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Abstract: The crystallization of polylactic acid (PLA) stereocomposites is an effective approach to
enhance the mechanical and thermal properties of PLA materials, while epoxidized soybean oil (ESO)
has been demonstrated to exhibit good compatibility with PLA. This study prepared composite samples
of PLA stereocomposites with ESO via solution blending. The non-isothermal crystallization kinetics of
PLA blends were determined using the Jeziorny and Mo methods. Results indicate that the Kc value of
SC-PLA-ESO increases with cooling rate, demonstrating accelerated polymer crystallization at higher
cooling rates. The non-isothermal crystallization kinetics of PLA blends were investigated using the
Jeziorny and Mo methods. Results showed that the Kc value of the SC-PLA-ESO system increased with
cooling rate, indicating that the polymer crystallization rate is proportional to the cooling rate.
simultaneously, the increase in F(T) values for ESO-containing blends at identical relative crystallinity
indicates that ESO enhances the crystallization rate of PLA blends. This conclusion significantly
enriches the crystallography theory of PLA.
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1. Introduction

Polylactic acid (PLA) has biodegradable properties, allowing it to slowly decompose in natural
environments and thereby avoiding environmental pollution. It is primarily made from starch-rich
agricultural products such as corn, wheat, and sugar beets [1-87 produced through biotechnological
synthesis. Unlike traditional plastic materials, PLA does not rely on petroleum-based chemicals,
meaning it does not contain harmful heavy metals or other substances. During both production and use,
PLA poses no negative impact on the environment or human health, ensuring its high level of safety [4-
6. The environmental friendliness of PLA is not only reflected in its biodegradability but also in the
sustainability of its raw material sources. Using renewable agricultural products as raw materials
reduces dependence on finite resources and minimizes environmental damage.

From an application perspective, PLA demonstrates unique advantages in food packaging materials
due to its biodegradability and environmental friendliness [7]. However, the main obstacles to PLA's
future development in high-temperature applications are its low melting temperature and poor
toughness, which are caused by its low crystallinity and sluggish crystallization rate [8, 97]. The poor
crystallization ability of PLA directly affects its toughness and heat resistance performance. Therefore,
current research on PLA materials primarily focuses on enhancing its crystallization performance to
improve its performance during use [10, 117].

The most common and effective method for enhancing PLA materials is to utilize the enantiomeric
structure of L-PLA and D-PLA to form stereocomplex crystals [127]. These crystals can be produced in
both molten and solution states. Stereocomplex crystals are a unique type of polycrystal characterized
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by strong intermolecular hydrogen bonding interactions [13, 147] which can increase the melting
temperature of PLA materials by over 50°C.

Epoxidized soybean oil (ESO) is a common green plasticizer. From a molecular structural
perspective, epoxidized soybean oil contains epoxy groups and flexible long chains, making it suitable as
a plasticizer for polymers [15, 167. It has also been demonstrated to have good compatibility with
polylactic acid. The flexible ESO interface layer designed by Ren, et al. [17] promotes effective energy
dissipation and stress dispersion during stress transfer, effectively solving the problem of insufficient
toughness in traditional PLA materials. Zhang, et al. [187] obtained a composite material with a high
tensile strength of 52.8 MPa by adding 10% ESO and 3% DOPO. The fracture elongation and impact
strength were 26.3 times and 67.5% higher than those of PLA. Additionally, the material demonstrated
greatly improved UV protection and soil degradation performance while maintaining excellent thermal
stability. Ge and Dou [197] verified that the combination of ESO and 4370 S produced ultra-tough PLA
biocomposites with notched impact strength above 800% and fracture elongation over 300%,
respectively.

Crystallization kinetics primarily investigates the formation mechanisms and processes of
crystallization in polymeric materials, as well as the interrelationship between crystallization
temperature and time on crystallinity and crystallization rate. The impact of varying ESO
concentrations on the crystallization behavior of SC-PLA blends was investigated. SC-PLA-ESO blends'
non-isothermal crystallization kinetics were examined using the Jeziorny [207] and the Liu, et al. [217].

2. Experimental
2.1. Materials

L-poly(lactic acid) (PLLA, Mw = 1.83 kg/mol) and D-poly(lactic acid) (PDLA, Mw = 0.79 kg/mol)
were purchased from Shanghai Chemical Reagent Co., Ltd.; ESO was provided by Shandong Wushuang
Chemical Group Co., Ltd., with a product purity greater than 99.99% and an epoxide value greater than
6.1; the solvent was analytical-grade chloroform (CHCls), supplied by Sinopharm Chemical Reagents
Co., Ltd. (Beijing, China).

2.2. Sample Preparation

Neat PLLA and PDLA were continually dried for 48 hours at 70°C. PLLA and PDLA were
combined at a 1:1 ratio with varying concentrations of ESO. In CHCls, the mixture was dissolved. After
that, the mixture was agitated with a stirrer for six hours to dissolve it fully. A Petri plate was then filled
with the solution, which was allowed to evaporate for about twenty-four hours at normal temperature.
The collected samples were then vacuum-dried to a consistent weight. The blends of PLLA and PDLA
that contained 0%, 8%, and 20% ESO were designated SC-PLA, SC-PLA-8ESO, and SC-PLA-20ESO.

2.8. Test and Characterization

Under a nitrogen flow rate of 19.8 mL/min, non-isothermal crystallization tests were performed on
SC-PLA mixes with varying ESO levels using a differential scanning calorimetry (DSC) device
(NETZSCH DSC204F'1). Prior to isothermally maintaining the reweighed samples (<8 mg) for 3
minutes, they were heated to 250 °C. After cooling the samples to 30 °C at various rates of 5, 10, 15, and
20 °C/min, they were reheated to 250 °C at a rate of 10 °C/min. DSC curves for the cooling process
were plotted, and measurements were made of the peak temperature (T.) and enthalpy (AH.) during the
cooling crystallization process.

3. Results and Discussion
3.1. Cooling Crystallization Process of SC-PLA-ESO Blends

The DSC curves of the SC-PLA-ESO blend chilled at rates of 5, 10, 15, and 20°C/min are displayed
in Figure 1, and the parameters derived from the DSC curves are compiled in Table 1.
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As shown in Figure 1(a—c) and Table 1, the crystallization peak temperatures of SC-PLA, SC-PLA-
8ESO, and SC-PLA-20ESO all decrease with increasing cooling rate. This is due to the temperature
dependence of the phase transition process, as the blends require stronger undercooling to induce
crystallization. Furthermore, the T. values of the blends including ESO are noticeably greater than
those of the neat SC-PLA blends at the same cooling rate, suggesting that ESO functions as a
nucleating agent for crystallization, encouraging crystallization in the blends. Moreover, the
crystallization enthalpy (AH.) of every sample progressively drops as the cooling rate rises. This is
because rapid sample cooling shortens diffusion times into the crystal lattice and decreases molecular
chain mobility because molecular chain movement cannot keep up with the temperature drop.
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Table 1.
Cooling parameters at various cooling rates.
Cold crystallization process
Samples Cooling rates Temperature T(°C) crystallization enthalpy
(°C/min) AH. (J/g)
5 110.36 -39.06
SC-PLA 10 106.35 -8.35
15 104.02 -5.52
20 - -
5 125.93 -27.53
SC-PLA-8ESO 10 121.51 -20.82
15 116.35 -8.46
20 111.53 -7.05
5 120.52 -33.2%
SC-PLA-20ESO 10 113.50 -17.85
15 111.77 -18.77
20 110.36 -7.98

The relationship between relative crystallinity (Xt) and crystallization temperature (T) can be

expressed as follows:
oo
Xp = f; (dHc/dT)AT/[;” (dH./dT)dT (1)

In this context, where T, and T stand for the beginning and ending crystallization temperatures,
respectively. During an infinitesimal temperature range, the crystallization enthalpy emitted is
represented by the dHc. X versus T is illustrated in Figure 2 (a—c). It can be observed that during the
initial stage of crystallization, nucleation occurs relatively slowly, exhibiting a gradual progression. As
crystallization enters the intermediate stage, crystal growth becomes the dominant trend, and
crystallinity increases rapidly during this phase. However, as crystals continue to grow, the
crystallization process gradually stabilizes in the later stages. This evolutionary process reflects the
characteristics and changes of crystallization at different stages. The crystallization range of the blend is
primarily concentrated between 90°C and 140°C. This specific temperature range is critical for the
performance of polylactic acid materials, as it allows the molecular chains of the blend to arrange in an
ordered manner, forming a stable crystalline structure, thereby enhancing the material's crystallinity
and related properties.
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Plots of relative crystallinity (Xr) versus crystallization temperature(T) at various cooling rates.

The following equation can be used to convert Xt data to X data:
Xe=(To—T)/ @
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In this case, T refers to the temperature at crystallization time t, and ® refers to the cooling rate,
resulting in the curves shown in Figure 8 (a-c). A higher cooling rate results in a decrease in the
crystallinity curve and the crystallization completion time. In the later stages of crystallization, the
upward slope of the curve significantly slows down. This is due to the fact that when crystals get
bigger, they collide with one another to form grain boundaries, which prevent and postpone additional

crystal growth until the crystallization eventually flattens out and stops.

At the same cooling rate, as the ESO content increases, the crystallization time of the blend
decreases. This phenomenon is primarily attributed to interactions between ESO and the PLA-based
blend molecular chains. With higher ESO content, the mobility of the molecular chains in the blend

improves, facilitating faster ordered arrangement during crystallization.
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Plots of relative crystallinity (X;) versus crystallization time (t) at various cooling rates.

3.2. Jeziorny Method for Studying Non-Isothermal Crystallization Kinetics

The Avrami [227] is a kinetic equation that describes crystal nucleation and growth during the
crystallization reaction. It is widely used in the study of polymer crystallization kinetics. The equation is
expressed as follows:

lg[-In(1-X())]=nlgt+Ig K 3

In this equation, n is the Avrami exponent in non-isothermal crystallization, and K is the non-
isothermal crystallization rate constant. To eliminate the influence of the cooling rate during the non-
isothermal crystallization of polymers, Jeziorny proposed that the cooling rate (®) can be used to
correct the rate constant K during the crystallization process.

lgK, = 1gK /@ (4)
Where K. is the corrected crystallization rate constant and t,/. is the crystallization half-life:
tijp = (In2/k)*™ ©))

The linear fitting plots of the Avrami index #n, K., and t,/. are displayed in Figure 4(a—c) and Table
2, along with the connection between log[-In(1-Xt)] and logt for SC-PLA, SC-PLA-8ESO, and SC-
PLA-20ESO at various cooling rates. The polymer's nucleation and growth mechanism are reflected in
the n value. Compared to neat SC-PLA and SC-PLA with 20% ESO content, the n value for SC-PLA
with 8% ESO content is greater, suggesting that the 8% ESO content has the greatest impact on the
nucleation and growth mechanism of SC-PLA. The K. value of SC-PLA-ESO rises with increasing
cooling rate, suggesting that the polymer's crystallization rate is directly proportional to chilling rate.
The linear component of the data was well-fitted, as indicated by the R? values of the linear regression
coefticients for all samples being higher than 0.98.
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Table 2.
Non-isothermal crystallization kinetics based on Jeziorny method.
Samples ()] n Kc tie R2
(°C/min) (*102) (min)
5 2.89 45.5 1.183 0.986 39
SC-PLA 10 2.27 81.47 0.931 0.989 78
15 2.87 90.09 0.895 0.980 38
5 2.52 45.08 1.163 0.995 75
SC-PLA-8ESO 10 2.41 80.72 0.989 0.993 74
15 2.86 89.78 091 0.999 08
20 2.4% 95.5 0.877 0.988 89
5 2.4% 36.59 1.274 0.994 33
SC-PLA-20ESO 10 2.40 79.55 0.942 0.995 7
15 2.8 92.12 0.887 0.995 02
20 2.43 94.64 0.872 0.993 06

3.8. Mo Method for Studying Non-Isothermal Crystallization Kinetics

The following equation for non-isothermal crystallization processes is created by the Mo technique
by combining the Avrami and Ozawa equations: Analysis of non-isothermal crystallization dynamics
using the Mo method.

log® = log F(T) — alogt

(6)

Among these, I'('T) indicates the cooling rate needed for the system to reach a specific relative
crystallinity in a particular amount of time, and @ stands for the cooling rate. The ratio of the Ozawa
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index m to the Avrami index n (n/m) is denoted by a. A set of well-fitting straight lines can be created
by charting the relationship curve between logt and log® (Figure 5(a—c)). The parameters a and I'('T),
which were obtained from the slope and intercept of the straight lines, are listed in Table 8. Mo method
combines the Avrami equation and the Ozawa [237] to design an equation for non-isothermal
crystallization processes. It has been proven that the Mo method is well suited for studying non-
isothermal crystallization kinetics.

As relative crystallinity rises, the I(T) value rises as well, suggesting that higher crystallinity must
be attained in a given amount of time at a quicker cooling rate. Furthermore, the I(T) value of SC-PLA
blends including ESO is lower than that of neat SC-PLA under the same relative crystallinity
conditions, indicating that the blends' crystallization rate has been increased [247]. The a value, which
falls between 0.81 and 1.82, shows that the Avrami index 7z and the Ozawa index m do, in fact, have a
proportionate relationship. This suggests that the Mo approach can well characterize the non-
isothermal crystallization process of polylactic acid and its blends.
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Plots of logt versus log® at various relative crystallinity.
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Table 3.

Parameters of non-isothermal crystallization kinetics by the Mo method.

Samples X(t)(%) o F(T) R®
20 1.32 17.38 0.984 89

SC-PLA 40 1.29 25.70 0.989 83

60 1.23 33.88 0.992 22
80 1.24 43.65 0.996 47
20 1.32 16.60 0.976 66
40 1.29 24.55 0.995 98

SC-PLA-8ESO 60 1.17 29.51 0.986 01
80 1.13 37.15 0.988 48
20 0.81 14.79 0.985 88
40 0.82 19.50 0.991 23

SC-PLA-20ESO 60 0.84 23.99 0.988 76
80 0.86 29.51 0.989 34

4. Conclusions

The blend incorporating ESO had a T. value that was much higher than that of the neat SC-PLA
blend under the same cooling rate, as validated by DSC experiments with varying cooling rates. This
suggests that ESO facilitates the blend's crystallization by acting as a nucleating agent. According to
the Jezinory method, which was used to examine the crystallization process, the K. value of SC-PLA-
ESO grew as the cooling rate increased. This suggests that the polymer's crystallization rate is directly
proportional to the cooling rate. The non-isothermal crystallization behavior of SC-PLA-ESO blends is
well described by the Mo technique. The rise in the IF(T) value of blends including ESO under the same
relative crystallinity suggests that ESO speeds up the crystallization of PLA blends.
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