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Abstract  In this study, the isothermal crystallization kinetics and crystalline morphology of poly(butylene adipate-co-butylene 
1,4-cyclohexanedicarboxylate) (PBAC), which refers to a copolyester containing a non-planar ring structure, were investigated by 
differential scanning calorimetry and polarized optical microscopy, and compared with those of neat poly(butylene 
1,4-cyclohexanedicarboxylate) (PBC). The results indicate that the introduction of butylene adipate (BA) unit into PBAC did not change the 
intrinsical crystallization mechanism. But, the crystallization rate and ability, and equilibrium melting temperature of PBAC copolymers 
were reduced. All PBC and PBAC copolymers could only form high density of nucleation from melt at given supercooling, while no 
Maltese cross or ring-banded spherulites could be observed. PBAC copolymers with a high amount of BA unit became amorphous after 
quenching with liquid nitrogen from melt, while PBC and PBAC copolymers with a low amount of BA unit could still form a large amount 
of nuclei under the same treatment.  
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INTRODUCTION  
Aliphatic polyesters such as poly(butylene adipate) (PBA)[1, 2] 
and poly(butylene succinate) (PBS)[3, 4] have drawn 
considerable amounts of attention in the scientific community 
since last decade, mainly because they are renewable, 
degradable, and sustainable. Meanwhile, their aromatic 
counterparts, such as poly(ethylene terephthalate) (PET)[5] 
and poly(butylene terephthalate) (PBT)[6], have been 
practically used as engineering plastics for over 50 years due 
to their extraordinary thermal and mechanical properties. By 
combining the advantages of both polyesters, the 
aliphatic/aromatic copolyesters have been developed so that 
the growing demand on not only environment friendly issues, 
but also excellent properties for practical use, can be met 
simultaneously. Among others, poly(butylene adipate-co- 
butylene terephthalate) (PBAT)[7] is one of the most attractive 
and successful aliphatic/aromatic copolyesters that have been 
developed. On that account, the chemical structure, various 
properties, and the structure-property relationships of these 
polyesters[2, 4, 6, 8–16] and copolyesters[1, 7, 17–28] have been 

studied extensively in great detail, particularly the thermal 
and mechanical properties, crystallization kinetics, and 
crystalline morphologies. 

Recently, 1,4-cyclohexandicarboxylic acid (CHDA), a 
unique component with aliphatic ring other than aliphatic 
chain or aromatic ring, has been introduced for the synthesis 
of polyesters, such as poly(butylene 1,4-cyclohexane- 
dicarboxylate) (PBC), as well as copolyesters[29–33]. These 
polymers possess interesting properties, such as lower 
melting temperatures and better thermal stability compared 
with their counterparts with aromatic ring[31], excellent gas 
barrier properties[33], and potential biodegradability[34]. More 
importantly, CHDA has non-planar ring structure which 
results in conformational transition between trans and cis 
isomers[35–37]. A simple change in the trans/cis ratio of CHDA 
gives rise to a conversion of PBC from a thermoplastic to an 
elastomer[29]. Therefore, by substituting the aromatic ring 
with CHDA, poly(butylene adipate-co-butylene 1,4-cyclo- 
hexandicarboxylate) (PBAC), a copolyester similar to PBAT, 
can be obtained with tunable properties[38] to be used as a 
novel elastomer with high performances. Furthermore, this 
kind of copolyester also has rather good potential to be 
applied as a highly efficient toughening agent for the 
modification of poly(lactic acid)[39]. 
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Apparently, previous studies have explored the influence 
of CHDA on the thermal, mechanical as well as gas barrier 
properties of different polymers. And the potential 
application of polymers containing CHDA as structural 
materials or additives has been evaluated. Recently, the 
influence of trans/cis ratio of CHDA on the crystallization 
behavior of PBC has been studied by Celli et al[40]. It was 
found that the cis isomer is fully excluded from the crystalline 
phase. On that account, the impact of butylene adipate unit 
(BA) on the crystallization kinetics, melting behavior, and 
crystalline morphologies of PBC is very meaningful. Deep 
understanding of the crystallization behavior of PBAC is of 
significance to guide the material processing for expected 
properties, particularly taking PBAC copolymer as an 
additive of PLA, with the aim to initiate high thermal 
performances of PLA/PBAC blend. In other words, a 
systematic detection of crystallization behavior of PBAC will 
realize the adaptability towards the processing conditions. 

Therefore, in the current study, we focus on the effects of 
BA unit on the isothermal crystallization kinetics, equilibrium 
melting temperature as well as crystalline morphology of 
PBAC copolymers and compare them with those of neat PBC. 
To the best of our knowledge, this is the first systematic 
investigation on the crystallization behavior of a copolymer 
containing CHDA unit. 

EXPERIMENTAL 
Materials 
PBC polymer and PBAC copolymers with different 
compositions were obtained through a two-step melt 
polycondensation reaction process as described in our 
previous study[38]. Four PBAC copolymers with molar ratios 
of BC to BA of 50:50, 60:40, 80:20 and 90:10 were prepared 
and marked as PBAC-50, PBAC-60, PBAC-80, and 
PBAC-90, respectively. Their compositions and general 
thermal properties reported in our previous study[38], were 
collected and are shown in Table 1. 
 
Table 1  Compositions and basic thermal properties of the PBC 
and PBAC samples[38] 

Sample BA  
(mol%) 

BC  
(mol%) 

trans-CHDA 
(mol%) 

Tm  
(°C) 

Tc 
(°C)

PBAC-50 51 49 84 63 21 
PBAC-60 36 64 81 85 39 
PBAC-80 20 80 88 123 99 
PBAC-90 7 93 91 145 123 

PBC 0 100 88 147 125 

Isothermal Crystallization Kinetics 
The isothermal crystallization kinetic was investigated under 
a N2 atmosphere using a differential scanning calorimeter 
(METTLER-TPLEDO DSC I). The sample was heated from 
room temperature to 50 °C higher than its Tm and held there 
for 3 min to eliminate its thermal history. Subsequently, the 
sample was heated to the selected Tc at a rate of 100 °C·min−1 
and held for the completion of isothermal crystallization. The 
sample was then quenched to room temperature at a rate of 
100 °C·min−1 and then heated to 50 °C higher than its Tm 
again at a rate of 10 °C·min−1. The heat of fusion (ΔHm) was 

obtained from the second heating scan. The degree of 
crystallinity was calculated according to the following 
equation: 

c (%)χ =  
m

m m(PBA) (PBA) ( -PBC) ( -PBC)
H

f H f trans H transθ θ
Δ

× Δ + × Δ
 100%×  (1) 

where χc is the degree of crystallinity, f is the weight fraction, 
ΔHm is the experimental melting heat of fusion, and ΔHm

θ is 
the heat of fusion of 100% crystalline (135 J·g−1 for PBA[1] 
and 141 J·g−1 for trans-PBC calculated according to the group 
contribution theory)[2, 3]. 

Crystalline Morphology 
The crystalline morphology was observed with a polarized 
optical microscope (POM, Olympus BX51). The temperature 
control of these samples was performed using a hotstage 
(Linkam, LTA420). Sample films were pressed between two 
microscopic cover slips at 50 °C higher than their 
corresponding melting temperatures and held for 3 min to 
eliminate their thermal history. The sample films were then 
quenched to a given temperature to observe the crystalline 
morphology. 

RESULTS AND DISCUSSION 
Isothermal Crystallization Kinetics 
The compositions and basic thermal properties of PBC and 
the four PBAC copolymers studied in this work (Scheme 1), 
adopted from our previous study[38], are listed in Table 1. The 
compositions are calculated according to 1H-NMR. The Tm 
and Tc were obtained from the second heating and cooling 
scans, respectively, from regular DSC analysis. Detailed 
information can be found in our previous work[38]. Generally, 
with the increase of BA unit molar percentage in the PBAC 
copolymers from 7% to 51%, both Tm and Tc decrease gradually. 
The pure PBC polymer has both higher Tm and Tc than PBAC 
copolymers. In addition, all samples have similar amounts of 
trans-CHDA molar percent ranging from 80% to 90%. 

The overall isothermal crystallization kinetics of PBC and 
PBAC copolymers were studied with DSC at five different 
temperatures. These temperatures were selected according to 
their Tm listed in Table 1. We began with a temperature at 
2 °C below the Tm and the corresponding DSC isothermal 
crystallization kinetics curve was recorded. The highest Tc  
 

Scheme 1  Chemical structures of PBA, PBC and PBAC samples
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was then determined once a clear and complete crystallization 
peak was recorded at the designated temperature. 
Subsequently, the rest of four temperatures were selected 
accordingly with an interval of 2 °C starting from the highest 
Tc. Figure 1 shows the development of relative crystallinity 
with crystallization time for PBC and PBAC-80 copolymer 
(for other PBAC copolymers, see Fig. S1 in electronic 
supplementary information, ESI) at different Tc. With the 
decrease of Tc, it takes less time for all samples to complete 
crystallization. This observation suggests that the 
crystallization is inhibited under higher Tc. This is because 
high temperature is not favorable for nucleation, which is the 
first step of crystallization. More importantly, although it 
takes more than an hour to finish the isothermal 
crystallization process, PBC is able to crystallize at merely 
2 °C below its Tm, indicating strong nucleation and 
crystallization ability. PBAC-90 has similar behavior and it 
can crystallize at a temperature of only 4 °C below its Tm. On 
the other hand, for the other three PBAC copolymers with 
more amounts of BA unit, the temperatures have to go all the 
way down to the temperatures more than 10 °C below their Tm 
to initiate crystallization. However, these three PBAC 
copolymers can complete the isothermal crystallization 
process in less than 15 min even at the highest Tc. These 
findings show that the incorporation of BA unit has 
significant influence on the crystallization behavior of PBAC 
copolymers, which will be discussed in great detail as 
following. 
 

Fig. 1  Relative crystallinity (χt) versus crystallization time 
at different Tcs in isothermal crystallization process for (a) 
PBC and (b) PBAC-80 

First of all, the development of relative crystallinity with 
crystallization time can be quantitatively described using 
Avrami equation (Eq. 2). The isothermal crystallization 
kinetics can be analyzed accordingly. 

 t 01 exp [ ( ) ]nk t tχ− = − −  (2) 

In the Avrami equation, χt is the relative crystallinity at 
time t, k is the crystallization rate constant related to both 
nucleation and growth rate parameters, and n is the Avrami 
exponent depending on the nature of nucleation, and growth 
geometry of the crystals. For the calculation of χt from the 
DSC results, χt at t is defined as the ratio of the area under the 
exothermic curve between the crystallization onset time t0 and 
t to the whole area under the exothermic curve from t0 to the 
crystallization offset time. Logarithmic arithmetic operation 
can be carried out for Eq. (2) to give Eq. (3): 

 t 0ln[ ln (1 )] ln ln( )χ− − = − −k n t t  (3) 

Thus a plot of ln[−ln(1 − χt)] versus ln(t − t0) would give a 
straight line. As a result, the rate constant k and the Avrami 
exponent n can be calculated from the intercept and slope of 
the straight line, respectively. 

Figure 2 gives the Avrami plots for PBC and PBAC-80 
copolymer (for other PBAC copolymers, see Fig. S2, in ESI). 
A series of almost parallel straight lines are obtained for 
PBAC copolymers and PBC at different Tcs, suggesting that 
the Avrami equation is suitable for the description of the 
isothermal crystallization kinetics of PBAC copolymers and 
PBC. Subsequently, the Avrami parameters n and k are 
calculated and collected in Table 2. From Table 2, it is clear 
that the values of n are varied slightly between 2.0 to 3.0 for 
PBAC copolymers with different compositions within the 
range of Tc studied in this work, while the values of n for PBC 
are around 3.0 at different Tcs. These results indicate that the 
crystallization kinetics of both PBAC copolymers and PBC 
could correspond to the three-dimensional truncated 
spherulitic growth with athermal nucleation. That is to say, 
the incorporation of BA unit will not change the intrinsic 
crystallization mechanism of PBAC. 

Although the values of k for PBC and PBAC copolymers 
show a decreasing trend with the increase of Tc, which 
suggests that the crystallization becomes slower under higher 
Tc, it is generally considered to be inappropriate to compare 
the overall crystallization rates directly from the values of k. 
This is due to the fact that the unit of k is min−n while n varies 
at different Tcs. Therefore, the crystallization half-time (t1/2), 
the time needed to achieve χt of 50%, is introduced for the 
study of isothermal crystallization kinetics. t1/2 can be 
calculated from n and k according to Eq. (4)  

 
1/

1/2
ln 2 n

t
k

 =  
    (4) 

The reciprocal of t1/2, i.e., τ1/2, is usually employed to 
represent the overall crystallization rates of polymers. Values 
of t1/2 and τ1/2 for PBAC copolymers and PBC are listed in 
Table 2. In addition, the observed crystallization half-time 
(t0.5), obtained directly from curves in Fig. 1 and Fig. S1 (in 
ESI), is also presented in Table 2 for comparison. On one 
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Fig. 2  Plots of ln[−ln(1 − χt)] versus ln(t − t0) for isothermal crystallization kinetics at different Tcs for (a) PBC and (b) PBAC-80
 

Table 2  Isothermal crystallization kinetic parameters of PBC and PBAC samples at different Tc a 
Sample Tc (°C) n k (min−n) t0.5 (min) t1/2 (min) τ1/2 (min−1) ΔE (kJ·mol−1) 

PBAC-50 45 2.4 1.8 × 10−1 1.77 1.76 0.569 −84.1 
47 2.3 1.4 × 10−1 1.98 1.97 0.508 
49 2.5 7.0 × 10−2 2.55 2.51 0.398 
51 2.4 6.8 × 10−2 2.67 2.63 0.380 
53 1.9 5.4 × 10−2 3.90 3.89 0.257 

PBAC-60 61 2.9 1.3 × 10−1 1.80 1.79 0.560 −133.5 
63 2.8 1.0 × 10−1 1.97 1.96 0.510 
65 2.6 7.5 × 10−2 2.37 2.36 0.424 
67 2.7 2.2 × 10−2 3.62 3.61 0.277 
69 2.0 2.9 × 10−2 4.58 4.77 0.210 

PBAC-80 103 2.2 1.2 × 100 0.79 0.77 1.294 −163.8 
105 2.1 4.8 × 10−1 1.22 1.19 0.843 
107 2.1 3.6 × 10−1 1.44 1.37 0.732 
109 2.3 1.2 × 10−1 2.15 2.11 0.474 
111 2.4 8.7 × 10−2 2.44 2.39 0.418 

PBAC-90 133 2.6 3.6 × 10−1 1.29 1.28 0.782 −463.7 
135 2.6 1.3 × 10−1 1.94 1.88 0.531 
137 2.7 2.6 × 10−2 3.44 3.34 0.300 
139 3.0 2.2 × 10−3 6.59 6.60 0.151 
141 3.1 1.5 × 10−4 16.33 15.62 0.064 

PBC 137 2.9 3.4 × 10−1 1.31 1.27 0.787 −431.5 
139 2.9 3.9 × 10−2 2.76 2.67 0.375 
141 3.3 1.1 × 10−2 3.69 3.54 0.282 
143 2.9 3.6 × 10−3 6.49 6.26 0.160 
145 3.2 1.1 × 10−4 15.36 14.74 0.068 

a n is Avrami exponent, k is crystallization rate constant, t0.5 and t1/2 are respectively observed and calculated crystallization time when the χt is 50%, τ1/2 is the 
reciprocal of t1/2 and ΔE is the crystallization activation energy. 
 
hand, values of t1/2 are in good agreement with those of t0.5, 
indicating that Eq. (4) is reasonably good for the calculation 
of t1/2. On the other hand, as shown in Fig. 3, τ1/2 values 
decrease with increasing Tc for all samples, suggesting that 
the overall isothermal crystallization rate decreases with 
increasing Tc. This trend is very common for the isothermal 
crystallization of polymers, because it is a nucleation control 
process and the nucleation becomes more difficult under 
higher Tc. 

Secondly, comparing PBAC-90 with PBC, it is worth 
noting that the crystallization rates of PBAC-90 are 

significantly lower than those of PBC at the same given Tc 
(e.g. 137, 139 and 141 °C). This observation strongly suggests 
that the incorporation of BA unit hinders the process of 
crystallization of PBC. Our previous study demonstrated that 
only trans-PBC part is crystallizable in PBAC copolymer[38], 
while the presence of both BA and cis-BC units could bring 
obstacles to the crystallization, resulting in decreased Tm for 
PBAC copolymer[38]. By the detailed research of isothermal 
crystallization kinetics in current work, it further clearly 
exhibits that the increase of BA unit in PBAC results in the 
decrease of crystallization rate. This phenomenon can be 
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Fig. 3  Values of τ1/2 of PBC and PBAC samples at various Tcs 
 
ascribed to the following two reasons. In the first place, the 
incorporation of amorphous BA unit would dilute the content 
of the crystallizable trans-PBC component and slow down the 
crystallization rate. In the second place, it would significantly 
reduce the equilibrium melting temperature (Tm

0) of the 
PBAC copolymers compared with PBC. Thus the 
supercooling (Tm

0 − Tc), known as the driven force for the 
isothermal crystallization, would decrease largely with the 
increase of BA unit at the same given Tc. Consequently, the 
crystallization rate would inevitably decrease as well. 

The dilution effect described above can be quantitatively 
compared with the crystallization activation energy ΔE 
calculated according to the Arrhenius equation (Eq. 5), while 
the supercooling effect will be discussed in detail in the next 
section. 

 
1/

0
c

expn Ek k
RT

 Δ= − 
   (5) 

 0
c

ln lnk Ek
n RT

Δ= −  (6) 

Equation (5) can be rewritten to Eq. (6) after carrying out 
logarithmic arithmetic operation. In these two equations, n is 
the Avrami exponent, k is the crystallization rate, k0 is the 
temperature independent pre-exponential factor, R is the gas 
constant, ΔE is the crystallization activation energy and Tc is 

the crystallization temperature. After plotting (lnk)/n versus 
1/(RTc), ΔE can be obtained through the slope. As shown in 
Table 2, the value of ΔE is negative because it has to release 
energy when transforming the molten fluid into the crystalline 
state. Therefore, the larger the absolute value of ΔE is, the 
more energy it will release during the crystallization process, 
indicating stronger inclination of crystallization. As a result, 
PBAC copolymers have decreased absolute value of ΔE with 
increasing amounts of BA unit, which further confirms that 
BA unit hinders the crystallization of trans-PBC. Thus a more 
amount of BA unit has greater dilution effect on the process 
of crystallization of PBAC copolymers. 

Melting Behavior of Isothermally Crystallized Samples 
It has been mentioned in the previous section that the 
supercooling is a crucial parameter for the evaluation of 
crystallization ability including nucleation ability and crystal 
growth rate. The supercooling is calculated based on Tm

0 and 
Tc. The Tm

0 is usually determined according to the 
Hoffman-Weeks method (Eq. 7) 

 
0 c

m m
11 TT T
γ γ

 = − + 
   (7) 

where Tm is the observed melting temperature of a crystal 
formed at crystallization temperature (Tc), γ is the ratio of 
final to initial lamellar thickness. Therefore, plotting Tm as 
function of Tc gives a straight line and the Tm

0 can be obtained 
from the point of intersection of the line with the Tm = Tc line. 

Figure 4 shows the second heating scans of DSC analysis 
after isothermal crystallization at different Tcs for PBC and 
PBAC-80 copolymer (for other PBAC copolymers, see    
Fig. S3, in ESI). Obviously, all samples show double melting 
peaks and all peaks shift to higher temperature under higher 
Tc. The values of these peaks are summarized in Table 3. The 
double melting behaviors are quite common for 
semicrystalline polymers. The lower endothermal peak (Tm1) 
is generally associated with the melting of poor crystals 
which grow at Tc between large crystals, while the higher 
endothermal peak (Tm2) can be ascribed to the fusion of 
crystals actually formed at Tc during the primary 
crystallization. This result is a little similar to the report by 
Celli et al[40]. However, a third peak that usually results from 

 

Fig. 4  Melting endotherms obtained by DSC for (a) PBC and (b) PBAC-80 after isothermal crystallization at various Tcs 
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Table 3  Melting temperatures (Tm), melting enthalpy (ΔHm) , degree of crystallinity (χc), calculated equilibrium melting temperatures (Tm0) 
and supercooling (Tm0 − Tc) of PBC and PBAC samples after isothermal crystallization at various Tcs 

Sample Tc (°C) Tm1 (°C) Tm2 (°C) ΔHm (J·g−1) χc (%) Tm0 (°C) Tm0 − Tc (°C) 
PBAC-50 45 51.5 71.3 10.4 8.2 104 59 

47 53.7 72.5 9.3 7.3 57 
49 55.7 73.3 9.2 7.3 55 
51 58.3 74.8 9.6 7.6 56 
53 60.0 75.7 7.7 6.1 51 

PBAC-60 61 67.0 87.5 18.3 15.1 110 49 
63 69.0 88.3 18.0 14.8 47 
65 71.0 89.2 16.5 13.6 45 
67 73.0 90.2 14.4 11.8 43 
69 74.8 91.2 12.4 10.2 41 

PBAC-80 103 108.8 123.5 17.2 13.6 146 43 
105 111.0 124.3 15.8 12.5 41 
107 113.0 125.5 15.3 12.1 39 
109 116.0 126.5 14.0 11.1 37 
111 118.0 127.7 13.5 10.7 35 

PBAC-90 133 138.0 149.3 24.0 18.6 160 27 
135 140.2 149.8 24.4 18.9 25 
137 142.3 150.3 21.2 16.4 23 
139 144.3 151.7 20.4 15.8 21 
141 147.2 152.3 19.3 15.0 19 

PBC 137 141.9 152.3 27.2 21.9 163 26 
139 143.9 152.7 25.2 20.3 24 
141 146.3 154.0 21.4 17.2 22 
143 148.8 154.7 25.7 20.7 20 
145 150.6 155.5 23.6 19.0 18 

 
melting, recrystallization and remelting mechanism is not 
observed for all samples in the current study. The Tm1 of 
PBAC copolymers tends to separate from Tm2 with more 
amount of BA unit at lower Tc, indicating that the presence of 
BA unit would result in more amount of imperfect crystals 
under low Tc. It is worth noting that all Tm1 is approximately 
7 °C higher than the corresponding Tc. Subsequently, Tm2 is 
used for the Hoffman-Weeks equation to estimate the Tm

0 
values for PBC and PBAC copolymers. 

Figure 5 displays the Hoffman-Weeks plots for PBC and 
PBAC copolymers. Tm

0 values are determined accordingly 
and are listed in Table 3. PBC has the highest Tm

0 of 163 °C, 
while PBAC-90 is 3 °C lower. What is more important, with 
the increasing amount of BA unit from 20% to 50%, the Tm

0 
of the PBAC copolymers decreases straight from 146 °C to 
104 °C. These results confirm that incorporation of BA unit 
results in depression of Tm

0 for PBAC copolymers, and as a 
result, their crystallization rates decrease. Afterwards, the 
corresponding supercooling can be calculated accordingly 
and are given in Table 3. 

Plotting τ1/2 as a function of supercooling gives Fig. 6 
which also demonstrates the crystallization rate and ability of 
PBC and PBAC copolymers. Higher τ1/2 with the same 
supercooling indicates fast crystallization rate, while smaller 
supercooling with the same τ1/2 suggests better crystallization 
ability, especially nucleation ability. Therefore, it is quite 
clear that PBC has the highest crystallization rate and best 

Fig. 5  Hoffmann-Weeks plots for the calculation of Tm0 of 
PBC and PBAC samples 

 
crystallization ability followed by PBAC-90. Their 
supercoolings are in the range of 20 °C to 30 °C with τ1/2 
varying from 0.1 min−1 to 0.8 min−1. However, with the 
increasing amount of BA unit in the PBAC copolymers from 
20% to 50%, the supercoolings increase all the way from 
30 °C to almost 60 °C, indicating significant decrease of 
crystallization rate and ability. These results provide a 
reasonable explanation for the observation from Fig. 1 and 
Fig. S1 (in ESI) that PBC and PBAC-90 can initiate 
crystallization at only 2 and 4 °C below their Tm, respectively, 
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Fig. 6  Values of τ1/2 as a function of the supercooling (Tm0 − Tc) 
for PBC and PBAC samples 

 
while PBAC-80, PBAC-60, and PBAC-50 cannot crystallize 
until the temperatures are more than 10 °C below their Tm. 
Therefore, BA unit decreases the crystallization rate of BC 
unit in the PBAC copolymer, and more BA units tend to result 
in lower crystallization rate for the PBAC copolymer. 

Crystalline Morphology 
The crystalline morphology has significant influence on the 
physical properties of a polymer. The impact of CHDA on the 
crystalline morphologies of PBAC copolymers is of great 
importance to be studied. Therefore, the crystalline 
morphologies of PBC and PBAC copolymers were 
investigated by POM from isothermal crystallization at the 
same supercooling of 50 °C for 5 min. As shown in Fig. 7, all 
samples form a large number of nuclei, indicating high 
density of nucleation. It is worth noting that, for all PBC and 
PBAC copolymers, a large number of nuclei formed 
immediately after the temperature was cooled own to the 
isothermal crystallization temperature from melt. Their 
crystalline morphologies were recorded after 5 min and 
remained unchanged after kept still for another 30 min. This 
result shows that PBC and PBAC copolymers have strong  
 

Fig. 7  Crystalline morphologies of PBC and PBAC copolymers 
formed at supercooling of 50 °C for 5 min: (a) PBAC-50, (b) 
PBAC-60, (c) PBAC-80, (d) PBAC-90 and (e) PBC (All the 
images share the same scale.) 

ability to form nuclei from melt, while they have poor ability 
to grow large spherulites. Therefore, neither Maltese cross 
nor ring-banded spherulites were observed for PBC and 
PBAC copolymers. This result is quite similar to the 
crystalline morphology of a PBAT sample reported by 
Kuwabara et al.[19] in which the spherulitic morphology 
cannot be detected, while many small particles with a size of 
about 100 nm were observed. Thus the crystalline regions of 
both PBC and PBAC copolymers are not well-ordered 
compared with that of PBT[15]. 

Since the crystalline morphologies of PBC and PBAC 
copolymers are similar after isothermal crystallization from 
melt, we designed another experiment to further illustrate the  
 

Fig. 8  Crystalline morphologies of PBC and PBAC copolymers 
formed (a−e) after quenching in liquid nitrogen from melt and 
(a′−e′) subsequently subjected to isothermal crystallization at 
supercooling of 50 °C for 5 min: (a, a′) PBAC-50, (b, b′) PBAC-60, 
(c, c′) PBAC-80, (d, d′) PBAC-90, and (e, e′) PBC (All the images 
share the same scale.) 
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impact of BA unit amount on the crystallization ability of 
PBAC. Instead of performing isothermal crystallization from 
melt, we observed the crystalline morphologies of PBC and 
PBAC copolymers immediately after quenching in liquid 
nitrogen from melt, as shown in Figs. 8(a)−8(e). PBAC-50 
and PBAC-60 became totally amorphous (Fig. 8a and 8b), 
while PBAC-80, PBAC-90 and PBC still showed 
considerable amount of nuclei (Figs. 8c, 8d and 8e), 
indicating fairly strong ability of nucleation even under large 
cooling rate (quenching with liquid nitrogen). Subsequently, 
the quenched PBC and PBAC samples were subjected to 
isothermal crystallization at the same supercooling of 50 °C 
for 5 min. The crystalline morphology was then recorded and 
is shown in Figs. 8(a′)−8(e′). It is quite clear that both 
PBAC-50 and PBAC-60 remain amorphous, and no nuclei 
can be observed, while for PBAC-80 and PBAC-90, the 
density of nucleation and the size of the small particles remain 
unchanged. On the other hand, for PBC, the size of the 
particles became larger after the isothermal crystallization. 
These results indicate that less amount of BA unit would 
result in better crystallization ability for the PBAC 
copolymers, which is greatly consistent with our observation 
in the previous section. 

CONCLUSIONS 
The isothermal crystallization kinetics and crystalline 
morphology of PBC and PBAC copolymers were 
investigated in depth in this study. The isothermal 
crystallization kinetics behavior of PBC and PBAC 
copolymers are well investigated by applying Avrami 
equation. PBC has the highest crystallization rate and ability. 
The introduction of BA unit in PBAC does not change its 
intrinsic crystallization mechanism but decreases the 
crystallization rate and ability of PBAC copolymers. And 
with the increase of the amount of BA unit from 10% to 50%, 
the equilibrium melting temperatures gradually decrease from 
163 °C to 104 °C. Because of the nearly identic intrinsic 
crystallization mechanism, PBC and PBAC copolymers show 
the same crystalline morphologies after isothermal 
crystallization treatment at supercooling of 50 °C for 5 min. 
All samples show strong ability of nucleation from melt and 
thus form high density of nuclei, while their spherulites grow 
ability is poor. Moreover, PBC and PBAC copolymers with 
low amount of BA unit (PBAC-80 and PBAC-90) possess 
significantly strong ability of nucleation under fast cooling 
rate (quenched with liquid nitrogen), while amorphous 
morphology is observed for PBAC copolymers with 
relatively high amount of BA unit (PBAC-50 and PBAC-60) 
under the same treatment. 
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