limitations [41, 42].

In this study, we investigated extrusion foaming and
rheology of chain-branched PLA. The branching was done
using the abovementioned multifunctional styrene-acrylic-
epoxy copolymer. Extrusion foaming of two PLA grades,
one amorphous, and one semi-crystalline was carried out
using the CO, as blowing agent. The objective of this
work was to establish a relationship between the foaming
behavior, crystallization, and the rheological behavior of
chain-branched PLA. The effect of the chain-extender and
blowing agent content on crystallinity and foam morphol-
ogy and microstructure are discussed.
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Screw configuration used in extrusion foaming of PLA.

EXPERIMENTAL

Materials

Two different PLA grades supplied by NatureWorks
were used in this study. PLA8302D was an amorphous
grade (aPLA) and PLA4032D was a semi-crystalline
grade (cPLA), with approximately 10 and 2%, respec-
tively of p-lactic acid monomer. The chain-extender (CE),
CesaExtend OMAN698493 from Clariant Additive Mas-
terbatches, was an epoxy-styrene-acrylic oligomer, pro-
vided in masterbatch form in a PLA carrier. The epoxy
groups are believed to react preferentially with the car-
boxyl-end groups of the PLA chains to form a branched
structure. The hydroxyl-terminal groups of PLA are less
reactive with the epoxy groups and should remain sub-
stantially unreacted. This should avoid crosslinking and
gel formation [41, 42]. The PLA and CE were dried at
55°C for a minimum of 8 h prior to use. CO, with a pu-
rity of 99.9% was used as blowing agent in the PLA foam
extrusion process.

Internal Mixer

Mixing of CE with the PLA was generally carried in
the twin-screw extrusion foaming experiments but, in one
selected experiment, an internal mixer with a mixing vol-
ume of 60 cm® was used to make blends from cPLA with
different CE contents between 0.2 and 2%. The blends
were obtained under N, atmosphere for a blending time
of 20 min at 200°C and a screw rotation speed of 80 rpm
After blending, the samples were quenched in cold water
to avoid crystallization during cooling.

Extrusion Foaming Process

A Leistritz 34 mm co-rotating twin-screw extruder
comprising 12 barrel zones was used to prepare the PLA
foams. The process configuration is presented in Fig. 1.
The screw configuration in the first part of the extruder
was dedicated to the chain-branching reaction where the
temperature was maintained at around 190°C for all the
formulations. The CO, was pumped into barrel segment 7
using a high-precision injection pump. This second part
of the extruder was used to solubilize the blowing agent
in the polymer melt and to bring the material temperature
down to the desired final extrusion foaming temperature.

DOI 10.1002/pen
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FIG. 2. Viscosity of cPLA at 180°C branched with different contents
of CE. The branching was carried out in an internal mixer at 200°C for
a mixing time of 20 min.

The temperature profile in this second part of the extruder
was decreased as a function of the formulation with the
purpose to obtain the optimal foam and this profile will
be presented and discussed in detail in the article. A pair
of reverse screw elements, situated upstream from the
blowing agent injection point, was used as a dynamic
melt seal to maintain a high CO, pressure in the latter
portion of the extruder. A gear pump was also placed at
the end of the extrusion line to preserve a high-pressure
level at the end of the extruder. The extruder was oper-
ated at a constant screw rotation speed of 150 rpm and at
a constant flow rate of 10 kg/h. A capillary die with a 2
mm diameter was used. All foam samples were stored for
2 weeks at room temperature prior to crystallinity mea-
surement to make sure the CO, had diffused out of the
samples. The samples were dimensionally stable during
that period.

Rheological Measurements

Sample Preparation. Rheological measurements were
carried out on extruded materials (unfoamed or foamed)
unless stated otherwise. The foamed material was cut in
small pieces, dried for 12 h at 55°C, and re-extruded at
180°C using a mini-extruder (Haake Thermal Mixing)
under N, atmosphere. This extrusion step was necessarily
to break down the foam structure and to obtain homoge-
nous samples for rheological measurements. In the case
of unfoamed samples, this extrusion step was applied with
the purpose to have the same thermal treatment as for the
foamed samples. After the extrusion step, all samples
were dried again for 12 h at 55°C prior to rheological
testing. Similar viscosities were found for controls
extruded with the twin-screw extruder and the mini-

DOI 10.1002/pen
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FIG. 3. Viscosity of branched aPLA and cPLA at 180°C branched with
0, 0.5, 1, 1.5, and 2% CE. The branching was carried out in the twin-
screw extruder at 180°C.

extruder indicating that the extra thermal history in the
mini-extruder did not degrade the material.

Dynamic Mode. The complex viscosity was measured
in plate—plate geometry at 180°C in a dynamic mode
using an Ares rotational rheometer from TA Instrument’s.
The complex viscosity was first monitored over time to
verify the thermal stability of the samples. Frequency
sweeps were carried out to determine the complex viscos-
ity over a frequency ranging from 0.1 to 100 rad/s. The
tests were conducted for a deformation of 15%. The sam-
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FIG. 4. Tan 6 as a function of CE concentration for a frequency of 1
rad/s for branched-extruded aPLA and cPLA.
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FIG. 5. Elongational viscosity as a function of time of virgin aPLA and cPLA (a and b), extruded (¢ and
d), and branched with up to 2% chain extender (e-l). Strain rates were 0.1, 0.5, 1, 5, and 10 s7! from right
to the left. The continuous curves represent the stress growth functions (34") obtained in shear.

ples were kept under a nitrogen blanket during testing to
minimize oxidation and to maintain a dry environment.

Elongation Mode
The elongational viscosity was measured at 180°C

using SER-HV-AO1 Universal Testing Platform for the

632 POLYMER ENGINEERING AND SCIENCE—2010

TA Instrument’s Ares rotational rheometer [43, 44]. The
samples were compression molded to dimensions of 18 X
10 X 1 mm’ and were dried again at 55°C for 12 h
before elongational testing. For each sample, the torque
was monitored as a function of time for five different
Hencky strain rates: 0.1, 0.5, 1, 5, and 10 s !. The maxi-
mum Hencky strain was constant at 3.5 and, therefore,

DOI 10.1002/pen
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FIG. 5.

the duration of each test was 35, 7, 3.5, 0.7, and 0.35 s,
respectively. The following equation was used to calculate
the tensile stress growth function for molten PLA in
steady extension [43, 44]:

: (T)
2RenAo(ps/pag) B exp(—énl])

ey

where 1) is the value of tensile stress growth, &y is the
applied Hencky strain rate, T is the torque, R is the drum
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radius, Ag is initial area of the sample measured in the
solid state, and ¢ is time data. The density of PLA in solid
state, pg, was considered 1.25 g/cm3 [1], and the value
for PLA melt at 180°C, py, was 1.115 g/em® [45].

Crystallization

Differential Scanning Calorimetry (DSC) analysis was
carried out on dry unfoamed and foamed samples using a
TA Instrument’s Q1000 apparatus calibrated using an in-

POLYMER ENGINEERING AND SCIENCE—2010 633



dium standard. For the initial crystallization measure-
ments, the samples were heated from 30 to 200°C at
20°C/min and the enthalpy of crystallization upon heating
AH. and melting enthalpy AH,, were measured. The ini-
tial crystalline content in the samples was given by (AH,,
— AH.)/AH; where AH; is the theoretical heat of fusion
of 100% crystalline PLA. A value of 93 J/g was taken for
PLAs theoretical heat of fusion [46]. After the initial crys-
tallinity measurements, the samples were maintained
at 200°C for 2 min to erase the thermal history, cooled
to 30°C at 20°C/min and then reheated to 200°C at
20°C/min.

Foam Characterization

The cryogenically fractured foam surfaces, perpendicu-
lar to the extrusion direction, were observed on a Scan-
ning Electron Microscope (SEM). All foamed surfaces
were sputter-coated with platinum prior to the observa-
tion. The density of the foam was determined by a water
displacement method. Cell population density (1) was cal-
culated as the number of cells per unit volume with
respect to the unfoamed PLA. The number of cells (n,) in
a defined area (/[ X [) was first calculated from SEM
micrographs and then the total number of cells per cubic
centimeter was calculated with the equation:

3
h= ("b/lz) 2. vy Where vy = Ppy A/ Pfoum 2)

where v, is the radial expansion ratio, pppa and pgoam are
the density of unfoamed and foamed PLA respectively.

RESULTS AND DISCUSSION

The effect of CE addition on PLA viscosity was first
evaluated on blends prepared in the internal mixer.
Figure 2 presents the complex viscosity as a function of
frequency for cPLA blended with different CE contents.
The cPLA pellets used as reference showed the lowest
zero-shear viscosity, around 5 X 10° Pa s, and a well-
defined Newtonian plateau for frequencies below 10 rad/
s. The viscosity increased with CE content for concentra-
tions up to 1.4%. For an oscillation rate of 0.1 rad/s, the
viscosity increased by one order of magnitude and the
Newtonian plateau disappeared in the investigated fre-
quency range. This change in viscosity was a clear indi-
cation of the macromolecular chain-extension and con-
firmed the efficiency of the investigated chain-extender.
For CE contents from 1.4 to 2% CE, the viscosity
decreased but remained close to the maximum value
obtained for 1.4% CE curve. This implies that a thresh-
old of CE concentration was reached and that no more
carboxyl-end groups were available on cPLA chains to
further react with the epoxy moieties of the excess
chain-extender.
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The internal mixing was carried out for 20 min, leaving
ample time for the completion of the branching reaction.
These experiments were reproduced using the twin-screw
extrusion process to verify if a similar viscosity increase
could be obtained regardless with the much shorter resi-
dence time encountered in a continuous extrusion process.
Figure 3 presents the complex viscosity as a function of
frequency for extruded PLA samples. The extruded
unbranched aPLA and cPLA, presented as a reference,
showed a well-defined Newtonian plateau with the lowest
zero-shear viscosities at 1600 and 2300 Pa s, respectively.
Comparing with the virgin material (see Fig. 2), the vis-
cosity of the extruded cPLA was decreased by a half due
to the thermal and mechanical degradation that occurred
during extrusion. At 0.5% CE, the zero-shear viscosity
increased to 2600 and 3600 Pa s, respectively. Increasing
CE content up to 2% led to a continuous rise of viscosity
and to an accentuation of the shear-thinning behavior. At
these CE concentrations, the two PLA grades showed
almost identical viscosity curves. The viscosity values
observed for extruded samples were slightly smaller in
comparison to those obtained by internal mixing (see Fig.
2) but still showed a significant viscosity increase in rela-
tion to the reference materials. The lower viscosity for
extruded samples could be explained by the shorter reac-
tion time in extrusion, about 2—3 min versus 20 min in in-
ternal mixer, and by a greater chain-scission due to the
more aggressive mixing environment found in the extru-
sion process. It is noteworthy that the higher chain-scis-
sion encountered in the extrusion process probably led at
the formation of a higher number of carboxyl groups than
in internal mixing. In turn, this has pushed the CE
concentration threshold observed in Fig. 2 to a higher
level.

Figure 4 presents tan ¢ of aPLA and cPLA measured
at 180°C as a function of CE content for a frequency of 1
rad/s. Tan ¢ is defined as the ratio of G”/G’ and is there-
fore a ratio of viscous to elastic contribution at a given
oscillation frequency. Tan J of the extruded PLA (0%
CE) was around 20. This value decreased continuously
down to a value around 4 at increasing CE concentration
from 0 to 2%. A decrease in tan J is indicative of the
increase in melt elasticity. It can be assumed that
increased number of branches with CE content has
increased the number of entanglements between PLA
macromolecular chains and is an additional evidence
of the branching efficiency of the investigated chain-
extender.

The chain-extension of PLA should also reflect into
the material response to an elongation deformation. Figure
5 compares the transient elongational viscosity of aPLA
and cPLA at 180°C with up to 2% CE. The elongational
viscosity of PLA pellets, (a) and (b), and the viscosity of
the extruded materials without chain-extender, (c¢) and (d),
were presented as references. As in shear experiments, the
extruded unbranched PLA showed a lower elongational
viscosity than the pellets due to the chain-scission that

DOI 10.1002/pen
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FIG. 6. DSC scans obtained during the first heating (+20°C/min) and
the cooling (—20°C/min) for branched and unfoamed cPLA samples.

occurred during the extrusion. The reference materials did
not exhibit any strain-hardening. The samples also broke
prematurely before the maximum extension enabled by
the test (i.e., Hencky strain of 3.5). The cPLA resisted up
to a longer extension than aPLA. By contrast, all samples
with 0.5-2% CE, (e) to (1), resisted to the elongational de-
formation without failure for the complete test durations
and displayed strain-hardening. Some instability upon
elongational deformation was found at the low strain rate
of 0.1 s~' due to the low force levels involved. In gen-
eral, the elongational viscosity and the magnitude of the
strain-hardening increased with CE content. The aPLA
and cPLA showed very similar behaviors. At 1.5 and 2%
CE, the strain-hardening led to an increase in viscosity by
two orders of magnitude. The shear stress growth function
(3y") for each formulation, obtained at a low shear
(y = 0.005s7"), are also presented in Fig. 5. In general,
the shear growth curves were close to the ¢ curves. The
best superposition was obtained for the unmodified PLA.
With the addition of the chain-extender, the shear growth
curves were systematically lower than the ;¢ curves. In
other words, the Trouton law (¢ = 31") was not per-
fectly obeyed for the branched materials. A first explana-
tion is that the Trouton law is valid for inelastic Newto-
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nian fluids, while in the current situation important elastic
component was present in the branched materials. Second,
the Trouton law is valid only at a very low deformation
rate, ¢=79=w — 0. Our stress growth functions in
steady-shear were obtained at a deformation rate of 0.005
s~ '. It is possible that we were not yet in the Newtonian
plateau region and that we slightly underestimated the
shear stress growth curve. However, it was not possible to
use a lower deformation rate because the measured
stresses were below the accuracy limit of the apparatus.

It is important to verify how the chain-branching could
affect the thermal behavior of PLA. Figure 6 presents
DSC scans obtained during the first heating and during
the cooling of unfoamed cPLA samples extruded with dif-
ferent levels of chain-extender. The energy associated to
the crystallization exotherm was in all cases equal to the
melting endotherm. Thus, the extruded samples did not
show any initial crystallinity. This was expected because
the extrudates were rapidly cooled immediately after die
exit. The peak crystallization temperature on heating, 7Ty,
decreased by around 10°C as the CE content was
increased up to 2%. All samples showed a similar melting
peak, around 166°C. The crystallinity level developed on
heating was around 40% for the unbranched cPLA and
decreased to 30% at 2% CE. On cooling, the cPLA with
0-1% CE contents developed very low crystallinity levels,
around 5%. The weak crystallization peaks on cooling,
T.., appeared centered around 96°C. This peak increased
in magnitude and was shifted up to 105°C as the CE con-
tent was increased up to 2%. The maximum crystallinity
level achieved on cooling for the highly branched cPLA
reached a maximum of 10%. From the obtained results, it
seems that the rate of crystallization was increased in
presence of the chain-extender. This is showed by the Ty,
and T, shifts achieved on heating and cooling at increas-
ing CE levels. It should be noted, however, that in this
CE concentration range, the level of crystallinity achieved
on heating was lower (30%) than in the extruded unmodi-
fied resin (40%). Therefore, the branching seemed to
accelerate nucleation but, at the same time, disrupted the
chain linearity and created steric hindrance that reduced
the amount of PLA chains that could crystallize.

We will now examine the foamability of aPLA and
cPLA and its relation with CE content. Figures 7 presents
SEM micrographs of fractured surfaces of foam obtained
with 5, 7, and 9% CO, while Table 1 shows the corre-
sponding densities. The use of 3% CO, was not enough
to foam the PLA and, hence, this formulation was dis-
carded from the morphological characterization. The use
of 5% CO, only led to high-density foams, in the 800—
900 kg/m* range, as can be seen in Fig. 7a, d, and g. This
is only slightly lower than unfoamed PLA (1250 kg/m?).
The foam cell walls were thick and foam cells did not
contact one another. Surprisingly, the same foam mor-
phology and density was obtained regardless of the CE
content. At 7% CO,, Fig. 7b, e, and h, the foam density
was decreased down to 200 kg/m?, the cell walls were

POLYMER ENGINEERING AND SCIENCE—2010 635



.

FIG. 7.

e \

| b)Y 300y

-

(hy) SBU'm,_

-

SEM morphology of amorphous aPLA foams obtained with 5, 7, and 9% CO, (from left to right)

and branched with 0, 1, and 2% CE (from top to bottom).

thinner, and the cell size distribution became more uni-
form, around 130 pum. Again, the CE content did not
affect the foam quality. High-quality low-density foams
were obtained only at 9% CO, for all levels of branching.
The cells dimensions decreased to around 100 um, as
seen in micrographs (c), (f), and (i). The foam density
decreased at 20 kg/m3. Hence, speaking in terms of foam
morphology and density, the aPLA foams were not
improved by the presence of the chain-extender content.
Figure 8 and Table 2 present respectively the morphol-
ogies and corresponding densities of cPLA foams
obtained in the same conditions as for the aPLA foams.
In contrast with aPLA, the cPLA foams exhibited lower
densities and smaller cell sizes, especially at 5 and at 7%
CO,. At 5% CO,, the density of unbranched cPLA was
already as low as 65 kg/m’. As seen from Fig. 8, the
foams obtained at 5% CO, showed an increase in cell
dimension from 130 up to 300 pum and a decreased in
foam density from 65 down to 36 kg/m3, with the increas-
ing CE content. At 7 and 9% CO,, similar morphologies
were obtained for all CE contents. These foams showed
higher cell densities, higher uniformities of cell dimen-
sions of 100 um, and foam densities around 30 kg/m3.
Hence, the cPLA foam morphology and density were
affected by the increase of the chain-extender content
only at 5% CO,. It could be assumed that the chain-
branching resulted in better cell wall stabilization during
growth only at low blowing agent concentration. In our
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previous work, it was shown that cPLA can fully crystal-
lize in a very short time during the foaming process in
the presence of CO, when a critical threshold of 7% was
exceeded [20, 21]. At higher blowing agent concentra-
tions, it is possibly that foam crystallization plays a more
important role in the foam nucleation and stabilization
that the chain-branching. Therefore, it is interesting to
investigate the effect of the chain-extender on the crystal-
lization and foaming of branched cPLA foams.

Figure 9 presents DSC scans on heating of cPLA
foams with 0% CE and 2% CE. At the time of testing,
the CO, had completely diffused out of the samples.
Thus, the DSC measurements were not affected by any
CO, plasticization effect. All the samples presented some
crystallization upon heating since the foams were only
partially crystallized during the foaming process. For
unmodified cPLA foamed samples, the peak crystalliza-
tion temperature, T, decreased from 118 to 92°C with
increasing CO, concentration. At the same time, the level

TABLE 1. Density of aPLA foams.

Density (kg/m®)

CE content 5% CO, 7% CO, 9% CO,
0% 940 210 27
1% 820 220 19
2% 900 190 19
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FIG. 8.
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SEM morphologies of semi-crystalline cPLA foams obtained with 5, 7, and 9% CO, (from left to

right) and branched with 0, 1, and 2% CE (from top to bottom).

of achieved crystallinity during the foaming increased
from O to 30%. For foams obtained from branched cPLA
with 2% CE, the T, decreased with CO, concentration,
from 112 down to 90°C. These values were slightly lower
that in the case of the unbranched cPLA foams. The level
of crystallinity in the branched foams also increased with
CO, concentration but the level of crystallinity achieved
for 9% CO,, only 17%, was much lower than in the
unbranched foams. The crystallinity levels were also
measured for foamed samples branched with intermediate
CE contents (results not shown here). For example, the
crystallinity levels found in foams obtained from cPLA
branched with 1.5% CE were 6, 20, and 22% respectively
for 5, 7, and 9% CO,. Therefore, the branched cPLA can
also crystallize rapidly in the foaming process but
the achieved crystallinity decreases with increasing CE
content.

Typically, in the foaming process, a high extrusion
temperature is used in the first step of the process to melt
or soften the polymer. In our case, the barrel temperature
was set to 190°C before the CO, injection point in all
foaming-extrusion experiments. After the blowing agent
injection point, the temperature was decreased with the
purpose of increasing the melt strength of the polymer at
die exit. The temperature must be decreased progressively
with the increase in blowing agent concentration to take
into account its plasticizing effect. In this study, an im-
portant finding was that the cPLA extrusion required a
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higher mechanical energy input (i.e., higher screw torque)
and, in consequence, the foaming temperature could not
be lowered as much for cPLA than for aPLA. Figure 10
presents the minimum foaming temperature as a function
of CO, concentration. The minimum achievable tempera-
ture was always limited by the extrusion screw torque
limits. It was possible to decrease the aPLA foaming tem-
perature from 190 down to 110°C at 9% CO,. Similar
foaming temperature was achieved at all CE contents. For
cPLA, the minimum foaming temperature was much
higher. The minimum foaming temperature of cPLA with
3 to 7% CO, was around 170°C. At 9% CO,, the foaming
temperature was between 130 and 160°C and, interest-
ingly, it increased systematically with the CE content. It
is assumed that the main difference in the minimum
foaming temperature for amorphous and semi-crystalline
PLA comes from crystallite formation before the die exit.
Superimposed on this effect, the viscosity increase pro-
duced by the addition of the CE also increased the foam-

TABLE 2. Density of cPLA foams.

Density (kg/m?)

CE content 5% CO, 7% CO, 9% CO,
0% 65 28 28
1% 43 37 30
2% 36 32 32
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FIG. 9. DSC scans obtained upon the first heating of the pure (0% CE) and branched (2% CE) cPLA

foamed with 3, 5, 7, and 9% CO,.

ing temperature for the cPLA. It had no effect, however,
on the foaming temperature of the amorphous aPLA. As
we will see later, the low foaming temperatures achieved
in the case of aPLA may have hindered the chain-branch-
ing reaction.

To confirm the presence of PLA crystallites prior to
the die exit, the cell nucleation density was calculated
based on the observed foam morphology. Figure 11
presents cell nucleation density as a function of CE con-
tent for foams with 5, 7, and 9% CO,. For both PLA
grades, the number of cells per unit volume increased
greatly with CO, concentration but not with CE content.
The most important feature is that the cPLA cell popula-
tion density is always higher in comparison with aPLA at
the same blowing agent concentration. By contrast to the
cell nucleation in aPLA, the presence of crystalline nuclei
formed before the die exit seemed to play a significant
role in cPLA foam nucleation. The high screw torque and
the higher cell nucleation density were indirect evidence
of crystalline nuclei formation that occurred prior to the
die exit. It was only with 9% CO, that the foam nuclea-
tion density of the amorphous material matched that of
the semi-crystalline one.

PLA foams are characterized by a high number of
open cells. Keeping in mind the possibility that crystalli-
tes were already present during the foam growth stage in
cPLA cell walls, it is interesting to observe if the two
PLA differ in terms of their rupture mechanism. Figure
12 presents high-magnification micrographs of one cell
wall of aPLA (Fig. 12a and c) and of cPLA foams (Fig.
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12b and d) obtained with 1% CE and 9% CO,. For both
PLA grades, cavitated structures were observed in cell
walls that were ruptured as well as in unruptured ones
(Fig. 12a and b). It discloses a network of very small cav-
ities separated by fibrils. In some area, larger cavities with
nonuniform dimensions have appeared due to the rupture

_ 200
O 190 [B
& 180}
£ 1o} i
o 1 L&
2 160 | ', | S——
r b Y
E 150 | L |
't 140 [ @ cPLA, O%CE ;. e
£ [ & cPLA, 0.5%CE "n§ »
£ 130T @ cPLA 1%CE e
8 120 F -w- cPLA, 1.5%CE
g L -0 aPLA, 0%CE g
= 100 ..A- aPLA, 0.5%CE
2 9ol O aPLA 1%CE
= b % aPLA, 1.5%CE
w 80 .. apLA, 2%CE
?0 L i L i i i i | L i
0o 1 2 3 4 5 6 7 8 9

CO, Concentration [%)]

FIG. 10. Minimal extrusion temperature as a function of CO, concen-
tration during the foaming of branched cPLA and aPLA.
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FIG. 11. Cell nucleation density as a function of chain extender con-
centration calculated for aPLA and cPLA foams obtained with 5, 7, and
9% CO,.

of consecutive fibrils. Micrographs with higher magnifica-
tions are presented (Fig. 12c¢ and d) to better describe the
variety of cell wall textures and rupture types. The cavi-
tated structures formed by aPLA and cPLA differed in the
dimension of cavities, fibrils, and their orientation. Macro-
voids of 0.5-1 um in diameter were found in aPLA foam
cell walls. These macrovoids were non-uniformly distrib-

uted, un-oriented and separated by fibrils with widths in
100-500 nm range. Much smaller cavities, 75—100 nm,
were found in the case of cPLA. These cavities were sep-
arated by very short and thinner fibrils, around 10 nm,
and very long ones that were thicker, in 50-100 nm
range. It is around 10 times smaller than the cavities
found for aPLA. The cavities were slightly elongated in
the same direction as the thicker fibrils. It was postulated
in our previous work that the cavitation took place in the
amorphous zones between these crystallites [20, 21]. This
supports the assumptions that the finer cavitated structure
of cPLA is intimately related to the presence of crystal-
line domains in the cPLA cell walls. In aPLA, due to the
lack of the crystallites, the cavitation phenomena took
place arbitrarily, when the cell walls thickness was
decreased down to a critical value during the cell growth.
The weak points created in this way facilitated the rupture
of the cell walls. Similar cell wall features were found for
all chain-extender contents.

The unfoamed aPLA and cPLA presented a similar
complex viscosity when the same CE content was added
(see Fig. 3). It is interesting to examine how the viscosity
of branched materials has evolved after the foaming pro-
cess. Figure 13 presents complex viscosity at 180°C as a
function of CE content for unfoamed aPLA, cPLA, and
for foams obtained with 5% CO,. The values chosen for
complex viscosity correspond at a frequency of 1 rad/s.
The samples obtained from aPLA foams showed a grad-
ual increase in complex viscosity with CE content but this
increase was lower that for the unfoamed aPLA material.
The foams obtained from cPLA with 5% CO,, showed

FIG. 12. Details of cell wall ruptures for (a) - aPLA foams obtained in the presence of 1% CE and 9%
CO,, (b) - cPLA in the presence of 1% CE and 9% CO,. The micrographs (c) and (d) are higher magnifica-
tions of (a) and (b), respectively.

DOI 10.1002/pen

POLYMER ENGINEERING AND SCIENCE—2010 639



2e+4 T T T

—A— aPLA, 0%CO,
w 2e+4  —y— CPLA 0%CO,
& —A— aPLA, 5%CO,
> fe+s | —¥— CPLA 5%CO,
®
o
@
; 9e+3
x
2
2 6e+3
= e
O
o
3e+3
1 1 1

0.0 0.5 1.0 1.5 2.0
CE Concentration [%)]

FIG. 13. Complex viscosity as a function of CE content for aPLA and
cPLA unfoamed and foamed with 5% CO,. The values correspond to a
frequency of 1 rad/s for tests done at 180°C.

slightly higher complex viscosity values as for the
unfoamed cPLA material. As showed by the continuous
increase in complex viscosity, chain-branching was
achieved during the extrusion foaming process for both
PLA grades. Nevertheless, the level of branching was
lower for aPLA foams than for cPLA foams. This can be
explained by the lower foaming temperatures achieved
during aPLA foaming. These lower temperatures limited
the reactivity of the chain-extender. Therefore, it can be
assumed that the chain-branching of aPLA was hindered
by the lower temperature used after the CO, injection
point. This assumption points to an interesting dilemma in
the case of the amorphous foams. The lowering of foam-
ing temperature is usually a way to improve the melt
strength and improve the foam stability and overall qual-
ity. In the case of the reactive blend however, this
improved stability comes at the expense of a decrease in
branching reaction, also a rheological means to improve
the foam stability. Further study would be required to
identify the conditions for optimal foaming and branch-
ing.

Elongational viscosity measurements were also carried
out on the samples prepared from PLA extruded foams.
Figure 14 presents the elongational viscosity at 180°C
of aPLA and cPLA foamed with 3, 5, and 9% CO,. The
CE content used in extrusion foaming was 2% in all the
samples. The elongational viscosity of foams from
unbranched PLA at a Hencky strain rate of 0.1 s~ ' are
presented as reference in each graph. It showed a very
low viscosity and no strain-hardening, similar to the refer-
ence materials presented in Fig. 5a—d. The chain-branched
and foamed aPLA showed similar elongational viscosities
and strain-hardening for all blowing agent concentrations
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as can be observed in Fig. 14a, ¢, and e. The samples
obtained from cPLA foams also showed strain-hardening
but, the elongational viscosities presented some variations
with CO, concentration (Fig. 14b, d, and f). These results
show that the samples obtained from branched aPLA and
cPLA foams presented, however, longer relaxation times
due to the increased branching density and higher entan-
glement levels than for the unbranched foams. The aPLA
and cPLA exhibited almost similar elongational viscos-
ities in the melt state. This may be surprising considering
the difference in foaming behavior for aPLA and cPLA.
It must therefore be emphasized that the foaming condi-
tions differ from the rheological measurement conditions.
As we have shown, foaming provides conditions that are
very favorable to crystallization. The crystallites can
increase the viscosity of the cPLA material by acting as
solid particles dispersed in the flowing amorphous matrix.
This viscosity increase can add to the effect of chain-
branching. Thus, a full description of the cPLA foaming
process should take into account crystal growth as well as
the purely rheological effects expressed by the transient
elongational viscosity data.

CONCLUSIONS

Two different grades of PLA, an amorphous and a
semi-crystalline one, were branched using an epoxy-sty-
rene-acrylic copolymer as a reactive chain-extender. The
mixing and reaction of the chain-extender with the PLA
increased the shear viscosity, the melt elasticity and most
importantly, caused strain-hardening upon uniaxial defor-
mation in the molten state. Similar effects were observed
when adding the chain-extender in foaming trials. In this
case, the viscosity measurements carried out on the con-
solidated foamed sample showed that the chain-extension
reaction was slightly hindered by the lower processing
temperature used especially for foaming of the amorphous
PLA. Nonetheless, the shear and elongational viscosity of
samples obtained from the chain-extended foams were
significantly higher than the non-modified controls. The
increased melt elasticity and strength measured in con-
trolled rheological experiments did not translate into a
significant effect on the properties of CO,-foamed PLA.
For amorphous PLA, low-density foams were obtained
only at 9% CO, content and similar foam morphologies
were obtained regardless of the chain-extender content.
By contrast, low-density foams could be produced with
crystallizable PLA starting with only 5% CO,. At this
blowing agent concentration, the foam density was
reduced from 65 to 30 kg/m> by addition of the chain-ex-
tender showing in this case the benefit of the higher melt
strength. At higher blowing agent concentration, however,
low-density foams were obtained regardless of the chain-
extender concentration. This showed that at these CO,
levels, the rapid crystalline nucleation and growth than
occur simultaneously with the foam cell growth played a
role that essentially overwhelmed the effect of chain-
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growth functions (35") obtained in shear.

extension. The crystalline PLA foams had higher foam
nucleation density indirectly showing that PLA crystalline
nuclei had contributed to the foam cell nucleation. It was
also shown that in this CO, rich environment, PLA crys-
tal nucleation may even start under pressure prior to die
exit. This premature nucleation significantly increased the
flow resistance and forced the use of much higher foam-
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ing temperatures than for the amorphous material. It is
noteworthy that in independent rheological tests, the
amorphous and crystalline PLA exhibited relatively simi-
lar viscosity levels. Therefore, it was clearly the different
thermal behaviors that caused the differences in process-
ability. A second indirect evidence of simultaneous crys-
tallization and foam cell growth came from the close ex-
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amination of ruptured foam cell walls which showed very
finely cavitated structures in the crystalline foams typical
of a crystalline/amorphous heterogeneity scale.
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