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ARTICLE INFO ABSTRACT

Keywords: Poly(lactic acid) (PLA) is a “green” alternative to petroleum-based plastics and a desirable choice for many
Poly(lactic acid) applications. However, low heat deflection temperature and lack of toughness, together with the slow crystal-
Crystallization

lization kinetic of neat PLA hinder its widespread application. The weak properties of PLA can be improved with
the improvement of crystallinity, which depends on molecular weight, D-lactide content, the presence of
different modifiers and the processing conditions. We aimed to maximize the crystallinity and crystallization rate
of PLA to explore the limitations of PLA when it is processed by injection molding. Therefore, we selected PLA
with low D-lactide content, the three effective nucleating agents and the two suitable plasticizers. We found that
the heat deflection temperature, tensile strength, and Young’s modulus of PLA modified with nucleating agents
were considerably better than those of Acrylonitrile Butadiene Styrene (ABS). However, the elongation at break
of the annealed and the simultaneously nucleated and plasticized PLA compounds was significantly lower than
that of ABS. The addition of nucleating agents and plasticizers and the variation of mold temperature did not
improve the brittleness of PLA. The elongation at break of PLA was still very low and stayed in the 1.7-2.5%

Nucleating agents
Plasticizers
Injection molding
Annealing

range.

1. Introduction

Poly(lactic) acid (PLA) is a biodegradable polymer derived from
renewable natural resources. PLA belongs to the family of aliphatic
polyester thermoplastics with strength and stiffness superior to some
petroleum-based commodity plastics, such as Polypropylene (PP) and
Acrylonitrile Butadiene Styrene (ABS) [1,2]. This plastic is biocompat-
ible with human tissues [3], moisture resistant, an excellent electrical
insulator, and possesses good optical and barrier properties. It is also
considered “greener” than petroleum-based plastics due to the less CO5
emission generated during its lifecycle [4]. Due to its good thermal
processability, PLA is suitable for manufacturing products by film
extrusion, blow molding, fiber spinning, 3D printing, thermoforming,
and injection molding [5-7]. All the merits of PLA make it a desirable
choice for the mass production of polymers for different applications.
Nowadays, PLA is already widely used in healthcare [8,9] and packaging
[10], but due to its low heat deflection temperature (HDT) [11] and

rigidity, PLA is still inadequate for structural usage. Another drawback
of PLA is its slow crystallization kinetic. Neat PLA usually demonstrates
a half-crystallization time (t;,2) in the range of 20-40 min, which is
unacceptably long for industrial production, especially for injection
molding, where a typical cycle time is 60-90 s [12].

The weak mechanical and thermal properties of PLA can be
improved by increasing its crystallinity, which is affected by its molec-
ular weight [13], D-lactide content [14], the presence of different
modifiers [15,16], and also by processing conditions, especially mold
temperature (Tpoq) [17]. Increasing Tpoq above the glass transition
temperature (Ty) of PLA is an effective strategy to improve the crystal-
linity of PLA. Misra et al. [18] investigated the effect of different mold
temperatures on the crystallinity of PLA. They found that the crystal-
linity of PLA increased from 25% to 42% at mold temperatures of 30 °C
and 90 °C correspondingly. A similar tendency was reported in many
other studies [11,19-21]. The higher the crystallinity of PLA, the lower
its molecular weight (M) [22]. For PLA with the lowest possible
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D-lactide content, t; 5 is around 3 min, which is still unacceptably long
for injection molding [23]. The crystallization half-time of PLA can
decrease dramatically to a minute or even below when an effective
nucleating agent is used [11,12,24]. In our recent study [4], we found
that the most effective nucleating agents for injection-molded PLA are
Zinc PhenylPhosphonate (PPZn), Ecopromote (Eco), and EcopromoteHD
(EcoHD). Although the primary role of a plasticizer is to increase the
toughness of PLA, plasticizers also enhance molecular chain mobility by
diffusing into the polymer chains and thus decrease the glass transition
temperature of PLA. By widening the crystallization window between T,
and the melting temperature (Tp,), plasticizers enhance the crystalliza-
tion of PLA [23,25]. Based on the literature analysis [1], one of the most
suitable plasticizers for PLA is Oligomeric Lactic Acid (OLA). It has a
similar chemical structure to PLA, a relatively high molar mass, and
renewable origin, and it also decreases the T, of PLA effectively [26,27].
Another efficient plasticizer for PLA is Dioctile Adipate (DOA) [28,29].

Although low D-lactide content and the presence of a nucleating
agent and a plasticizer improve the crystallinity and thus the thermo-
mechanical properties of PLA, the full potential of this polymer cannot
be realized with modifiers only. The crystallinity of PLA highly depends
on processing or post-processing conditions, especially the thermal
regime. It is worth mentioning that the thermal regime influences the
overall crystallinity of PLA and the morphology of crystals [30], which
affects the properties of PLA. Like many semi-crystalline polymers, PLA
is polymorphic with four possible crystal forms: a, B, y, € (also called
stereocomplex), and a disordered crystal form o’[31]. The a-form crys-
tals are developed from solution, melt, or cold crystallization at tem-
peratures above 120 °C. The o’-form crystals are formed at temperatures
lower than 100 °C, while a mixture of a- and o’-crystals are developed in
the temperature range from 100° to 120°C [32]. The other crystal forms
develop only under specific processing conditions. For example, the
B-form of crystals develops when a-crystals are stretched at around
170 °C [33]. The y-crystals are formed by epitaxial crystallization of PLA
at about 140 °C on a hexa-methyl-benzene substrate [34]. A stereo-
complex structure develops when equal amounts of the optically pure
PLLA and PDLA are melt-blended [35]. Among all the above-mentioned
crystal forms of PLA, the a- and o’- forms are the most significant from a
practical point of view. They develop during the melt processing of PLA,
such as injection molding, and also during annealing [20]. Both the -
and o’-form have an orthorhombic unit cell, but the o’-form has a less
ordered packing manner and lower density compared to the more or-
dered o-form. Therefore, the a-form crystal of PLA is more thermody-
namically stable than the o’ form. Ma et al. [32] evaluated the
relationship between crystal structure and the thermal and mechanical
properties of a melt-processed neat PLA. They found that when crys-
tallization temperature was increased from 100° to 130°C, crystallinity
did not change considerably but crystal size increased and the crystal
structure became more perfect. This led to an increase in the Young’s
modulus and heat resistance of PLA. At the same time, the increase in
crystallization temperature led to the formation of larger and less reg-
ular spherulites, which decreased elongation at break and tensile
strength.

The slow crystallization rate of PLA can also be improved with the
optimization of molding conditions. Santis et al. [17] assessed the
crystallization kinetics of PLA injected into a cold and a hot mold (25 °C
and 105 °C, respectively) with subsequent annealing at 105 °C. The
authors found that annealing at 105 °C was faster than in-mold crys-
tallization at the same temperature. However, the samples injected into
a hot mold demonstrated higher HDT than those from the cold mold
even though crystallinity was the same. Tabi et al. [11] found that
nucleated PLA can fully crystallize (crystallinity ~50%) in a hot mold
(90 °C) within an injection molding cycle. In contrast, in a cold mold
(25 °C), even nucleated PLA did not crystallize completely. Although the
crystallinity of injection-molded PLA can be further increased by
annealing, the inherent warpage and distortion of the annealed parts
restrict the usability of this post-production method.
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Although a lot of studies investigate the possibility of increasing the
crystallinity of PLA by using various approaches (increasing the mold
temperature, adding nucleating agent, adding plasticizer), to the best of
our knowledge, none of them investigate the combined effect of the
three mentioned approaches. Moreover, no attempt was made previ-
ously to maximize the crystallinity of PLA using the most effective
crystallization enhancer additives (nucleating agents and plasticizers) in
a single injection molding cycle and thus to improve the heat deflection
temperature of the molded product this way. In the current study, we
research the effect of molding conditions, especially mold temperature,
on the crystallinity and the thermal and mechanical properties of
simultaneously nucleated and plasticized injection-molded PLA speci-
mens. We aimed to maximize the crystallinity and crystallization rate of
PLA to explore the limitations of PLA when it is processed by injection
molding. Therefore, we selected a PLA grade with the lowest D-lactide
content (referred to as PLLA), the three most effective nucleated agents
found in our previous wide range of literature review (PPZn, Ecopro-
mote, and EcopromoteHD [11]), and the two most suitable PLA plasti-
cizers (OLA [36] and DOA [29,37]).

2. Materials and equipment
2.1. Materials

We used 3100HP grade PLLA from NatureWorks (Minnetonka, MN,
USA), with a D-lactide content of 0.5%. The density of PLA was 1.24 g/
em?®, its Tg was in the range of 55-60 °C, its melting temperature in the
range of 170-190 °C, and its melt flow index was in the range of 22-24
g/10 min (at 210 °C, with a 2.16 kg load). To minimize hydrolytic
degradation, we dried the PLA pellets at 80 °C for 6 h before com-
pounding. The nucleating agents we used were Zinc PhenylPhosphonate
(PPZn) synthesized in our laboratory [11], and commercially available
Ecopromote and Ecopromote HD (both purchased from Nissan Chemical
Industries Ltd., Tokyo, Japan). The plasticizers we used were Dioctyl
Adipate (DOA), trade name Plastomoll® (BASF, Germany, Ludwig-
shafen), and Oligomeric lactic acid (OLA) under the trade name OLA2
(Mw= 1200, viscosity = 90 mPas at 40 °C) and OLA8 (Mw= 1100,
viscosity = 22.5 mPas at 100 °C) (representing two different molar
masses) (Condensia Quimica S.A., Spain, Barcelona). 80 °C 1 h drying
was applied to decrease the viscosity of OLAS8 to a processable level and
also for OLA2 to have the same thermal history as OLAS.

2.2. Equipment for the production of specimens

For compounding, we used a twin-screw extruder LabTech LTE 26-
44 Scientific (Labtech Engineering Co., Ltd., Samutpreken, Thailand)
with a screw of 26 mm in diameter, and L/D = 40. The temperature
profile was 175-180-185-190 °C (from the hopper to the die), and the
screw rotational speed was 10 rpm. We added 2 wt% of each nucleating
agent to PLA and 5 wt% of each plasticizer. The exact recipes of the
compounds produced are presented in Table 1. The compound was

Table 1
The recipes of compounds.
Specimens  Nucleating agent Plasticizer
PPZn Ecopromote EcopromoteHD DOA OLA2 OLA8
I 2wt - - - - -
%
11 - 2 wt% - - -
111 - - 2 wt% - - -
v - - 2 wt% 5wt - -
%
v - - 2 wt% - 5wt -
%
VI - - 2 wt% - - 5wt

%
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cooled with ventilated air and pelletized for a length of 3 mm. The
second drying sequence was used at 80 °C for 6 h to crystallize the pellets
before injection molding.

We produced standard specimens (ISO 527-2/1 A) with a cross-
section of 4 x 10 mm with an injection molding machine Arburg
Allrounder 370 S 700-290 (Arburg GmbH., Lossburg, Germany) with a
screw of 30 mm in diameter, and L/D= 25. To produce ISO 527 1 A
specimens we used the following injection molding parameters: an in-
jection rate of 50 cm®/s, a holding pressure of 600 bars, a holding time of
20 s, and a melt temperature of 190 °C. We used in-mold crystallization
of specimens in a cold mold (at 25, 30, 40, and 50 °C) and in a hot mold
(at 90, 100, 110, and 120 °C). When a cold mold was used, the cooling
rate was high, and the part was cooled below T,. Therefore, the part was
adequately demolded, and the overall cycle time was relatively short.
The residual cooling time in the case of a cold mold was 60 s. With a hot
mold, demolding was essentially different. PLA can crystallize above T
inside the mold; therefore, instead of a cooling time, the term “in-mold
crystallization time” was used. In-mold crystallization time was 90 s.
The forming crystalline structure ensured enough stiffness to demold a
PLA part adequately, even though mold temperature was higher than
the HDT of the just ejected (demolded) PLA part. We also produced
specimens from neat PLA, which were annealed at 80, 90, 100, 110, and
120 °C for 4 h. We used the annealed samples from neat PLA as refer-
ences. In-mold crystallization of neat PLA was not possible due to the
inevitable appearance of large sink marks causing low dimensional ac-
curacy, and this way, the specimens became unsuitable for
measurements.

2.3. Equipment for the testing of specimens

To determine the crystallization and crystallinity of PLA with
different nucleating agents and plasticizers we used a Differential
Scanning Calorimetry (DSC) TA Instruments Q2000 (TA Instruments,
New Castle, USA). For this we cut 2-4 mg samples from the middle of the
injection-molded specimens. We used a non-isothermal mode (heat/
cool/heat) from 0° to 200°C at a heating and cooling rate of 5 °C/min to
determine the Ty, crystallization temperature (T,), enthalpy of crystal-
lization (AH,), enthalpy of fusion (AH;,), and melting temperature (Tp,).
From the first heating scan we calculated crystallinity with the following
equation:

_ AH, A g0,
AHp+(1 —a)

where X is crystallinity, %; AH, and AH,, are the enthalpy of crystalli-
zation and the enthalpy of fusion, respectively, J/g; AHy; — the enthalpy
of fusion for 100% crystalline PLA (93.0 J/g) [38], and « is the mass
fraction of the modifiers. The standard deviation (human evaluation and
equipment repeatability) was determined previously as a general
maximum 3% (crystallinity %).

We identified the mechanical properties of the specimens with ten-
sile and Charpy tests. For the tensile tests, which were conducted ac-
cording to ISO 527, we used a Zwick Z020 universal testing machine
(UTM) (Zwick, Ulm, Germany). The UTM was equipped with a force-
measuring cell Zwick BZ 020/TN2S with a force limit of 20 kN. The
speed of a crosshead during the tensile tests was 5 mm/min. For the
Charpy impact test (ISO 179) we used notched samples and an impact
testing machine Ceast Resil Impactor (Ceast, Torino, Italy), which was
equipped with a 15 J impact energy hammer and a DAS8000 data col-
lector unit. All the tensile and impact tests were performed at room
temperature (between 20 °C and 25 °C) and at a relative humidity of 50
+ 10%. In each test we used six specimens.

We measured the storage modulus of the specimens with a Dynamic
Mechanical Analyzer (DMA) Q800 (TA Instruments, New Castle, USA).
We investigated the storage modulus in the temperature range of
0-170 °C at a heating rate of 2 °C/min. For the DMA test, we cut samples
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from the middle of the injection-molded specimens. From each com-
pound we tested two specimens to determine their thermomechanical
properties. During the testing we used the dual cantilever mode with a
frequency of 1 Hz and a 20-micron amplitude.

Finally, we measured the HDT (ISO 75) of the samples with a Ceast
HV3 HDT (Ceast, Torino, Italy) device. We conducted the HDT B type
tests in a flatwise mode with a loading stress of 0.45 MPa, and at a
heating rate of 2 °C/min (120 °C/hour). A span length was 64 mm. The
HDT test stopped at deflection of 0.34 mm. We tested three specimens
and calculated an average value of the HDT.

3. Results and discussion
3.1. The effect of mold temperature on crystallinity

First, we determined the crystallinity of the nucleated and plasticized
compound (injection molded into a mold with various mold tempera-
tures), as well as the annealed PLA, which was the reference (Fig. 1).
Please note, that ISO standard 1 A specimen has a thickness of 4 mm,
thus a certain thermal gradient develops during molding. In every case
the small samples for the crystallinity determination were cut from the
middle of the injection molded specimens representing the highest
crystallinity the given specimen had since the cooling rate is typically
the lowest in the center line of an injection molded product.

We found that even with the use of the lowest D-lactide content PLA
and a highly effective nucleating agent as well as plasticizers, we still did
not reach the maximum achievable crystallinity of PLA using a cold
mold. When we gradually increased the mold temperature from 25 °C to
90 °C, the crystallinity of the final PLA part practically linearly increased
for all the investigated compounds. Note that with a mold temperature
between 50 °C and 80 °C it was not possible to injection mold speci-
mens, due to the slow crystallization rate and the proximity of the Tg of
PLA. A further increase of mold temperature from 90 °C to 120 °C did
not significantly affect the amount of crystal phase formed. This result
has two main consequences. First, all the IMC temperatures applied were
adequate to fully crystallize PLA during the injection molding cycle, and
the maximum crystallinity values were determined. Secondly,
increasing mold temperature from 90 °C to 120 °C most likely only
caused crystal ordering but no further increase in crystallinity. All the
examined nucleating agents increased crystallinity, and the applied IMC
method caused an increase in crystallinity of around 10% compared to
the annealed neat PLA samples. Among all the studied nucleating
agents, Ecopromote produced a slightly higher crystallinity than Eco-
promoteHD and PPZn (Fig. 1/a). The addition of a plasticizer further
increased the crystallinity of nucleated PLA by almost 8% (especially at
low mold temperatures, 25 °C and 40 °C), and by 4-5% at high mold
temperatures, but only for the PLA compounds with the less effective
nucleating agents; thus overall crystallinity could not be increased
further (Fig. 1/b). The maximum possible crystallinity was between
53.9% and 60.0% for all the nucleated and plasticized PLA compounds.
In every case, this crystallinity was higher than the crystallinity of the
annealed neat PLA specimens.

3.2. The effect of mold temperature on the HDT

Within a mold temperature range of 25 °C to 50 °C, the HDT of a
nucleated and plasticized PLA was found practically constant (~55 °C).
This was mainly due to the moderate level of crystallinity that developed
at these low mold temperatures, as low mold temperature hinders
crystallization (Fig. 2).

At the same time, the high level of crystallinity that developed at
high mold temperatures (from 90-120 °C) led to a significant increase in
HDT. The HDT of the nucleated PLA specimens processed with the IMC
method was in most cases 5-10 °C lower compared to the HDT of the
annealed (processed with the PPC method) specimens, even though
annealed specimens had 10-15% lower crystallinity. This difference
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Fig. 1. The crystallinity of 3100HP grade PLA nucleated with 2 wt% PPZn, Ecopromote, and EcopromoteHD (a) as well as nucleated with 2 wt% EcopromoteHD and
plasticized with 5 wt% DOA, OLA2, and OLAS8 (b) as a function of mold temperature.
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Fig. 2. Heat deflection temperature of 3100HP grade PLA nucleated with 2 wt% PPZn, Ecopromote, and EcopromoteHD (a) and nucleated with 2 wt% Ecopro-
moteHD and plasticized with 5 wt% DOA, OLA2, and OLAS8 (b) as a function of mold temperature. Note that the long dashed line represents the same mold tem-

perature and HDT values.

could be related to a more ordered crystal structure that developed
during annealing (cold crystallization) compared to the less ordered
structure that developed during cooling from the melt, and also to
increased spherulite size. Additionally, although crystallinity was the
same for the nucleated samples when mold temperature was between
90 °C and 120 °C (Fig. 1), the HDT continued to grow with increasing
mold temperature. This could also be explained by the increased
spherulite size and the more ordered crystal structure developing at
higher temperatures [39], even though only the less ordered o’ crystal
form was found in the compounds. In Fig. 2, a straight dashed linear line
represents the same values of mold temperature and heat deflection
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temperature connected, which is practically the border between
acceptable (above the dashed line) or unacceptable (below the dashed
line) from the point of view of demolding, since the values above this
dashed line represent specimens with higher HDT than the actual mold
temperature that was used for the IMC method. As can be seen, the HDT
of the final injection molded parts is only slightly higher (by 10-30 °C)
than the mold temperature itself, therefore some injection-molded parts
were still soft during demolding. Naturally, after demolding and cooling
outside the mold, the parts became stiff, but the small difference be-
tween HDT and demolding temperature can cause problems with
demolding and/or the accuracy of the parts produced.
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Fig. 3. Tensile strength of 3100HP grade PLA nucleated with 2 wt% PPZn, Ecopromote, and EcopromoteHD (a) and nucleated with 2 wt% EcopromoteHD and
plasticized with 5 wt% DOA, OLA2, and OLA8 (b) as a function of molding temperature.
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3.3. The effect of mold temperature on mechanical and
thermomechanical properties

We observed that the tensile strength of nucleated and plasticized
PLA decreased as mold temperature was increased (Fig. 3).

On the contrary, the annealed specimens in all cases demonstrated
higher tensile strength than the samples with nucleating agents with or
without plasticizers. Moreover, the annealed specimens showed the
highest increase in tensile strength when an annealing temperature of
80 °C was applied. A further increase of the annealing temperature led
to a gradual decrease in tensile strength. This phenomenon can be
explained by spherulite size, where the low annealing temperature
produces smaller spherulites, causing higher tensile and impact
strength, while a higher annealing temperature leads to larger spheru-
lites, which results in increased modulus and heat deflection tempera-
ture [32]. These results are in accordance with our previous research
results performed on neat PLA [39]. The tensile modulus of annealed
and nucleated PLA increased with increasing mold temperature
(Fig. 4/a).

This phenomenon is due to the increased crystalline order of the o’
crystal form and the larger spherulite size. At the same time, with the
addition of a plasticizer, this increase in modulus became insignificant
due to the plasticizer effect, thus the modulus of the nucleated and
plasticized PLA compounds became practically independent of mold
temperature (Fig. 4/b). We also found that mold temperature signifi-
cantly decreased the strain at break of PLA samples Fig. 5.

The lowest drop in strain was observed when we used the Ecopro-
moteHD nucleating agent alone or together with the DOA plasticizer.
Moreover, the annealed reference specimens also suffered a decrease in
strain at break with the increase of crystallization temperature. This
could again be explained by the large spherulites that developed at
higher annealing temperatures. Finally, mold temperature had practi-
cally no effect on the impact strength of nucleated as well as simulta-
neously nucleated and plasticized PLA (Fig. 6).

Their impact strength was in the range of 2.1-3.6 kJ/m?, depending
on the composition and mold temperature used for the IMC method.
Surprisingly, when neat PLA samples were annealed at 100 °C, impact
strength increased to 12.8 + 0.7 kJ/m?. This level of impact strength
even approaches the impact strength of ABS (19 kJ/m?), which is often
used due to its toughness. At the same time, only the annealed samples
had this high increase in impact properties—in-mold crystallized sam-
ples did not. Moreover, this was observed only for neat PLA and only for
PLLA grades (e.g. 3100HP) but not for PLA grades with higher D-Lactide
content [40]. This is probably because it requires pure PLA (isotactic),
and also, crystallization needs to be performed within an annealing
process (solid-phase crystallization) and not from melt to induce high
impact strength. Finally, we also investigated the storage modulus of the
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injection-molded parts in the temperature range from 0° to 170°C. Note
that due to the similarities of the obtained curves, only the compound
nucleated with EcopromoteHD (Fig. 7/a) as well as the compound
nucleated with EcopromoteHD and plasticized with 5 wt% DOA are
discussed (Fig. 7/b).

On the one hand, when a cold mold was used (25-50 °C), the final
injection molded part lost most of its modulus above T, (~55 °C),
namely, it dropped from around 3000 MPa to below 100 MPa, resulting
in a part that had a rubber-like state with no possible practical appli-
cation at or above this temperature. This temperature correlates well
with the previous HDT results (Fig. 2). As mold temperature was
increased from 25-50 °C, the lowest modulus in the rubbery state
increased from 19.9 to 55.8 MPa due to increased crystallinity. When
these specimens were heated above 75 °C, cold crystallization started,
which caused the storage modulus to increase until the specimens
reached maximum possible crystallinity around 90 °C. Above this tem-
perature, the storage modulus monotonously decreased, and finally, this
decrease became more and more significant as the crystal melt tem-
perature approached. However, when a hot mold was used (90-120 °C),
and the examined compounds were fully crystallized in the mold, the
storage modulus of the final injection-molded part suffered a much
smaller drop above T, since the crystalline ratio prevented micro-
Brownian movement of the polymer chains, and it finally resulted in
an increased HDT and dimensional stability. As mold temperature was
increased from 90 °C to 120 °C, modulus further increased, which
confirms the increase in HDT (Fig. 2). As discussed before, this was the
effect of a more ordered crystal structure as well as increased spherulite
size. Based on the storage modulus of nucleated and, at the same time
plasticized PLA compounds, when a cold mold was used for production,
we found that the curves shifted to a lower temperature region as a
consequence of the plasticizer effect (decreasing Tg). On the contrary,
cold crystallization temperature also shifted to a lower temperature
region. These were our two findings regarding the curves of PLA com-
pounds containing a nucleating agent and plasticizer, but at the same
time, the shape of the curves was similar to the curve of the PLA com-
pound containing only the nucleating agent. Finally, the results indicate
that the optimal crystallization temperature (both mold temperature
and annealing temperature) for PLA compounds is 90-100 °C, because
at this temperature, the balance between heat deflection temperature,
impact and thermomechanical properties is optimal.

3.4. Comparison of the thermal and mechanical properties of nucleated
and plasticized PLA with those of ABS

Since ABS is a generally used plastic for applications where improved
HDT and impact properties are needed, in most cases, the material de-
velopers of PLA aim for these properties and use them as a benchmark.
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Therefore, we summarized the values of thermal and mechanical prop-
erties of the developed PLA compounds that were crystallized (either by
annealing (PPC) or crystallization in a mold (IMC)) at a temperature of
90 °C and compared them to the properties of ABS (Table 2).

The results show that the HDT, tensile strength, and Young’s
modulus of an annealed PLA and PLA compounded with PPZn or Eco-
promoteHD are considerably better than the same properties of ABS. At
the same time, the strain at break and impact strength of the nucleated

and plasticized PLA compounds is still significantly lower than those of
ABS, thus the PLA compounds are still not tough enough. On the other
hand, the impact strength of pure PLA and PLA annealed at 90 °C was
close to that of ABS, which suggests some advantage of annealing (PPC)
over in-mold crystallization (IMC) regarding impact strength. However,
there are drawbacks of annealing as well. First, it is an additional pro-
cessing step, and second, the dimensional accuracy of injection molded
PLA is typically lost during annealing. Accordingly, the use of IMC
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Table 2

Materials Today Communications 32 (2022) 103936

Comparison of the mechanical and thermal properties of the developed injection molded PLA compounds in-mold crystallized (IMC) at 90 °C with those of injection
molded ABS (grade Terluran GP-35) and unannealed PLA as well as PLA annealed at 90 °C — post-production crystallization (PPC).

Property PLA ABS
Unannealed Annealed (PPC PPZn (IMC Eco (IMC EcoHD (IMC EcoHD + DOA EcoHD + OLA2 EcoHD + OLAS8
90 °C) 90 °C) 90 °C) 90 °C) (IMC 90 °C) (IMC 90 °C) (IMC 90 °C)
Crystallinity X,% 28 +3 48 +3 57 +3 59 +3 58 +3 59 +3 58 +3 58 +3 -
Tensile strength o, 62.6 +0.3 68.0 £ 1.2 55.7 + 2.6 45.6 £ 0.9 559+ 22 46.4 £ 2.8 40.8 £ 5.2 492 +1.1 44
MPa
Young’s modulus, 3226 £ 16 3616 + 17 3718 £ 83 3515 3356 + 486 3225 + 82 3434 + 23 3607 + 43 2300
GPa + 316
Strain at break, % 2.93 +£0.12 2.51 £0.15 2.15+0.10 1.49 2.18 £0.18 2.49 + 0.20 1.82 +0.34 2.02 +0.10 12
+0.08
Notched impact 2.5+ 0.4 124+ 1.1 2.4+0.4 29+0.5 2.8+0.4 2.8+0.5 2.0+0.1 2.4+0.4 19
strength, kJ/m?
HDT, °C 54.4 + 0.5 113.8 £ 2.1 119.0 £8.3 101.5 95.6 + 7.6 81.0 £ 11.1 92.7 £5.2 91.4 +2.0 95
+6.3

should be preferred despite the better properties that could be achieved
with PPC, and the use of impact modifiers seems necessary.

4. Conclusions

In our paper, we aimed to maximize the crystallinity of injection
molded Poly(Lactic Acid) (PLA) within an injection molding cycle. To
increase crystallinity, we used PLA with the lowest D-lactide content
available (PLLA grade) and compounded it with three highly effective
nucleating agents—Zinc PhenylPhosphonate (PPZn), Ecopromote, and
EcopromoteHD, as well as two suitable plasticizers—Oligomeric Lactic
Acid (OLA) and Dioctile Adipate (DOA). These additives were all
selected from the literature review in one of our earlier studies. We
examined the influence of mold temperature (25-120 °C) on the crys-
tallinity of nucleated as well as nucleated and plasticized PLA com-
pounds. Two sets of mold temperatures were used: the so-called "cold
mold" (25-50 °C), where mold temperature was kept below the glass
transition temperature (Tg) of PLA, and the so-called "hot mold"
(90-120 °C), where the mold temperature of PLA was kept above the T,
of PLA. Applying a cold mold could be regarded as an ordinary injection
molding cycle, where the goal is to cool the product to the desired
stiffness for demolding (below Tj), while the latter was referred to as in-
mold crystallization (IMC), where the required stiffness is achieved by
crystallization and not by cooling. The results were compared to pure
and annealed (or so-called post-production crystallized (PPC)) PLA. We
found that even with the lowest D-lactide content PLA and one of the
most effective nucleating agents, as well as plasticizers, it was still not
possible to produce the maximum achievable crystallinity of PLA during
a single injection molding cycle when a cold mold was used. On the
contrary, IMC was a practical method of increasing the crystallinity of
PLA to its maximum possible level, and it also resulted in a significant
increase in the heat deflection temperature (HDT) of the injection
molded parts—from 55 °C to even above 120 °C. We found that a further
increase in mold temperature from 90 °C to 120 °C caused the HDT to
monotonously increase. This was caused by the increased storage
modulus in the critical temperature region above Tg, most probably due
to the increased crystal order and increased spherulite size. Although
using IMC highly increased HDT and the tensile modulus, it decreased
tensile strength as well as strain at break. Therefore it made PLA more
brittle, which could not be overcome with effective plasticizers. Finally,
we compared our results to the properties of Acrylonitrile butadiene
styrene (ABS), and found that the HDT, tensile strength, and Young’s
modulus of annealed PLA and PLA modified with nucleating agents
PPZn or EcopromoteHD are high—PLA even outperforms ABS regarding
these properties. However, the strain at break of the annealed and
simultaneously nucleated and plasticized PLA compounds is still
significantly lower than those of ABS. Accordingly, it is essential to use
impact modifiers along with nucleating agents and the IMC method for

injection molded PLA parts with suitably high HDT and good impact
properties for widespread applications.
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