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Abstract

We selected the thirteen most effective nucleating agents for Poly(lactic acid) (PLA) from the literature, and synthesized and
compounded them with two different PLA grades: 3001D (1.4% D-lactide content) and 3100HP (0.5% D-lactide content,
considered PLLA). We determined the crystallinity and crystallization of PLA with different nucleating agents in identical
conditions (same nucleating agent content, same cooling rate) with the help of differential scanning calorimetry. We compared
the efficiency of each nucleating agent and found that for both PLA grades, Zinc PhenylPhosphonate was the most effective.
However, even when nucleated PLA was injection molded into a cold mold (25 °C), it still could not fully crystallize during
cooling and the heat deflection temperature did not increase significantly. The maximum achieved crystallinity, in this case,
was between 32.4 and 35.7%. On the contrary, when a 90 °C “hot mold” and in-mold crystallization together were applied,
the specimens achieved full crystallization during the injection molding cycle (crystallinity was between 44.5 and 50.0%),
and the heat deflection temperature increased to an average of 88.8 °C. We also examined the mechanical properties of the
nucleated PLA and found that the usage of nucleating agents together with a hot mold improved tensile strength, tensile
modulus, and Charpy impact strength but decreased elongation at break.

Keywords Nucleating agents - Poly(lactic acid) - Injection molding

Introduction

The role of plastics in the modern world could hardly be
overestimated. Since the 1950s, the production volume
of plastics has been increasing exponentially, and today it
exceeds that of metals [1-7]. Moreover, experts predict that
the annual production of plastics will ramp up from 380 Mt
today to 1200 Mt in the next 30 years [8]. Nowadays, the
majority of plastics are still produced from petroleum and,
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with rare exceptions, they are not biodegradable. Gener-
ally, there is an increasing demand for plastics, but growing
amounts of plastic mean growing amounts of plastic pollu-
tion. At the same time, there is a need to decrease the con-
sumption of crude oil. All these facts propel the interest of
the scientific and industrial community for bioplastics, also
known as biopolymers.

The term “bioplastic” refers to either the bio-based origin
of plastic or its biodegradable character [9]. According to
the European standard EN 16,575, “bio-based” plastics are
defined as “fully or partially derived from biomass”. “Bio-
degradable” materials are those that can be broken down by
microorganisms into water, carbon dioxide, methane, and
biomass. For sustainable development, it is highly desirable
to develop polymers that are both bio-based and biodegrad-
able at the same time. According to European Bioplastics
[10], the yearly production of bioplastics exceeded 2.1 Mt in
2019. Out of this volume, biodegradable plastics amounted
to approximately 1.2 Mt (Fig. 1).

Among all bio-based and inherently biodegradable plas-
tics, one of the most attractive is Poly(lactic acid) (PLA).
Its yearly production reached almost 300 000 tons in 2019,
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Fig. 1 Global production capacities of bio-based and bio-degradable
plastics in 2019 (based on [10])

which is 25% of all bio-based and biodegradable plastics
produced. PLA is a linear, thermoplastic, and aliphatic pol-
yester. Its monomer, lactic acid (C3H¢O3), is synthesized
from agricultural plants through fermentation. Two lactic
acid compounds create the dimer of lactic acid, which is a
cyclic compound named lactide. According to the variety
of lactic acid, three types of lactide can be distinguished,
namely L-lactide, D-lactide, and D, L-lactide (or meso-
lactide). PLA can be considered the copolymer of L- and
D-lactic acid. When PLA is made entirely from L- or D-lac-
tic acid, it is called PLLA and PDLA, respectively, while a
monomer mixture of 50% L-lactic and 50% D-lactic acid
polymerizes into PDLLA. Most properties of PLA, includ-
ing its crystallization, mechanical, thermal, thermomechani-
cal and degradation properties change with varying contents
of L- and D-lactic acid. For instance, PLLLA and PDLA are
semi-crystalline due to their regular isotactic structure, while
PDLLA is amorphous due to its irregular structure [11, 12].

The leading role of PLA is ensured by its superior
mechanical properties, good processability, more eco-
friendly profile compared to other biopolymers, and excel-
lent biocompatibility [13]. PLA exhibits almost three times

higher tensile strength and considerably higher tensile
modulus than those of Poly(Butylene Adipate Therephta-
late) (PBAT) and Poly(Butylene Succinate) (PBS) (Table 1).
Moreover, the tensile properties of PLA are also superior
to those of some petroleum-based plastics, such as Acry-
lonitrile Butadiene Styrene (ABS) and Polypropylene (PP).
Another significant merit of PLA is its better thermal pro-
cessability compared to other biopolymers. PLA is suitable
for processing by injection molding, film extrusion, blow
molding, thermoforming, fiber spinning, and 3D printing
(fused deposition modeling) [14, 15].

PLA is also a more eco-friendly alternative to other types
of plastics considering its carbon footprint. Thus, based on
the eco-profiles of different plastics provided by the Euro-
pean Plastics Industry and the study of Zheng and Suh [21],
the average amount of the carbon footprint of PLA is 3.5 kg
CO, per kg of plastic produced, which is lower than for most
petroleum-based plastics.

Despite all its advantages, PLA has drawbacks that hinder
its widespread application. The main weak point of PLA
is its brittleness (or low impact resistance) and relatively
low heat deflection temperature (HDT) [22] (Table 1). How-
ever, poor impact resistance and low HDT can be improved
by increasing crystallinity, specifically with an increasing
crystallization rate and a crystalline ratio. The crystallinity
of PLA is highly dependent on its molecular mass and its
D-lactide content. As the molecular mass of PLA increases,
its final crystallinity [12] and its crystallization rate [23]
decreases since it is more difficult for longer molecular
chains to form crystalline regions. When the D-lactide con-
tent of PLA exceeds 8%, it cannot crystallize. Moreover, the
lower the D-Lactide content, the higher the crystallization
rate of PLA.

Although PLA with a D-lactide content lower than 8%
is a semi-crystalline polymer, its crystallization rate is still
very low compared to other semi-crystalline polymers like
PP [24]. For a conventional PLA with a D-lactide content
around 4-8%, half-crystallization time (¢,,) is within the

Table 1 Comparison of the

. Property Bio-based and biodegradable polymers Petroleum-based
mechaq1cal and therrpal polymers
properties of some bio-based,
biodegradable, and petroleum- PLA PBAT PBS PP ABS
based polymers (based on - -

[15-207) Amorphous  Semi-crystalline
Tensile strength/MPa 59 66 21 30 30 50
Elongation at break/% 2.2 2.0 670.0 >150% 150-600 40
Tensile modulus/MPa 3750 4150 85 1600 1600 2400
Charpy impact strength 3 7 - 10 10 22

(notched)/kJ m™2

HDT/°C 55 120 55 65 65 95
T/°C 55 55 - 0 260 105
T,/°C 155 155 115-125 165 160-170  190-270
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order of 5-10 min, while the lowest value of half-crystal-
lization time of neat PLLA is around 3 min, which is still
unacceptably long for rapid processing technologies such
as injection molding [25]. Therefore, to make PLA feasible
for mass production, it is necessary to improve its crystal-
lization rate.

There are two ways to improve the crystallinity of PLA
processed by injection molding: post-production crystalliza-
tion (PPC) or annealing [26-28], and in-mold crystallization
(IMC) [29]. The PPC method involves the placement of an
injection molded PLA part into a heated chamber for crystal-
lization. The disadvantage of this method is that the part can
significantly deform due to its rubbery state. Moreover, this
deformed shape will be fixed during annealing as a crystal-
line structure develops. A better alternative to PPC is IMC,
where a crystalline structure develops during the injection
molding cycle. However, IMC is feasible only when a highly
efficient nucleating agent is used, and a mold temperature
controller is able to heat a mold to between 90 and 130 °C.

The effectiveness of nucleating agents can be compared
by Differential Scanning Calorimetry (DSC). The higher the
crystallization temperature (7,), and the higher and narrower
the peak related to the exothermic crystallization reaction,
the more effective the nucleating agent is. To understand the
evolution of crystallinity during isothermal crystallization,
we used the Avrami model to analyze isothermal crystal-
lization kinetics:

X.()=1-ek" D

where 7 is the Avrami exponent. The value of n depends on
the mechanism of nucleation and the form of crystal growth,
while k is a rate constant dedicated to nucleation and growth.
n consists of two terms, one from nucleation (0 or 1) and one
from crystallization (rod-1, or disk—2, or sphere-3).

The second very important parameter of crystallization
kinetic is crystallization half-time, which is defined as the
time at which the extent of crystallization is 50%. It can be
read conveniently from the relative crystallinity—time curves.
Crystallization half-time can be calculated from the Avrami
exponents:

ve= ()

Usually, t,,, is employed to characterize the rate of crys-
tallization. The lower the value of ¢, is, the higher the rate
of crystallization is.

With nucleating agents, crystallization half-time can be
decreased dramatically, to a minute or even below [30],
which is essential for keeping an injection molding cycle
economical. There are a large number of papers in the lit-
erature on the nucleation of PLA. The authors performed
a comprehensive literature analysis and selected the most

effective nucleating agents from the literature by picking
the ones with the highest crystallization temperature and
the lowest crystallization time (Table 2). According to these
criteria, the most effective synthesized nucleating agents are
OMBH, Zinc Citrate (ZnCC), Uracil, TMC-328, Zinc Phe-
nylPhosphonate (PPZn), and orotic acid. At the same time,
the most effective commercially available nucleating agents
are talc and Ecopromote.

However, it is difficult to compare the results presented
in Table 2 because various PLA grades (different D-lactide
contents and molecular mass), various amounts of nucle-
ating agents, and various test conditions (isothermal, non-
isothermal, cooling rate, crystallization temperature) were
used. Therefore, to find the best nucleating agents that will
simultaneously increase the impact resistance and HDT of
PLA and improve its crystallization kinetic, it is essential
to test several of them in identical laboratory conditions
(calorimetry) and real injection molding processing condi-
tions. This study aims to find and compare the most effective
nucleating agents which will provide maximum crystallinity
for PLA with the minimum possible injection molding cycle
time with IMC.

Materials and equipment
Materials

The nucleating agents we investigated were either synthe-
sized or purchased if they were commercially available:

e Zinc Citrate (ZnCC): It was synthesized based on the
study of Liang et al. [32]. At the same time, we changed
the recipe in that we dissolved citric acid in ethanol and
added it to the zinc acetate solution. In this way, the citric
acid was partially esterified.

e TMC-328: It was synthesized based on the study of
Schmidt et al. [42].

e Zinc PhenylPhosphonate (PPZn): It was synthesized
based on the recipe given by Wu and Wang [43]. At the
same time, we modified the formulation by adding most
of the required NaOH as a 30% solution (95% of the cal-
culated amount) and then using 0.1 M NaOH to adjust
the pH. In the end, the solid was washed with acetone.

e OMBH (with 8(CH,) groups): It was entirely synthesized
based on the study of Tobita et al. [43].

e DMBH (decamethylenedicarboxylic dibenzoylhydrazide;
same as OMBH, but with 10(CH,) groups): It was
entirely synthesized based on the study of Tobita et al.
[44].

e Uracil: Purchased from Alfa Aesar Chemicals Ltd. (Kan-
del, Germany).
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Table 2 The most effective nucleating agents for PLA

Producer/PLA type/D-lactide Nucleating agent The amount of a Measurement settings Measurement ~ References

content/molecular mass in nucleating agent results
mol™!

g DSC cooling  Crystalli-zation 7/°C t,,/min

rate/°C min~!  temperature/°C

Shimadzu Co./PLLA/ PPZn 1 mass% 10 130 130 0.6 [31]
N/a/186000

Biopla Products Factory/ Zinc Citrate Complex (ZnCC) 1 mass% 10 135 126 0.8 [32]
PLLA/ N/a/142000

Shimadzu Co./PLLA/ Uracil 1 mass% 10 120 122 1.0 [33]
N/a/186000

3001D/NatureWorks/ Talc 2 mass% 10 115 107 0.6 [34]
PLLA/1.4%/ N/a

6202D/NatureWorks/PLLA/  OMBH and DMBH 1 mass% 20; 50 110 120 0.6 [35]
N/a /N/a

305D Biopla Products Fac- TMC-328 1 mass% 1 115 128 1.2 [36,37]
tory/ PLLA/ N/a /120000

NatureWorks/ PLLA2% / Ecopromote 1 mass% 10 - 127 - [38]
109,000

Biomer Company/ PLLA/ Orotic Acid 0.3 mass% 10 120 124 0.7 [39]
N/a /160,000

4032D/NatureWorks/ Cadmium phenylmalonate 0.5 mass% 5 - 128 - [40]

1%/ 207,000

Jiu Ding Company/PLLA TBC8 (4-tert-butylcalix) 1 mass% 5 120 116 2.0 [41]

D-lactide content not shown
(M,,=100,000 g mol™")

NatureWorks, PLLA aromatic phosphonate (Eco- 1 mass% 10 - 127 - [38]

2% D-lactide content
(Mw =109,000 g mol™")

promote)

e 4-tert-butylcalix (TBCS8): Purchased from Alfa Aesar
Chemicals Ltd. (Kandel, Germany).

e Orotic Acid: Purchased from TCI Chemicals (Tokyo
Chemical Industry Ltd.) (Tokyo, Japan)

e LAK-301 (commercially available): Purchased from
Takemoto Oil and Fat Co. Ltd. (Aichi, Japan).

¢ Ecopromote and Ecopromote HD (commercially avail-
able): Purchased from Nissan Chemical Industries Ltd.
(Tokyo, Japan)

e Ca-phenylmalonate (instead of Cd-phenylmalonate):
It was synthesized based on the study of Schmidt et al.
[42], at the same time, due to the carcinogenic effect of
cadmium, it was replaced with calcium.

e Talc: Grade HTPO5 with an average particle size of
1.4 pm was purchased from IMIFabi Ltd. (Postalesio,
Italy)

We used 3001D and 3100HP grade PLA from Nature-
Works (Minnetonka, MN, USA), with a D-lactide content of
1.4-0.5%, respectively. Both PLA grades have a density of
1.24gcm™,a T, range of 55-60 °C, a melting temperature
range of 170-190 °C, and a melt flow index in the range of
22-24 ¢ 10 min~! (at 210 °C, with a 2.16 kg load). Before

@ Springer

compounding, we dried the PLA pellets at 80 °C for 6 h
to remove residual moisture and thus to avoid or minimize
hydrolytic degradation.

Equipment for the production of specimens

A LabTech LTE 26-44 Scientific twin-screw extruder
(Labtech Engineering Co., Ltd., Samutpreken, Thailand)
with a screw diameter of 26 mm, and L/D =40 was used
for compounding with a temperature profile of 175-180-
185-190 °C (from the hopper to the die) and a screw rota-
tional speed of 10 rpm. The amount of each nucleating agent
added to PLA was 2 mass%. The extrudate was cooled with
ventilated air and pelletized for 3 mm length. Another drying
sequence was used at 80 °C for 6 h to crystallize the pellets
before injection molding.

Standard specimens (ISO 527-2/1A) with a cross-section
of 4x 10 mm were injection molded with an Arburg All-
rounder 370S 700-290 injection molding machine (Arburg
GmbH., Lossburg, Germany) equipped with a screw with
a diameter of 30 mm, and L/D =25. We used the following
injection molding parameters to produce the specimens: An
injection rate of 50 cm® s~!, a holding pressure of 600 bars,
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Fig.2 DSC cooling scans of PLA grade 3001D nucleated with 2 mass% various nucleating agents at the cooling rate of 5 °C min~! a and b and

50 °C min~' cand d

a holding time of 20 s, a residual cooling time of 40 s, melt
and mold temperatures of 190 °C (a hot mold), and 25 °C
(a cold mold). In the case of in-mold crystallization (IMC),
we used a mold temperature of 90 °C and a residual cooling
time of 60 s. Practically, residual cooling time was the time
of crystallization.

Equipment for the testing of specimens

We used Differential Scanning Calorimetry to determine
the crystallinity and crystallization of PLA with different
nucleating agents. For these tests, we used a TA Instruments
Q2000 calorimeter (TA Instruments, New Castle, USA). For
the DSC test, we cut 2—4 mg samples from the middle of
the cross-section of the injection-molded specimens. We
examined the DSC samples in non-isothermal mode (heat/

cool/heat) from O to 200 °C at a heating and cooling rate
of 5 °C min™' to determine the glass transition tempera-
ture (7,), cold crystallization temperature (7), enthalpy of
cold-crystallization (AH, ), melting temperature (7},), and
enthalpy of fusion (AH,,). We calculated crystallinity from
the first heating scan of the injection-molded specimens with
the following equation:

_ AH, - AH,,

= Tm T T 00, %
AH; - (1 —a) ’

3)
where X is the calculated crystallinity, %; AH,, and AH,,
is the enthalpy of fusion and the enthalpy of cold-crystalli-
zation respectively, J g7!; AH; is the enthalpy of fusion for
100% crystalline PLA (93.0J g_l) [45] and o is the mass
fraction of the nucleating agent (0.02).
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Table 3 The cooling crystallization peak temperature of 3001D PLA
with 0.5 mass%, 1 mass%, and 2 mass% different single nucleating
agents cooled at a rate of 5 °C/min

Nucleating agent type Amount of a nucleating agent

0.5 mass% 1 mass% 2 mass%
Talc 109.5 112.6 114.6
LAK-301 117.5 121.3 124.6
TBCS8 115.4 116.9 116.8
Uracil 121.1 119.7 121.6
Orotic Acid 127.5 126.1 126.3
Ecopromote 127.6 128.9 130.2
Ecopromote HD 129.3 130.0 130.8
ZnCC 122.2 123.0 131.1
TMC-328 130.7 131.5 131.3
DMBH 132.2 1332 133.0
OMBH 131.1 1332 133.3
Ca-phenylmalonate 129.2 132.0 133.5
PPZn 131.8 132.7 133.6

We identified the mechanical properties of the nucleated
PLA specimens with the tensile and Charpy tests. For the
tensile tests (ISO 527), we used a Zwick Z020 universal
testing machine (Zwick, Ulm, Germany) equipped with
a Zwick BZ 020/TN2S force-measuring cell with a force
limit of 20 kN. The crosshead speed during the tensile tests
was 5 mm min~'. For the Charpy impact tests (ISO 179),
we used unnotched samples and a Ceast Resil Impactor
(Ceast, Torino, Italy) impact testing machine equipped with
a 15 J impact energy hammer and a DAS8000 data collector
unit. All of the tests were performed at room temperature
(between 20 and 25 °C) at a relative humidity of 50+ 10%.

(a)
1 0 114.59°C
Talc J\
9 ) 133.21°C w
'§ 8/ ZnCC + Talc
133.27°C
£ TMC-328 + Talc J
5 74 134.10°C B
£ PPZn + Talc
é 6 1 130.80°C j
= OMBH + Talc AN
‘I_ 5 7 132.56°C
o DMBH + Talc R
s 4 131.33°C )
2 Ecopromote + Talc
.—9 3 131.37°C R
§ 5 EcopromoteHD + Talc i
135.26°C
T Ca-phenylmalonate + Talc A
1 1 132.69°C 1
0 Orotic acid + Talc J
0 50 100 150 200

Temperature/°C

We tested six specimens in each test and calculated the aver-
age value of the mechanical properties.

We measured the storage modulus of the injection-
molded specimens of PLA nucleated with different nucleat-
ing agents using a Dynamic Mechanical Analyser (DMA)
Q800 (TA Instruments, New Castle, USA). We investigated
a storage modulus in the 0-170 °C temperature range at a
heating rate of 2 °C min~!. For the DMA, we cut 60 mm
long samples from the middle of the injection-molded speci-
mens (60X 10 x4 mm). We used the dual cantilever mode
with a frequency of 1 Hz and a 20-micron amplitude. We
tested two specimens from each nucleated PLA compound
to determine their thermomechanical properties.

Finally, we measured the heat deflection temperature of
the samples with a Ceast HV3 HDT (Ceast, Torino, Italy)
measuring equipment according to the ISO 75 standard. The
HDT B type tests were carried out in a flatwise mode with
a loading stress of 0.45 MPa, a heating rate of 2 °C min~!
(120 °C hour™!), and a span length of 64 mm. The test
stopped when deflection reached 0.34 mm. We tested three
specimens to get an average value of the HDT properties.

Results and discussion

Effect of a single nucleating agent
on the crystallization of 3001D grade PLA

First, the effect of single nucleating agents was investigated
on the crystallization of 3001D PLA grade. This PLA grade
contains around 1.4% of D-lactide and therefore exhibits
slower crystallization than a PLLA, which allows us to dis-
tinguish the effect of nucleating agents easier. We evaluated

(b)

102,15°C

121 Tale |_10190°C ﬁ
13- ZnCC + Talc 105.33°C
124

TMC-328 + Talc 120.18°C

1"

0] pzetle \V
9 (I///’\_/_ﬁ
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DMBH T fater

5 Ecopromote + Tale ~——
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44 EcopromoteHD + Talc

110.48°C
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14 Orotic acid + Talc
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Temperature/°C

Heat flow/W g~ (exotherm up)
~

Fig.3 DSC cooling scans of PLA grade 3001D nucleated with 2 mass% various nucleating agents and 10 mass% talc at the cooling rates of

5°Cmin~!aand 50 °C min™' b
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Table 4 The temperature of a
cooling crystallization peak of

3001D PLA nucleated with:

Crystallization temperature/°C

PLA with 2 mass% different 5 °C min™! 50 °C min™!

single nucleating agents and " - - -

10 mass% talc Without talc With talc Without talc With talc
No additional nucleating agent 114.6/talc only - 102.2/talc only
Ca-phenylmalonate 133.5 135.3 107.1 115.1
Ecopromote 130.2 131.3 100.9 109.2
Ecopromote HD 130.8 131.4 103.0 110.5
OMBH 133.3 130.8 114.1 108.4
DMBH 133.0 132.6 118.3 109.0
Orotic Acid 126.3 132.7 99.1 100.7
PPZn 133.6 134.1 116.6 120.2
TMC-328 131.3 133.3 106.3 105.3
ZnCC 131.1 133.2 99.8 101.9
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6 12
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2 4 R
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L
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EcopromoteHD

0 :
0 50

Temperature/°C

Fig.4 The DSC cooling scans of PLA grade 3100HP nucleated with 2 mass% various nucleating agents at cooling rates of 5 °C min™"

50 °C min~' b

the effectiveness of thirteen different nucleating agents with
the use of the result of the DSC cooling scans. To rank the
efficacy of different nucleating agents, we used the crystalli-
zation temperature (7)) as a metric. The higher it is, the bet-
ter. At the same time, the narrower the crystallization peak
is, the better it is, representing faster crystallization. During
the DSC test, we used two cooling rates —5 and 50 °C min~".
The latter was used to obtain conditions that are closer to the
real injection molding processing (cooling) conditions. The
effect of 2 mass% various nucleating agents on the cooling
curve of 3001D PLA at 5 °C min~! and 50 °C min~! can be
seen in Fig. 2a, b and Fig. 2c, d, respectively.

At a cooling rate of 5 °C min~!, pure PLA 3001D did
not crystallize, and consequently, we did not observe a
crystallization peak during cooling. Nonetheless, some
minor crystallinity developed. All of the tested nucleating

200

Heat flow/W g~! (exotherm up)

120.78°C

Ecopromote —
-

EcopromoteHD

100 150 200

Temperature/°C

50

a and

agents highly promoted the crystallization of PLA, which
is represented by a full crystallization peak during cool-
ing and the absence of cold crystallization in the second
heating curve (data not presented here). Amongst the
nucleating agents, Ecopromote, Ecopromote HD, ZnCC,
TMC-328, OMHB, DMBH, Ca-phenylmalonate, and PPZn
were the most effective ones since they increased the
crystallization temperature of the investigated PLA grade
ata 5 °C min~! cooling rate, the most (above 130 °C).
Please note that TMC-328 is a self-assembly nucleator,
and accordingly, its effectiveness depends on the melt-
ing temperature. At the same time, using a rather high
amount of TMC-328 (above 0.5 mass% as we also did) this
dependency significantly decreases [46]. At the cooling
rate of 50 °C min~!, OMBH, DMBH, Ecopromote, Eco-
promote HD, Ca-phenylmalonate, TMC-328, and PPZn
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Table5 The crystallinity of the injection-molded specimens of
3100HP PLA nucleated with talc, PPZn, Ecopromote, and Ecopro-
mote HD injection molded into a 25 °C and a 90 °C mold

PLA compound Mold tem-  Crystallinity, %
perature, °C
3100HP 25 29.2
3100HP + 5 mass% talc 25 30.3
3100HP +2 mass% PPZn 25 35.7
3100HP +2 mass% PPZn 90 493
3100HP +2 mass% Ecopromote 25 31.6
3100HP +2 mass% Ecopromote 90 50.0
3100HP +2 mass% Ecopromote HD 25 324
3100HP +2 mass% Ecopromote HD 90 44.5

were effective enough to fully crystallize PLA during the
cooling scan.

From these nucleating agents, OMBH, DMBH, and
PPZn were the most effective with a crystallization peak
temperature of 114.1 °C, 118.3 °C, and 116.6 °C, respec-
tively. Additionally, we investigated not only 2 mass%,
but also 0.5 mass% and 1 mass% nucleating agent content
(Table 3).

In most cases, the crystallization peak upon cooling
increased with increasing nucleating agent contents. The
average increase in crystallization peak temperature was
1.2 °C when nucleating agent content changed from 0.5
to 1 mass%, while it was 2.7 °C when nucleating agent
content changed from 0.5 to 2 mass%.

The cumulative effect of a single nucleating agent
and talc on the crystallization of 3001D PLA

We continued by investigating how much the nucleating
ability of single nucleating agents can be further improved
with the simultaneous use of one of the nucleating agents
and talc. Talc was chosen as a second additive since its
function is usually not only to nucleate PLA but also to
enhance its impact strength and modulus. Accordingly,
the effect of the most effective nucleating agents selected
in Subsection 3.1 was examined in the DSC cooling scans
of 3001D grade PLA with an additional 10 mass% talc
(Fig. 3).

Our results indicated that 10 mass% talc content further
increased the crystallization temperature of nucleated PLA
by an average of 1.3 °C at the cooling rate of 5 °C min™"
while at 50 °C min~', talc increased the crystallization
temperature of the nucleated PLA by 1.6 °C on average
(Table 4).

The best results of a cumulative effect of 10 mass% talc
and 2 mass% nucleating agent were achieved with Ca-
phenylmalonate, PPZn, TMC-328, and ZnCC in the case
of a slow cooling rate. In the case of the fast cooling rate,

@ Springer

10,000

3100HP + 2mass%  3100HP + 2mass%
PPZn -90°C  Ecopromote HD - 90°C

3100HP + 2mass%
Ecopromote - 90°C

e
o
o
o

3100HP + 2mass%

Ecopromote - 25°C PPZn - 25°C

Storage modulus/MPa
3

10+ 3100HP + 2mass% 3100HP + Smass%
Ecopromote HD - 25°C Talc - 25°C
3100HP - 25°C

0 20 40 60 80 100 120 140 160 180
Temperature/°C

Fig.5 The storage modulus of the injection-molded specimens of
3100HP PLA nucleated with talc, PPZn, Ecopromote, and Ecopro-
mote HD injection molded into a 25 °C and a 90 °C temperature mold

the best result was achieved with talc and PPZn, which
demonstrated an increase in crystallization temperature to
120.2 °C. Unfortunately, in the case of OMBH and DMBH,
talc decreased the overall crystallization temperature at both
5 °C min~! and at 50 °C min~'. Our results prove that in
most cases, it is feasible to use talc along with other nucle-
ating agents, not because talc is a very effective nucleat-
ing agent but because it can further enhance the effect of
other nucleating agents, especially at higher cooling rates.
Moreover, as talc can also enhance the impact strength and
modulus of PLA, it is considered to be a suitable component
in a crystallization, heat deflection temperature, and impact
strength-enhancing additive system for PLA.

The effect of a single nucleating agent
on the crystallization of 3100HP grade PLA

After we selected the most effective nucleating agents, we
investigated their effectiveness for 3100HP grade PLA,
which contains the lowest amount of D-lactide (even con-
sidered PLLA), meaning that this one has the fastest crystal-
lization kinetics. Accordingly, the combination of this PLA
and a nucleating agent represents the best crystallization
properties that can be achieved with a single heterogeneous
nucleating agent. We investigated the influence of 2 mass%
PPZn, OMBH, DMBH, Ecopromote, and Ecopromote HD
on the crystallization of 3100HP grade PLA at 5 °C min~!
and at 50 °C min~! (Fig. 4).

All nucleating agents were very effective. They produced
high crystallization peak temperatures, as well as narrow
crystallization curves. Compared to nucleated 3001D PLA,
nucleated 3100HP had a higher crystallization peak tem-
perature with the use of PPZn (44.8 °C), OMBH (4 7.5 °C),
DMBH (+7.3 °C), Ecopromote (+ 7.0 °C), and Ecopromote
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Fig.6 Heat deflection temperature of the injection-molded specimens
of 3100HP PLA nucleated with talc, PPZn, Ecopromote, and Ecopro-
mote HD, and injection molded into a 25 °C and a 90 °C temperature
mold

HD (+5.1 °C) at the cooling rate of 5 °C min~!. At the cool-
ing rate of 50 °C min~!, the application of the above-men-
tioned nucleating agents resulted in a crystallization peak
temperature of 4.5 °C, 1.6 °C, 1.9 °C, 19.8 °C, and 14.1 °C,
respectively, when the PLA grade was changed from 3001D
to 3100HP. The overall effectiveness of the above-mentioned
nucleating agents was similar. A slight difference is that for
OMBH and DMBH, the crystallization peak temperature
was a few degrees higher compared to PPZn, Ecopromote,
and Ecopromote HD. At the same time, the crystallization
curve was slightly wider. Since the synthesis costs of PPZn
were the lowest, this nucleating agent was further tested in
real injection-molded products. We also tested Ecopromote
and Ecopromote HD further as commercially available
nucleating agents, and finally, also investigated talc as a ref-
erence crystallization enhancer additive.

Injection molding analysis of nucleated compounds

As a next step, we compounded the most effective nucle-
ating agents with the fastest crystallizing PLA grade cur-
rently available, and investigated the crystallization of the
compound in real injection molding conditions, and also
examined the properties of the injection-molded specimens.
Based on our results, we used 3100HP PLLA compounded
with 2 mass% PPZn, Ecopromote, Ecopromote HD, and
5 mass% talc as a reference. The ISO standard 527-2/1A
tensile specimens were injection molded with mold tem-
peratures of 25 °C and 90 °C. The former is generally used
in injection molding PLA as this temperature is below the
Tg of PLA, and it is referred to as a “cold mold”. The latter

is used to fully crystalize PLA during processing since the
temperature of a mold is above 7,. The injection molded
part must be crystallized to avoid significant deformation,
and thus during production, “cooling time” is referred to as
“crystallization time”. This method is referred to as in-mold
crystallization (IMC) or “hot mold” injection molding. For
the 25 °C cold mold, we used a cooling time of 60 s, while
for the 90 °C hot mold, a of crystallization (“cooling”) time
of 180 s. This cycle time can be decreased, but this was
beyond the scope of the current research, and we aimed only
to ensure full crystallization during processing. Also, note
that it was not possible to injection mold pure, unnucleated
PLA into a 90 °C mold due to the quality of the specimens
(significant sink marks and deformation upon demolding),
which made their properties unmeasurable, and therefore
this data is not presented in Table 5. Firstly, the crystal-
linity of the injection-molded specimens was determined
(Table 5).

We found that even pure PLA, without any additives,
reached a crystallinity of 29.2%, which can be further
increased with the addition of nucleating agents. PPZn was
found to be the most effective. At the same time, a cold mold
retards crystallization and reduces the effect of nucleating
agents. Therefore compared to the crystallinity of pure PLA
(29.2%), the addition of PPZn only increased overall crys-
tallinity by 6.5% (to 35.7%). PLA filled with Ecopromote,
and Ecopromote HD reached the crystallinity of 31-32%. It
became evident that even when the most effective nucleat-
ing agents were compounded with the fastest crystallizing
PLA, it was still not enough to fully crystallize the PLA
during injection molding with a cold mold. Moreover, this
crystallinity is most probably still too low for the HDT to
increase [47]. On the other hand, when a 90 °C hot mold and
in-mold crystallization were applied, the specimens were
fully crystallized during the injection molding cycle, which
was supported by the first DSC scan and the absence of cold
crystallization. Overall crystallinity was 49.3%, 50.0%, and
44.5% when PPZn, Ecopromote, and Ecopromote HD were
used along with in-mold crystallization. To investigate the
effect of crystallinity, we determined the storage modulus
of the specimens over a broad temperature range (Fig. 5).

The significant drop in storage modulus above T, is vis-
ible for pure PLA and all nucleated PLA compounds injec-
tion molded into a 25 °C cold mold, which demonstrates the
effect of low crystallinity. In this case, the crystalline struc-
ture and the low crystallinity cannot prevent micro-Brown-
ian movement, and the amorphous regions entered a rubbery
state, thus causing the significant loss in modulus. This loss
also predicts that this amount of crystallinity is not enough
to improve HDT. Therefore, the technical applicability of
the material is evidently below 7,. Additionally, we found a
good correlation between the lowest storage modulus values
and crystallinity, meaning that modulus was higher in the
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Fig.7 The mechanical properties of the injection-molded specimens of 3100HP PLA nucleated with talc, PPZn, Ecopromote, and Ecopromote
HD injection molded into a 25 °C and a 90 °C temperature mold: a tensile strength; b tensile modulus; ¢ elongation at break; d impact strength

rubbery state with increasing crystallinity. Compared to pure
PLA, the lowest modulus in the rubbery state increased from
7.9 MPa to 20.6 MPa when we used PPZn. On the other
hand, when a hot mold was used, this huge drop in modulus
above the glass transition temperature was avoidable, which
suggests a significant increase in HDT. The storage modulus
curve of PLA nucleated with PPZn, Ecopromote, and Eco-
promote HD was similar. 5 mass% talc was not enough for
in-mold crystallization within 180 s of crystallization time.
Therefore that compound was rejected. We measured HDT
to verify the assumed increase of the HDT temperature at
higher mold temperature (Fig. 6).

As we predicted, pure PLA and nucleated PLA com-
pounds had practically the same HDT of around 55 °C when
we used a 25 °C cold mold for injection molding. So, no
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improvement was achieved this way. On the contrary, the
HDT of nucleated PLA compounds increased from 55 °C
in the case of a cold mold to an average of 88.8 °C in the
case of a 90 °C hot mold as the effect of the crystalline struc-
ture. Finally, we investigated the quasi-static and dynamic
mechanical properties of the specimens, including tensile
strength, tensile modulus, elongation at break, and impact
strength (Fig. 7).

We found that all the compounds (and pure PLA) had
practically the same tensile strength when we used a 25 °C
cold mold. At the same time, we found that with a 90 °C
hot mold, strength slightly increased due to the higher
crystallinity. We also observed that tensile modulus was
more sensitive to the effect of crystallinity. Compared
to pure PLA (3.26 GPa), the nucleated PLA compounds
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demonstrated an average increase of 0.12 GPa in modulus
even when a cold mold was used. In the case of a 90 °C
hot mold, when the specimens were fully crystalized, the
modulus further increased to an average of 3.76 GPa. Talc
also had a significant effect on the modulus increase due to
its nucleating effect on PLA and its reinforcing effect since
it has thin flake-shape particles with a high area to vol-
ume ratio. 5 mass% talc was enough to increase the tensile
modulus of PLA specimens to 4.02 GPa. Elongation was
practically the same for all the investigated compounds
(except those filled with talc) and pure PLA when injection
molded into a cold mold. At the same time, the crystal-
line structure which developed during processing in a hot
mold reduced elongation from an average of 3.3% to 2.3%.
Talc decreased elongation independently of the crystalline
structure but due to its reinforcing effect. 5 mass% talc
decreased the elongation of pure PLA from 3.4 to 3.0%.
Finally, Charpy impact strength increased with increasing
crystallinity. At the same time, for PLA compounds nucle-
ated with PPZn and Ecopromote, we observed no relevant
difference between the impact strength of the specimens
produced in a 25 °C cold and a 90 °C hot mold. On the
contrary, in the case of nucleation with Ecopromote HD,
impact strength increased from 30.1 to 38.9 kJ] m~? due
to the 90 °C hot mold, which ensures full crystallization,
unlike the 25 °C cold mold. Talc again had a reinforcing
effect, and 5 mass% talc increased the impact strength of
PLA from 24.0 to 43.9 k] m ™~

Conclusions

During our literature review, we found that the nucleating
effect of nucleating agents on PLA is difficult to compare
since in the literature various PLA grades (different D-lac-
tide contents and molecular weights), various amounts of
nucleating agents, and various measurement conditions
(isothermal, non-isothermal, cooling rate, crystallization
temperature) were used. In this study, we investigated and
compared the effectiveness of thirteen different nucleating
agents for two different grades of PLA (3001D grade with
1.4% and 3100HP grade with 0.5% D-lactide content) using
identical conditions. These nucleating agents were prese-
lected from the literature (presumed to be highly efficient)
and synthesized based on the given research papers. Our
main goal was to find the most effective nucleating agents
available for PLA and investigate their effect on the crystal-
lization, and the thermomechanical and mechanical proper-
ties of PLA.

We found that all of the tested nucleating agents highly
promoted the crystallization of 3001D grade PLA. Ecopro-
mote, Ecopromote HD, ZnCC, TMC-328, OMHB, DMBH,
Ca-phenylmalonate, and PPZn were considered the most

effective ones since they increased the crystallization tem-
perature of PLA the most. We also analyzed how much the
nucleating ability of single nucleating agents can be further
enhanced with the addition of talc. We found that in most
cases, the presence of talc can further enhance the effect of
nucleating agents and the impact strength and modulus of
PLA. We also examined the effectiveness of different nucle-
ating agents for PLLA. We found that the combination of
PLLA and a single heterogeneous nucleating agent produced
the best crystallization properties. The nucleated 3100HP
PLLA grade PLA had a 4.8-7.5 °C higher crystallization
peak temperature (at a cooling rate of 5 °C min~') compared
to the higher D-Lactide content 3001D grade PLA nucleated
with the same nucleating agents.

Finally, we investigated the properties of injection-
molded specimens produced from compounds of the most
effective nucleating agents (PPZn, Ecopromote, Ecopro-
mote HD) and the fastest crystallizing PLA grade available
(3100HP). Two mold temperatures, 25 °C (a generally used
cold mold) and 90 °C were used later to in-mold crystallize
(IMC) the nucleated PLA. We found that the use of a 25 °C
cold mold retarded crystallization and reduced the effect
of nucleating agents. Crystallinity only increased when we
added 2.4-6.5% effective nucleating agent. We demonstrated
that even when the PLA grade that crystallized fastest was
combined with the most effective nucleated agents, PLA was
still not fully crystallized during injection molding in a cold
mold. The maximum crystallinity achieved in this case was
between 32.4 and 35.7%. Moreover, this crystallinity was not
enough to significantly improve HDT. On the contrary, when
PLA was injection molded into a 90 °C hot mold, the speci-
mens fully crystallized during the injection molding cycle
(crystallinity was between 44.5 and 50.0%), and the HDT
of these specimens also increased to an average of 88.8 °C.
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