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ABSTRACT: Hyperbranched polyethylenes (HBPEs) with different degree of branching (DB) and similar M,, are used to investigate the
effect of branch structure on their crystallization behaviors. The crystal structure, isothermal, and non-isothermal crystallization kinet-
ics of HBPEs are studied by X-ray diffraction and differential scanning calorimetry. The isothermal crystallization process is analyzed
by the Avrami equation while the non-isothermal crystallization process is analyzed through the Ozawa and Mo methods. The XRD
results indicate that the crystallization ability of HBPEs is weakened with the introduction of branch structure, i.e., the crystallinity of
HBPEs decreases with the increase of DB, and even tends to zero. The kinetics results of isothermal and non-isothermal crystallization
verify the peculiar effects of DB on the crystallization process of HBPEs. In detail, a little of branch structure can accelerate the crys-
tallization process of HBPEs, however a large number of branch can inhibit it. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133,

44127.

KEYWORDS: crystallization; dendrimers; hyperbranched polymers and macrocycles; polyolefins

Received 10 March 2016; accepted 25 June 2016
DOI: 10.1002/app.44127

INTRODUCTION

In recent decades, hyperbranched polymers (HBPs) have drawn
extensive attention because of their wide applications in various
fields, for example, light emitting materials,"” nanoscience and
technology,™®  supramolecular chemistry,”®  biomaterials,”®
hybrid materials and composites,”'® coatings,'"'* adhesives,'>'*
and modifiers.">'® HBPs have exhibited many intriguing physi-
cal and chemical properties benefiting from their highly
branched architecture with plenty of terminal groups, inner cav-
ities, and lack of chain entanglements.'”?* Crystallization is one
of the most important properties which affect the physical
properties of polymers. For a linear polymer, the molecular
chains are easy to rearrange and the crystallization degree is
usually very high to provide strength for industry application.
But for HBPs, their crystallization ability is poor because their
highly branched structure makes the chain rearrangement very
difficult to take place. Recently we synthesized a series of HBPEs
and studied the effects of DB on their glass transition tempera-
ture.”> Simultaneously, we also found most of them still had
crystallization ability. It is essential to investigate the crystalliza-
tion kinetics and melting behavior of HBPEs for its potential
applications in the future.

Actually crystallization behaviors of polymers with branches have
been studied for many years. For example, Geifer et al*® studied
the effect of composition distribution in ethylene-a-olefin copoly-
mers on their solidification behavior during crystallization, they
proved that the type of composition distribution rather than the
overall content of branched units determined the properties of the
copolymers. Chae et al? investigated the effect of molecular
weight and branch structure on the crystallization and rheological
properties of poly(butylene adipate). They concluded that the
increasing molecular weight retarded the crystallization rate and
increased the induction time for crystallization. Introducing
branches to the polymer led to similar results. Chiu et al*® dis-
cussed the crystallization kinetics of polyethylenes with well-
controlled molecular weight and short chain branch (SCB) con-
tent. They found that the crystallization temperature and the crys-
tallization rate were dependent on the molecular weight and the
short chain branch content. Zhang and coworkers®>*° studied the
roles of branch content and branch length in copolyethylene crys-
tallization by molecular simulations. They indicated that the
branch content played an important role in the crystallization
procedure. With the decrease of the branch contents, more
perfect lamellar structure was formed and the crystallinity of
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the copolymer increased. In other words, the crystallinity was
inhibited by the increase of branch content. Whereas when the
branch length was increased, the branch was folded back and coc-
rystallized with the main chain. Mai et al’' studied the depen-
dence of crystallinity on DB for hyperbranched poly[3-ethyl-3-
(hydroxymethyl)oxetane] and found that the crystallinity decreased
with increasing DB. The effects of the distribution of SCB on crys-
tallization kinetics of high-density polyethylene was also studied
by Krishnaswamy and coworkers.”> They found that the crystalli-
zation kinetics of PE products depended on the distribution of
branches in addition to molecular weight. Yoshinobu et al.* stud-
ied the unusual crystallization behavior of copolyethylene having
precisely spaced branches, they displayed an evidence for a tran-
sient ordered mesophase in the crystallization of PE with SCBs.
Yang et al>* studied the effect of long chain branching on non-
isothermal crystallization behavior of polyethylenes. They found
that the long chain branch could limit the chain diffusion and
thus decreased the overall crystallization rate. Wang et al.>® studied
the effects of branches on the crystallization kinetics of polypro-
pylene-g-polystyrene. They concluded that the introduction of
branch structure restrained the mobility and reptation ability of
the polymer backbones, and further hindered the crystallization
process. With increasing branch length, the heterogeneous nucle-
ation effect resulting from the branched structure and fluctuation-
assisted nucleation mechanism became more pronounced and
further facilitated the crystallization process. This meant that a
slight amount of branching content might play a role of nucleat-
ing agent and accelerate the crystallization process. In summary,
there are many factors to affect the crystallization of polymers.
Especially when branching is introduced into them, the crystalliza-
tion process of polymers becomes more complex. Previous reports
have mainly focused on the crystallization behavior of linear poly-
ethylene or polyethylene with short or long branches.**™°

In this study, we investigated the relationship of DB and crystal-
lization ability of HBPEs with similar averaged-number molecu-
lar weights and various DB. XRD and DSC measurements were
adopted to determine the crystal structure and study the iso-
thermal and non-isothermal crystallization kinetics of HBPEs
respectively. The isothermal crystallization process was analyzed
by Avrami equation while the non-isothermal crystallization
process was analyzed through the Ozawa and modified Avrami-
Ozawa methods (Mo’ equation). These results might provide a
potential reference meaning for the future researches.

EXPERIMENTAL

Materials

Four HBPE samples with similar M, and different DB were pre-
pared in our recent work,” including HBPE1L (M, = 93.6 kg/mol,
DB=0); HBPE2 (M,=1073 kg/mol, DB=0.110; HBPE3
(M,,= 110.0 kg/mol, DB = 0.186; and HBPE4 (M,, = 100.1 kg/mol,
DB = 0.258).

Characterization

The crystal structure of HBPEs was examined by X-ray diffrac-
tion on a Bruker D8 Advance X-ray diffractometer using CuKa
radiation at room temperature. The scanning rate was set as
2°min~" in the range of 5° to 70°. Isothermal and non-
isothermal crystallization kinetics of HBPEs were studied under
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Figure 1. XRD curves of HBPEs with different DB. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

a N, atmosphere using a Perkin-Elmer Diamond differential
scanning calorimeter (DSC). The amount of HBPE sample was
7.0-8.5 mg for each DSC measuremen. For isothermal crystalli-
zation, the sample was heated from room temperature to 170 °C
and held for 5 min to eliminate its thermal history. Subsequent-
ly, the sample was cooled to the selected crystallization tempera-
ture at 150°C min_'; for non-isothermal crystallization, the
sample was first heated from —60°C to 170°C at 30°C min™ ',
and held there for 5 min to eliminate its thermal history. Subse-
quently, the sample was cooled to —60°C at 5, 10, 20, 30 and
40°C min~", respectively.

RESULTS AND DISCUSSION

XRD Analysis

The crystal structure of HBPEs was first investigated by XRD
measurement and the resulting XRD patterns were illustrated in
Figure 1. Except for HBPE4, other HBPE samples exhibited two
distinct major characteristic crystalline peaks at the scattering
angles of 20 =21.6 and 26 =23.9, which corresponded to the
[110] and [200] reflection planes of the orthorhombic crystal
structure related to polyethylene, respectively. The obvious differ-
ence of the XRD patterns for HBPE samples was that the relative
intensity of [110] and [200] reflection peaks (I[200]/1[110]). The
value of I[200]/I[110] for HBPE samples was decreased with
increasing DB, which was in accordance with the results reported
by Zhang et al*® With increasing the DB, the diffraction peak
even disappeared and the amorphous halo (at about 26 =19)
was observed in the XRD pattern of HBPE 4, which implied that
the introduction of branching architecture could inhibit the crys-
tallization of polyethylene. In summary, the crystallinity of HBPE
samples decreased with the increase of DB. HBPE4 with the high
DB eventually became an amorphous polymer.

Equilibrium Melting Temperature

During the DSC measurement, the HBPE samples were heated
from the crystallization temperature (T,) to 170°C at 10 °C/min
to determine their equilibrium melting temperatures (TY).
Figure 2 displayed the DSC melting thermograms of HBPEs
with the different DB after isothermal crystallization at various
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Figure 2. The DSC melting thermograms of HBPEs after isothermal crystallization at various crystallization temperatures. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

crystallization temperatures. The DSC results showed that some
crystallization occurred to HBPE4, which was different from
that showed through XRD results. Except for HBPE2, all the
DSC curves of other HBPEs exhibit a single melting peak. There
are two peaks (peak a and b) appeared on the DSC curve of
HBPE2. Peak a rises in size and shifts to the higher temperature
as the T, increases. At the same time, peak b becomes smaller
but its peak position remains around 99 °C. The double melting
peaks of HBPE2 can be attributed to recrystallization phenome-
na during the continuous heating process.**™* Peak a might be
the result from the melting of the crystal formed at each crystal-
lization temperature, while peak b may be attributed to the
more perfect crystals.

As an important characteristic parameter of the crystal for the
flexible linear polymer, T,,° illustrated the melting temperature
(T,,) of an infinitely extended crystal and could be obtained
from the procedure suggested by Hoffman and Weeks.**
According to the theoretical considerations by Hoffman and
Weeks, the dependence of T,, and T, was expressed as follows:
Tm—1+T°{ 1} (1)
2 2
Where B is the lamella thickening factor, which indicates the
ratio of the thickness of the mature crystal L, to that of the ini-
tial crystal L.
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The plot of T, versus T, are presented in Supporting Informa-
tion Figure SI. An equilibrium melting temperature (7,,”) can
be obtained by means of the extrapolation of the resulting
straight line to the line T, = T.T,) of four HBPEs is 152.4,
139.8, 92.9 and 53.2°C, respectively. This indicates that the
thickness of the crystal plates decreases with increasing the DB.
In other words, the crystallization of HBPEs can be inhibited by
the branching structure.

Isothermal Crystallization Kinetics Analysis

Isothermal crystallization was carried out at various tempera-
tures in the vicinity of T.. Figure 3 showed the isothermal exo-
thermic curves of HBPE samples obtained at different T, s. The
DSC curves for all HBPEs exhibited a single peak, which was
characteristic for isothermal polymer crystallization. It was obvi-
ous that the crystallization behaviors of HBPEs was strongly
affected by the T. With increasing T, the exothermic peaks
shifted to long time values. This indicated that the crystalliza-
tion rate decreased with increasing the T, and the time required
to reach the maximum degree of crystallization increased. On
the other hand, the T, of HBPEs decreased with increasing DB
and the T, of the linear polyethylene was higher than that of
other three HBPEs. Besides, the crystallization peak became flat-
ter with increasing T, Therefore, we could speculate that the
branch structure of HBPEs brought a negative effect on their
isothermal crystallization.
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Figure 3. Heat flow versus crystallization time at different crystallization temperatures in isothermal crystallization processes of HBPEs. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The Avrami equation is well known for analyzing the isothermal
crystallization of polymers. So it was employed to quantitative
analyze the isothermal crystallization of HBPEs here. The classi-
cal Avrami equation was given as:

1—X,=exp (—Kt") (2)

X, was the relative crystallinity at time f. K was the crystalliza-
tion rate constant depending on the nucleation and growth
rate. Where n was the Avrami exponent, which was related to
the nucleation mechanism and crystal grown dimensions.

Figure 4 showed the time evolution of the relative crystallinity
of HBPEs at various temperatures in isothermal crystallization
process. Obviously, all the isotherms shifted to the right along
the time axis with increasing the crystallization temperature,
which indicated the crystallization rate was gradually decreased.
This was in accordance with the results in Figure 3.

Equation (2) was converted to
In[~In(1-X;)]=InK+nlnt (3)

The graphic representation of In[—In(1 — X,)] versus Int would
generate a straight line. Then the Avrami exponent n and crystal-
lization rate constant K(7) was determined from the slope and
intercept of the line, respectively. The plots of In[-In(1-X,)] versus
Int plots were shown in Supporting Information Figure S2. When
X, was equal to 0.5, the Crystallization half-time (#,,,) could be
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obtained. The t;,, was defined as the time at which the extent of
crystallization was 50% and determined from the following

equation:
In2\"/"
hp= (?) (4)

Usually, #,, represented the overall crystallization rate of the
polymer. The rate of crystallization, G, was described as the
reciprocal of t,, that is G= 1, = (t1) " The necessary time
for maximum crystallization, ., could be derived from

Avrami equation:
1/n
n—1
Imax = <ﬁ> (5 )

The isothermal crystallization kinetic parameters of HBPEs at dif-
ferent crystallization temperature were shown in Table I. The t,,,
increased and the K values decreased with increasing crystalliza-
tion temperature for HBPEs. This indicated the crystallization
was retarded by the high temperature. However, the values of n
were almost unchanged at different crystallization temperatures
for each sample, which implied the crystallization mechanism did
not change in the investigated crystallization temperature range.
All the values of Avrami exponent n were between 2 and 3, and
similar to the report of Jonsson et al,®® ie., a mixed nucleation
and crystal growth mechanism.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44127
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Figure 4. Relative crystallinity versus crystallization time at different crystallization temperatures for HBPEs. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Table I. Isothermal Crystallization Kinetic Parameters of HBPEs at Different Crystallization Temperatures

Sample T. (°C) t1/2 (min) n In K K (min™") trnax(min) 172 (Min)
1 122 0.98 2.61 —0.30935 0.7339 0.94 1.02
123 1.28 2.43 —-0.9680 0.3798 1.20 0.78
124 1.88 2.59 —-2.0007 0.1352 1.79 0.53
125 2.75 2.61 —-3.00979 0.0493 2.63 0.36
126 4.35 2.96 —4.70909 0.0090 417 0.23
2 86 0.42 2.76 2.045 7.7292 0.40 2.40
87 0.51 2.71 1.44708 4.2507 0.49 1.96
88 0.81 2.95 0.2527 1.2875 0.80 1.23
89 0.93 2.70 -0.1749 0.8395 0.90 1.07
90 1.34 293 —-1.22323 0.2943 1.32 0.75
8 70 1.04 2.01 —0.43096 0.6499 0.88 0.96
71 1.27 2.09 —-0.8500 0.4274 1.10 0.79
72 1.41 2.08 -1.08086 0.3393 1.23 0.71
74 1.68 2.01 —-1.4218 0.2413 1.44 0.59
75 1.99 2.03 -1.8142 0.1630 1.75 0.50
4 30 1.04 2.19 —0.4549 0.6345 0.93 0.96
L5 1.27 2.32 -0.91313 0.4013 1.16 0.79
32 1.42 2.21 -1.1409 0.3195 1.28 0.70
325 1.51 2.25 —1.29049 0.2751 1.37 0.66
33 1.71 2.54 —-1.72243 0.1786 1.62 0.59
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Figure 5. DSC curves of non-isothermal melt crystallization for HBPEs at the indicated cooling rates. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

The DB of HBPE2 was 0.110 and higher than that of HBPEI
(DB =0). However, t;/, value of HBPE2 was higher than that
of HBPE1, which indicated the crystallization rate of HBPE2
was higher than that of HBPEl. In other words, the small
amount of branch structure in HBPE2 could improve its crys-
tallization rate. This might be attributed to the self-nucleation
effect of the lower branch content.”>*****” A slight amount of
branch content can play a role of heterogeneous nucleation
agent in the slow nucleation stage and accelerate the crystalliza-
tion process. On the contrary, the DB values of HBPE3 and
HBPE4 were 0.186 and 0.258 respectively, which meant the
branch content was high enough. Their t,,, values were lower
than that of HBPEI and indicated lots of branch content could
inhibit the crystallization process of the polymer. Thus the crys-
tallization was decreased obviously.

Non-Isothermal Crystallization Kinetics

The DSC thermograms of non-isothermal crystallization for
HBPEs at different cooling rates ranging from 5 to 40°C/min
were presented in Figure 5. All HBPE samples showed a single
crystallization peak in DSC curves and the crystallization peak
temperature (T),) decreased with increasing cooling rate. For
example, the T, of HBPEI (linear polyethylene) at a cooling
rate of 5°C/min was 117.5°C, while at a cooling rate of 40 °C/
min, it was almost 10 °C lower. At the same time, the range of
crystallization temperature became boarder, which indicated the
cooling rate could affect the nucleation and crystal growth of
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HBPEs significantly. T, of HBPEI was higher than that of other
three HBPEs at the same cooling rate, which indicated that the
HBPEs with high DB was more difficult to crystallize during the
scanning. Comparing the T, of HBPE1 at the different cooling
rate, it shifted to low temperature as increasing the cooling rate.
This implied that there was not enough time to activate the nuclei
at high temperature when crystallized at high cooling rate, and
the imperfect crystal structures formed at rapid cooling rates.** A
similar trend was also observed in the other three HBPEs.

Relative crystallinity at every crystallization temperature (X,)
could be formulated by the following relation:

r (dH /dr)dr
,tii (6)
[ (dH/dt)dt

Ji

X,=

Where dH/dt was the rate of heat evolution, AH, was the total
heat evolved at time t, and AH,, was the total heat evolved at
completion. Values f, and t,, were the time at which the crys-
tallization process started and ended, respectively.

Plots of relative crystallinity versus temperature were shown in
Supporting Information Figure S3. Obviously the crystallization
process of each sample could be divided into three stages: slow
nucleation stage, fast primary crystallization stage, and slow sec-
ondary crystallization stage.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44127
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In non-isothermal crystallization process, the relationship of ¢,
T, and R could be expressed as:

t=(To,—T)R (7)

Where T, was the initial crystallization temperature, T was the
crystallization temperature at time t and R was the cooling rate.
Therefore, curves of X, versus T could be converted into curves
of X, versus f, which were shown in Supporting Information
Figure S4. With the increase of cooling rate, the crystallization
time required decreased. At a given cooling rate, the crystalliza-
tion time decreased first and increased then with the increase of
DB, which indicated that branch structure could inhibit crystal-
lization. However, once crystallization began, little branched
structure could accelerate the crystallization, which was in
accordance with the result of isothermal crystallization.

Avrami method could also be used to analysis the non-
isothermal crystallization of polymer. However, many scholars
developed several new methods based on Avrami equation
[eq. (2)]. For example, Ozawa assumed that the non-isothermal
crystallization process was composed of infinite small isothermal
crystallization steps and extended the Avrami equation to the
non-isothermal process. Ozawa’s theory can be expressed as:

1—X;=exp [-K(T)/R"] (8)

Where X; was the relative degree of crystallinity at temperature
T, K(T) was the cooling crystallization function, R was the cool-
ing rate, and m was the Ozawa exponent which was related to
the mechanism of nucleation and dimension of crystal growth.
Equation (8) could be rewritten as:

In[~In(1-X;)]=InK(T)—m InR 9)

By plotting In[—In(1 — X;)] against In R, a straight line was
obtained if the Ozawa method was valid and then kinetics param-
eters (m and K(T)) could be derived from the slope and the inter-
cept, respectively. As shown in Supporting Information Figure S5,
non-linear relation was found for the non-isothermal crystalliza-
tion process of the four samples. Therefore, the Ozawa equation
could not describe the non-isothermal crystallization process of
HBPEs. Because the procedure of non-isothermal crystallization
was a dynamic process, and the crystallization rate was no longer
constant but a function of time and cooling rate.*® Furthermore,
Ozawa did not take into consideration of recrystallization and the
dependence of the fold length on temperature in his approach.*’

Mo et al. developed a new model for non-isothermal crystallization
kinetics by combining the Avrami equation with the Ozawa equa-
tion. In this case, the relationship of #, K and R can be expressed as:

InZ+n-In t=InK(t)—m-In R (10)

where F(T)=[K(T)/Z)"™ is defined as the cooling rate to
obtain a certain relative crystallinity in one unit of time, repre-
senting the crystallization rate of polymers. Here o = n/m, in
which 7 and m are the Avrami exponent and the Ozawa expo-
nent, respectively. Therefore, the following equation can be

obtained at a given crystallinity degree:
InR=InF(T)—a Int (11)

According to eq. (11), a good linear relationship between In R
and In t for the HBPE samples at a given crystallinity degree
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Table II. Values of F(T) and « for HBPEs with Different DB

Sample X: (%) In F(T) F(T) a

1 10 2.16 867 1.20
30 2.40 11.02 1.15
50 2.55 12.81 1.22
70 2.74 15.49 1.28
90 293 18.73 1.3

2 10 0.89 2.44 1.54
30 1.38 3.97 1.55
50 1.67 531 1.49
70 1.90 6.69 1.46
90 219 8.94 1.42

3 10 2.49 12.06 1.76
30 2.72 15.18 1.65
50 2.87 17.64 1.60
70 3.02 20.49 1.58
90 3.24 2/5.53) 1.57

4 10 2.74 15.49 1.26
30 2.85 17.29 1.28
50 295 19.11 1.32
70 3.07 21.54 1.36
90 3.27 26.31 1.28

appeared as shown in Supporting Information Figure S6. The
intercept and the slope obtained from the line represent F(T) and
o respectively, which are listed in Table II. It can be seen that the
values of F(T) continuously increase with increasing crystallinity,
and the a value slightly changed for each sample. Therefore, a rel-
atively high cooling rate should be selected in order to achieve a
high degree of crystallinity at a fixed crystallization time. In addi-
tion, at a given crystallinity, the F(T) values increase with increas-
ing DB except for HBPE2, which is smaller than that of other
three samples, indicating that the introduction of small amount of
branching architecture can accelerate the crystallization rate.
Wherever, with further increase the DB, the crystallization process
would be hindered, which is consistent with the result from iso-
thermal crystallization. In a short, Mo’ equation successfully
described the non-isothermal crystallization process of HBPEs.

CONCLUSIONS

A series of HBPEs with different DB were used to investigate
their melt behavior and crystallization kinetics in isothermal
and non-isothermal crystallization process. The results showed a
slight amount of branch structure might accelerate the crystalli-
zation rate, but the high content of branch structure could
inhibit the crystallization process of HBPEs. The equilibrium
melting point of the four HBPEs were 152.4°C, 139.8°C,
92.9°C, and 53.2°C, respectively determined by Hoffmann-
Weeks method. They decreased with increasing DB, which
implied the thickness of the HBPE crystal plate decreased with
increasing the DB. Isothermal crystallization of HBPEs was
described by the Avrami equation and non-isothermal crystalli-
zation of HBPEs under consideration was investigated by two
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methods: the Ozawa method and the relation deduced by Mo.

However,

Ozawa method was failed to describe the non-

isothermal crystallization, and Mo’s equation could be used to
describe the non-isothermal crystallization process well.
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