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ABSTRACT: Uniformly dispersed carbon nanotubes (CNTs) reinforced ultrahigh molecular weight polyethylene (UHMWPE) composites
were successfully prepared by freeze-drying method. Specifically, polymer powders were mixed with CNT aqueous paste, and then
freeze-dried. As a consequence, CNTs covered at the surface of UHMWPE powders evenly when CNT content was not very high, which
improved the quantity of crystals and crystallinity of UHMWPE/CNTs composites by providing more nucleation sites during the
upcoming compression-molded process. Furthermore, optimized dispersion state of CNTs and concomitant higher crystallinity made
freeze-drying technique prepared composites display much lower wear rate when compared with pure UHMWPE and UHMWPE/CNTs
composites fabricated by common heat-drying method. In a word, our proposed method of freeze-drying is simple and effective for
mass production of UHMWPE/CNTs composites, and it is promising to be applied to fabricate many kinds of nanofillers modified

polymer composites, for example, polymer/graphene material. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41885.
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INTRODUCTION

Ultrahigh molecular weight polyethylene (UHMWPE) is a poly-
mer with good mechanical and tribological properties, such as
notched impact strength and sliding abrasion resistance." It has
been widely used for pickers, bumpers, linings, and sidings in
industrial fields.> However, it is seen restricted in other
demanding tribological applications because of some factors,
such as load bearing capacity and thermal instability.” Several
approaches have been taken to improve the wear properties of
UHMWPE through the incorporation of zinc oxide,* silicon
carbide,” and other reinforcing additives.®’

As nanoscale fillers with outstanding mechanical and thermal
properties, carbon nanotubes (CNTs) have caught great interests
to improve tribological performance of UHMWPE-based mate-
rial, and some researches were developed to prepare UHMWPE/
CNTs composites.*™ Dry mixing®’ is a simple method, but in
the method prepared composites, the nanofillers are easy to
aggregate resulting from the Van der Waals force among them."
Subsequently, solution method'®'! and in situ polymeriza-
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tion'>"? were exploited. Although the dispersion status of CNTs

could be improved, the dispersion medium (e.g., toluene) often
causes environmental issue. Moreover, both methods are high
cost and unsuitable for industrialized production partly for the
complicated producing process or/and large demand for organic
solvent. Therefore, a low-cost and simple method is needed to
develop and to fabricate UHMWPE/CNTs composites with uni-
formly dispersed CNTs.

Recently, freeze-drying technique was used in epoxy based com-
posites.'>'® It is an effective method to optimize CNT distribu-
tion state. Fortunately, this technique has been widely applied
in food industry'” and botanical medicine,'® indicating its sim-
plicity and environment-friendliness (the dispersion medium is
water). In this work, we attempted to utilize such method to
prepare UHMWPE/CNTs composites. Characterization of dis-
persion status of CNTs and evaluation of tribological properties
of these corresponding composites were conducted. For com-
parison, the usually used method of heat-drying was also used
to prepare the UHMWPE/CNTs composites.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41885


http://www.materialsviews.com/

ARTICLE

o ~
é}; 4 o

UHMWPE powders

~~ CNT

WILEYONLINELIBRARY.COM/APP

— -
wet mlxmg drying : )
CNT paste i ;;‘r'_’;" .

deionized water

Applied Polymer

IENCE

heat drying

freeze drying

Figure 1. Experiment procedures of preparing UHMWPE/CNTs powders. Effect of different drying methods on CNT dispersion status is shown in the

schematic diagram. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

EXPERIMENTAL

Materials

UHMWPE, a granular molding powder obtained from Mitsui
Chemicals, Inc., was used in this work. CNT aqueous paste was
purchased from Shenzhen Nanotech Port Co. China, and the
weight fraction of CNTs was about 5%. These CNTs, with
diameter of 15-30 nm and length of 5-15 um, were synthesized
by chemical vapor deposition.

Preparation of UHMWPE/CNTs Composites

Preparation procedures of the UHMWPE/CNTs powders using
different drying methods were illustrated in Figure 1. The pur-
chased CNT paste was diluted by deionized water through
mechanical mixing and ultrasound. Then it was mixed with
UHMWPE powders by a planetary centrifugal mixer (supplied by
Shenzhen Hasai Technology Co.) to obtain homogeneous
UHMWPE/CNTs slurry. Weight ratio of CNTs : UHMWPE :
deionized water was set to be x : 100 : 50, where x= 0.05, 0.5, 1,
and 2, respectively, in different samples. Then, the slurry was dried
by freeze-drying method. In detail, the slurry was quickly frozen
by liquid nitrogen, which was beneficial for dispersion of CN'Ts,"
and followed by continuous drying in a freezing dryer for ~12 h.
As for the commonly used heat-drying method, the well-mixed
UHMWPE/CNT slurry was dried by keeping at 50°C for 24 h.

The dried powders were hot-pressed at 180°C with the pressure
of 15 MPa for 15 min, and then cooled down to room tempera-
ture by water-cooling. The pure UHMWPE sample was
compression-molded under the same condition to serve as a
baseline.

Characteristics

Features of raw materials and micromorphologies of dried
UHMWPE/CNTs powders were observed using scanning
electronic microscope (SEM. Model: HITACHI S4800, Japan),
with all samples gold coated before testing. Transmission elec-
tron microscope (TEM. Model: JOEL JEM-2100F, Japan) was
utilized to investigate the microstructure of pristine CNTs. Dif-
ferential scanning calorimetry (DSC. Model: STA449-F3, Ger-
many) test was performed under nitrogen atmosphere with a
temperature range of 30-200°C at a rate of 5°C/min.

Tribological properties of composites were tested using a
reciprocating-type ball-on-disc tribometer (HSR-2M, China).
The steel ball samples (Model: GCrl5 with diameter of
6.35 mm), used as the counterparts, were initially cleaned by
sonication in alcohol and dried at 80°C. The surface roughness
of balls and disc are below 0.02 um and 0.05um, respectively.
Tests were conducted at a normal applied load of 20 N with an
average sliding speed of 0.2 m/s. The magnitude of contact
stress is 18.7 MPa, estimated by using Hertz’s elastic contact
theory. Each test lasted for 2 h at room temperature without
lubrication. Worn surface of these samples were then studied
using an optical microscope.

RESULTS AND DISCUSSION

Characteristic of UHMWPE/CNTs Powders

Morphologies of the as-received UHMWPE powders and CNTs
were analyzed by SEM and TEM, respectively. Figure 2(a) shows
that pure UHMWPE powder is made up of many micronscale

Figure 2. (a) SEM image of UHMWPE powders; (b) TEM images of CNTs. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 3. SEM images of UHMWPE/CNTs powders prepared by different methods of heat-drying (a—d) and freeze-drying (e-h). CNT content: (a, )
0.05 wt %, (b, f) 0.5 wt %, (¢, g) 1 wt %, (d, h) 2 wt %. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

particles connected by nanometer fibrils.”® The surface of these
particles is smooth, whereas the fibrils are straight and parallel
to each other. As shown in Figure 2(b), CNTs used in this work
are squiggly and different from the fibrils in UHMWPE pow-
ders. In addition, the inset of Figure 2(b) shows a typical TEM
image of multi-wall CNTs with inside hollow structure.
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In order to illustrate the distribution state of CNTs at the sur-
face of UHMWPE powders prepared by different drying meth-
ods, the SEM images of the prepared samples are displayed in
Figure 3. Morphologies of the UHMWPE/CNTs powders pre-
pared by heat drying are presented in Figure 3(a—d). Even at
low CNT content of 0.05 wt %, there are some large CNT
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Figure 4. DSC curves for pure UHMWPE sample and UHMWPE/CNTs

composites fabricated by different methods of heat-drying and freeze-

drying. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

agglomerates [Figure 3(a and the inset of it]. With increasing
content of CNTs, more CNTs appear at the surface of
UHMWPE powders, and CNT agglomeration becomes more
serious [Figure 3(a—d)]. When CNT content reaches 2 wt %,
these CNT agglomerations even turn into microspheres [Figure
3(d)]. Similar phenomenon has been reported in some other

researches.”"?

Figure 3(e-h) show the morphologies of the UHMWPE/CNTs
powders fabricated by freeze-drying method. They are quite dif-
ferent from that in Figure 3(a—d). At 0.05 wt % CNT content,
CNTs almost separate from each other and uniformly distribute
at the surface of UHMWPE powders [Figure 3(e)]. When CNT
content increases from 0.05 to 2 wt %, the surface of UHMWPE
powders are gradually strewn by CNTs [Figure 3(e-h)]. With the
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Figure 5. Effect of drying methods on melting point of UHMWPE/CNTs
composites. The black point represents the melting point of UHMWPE.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6. Effect of drying methods on crystallinity of UHMWPE/CNTs
composites. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

content of 2 wt %, CNTs almost fully cover the surface of
UHMWPE powders [Figure 3(h)].

In brief, the results indicate that freeze-drying method could
produce CNTs-coated UHMWPE powders with optimized
micromorphologies. It can be explained as follows. Using the
heat-drying method, the dispersion medium of liquid water is
gradually evaporated and slowly reduces the distance among
CNTs. The mobile CNTs in fluid medium make it easier to
agglomerate resulting from the existence of Van der Waals
forces.”? In contrast, the liquid water is previously frozen by lig-
uid nitrogen, and then sublimate directly in the process of
freeze-drying, by passing the fluid state. So when freeze-drying
method is applied, the movement of CNTs is limited, thus the
phenomenon of agglomeration is effectively prevented. Such
effect of different drying methods on CNT distribution status is
shown in a schematic diagram (Figure 1).
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Figure 7. Coefficient of friction of UHMWPE/CNTs composites. [Color
figure can be viewed in the online issue, which is available at wileyonline-

2

library.com.]
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Figure 8. Wear rate of UHMWPE/CNTs composites. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Effect of CNT Distribution on the Crystallization of
UHMWPE/CNTs Composites

To further explicate the influence of the drying methods on the
crystallization behavior of UHMWPE/CNT composites, DSC
tests were conducted. The heating thermograms are shown in
Figure 4. On the basis of peak temperature of UHMWPE, the
thermograms of composites prepared by heat-drying method
(h-UHMWPE/CNTs) significantly shift to the right at high
CNT content, but the shift is much smaller as for the compo-
sites prepared by freeze-drying method (f-UHMWPE/CNTS).

The peak temperature of the melting thermogram is defined as
the melting point (7,,). Figure 5 shows the variations of T,
The T, value of pure UHMWPE is about 136°C. With the
increasing content of CNTs, T,, exhibits an increased trend.
Besides, T,, of h-UHMWPE/CNTs is always higher than that of
f-UHMWPE/CNTs at the same loading of CNTs. This is partic-
ularly apparent in composites at higher CNT content.

In general, the melting point has a close link to the crystal
size.”*** Under the assumption of a rectangular shaped crystal,
the relationship is described using Thomson—Gibbs equation:*®

Tp=T° [1— (ﬁ+ 2
L

L,

(1

+ g3 2
L3 PCAHS,

T

Figure 9. Optical images of worn surface: (a) pure UHMWPE, (b) and (c)
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Where T? =419 K is the equilibrium melting temperature of
the crystal with infinite thickness. oy, 0, and g3, with value of
94, 13.8, and 13.8 mJ/m? respectively, are the surface free
energy. L, L, and L; are the dimensions of the crystallite. The
pe=1.0 g/cm’ is the crystal density, and AH% =293 J/g is the
heat of fusion per unit mass of equilibrium melting.*” The eq.
(1) indicates that the melting point is directly proportional to
the dimension of crystallite (L;, L,, L;). Hence, according to the
variation tendency of T,, (Figure 5), the average size of PE crys-
tals should be increased with the addition CNT content, and
the size in h-UHMWPE/CNTs would be larger than that in f-
UHMWPE/CNTs.

Furthermore, based on the DSC curves, the heat of fusion
(AH,,), and crystallinity (Xc) of the UHMWPE/CNTs compo-
sites were determined. The crystallinity was calculated from the
endothermic peak using the formula below:

AH,,

= S 100%
AHD, ’

Xc (2)

Where AH?, =293 J/g is the heat of fusion for 100% of crystal-
line UHMWPE.”® As calculated by the eq. (2), the crystallinity
is shown in Figure 6. For the CNT modified composites, Xc
increases with the increasing content of CNTs followed by a
decrease when CNT content is over 1 wt %. High specific sur-
face can make CNTs be regarded as nucleation sites, which
might facilitate the nucleation and increased crystallinity.*®
However, excessive CNTs restrict the motion of molecular
chains, resulting in the decreased X¢ value.”

Besides, Xc value of f-UHMWPE/CNTs composite is always
higher than that of h-UHMWPE/CNTs at the same content of
CNTs, as shown in Figure 6. At the CNT content of 0.05 wt %,
Xc of h-UHMWPE/CNTs is very close to that of UHMWPE
samples, whereas is 6.15% lower than that of f~-UHMWPE/
CNTs. Basically, the improvement of X depends on the increase
of average size or/and quantity of crystals. As discussed earlier,
the average size of crystal in f~UHMWPE/CNTs should be
smaller than that in h-UHMWPE/CNTs. Consequently, the
amount of crystals would be much larger in f-UHMWPE/CNTs.
It is possible to infer that, by utilizing the freeze-drying method,
the CNTs distribute uniformly in the UHMWPE/CNTs compo-
sites, and provide much more nucleation sites. Therefore, the

My w" :_ a A ’; A ‘ JIF

g - Iy

are UHMWPE/CNTs composites with CNT content of 1 wt % prepared by

heat-drying and freeze-drying, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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quantity of crystals and the degree of crystallinity are improved
conspicuously.

Tribological Properties of the UHMWPE/CNTs Composites
Wear tests were conducted to evaluate the tribological perform-
ance of the UHMWPE/CNTs composites. The variations in the
coefficient of friction (COF) of the composites are demon-
strated in Figure 7. At CNT content of 0.05 wt %, the COF is
obviously increased by more than 20%. While at higher CNT
content, the COF is observed to decrease. This can be due to
the good mechanical properties and layered graphite structure
of CNTs. At low CNT content, the shear strength of the com-
posite should be improved significantly.”’ Increasing CNT con-
tent in composites inevitably leads to higher CNT fraction on
the sample surface. Gradually, the self-lubricating effects would
become a key factor in friction process, which contributes to
the reduction in the coefficient of friction.

However, compared with the variation of the COF, Figure 8
shows the opposite trend: the wear rate decreases dramatically
at first, whereas it increases at the high content of 2 wt %.
When CNT content reaches 1 wt %, the composites possess the
best tribological performance, and the wear rate of h-
UHMWPE/CNTs and f-UHMWPE/CNTs composite decreases
by 25.6% and 27.6%, respectively, compared with that of the
pure UHMWPE material. Moreover, the results show a distinct
phenomenon that the wear resistance of f-UHMWPE/CNTs sig-
nificantly outperforms that of h-UHMWPE/CNTs, when CNT
content does not exceed 1 wt %. For instance, at CNT content
of 0.05 wt %, the wear rate of h-UHMWPE/CNTs is 9.15%,
higher than that of f-UHMWPE/CNTs.

The worn surfaces of typical samples are shown in Figure 9. For
pure UHMWPE, the worn surface has deep grooves and serous
fatigue-separated layers, which correspond to the wear mecha-
nisms of abrasive and fatigue wear, respectively.”> From Figure
9(a—c), the size of fatigue-separated layers gradually decrease.
This indicates that the fatigue wear can effectively weaken by
incorporation of CNTs, and such effect would be more signifi-
cant for the UHMWPE/CNTs composites fabricated by freeze-
drying method.

Wear properties of UHMWPE/CNTs composites are partly
determined by the CNT distribution status. As discussed in the
previous section, freeze-drying method has an obvious advant-
age in ameliorating the dispersion state of CNTs in the compo-
sites, compared to the heat-drying method. Thus, during wear
tests, the stress would be more effectively transferred by the fil-
ler of CNTs in the -UHMWPE/CNTs composites, which results
in lower fatigue wear and wear rate.

Furthermore, the crystallinity also plays an important role in
the tribological performance of UHMWPE/CNTs composites.
As a semicrystalline polymer, the crystalline phase alignment
under pressure during wear process.”> An energy-based model
suggests the wear rate of UHMWPE should be only dependent
on energy dissipation.”* Hence, improving crystallinity of
UHMWPE should facilitate dissipate energy and decrease wear
rate, given that scratch on crystals requires higher energy. It has
also been demonstrated in the experiment that a higher degree
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of crystallinity in the UHMWPE for slowly cooling rate would
lead to an increase in scratch resistance and lower COE>> From
this point, it can be concluded that improved crystallinity of
UHMWPE for the presence of CNTs can enhance wear resist-
ance of UHMWPE based composites.

Through above analysis, it is easy to understand that why
freeze-drying method has a positive impact on the wear
properties of UHMWPE/CNTs composites. Because of the opti-
mized CNT dispersion and higher crystallinity, the stress can be
transferred more effectively, and more energy is dissipated dur-
ing wear tests, leading to the dramatically decreased wear rates
of -UHMWPE/CNTs composites at low CNT content.

CONCLUSIONS

In this study, UHMWPE/CNTs composites with optimized
micromorphologies were fabricated by freeze-drying method.
CNTs uniformly dispersed at the surface of UHMWPE powders
and in the UHMWPE/CNTs composites. They provided more
nucleation sites during hot-press process, and improved the
quantity of crystals and the degree of crystallinity in composites.
Better CNT distribution and higher crystallinity resulted in the
enhanced tribological performances of UHMWPE/CNTs materi-
als. In addition, the freeze-drying method is low cost and envi-

ronment friendly, which can be applied to industrial
production.
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