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Poly (lactic acid), a promising biodegradable polymer, is restricted by poor heat resistance, which is determined
by the crystallization. It is important to expound the relationship between crystal structure and thermal, me-
chanical performance. Several PLA specimens were prepared by fully crystallized at different temperature
(100°C, 110°C, 115°C, 120 °C, and 130 °C) from melt state. The morphology, crystallization behaviors, thermal
and mechanical properties were evaluated by polarizing optical microscope (POM), wide-angle X-ray diffraction
(WAXD), differential scanning calorimeter (DSC), dynamic mechanical analysis (DMA), and Vicat softening
temperature (VST), respectively. It was found that the PLA crystal shows the characterization of spherulite and
many nuclei are generated at low temperature (100 °C and 110 °C). The nuclei gradually decrease and the
spherulites grow as the crystallization temperature increases. Compared with the amorphous PLA specimens, the
tensile strength of crystallized samples gradually decreases from 29.4 MPa to 25.8 MPa and the VST is improved
from 51.6 °C to 64.9 °C. It confirms that the crystallization is an effective way to enhance the heat resistance.
However, when the temperature reaches 130 °C, the crystalline and amorphous region aggregate, forming the
distinct two phases, which leads to a decrease in VST (53.2 °C). Meanwhile, the spherulites become irregular,
larger, and imperfect at high temperature, resulting in the further deterioration of mechanical performance. In
addition, the molecular dynamics was further used to simulate the structural evolution during the crystallization
and reveals the mechanism behind the relationship.

1. Introduction form & have been identified [3-5]. The a form crystals exhibit a 10/3

helix conformation packed in an orthorhombic unit cell, and grow via

Poly (lactic acid) (PLA) is a biodegradable thermoplastic aliphatic
polyester produced by lactic acid which is derived from the fermentation
of starch. The PLA is regarded as a promising green polymer to replace
traditional petroleum-based polymers and has been applied in many
fields such as food packaging, mulch films, biomedicine, and 3D printing
filaments. However, it is also restricted due to the low deform temper-
ature [1,2].

As a class of semi-crystalline polymers, the crystallization behavior
and crystal form of PLA is affected by molecular weight, p-lactic acid
percentage, and the processing conditions. Up to now, four different
crystal forms (named «, f, y, and € forms) and one disordered crystal
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solution, melt or cold crystallization at high temperature (above
120 °C). The & form crystals develop from melt or cold crystallization at
low temperature (below 100 °C), and a mixture of a and 5 form crystals
is often formed between 100 °C and 120 °C [6-8]. The chain confor-
mation of § form is similar but more disordered than that of the o form.
The other crystal forms (§, y, and € forms) are developed under special
processing conditions. For instance, Kanamoto et al. created the §
crystal by stretching the poly (,-lactic acid) (PLLA) consisting of o
crystal around 170 °C [9]. It takes the 3/1 helical conformation and
packs in the trigonal lattice [8]. Lotz et al. created the y crystal by the
epitaxial crystallization technique around 140 °C in the presence of
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hexamethylbenzene [10]. Asai et al. fabricated the PLA ¢ form crystal
with specific organic solvents such as tetrahydrofuran (THF) and N,
N-dimethyl-formamide (DMF) below room temperature [11]. The re-
sults revealed that the € form crystal exhibits a 10/7 helix conformation
and packs in the orthorhombic lattice. Among all those crystal forms,
the o form is the most stable one and the others tend to transition to the
a form under heating according to references [8,12].

It is well known that the physical and mechanical properties of
materials are closely associated with the processing and post-processing
conditions by determining the crystal structure of product [13-15].
Therefore, it is important to clarify the relationship between properties
and crystal structure of PLA for finding the optimum process parameters
and preparing higher quality products. Tsuji and Ikada investigated the
effects of three different annealing processes on the thermal properties,
morphologies, and mechanical properties of poly (;-lactide) (PLLA) films
prepared by solution casting. It showed that the crystallinity and melting
temperature increase with increasing annealing temperature, and the
Young’s modulus increases as the crystallinity increases. The tensile
strength exhibited similar behavior to the Young’s modulus, but de-
creases when the large crystallites or spherulites were formed [16].
Cocca et al. prepared the PLLA films containing different amounts of «
and & crystal by annealing quenched PLLA at different temperatures
[13]. The results show that the a crystals provide a better barrier to
water vapor and high Young’s modulus, but a lower elongation at break.
Zhang et al. produced the PLA packaging films by blowing technology
under low temperature (below the melting of PLA crystals) [17], con-
firming that these films present excellent strength and toughness due to
the crystal-cross linked network. Bou et al. investigated the effect of
annealing procedure and molecular weight on the crystalline phase
morphology and thermal properties of PLA [18], indicating that high
crystallinity degree and o/ crystal type ratio contribute to the improved
heat distortion temperature and decreased toughness. Besides, many
strategies have been reported to affect the PLA crystallization and
enhance the properties, including nano-additives [19-21], blending
with block copolymer [22-24] and some other materials [25-27]. As is
known to all that the crystal morphology of PLA can be different ac-
cording to it is crystallized from melt or the solid state. However, a few
works have been focused on the thermal and mechanical properties
resulted from the melt state, which is closer to the industrial processes
than that from the solid state (annealing).

The intention of the present work is to find out the relationship be-
tween crystalline structure and thermal, mechanical properties of PLA.
For this purpose, a series of PLA samples were molded and crystallized
from the melt state under different temperatures. The growth of PLA
spherulite was observed by the polarizing optical microscope (POM),
and the crystal structures were detected by the wide-angle X-ray
diffraction (WAXD) and the differential scanning calorimeter (DSC). The
physical properties of PLA samples were evaluated by stretching,
impact, dynamic mechanical analysis (DMA), and Vicat softening tem-
perature (VST), respectively. In addition, the molecular dynamics (MD)
was further employed to examine the crystalline structures and thermal,
mechanical properties of PLA at various predicted models and reveals
the mechanism behind the effect of crystallization or crystalline struc-
tures on the properties.

2. Experimental section
2.1. Materials and sample preparation

Poly (,-lactic acid) (PLLA) 6202D was produced by NatureWorks.
Before use, it was dried in a vacuum oven at 80 °C for 24 h to remove the
moisture and avoid hydrolysis during the melt processing. After drying,
the PLLA resins were molded with hot-press machine at a temperature of
200 °C for 3 min to allow complete melting. The mould is rectangular
with a size of 100 mm x 10 mm x 2 mm. In this process, no pressure was
applied. Then, a pressure of 1000 psi was loaded for 5 min. Successively,
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one sample was quickly cooled to room temperature by air and the
others were quickly moved to oven at different temperature (100 °C,
110 °C, 115 °C, 120 °C, and 130 °C) to perform the isothermal crystal-
lization for some times. The samples obtained from different conditions
(as shown in Fig. S1) were used to subject the mechanical and thermal
tests.

2.2. Characterization

Morphology. The morphologies and growth of PLLA spherulites
under different temperatures were investigated by the POM equipped
with hot stage. A piece of sample was placed on the hot stage and heated
to 200 °C. Then, it was decreased to 100 °C, 110 °C, 115 °C, 120 °C, and
130 °C at a speed of 30 °C/min, respectively. The images under
isothermal crystallization were captured at certain interval times. The
scanning electron microscope (SEM, Jeol Jsm-5600lv) was used to
observe the fractured surface morphology of the samples.

Crystallization. The DSC and WAXD were used to investigate the
crystal structures. The DSC was performed on TA Q20. Around 5 mg
samples were placed in aluminum pot and heated to 200 °C from 30 °C
at a heating rate of 10 °C/min under nitrogen atmosphere. The degree of
crystallinity (X.) was calculated by the following equations

X.=(AH.+AH;) /93

where the AH, and AHyis the crystallized enthalpy and fused enthalpy of
samples, respectively. The fused enthalpy of the 100% crystallized PLA
is 93 J/g [16,28]. The WAXD was conducted on Rigaku D/max-2550
employed the Cu Ka (A = 0.154 nm) light source with diffraction
angle from 5° to 60° and a scanning rate of 5°/min.

Mechanical properties. The tensile strength and elongation at
break were obtained from MTS E42.503 at a crosshead speed of 5 mm/
min and calculated as average values from five tests. The unnotched
impact strength was measured on JJ-20 impact tester (Changchun
Intelligent, China) at room temperature. The strided distance and impact
speed is 40 mm and 2.9 m/s, respectively. Five measurements were
performed for each sample and the average results were reported.

Thermal properties. The DMA was performed on TA Q800 from
40 °C to 120 °C at a scan rate of 3 °C/min under nitrogen atmosphere. A
sinusoidal oscillating strain of 10 mm and a frequency of 1 Hz were
applied on all of the samples. The dimension of the DMA samples is
about 30 mm x 10 mm x 2 mm (length x width x thickness). The VST
was conducted on FR-1810E instrument (Shanghai Farui, China) from
30 °C to 100 °C at a heating rate of 2 °C/min. The dimension of the VST
samples is about 20 mm x 20 mm x 2 mm and the loading is 1 kg.

2.3. Coarse-grained molecular dynamics

In the present work, we constructed a coarse-grained model of PLA
with different flexible blocks, where the rigid blocks (denoted by R) and
coil blocks (denoted by C) would self-assemble into the crystalline and
amorphous phase, respectively. In this model, a bead represents a cluster
of atoms, consisting of numbers of repeat units. Each PLA chain is
described as a linear bead-spring chain containing 24 beads with
diameter ¢. In the molecular dynamics (MD), the nonbonding potential
Ujj is given by the modified LJ 12:6 potential acting between any pair of
ith and jth beads

12 6 12 6
4 o 4 4 .
4e; - =) t{—=) | ri—rev<ry
U= rij —TEv rij —TEev Tij Tij

c
07 rij =Ygy >Tj

where the ricj is the cutoff distance for (rj; — rev), at which the potential is
truncated and shifted to yield zero energy and force, and the ¢;; is the
interaction parameter between beads i and j. The bonding potential
Ubond is given by the modified finite extensible nonlinear elastic (FENE)
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potential

2
Upons = — O.SkRozln[l - (r ’EV) }
Ro

where k = 30 ¢/6® and Ry = 1.5 ¢ is the elastic coefficient and the
maximum extensible bond length, respectively. The angle potential was
applied to control the angle formed by three linked beads in order to
adjust the rigidity of the rigid block (crystalline block, R). For the flex-
ible block (amorphous block, C), no angle potential was applied. We
used a cosine harmonic function to constrain the rigid block as

1
Uanglﬂ (0) :Eka (COS0 — C0S60)2

where k, is the angle spring constant and 6, is the equilibrium angle. The
larger value of k, corresponds to the more rigid blocks. To obtain rigid
blocks for crystallization, the k, and 6 is set to be 50 ¢ (a relative larger
value) and 180°, respectively.

All the MD runs were carried out by the large scale atomic/molecular
massively parallel simulator (LAMMPS), which was developed by San-
dia National Laboratories. In the MD simulations, to generate the initial
configurations, we constructed a large system with low volume fraction,
which was compressed to the volume fraction of 0.45. Based on the
initial configurations, the NPT ensemble with T = 1.0 and P = 0 was
adopted. During the MD simulations, the periodic boundary conditions
were imposed with a time step At = 0.004 7 (z denotes the unit time).
The nonequilibrium deformation technique based on MD (NEMD) were
implemented to calculate the mechanical properties and the tension

0 min
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tests were examined after enough equilibration (10’ MD simulation
steps) by a uniaxial deformation on the MD simulation box along the 2
direction under the NVT ensemble with T = 1.0 and At = 0.001 7. As the
box is elongated in the z direction, the box lengths in the x and y di-
rections are changed simultaneously to keep the system volume con-
stant. To make sure more physical sense, the simulated systems (or
materials) are assumed to have no volume change and incompressible,
and the Poisson’s ratio p is set to be 0.5. The uniaxial deformation occurs
over a time period of 100 7 and the strain rate was set as 0.0327/z. For
the assemble average of stress, eleven tension tests were performed
based on the equilibrated structures and dynamics data collected from
the last 10° MD simulation steps at every 10* steps. The more details of
MD model, MD simulations, and NEMD method can be found in the
former research works [29-35].

3. Results and discussion
3.1. Crystal morphology and growth

The POM is an effective instrument to investigate the polymer
crystallization [36]. The POM equipped with hot stage was employed to
explore the PLA crystal morphologies and growth under different tem-
peratures. The images captured during isothermal crystallization at
different temperatures (100 °C, 110 °C, 115 °C, 120 °C, and 130 °C)
were presented in Fig. 1. It was observed that the PLA crystal shows
radical and black-cross phenomena, which is the characterization of
spherulite. The higher nucleation density was further observed under
100 °C and 110 °C, which is the fastest crystallizing temperature for

Fig. 1. POM images of PLA crystallized under different temperatures and time.
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PLA, and the crystal fills the whole field at 15 min (Fig. 1a2 and 1b2).
This result is consistent with the DSC isothermal crystallization, as
shown in Fig. S2 (see the Supporting Information). However, the low
crystallization rate is still a challenge for PLA industries. Up to now, the
MCC (microcrystalline cellulose), Talc, carbon nanotube, and PDLA
have been applied to improve the velocity of PLA crystallization [21,
37-39]. As the temperature increases, the velocity of crystallization
decreases and the morphology of the PLA spherulites becomes regular
and smooth (Fig. 1¢3 and 1d3). When the temperature reaches 130 °C,
the spherulites turned out to be irregular and imperfect (Fig. 1e3). The
results show that the crystallization and crystal morphology is closely
associated with the temperature, which determines the formation of
crystal nucleus and growth.

3.2. Crystal structures

The WAXD was performed to confirm the crystal structures of PLA
under different conditions. As shown in Fig. 2a, the diffraction curves of
PLA under different temperatures exhibit sharp crystallization peaks
except the quick cooling PLA (black line in Fig. 2), which presents an
amorphous characterization. For the crystallized PLA samples, the
diffraction peaks at 14.8°, 16.8°,19.1°, and 22.3° were observed, which
are attributed to the (010), (110)/(200), (203), and (015) planes,
respectively [28,40,41]. The crystal size and lattice spacing for
(110/200) and (203) planes were shown in Table 1. It exhibits that the
crystal size gradually increases and the lattice spacing is almost the same
for all the crystallized PLA samples. This is consistent with the results of
POM and SEM. According to references [7,42], the PLA samples crys-
tallized at low temperature (below 100 °C) prefer to the § crystal and the
a crystal at high temperature (above 140 °C), while the coexistence of
the 8 and o crystals between 100 °C and 120 °C. The 20 angle of
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(110/200) plane for the a crystal shifts to higher angle compared with
the § crystal. However, the results of other references indicated that the
8 and o crystals represent the same diffraction peaks [36,43]. In this
research, the 20 angle of (110/200) plane for the & and « crystal occurs
at the same angle. This may be ascribed to the low resolution of the
testing machine. Furthermore, the enlarged WAXD results were shown
in Fig. 2b. It can be seen that there are many subpeaks specific to the a
crystal, i.e. 12.4° (004/103), 20.7 (204), 23.9° (016), 25° (206), 27.3°
(207), 29° (216), and 31.2° (217) [44]. Those peaks were observed for
the PLA samples crystallized at 110-130 °C, while they were not
detected for the samples crystallized at 100 °C. In this sense, the PLA
samples crystallized at 100 °C form the unstable § crystal, while the &
and o crystals coexist in the PLA samples crystallized at 110-130 °C.

The effect of crystallization temperature on the crystal form was
further explored by DSC. Fig. 2c exhibits the first heating scans of PLA
samples, while the calculated crystallinity and T, data were summa-
rized in Table 2. From Fig. 2¢, it can be seen that the quick cooling
sample shows a cold-crystallization peak, which means the crystalliza-
tion is incomplete due to the high cooling rate. This peak disappears for
the other crystallized samples, indicating that the crystallization is
completed. The crystallinity of quick cooling and crystallized PLA
samples are around 7.6% and 50%, respectively (as shown in Table 2). In
the melting region, the two endotherms Tp,; and Ty,» were observed for
all the samples except the one crystallized at 130 °C. The double melting
peak is typical behavior for PLA due to the different crystal forms of o
and 8, which is also associated with the PLA optical purity [42,45]. The
weaker and irregular § crystals melt firstly and transform into o crystals
during the DSC scanning, and then the « crystals melt in the second peak.
Only one Ty, for the PLA samples crystallized at 130 °C is mainly due to
the overlap of the melting peak of 8 and a crystals.

110°C
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Fig. 2. (a) WAXD, (b) enlarged WAXD, and (c) DSC first heating curves of PLA specimens prepared from different conditions.
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Table 1
Crystal size and lattice spacing of main diffraction peak for different PLA specimens.
Crystal parameter Diffraction peaks QC 100 °C 110 °C 115°C 120 °C 130°C
Crystal size (nm) 16.8 d (110/200) - 22.6 26.3 27.4 27.7 33.6
19.1 d (203) - 15.9 16.2 17.5 18.6 19.5
Lattice spacing (A) 16.8 d (110/200) - 5.30 5.31 5.30 5.29 5.31
19.1 d (203) - 4.65 4.66 4.65 4.63 4.66
Table 2 Table 3
T and crystallinity summarized from the DSC results. Data of tensile strength, elongation at break, unnotched impact strength, and
Melting point (o) oc 100 °C 110 °C 115 °C 120 °C 130 °C Young modulus for the different PLA specimens.
Tpy (°C) 157.7 153.4 158.0 159.1 160.5 163.4 Samples ID QC 100 °C 110 °C 115°C 120 °C 130 °C
Tm2 (°C) 165.6  165.5 165.2 165.5 166.1 Tensile strength 29.4 292 25.8 23.8 17.3 12.4
Crystallinity (%) 7.6 49.4 50.3 47.7 50.0 50.2 (MPa)
Elongation at break 2.4 2.3 2.0 1.7 1.4 1.2
(%)
3.3. Mechanical properties Unnotched impact 21.8 204 18.8 17.7 15.3 8.5
strength (kJ/: 'm?)
Young modulus (GPa)  1.07  1.09 1.12 1.16 1.18 1.01

In order to evaluate the relationship between crystal structures and
mechanical, thermal properties of PLA, the tensile, impact, DMA, and
VST testing were conducted, respectively. Fig. 3 presents the tensile
strength, elongation at break (the stress-strain curves were shown in
Fig. S3a in the Supporting Information), Young modulus, and the impact
strength of different PLA samples, and the data were summarized in
Table 3. It can be seen that the quick cooling PLA exhibits the highest
tensile strength (29.4 MPa), elongation at break (2.4%), unnotched
impact strength (21.8 kJ/mz), and lower Young modulus (1.07 GPa).
This value is very different from the published references [46,47], which
may be ascribed to the different preparation method, the grade of PLA,
and the absorption of water in the air. That of the PLA samples crys-
tallized at 130 °C is the lowest and is 12.4 MPa, 1.2%, 8.5 kJ/m?, and
1.01 GPa, respectively. The three parameters (tensile strength, elonga-
tion at break, and unnotched impact strength) gradually decrease as the
temperature increases. While the Young modulus increases as the tem-
perature increases except the samples crystallized at 130 °C. This is
closely associated with their crystal parameters (crystal size and crys-
tallinity) and structures.

It is well known that the macromolecular chains in crystalline region
are compact and can endure the loaded stress, while the macromolecular
chains in amorphous region are loose and easily to be deformed. When
the PLA specimens were quickly cooled from the melt state, the PLA
macromolecular chains have no time to rearrange and present a
configuration of random coil, leading to the low modulus and high
elongation at break for the quick cooling samples. After the samples
were crystallized at low temperature (i.e. 100 °C and 110 °C), many
nuclei were formed and the crystal size is small, while the crystal region
is regularly separated by the amorphous regions in microcosmic.
Compared with the quick cooling samples, some amorphous regions
transfer into the crystalline regions and then the crystallinity increases

sharply from 7.6% to about 50% (see Table 2). The number of PLA
macromolecular chains for enduring stress increases and less chains
contribute to the strain. Therefore, the Young modulus increases and the
elongation at break decreases, which indirectly leads to the decrease of
tensile strength. If the samples can be stretched arbitrarily, both the
Young modulus and tensile strength should be improved after the
crystallization process. As the crystallizing temperature increases, the
crystallinity has a little change, while the crystal size increases and the
crystal structures become more perfect, leading to the increase of Young
modulus and the decrease of elongation at break. When the crystallizing
temperature reaches up to 130 °C, fewer nuclei were generated and the
amorphous and crystal region aggregate, forming the distinct two pha-
ses. This is harmful to the Young modulus and leads to its decrease.
Meanwhile, the tensile strength and fracture strain decline due to the
irregular crystal and large spherulites at high temperature. It can be
concluded that the large spherulites and crystallites decrease the tensile
and impact strength and elongation at break, while the elastic modulus
increases, which agrees with the previous findings reported by Tsuji and
Ikada [16]. These will be further explained and investigated by molec-
ular dynamics.

The fracture surfaces of the PLA samples after tensile testing were
further observed by the SEM and the corresponding morphologies
were shown in Fig. 4. The cross sections of the quick cooling PLA
specimens are smooth (Fig. 4a), while that of the crystallized PLA
specimens are uneven and exhibit the grain of spherulite, which
contributes to the break of PLA specimen and determines the perfor-
mance of PLA. In the sense, the big spherulites are not benefit to the
mechanical performances.

35 4 30
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£ % 3 5 = 20 % 7 {11 3
20|l 59 s ; N B % E
£ 2 {2% § 215} I 3
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c {1 © 3] {09 £
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Fig. 3. (a) Tensile strength, elongation at break, and (b) unnotched impact strength, Young modulus of the different PLA samples.
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Fig. 4. Fractured SEM images of PLA specimens prepared from different conditions. (d) and (g) is the image enlarged from part of image (c) and (f), respectively.

3.4. Heat resistance

The heat resistance of the molded PLA specimens was analyzed by
the DMA and VST, respectively. Fig. 5 depicts the storage modulus, tans,
and displacement as a function of temperature for all the samples, and
the related data were also summarized in Table 4. As expected, the
crystallized PLA samples present the high storage modulus, tans, and
Vicat softening temperature, which reflects the better heat resistance.
For the quick cooling PLA, the storage modulus at 40 °C and 115 °C is
1284.6 MPa and 1.2 MPa, respectively. When the PLA was crystallized at
115 °C, the storage modulus at 40 °C and 115 °C shifts up to 1518.9 MPa
and 230.8 MPa, respectively. Similarly, the tans and VST increase from

1600

© 1400 Quick cooling (a)
o ——100°C
£ 1200} — 110°C
£ 1000} —
g 800} ——130°C
E 600}
S
g 400+
% 200+

(1]8

Temperature (°C)

40 50 60 70 80 90 100 110 120

Table 4
Data of storage modulus, tand, and displacement summarized from DMA and
VST results.
Samples ID QC 100 °C 110°C 115°C 120 °C 130 °C
Storage modulus 1284.6 1349.7 1452.8 1518.9 1339.2 1289.1
at 40 °C (MPa)
Storage modulus 1.2 104.7 208.4 230.8 228.3 19.6
at 115°C (MPa)
tans (°C) 68.3 72.2 74.5 77.1 76.7 72.8
VST (°C) 51.6 58.9 64.9 62.0 62.5 53.2
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Fig. 5. Heat resistance (DMA and VST) results of different PLA specimens: (a) storage modulus, (b) tand, and (c) displacement as a function of temperature.
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68.3 °C to 51.6 °C-77.1 °C and 64.9 °C, respectively. These results
confirm the improvement of heat resistance after crystallization, which
is because that the crystalline phases can greatly restrict the movement
and relaxation of amorphous PLA chains [48-50]. Those three param-
eters (storage modulus at 40/115 °C, tans, and VST) reduce to
1289.1/19.6 MPa, 72.8 °C, and 53.2 °C when the crystallizing temper-
ature reaches 130 °C. The heat resistance of PLA is closely associated
with crystallinity, the crystal size and regularity, and the distribution of
two phases (crystal phases and amorphous phases). The low heat resis-
tance of quick cooling PLA is ascribed to the low crystallinity (7.6%),
which is almost the same for crystallized specimens (around 50%).
Therefore, the heat resistance in this research was mainly derived from
the crystal size and regularity, and the phase distribution. When the PLA
specimens were crystallized at lower temperature (100 °C), many crystal
nuclei were formed and the crystal size is small (as shown in Table 1),
which is not benefit to the heat resistance.

As the crystallizing temperature increases, the crystal size increases
and the crystal structures become more perfect, leading to the better
heat resistance. However, when the crystallizing temperature reaches
130 °C, fewer crystal nuclei were formed and the final spherulites are
big, which leads to the aggregation of amorphous PLA chains and the
formation of connected amorphous phases. The distribution of crystal
and amorphous phases is inhomogeneous. The movement and relaxation
restriction effect of the PLA molecular chains disappears, resulting in the
reduction of heat resistance. The crystallization was found to be an
effective way to improve the heat resistance of PLA. However, the me-
chanical performances decrease as the crystallizing temperature in-
creases. In the case of real production, a compromise should be made
between the mechanical and VST to select an appropriate crystallizing
temperature.

3.5. Theoretical simulations

To further get insight into the mechanism behind the relationship
between the crystal structures and mechanical properties, the molecular
dynamics (MD) combined with the nonequilibrium deformation tech-
nique based on MD was employed to address the effect of chain

(a) Quick cooling

Chain model:

(c) Crystallized at middle temperature

Chain model:
(RgCe),
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conformation on crystal structures and tensile properties. In according
to the above-mentioned experimental observations and findings, the
crystalline state can be divided into four situations, including quick
cooling (Fig. 6a), crystallized at low temperature (Fig. 6b), crystallized
at middle temperature (Fig. 6¢), and crystallized at high temperature
(Fig. 6d). In the MD simulations, four chain models of Cy4, (R3C3)4,
(RgCg)2, and Ry2Ci were built to mimic the chain conformation for
quick cooling, crystallized at low temperature (100 °C and 110 °C),
crystallized at middle temperature (115 °C and 120 °C), and crystallized
at high temperature (130 °C), respectively. Note that the attractive in-
teractions (eggr = 2) between rigid blocks (R) were used to compel the
rigid block (R) to be densely packed and form crystal phases (blue region
in Fig. 6), while the coil blocks self-assemble into amorphous phases.

For the chain model of Ca4 (Quick cooling), only amorphous phases
were formed (Fig. 6a) and the related samples show high transparency
(see Fig. S1). When crystallized at low temperature (i.e. 100 °C and
110 °C), the short rigid blocks (R3) pack into small crystal phases
combined with amorphous phases formed by the short coil blocks (C3)
(Fig. 6b). As the crystallizing temperature increases (middle tempera-
ture: 115 °C and 120 °C), the crystal nuclei reduce according to the
results of POM because of the less and longer rigid blocks (Rg), leading to
the scattered and larger crystal phases. However, the scattered and
larger crystal phases are also communicated through the amorphous
phases self-assembled from the coil blocks (Cg) (Fig. 6¢). At high crys-
tallizing temperature (130 °C), the super-long rigid blocks (R;2) and coil
blocks (Cj2) would assemble into continuous crystal phases without
dispersibility and continuous amorphous phases (Fig. 6d), respectively.
These MD simulation results of crystal structures show a good agreement
with the experimental observations (Figs. 1 and 4). Based on the MD
simulation results of crystal structures, the tensile properties of the ob-
tained structures were further calculated, as illustrated in Fig. 7.
Compared with the crystalline PLA, the amorphous (quick cooling) PLA
shows the lowest tensile stress at the same strain (black line in Fig. 7a).
At lower strain (taking Strain = 1.0 as an example), the tensile stress first
increases and then decreases as the crystallizing temperature increases,
as shown in Fig. 7b (black line), which is consistent with the experi-
mental tests (see Fig. S3b).

(b) Crystallized at low temperature

(d) Crystallized at high temperature

Chain model:
R12C12

/\’ /T/H HHEHHEH

e
N/

Fig. 6. Microstructures self-assembled from (a) Co4, (b) (R3C3)4, (¢) (RgCe)2, and (d) Ry2Cy2 corresponding to the quick cooling, crystallized at low temperature,
crystallized at middle temperature, crystallized at high temperature, respectively. The blue and red regions represent the crystal phases formed by densely packed
rigid blocks (R) and amorphous phases self-assembled from coil blocks (C). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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strain (Strain = 3.0), which is respectively indicated by black and red short dash dot line in (a). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

It is worth noting that the MD simulation was mainly used to visu-
alize the crystallization and calculate the relationship between stress
and strain under different crystal structures. However, only the tensile
stress without fracture could be calculated by the MD simulations;
namely, the present MD simulation approach cannot describe and give
accurate expression to the fracture behaviors during the tensile process.
Therefore, we only compared the tensile stress under a certain strain
before break, which could also directly represent the tensile properties
without fracture. In this respect, the MD simulation results are consis-
tence with the experiments, indicating the MD method and hypotheses
are reasonable to reflect the experimental observations. Based on the
consistent results between the experiments and MD simulations, it can
be convinced that the MD chain model is proper to predict the crystal
structures and mechanical properties, which further confirms the val-
idity and rationality of the predicted mechanism behind the relationship
between crystal structures and mechanical properties in Section 3.3.
Beyond the experimental results, at larger strain (taking Strain = 3.0 as
an example), the tensile stress shifts upward to larger value with
increasing the crystallizing temperature, as shown in Fig. 7b (red line),
which was not concerned in the experiments. It is hoped that the MD
predictions will be proved and deeply analyzed in the further studies.

To clarify the relationship between crystalline structures and thermal
properties (heat resistance) of PLA, the temporal evolution of the mean
square displacement (MSD) as a function of time for Cy4, (R3C3)4,
(RgCe)2, and Ry2C12 was further present in Fig. S4a, which was obtained
from the MD simulations at the equilibrium state. The diffusion coeffi-
cient D, could be deduced from the linear fitting of data in the long-time-
regime.

MSD = [R(r) — R(0))?

D.= é ;lig %MSD

where the R(t) and R (0) is the position of the center-of-mass of MD
atoms at time t and 0, respectively. It can be seen that the MSD increases
linearly with time (t) in the long-time-regime, suggesting that the PLA
molecular chains exhibit diffusive behavior. Note that the larger MSD
corresponds to the lower diffusion or smaller diffusion coefficient,
leading to the poorer thermal properties (or weaker heat resistance). As
shown in Fig. S4b, the MSD at long-time-regime (t = 4000 7) of Co4,
(R3C3)4, (RCs)2, and Ry2C; 2 firstly shifts downwards to a lowest value
and then upwards, indicating that the crystallized PLA exhibit the higher
thermal properties (or better heat resistance) than the amorphous PLA.
For the crystallized PLA, the thermal properties or heat resistance firstly
increases and then decreases. The MD simulation results are completely
consistent with the experimental observations (Table 4 and Fig. 5).

It can be attributed to that the crystallization behaviors of PLA could
effectively restrict the mobility of the PLA molecular chains or reduce
the diffusion to improve the thermal properties (or heat resistance) and
also effectively affect the above-mentioned mechanical properties.
Overall, the MD simulations can not only reproduce and help to explain
the experimental observations, but also predict the new phenomenon
which is not yet discovered experimentally.

4. Conclusions

This research evaluates the morphology, crystalline structure, ther-
mal and mechanical performance of PLA specimens under different
crystallizing temperatures. The results reveal that the crystallization is
benefit to the heat resistance and the proper temperature is very
important. Specifically, the VST increases form 51.6 °C-64.9 °C after
crystallized at 110 °C. When the crystallizing temperature increases to
130 °C, the VST shifts downwards to 53.2 °C, which is due to the ag-
gregation of crystal and amorphous regions. The storage modulus and
tans exhibit the same trend. However, the tensile stress, elongation at
break, and unnotched impact strength decline from 29.4 MPa, 2.4%, and
21.8 kJ/m? to 12.4 MPa, 1.2%, and 8.5 kJ/m?, respectively. This is
closely associated with the crystallinity, crystal size and regularity, and
the distribution of crystal and amorphous regions. When the PLA spec-
imens are crystallized at 100 °C, the small and unstable & crystal is
favored, and the o crystal would gradually occur as the crystallizing
temperature increases. Although the specimens crystallized at 130 °C
present a more stable crystal form, the formed spherulites are imperfect
and the distribution of crystal and amorphous phases is inhomogeneous,
leading to the decline of mechanical performance. This result is helpful
for engineer to choose the suitable processing temperature for real
production, balance the mechanical and thermal performance, and
broaden the research and application of PLA-related materials.
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