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Abstract: In this study, a thorough study of the crystallization behaviors of the biodegradable
polymer composites of poly(ethylene succinate) (PESu) and hexagonal boron nitride (h-BN) was
carried out. We found that h-BN had a significant nucleation effect on crystallization behaviors.
DSC isothermal crystallization results demonstrated that the crystallization time of the PESu/h-BN
composites became shorter after adding h-BN. The rate constant k values calculated from the Avrami
equation were larger for the composites, demonstrating that PESu’s crystallization rate was increased
by adding h-BN. TEM and SEM images showed the well-dispersed h-BN in the PESu matrix. Optical
microscopy revealed that the PESu/h-BN composites formed more and smaller spherulites than
neat PESu did, which confirmed that h-BN caused the nucleation effect. H-BN also accelerated non-
isothermal crystallization kinetics. We discussed the behaviors of the Mo model, which demonstrated
that h-BN promoted the kinetics of non-isothermal crystallization. The XRD diffraction patterns
showed that h-BN in the composites would not obviously change the crystalline structure of PESu.

Keywords: crystallization behaviors; biodegradable polymer; poly(ethylene succinate); polymer
composite; hexagonal boron nitride

1. Introduction

In order to meet the different needs of life, different types of polymeric materials have
been developed. In recent years, the problem of plastic waste has affected human life. To
solve the issue of plastic waste, biodegradable polymers have been developed [1-8]. In
general, biodegradable polymers can decompose in the natural environment and may be
non-toxic during the manufacturing process.

The investigation into the crystallization behaviors of biodegradable polyesters is a
crucial topic. The crystallization behaviors of general biodegradable polyesters such as
poly(lactide) (PLA), poly(e-caprolactone) (PCL), poly(ethylene adipate) (PEA), poly(butylene
adipate) (PBA), and poly(butylene succinate) (PBSu) have been discussed in the litera-
ture [9-18], which found that the crystallization rates of these polymers can be increased
by nucleation agents such as orotic acid, polyhedral oligomeric silsesquioxanes, graphite
oxide, calcium carbonate, the stereocomplex of PLA, the inclusion complex of cyclodextrin,
and biocompatible diamide. Semi-crystalline poly(ethylene succinate) (PESu) is also a
biodegradable polyester which can be polymerized with the polycondensation method
by aliphatic diacid and aliphatic diol such as succinic acid and 1,2-ethanediol, respec-
tively [19-21]. The heat and mechanical properties of PESu are attractive and comparable
to those of polyethylene and polypropylene [22]. Another characteristic of PESu which still
needs to be reinforced is that of its slow crystallization rate. The fillers could improve the
nucleation effect to increase the crystallization rate of PESu. The PESu’s physical properties
and crystallization rate can be enhanced by adding useful fillers such as graphene and
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SiO; [23-26]. Exploring new fillers that can improve the properties of PESu will be one of
the focuses in PESu’s future development.

In order to enhance the nucleation effect of crystallization, nucleating agents (NAs)
are usually added into polymeric systems [27-30]. Hexagonal boron nitride (h-BN) shows
good mechanical, thermal conductivity, and thermal stability properties [31]. Regarding its
structural features, h-BN is very similar to graphene [31], showing a two-dimensional struc-
tural feature. The addition of h-BN can enhance the application of polymers in biomedicine
and packaging materials [32-35]. On the other hand, h-BN has also been added to binary or
ternary polymer composites to introduce its nucleation effect and affect their crystallization
properties [36,37]. The binary poly(3-hydroxybutyrate-co-4-hydroxybutyrate)/h-BN and
ternary PLLA/PEA /h-BN composites all showed an enhanced crystallization rate because
of the presence of h-BN [36,37]. Based on the above descriptions, it can be expected that the
effect of adding h-BN to PESu may be similar to the nucleation effect of adding graphene
and SiO, to PESu, which can promote the crystallization of PESu. However, unlike the ad-
dition of graphene and SiO,, the addition of h-BN can expand the different characteristics
of PESu in future applications such as thermal conductivity.

Since h-BN shows superior functionalities such as thermal conductivity and thermal
stability, and its addition to polymers may also improve the crystallization of polymers, h-
BN is a favorable candidate filler for enhancing the crystallization and functionality of PESu.
PESu/h-BN composites are composites that are worthy of being explored and discussed.
Until now, there has not been a complete and in-depth study of the crystallization kinetics
of PESu/h-BN composites. In this study, the crystallization and the relevant kinetics
of PESu/h-BN composites were discussed. With the compositional range from 0.5 wt%
to 3 wt% of h-BN, the crystallization rate of PESu can be gradually increased. A very
small amount of h-BN can efficiently improve the crystallization of PESu. H-BN caused
a significant nucleation effect on the crystallization of PESu. The complete discussion of
the crystallization kinetics of the composites in this study is expected to be helpful in the
development of green biodegradable polymers in the future.

2. Experimental
2.1. Materials and Preparation

For our study, we purchased biodegradable poly(ethylene succinate) (PESu) (with a
molecular weight of 10,000 g/mol) and the nucleating agent hexagonal boron nitride (h-BN)
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). In order to manufacture the
composites, h-BN was first well dispersed in the chloroform solution (30 min of ultrasonic
treatment), followed by the addition of PESu into the h-BN solution with continuous
stirring for over 3 h. The ratios of PESu to h-BN were 100/0, 99.5/0.5,99/1,98/2,97/3
(weight ratio) and the concentration of PESu and h-BN in chloroform was approximately
1~3 wt.%. The prepared solutions of PESu and h-BN in chloroform were then casted at
45 °C for 8 h to allow the evaporation of the solvent and the formation of composite films.
The casted films were finally degassed in a vacuum oven at 60 °C for at least 3 days.

2.2. Apparatus and Procedures
2.2.1. Polarized Optical Microscopy (POM)

The crystallization images were resolved through an Olympus CX41-polarized optical
microscope—manufactured by Olympus in Tokyo, Japan. The Linkam THM-600 hot stage
was also used to control the crystallization temperature. Composites prepared by solution-
casting were first melted at 130 °C. Afterward, they were transferred to the crystallization
temperature for microscopic observation.

2.2.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (Hitachi S3400, Hitachi, Tokyo, Japan) was used to ob-
serve the sample cross-section. In order to enhance the electrical and thermal conductivity,
we coated the sample with gold by vapor deposition before the SEM observation.
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2.2.3. Transmission Electron Microscopy (TEM)

The composite morphology was also characterized with the higher resolution trans-
mission electron microscopy (JEM-1400, JEOL, Peabody, MA, USA). We sought to detect
h-BN’s dispersion in composites by TEM observation under higher magnification. The
thin films for TEM observation were prepared by casting the PESu/h-BN solution onto the
copper grid.

2.2.4. Differential Scanning Calorimetry (DSC)

The DSC we used was the Perkin-Ekmer 8500—made by Perkin-Elmer in Waltham,
MA, USA. The isothermal and non-isothermal crystallization behaviors of the PESu/h-BN
composites were investigated. For isothermal crystallization, the PESu/h-BN composites
were crystallized under crystallization temperatures (T) of 50 °C, 52 °C, 54 °C and 56 °C.
Before isothermal crystallization, all samples were treated by the same melting and quench-
ing process (melted at 130 °C for 5 min, then quenched) so that their thermal histories
could be eliminated. For non-isothermal crystallization, the composites were first heated
to 130 °C, and then cooled at different rates (4, 6, 8 and 10 °C/min) to observe and analyze
the non-isothermal crystallization.

2.2.5. Wide-Angle X-ray Diffraction (WAXD)

WAXD was also used for studying the composites of PESu and h-BN. A Bruker D2
Advance XRD made by Bruker in MA, USA, was applied. The crystalline structures of the
composites were detected with the scanning angle range from 20 = 5° to 50° accompanying
the scanning condition of 1°/minute.

3. Results and Discussion
3.1. Morphological Observation

Generally, the SEM and TEM can provide high-resolution images to identify the
morphology of composites. We applied SEM and TEM to determine the morphology.
SEM images of the representative composites (PESu/h-BN = 100/0, 99/1, and 97/3) are
shown in Figure 1. These display that h-BN was well dispersed in each composition
without obvious agglomeration. The particle size of h-BN is below mesoscopic dimension,
and its average particle size is approximately several hundred nanometers. We further
characterized the morphology through TEM. The TEM images are shown in Figure 2. Two
representative PESu/h-BN compositions (99/1 and 97/3) were demonstrated for showing
their relevant morphologies. In the TEM images with higher resolution, it could be seen
that h-BNs are slightly stacked in layers, and in each piece of the h-BN sheet, the lateral
size is approximately several hundred nanometers. The SEM and TEM images indicated
that h-BN can be finely dispersed in the PESu matrix.

5pm

Figure 1. SEM cross-section images of PESu/h-BN composites with different compositions: (a) 100/0; (b) 99/1; and (c) 97/3.
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Figure 2. TEM images of PESu/h-BN compositions with the compositions: (a) PESu/h-BN =99/1;
and (b) PESu/h-BN = 97/3 (magnification: 10000X, working voltage: 100 kV).

3.2. Isothermal Crystallization Investigation of PESu/h-BN Composites

This study explored the effect of adding h-BN on the isothermal crystallization of PESu.
Firstly, DSC was used to observe the isothermal crystallization behaviors of the composites.
Figure 3 shows the isothermal crystallization results (Tc’s = 50, 52, 54, and 56 °C). It was
observed that, for each composition, the phenomena occurring at different crystallization
temperatures were similar. In the presence of h-BN, all PESu/h-BN composites showed
a relatively short crystallization time. In addition, as the content of h-BN increased, the
crystallization time gradually shortened, which means that the presence of h-BN can reduce
the crystallization time of PESu. H-BN can enhance the isothermal crystallization behaviors
in the composites.
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Figure 3. Isothermal crystallization thermograms of PESu/h-BN composites at: (a) Tc = 50 °C;
(b) Tc =52 °C; (c) Tc =54 °C; and (d) T. = 56 °C.
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We further used the Avrami equation [37] to discuss isothermal crystallization behav-
iors. It connects the relationship among the degree of crystallization (Xt), the rate constant
(k), and the Avrami exponent (n). The Avrami equation and the logarithmic form of the
Avrami equation are demonstrated below:

)
@

when the log[—In(1 — X¢)] versus log(t) plot exhibits a linear relationship, k and n are
the slope and intercept the plot, respectively. Figure 4 demonstrates the Avrami plots for
related composites. The compositions of the composites are PESu/h-BN =100/0, 99.5/0.5,
99/1,98/2, and 97/3. From the results in Figure 4, it can be seen that the Avrami equation
can form good fitting results for the PESu/h-BN composites. All fitting results display the
linear relationship.

1 —X¢ = exp(—kt")

log[—In(1 — X¢)] = logk + nlogt
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Figure 4. The Avrami plots for isothermal crystallization for various PESu/h-BN composites: (a) 100/0; (b) 99.5/0.5; (c)
99/1; (d) 98/2; and (e) 97/3.

The related kinetic parameters estimated by the Avrami equation are displayed in
Table 1. It could be seen that the value of n is between 2 and 3 for the PESu/h-BN compos-
ites, which means that adding h-BN to PESu had no influence on PESu’s crystallization
mechanism. It can be found that the k value increased with the increase in the h-BN content.
A similar tendency is also demonstrated in Figure 5 with the k-vs-h-BN content plots. In the
PESu/h-BN composites, h-BN may provide additional nucleation sites for PESu, leading
to a preferable crystallization rate for the composites. The h-BN in the composites can
enhance the nucleation effect of crystallization, so that the crystallization rate of isothermal
crystallization can therefore be increased.
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Table 1. The Avrami kinetic parameters for the isothermal crystallization behaviors of PESu/h-
BN composites.

PESu/h-BN (wt.%) T. (°C) n k (min—™)

50 2.45 0.0086

52 243 0.0049

100/0 54 2.35 0.0034
56 2.23 0.0031

50 2.70 0.0772

5 2,63 0.0667

99.5/0.5 54 263 0.0522
56 2.44 0.0459

50 271 0.1253

5 2.62 0.1159

9/1 54 2.62 0.0931
56 2.42 0.0676

50 2.83 0.2389

52 2.70 0.2340

98/2 54 2.74 0.1652
56 2.70 0.1285

50 2.74 0.3817

52 2.69 0.3293

97/3 54 271 0.2550
56 2.64 0.1888

0.6
PESu/h-BN

1 —e— T.=50°C
—m— T.=52°C
04— —&— Tc=54°C
—— Tc=56°C

0 L) I L) I L)
0 1 2 3
h-BN content (wt%)

Figure 5. Plots showing k values of different crystallization temperatures for PESu/h-BN composites
with the change of h-BN content in the composites.

3.3. Spherulite Morphology Revealed by POM

The spherulite morphologies were also observed in this study. The observation of
spherulite was mainly performed to confirm the presence of the nucleation effect. The
typical results of the morphologies recorded at the crystallization temperature of 50 °C are
shown in Figure 6. It can be seen that, with the addition of h-BN, the spherulite morpholo-
gies obviously change. Firstly, by adding h-BN, the size of the spherulites was reduced.
Secondly, when h-BN was present in composites, the number of spherulites significantly
increased. The above two results can confirm the presence of the nucleation effect in the
composites, and adding h-BN to PESu can introduce the crystallization nucleation effect.
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800X 50 pm

Figure 6. Spherulite morphologies of PESu/h-BN composites when crystallized at 50 °C. The PESu/h-BN compositions are:
(a) 100/0; (b) 99/1; and (c) 97/3.

3.4. Non-Isothermal Crystallization Behaviors of PESu/h-BN Composites

Compared with isothermal crystallization, non-isothermal crystallization behavior is
closer to the crystallization caused by the actual processing process. The non-isothermal
crystallization experiments were carried out for the PESu/h-BN composites by the follow-
ing procedures. All samples were heated to 130 °C to erase the thermal history and then
cooled at different cooling rates (4, 6, 8, 10 °C/min). The non-isothermal crystallization
thermograms are summarized in Figure 7. The results for the different cooling rates of
4, 6, 8, and 10 °C/min are displayed in Figure 7a—d, respectively. The phenomenon of
the non-isothermal crystallization temperatures being located at a higher temperature for
the composites in the presence of h-BN was confirmed. Furthermore, increasing the h-BN
content caused the crystallization temperature to increase. The nucleation effect of h-BN
affected the non-isothermal crystallization and also promoted its crystallization.

PESu/h-BN (a)| |PESu/h-BN (b)
cooling rate = 4 °C/min cooling rate = 6 °C/min

100/0 100/0

99.5/0.5 99.5/0.5

99/1 99/1

98/2 98/2

AV
/S

0 40 80 1200 40 80 120
PESu/h-BN (¢)| |PESu/h-BN (d)
cooling rate = 8 °C/min cooling rate = 10 °C/min

100/0 100/0
_\/__99_&1-5_ 99.5/0.5
99/1 \/ 99/1

— 98/2 \f 98/2

Endothermic heat flow (offset scale) —

ﬁm
BRI e

T T T T T T T T T T

0 40 80 1200 . 40 80 120
Temperature ("C)

Figure 7. Non-isothermal crystallization thermograms of PESu/h-BN composites when the cooling
rates are: (a) 4 °C/min; (b) 6 °C/min; (c) 8 °C/min; and (d) 10 °C/min.
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The kinetic study of non-isothermal crystallization for polymer composites is also a
critical issue to complete the investigation into non-isothermal crystallization. The non-
isothermal crystallization kinetics can be systematically discussed using the model analysis
method. One of the most useful model methods, the Mo model [38], was used herein. The
equation of the Mo model is shown below:

log ® = —alogt + logF(T) ©)]
where F(T) can reflect the crystallization rate; ® is the cooling rate and a is the ratio of
the Avrami index to Ozawa index. Figure 8 illustrates the Mo model results. It can be
seen that the linear relationship between log® and logt are displayed for the PESu/h-BN
composites, indicating that the Mo model can be used to describe the non-isothermal
crystallization behaviors of the PESu/h-BN composites. The related analysis results of
the Mo model are summarized in Table 2. The results in Table 2 demonstrate that the
PESu/h-BN composites presented lower F(T) values than PESu; moreover, the increase in
the h-BN content gradually decreased the F(T) value for the PESu/h-BN composites. A
similar tendency is also demonstrated in Figure 9 with the F(T)-vs-h-BN content plots. In
general, the smaller F(T) value reflects the faster kinetic behavior of crystallization [39]. The
relevant results of the Mo analysis for the PESu/h-BN composites demonstrated that the
PESu/h-BN composites underwent faster crystallization than PESu. Similarly to the results
of isothermal crystallization, the addition of h-BN would increase the non-isothermal
crystallization rate. The main reason for the promoted crystallization kinetics might be
attributed to the nucleation effect of h-BN in the composites.

1.2 1.2
1@ IN()
14 1]
~~ ~~
g £
£ £
Y08 Y08
= g PESu/h-BN
S neat PESu S 1=995/05
& o Xt=20% g o Xt=20%
0.6+ A Xt=40% 0.6 4 Xt=40% *
m  Xt=60% | m xt=60%
Xt = 80% Xt = 80%
a4 - e
0 02 04 06 08 1 12 02 0 02 04 06 08 1
log t (min log t (min
1.2 g 1(.2 ) g 1(.2 )
1© | @ IRG)
1 1 1
E E E
Sos- Sos- Sos-
< PESu/h-BN < PESu/h-BN < PESu/h-BN
e f=o90n S f=o8p S l=973
& o Xt=20% g o Xt=20% g o Xt=20%
064 | xi=40% 06+ 4 xt=40% 06+ , xt=40%
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o4+ Y4+ Y4+t
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Figure 8. The fitting results of the Mo model on the non-isothermal crystallization behavior of various PESu/h-BN

composites. The PESu/h-BN compositions (wt.%) are: (a) 100/0; (b) 99.5/0.5; (c) 99/1; (d) 98/2; and (e) 97/3.
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Table 2. Non-isothermal crystallization parameters calculated by the Mo model for various PESu/h-
BN composites.

PESu/h-BN (wt.%) Xt (%) F(T)
20 23.37
40 31.84
100/0 60 40.08
80 49.37
20 15.83
40 23.22
99.5/0.5 e 3183
80 44.70
20 1475
40 20.84
9/1 60 29.88
80 4264
20 12.27
40 17.66
98/2 60 24.05
80 35.22
20 11.64
40 17.14
97/3 60 23.61
80 33.14
60
] PESu/h-BN
—_—— X 20%
5"_' —p— X = %0

—— X = 0%
—— N 0%

' I ' 1 T 1
] 1 2
h-BN content (wi%)

-
=
=
-

Figure 9. The F(T) values of PESu/h-BN composites that vary with h-BN content.

3.5. WAXD Studies of PESu/h-BN Composites

Figure 10 displays the WAXD patterns of the neat PESu, neat h-BN, and PESu/h-BN
composites. The typical WAXD results from PESu/h-BN = 99/1 and 97/3 composites
were demonstrated. All composite samples were pre-crystallized at 50 °C before WAXD
measurements. In Figure 10, the main XRD peaks of neat PESu were at 26 = 20.1°, 22.7°,
and 23.2°. The crystal planes related to these angles are (021), (121) and (200) planes [40].
For the WAXD results of PESu/h-BN composites with different composites, we found that
they had almost the same peak positions as neat PESu, indicating that the addition of h-BN
would not influence the X-ray diffraction features and the crystalline structures of PESu.
H-BN in PESu/h-BN composites would effectively promote the crystallization rate of the
composites as a nucleation agent without significantly changing the crystalline structures
of PESu. It should also be noticed that the main diffraction peak of neat h-BN appeared
at the position of 26 = 25.8°. In the PESu/h-BN composites, we found that the diffraction
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peak of h-BN was not obvious. This result may be attributed to the small amount of h-BN
added in the PESu/h-BN composites.

PESu/h-BN
(crystallized at 50 °C)

(021
1 12D (200)

Intensity (a.u.)

J\ neat h-BN

T r T T T
10 15 20 25 30 35 40 45

20 (degree)

Figure 10. XRD patterns of the neat PESu, neat h-BN, and PESu/h-BN composites. Neat PESu and
the PESu/h-BN composites were crystallized at 50 °C.

4. Conclusions

We conducted a series of crystallization analyses and characterizations on PESu/h-
BN composites. The Avrami equation can describe the kinetic behaviors of PESu/h-BN
composites for their isothermal crystallization. The results of the n value indicated that
h-BN would not obviously affect PESu’s crystallization mechanism. Furthermore, PESu/h-
BN composites showed the larger rate constant k than neat PESu. The larger rate constant
k of the PESu/h-BN composites can represent that the PESu/h-BN composites can show a
faster crystallization rate, and it can also indicate that adding h-BN can improve the slower
crystallization of PESu to increase its crystallization rate so as to promote crystallization
in the processing process. The kinetics of non-isothermal crystallization can be properly
discussed by the Mo model. Regarding the results of the rate-related F(T) value, by adding
h-BN to the composites, a trend of showing a smaller F(T) value was observed. It can
also be demonstrated that h-BN enhanced the crystallization kinetics. WAXD analyses
displayed that h-BN did not alter PESu’s crystalline structures. Higher resolution TEM
and SEM confirmed that h-BN dispersed uniformly in PESu at the submicron scale. POM
images demonstrated that the nucleation density was increased by adding h-BN. H-BN
can promote the crystallization kinetics of PESu due to the nucleation effect.
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