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ABSTRACT: In this article, isothermal crystallization,
melting behaviors, and spherulitic morphologies of high-
impact multiblock copolymers, comprising of PBS as hard
segment and poly(1,2-propylene succinate) (PPSu) as soft
segment with hexamethylene diisocyanate as a chain ex-
tender, were investigated. The results from differential
scanning calorimetry (DSC) suggest that the two segments
of multiblock copolymers are miscible in amorphous
region. The crystallization kinetics were analyzed by the
Avrami equation. The effect of PBS segment length as well
as the introduction of PPSu segment on the crystallization
kinetics and melting bebaviors of block copolymers was
studied. Both crystallization rate (G) and spherulitic
growth rate (g) are markedly increased with the increase
of PBS segment length or decreased with the incorporation

of PPSu segment. All the multiblock copolymers show the
multiple melting behaviors, whose position and area
depend on PBS segment length and the presence of PPSu
segment. The melting peaks shift to higher temperature
region with increasing PBS segment length. Spherulitic
morphologies of the multiblock copolymers after being iso-
thermally crystallized were examined by polarized optical
microscopy. It is the first time to investigate the effect of
one segment length on crystallization bebavior of block
copolymers based on a fixed weight ratio systematically.
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INTRODUCTION

Biodegradable aliphatic polyesters have been actively
studied as an alternative to some traditional nonde-
gradable polymers. PBS is one of the most promising
members in the family of aliphatic polyesters because
of its combined mechanical properties and process-
ability. However, as compared with conventional
nondegradable polymers, its higher cost and poorer
mechanical properties, especially the unsatisfactory
impact strength, restrict its widespread application.
To improve the physical properties, reduce the pro-
duction cost so as to extend its application, various
random copolymers based on PBS have been synthe-
sized.1–3 Unfortunately, melting point (Tm) of these
copolymers decreased markedly.1–3 In our previous
work,4 multiblock copolymers were synthesized by
chain-extension of crystallizable PBS and amorphous

PPSu with hexamethylene diisocyanate (HDI). The
multiblock copolymers possess good thermal and
mechanical properties (impact strength was increased
by 18-fold as compared with PBS).4

It is well-known that physical properties and bio-
degradability of semicrystalline biodegradable poly-
mers strongly depend upon their crystal structures,
morphologies and crystallinity degree. Therefore,
much more attention should be directed to study the
crystallization kinetics and morphologies of biode-
gradable polyesters for a better understanding of the
relationship between structure and properties.
In recent decades, the crystallization behaviors of

PBS homopolymer5–14 and random copolymers15–22

have been extensively studied. The crystal structure,5

morphology,8,9 bulk crystallization,6,8,10 and melting
behaviors6,7,11–13 of PBS have been reported. Crystal-
lization behaviors of PBS random copolymers,
such as poly(butylene succinate-co-butylene tereph-
thalate),15 poly(butylene succinate-co-adipate),18 poly
(butylene succinate-co-butylene carbonate),19 poly
(butylene succinate-co-L-lactate)20 and poly(butylene
succinate-co-14 mol% ethylene succinate),21 have also
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been investigated. However, crystallization behaviors
of PBS based block copolymers have not been well
studied. Soccio et al.23 obtained block copolymers
of poly(butylene/diethylene succinate) by melt
blending of PBS with poly(diethylene succinate)
and studied the effect of transesterification reactions
on the crystallization behaviors and morphologies
of PBS. Park et al.24 prepared the block copolymers
composed of PBS and poly(butylene terephthalate)
by melt processing and studied transesterification
and crystallization behaviors of the copolymers.
Actually, random copolymers were formed due to
the transesterification reactions in these cases.24

Therefore, self-synthesized multiblock copolymers
were employed to systematically investigate the
crystallization kinetics during the isothermal crys-
tallization process. On the other hand, it is signifi-
cant to study the crystallization behaviors of the
multiblock copolymers because of their regular se-
quential structure, desirable thermal properties and
mechanical properties.4 In this work, the miscibility
between PBS segment and PPSu segment in amor-
phous domain and the effect of PBS segment length
and presence of PPSu segment on the crystalliza-
tion kinetics and melting behaviors of multiblock
copolymers were studied by differential scanning
calorimetry (DSC) and polarized optical microscopy
(POM) in detail. Spherulitic morphologies of multi-
block copolymers were also observed by POM. It is
expected that the results will give us a better
understanding of the relationship between structure
and properties of block copolymers derived from
different polyesters.

EXPERIMENTAL

Materials

The synthesis of multiblock copolymers has been
reported in our previous article4 in detail. The co-

polymer 40-25-10, representing copolymer based on
PBS40 (dihydroxytelechelic PBS with a molecular
weight around 4000) and PPSu25 (dihydroxytele-
chelic PPSu with a molecular weight around 2500)
with their weight ratio of 10/100, is used as an
example to interpret the nomenclature of multiblock
copolymers. The structure, molecular weights and
glass transition temperatures (Tg) of the polymers
are shown in Scheme 1 and Table I.

Differential scanning calorimetry

All the measurements were conducted under a high
purity nitrogen atmosphere. Samples of 5 6 0.1 mg
were used in the tests. The DSC heating scans of
polymers were examined on a Pyris Diamond DSC
(Perkin-Elmer instrument) equipped with a CryoFill
liquid nitrogen cooling system, according the follow-
ing procedures: specimens were heated to 170�C and
kept there for 5 min to eliminate thermal histories,
then cooled to �80�C as soon as possible using liq-
uid nitrogen as cooling agent and held there for
5 min. After that, the samples were heated to 170�C
at a rate of 20�C/min. The endothermal curves were
recorded for analysis. For studying isothermal crys-
tallization behaviors, a Perkin-Elmer DSC-7, cali-
brated with indium and zinc standards, was used.
The studies were performed as follows: the samples

Scheme 1 Structure of multiblock copolymers.

TABLE I
Characteristics of Copolymers and Homopolymer

Sample Mn (�104) PDI Mn(PPSu) Mn(PBS) Tg (
�C)

20-25-00 9.0 3.02 2513 2092 �40.7
20-25-10 7.5 4.40 2513 2092 �37.6
40-25-10 13.5 3.45 2513 4322 �35.5
80-25-10 9.8 2.24 2513 7882 �32.8

Mn, determined by GPC with polystyrene as a standard;
Mn(PPSu) and Mn(PBS), determined by titration of the end
groups.
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were heated to 170�C and held there for 5 min to
erase any thermal history, and then cooled to the
designated crystallization temperature (Tc) as soon
as possible for isothermal crystallization. After the
completion of crystallization, the samples were
heated to 170�C at a rate of 20�C/min. The endother-
mal curves and exothermal curves of heat flow as a
function of time were recorded for isothermal crys-
tallization studies.

Polarized optical microscopy

Spherulitic morphologies of polymers after being
isothermally crystallized at the stated temperature
were examined with POM (Olympus Bx 51, Japan).
Polymer ultrathin films with a thickness of 10 lm
were employed. Before observation, samples were
heated to 170�C in a hot stage and held there for
5 min, then cool to desired Tc as soon as possible for
isothermal crystallization.

RESULTS AND DISCUSSION

Miscibility between PPSu segment
and PBS segment

Though the thermal properties have been reported in
another article,4 the DSC curves of heating scans for
various polymers are presented in this article (Fig. 1)
to study the miscibility between the soft segment and
hard segment. The inset in the top left corner of this
figure enlarges the thermograms in the range of �60
to 40�C so that it can be more clearly seen. This article
only gives values of Tg (in Table I) to analyze the
miscibility and crystallization because other thermal
parameters have been reported. Evidently, as dis-
played in Figure 1 and Table I, all the multiblock
copolymers show single Tg, irrespective of chain

length. Furthermore, Tg of 20-25-10 lies between Tg of
PPSu (Tg ¼ �5.3�C) and Tg of 20-25-00, suggesting
the presence of a homogenous amorphous state.
Therefore, it is reasonable to reach a conclusion that
PPSu segment is miscible with PBS segment in the
amorphous region. On the other hand, value of Tg

increases gradually with increasing PBS segment
length. It is attributed from the fact that with the
increase of PBS segment length, crystallinity degree is
evidently increased4 and subsequently amount of
PBS segment (low-Tg fraction) located in the amor-
phous region is diminished. It thus further supports
the conclusion that PBS segment is miscible with
PPSu segment in amorphous region.

Isothermal crystallization

The DSC exothermic curves of polymers during iso-
thermal crystallization process at different crystalli-
zations temperatures are shown in Figure 2. The
development of relative degree of crystallinity (Xt)
for each exothermal curve was evaluated using the
following expression:

Xt ¼

Rt
0

ðdH=dtÞdt
R1
0

ðdH=dtÞdt
(1)

where dH/dt denotes the rate of heat evolution, the
limits t and 1 denote the elapsed time during the
course of crystallization and at the end of the crys-
tallization process, respectively. Once the values of
Xt versus t are obtained, the well-known Avrami
equation25,26 was utilized to analyze the isothermal
crystallization kinetics of polymers as following:

Xt ¼ 1� expð�KtnÞ (2)

ln½� lnð1� XtÞ� ¼ n ln tþ lnK (3)

where K is the overall crystallization rate constant and
n is the Avrami exponent, which is correlated with
the nucleationmechanism and grown dimension.
Figure 3 gives the plots of Xt versus t of polymers

at various Tc. By plotting ln[-ln(1� Xt)] versus lnt,
the values of n and K could be obtained from the
slope and intercept, respectively. Figure 4 shows the
Avrami plots of polymers at various Tc.
The values of n and K for polymers are summar-

ized in Table II. As indicated in Table II, values of
Avrami exponent n show a weak dependence on the
structure, implying that the crystallization mecha-
nism does not change significantly with the intro-
duction of PPSu segment or the change in PBS seg-
ment length.
The crystallization half-time (t1/2), i.e., the time at

which the relative degree of crystallinity achieves

Figure 1 DSC heating scans of the polymers.
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50%, can be determined from Figure 3 or by the fol-
lowing equation:

t1=2 ¼ ln 2

K

� �1=n

(4)

From Table II, it is evident that the values of t1/2
calculated by the equation 4 are in good agreement
with those determined from the experimental data.
t1/2 is a significant parameter for the discussion of
crystallization kinetics as the crystallization rate (G)
is proportional to the reciprocal of t1/2. The plots of
1/t1/2, which was measured directly from Figure 3,
as a function of Tc are depicted in Figure 5.

Effect of PPSu segment on the isothermal
crystallization kinetics

The effect of structure on the crystallization rate is
complicated. As displayed in Figure 5, value of 1/t1/2

of 20-25-10 is smaller than that of 20-25-00 at a given
crystallization temperature, suggesting that the pres-
ence of PPSu segment noticeably reduces the crystalli-
zation rate. This slow-down in the crystallization rate
may be caused by the following reasons. Similar to
crystallization process of other crystalline-amorphous
binary copolymer,27,28 completely uncrystallizable
PPSu segment should be excluded from crystals and
resided between lamellae of PBS segment. Another
reason is the dilution effect caused by amorphous
PPSu segment. In addition, as discussed before, the
introduction of high-Tg PPSu leads to an increase in Tg,
which results in a decrease in the spherulitic growth
rate and a retardation in the crystallization rate.

Effect of PBS segment length on the isothermal
crystallization kinetics

It is well-known the segment length is one of the
key variables that governs crystallization kinetics of

Figure 2 DSC exotherms of the isothermal crystallization of polymers at various Tc.

INVESTIGATION OF MULTIBLOCK COPOLYMERS 2127

Journal of Applied Polymer Science DOI 10.1002/app



block polymers. The influence of one segment length
on crystallization bebaviors of two-block and three-
block copolymers has been widely reported.29–32

However, in the case of these block copolymers,
there is an inevitable variation in the weight ratio of
one segment with a change in its segment length.
Thus, it is a complicated and difficult work to evalu-
ate how segment length affects the crystallization
behavior of block copolymers individually. Self-syn-
thesized multiblock copolymers enable us to system-
atically investigate the effect of PBS segment length
on the crystallization bebavior of block copolymers
based on a fixed weight ratio. As illustrated in Table
II and Figure 5, PBS segment length, which largely
depends on PBS molecular weight, plays an impor-
tant role in the crystallization kinetics of copolymers.
Crystallization rate, G, which is proportional to 1/
t1/2, increases substantially with the increase of PBS
segment length at any given Tc. It can be interpreted

in terms of the supercooling degree (DT), which can
be calculated from DT ¼ T0

m � Tc, where T0
m is the

equilibrium melting point. As shown in Figure 7
(see the following), value of T0

m for copolymers in-
creases evidently with increasing molecular weight
of PBS segment when molecular weight of PBS seg-
ment is less than 4000, then increases slightly with
further increase in the molecular weight. Hence, co-
polymer with longer PBS segment actually under-
goes crystallization at a higher DT at a same Tc. DT
is a key parameter for crystallization driving force
and greater DT means faster nucleation rate. Besides,
spherulitic growth rate also increases with an
increase in DT, which has been verified by data from
POM in all cases (see the following). As a result,
crystallization rate becomes faster as PBS segment
becomes longer in the discussed range. Urethane
group generated from the chain-extension with HDI
is another significant structural factor for copolymer

Figure 3 X(t) values as a function of crystallization time t of polymers at various Tc.
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crystallization. It is well established that the intro-
duction of urethane groups disturbs the macromo-
lecular backbone regularity33,34 and thus depresses
the crystallization of the copolymer seriously. This
becomes more pronounced for copolymer with
shorter PBS segment as more urethane groups are
introduced (more HDI needed for chain-extension).

Subsequent melting behaviors

Figure 6 presents the typical subsequent heating
curves of 20-25-10 after being isothermally crystal-
lized at different temperatures. The main parameters
are listed in Table III. Obviously, triple melting
peaks appear in the heating scans and are identified
with TmA, TmL, and TmH from low temperature to
high temperature. The multiple melting phenomen-
ons of PBS homopolymer and copolymers have been
intensively studied11–13,23 and have been ascribed to
the melting/recrystallization or reorganization proc-

esses taking place during the DSC heating scan. Sim-
ilar viewpoint is adopted to interpret the multiple
melting behaviors of multiblock copolymers.
TmA, which appears � 5�C higher than Tc, is the

typical annealing peak,23 arising from the melting of
poorer or smaller crystals between the larger crystals
grown during the isothermal process at Tc; TmL is
attributed to the fusion of primary crystals formed
at Tc; while TmH is ascribed to the melting of crystals
with highest perfection and stability, i.e., the crystals
developed by recrystallization or reorganization of
the crystals grown at Tc during the heating process.
Both from Figure 6 and Table III, it is readily appa-
rent that the position and area of the melting peaks
depend on Tc. As the area of annealing peak is small
and hardly varies with Tc, it is considered to be in-
significant for the multiple melting behaviors.
Hence, they are not discussed later on. The position
of peak TmL regularly shifts to a higher tempera-
ture region with increasing Tc, implying that the

Figure 4 Avrami plots of polymers at various Tc.
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perfectness of primary crystals increases with the
increase of Tc. Furthermore, the value of DHmL

increases gradually with the increase of Tc, contrary
to the trend of DHmH. With respect to the position of
peak TmH, it remains almost unchanged with Tc. TmL,
the melting temperature of primary crystals grown at
Tc and presented before the heating scan, was
employed to calculate T0

m. T
0
m was obtained by extrap-

olating the line of TmL versus Tc to the line of Tm ¼ Tc

according to the well-known theory proposed by
Hoffman-Weeks,35 as illustrated in Figure 7.

Besides, the influence of structure on the multiple
melting behaviors has been studied. As displayed in
Figure 6 and Table III, TmL and TmH of 20-25-10 are
slightly lower than that of 20-25-00 at a particular Tc,
suggesting that amorphous PPSu segment just

slightly disturbs the crystal perfection. It may be
attributed to the fact that PPSu segment, which
needs to be excluded from the crystals of PBS,
retards lamellar reorganization or crystal recrystalli-
zation process. On the other hand, values of Tm,
including TmA, TmL, and TmH, and DHmH tend to
increase with increase in the PBS segment length at
any given Tc. Since higher Tm implies thicker lamel-
lae or more perfect and stable crystals, the higher Tm

for copolymer with longer PBS segment is possibly
resulted from the fact that longer PBS segment
favors the lamellar reorganization or crystal recrys-
tallization. Owing to the same reason, the value of
DHmH increases with increasing PBS segment length.

Spherulitic morphologies

The spherulitic morphologies of 40-25-10 crystallized
at 76�C at different times are shown in Figure 8. It

TABLE II
Crystallization Kinetic Parameters of Multiblock

Copolymers and Homopolymer at Various
Crystallization Temperature

Samples Tc (
�C) n K (s�n) t1/2 (s)

a t1/2 (s)
b

20-25-00 70 2.60 2.90 � 10�5 48.78 47.96
72 2.71 9.63 � 10�6 63.36 62.22
74 2.56 7.58 � 10�6 86.52 86.17
76 2.64 1.99 � 10�6 122.74 124.82

20-25-10 70 2.48 7.00 � 10�6 106.47 104.28
72 2.56 2.39 � 10�6 138.90 138.28
74 2.71 4.29 � 10�7 194.48 196.82
76 2.75 1.63 � 10�7 258.29 258.88

40-25-10 76 2.40 6.11 � 10�5 51.03 48.90
78 2.41 2.30 � 10�5 76.72 71.78
80 2.48 5.89 � 10�6 109.38 111.19
82 2.43 3.59 � 10�6 153.12 148.57

80-25-10 78 2.38 1.45 � 10�4 39.92 39.72
80 2.52 2.80 � 10�5 56.13 55.78
82 2.42 1.87 � 10�5 77.62 77.30
84 2.67 2.08 � 10�6 116.60 116.18

a t1/2, determined from Figure 3.
b tb1=2, calculated from t1/2 ¼ (ln 2/K)1/n.

Figure 5 Crystallization rate as a function of crystalliza-
tion temperature.

Figure 6 Subsequent melting behaviors of 20-25-10 at
various Tc.

TABLE III
Melting Endotherm Parameters of Various Samples

Samples
Tc

(�C)
TmA

(�C)
TmL

(�C)
TmH

(�C)
DHmL

(J/g)
DHmH

(J/g)

20-25-00 70 75.8 91.9 104.6 2.3 44.0
72 76.8 92.9 104.6 3.7 42.1
74 78.5 93.9 104.6 5.6 39.2
76 80.5 95.2 104.6 8.4 35.4

20-25-10 70 75.1 91.5 102.7 5.9 34.4
72 76.9 92.6 102.8 7.8 32.7
74 78.8 93.7 102.9 9.9 29.2
76 80.5 94.8 102.9 13.0 25.3

40-25-10 76 81.5 97.6 108.3 3.5 39.9
78 83.2 98.6 108.3 5.9 36.4
80 85.2 99.6 108.3 8.4 33.1
82 87.2 100.9 108.3 11.9 29.2

80-25-10 78 82.2 98.9 110.9 0.7 52.0
80 84.2 99.9 110.9 1.6 49.6
82 86.2 100.9 111.2 4.6 46.1
84 87.9 102.2 111.2 7.6 42.5
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Figure 7 Holffman-Week’s plot for polymers.

Figure 8 POM micrographs of 40-25-10 crystallized at 82�C at (a)30 s; (b) 45 s; (c) 60 s; (d) 90 s from the melt.
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can be found that nuclei formation is time-depend-
ent and then the nucleation can be ascribed to the
thermal kinetics.

Figure 9 gives the spherulitic morphologies of
polymers crystallized at different temperatures
under polarizer. It can be observed that all the poly-
mers exhibit typical Maltese cross pattern. As far as
spherulitic size is concerned, it shows a weak de-
pendence on PBS segment length. As revealed in
Figure 9, 40-25-10 demonstrates smallest spherulites
among these three copolymers. It is not surprising
since spherulitic size is the result of the competition
between nucleation and growth. The smaller spheru-
lites of 40-25-10, as compared with that of 20-25-10,
originate from its evidently higher degree of super-
cooling at a particular Tc, which favors nucleation
and thus increases the number of nucleis. However,
there is no distinct difference in the degree of super-

cooling between 40-25-10 and 80-25-10. The slightly
bigger spherulites of 80-25-10 owe to its apparently
faster growth rate (described below) and thus lesser
time for spherulites to grow before impinging,
which produces fewer nucleis that can grow larger.
In addition, spherulite size becomes bigger and
nucleation density becomes smaller at higher crystal-
lization temperatures. It is a natural consequence of
the difficulty in nucleation under lower degree of
supercooling.

Spherulitic growth rate

Spherulitic growth rate, g, of polymers was deter-
mined by measuring spherulitic radii from POM
micrographs taken at successive intervals during iso-
thermal crystallization before impingement. The
temperature dependence of g for various polymers

Figure 9 Reprensentive POM micrographs of polymers isothermally crystallized (a) 20-25-00 at 82�C; (b) 20-25-10 at
82�C; (c) 40-25-10 at 82�C; (d) 80-25-10 at 82�C; (e) 40-25-10 at 76�C; (f) 40-25-10 at 92�C from the melt.
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is shown in Figure 10. As expected, with a decrease
in Tc and subsequent increase in DT, value of g
increases, which supports the previous discussion.
Besides, the value of g for 20-25-10 is smaller than
that of 20-25-00 at a particular Tc, indicating that the
presence of PPSu segment retards the spherulitic
growth. It is reasonable since the crystallization of
PBS segment needs to exclude PPSu segment. Simul-
taneously, dilution effect caused by PPSu segment
also reduces g. The increased Tg by the incorporation
of PPSu also slows down the spherulitic growth pro-
cess. As far as PBS segment length is concerned,
value of g (Fig. 10) increases substantially with
increasing PBS segment length, originating from the
difference in DT and urethane groups as previously
discussed. Therefore, a conclusion can be reached
that the results of g by POM (Fig. 10) are completely
consistent with that of G obtained by means of DSC
(Fig. 5).

As discussed above, both crystallization rate and
spherulitic growth rate increase greatly with the
increase of PBS segment length, resulting in higher
crystallinity degree for the copolymer with longer
PBS segment.4 It is generally regarded that higher
crystallinity degree improves tensile strength but
deteriorates impact strength. Consequently, the ten-
sile strength is gradually enhanced, while the impact
strength is prominently deteriorated with increasing
PBS segment length.4 40-25-10, with satisfactory ten-
sile strength, impact strength and crystallization
rate, is considered as the optimal sample for the bal-
ance of crystallization and mechanical properties.

CONCLUSIONS

The isothermal crystallization, melting behaviors
and spherulitic morphologies of high-impact multi-

block copolymers have been studied. The PPSu seg-
ment is found to be miscible with PBS segment in
amorphous region from the analysis of DSC results.
The incorporation of PPSu segment decreases both
the crystallization rate and spherulitic growth rate
because of exclusion of PPSu segment, dilution effect
and increased Tg caused by PPSu segment. While
the increase of PBS segment length increases both
the crystallization rate and spherulitic growth rate,
owing to the increased supercooling degree and
decreased amount of urethane groups. Multiple
melting behaviors have been observed for all the
multiblock copolymers, which have been ascribed to
melting/recrystallization or reorganization mecha-
nism. Increasing PBS chain length favors the lamel-
lar reorganization or crystal recrystallization, crystal
perfection and crystallinity degree; while the intro-
duction of PPSu segment has a contrary influence.
The results of spherulitic growth rate agree well
with overall crystallization rate.
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