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UHMWPE/BN composites were prepared by solvent mixing (SM) in this work, then were characterized by scanning electron 
microscope (SEM), Raman mapping, di�erential scanning calorimeter (DSC), thermogravimetric analysis (TG), and thermal 
conductivity meter to study the morphology, �ller distribution, segregated structure, and thermal stability as well as thermal 
conductivity. Compared to the traditional melt mixing (MM), SM followed by molding contributes to the construction of segregated 
structures in UHMWPE composite. �is segregated structure can greatly improve the thermal conductivity of the composites. �e 
segregated structure of composites prepared by MM is destroyed by shearing. Moreover, the thermal stability of composites by SM 
is improved with the increment of BN content, which is better than that of samples by MM, probably resulting from the barrier 
function of the segregated structure.

1. Introduction

Ultra high molecular weight polyethylene (UHMWPE) is an 
engineering plastic that is widely used in aerospace, defense 
military, biological joints, pipeline transportation, etc., due to 
its outstanding wear resistance, excellent impact resistance, as 
well as good biocompatibility [1]. A crucial issue currently 
remaining unresolved is low heat distortion temperature and 
poor thermal conductivity of UHMWPE, causing UHMWPE 
to be locally susceptible to thermal deformation, resulting in 
limited application areas. At present, some researchers manip-
ulate the polymer chain alignment to form orientations [2–4] 
and the high crystallinity [5, 6] in the matrix to get high ther-
mal conductivity of UHMWPE. �ere is such a problem that 
this method requires high production equipment and leads to 
limited application. In addition to adjust the alignment of pol-
ymer chains, UHMWPE doped with the thermally conductive 
�llers has also gained signi�cant attention. �e improved ther-
mal conductivity of UHMWPE composites have been obtained 
through doping of �llers, such as aluminium nitride (AlN) [7, 

8], boron nitride (BN) [9], silicon nitride (Si3N4) [10],  silicon 
carbide (SiC) [11], and  aluminium oxide [12].

However, UHMWPE cannot be extruded and injection 
molded like other thermoplastic materials at temperatures 
above its melting temperature due to its extremely high melt 
viscosity. Nowadays, the processing of this material is basically 
limited to compression molding [13–15] and ram extrusion. 
�erefore, the distribution of thermally conductive �llers in 
the matrix of UHMWPE has become a key factor a�ecting the 
thermal conductivity of composites. In order to allow the ther-
mally conductive particles to be well distributed in the 
UHMWPE matrix, scholars are currently mixing them: (1) by 
dispersing the �ller and UHMWPE particles in an organic 
solvent, then volatilizing the organic solvent to dry; (2) by 
stirring the �ller with UHMWPE pellets at high speed in a 
high speed mixer for a period of time [16]; (3) by mixing the 
�ller and UHMWPE pellets at a certain temperature [17]. For 
the �rst type of dispersion, the organic solvents commonly 
used by research scholars are acetone [18], ethanol [19–22], 
1,2 dicholorobenzene [23], etc. Whether dispersed in a solvent 
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or stirred in a high-mixer, the composite has a segregated 
structure with a good thermal path, since compression mold-
ing is a static ©ow �eld. When the �ller and the UHMWPE 
matrix are mixed in a molten state, the segregated structure is 
damaged to some extent. It has been reported [24] that the 
order of increase in thermal conductivity is melt mixing, twin 
roll mixing, solution mixing, and powder mixing. �en, the 
in©uence of mixing methods on morphological structure and 
thermal conductivity, and the relationship between them 
remains to be further understood.

In this work, the UHMWPE/BN composites were pre-
treated by MM and SM, and then was performed compression 
molding. We investigated the e�ects of microstructure of com-
posites prepared by these two mixing methods on thermal 
conductivity. Furthermore we focus on the relationship 
between morphological structure and thermal stability of the 
composite.

2. Materials and Methods

2.1. Materials. UHMWPE particles with an average diameter 
of ~150 μm (Mv = 2.5×106 g/mol) was purchased from LianLe 
Chemical Co., Ltd., (Shanghai, China). Hexagonal Boron 
Nitride platelets with an average diameter of 3 μm and density 
of 2.25 g/cm3 were supplied by Yingkou Tianyuan Chemical 
Research Institute Co. Ltd., (Liaoning, China).

2.2. Preparation of the UHMWPE/BN Composites
2.2.1. Preparation of the UHMWPE/BN Composites by Solvent 
Mixing. A speci�ed amount (0, 10, 20, 30, 40 wt%) of BN 
microsheets was fed into ethanol to form a suspension under 
magnetic stirring for 1 h. �en UHMWPE particles were 
added into the suspension followed by magnetic stirring at 
60°C for another several hours to ensure ethanol completely 
evaporated. Subsequently, the mixtures were compression-
molded at 220°C and 17.6 MPa for 5 min a°er preheating for 
20 min. �e resulting UHMWPE/BN composites were cooled 
to room temperature by cold compression molding for 40 min.

2.2.2. Preparation of the UHMWPE/BN Composites by Melt 
Mixing. BN microsheets were �rst dried in an oven at 80°C 
for 12 h. UHMWPE powder was then mixed with 0, 10, 20, 
30, 40wt% of BN microsheets in Harper torque rheometer 
at 190°C and 30 rpm for 10 min. �en, the mixtures were 
immediately transferred to a mold for hot pressing at 220°C 
and 17.6 MPa for another 10 min followed by cold compression 
molding for 40 min.

2.3. Characterization. �e morphology of the samples was 
obtained with a scanning electron microscope (SEM, JSM-
7500F, JEOL, Japan). It was performed at an acceleration 
voltage of 5 kV. �e fractured surfaces of samples were sprayed 
with Au before SEM examination.

Raman mapping was performed by a micro-laser confocal 
Raman spectrometer (�ermo Scienti�c DXR2xi, America). 
For each sample, a total of 3721 spectra were collected in 70 
min on a sample area of 300 × 300 μm with a spatial resolution 

of 5 μm between spectra. �e test condition was that the laser 
power is 10 mW, and the total exposure is 20 times with 0.025 
s exposure time for each spectrum. Peak area of Raman char-
acteristic peak of BN at 1365 cm−1 in Raman mapping data 
was processed by OMMIC analysis so°ware, which can rep-
resent the content of BN. In addition, the color in the mapping 
from dark blue to red indicates the distribution of the BN 
characteristic peak area from small to large.

Crystalline properties were measured by di�erential scan-
ning calorimeter (DSC, Q20, TA). �e samples were �rst 
heated up to 200°C and held isotherm at 200°C for 3 min to 
remove heat history and then cooled to 40°C. �e samples 
were reheated from 40 to 200°C at 10°C/min. �e crystallinity 
(Xc) was counted according to the following equation:

where Δ�� is the melting enthalpy of samples, Δ��0 is the 
standard enthalpy of PE (290 J/g) [25], and � is the mass frac-
tion of h-BN platelets.

�e weight loss of samples was evaluated by thermal gravi-
metric analyzer (TGA, Q50, TA) with range from 40 to 600°C 
at a heating rate of 10°C/min under nitrogen atmosphere.

�e thermal conductivity was investigated by a hot–wire 
thermal conductivity instrument (Xiatech TC3000E, China) 
according to ASTM D5930. Before thermal conductivity meas-
urement, the hot wire was placed between two same samples 
of 1 mm thickness with a speci�c weight on top of the stacked 
samples to make good contact with samples due to its mechan-
ical ©exibility.

3. Results and Discussion

3.1. Morphology of UHMWPE/BN Composites. Figures 1(a) 
and 1(c) depicts the surface morphologies of UHMWPE 
nascent powder before and a°er SM. UHMWPE nascent 
powder is composed of a plurality of secondary particles 
connected by �bers. �ere is no signi�cant changes in 
morphology of UHMWPE particles a°er SM. In contrast, the 
�bers on the surface of UHMWPE particles by MM are melted 
due to the high temperature. �e morphologies of the core-
shell UHMWPE/BN particles with 40 wt% BN through two 
mixing methods are shown in Figures 1(d) and 1(f). It can be 
seen that BN is uniformly attached to the surface of UHMWPE 
particles by SM due to smooth surface, less defects, and higher 
aspect ratio of BN (Figure 1(b)). However, BN tightly adheres 
to the surface of UHMWPE particles by MM.

Figure 2 depicts the SEM observation of the cryo-fracture 
surface of the UHMWPE/BN composites, giving more details 
about microstructure di�erences of composites prepared via 
two mixing methods. As shown in Figure 2(a), cryo-fracture 
surface of pure UHMWPE prepared by SM is porous. �ere 
are obvious weld marks between UHMWPE particles. �is is 
because UHMWPE particles are only subjected to the vertical 
direction by hot pressing without force in the horizontal direc-
tion, so that molecular chain motion is limited, resulting in 
obvious weld lines between the particles and the porous brittle 

(1)�� =
Δ��

Δ��0 ∗ (1 − �)
× 100%,
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pro�le, while there is no porous brittle pro�le in cryo-fracture 
surface of the samples via MM resulting from shear mixing at 
high temperatures promoting the di�usion of UHMWPE 
molecular chains inside and between particles. As shown in 
Figure 4(b), with addition of BN up to 40 wt%, BN adheres to 
the surface of the UHMWPE particles, and forms BN path-
ways, which can improve the decomposition hindering e�ect 
of the 2D thermal conductivity �ller and thermal conductivity 
of UHMWPE/BN composites. However, it can be seen in 
Figure 2(d) that part of BN is embedded in UHMWPE parti-
cles due to shear at high temperature resulting in damage in 
segregated structure, which might be the reason why the 

thermal conductivity and thermal stability of the composite 
by MM is lower than that of samples via SM.

3.2. Raman Mapping. Raman mapping of UHMWPE/BN 
composites by SM and MM with various addition of BN is 
shown in Figure 3. As depicted in Figure 3, Figure a-1, b-1, 
c-1, d-1, is Raman mapping of test area (Figure a-2, b-2, c-2, 
d-2) of composites with various addition of BN, respectively. 
�e color in the image from blue to red represents the peak 
area of Raman characteristic peak of the boron nitride at 
1365 cm−1 in the composite material from small to large, which 
can indicate the distribution of BN in the composite matrix. 

(a) (b)

(c) (d)

(e) (f)

Figure 1: SEM of (a) UMMWPE nascent powder; (b) BN; (c) 0 wt% and (d) 40 wt% BN coated on UHMWPE particles by solvent mixing 
before hot pressing, (e) 0 wt% and BN (f) 40 wt% BN coated on UHMWPE particles by melt mixing before hot pressing.
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(a) (b)

(c) (d)

Figure 2: SEM of UHMPWE/BN composites by solvent mixing (a) 0 wt% BN; (b) 40 wt% BN; and melt mixing. (c) 0 wt% BN; (d) 40  
wt% BN.
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Figure 3: Raman Mapping of UHMWPE/BN composites by solvent mixing and melt mixing.
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through SM, resulting from shear promoting better dispersion 
of BN in the matrix, leading to better heterogeneous nucleation.

3.4. �ermal Stability of UHMWPE/BN Composites. �ermo-
gravimetric analysis (TGA) is carried out to characterize 
the thermal stability of the composites by di�erent mixing 
methods under nitrogen atmosphere. �e TGA curves and 
DTA curves are shown in Figure 5 and relevant thermal data 
are summarized in Table 2. Figure 5 shows that there is only 
a single stage from the temperature of 400 to 500°C during 
the thermal decomposition of UHMWPE/BN composites. 
It illustrates that the addition of BN and di�erent mixing 
methods does not a�ect the thermal decomposition behavior. 
�e temperatures at 5%, 30%, and 50% weight loss (�5, �30, 
and �50) are shown in Table 2. As Table 2 shows, �5 of samples 
by MM decreases with addition of BN and �30 and �50 has 
not changed signi�cantly, while �5, �30, �50 of composites by 
SM both increase. In addition, heat resistance index (HRI) 
[26] calculated by �5 and �30 of composites by MM decreases 
slightly from 299.1 to 226°C, while HRI of samples via SM 
increases from 225 to 230.5°C.

To obtain a better understanding of the thermal stability 
of the composites by di�erent mixing methods, integral pro-
cedural decomposition temperature (IPDT) based on Doyle’s 
proposition [27] and activation energy (��) can be used to 
assess material’s thermal stability. �e IPDT is determined 
from TGA curves and reckoned by following equations 
[28–30]:

(2)����(∘�) = �� ⋅ (�� − ��) + ��,

(3)� = �1 + �2�1 + �2 + �3
,

With the increment of BN content, BN coated on the surface of 
UHMWPE particles forms a continuous thermal conduction 
path inside the solvent-mixed composite, while the BN signal 
distribution is relatively uniform in the Raman mapping of 
composites by MM, indicating that the segregated structure 
of the composites is damaged due to shearing.

3.3. Crystallization Behavior of UHMWPE/BN 
Composites. Figure 4 depicts the on-heating DSC curves of 
UHMWPE composites by di�erent mixing methods and DSC 
thermal parameters are shown in Table 1. As shown in Table 
1, the crystallinity of pure UHMWPE pre-treated by SM and 
MM is 49.8 and 51.2%, respectively. With the content of BN 
up to 40 wt%, the crystallinity of the composites via SM and 
MM increases to 61.0 and 61.4% respectively, due to BN as 
heterogeneous nucleating agent. However the crystallinity 
of the composites by MM is higher than that of the samples 
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Figure 4: Heating melting function curve of UHMWPE composites by solvent mixing (a) and melt mixing (b), respectively.

Table 1:  DSC thermal parameters of UHMWPE/BN composites by 
solvent mixing and melt mixing.

Mixing 
method

BN content 
(wt%) ��(∘�)

Δ�� 
(J/g) ��(

∘�) Δ�� (J/g) ��(%)

SM

0 135.1 144.3 116.2 148.1 49.8
10 137.3 131.8 117.4 124.2 50.5
20 135.9 121.8 117.0 114.4 52.5
30 133.9 114.0 115.7 107.9 56.2
40 132.3 106.1 114.4 106.1 61.0

MM

0 135.7 148.6 118.3 145.9 51.2
10 137.7 145.7 116.6 139.5 55.8
20 134.6 137.6 117.4 127.7 59.3
30 135.6 127.1 117.3 119.0 62.6
40 136.0 108.5 116.9 108.2 62.4
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in physical entanglement density, resulting in better thermal 
stability.

As shown in Table 3, with addition of BN, the IPDT of 
the composites increases gradually and the IPDT of the 
melt-mixed samples is higher than that of the solvent-mixed 
samples, indicating that MM increases the inherent thermal 
stability of the composites. In addition, with the increment 
of BN content, the �� values of composites via MM or SM 
are reduced compared to pure UHMWPE resulting from 
the introduction of high thermal conductivity �ller BN 
causing heat to pass faster in the composites. And the ��
values of composites by MM decrease more than those of 
samples via SM. �is is because that the segregated structure 
of the composites through SM makes the 2D material BN 
hinder the di�usion of the volatile decomposition part [36], 
while the segregated structure of samples via MM is dam-
aged to some extent due to shear at high temperature. 
�ereby, the contribution of both IPDT and �� induces dif-
ferences in thermal stability between samples prepared by 
MM and SM [37].

3.5. �ermal Conductivities of the UHMWPE/BN 
Composites. Figure 7 illustrates the thermal conductivity 
and enhancement ratio of the UHMWPE/BN composites 
by di�erent mixing methods. �e thermal conductivity 
enhancement ratio is de�ned as:

where � is the thermal conductivity enhancement ratio; �� is 
the thermal conductivity of the composite; �� is the thermal 
conductivity of pure UHMWPE. As shown in Figure 7(a), it 
can be seen that the thermal conductivity of two mixing meth-
ods is increasing with the increment of BN content. �e ther-
mal conductivity of composites prepared through MM 
increases from 0.38 to 1.50 Wm−1 K−1, increased by 294.74% 
with addition of BN up to 40 wt%, while the thermal conduc-
tivity of composites prepared by SM is up to 1.76 Wm−1 K−1, 
increased by 363.16% at the same �ller content. It is obviously 
seen that the thermal conductivity of composites prepared by 

(6)� =
�� − ��
��
∗ 100%,

where � is the area ratio of total experimental curve divided 
by total TGA curve; � is the coeÁcient of � (Figure S2); �� is 
the onset experimental temperature (50°C, in this work) and 
�� is the terminal experimental temperature(550°C). �e 
results of composites by di�erent mixing methods are present 
in Table 3. �e IPDT can be usually attributed to the unstable 
parts in composites, indicating that the higher IPDT is, the 
better the thermal stability of composites is.

�e �� required for thermal decomposition of the 
UHMWPE/BN composites can be reckoned by the Horowitz–
Metzger integral kinetic method according to Equation (5) 
[31–33].

where � is the mass fraction of sample decomposed; the ��
values of the UHMWPE/BN composites can be calculated 
from the slope of the plot of ln(ln(1 − �)−1) versus � as shown 
in Figure 6 (kJ/mol); R is the real gas constant (8.314 J/
(mol·K)); �max is decomposition temperature at the maximum 
weight loss rate (°C); � is the di�erence between decomposi-
tion temperature � and �max(�).
�� is a parameter used to evaluate the thermal stability 

of materials. �e higher �� value the polymer composites 
have, the more thermally stable it is. Generally, relatively 
large crosslinking density results in high decomposition 
temperature [29]. It can be seen in Figures S1, S3, and Table 
S1 that both IPDT and the �� rise with the increase of relative 
molecular weight of UHMWPE, indicating that the higher 
relative molecular mass UHMWPE has, the higher the inter-
nal physical entanglement density is and the better thermal 
stability UHMWPE has [34, 35]. �e IPDT and  �� of 
UHMWPE with the same relative molecular mass prepared 
by MM is 499.7°C and 530.27 kJ/mol, respectively higher 
than the IPDT and the �� of UHMWPE prepared by SM, 
which is 475.5°C and 478.65 kJ/mol. During the MM process, 
the shearing action leads to a certain decrease in the relative 
molecular mass of UHMWPE, but also promotes the increase 

(4)� = �1 + �2�1
,

(5)ln(ln(1 − �)−1) = ��
��2max

�,

Table 2: �ermal data of UHMWPE/BN composites from TG analyses.

∗�Heat-resistance index = 0.49 ∗ [�5 + 0.6(�30 − �5)]. �5 and �30 is corresponding decomposition temperature of 5 and 30% weight loss, repectively.

Mixing method BN content (wt%)
Weight loss temperature(°C)

Heat-resistance index∗(°C)
Residual weight/%

�5 �30 �50 �eory Actual

MM

0 456.5 474.9 480.1 229.1 0 0.20
10 455.1 475.5 482.3 229.0 10 10.02
20 451.4 474.3 482.0 227.9 20 20.29
30 448.8 473.6 482.7 227.2 30 30.23
40 444.3 472.5 482.7 226.0 40 39.79

SM

0 443.6 469.6 477.0 225.0 0 0.31
10 436.7 465.3 474.4 222.4 10 10.04
20 450.6 475.0 482.9 228.0 20 20.67
30 453.7 476.6 484.7 229.0 30 28.45
40 457.4 480.1 489.7 230.8 40 40.96
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Figure 5: TGA and DTA curves of UHMWPE/BN composites by solvent mixing (a) (b) and melt mixing (c) (d).

Table 3: �ermal stabilities of the composites by di�erent mixing obtained from TGA curves.

a�e decomposition temperature at the maximum rate of the weight loss. b�e activation energy calculate by Horowitz–Metzger integral kinetic method.

BN content (wt%)
�
max

a (°C) IPDT (°C) ��b (kJ/mol) �2 ��b (kJ/mol) �2

SM MM SM MM SM MM
0 481.8 480.8 475.5 499.7 478.65 0.997 530.27 0.997
10 478.2 484.4 534.8 566.7 335.62 0.999 430.27 0.995
20 483.7 482.4 535.7 649.6 356.59 0.991 356.34 0.991
30 483.4 481.6 626.4 742.9 342.05 0.986 305.78 0.986
40 483.5 478.1 705.9 875.2 333.03 0.979 281.07 0.982
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�e e�ective thermal conductivities of two-phase poly-
meric composites have been predicted by many researchers 
via proposing theoretical and empirical models. Hereon, 
Agari’s semi-empirical model [41–45] can �t better results 
than other models. �e logarithmic equation of Agari is shown 
as follows:

where �1 denotes the effect of doping BN on the UHMWPE 
structure; �2 denotes the contribution of BN to construction 

(7)log� = ��2log�2 + (1 − v)log(�1�1),

SM is superior to that of composites prepared by MM, which 
is consistent with the results of some researchers [38–40]. SM 
helps BN to physically adhere to the surface of UHMWPE 
particles, and composite materials with isolated structure can 
be prepared by molding, which results in improvement of 
thermal conductivity of UHMWPE/BN composites. However, 
the isolated structure of the composite is destroyed a°er the 
MM, which causes the thermal path inside the UHMWPE to 
be destroyed, resulting in lower thermal conductivity than that 
of composites by SM.
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Figure 6: �e plots of ln(ln(1 − �)−1) versus � as shown for the UHMWPE/BN composites by solvent mixing (a) and melt mixing (b).
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of continuous thermally conductive chains & networks, 
0 < �2 < 1, the easier formation of thermal conduction 
paths of fillers, the more the �2 close to 1; � denotes the 
volume fraction of fillers; �, �2, and �1 denote the thermal 
conductivity of composites, fillers and polymeric matrix, 
respectively.

Figure 8 shows the logarithmic values of thermal conduc-
tivities as a function of the BN volume fraction by MM and 
SM. Herein, �2 is 290 Wm−1 K−1 and �1 is 0.38 Wm−1 K−1, 
According to Equation (7), the results are calculated in Table 
S2. It can be seen that the parameters of �2 of composites by 
SM is higher than that of samples by MM, revealing that SM 
makes it easier for BN to form continuous thermally conduc-
tive networks in the UHMWPE matrix than MM, resulting in 
better thermal conductivity of the composite.

4. Conclusions

UHMWPE/BN composites, which were prepared by SM and 
MM, were characterized through SEM, Raman mapping, TG, 
DSC, and thermal conductivity meter. It aims to mainly dis-
cuss the e�ect of di�erent mixing methods on the thermal 
conductivity and thermal stability of the composites. �e 
samples by SM have a better segregated structure than the 
samples by MM whose segregated structure is destroyed due 
to high temperature shearing. Although the crystallinity of 
samples via MM is larger than that of the SM, the thermal 
conductivity of composites by SM is better than that of sam-
ples by MM, resulting from structural di�erences caused by 
the di�erence between the two mixing methods. �e reason 
is explained by calculated IPDT and activation energy of the 
composites that the thermal stability of the composite by SM 
increases with continuous addition of BN due to the decom-
position hindering e�ect of the 2D thermal conductivity 
�ller, while the thermal stability of the composite by MM 
decreases.
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