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Abstract. This paper focuses on the crystalline structure of injection moulding grade poly(lactic acid) (PLA) and the effect
of crystalline structure on the processing. The research is induced by the significant differences in crystallinity of the pure
PLA resin, and the injection moulded product, and thus the reprocessing of PLA products. 2 mm thick PLA sheets were
injection moulded and re-crystallized in a conventional oven at 60—140°C, for 10-60 minutes to achieve various crystalline
contents. The properties of these sheets were investigated by dynamic mechanical analysis (DMA), differential scanning
calorimetry (DSC), and wide angle X-ray diffraction (WAXD). In a processing plant the rejected parts are recycled and
reused as raw material for further cycles, accordingly the various crystalline content PLA products were reprocessed as a
resin, to investigate the processing itself. When PLA products are reprocessed, due to the adherent feature of amorphous

PLA processing difficulties may occur. This adherent effect of the amorphous PLA was investigated and characterized.
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1. Introduction

In the last few decades interest has turned from the
conventional petrol based polymers to biodegrad-
able polymers. This attention is due to the fact that
some of these biodegradable polymers can be bio-
based while the conventional plastics are petrol
based. Furthermore, the degradation feature of
these biodegradable polymers also carries great
advantage in contrast with the low recycled ratio of
the mass plastics like polyethylene (PE) or
polypropylene (PP). Besides these advantages the
products made from biodegradable polymers can
be fit in the natural recycling processes [1-4].
Among the bio-based products, most of the research
has been made on starch. Starch is a renewable
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feedstock, which can be found all over the world in
significant amounts in agricultural plants like
maize, wheat, potato, rice, pea, etc. Based on the
experience in the food processing industry, thermo-
plastic starch (TPS) was developed by disrupting
starch granules with the help of heat and shearing
action [5-8]. TPS can be further processed with
slightly modified equipment like ordinary plastics,
however, its drawbacks like low mechanical prop-
erties, quick ageing feature, and low water resistant
properties made it only adequate for blends mostly
in combination with another biodegradable poly-
mer [9-12]. Nowadays the TPS/PCL (polycapro-
lactone) blend is mostly used for disposable
shopping bags.
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Another way of utilizing starch in the field of
biopolymers is its fermentation with other biomass
products like sugar. In the late 1990’s a break-
through came in the fermentation process of starch
and sugar, thus lactic acid was made as a raw mate-
rial for poly(lactic acid) (PLA). The technology has
a reasonable price compared to the synthesis of
petrol based plastics, which made PLA to reach
wide industrial interest. PLA proved not only to be
a fully bio-based and compostable biodegradable
polymer, but a biodegradable polymer with excel-
lent mechanical properties, easy processability and
reasonable price. Shopping bags, mulch films, cut-
leries, office utensils, flower pots, yoghurt cans,
and toothbrush handles can be made from PLA, but
in the near future it can enter into medical applica-
tions or it can serve as the material for engineering
products [13-15].

Based on the stereoregularity (L and D) of lactic
acid, L, D and D-L type lactides can be used in
PLA production. Semi-crystalline PLLA (poly-L-
lactic acid) or amorphous PDLA (poly-D-lactic
acid) can be produced by a ring opening polymeri-
sation of these lactides. For a commercial PLA a
blend of a higher amount of L-lactide and a lower
amount of D-lactide is used. The ratio of the two
lactides influences the mechanical properties, crys-
tallinity and even the degradation characteristics.
When semi-crystalline PLA is processed, its crys-
tallinity changes depend on the cooling rate. Typi-
cally in injection moulding, due to the high cooling
rates, totally amorphous PLA products are pro-
duced. In the differential scanning calorimetry
(DSC) curve of this amorphous PLA an exotherm
can be found, related to the cold crystallization
above Ty, and an endotherm, related to melting.
When PLA is recrystallized prior to measurement,
the exotherm in the DSC curve is not present
[16, 17].

During the crystallization of PLLA at high temper-
atures (>130-140°C) it is found that the disordered
o crystalline form, which can be produced by
annealing at lower temperatures, transforms into
the ordered o form. The differences between the o/
and o forms can be observed by wide angle X-ray
diffraction (WAXD) spectrometry and DSC analy-
sis [18]. In the WAXD analysis, more intense and
new peaks can be found, while in the DSC curves

two endothermic peaks appear related to the melt-
ing of the o~ and o phases. The peak at the lower
temperature is related to the melting of the o form
and its recrystallization into the o form, while the
second peak corresponds to the melting of the
o form. The two processes, the melting of the
o’ form and the recrystallization into the o form
can be considered as the o/~ phase transition. For
lower molecular weight PLA, the o'~ phase tran-
sition occurs at lower temperatures compared to
higher molecular weight PLA [18, 19]. Crys-
tallinity also influences the dynamic mechanical
analysis (DMA) properties. As it can be seen in the
DSC curves, the recrystallization occurs above T
and increases the storage modulus [20].
Recrystallized PLA products also carry a huge
advantage compared to amorphous products. This
advantage is manifested in the much higher heat
deflection temperature (HDT); while amorphous
PLA products have an HDT of 50°C, semi-crys-
talline PLA products have an HDT of 130°C.
Although PLA can be recrystallized after process-
ing into a product, the products shrink and signifi-
cant warpage occurs during recrystallization due to
the increasing crystallinity. Distortion-free semi-
crystallized PLA products can only be made during
the process using nucleating agents. Talc was found
to be an effective nucleating agent, which was
observed during DMA analyses [21].

The injection moulding grade PLA with a D-Lac-
tide content of 4% can be purchased in semi-crys-
talline form, but when it is processed into a product,
or mixed with natural fillers or fibres using melt
mixing techniques like extrusion, this PLA becomes
amorphous even at very low cooling rates (without
the use of nucleating agents). Thus, if it is to be fur-
ther processed like in the case of PLA based com-
posite pellets or if it is to be reused like in an
industrial processing plant where the rejected parts
are to be recycled, then because of the change in
crystallinity, a totally different material is going to
be processed. The changes in crystallinity during
processing and its effect on the re-processing have
been investigated with injection moulding; further-
more, the properties of various crystalline content
injection moulding grade PLA resins were analysed,
and the processing difficulties due to crystalline
structure were explained.
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2. Materials, processing and experimental
Semi crystalline PLA injection moulding grade
resin (type Ingeo 3051D from NatureWorks Ltd.,
USA, with a D-lactide content of 4%) was used for
the measurements. It was dried at 85°C for 6 hours
before injection moulding to prevent any degrada-
tion due to hydrolysis. 2 mm thick, 80 mm by
80 mm specimens were injection moulded with an
Arburg Allrounder 320C 600-250 injection mould-
ing machine equipped with a 35 mm screw. The
injection pressure was 850 bars, while the applied
holding pressure was 600 bars. The temperature
profile used was 165-175-180-185-190°C from the
hopper to the nozzle.

In order to produce quality PLA products some pre-
cautions were taken. To form a homogenous melt,
at least 30 bar of backpressure was necessary with a
screw rotational speed of 15 m/min. In some cases,
when the mould opened, the sprue broke, stuck into
the stationary mould half and had to be removed
manually. To avoid this, a long holding time (20 s)
had to be used, not only to compensate for the
shrinkage of the part but also for the shrinkage of
the sprue, especially to avoid the formation of
voids. Furthermore, the part and the sprue had to be
adequately stiff to avoid this phenomenon, thus for
proper demoulding, long holding and residual cool-
ing times (30 s) and a low mould temperature
(20°C) had to be used.

The injection moulded samples were totally trans-
parent, indicating their amorphous nature. After
injecting the samples, 50 mm long, 2 mm by 4 mm
specimens were cut for the DMA measurements,
and 2 mm thick 15 mm by 15 mm specimens were
cut for the WAXD measurements. The other injec-
tion moulded samples were shredded, repelletized,
and the amorphous PLA pellets were investigated
in two ways: firstly, it was reprocessed in the same
way as before to analyse the processing differ-
ences; secondly, the pellets were annealed at 80°C
for only 10 minutes to observe the beginning of the
re-crystallization with a scanning electron micro-
scope (SEM) type Jeol JSM6380 LA.

The specimens (for WAXD, DMA and DSC) were
placed on a glass plate in a vented oven for anneal-
ing at 60-80-100-120-140°C for 10-20-30-40-50-
60 minutes. The reason for the glass plate support
was the low heat deflection temperature of the
material. The notation of the samples is as follows:
X/Y, where X represents the temperature [°C], and Y
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represents the time interval [min] of the annealing.
The DMA measurements were made with a Perkin-
Elmer Pyris Diamond dynamic mechanical analyser,
while the DSC measurements were made with a
Perkin-Elmer Pyris 1 differential scanning calorime-
ter. The crystallinity was calculated from the DSC
melting enthalpies, using a melting enthalpy value
of 75.57 J/g for 100% crystalline PLLA [22]. The
un-annealed specimens were measured at heating
rates of 1-2-5-10-15-20°C/min, while the annealed
specimens were measured at a heating rate of
5°C/min. WAXD analysis was done with a Philips
model PW 3710 based PW 1050 Bragg-Brentano
parafocusing goniometer using CuKy radiation
(A =0.15418 nm).

Besides the analysis of the crystalline structure of
pure PLA, 30 weight% maize starch (type Meritena
100, from Brenntag Hungéria Ltd., Hungary) con-
tent PLA was made using a Brabender Plasti-
Corder PL 2100 twin screw extruder. The process-
ing of the annealed and un-annealed PLA/starch
blends was analysed.

3. Results and discussion

To analyse the effect of the different crystalline
content PLA specimens, they were annealed at dif-
ferent temperatures for different time periods as
mentioned before. The transparency of the samples
changed from transparent to nearly totally white as
the crystallinity increased. This observation was
verified by WAXD analysis. The results show that
the un-annealed PLA had no crystallinity, but one
significant peak appeared at 16.3° for the speci-
mens annealed at 80°C. The intensity of the peak
increased gradually as a function of annealing time
at 80°C (Figure 1), and this peak also shifted to
16.6° for the specimen annealed at 120°C for
10 minutes.

Three more peaks appeared at 14.8, 19.0 and at
22.3° for samples annealed at higher temperatures
(Figure 2), which indicate higher crystallinities, but
the specimens annealed at 100, 120, and 140°C
show the same WAXD spectrum independent of
annealing time.

These specimens were also analysed by DMA and
DSC. At first, the amorphous PLA specimen was
examined (Figure 3).

As one can see in the DMA curve, the storage mod-
ulus of the amorphous PLA decreases at T, but as a
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Figure 1. WAXD spectra of PLA annealed at 80°C for
10-60 minutes. The intensity of the peak
increases as annealing time increases. The
arrows point out the peak maxima.
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Figure 2. WAXD spectra of PLA annealed at 120°C for
10-60 minutes

result of re-crystallization during the measurement
the storage modulus returns to that of a semi-crys-
talline material. In the DSC curve one can observe
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Figure 4. DMA curves of un-annealed PLA captured at 1-
2-5-10-15-20°C/min heating rates

the T, at 58°C, the re-crystallization exotherm
between 80 and 105°C and the melting endotherm
as a double peak between 140 and 160°C. With the
increasing heating rate, the recrystalization during
measurement was less significant (Figure 4, Fig-
ure 5).

At higher heating rates, the time to develop crys-
tallinity was less, thus the DMA curves tends to the
real curve of amorphous PLA. In the DSC curves
one can see the decrease in crystallization enthalpies
and enthalpies of fusion as the heating rate increases
(Table 1).

The crystallization enthalpies and the enthalpies of
fusion did not change within experimental error,
thus the crystals formed during the cold crystalliza-
tion at lower temperatures melted at 150°C. The
crystallization peak has also shifted to higher tem-

1
E
@
£
g
i
)
E
=
e}
]
=
0 20 40 60 80 100 120 140 160 180
)] Temperature [*C]

Figure 3. (a) DMA and (b) DSC curves of un-annealed, amorphous PLA captured at a 1°C/min heating rate

Table 1. Crystallization enthalpies and enthalpies of fusion of the unannealed specimens

Heat rate Crystallization Crystallization Melting Enthalpy
[°C/min] peak [°C] enthalpy [J/g] peak [°C] of fusion [J/g]
2 96.1 -25.8 152.6 25.3
5 107.7 -29.9 152.6 27.5
10 117.8 -22.4 149.2 22.7
15 126.1 -11.4 151.9 11.5
20 130.7 4.8 154.4 5.8
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Figure 5. DSC curves of un-annealed PLA captured at (a) 10 and (b) 20°C/min heating rates
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Figure 7. The DMA curve of amorphous, semi crystalline,
and re crystallized PLA

peratures. For the annealed specimens, the loss in
storage modulus decreased with increasing crys-
talline content (Figure 6).

It can be seen that during the measurement the un-
annealed specimens fully re-crystallized, since the
storage moduli returned to those of the specimen
with the highest possible crystallinity around 120—
140°C. The higher the crystallinity, the lower the
storage modulus drop observed at the glass transi-
tion. Figure 7 summarizes the DMA curves for
amorphous PLA, semi-crystalline PLA, and PLA
re-crystallizing during measurement.

In the DSC curves the intensity of the exothermic
peak observably decreases with increasing PLA
crystallinity (Figure 8).

The enthalpy of fusion does not seem to change sig-
nificantly after the different heat treatments
(Table 2.), but from the differences in cold crystal-
lization it is clear that the samples reached their
maximum crystallinity after only 10 minutes at 100
and 120°C. It is further interesting that the double
melting peak, indicative of the melting of both the
o~ and « crystalline phases, changed to a single
melting peak typical of the o crystalline phase.
The supplier of PLA Ingeo 3051D has published a
know-how about crystallizing and drying of PLA
[23]. The adherent feature of the amorphous PLA
and the solution is well discussed, and warnings

Table 2. Crystallinity values, crystallization enthalpies and enthalpies of fusion of the annealed specimens

Annealing time Crystallization Crystallization Melting Enthalpy Crystallinity
and temperature peak [°C] enthalpy [J/g] peak [°C] of fusion [J/g] [%]
80°C, 10 min 105.4 -18.4 150.8 20.9 33
80°C, 20 min 100.9 -16.3 152.1 21.4 6.7
80°C, 30 min 99.4 -17.8 151.9 21.8 5.3
80°C, 40 min 95.4 -13.2 152.1 23.0 13.0
80°C, 50 min 91.1 -11.4 150.9 24.5 17.3
80°C, 60 min 96.4 -1.5 150.4 23.4 21.0
100°C, 10 min none none 151.4 25.8 34.1
120°C, 10 min none none 151.6 29.0 384
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Figure 8. DSC curves of PLA annealed at 80°C for (a) 10, (b) 40, (c) 60 minutes and (d) at 120°C for 10 minutes

about pneumatic material transportation from driers
to processing equipment are mentioned. Amor-
phous PLA was injection moulded to investigate
the effect of recycled PLA on the processing, but it
was found that from cycle to cycle more and more
amorphous PLA pellets stuck to the surface of the
screw and rotated together with the screw. The pel-
lets stuck on the screw even at the feed zone, where
the material should only be transported to the com-
pression zone, but not melted (Figure 9).

As more and more pellets stuck to the screw, more
and more torque was necessary to plasticize the

material; finally it reached a value which could
destabilize the injection moulding process. This
phenomenon prevented further processing of the
material until the barrel is cleaned. This effect was
characterized by the number of ‘problem free’
processes before the needed cleaning procedure.
For amorphous PLA, and for the used injection
moulding machine and parameters, the number of
problem free processes was around 10 cycles. To
further analyse the adherent effect with SEM,
amorphous pellets were heated at 80°C for 10 min-
utes in a conventional oven (Figure 10).

Figure 9. The amorphous PLA pellets stuck on the surface of the screw at the (a) beginning and at the (b) end of the feed-
ing zone
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1 mm

a)

Figure 10. Welded surface of pellets at 80°C, with a magnification of (a) 20 and (b) 2000

a)

b)

Figure 11. (a) Unannealed and (b) annealed pellet with peeled-off ribbons

a)

b)

Figure 12. Peeled-off ribbons on the surface of PLA pellet, with a magnification of (a) 100 and (b) 150

As the SEM pictures showed, the pellets locally
welded together, and a weld line between the pel-
lets developed even at this low temperature. It can
also be observed that for the pellets annealed at
120°C for 10 minutes, ribbon-like PLA formations
peeled off the surface of the pellet, suggesting local
melting of the pellets during crystallization (Fig-
ure 11, Figure 12).

This ‘melting’ is probably caused by the significant
exothermic cold crystallization heat and the low
heat transfer capabilities of PLA, and can be related
to the softening of the amorphous phase only. Dur-
ing cold crystallization the exothermic heat is trans-
ported to the surface of the pellet, where due to the
low heat transfer capabilities of PLA the accumu-
lated exothermic heat causes local softening of the

665



Tdbi et al. — eXPRESS Polymer Letters Vol.4, No.10 (2010) 659-668

unannealed

dQ/dT [mW] Exotherm—

0 20 40 60 80 100 120 140 160 180
a) Temperature [*C]

annealed

dQ/dT [mW] Exotherm—

0 20 40 60 80 100 120 140 160 180

b) Temperature [°C]

Figure 13. DSC curves of (a) annealed and (b) unannealed PLA/starch blends

amorphous phase. With the continuation of cold
crystallization, the crystallinity increases which
already retards the macro Brownian movement.
Accordingly, the injection moulding difficulties
could be totally overcome by the annealing of the
amorphous pellets in a vented oven prior to injec-
tion moulding, because with higher crystallinity the
re-crystallization phenomenon becomes negligibly
small or disappears. The pellets will also stick
together during the annealing process, but with low
mechanical action they can be separated easily.
With proper crystallization, the processing of re-
crystallized PLA pellets was as easy as the process-
ing of original (virgin) pellets; there were no
processing problems within the investigated 100
injection cycles.

Although many authors made PLA based compos-
ites and further processed the pellets into injection
moulded products, only a few reported the adherent
effect, and even fewer reported that annealing was
done before injection moulding. To analyse the
effect of annealing on PLA based blends,
30 weight% starch content PLA was made using a
twin screw extruder. The differences between the
annealed (at 120°C for 60 minutes) and un-annealed
blends can be seen in the DSC curves (Figure 13).
Here it can also be seen that after annealing the
exothermic peak responsible for the adhering fea-
ture of the amorphous PLA — and thus causing
unstable injection moulding technology — disap-
peared. No adherent effect was found with anneal-
ing of the PLA/starch blend, while the un-annealed
pellets led again to processing difficulties. The
injection moulding of the annealed pellets of the
PLA/starch blend was found to be stable.

4. Conclusions

The crystalline structure of injection moulding
grade polylactic acid (PLA) was analysed by wide
angle X-ray diffraction (WAXD) spectrometry,
dynamic mechanical analysis (DMA), differential
scanning calorimetry (DSC), and the effect of the
crystalline structure on the processing with injec-
tion moulding was analysed. The research is
induced by the significant differences in crys-
tallinity of the pure PLA resin, and the injection
moulded product, and thus the reprocessing of PLA
products. Different temperatures (60—-140°C) and
time intervals (10-60 minutes) were used to inves-
tigate the crystallization of injection moulded
amorphous PLA specimens in a vented oven. The
WAXD results show that in an annealing tempera-
ture range of 100-140°C, 10 minutes were enough
to achieve as high crystallinity as possible for injec-
tion moulding grade PLA (crystalline content
around 40%). The DMA properties show that the
amorphous specimens re-crystallized during meas-
urement, which gave rise to an increase in the stor-
age modulus above T,. At a high heating rate it was
possible to measure the DMA curve of the amor-
phous PLA, thus the differences in DMA curves of
the amorphous and semi-crystalline PLA could be
studied. The DSC results showed a significant
exothermic peak in the temperature range of 80—
140°C which is related to cold crystallization. The
exothermic peak decreased with increasing crys-
tallinity, thus no exothermic peak could be observed
for the fully annealed specimens (specimens with
around 40% crystalline content).

Amorphous PLA was injection moulded to investi-
gate the effect of recycled PLA on the processing,
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but due to the adherent feature of the amorphous
PLA, pellets stuck to the screw already in the feed-
ing zone, where the material should be only trans-
ported but not melted. This phenomenon destabi-
lized the injection moulding process, preventing
further processing after 10 injection cycles. It was
observed by scanning electron microscopy (SEM)
that the pellets welded together locally, and that
ribbon-like formations peeled off the surface of the
pellets. This suggests that during processing, due to
the significant crystallization exotermic heat accu-
mulated at the surface of the pellets, and due to the
low heat transfer capability of the material, the
amorphous phase of the pellets softens locally and
causes the adherent effect that destabilizes the
injection moulding processing. These injection
moulding difficulties can be totally overcome by
re-crystallization of the amorphous material prior
to the injection. In this case, within the investigated
100 injection cycles, the processing was easy and
problem-free, like the processing of semi-crys-
talline PLA. It was also found that annealing is also
effective in eliminating processing difficulties
when processing PLA based, starch filled materi-
als.
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