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Abstract

Nanocomposites of ultra-high molecular weight ptiyéene reinforced with multiwalled
carbon nanotubes (UHMWPE/MWCNT) have been prepanghl different volume fractions
of MWCNTs: 0.2, 0.4, 0.6, 0.8 and 1.0 %. DMTA exp®nts were carried out using a TA
Instruments Q800 equipment and the samples wereacutthe compressed sheets of polymer
and composites. The experiments were conductedhcim gample at 12 different frequencies
varying from 0.1 Hz to 100 Hz over the temperatanege of 22°C - 82°C at an interval of 5°C
where the reference temperature was kept at 37°@agd verified that both horizontal and
vertical shifts are necessary to superimpose thardic modulus/frequency curves of all cases.
The MWCNT did not seem to change the viscoelasttune of the UHMWPE, i. e.
incorporation of up to 1 wt.% of MWCNTs has nedligi influence on the viscoelastic
behaviour of the UHMWPE. Hence the same analytizadel is applicable for the viscoelastic

description of the nanocomposites.
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1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) still considered the key material in
total joint arthroplasties. The UHMWPE was introdddor joint arthroplasties more than forty
years ago but remains to be a gold standard astianlating counterface for arthroplasties.
Three fundamental aspects contribute for achieexagllent long-term results: superior wear
resistance, high fracture toughness and biocomigtihl-2]. Recently carbon nanotubes
(CNTs) have been added to UHMWPE to improve itbotagical properties [3]. Yet the
mechanical properties, i.e. modulus and strengéhnat always enhanced by adding the CNTs.
In some cases the observed increase in mecharidatmance with the addition of CNTs goes
up to a critical content to decrease above thisevfd].

Experienced problems such as osteolysis have begmorted while using UHMWPE made
acetabular cups in the total hip replacement. Reiiig of UHMWPE with CNTs is one
possible way for improving the toughness of theypwr and decreasing the wear debris
produced [5].

Nanocomposites (UHMWPE/MWCNT) have been prepardt different volume fractions of
multiwalled carbon nanotubes (MWCNTSs): 0.2, 0.4, ®@.8 and 1.0 %. The specimens were
produced by compression moulding. Dynamic Mechaind Thermal Analysis (DMTA) were
carried out using a TA Instruments Q800 equipmerd the samples were cut from the
compressed sheets of polymer and composites. Theriments were conducted on each
sample at 12 different frequencies varying fromi9zlto 100 Hz over the temperature range of
22°C - 82°C at an interval of 5°C.

The applicability of the Time—Temperature Superjmsi Principle (TTSP) to the dynamic
viscoelastic properties was checked; both horizoatal vertical shifts were necessary to
superimpose the dynamic compliance/frequency cur&esiethodology proposed previously
[6] was used to determine the horizontal and vairstifts factors for the TTSP. The DMTA
data analysis based on a viscoelastic model [6ygordo be effective when analyzing the
mechanical performance of UHMWPE/MWCNT composites.

Since the reason for adding MWCNT to the UHMWPIismprove its toughness and its wear
resistance, the purpose of this study was to atlsesffect of the MWCNTs on the UHMWPE

and to ensure that there was no degradation ofitkeelastic properties.

2. Materials

The homogeneous mixing of MWCNT and UHMWPE powdaswlone by mechanical ball-
milling. Nanocomposites have been prepared witteidiht volume fractions of MWCNTSs: 0.2,
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0.4, 0.6, 0.8 and 1.0 %. The specimens were pradlmge compression moulding. The
MWCNTs were supplied by Shenzhen Nanotech Port IGd., China and their specifications
are as follows: diameter 60—100 nm, length 5pth density 2.16 g/cirand purity >95%. The
medical grade UHMWPE with the trade name GUR1028 warchased from Ticona, Inc,
Germany. The powder has a density of 0.93 /evith a particle mean size of 146n and an

average molecular weight of 3.5%i§mol.

3. Dynamic Mechanical and Thermal Analysis (DMTA)

The experiments were carried out using a TA Insémism Q800 equipment and the samples
were cut from the compressed sheets of polymer ewmposites (5x10x2 min The
experiments were conducted on each sample at fE2atif frequencies ranging from 0.1 Hz to
100 Hz over the temperature range of 22°C - 82°@nainterval of 5°C where the reference
temperature was kept at 37°C. The maximum apptiezefwas about 8.0 N which corresponds
to a maximum stress of about 0.80 MPa. Only, tlezaned data were plotted without error bars
in order to present the results clearly.

The tensile creep tests for experimental validati@re performed at 37°C using the same

equipment. The creep tests imposed a constans stfedout 0.60 MPa.

4. Viscoelastic model

The UHMWPE proved to be a thermorheologically senptaterial [6], i.e. the distribution
trend of the relaxation or retardation times isejpeindent of temperature and the stress
magnitudes at all frequencies or times displaystdrae temperature dependency [7].

Short-term experimental measurements at differemperatures are shifted via the Time-

Temperature Superposition Principle (TTSP) to thaidhe reference temperature on a semi-log

axis. All curves measured at different temperataxels S(T) collapse into a master curve
when plotted asbrS(T) Versust/ar on a log-log scale. The shift factoss (horizontal) and

b, (vertical) are functions of temperature, althotigé b, dependence is usually weak [7]. If

the previous conditions do not hold, the matesatlassified as thermorheologically complex

and all the model parameters become temperatuendept [8].

In a previous work [6] it was verified that bothrtzontal and vertical shifts, given bg. and
b, respectively, were necessary to superimpose timendi modulus/frequency curves of

pristine UHMWPE. The methodology was based on aod@kstic model developed to
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determine these shift factors in an easy and éffestay [6]. This viscoelastic model was
derived from a fractional Maxwell model, which r#ed in the creep power law that was
successfully applied to represent creep compliafseveral polymers [9],

S(t) =by S*S 140 "

where § represents the elastic compliance a8d 7, and a represent the viscoelastic

parameters. This constitutive equation complied Wit definition given by Delay and Plazek
[7] for thermorheologically simple materials.

The horizontal shift and the reciprocal of the ialtshift are given by the Arrhenius relation
as, respectively,

In(ar): Ha(l_ij 2
R\T T,
and
In 1 =AHb 1_1 3
b, R T T, )

where R is the gas constant, 8.314E-3 kJ/(K moDH, and AH, are the relaxation or
retardation activation energies afiglis the reference temperature in °K.

In the frequency domain the storage and loss camgdi [6] are given by
S (w)=b [sb+Sl(warro)_” COS%T} , (4)
S'(w)=b.S (waz,) ™ sin%T- (5)

The methodology to determine the elastic-viscoelaparameters, from DMTA data, is

described in detail elsewhere [6].



5. Results and discussion

The mechanical behaviour of neat UHMWPE and itsonamposites were studied by
measuring the storage compliance and the loss @amepl of the sample under sinusoidal load
for different temperatures and frequencies. Figushiows the evolution of storage compliance
with frequencies varying from 0.1 Hz to 50 Hz at°3Z for the neat UHMWPE and
UHMWPE/MWCNT (1.0%). The storage compliance decesa®wards higher frequency for
the neat UHMWPE and UHMWPE/MWCNT (1.0%). A sligheadease of the nanocomposite
storage modulus is observed for all frequenciesvéder the storage compliance of the neat
UHMWPE and UHMWPE/MWCNT (1.0%) nanocomposite in@es with an increase of
temperature as shown in Figure 2. A small decrefifee nanocomposite storage compliance is
observed for lower temperatures but for higher emrafures the reinforcement effect vanishes.
Figures 3-4 show the effect of frequency and teatpee on the loss compliance. It is observed
that there is not an appreciable difference in lo@spliance between neat UHMWPE and
UHMWPE/MWCNT (1.0%) nanocomposite. However a snatrease of the nanocomposite
loss compliance is observed for higher temperatusas for lower temperatures the
reinforcement effect vanishes. In a previous wodned by some of the authors [10], the
mechanical behaviour of (High Density Polyethylen¢DPE and HDPE/MWCNT (1%)
nanocomposite were studied by DMTA. The conclusidravn then were different, since the
reinforcing effect of MWCNT was confirmed and it sveoncluded that the large scale polymer
relaxations in the composites were effectivelyreesed by the presence of MWCNTs. The
main explanation for this apparent contradictionyrmaside on the different productions
techniques used which are related with polyethylgragle. The polyethylene classification is
based mostly on its density and branching. The coéds of HDPE in general have between
700 to 1800 monomer unites per molecule while UHMBARolecules have between 100000-
250000 monomers each [11]. The production of HDP& eéHDPE/MWCNT (1%)
nanocomposites specimens used the following tedbnihe HDPE pallets with a uniform
coating of chemically treated nanotubes were medtiethe plasticized unit of the injection
moulding machine which was kept at 200 °C to indswiicient softening of polymer to mix
with MWCNTs and this mixture was injected into agie specimen. This contrasts with the
technique used to produce UHMWPE and UHMWPE/MWCNfatomposites. In the present
case the specimens were made by compression mgudilied to an homogenous mixture of
MWCNT and UHMWPE powder which was obtained by medte ball-milling. Therefore it
should be expected that the quality of the interfaetween the polymer and MWCNTSs be
dependent on the production technique. Therefasedins that the present technique produces
interfaces between the polymer and MWCNTSs that rast as effective as those reported
previously for the HDPE [10].



The model parameters were calculated from the disasting data. In all cases it was verified
that the temperature dependency of the exponeatmedera was quite similar, as shown in
Figure 5. Moreover the averaged value afwas used for the present analysis, i.e. it was
assumed thatr was constant. Consequently, dn@veraged values for all cases was quite close
as it can be depicted from Figure 6.

Afterwards the other two model parameters wererdeted, $ and S, for the neat UHMWPE
and its nanocomposites. These parameters reptésenitial compliance and the coefficient of
the time dependent term, respectively. The resuéiglotted in Figure 7, where it is noticeable
a slight decrease of the initial compliance for théMWPE/MWCNT (0.2%) when compared
against the neat UHMWPE and the remaining nanoceitgso

The amount of shifting along the horizontal (x-&xasd vertical (y-axis) in the TTSP plots to
align the experimental data points into the masteve was described by the Arrhenius model,
given by Equations (2) and (3). The respectivevatibn energies are plotted in Figure 8 for all
cases. Again the values are very similar for bdilft $actors and all cases, implying that the
nanoreinforcement did not change the thermal aetivprocesses in the UHMWPE matrix. The
storage and loss compliance master curves, forURMWPE/MWCNT (1.0%), can be
depicted from Figure 9. All the points obtainedddferent temperatures collapsed remarkably
well into the master curves. Similar results weegified for the neat UHMWPE and the
remaining nanocomposites. Hence the methodologgldped for the UHMWPE [6] proved to
be also effective when applied to the UHMWPE/MWChanocomposites.

The creep tests done at 37°C enabled the verditati the viscoelastic model developed solely
by using the dynamic experimental data. In Figu€e ate plotted the experimental creep
compliances for all the cases. The creep complignedictions based on the viscoelastic model
are also included in Figure 10. The model compasmdbwith the experimental data but tended
to deviate at longer times. Since in the presergupistances the model parameters were
obtained from a very short-term testing, they awe appropriate for long-term extrapolation.
However the viscoelastic behaviour remains uncharfigeall nanocomposites, since all creep
curves can be superimposed on a unique curve lgytecal shift. It seems, therefore, that the
MWCNTs are almost neutral what concerns the vissiel behaviour of UHMWPE
nanocomposites, at least for the compositions tmeanalysed during this study. Although the
interface quality between the polymer and MWCNTs Wwatter for the HDPE, since large scale
polymer relaxations in the HDPE/MWCNT (1.0%) nanoposites were effectively restrained
by the presence of MWCNTSs, the shift factors oledirfrom the TTSP remain the same
irrespective of the presence of carbon nanotub&}. [Ihis allows concluding that the
viscoelastic nature of HDPE and UHMWPE are unatténgthe inclusion of MWCNTSs.



Some concerns may be raised about the assumptioreaf viscoelastic behaviour at elevated
temperatures. For polymers, in general, the triamsifrom linear to non-linear viscoelastic

behaviour happens between 10 and 20% of the u#itesisile strength (UTS). In the present
case the load levels were always lower than 1 MBadicated previously, assuming a UTS of
about 20MPa it means a load level lower than 5% .U¥s is for room temperature (22-23°C).

For higher temperature a drop on the UTS shouldXpected. According to [12], the UTS at

80°C drops to 5MPa. This means that the load lewpbsed becomes close to 20% UTS.
Therefore at this temperature levels the polymey Bxperience a transition to the non-linear
viscoelastic behaviour at the same load levels.eNbgless since the TTSP was applicable for
all operating temperature range, 22°C - 82°C, we eoaclude that the polymer behaviour was

always in the linear viscoelastic domain.

6. Conclusions

Modeling viscoelastic properties of a neat UHMWPEdioal grade and its nhanocomposites
reinforced with MWCNTSs was preformed in the lineange, by means of dynamic testing. The
applicability of the Time-Temperature Superpositi®inciple (TTSP) to the dynamic
viscoelastic properties was checked for all cashs. methodology used enabled to determine
the horizontal and vertical shift factors for th& SP. According to the Delay and Plazek
definition, these UHMWPE and its nanocomposites rhayconsidered thermorheologically
simple, although this behavior can only be assufoedhe frequency and temperature ranges
used in this study.

Validation was performed using experimental creafadThe viscoelastic models obtained via
dynamic viscoelastic properties compared well veitiperimental data but tended to deviate at
longer times.

The unaltered viscoelastic characteristics of &t WHMWPE and its nanocomposites provide
important data in what concerns further modellingtailoring of the material viscolelastic
properties. Moreover, although the conclusion heitdrawn being established for the linear

domain, it seems rather natural to extend its itglfdr the non-linear domain.
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Figure 1: Storage compliance measured from 0.1 150 Hz at 37° C for the neat
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Freq.1 Hz
o ] A

2 ] A

o

01.0% MWCNT

1 A0.0% MWCNT
S 0.600- ° n
0 ] !

$ 0.400 B

] M

|

Compli

- /Y

; wa®

O _000 T T T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T
0 20 40 60 80 100

Temperature (°C)
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Figure 9: Master curves for storage and loss canpé for UHMWPE/MWCNT (1.0%).
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