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A B S T R A C T   

Polyhedral oligomeric silsesquioxanes (POSS) was added in ultrahigh molecular weight polyethylene (UHMWPE) 
to intercalate the molecular network and produce chain disentanglement. To avoid agglomeration, the POSS/ 
UHMWPE composites were prepared by in-situ polymerization. In particular, POSS used in this experiment is 
soluble in the polymerization process, so it can be dispersed in the form of nm-scale in UHMWPE. The reduced 
melt viscosity and the increased molecular weight between entanglement (Me) revealed that the addition of POSS 
can induce the disentanglement of UHMWPE and the optimal content is 0.2 wt%. The isothermal and non-
isothermal crystallization behavior of nanocomposites were studied by a differential scanning calorimetry (DSC). 
The crystallization rate and the crystallinity of UHMWPE increased with the addition of POSS, indicating that 
POSS could act as a nucleating agent in UHMWPE. The annealing study was carried out by a Flash DSC and two 
melting peaks were observed. The data was analyzed by Arrhenius equation and the POSS/UHMWPE was found 
to have a lower melting activation energy than neat UHMWPE, proving the disentanglement effect of POSS on 
UHMWPE.   

1. Introduction 

Ultrahigh molecular weight polyethylene (UHMWPE) is an ultra-
modern engineering material with a molecular weight over 106 g/mol as 
defined by ISO 11542 [1]. It is represented as a semi-crystalline polymer 
consisting of orthogonal crystalline phase, amorphous phase and mes-
ophase [2]. The crystalline phase is made of ordered macromolecules 
while the amorphous region consists of loops, entangled chains and tie 
molecules [3]. The chain diffusion, chain dynamics, crystalline order 
and melt viscoelasticity of semi-crystal polymers are controlled by the 
topological constraints (entanglements) in the amorphous regions 
[4–6]. The large number of entanglements caused by the ultrahigh 
molecular weight brings both excellent mechanical properties and high 
melt viscosity which causes difficulty in manufacturing and multiple 
crystal defects during processing. Recent developments of disentangle-
ments of UHMWPE have attracted much attention. Rastogi et al. [7] 
carried out polymerization with heterogeneous catalysts and discovered 

that low-temperature and low catalyst concentration could improve the 
regularity of chain segment. Li et al. [8–10] designed novel catalysts 
with rigid particles loaded on the carriers. The active centers were cut 
off and the synthesized UHMWPE had a lower melting viscosity. 

In addition to disentangling UHMWPE during polymerization, 
nanoparticles can intercalate the molecular network to adjust their 
macroscopic and microscopic properties [11]. The investigation of the 
crystallization of UHMWPE with reduced Graphene Oxide Nanoplates 
(rGON) revealed that with the addition of suitable filler, chain segment 
can be retained in the nonequilibrium melt state of lower entanglement 
density [12]. Polyhedral oligomeric silsesquioxanes (POSS) is a kind of 
rigid particles with adjustable substituents [13]. It is estimated as the 
minimum silica grain with a specific size of 1.5 nm, which is equivalent 
to the segment and coil size of most polymers [14,15]. Adding POSS as 
the filler to disentangle polymers has been discussed recently [16–19]. 
However, POSS tends to agglomerate during blending, thus affecting the 
additive effect of nanomaterials. 
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In-situ polymerization has been reported to be an effective method to 
alleviate the agglomeration of nanoparticles [20]. Angel [21] prepared 
disentangled waterborne acrylic/TiO2 nanocomposites with outstanding 
properties by in-situ emulsion polymerization. Rong et al. [22] prepared 
a novel PE/palygorskite composites with improved properties resulting 
from good dispersion and strong interaction between the filler and the 
polymer matrix. Overall, the nanoparticles get a better dispersion by 
in-situ polymerization than conventional mixing, and the former prod-
uct usually has better properties [23]. 

In this section, in-situ polymerization of UHMWPE was carried out to 
explore the effects of POSS on UHMWPE disentanglement. In view of 
previous studies, Octaisobutyl-POSS was chosen. Its size is about 1.5 nm, 
smaller than the tube size of UHMWPE. Compared with octmethyl-POSS 
we studied before, its dispersion was achieved not only by mechanical 
stirring. It is soluble in the UHMWPE polymerization, revealing that it 
can disperse in UHMWPE in the form of a single molecule. POSS was 
expected to intercalate the chains to disentangle the polymer and reduce 
the melt viscosity. Small amplitude oscillatory shear rheometer and 
DMA were applied to evaluate the degree of disentanglement qualita-
tively and quantitatively. DSC was utilized to study the melt and crys-
tallization behavior of UHMWPE. Fast differential scanning calorimeter 
(Flash-DSC) was applied for the study of annealing-recrystallization 
behavior of UHMWPE. Via Arrhenius equation, the melting activation 
energy of UHMWPE was obtained. Thus, the chain slippage capacity of 
UHMWPE can be obtained quantitatively. 

2. Experimental 

2.1. Materials 

In this section, the octaisobutyl-POSS (Scheme 1) was purchased 
from Forsman (Beijing) and was vacuum heated before use. The poly-
merization of UHMWPE was carried out with Ziegler-Natta catalyst, 
purified hexane and triethyl aluminum (TEA) provided by Shanghai 
Research Institute of Chemical Industry. The polymerization was carried 
out under anhydrous and oxygen-free conditions. Decahydronaph-
thalene for the test of ubbelohde viscometer was acquired from Sino-
pharm Chemical Reagent Co., Ltd. 

2.2. Preparation of POSS/UHMWPE composites 

A 2 L autoclave reactor pressurized with nitrogen was used for 
polymerization. Before the reaction, the reactor was kept at 110 ◦C in 
vacuum for 2 h and then refrigerated to room temperature. Some 
amount of POSS and 0.40 ml TEA were dissolved in 1 L purified hexane. 
Then the mixture and 30 mg catalyst were added into the reactor. All the 
operations were performed in a nitrogen atmosphere without oxygen 

and water. The polymerization was conducted under 0.6 MPa of 
ethylene with continued stirring (20 rpm). 

2.3. Preparation of UHMWPE strips for test 

The strips of UHMWPE for analysis were prepared by compression 
molding. The conditions of different strips are shown in Table 1. The 
manufacturing pressure was 10 kPa and the temperature was 210 ◦C. 

2.4. Characterizations 

2.4.1. Rotary rheometer 
The degree of polymer entanglements was assessed by a rotary 

rheometer (MCR 302, Anton Paar, Austria). A plate of 8 mm (PP08) was 
utilized for the shear measurement, and the sample is 8 mm in diameter 
and 1 mm in thickness. The device was maintained at 180 ◦C for 5 min 
before the test to make sure that the test environment was stable. The 
frequency was from 100 to 0.01 rad s-1. The measurement was operated 
at a constant strain of 0.25%, a temperature of 180 ◦C, a normal force of 
0.25 N and under industrial N2 atmosphere of 750 ml/h. 

2.4.2. Dynamic mechanical analysis (DMA) 
A DMA 1 profiler (Mettler Toledo, Switzerland) performed in tensile 

mode was used to estimate the entanglement of the samples (size: 
20*10*2 mm3). The measurement mode: fixed shifting of 10 mm, fre-
quency of 1 Hz and temperature from 30 to 200 ◦C at the rate of 3 

◦

C/ 
min. 

2.4.3. Ubbelohde viscometer 
The viscosity molecular weight (Mv) of UHMWPE was measured by a 

ubbelohde viscometer. The samples were prepared as below: 10 mg 
nascent UHMWPE and 40 mg antioxidant were dissolved in 50 ml dec-
ahydronaphthalene. The mixture was kept at 150 ◦C for at least 4 h and 
then cooled to 135 ◦C for the measurement. The intrinsic viscosity and 
molecular were obtained by calculating the flow time of a given volume 
of the mixture through the capillary tube according to the equations 
below [24]. 

η=

(
2t1
t0
− 2 − 2 lnt1

t0

)0.5

*500

m
(1)  

Mv = 53700*η1.37 (2) 

Among them, t0 (s) is the flow time of pure decahydronaphthalene, t1 
(s) is the flow time of decahydronaphthalene with POSS/UHMWPE, and 
m (mg) is the mass of POSS/UHMWPE. Each sample should be measured 
3 times. 

2.4.4. Gel permeation chromatography (GPC) 
A GPC instrument was utilized for the measurement of the molecular 

weight distribution (MWD) of POSS/UHMWPE composites according to 
ASTM D6474-1999(2006) and a flash column (250 mm*10 mm) was 
utilized. The temperature for the test was 150 ◦C and the solvent was 
1,2,4-trichlorobenzene. 

Scheme 1. Structure of Octaisobutyl-POSS.  

Table 1 
Conditions for the preparation of testing samples.  

Test Time of hot pressing/ 
min 

Time of Cooling pressing/ 
min 

Rotary rheometer 10 10 
DMA 30 10 
Mechanical properties 

test 
45 10  
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2.4.5. Differential scanning calorimeter (DSC) 
The melting and crystalline morphologies of POSS/UHMWPE com-

posites were measured by a DSC 3+ instrument (Mettler Toledo, 
Switzerland). Before measurement, indium (In) was used as a standard 
medium to calibrate the temperature. The influence of thermal history 
was excluded by a heating/cooling/reheating sequence. 5–10 mg pow-
der was warmed up and cooled down between 50 and 200 ◦C at the rate 
of 10 

◦

C/min, values were recorded for the analysis. All the measure-
ments were conducted under a N2 atmosphere (50 mL/min). 

2.4.6. Fourier transform infrared spectroscopy (FTIR) 
The FTIR analysis of POSS/UHMWPE composites was conducted by a 

Nicolet iS10 fabricated by Thermo Scientific Inc. (Bridgewater NJ, USA). 
The samples were filmed with KBr, and the measurements were carried 
out at room temperature. 

2.4.7. Scanning electron microscope (SEM) 
SEM micrographs were investigated with a Nova Nano 450 to which 

an energy dispersive X-ray spectrometer (EDS) was linked. The mea-
surements were operated at 10.00 kV. Before the measurement, the 
samples were kept in an ion-sputtering device to get a thin layer of 
platinum coating. The device was operated at 120 mA for 60 s. 

2.4.8. Transmission electron microscope (TEM) 
The dispersion and particle size of POSS domains in the UHMWPE 

matrix were measured by a transmission electron microscope (TECNAI 
G2 F20, FEI, USA). Micrographs were analyzed to obtain the particle size 
of POSS domains. 

2.4.9. X-ray diffractometer (XRD) 
X-ray diffraction patterns were tested by a diffractometer (D8 

Advance, Bruker AXS, Germany) with monochromatized Cu− Kα radia-
tion (λ = 0.154 nm). The samples were measured from 5 to 50◦ at the 
rate of 8◦/min. 

2.4.10. Fast differential scanning calorimeter (Flash-DSC) 
A Flash-DSC1 (Mettler-Toledo) was used to study the polymer chain 

entanglement by annealing test under a nitrogen atmosphere. The 
samples were warmed up to 165 ◦C and kept for 5 s to eliminate the 
thermal history and then cooled to 50 ◦C for further analysis. Detailed 
procedure for annealing study is shown in Fig. 1. All the rates here are 
100 ◦C/s. 

2.4.11. Mechanical property test 
The tensile strength and break elongation of POSS/UHMWPE was 

evaluated confirming to GB/T 1040.2 with a universal testing machine 
(MTS Systems, Foshan, China). 

3. Results and discussion 

3.1. Preparation of POSS/UHMWPE nanocomposites 

In-situ polymerization was carried out to produce POSS/UHMWPE 
composites ([Al]/[Ti] = 150, 85 ◦C). Table 2 shows the polymerization 
activity with the addition of POSS. Ethylene polymerization is a kind of 
coordination polymerization and the activation of catalysts requires the 
complexation between catalyst (Z-N catalyst) and cocatalyst (TEA). The 
added POSS may hinder the contact between catalysts and cocatalysts, 
influencing the activation of catalyst. As shown in Table 2, the activity 
presents a decrease with the addition of POSS. However, no obvious 
correlation was observed between the activity and the amount of added 
POSS, some unavoidable reasons such as the fluctuation of temperature 
can also affect the reaction. 

The rheological properties and mechanical properties of polymer 
depend strongly on its molecular weight. To exclude the effects, the 
reaction was controlled deliberately and the viscosity average molecular 
weight (Mv) of synthesized UHMWPE is shown in Table 2. As expected, 
neat UHMWPE has similar Mv with POSS/UHMWPE composites. Thus, 
the performance of different samples can be compared [25]. 

Table 2 also shows the molecular weight distribution (MWD) of 
POSS/UHMWPE composites measured by a high-temperature GPC. It 
was found that the MWD of POSS/UHMWPE composite is wider than 
neat UHMWPE which is beneficial to processing theoretically [26,27]. 

The identification of POSS in UHMWPE was investigated by SEM- 
EDS (Fig. 2 (b)). The silicon element provided by the Si-O-Si cage 
structure of POSS in the matrix is analyzed and identified. The disper-
sion of POSS in the UHMWPE matrix was measured by TEM and the 
average particle size was obtained (Fig. 2 (c), (d), Fig. S1). POSS was 
observed uniformly dispersed in the UHMWPE matrix. From the plot of 
average particle (domain) size of Fig. 2 (e), it can be concluded that the 
particle size of POSS domains increased with the increasing POSS con-
tent. And when the content is low (<0.3%), the particle size is smaller 
than the tube size of PE (dt = 3.26 nm) which may have particular effects 
on the UHMWPE [11]. 

The nascent POSS/UHMWPE composites were measured by FT-IR 
and the spectra are represented in Fig. 3. For comparison, the spectra 
of neat UHMWPE and POSS are also represented. The FTIR analysis 
identifies different chemical groups of samples at different wavelengths. 
The peaks at 1384 cm− 1 and 1367 cm− 1 are the characteristic peaks of 
-CH3 and -CH2-, respectively. The relative intensity of the 1384 cm− 1 

band versus the 1367 cm− 1 band increases with the addition of POSS, 
revealing that the addition of POSS increases the branching of UHMWPE 
which can improve the liquidity of UHMWPE [28]. 

XRD was applied for the measurement of the crystallization of POSS 
of 2θvalues ranging from 5 to 50◦ at the scanning rate of 8◦/min and the 
results are shown in Fig. 4. Two main reflections at 21◦ and 24◦ were 
observed and they were associated with the (110) and (200) crystal 
planes of UHMWPE indicating that POSS did not influence the 

Fig. 1. Procedure of annealing experiments.  

Table 2 
The influence of POSS on the polymerization catalyzed by Z-N catalyst.a  

Item POSS (wt%) Activityb MV*106 g/mol MWD 

neat UHMWPE 0 15.76 2.7 4.9 
0.05% POSS/UHMWPE 0.05 11.32 2.6 5.7 
0.1% POSS/UHMWPE 0.1 14.22 2.7 6.2 
0.2% POSS/UHMWPE 0.2 11.81 2.6 5.9 
0.3% POSS/UHMWPE 0.3 12.99 2.6 5.5 
0.4% POSS/UHMWPE 0.4 13.64 2.7 5.5  

a All reactions were conducted in a 2 L reactor at 85 ◦C and 0.6 MPa with 1 L 
purified hexane, [Al]/[Ti] = 150. 

b Activity: *106 g PE*(molTi*h)− 1. 

J. Zhou et al.                                                                                                                                                                                                                                    



Polymer 244 (2022) 124561

4

crystalline structure of UHMWPE [29]. The characteristic peaks of POSS 
are not observed in POSS/UHMWPE composites with low POSS content, 
indicating good dispersion of POSS in UHWMPE. When the content is 
higher, the characteristic peak is recognized, indicating the formation of 
POSS crystals in UHWMPE matrix [17]. 

3.2. Thermal transitions 

The DSC curves of the first melting and second melting of POSS/ 
UHMWPE composites are shown in Fig. 5. The melting point tempera-
ture of the second heating scan is obviously lower than that of the first 
heating scan, indicating a disentangled structure in the polymers [30]. 
The detailed results were summarized in Table 3. The melting enthalpy 
(ΔHm) was obtained by integrating the melting curves within a certain 
range (110–150 ◦C), and the crystallinity (Xc) was summarized by 
comparing the obtained ΔHm with the melting enthalpy of perfectly 
crystallized polyethylene (293 J/g). As has been reported, POSS didn’t 
have impressive effects on the melting and crystallization temperature 

of UHMWPE [13]. Nevertheless, the addition of POSS increased the 
melting enthalpy and crystallinity of UHMWPE [25]. 

3.3. Viscoelastic behavior 

Melt viscosity can reflect the entanglement of polyolefin [16]. 
Generally, the higher entanglement degree can lead to a higher melt 
viscosity. Small amplitude oscillatory shear measurements (0.01–100 
rad/s) were utilized for the measurement of rheological properties of 
POSS/UHMWPE composites with different POSS contents, which varied 
from 0.05 to 0.4 wt%. The region of low frequency (0.01–1 rad/s) which 
is also known as terminal region revealed the small amplitude distur-
bance to the test system, reflecting the rheological response of UHMWPE 
matrix chain. More accurate information about the movement of poly-
mer molecular chain can be provided [31]. Fig. 6 shows the dynamic 
viscosity η* with the decrease of frequency (100–0.01 rad/s) for neat 
UHMWPE and POSS/UHMWPE composites which was obtained from 
the equation below: 

Fig. 2. (a) SEM micrograph of nascent UHMWPE; EDS of (b) 0.2% POSS/UHMWPE (⋅Si); (c) TEM micrograph of 0.2% POSS/UHMWPE; (d) histogram of particle size 
of POSS domains of 0.2% POSS/UHMWPE; (e) average nanoparticles size as a function of POSS content in the UHMWPE matrix. 

Fig. 3. FTIR spectra of POSS/UHMWPE composites.  
Fig. 4. WAXS intensity traces of POSS/UHMWPE composites.  
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η* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

G′ 2
+ G′′2

√ /
ω (3)  

where ω is the frequency of the experiment, G′ and G′′ are the storage 
modulus and loss modulus of the samples, respectively. The POSS/ 
UHMWPE melts showed viscosity reduction in the region of low fre-
quency with the addition of POSS. The result is consistent with recent 
findings that low addition of nanoparticles can lower the melt viscosity 
of polyolefins [32]. However, because of the increased size of POSS 
domains, the viscosity increased when the addition increased to 0.3 wt 
%. Fig. 6 also revealed that the POSS/UHMWPE composites showed 
shear thinning behavior with the increase of frequency [17]. The 
reduction of viscosity has been reported to reveal an entanglement 
expansion mechanism of molecular sliding/lubrication induced by 
POSS. That is, well dispersed POSS can intercalate the molecular 
network and induce the increase of free volume, thus reducing the melt 
viscosity [17]. 

3.4. Entanglement dilution 

The degree of plasticization of polyolefin can be quantified by the 
molecular weight between entanglement (Me) figured from rubber 
platform modulus at thermodynamic equilibrium [33]. The plots of 
storage modulus-temperature curves of POSS/UHMWPE composites are 
shown in Fig. 7. The easy formation of a dense entangled network of 
UHMWPE determines that UHMWPE will not form a traditional 
continuous melting after heating above the melting point. Therefore, 
there is a rubber plateau in the temperature range between 160 and 
200 ◦C [13]. The molecular weight (Me) and density (Ve) between 
entanglement of UHMWPE can be obtained from equations (4) and (5) 
[34,35]. Me is verified as the average molecular weight between two 

Fig. 5. DSC curves of POSS/UHMWPE composites. (a) neat UHMWPE; (b) 0.05; 
(c) 0.1; (d) 0.2; (e) 0.3; (f) 0.4 wt% POSS/UHMWPE. 

Table 3 
Thermal properties of POSS/UHMWPE nanocomposites.  

Sample Tm
1 

/oC 
Tm

2 

/oC 
Tc 

/oC 
ΔHm

1 

/Jg− 1 
Xc

1 

/% 
ΔHm

2 

/Jg− 1 
Xc

2 

/% 

neat UHMWPE 140.9 136.4 120.3 189.2 64.77 129.8 44.29 
0.05% POSS/ 

UHMWPE 
141.1 135.5 121.1 194.5 66.37 130.4 44.49 

0.1% POSS/ 
UHMWPE 

141.9 136.6 120.3 193.2 65.93 149.3 50.94 

0.2% POSS/ 
UHMWPE 

140.2 135.8 119.9 196.0 66.89 145.4 49.64 

0.3% POSS/ 
UHMWPE 

141.1 135.5 120.8 190.8 65.10 139.2 47.51 

0.4% POSS/ 
UHMWPE 

140.9 135.9 120.8 185.7 63.39 138.1 47.14  

Fig. 6. Melt viscosity of POSS/UHMWPE nanocomposites with different POSS 
content. T = 180 ◦C. 

Fig. 7. The storage modulus-temperature curves of neat UHMWPE and POSS/ 
UHMWPE composites. 

Table 4 
Molecular weight between entanglement (Me) and entanglement density (Ve) 
measured from the rubbery plateau region at 190 ◦C.  

Sample G0
N

a Me Ve 

neat UHMWPE 4.92 2349.0 367.0 
0.05% POSS/UHMWPE 4.04 2859.2 301.5 
0.1% POSS/UHMWPE 3.28 3517.3 245.1 
0.2% POSS/UHMWPE 3.10 3721.9 231.6 
0.3% POSS/UHMWPE 4.04 2860.8 301.3 
0.4% POSS/UHMWPE 4.16 2773.7 310.8  

a G0
N: equilibrium modulus at 190 ◦C.  
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entanglement nodes in the chain of UHMWPE, and Ve is verified as the 
proportion of the number of instantaneous entanglement points to the 
average number of entanglement points in the equilibrium state. 

Me =
3ρRT

Ee
(4)  

Ve =
ρ

Me
(5)  

where ρ is the density of the composites and is equal to 0.862 g/cm3, R is 
the universal gas constant (8.314 Jmol− 1K− 1), T is the absolute tem-
perature. Ee is the storage modulus in the thermodynamic equilibrium 
state measured by DMA in tensile mode [36]. 

The specific values of Me and Ve are summarized in Table .4. It is 
suggested that POSS could intercalate the entanglement network when 
its domain size is smaller than the tube diameter of polyethylene (dt, 
ca.3.28 nm). When the content of POSS is small (0.05–0.2 wt%), Me of 
the composites increased and Ve decreased, revealing that POSS can 
definitely diminish the entanglement of UHMWPE. When the addition 
comes to 0.3 wt%, POSS tends to agglomerate and the size of the do-
mains becomes larger than dt, Thus the Me decreased and Ve increased 
[37]. The results reflected the influence of the size of POSS domains on 
the polymer dynamics and the trend of Me and Ve is consistent with the 
results of complex viscosity (η*) discussed above. 

3.5. Isothermal crystallization analysis 

DSC instrument was utilized for the investigation of the isothermal 
crystallization behaviors of POSS/UHMWPE composites. The crystalline 
ability of the polymer chains was quantitatively studied. The Avrami 
equation is always applied for the study of isothermal crystallization 
kinetics [38]: 

Xt = 1 − exp[− Zttna ] (6)  

where Zt is the rate constant of Avrami crystallization, na is the exponent 
associated with the mechanism of nucleation. 

Typical isothermal crystallization curves of POSS/UHMWPE com-
posites of different crystallization temperatures are represented in Fig. 8. 
It can be concluded that the exothermic peak of the curve shifts to the 
right with the increase of the isothermal crystallization temperature, 
indicating that the required time for UHMWPE to complete crystalliza-
tion was increased. Xt is the corresponding crystallinity at time t which is 

calculated as below: 

Xt =
Xt(t)

Xt(∞)
=

∫ t
0(dH(t)/dt)dt

∫∞
0 (dH(t)/dt)dt

(7)  

where dH(t)/dt is the rate of heat flow, Xt(t) and Xt(∞) are the crys-
tallinity at time t, and the crystallinity of the completed crystallization 

Fig. 8. DSC curves of the isothermal crystallization of POSS/UHMWPE com-
posites at different crystallization temperatures: (a) neat UHMWPE; (b) 0.2% 
POSS/UHMWPE. 

Fig. 9. Development of Xt with the crystallization time for the isothermal 
crystallization of (a) neat UHMWPE; (b) 0.2% POSS/UHMWPE. 

Fig. 10. Plots of ln[-ln(1-Xt)] verses ln(t) for (a) neat UHMWPE and (b) 0.2% 
POSS/UHMWPE during isothermal crystallization. 

Table 5 
Parameters of isothermal crystallization kinetics of POSS/UHMWPE composites.  

Sample T(oC) Zt(min− 1) t1/2
a t1/2

b n n  

125 0.061 3.82 3.80 1.82   
125.5 0.028 4.8 4.82 2.04  

neat UHMWPE 126 0.020 5.9 5.78 2.02 1.97  
126.5 0.021 6.07 5.95 1.96   
127 0.018 6.27 6.21 2   

125 0.063 4.45 4.43 1.61  
0.2% 125.5 0.045 4.93 4.9 1.72  
POSS/UHMWPE 126 0.031 5.5 5.46 1.83 1.81  

126.5 0.023 5.9 5.84 1.93   
127 0.020 6.03 5.99 1.98   

a determined from Fig. 10. (min). 
b calculated from Avrami equation (min). 
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process, respectively. Thus, the development of Xt as the function of the 
crystallization time for UHMWPE was presented (Fig. 9). 

ln[ − ln(1 − Xt)]= lnZt + nlnt (8) 

Plots of ln[-ln(1-Xt)] verses ln(t) for POSS/UHMWPE composites 
during isothermal crystallization were obtained in Fig. 10. Half time of 
crystallization (t1/2) of a polymer is assumed as a measure of the 
comprehensive crystallization rate. It can be directly obtained from 
Fig. 9 or calculated from equation (9): 

t1/2 =

(
ln2
Zt

)1/n

(9) 

The fitting results of the isothermal crystallization are summarized in 
Table 5. The t1/2 of both neat UHMWPE and 0.2% POSS/UHMWPE 
increased with the increase of Tc, revealing that the crystallization oc-
curs by a nucleation-controlled mechanism [25]. There are few de-
viations between the experimental data and the calculated data, 
indicating that Avrami equation can well illustrate the isothermal 
crystallization of UHMWPE. The Zt of neat UHMWPE and 0.2% POS-
S/UHMWPE are all close to 2, indicating the concurrent emergency of 
two-dimensional crystal growth with heterogeneous nucleation [39]. 
Uniformly dispersed POSS could induce heterogeneous nucleation of 
UHMWPE and the effects become obvious when the isothermal crys-
tallization temperature gets higher. The crystallization rate indicated by 
t1/2 reveals that the addition of POSS could accelerate the crystallization 
rate when the isothermal crystallization temperature is higher and this is 
consistent with the trend of heterogeneous nucleation. It can be 
concluded that POSS acted as a nucleation agent for the initial nucle-
ation and pursuant growth of the crystals. 

3.6. Nonisothermal crystallization analysis 

Compared with isothermal crystallization, the nonisothermal crys-
tallization process is closer to the actual processing of the polymer, so 
the investigation of nonisothermal behavior and kinetics can play an 
important role in the industrial production of UHMWPE. 

The nonisothermal melt crystallization exotherms at different cool-
ing rates are represented in Fig. 11. The exothermic traces became wider 
and shifted to lower temperature as the cooling rate increased for all 
samples, indicating that the crystallization was governed by the nucle-
ation rate [40]. The parameters of nonisothermal crystallization are 
summarized in Table 6. It was shown that with the addition of POSS, the 
crystallinity determined by the enthalpy of melting was increased, and 
the crystallization rate determined by t1/2 (Fig. 12) was increased, 
revealing that POSS can act as nucleus for UHMWPE. 

Fig. 11. DSC curves at different rates: heating scan of (a) neat UHMWPE, (b) 0.2% POSS/UHMWPE; cooling scan of (c) neat UHMWPE, (d) 0.2% POSS/UHMWPE.  

Table 6 
Non-isothermal crystallization parameters of neat UHMWPE and 0.2% POSS/ 
UHMWPE.  

Sample Φ (oC/min) T0 (oC) Tc (oC) t1/2 (s) ΔHm (J/g) Xc (%)  

2.5 126.5 122.7 117 139.2 47.5 
neat 5 126.2 121.1 70 131.3 44.8 
UHMWPE 10 125.2 119.8 45 123.8 42.3  

20 124.7 118.3 30 118.4 40.4  
40 124.1 116.6 19 116.3 39.7  

2.5 126.4 122.8 96 151.4 51.7 
0.2% POSS 5 125.5 121.4 63 146.7 50.1 
/UHMWPE 10 124.7 119.8 41 138.3 47.2  

20 124.1 117.8 28 131.0 44.7  
40 123.5 116.2 18 127.9 43.7 

Φ = heating rate and cooling rate; T0 = starting crystallization temperature; Tc 
= crystallization temperature. 
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When the cooling rate increased, the difference of t1/2 of the two 
samples became smaller. That phenomenon results from the ultrahigh 
molecular weight of UHMWPE. When the rate is small, there is enough 
time for the rearrangement of molecular chain of UHMWPE during the 
process and crystallization, so the crystallization rate varies greatly. 
When the rate gets higher, the linear unbranched molecular chain of 
UHMWPE crystallizes very quickly, the chain does not have enough time 
to rearrange. 

The Ozawa method was applied to investigate the nonisothermal 
crystallization behavior. The Ozawa plots of neat UHMWPE and 0.2% 
POSS/UHMWPE were shown in Fig. 13. 

ln[ − ln(1 − Xv(T))]= a
(
T − Tq

)
(10)  

where Tq is the crystallization peak temperature; Xv(T) is the volume 
fraction of polymer at crystallization temperature T which can be 
determined from the equation below: 

Xv(T)=
Xw(T) ρa

ρc

1 −

(

1 − ρa/ρc

)

Xw(T)
(11)  

where ρa and ρc equal to the density of amorphous and crystalline phase 
of UHMWPE, and ρa = 0.865, ρc = 1.000. As can be seen, the results 
show a good linear relationship. The parameters a and -aTq can be 
calculated from the slope and intercept of the fitting curve. 

The plot of lnΦ/a verses Tq is shown in Fig. 14. 

Tq = nlnφ
/

a + b (12) 

From the plot of the fitting curve, the parameter of Avrami - n can be 
obtained (Table 7): 2.62 for neat UHMWPE, 2.45 for 0.2% POSS/ 
UHMWPE, indicating they have the same crystallization type. The non- 
integer form of the Avrami index may be caused by factors such as the 
secondary crystallization process, the mixing nucleation method, and 
the density change of the material. 

3.7. Annealing study 

The thermal history of polymers domains its melting behavior 
strongly [41,42]. A flash-DSC was utilized for the annealing experiments 
under different annealing times and temperatures to explore the effects 
of POSS on the entanglement of UHMWPE. It was reported that the 
successive peeling of the chains from the crystal substrate occurs during 
the annealing process, and a new crystal state can be formed when the 
sample was cooled down, causing difference in the melting behavior 
[43]. As can be seen from Fig. 15, two obvious endothermic peaks were 
inspected after annealing. It was reported that the extra melting peak 
was resulted from the sectional melting and recrystallization during 
annealing [41]. As has been reported, the endothermic peak at lower 
temperature is associated with the crystals formed by secondary crys-
tallization, while the endothermic peak at higher temperature is 

Fig. 12. Development of Xt with the crystallization time for the non-isothermal 
crystallization of (a) neat UHMWPE; (b) 0.2% POSS/UHMWPE. 

Fig. 13. Plots of ln[-ln(1-Xv(T))]-T of (a) neat UHMWPE and (b) 0.2% POSS/ 
UHMWPE with different POSS content during non-isothermal crystallization. 

Fig. 14. Plot of Tc versus lnφ/a for neat UHMWPE and 0.2% POSS/UHMWPE.  

Table 7 
The non-isothermal crystallization kinetics parameters of neat UHMWPE and 
0.2% POSS/UHMWPE.  

Sample Φ (oC/min) Tc
a (oC) Tc

b (oC) a n  

2.5 122.7 123.3 − 2.5  
neat 5 121.1 121.9 − 2.3  
UHMWPE 10 119.8 120.4 − 1.9 2.62  

20 118.3 119.2 − 1.8   
40 116.6 117.7 − 1.5   

2.5 122.8 123.2 − 2.9  
0.2% POSS 5 121.4 122.1 − 2.9  
/UHMWPE 10 119.8 120.6 − 2.2 2.48  

20 117.8 119.6 − 2.2   
40 116.2 117.7 − 1.5   
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associated with the crystals formed from initial crystallization [43]. 
With the addition of annealing time, the melting peaks of higher 

temperature were shifted to higher temperature, and the melting peaks 
of lower temperature were shifted to lower temperature, increasing the 
temperature difference between them. This indicates that with the 
extension of annealing time, the partial melting and recrystallization 
were gradually perfected. When the annealing time was short (<0.1s), 
the proportion of the peak area of the recrystallized melting peak to that 
of the initial melting peak increased. This may be mainly because as the 
annealing time increases, more polymer chains could fall off from the 
matrix and recrystallized [13]. Thus, the recrystallized part increased 
and the primary crystallized part decreased. It was reported that the 
disentangled UHMWPE possesses higher local mobility [41,42]. As can 
be seen, under the same annealing time, the peak area ratio of the 
recrystallized melting peak to the initial melting peak of POS-
S/UHMWPE is higher than that of neat UHMWPE, indicating that the 
added POSS improves the capacity of chain diffusion and has specific 
effects on the disentanglement of UHWMPE. 

However, when the annealing time was longer (>0.1s), the peak area 
of initial melting peak increased. As has been reported, the fraction of 
free volume in polymers increases firstly and then decreases with the 
increase of its annealing time [44]. So, it can be speculated that when 
the annealing time increases, the free volume of UHMWPE decreases 
which limits the movement of the chain. 

3.8. Segment dynamic of POSS/UHMWPE composites 

The areas of the two melting peaks discussed above is proportional to 
the amount of corresponding crystals, so the proportion of the peak 
areas can be the measurement for the ratio of the amounts of corre-
sponding crystals formed by recrystallization or in the initial nascent 
state [43]. As has been discussed, when the annealing reached a certain 
level, the slip diffusion of the chain segment gradually slows down and 
stops. The slip and diffusion of the chain segments at the beginning of 
annealing can better reflect the movement of the UHMWPE molecular 
chains. The annealing experiments were carried out from 118.5 to 
121.5 ◦C. Fig. 16 shows that the normalized initial melting enthalpy 
decreased with the extension of annealing time and temperature 
increased, revealing that more polymer chains detached from the matrix 
as the annealing time and temperature increased. Moreover, the per-
centages of the POSS/UHMWPE composite are evidently smaller than 
those of neat UHMWPE, indicating that POSS has impressive influence 
on the disentanglement. 

The flexibility of polymers is closely related to the melting behavior 
of polymers. The enthalpic relaxation times for different melt processes 
can be determined by Fig. 17 with Debye (Arrhenius) equation [13,43]. 

H(T, t)=H0(T)e
− t/τ(T) (13) 

Among them, τ(T) is the time constant, T and t are the annealing 
temperature and annealing time, respectively. Because of the enthalpy 
loss caused by Flash DSC, the parameter “a” was introduced. The 

Fig. 15. The DSC curves of (a) neat UHMWPE and (b) 0.2% POSS/UHMWPE in different annealing time. (Ta = 121 ◦C).  

Fig. 16. The decrease in the relative area of the high temperature melting peak 
of (a) neat UHMWPE and (b) 0.2% POSS/UHMWPE for different annealing 
times at different annealing temperatures. 

Fig. 17. Influence of POSS on melt activation energy during annealing.  
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relationship between the time constant (τ) and the activation energy 
(EA) can be determined by 

τ = τ0eEA/RT (14) 

The time constant (τ) of various temperatures can be obtained from 
Fig. 17 with equation (13). The plot of ln τ as a function of 1/T is shown 
in Fig. 17, two curves with different slopes were obtained. From equa-
tion (14), the melt activation energy can be attained from the fitting 
slopes [43]. The obtained melt activation energies are 426.17± 60.58 
kJ/mol for neat UHWMPE and 163.86 ± 70.28 kJ/mol for POS-
S/UHMWPE composite. The obtained melt activation energies are 
attributed to the energy barriers that the chain segments must overcome 
to detach from the crystal and then diffuse into the melt. The POS-
S/UHMWPE composite has a lower activation energy, revealing that it 
requires lower energy for the chain segment to move and melt. The 
lowered melt activation energies in POSS/UHMWPE composites would 
have the potential to benefit the use of PE in thermal sealing applications 
involving packaging. 

3.9. Mechanical study 

The influence of POSS on the tensile strength and break elongation of 
UHMWPE was also investigated, and the results are summarized in 
Fig. 18. It shows that POSS didn’t show outstanding influence on the 
tensile strength of UHMWPE. However, obvious effects were observed 
on the break elongation. With the addition of POSS, the break elongation 
increased, and it reached the maximum when the content was 0.2 wt% 
with an increase of 94.8%. When the content was further increased, the 
break elongation decreased instead. Same mechanical reinforcements 
were also shown in POSS/PE films that their mechanical properties 
increased at low concentration of POSS while decreases at higher con-
centration of POSS [15]. The volume control of POSS domains is 
responsible the phenomenon. When the size of POSS domains is small 
(<tube diameter of polyethylene), POSS intercalates the molecular 
chain and acts as a physical crosslink to prevent the sliding and align-
ment of the polyethylene chains during extensional flow. At higher POSS 
content, the size of POSS domains increased due to agglomeration, and 
reduced mechanical properties are observed because POSS acts as stress 
concentrator in the UHMWPE matrix. 

4. Conclusion 

Soluble POSS was added in UHMWPE by in-situ polymerization to 
avoid the agglomeration. The influence of POSS on the polymerization, 
dispersion, thermal transitions, melt viscosity, crystallization behavior, 

annealing behavior and mechanical properties were investigated. The 
addition of POSS affected the activation of Z-N catalysts and widen the 
molecular weight distribution which is beneficial to processing. TEM 
spectra of nascent POSS/UHMWPE composites show uniform dispersion 
of POSS in UHMWPE matrix and the particle size of POSS domains 
increased as the POSS content increased. The melt viscosity of POSS/ 
UHMWPE composites decreased with the addition of POSS and the op-
timum content is 0.2 wt%. The rubbery plateau modulus of UHMWPE 
was remarkably decreased with the introduction of POSS, indicating a 
strong dilation effect of POSS on polymer entanglements. The crystal-
lization study of POSS/UHMWPE composites indicated that uniformly 
dispersed POSS can induce heterogeneous crystallization of UHMWPE, 
accelerate the crystallization rate and increase the crystallinity. A Flash 
DSC was utilized for the annealing study of the composites. The per-
centage of re-crystallized melting peak area of POSS/UHMWPE com-
posite is higher than that of neat UHMWPE, revealing more polymer 
chains detached from the matrix during annealing. The melt activation 
energies of neat UHMWPE and POSS/UHMWPE composite were calcu-
lated by Arrhenius equation and the results show that the added POSS 
can impressively diminish the energy barrier of the polymer chains 
during annealing, reflecting impressive effects of POSS on the disen-
tanglement of UHMWPE. 
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