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ABSTRACT: Radiation cross-linked ultra high molecular weight polyethylenes (UHMWPEs) have been successfully used as wear resist-

ant bearing surfaces in total joint arthroplasty. A recent development in this field is the incorporation of the antioxidant vitamin E

into radiation cross-linked UHMWPE. This study investigates the effects of radiation cross-linking and vitamin E incorporation on

the dielectric behavior of UHMWPE. The dielectric relaxations of virgin and 0.1 wt % vitamin E-blended UHMWPE and their irradi-

ated counterparts (up to 300 kGy dose) were investigated. To determine the effect of vitamin E content alone, vitamin E-loaded

UHMWPEs were used. The results showed that radiation cross-linking and vitamin E content both increased dielectric polarization

in UHMWPE and under some conditions induced electrical conductivity. This result is significant because it shows that the conduc-

tive response of UHMWPE-bearing surfaces may depend on manufacturing processes and additives. VC 2014 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2014, 131, 40844.
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INTRODUCTION

Dielectric relaxation spectroscopy is a powerful tool to study the

molecular dynamics in polymers.1 This technique has also been

applied to polyethylenes to understand the relaxation processes

and to obtain the dielectric performance in applications where

the dielectric insulation is a relevant parameter. In spite of the

nonpolar character of this molecular structure, several complex

relaxations named conventionally a, b, and c have been reported

in the literature from higher to lower temperature due to the

presence of other traces or polar groups in the polymer chain.2–4

These units are introduced during the synthesis of the powder or

during the consolidation process at high temperature and pres-

sure. High density, low density, or linear low density polyethy-

lenes have been extensively studied in order to know the

influence that different processes like crystallization, aging, irradi-

ation, or the presence of antioxidants, blends, reinforcements or

nanoreinforcements produce to the aforementioned relaxations.5–8

In contrast to these studies related to polyethylenes, few works

appeared in the literature concerning the dielectric behavior of

ultra high molecular weight polyethylene (UHMWPE), which

presents a low dielectric constant and dielectric loss tangent.

UHMWPE is a polymer that presents characteristics such as an

excellent mechanical and tribological performance, high wear

resistance, chemical inertness, and biocompatibility, which have

been exploited in different industrial areas and also as bearing

parts in total joint replacements.9 Besides, UHMWPE is a polyole-

fin with an effective behavior in radiation shielding and therefore

with potential application for spacecraft industry or radiation-

protective materials for personal and electronic equipments.10

Reinforced composite UHMWPE matrices have been developed

for application in fields related to cosmic, proton, X-rays, elec-

tron, or gamma irradiation devices.11–13 On the other hand, elec-

tron beam irradiation process has been applied to UHMWPEs

used as joint replacement parts to obtain a good sterilization

method and to enhance the wear resistance behavior by crosslink-

ing the polymer chains.14,15 The introduction of antioxidants, like

a-tocopherol (vitamin E), in UHMWPE by blending or diffusion,

has been used as chemical stabilization because vitamin E exhib-

its a scavenger effect to the free radical induced by the irradia-

tion. Electron beam irradiation and vitamin E incorporation are

being used to obtain first and second generation of commercially

highly cross-linked polyethylenes.16,17
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This study analyzes the changes in the dielectric properties and

in the molecular dynamic of the UHMWPE with the incorpora-

tion of different vitamin E concentrations and under different

electron beam irradiation dose.

EXPERIMENTAL

The raw material used in this study was medical-grade

GUR1050 UHMWPE (Orthoplastics, UK). Vitamin E was incor-

porated in this polymer by blending and diffusion. The first

method consisted of mixing UHMWPE powder with vitamin E

at 0.1 wt %. Prior to mixing, vitamin E was dissolved in isopro-

pyl alcohol, and the solution was mixed and stirred with the

UHMWPE powder to make a homogeneous blend with a con-

centration of 2 wt % (weight percent). This blend was dried in

a convection oven under vacuum at 60�C for 7 days and diluted

with GUR1050 powders into 0.1 wt %. Finally, the last step

consisted of consolidating the mixture into 9.5-mm-thick pucks

under a specific program of temperature and pressure. To study

the irradiation effects, these molded blocks were subsequently

irradiated by electron beam to 75, 150, 225, and 300 kGy (MT

Cambridge, MA). After irradiation, all the specimens were

maintained at 220�C in a subzero freezer until they were meas-

ured. Thus, hereafter, these materials will be referred to as

GUR1050VE0.1-X kGy, where X is the former irradiation doses.

On the other hand, with the aim to study the effects of higher

vitamin E concentrations, 0.2 mm sections were microtomed

from the compression-molded GUR1050 and soaked in a bath

of vitamin E (a-tocopherol, Aldrich Chemicals) at 120�C in a

nitrogen gas atmosphere for different times. At the end of the

doping process, samples were taken out of the vitamin E bath,

cleaned, and subsequently homogenized at 120�C for 24 h in

nitrogen. In this case, the samples chosen for this study corre-

sponded to concentrations of a-tocopherol of 1.4, 4.4, and 7.9

wt %. These materials will be designated as GUR1050-VEY%,

where Y is the former vitamin E concentrations.

Differential scanning calorimetry was performed according to

the ASTM F2625-10 standard18 to assess thermal properties,

namely crystallinity and melting and transition temperatures.

Thus, three specimens (n 5 3) per material group were heated

from 20�C to 200�C at a rate of 10�C/min in a differential scan-

ning calorimeter (Perkin Elmer). Melting temperature, transi-

tion temperature, and crystallinity were obtained for each

material.

Dielectric measurements were performed using a dielectric spec-

trometry setup (Novocontrol BDS4000), which includes a two-

terminal dielectric cell, a frequency response analyzer (Solartron

1250), and a high-impedance preamplifier of variable gain. The

complex dielectric constant was obtained by sweeping the fre-

quency range 0.01 Hz to 1 MHz at different stabilized tempera-

tures by heating from 270�C to 120�C in temperature steps of

6�C. The samples were disks of a 0.2-mm thickness, which were

held between the condenser plates (golden brass circular electro-

des with a diameter of 11 mm).

The analysis was conducted through the complex dielectric per-

mittivity e* 5 e02 ie00, taking into account the real (e0) and

imaginary (e00) parts, as well as tan d 5 e00/e0. The results were

Table I. Influence of Gamma Irradiation Doses and Vitamin E Content

on Thermal Parameters of Electron Beam-Irradiated GUR1050VE0.1 and

Vitamin E-Diffused GUR1050

Crystallinity (%)
Transition
temperature (�C)

Doses (kGy)

0 52.5 6 1.0 134.3 6 0.2

75 56.5 6 0.5 137.0 6 0.1

150 56.8 6 1.8 138.3 6 0.1

225 57.7 6 0.9 139.5 6 0.1

300 56.2 6 3.1 140.0 6 0.5

Vitamin E (wt %)

0 50.3 6 0.9 134.3 6 0.2

1.5 49.8 6 1.0 134.2 6 0.5

4.4 46.8 6 0.7 138.3 6 0.3

7.9 45.3 6 0.7 137.9 6 0.1

Figure 1. Temperature dependence of the imaginary part, e00 (T), in (a)

GUR1050 and (b) GUR1050VE0.1 at different frequencies: (w) 3 3 104,

(�) 3 3 103, (~) 30, (3) 10, (1) 3, (�) 0.3, (!) 0.1, and (�) 0.03 Hz.
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expressed in the frequency (f) and the temperature (T)

domains. The dielectric relaxations were analyzed in the iso-

therms by fitting the response in the frequency domain to Hav-

riliak–Negami (HN) curves [eq. (1)]19–21:

e �2e15
De

11ðiwsHN Þaf gb
(1)

where, w is the frequency in radians/sec, a and b are parameters

corresponding to the width and asymmetry of the relaxation

time distributions, respectively, sHN is the HN relaxation time,

and De 5 eS – e1 the dielectric strength (with eS and e1 being

the real part of the permittivity when w ! 0 and w ! 1,

respectively). The relaxation time and frequency (fmax 5 1/smax)

of the HN individual e* curves were calculated according to

eq. (2)19:
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The e00 curves were also fitted to Fouss–Kirkwood [eq. (3)]

functions in the temperature domain22:

e
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e
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where, bea 5 mEa/R is a parameter dependent on the activation

energy of the relaxation (Ea), e
00
max is the maximum in the e00

curve, and Tmax is the maximum relaxation temperature at a

given frequency (f).

At sufficiently high temperatures, ohmic conduction due to

charge carriers (r*) frequently dominates the loss contribution

at low frequencies, potentially masking dielectric relaxations. In

order to discriminate dielectric and conductivity effects,

the conduction-free dielectric loss, e00NC, was also determined by

eq. (4)23:

e
00

NC5e
00
2

r0

e02pf S
(4)

where, f is the frequency in Hertz, r0 is a pre-exponential coeffi-

cient, and S is an exponent normally close to 1.

The thermal activation of the dielectric phenomena was ana-

lyzed in Arrhenius maps using the maxima temperature of the

relaxations at each frequency or temperature, being described

by either linear [eq. (5)]

fmax 5f0 exp
2Ea

R � T

� �
(5)

where, Ea is the apparent activation energy and f0 is a pre-

exponential term.

RESULTS AND DISCUSSION

Thermal Results

The area below the thermograms from 50�C to 160�C, normalized

by 291 J/g as the enthalpy of melting of a 100% crystalline

UHMWPE, gave the crystallinity percentages for each material. Both

the crystallinity and the peak melting point of 0.1 wt % vitamin E-

blended polymer increased with radiation dose (Table I). This trend

was similar to previous reports for this resin without vitamin E.24,25

On the other hand, the incorporation of vitamin E at high con-

centrations by diffusion (range 1.5–7.9 wt %) provoked a drop

in the crystallinity content and lamellar thickness (Table I). This

last effect may be a consequence of the rise in transition tem-

perature (Tm), which according to the Thomson–Gibbs equation

involves in increase in lamellar thickness, Lc:

Tm5Tm0 122r=Lcqc DHm0ð Þ

where, Tm is the melting point of the polymer; Tm0 is the equilibrium

melting point of a perfect crystalline polyethylene; r is the specific

surface energy; qc is the crystallinity phase density, and DHm0 is the

enthalpy of melting of a perfect crystalline polyethylene.

Table II. Influence of Electron Beam Irradiation on AC Conductivity Parameters Obtained by eq. (4) in GUR1050VE0.1-X kGy

T (�C)

log(r0) (S cm21) S

0 kGy 150 kGy 225 kGy 300 kGy 0 kGy 150 kGy 225 kGy 300 kGy

130 213.72 212.09 211.80 1.00 0.75 0.85

123 213.95 212.11 212.10 0.93 0.74 0.87

117 214.05 212.49 212.34 0.97 0.86 0.86

111 214.07 212.88 212.56 1.00 0.89 0.86

105 215.12 213.21 212.95 213.35 1.00 0.91 0.86 0.76

99 213.36 213.35 212.96 1.00 0.76 0.89

93 213.49 213.29 213.14 1.00 0.84 0.85

87 213.67 213.07 213.30 0.90 0.89 0.84

81 213.78 213.32 213.50 1.00 0.91 0.78

75 214.02 213.61 213.67 1.00 0.87 1.00

69 214.40 213.95 214.07 0.93 0.85 0.68

63 214.66 214.18 214.27 1.00 1.00 0.76

57 214.96 214.55 214.46 1.00 0.97 0.78

51 214.97 215.76 214.55 1.00 1.00 0.87

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4084440844 (3 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Finally, the reduction in crystallinity content due to vitamin E

has been also reported by Oral et al.,26 this effect being intensi-

fied when the temperature of the diffusion process approaches

the melting temperature.

Dielectric Results

The Dielectric Behavior of Resins Without Irradiation. Figure

1(a) shows the e00 response corresponding to the GUR1050

sample, as a function of the temperature and at different

Figure 2. 3D plots showing the frequency/temperature dependence of the e00 response of (a) GUR1050-VE1.3, (b) GUR1050-VE4.4, and (c) GUR1050-

VE7.9. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Influence of Vitamin E Content on AC Conductivity Parameters Obtained by eq. (4) in GUR1050-Y wt %

T (�C)

log(r0) (S cm21) S

0 wt % 1.5 wt % 4.4 wt % 7.9 wt % 0 wt % 1.5 wt % 4.4 wt % 7.9 wt %

130 214.08 213.60 213.82 212.72 1.0 1.00 0.96 0.90

123 214.27 214.13 214.97 213.27 1.0 1.00 0.69 0.84

117 214.72 215.72 213.61 1.0 0.76 0.81

111 214.42 215.12 213.76 1.0 1.00 0.81

105 215.05 214.06 1.00 0.70

99 214.03 1.00 0.79

93 213.93 0.98

87 214.02 0.94

81 214.16 0.84

75 214.09 1.00

69 214.25 0.93

63 214.19 1.00

57 214.52 0.87

51 214.57 1.00
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frequencies. At the lowest temperatures, the e00 values are negli-

gible, and only at temperatures above 0�C and at frequencies

lower than 10 Hz, some relaxations appeared. At the highest

temperatures and lowest frequencies, the e00 values rise, exceed-

ing the range typical of dielectric relaxation and suggesting the

existence of AC conductivity in that region. In case of

GUR1050VE0.1 specimen, the isochrone e00(T) curves show

[Figure 1(b)] several dielectric processes overlapped also with

an AC conductivity term. The presence of this small amount

of vitamin E embossed the dielectric behavior in e00 and addi-

tionally the appearance of a slight shift of the temperature of

the e00 maximum to lower temperatures. The subtraction of

conductivity term in both resins was performed by applying

eq. (4) in the frequency domain. The values of r0 and S at dif-

ferent temperatures are summarized in the first and fifth col-

umn of Table II, respectively for GUR1050VE0.1, while data

for GUR1050 are presented in Table III. Although after sub-

traction the values of e00(T, x) do not allow obtaining a reli-

able quantitative analysis of the relaxations present, dielectric

measurements allow to detect some relaxations.

The c relaxation is not observed in any of the materials, because

it appears in the polyethylenes at around 283�C, which is

below the lowermost temperature used during our experiment.

The a and a0 relaxation, generally attributed to the relaxation

mechanisms in the crystalline region, are observed in the uni-

rradiated or uncrosslinked resins, GUR1050 and GUR1050-

VE0.1. The common b relaxation that appears in some poly-

ethylenes at around 225�C is not detected in the neat

GUR1050. This relaxation is widely accepted to be related to

the relaxation of chain units in the interfacial zone between the

lamella and its surrounding amorphous region.27 Mechanisms

associated to chain-end, fold-surface, branch-point molecular

motions, and chain rotation are involved in this relaxation.5

Therefore, higher crystalline content and the prevalent structural

linearity of Nitta and Tanaka28 may result in the absence of this

relaxation. However, in a recent work by Pu�ertolas et al.,29 this

b relaxation was weakly detected in GUR1050 by means of

dynamic mechanical thermal analysis.

Influence of the Irradiation Dose. The dielectric behavior of

the irradiated materials was similar to that observed in the uni-

rradiated material with respect to temperature and frequency.

There were also two recognizable peaks at low frequencies,

whose peaks do not follow a temperature/frequency dependence

expected for relaxations. Additionally, a conductivity term is

also present, which was also assessed by means of the same pro-

cedure described for the unirradiated material. The correspond-

ing r0 and S values as a function of the temperature are

included in Table II. The results indicated an increase in the

conductivity values, r0, at the highest irradiation doses, reach-

ing a value close to log r0 5 212, whereas all the values of the

S parameter were close to 1. These AC conductivity outcomes

showed higher radiation dose dependence than those found by

Mathad et al.30

This conductivity could be associated with an increase in the

carrier charge density as a result of an increase in free radicals,

unsaturated bonds, and defects, which may be generated by

irradiation. However, the different mobility of the carrier in the

amorphous and crystalline regions could be taken as a syner-

getic effect on the different AC conductivity in the irradiated

polyethylenes.

Influence of the Vitamin E Concentration. Figure 2 is a 3D

plot, which illustrates the e00 dependence of GUR1050-VEY%

series with Y 5 1.3, 4.4, and 7.9 wt % of vitamin E content in

the temperature and frequency range of interest. The plots show

the presence of a relaxation at the lowest temperatures from

250�C to 20�C, which is clearly visible for the specimens with

Y 5 4.4 and 7.9 wt %, but cannot be detected in the GUR1050-

VE1.3 samples, suggesting that the relaxation must be related to

the presence and amounts of vitamin E. From Figure 2(a–c) can

also be observed other process at higher temperatures and fre-

quencies, which will be denoted as a relaxation, rather a promi-

nent conductivity is also present, especially above 20�C, which

overlapped with the a relaxation.

The analysis of this process at the lowest frequencies applying

eq. (4) allows us to determine the r0 and S parameter of the

conductivity term, which are summarized in Table III. At

the same temperature, the conductivity is considerably higher in

the sample with the highest vitamin E contents, Y 5 7.9 wt %,

but the values are still lower those of the samples submitted to

high dose irradiation.

In general, the AC conductivity presented a less significant contri-

bution when vitamin E was incorporated into polyethylene by dif-

fusion, than when the polyethylene resins underwent electron

beam irradiation. In order to study the influence of the micro-

structure aspects on the AC conductivity, the first conclusion we

deduce is that this AC conductivity is independent of the crystal-

linity, because the effects of electron beam irradiation and vitamin

E content go in opposite trends respect to the influence on crys-

tallinity. In Figure 3, we plot the log r at different temperatures

and corresponding to materials of both series (X and Y) versus

their transition temperatures. According to this figure and taking

Figure 3. AC conductivity of materials (X and Y series) at different tem-

peratures above 87�C versus transition temperatures of these materials.
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into account the relation of Tm and lamellar thickness (see Thom-

son–Gibbs equation), it seems that the lamellar thickness is a rele-

vant microstructural factor for the AC conductivity, in line with

the conclusion given by Mandelkern et al.27

The subtraction of the conductivity term from the isothermal

curves, e00(f) above 51�C, revealed the presence of the a process,

which is especially visible in the case of GUR1050-VE7.9,

and whose intensity increases with increasing temperature.

Figure 4. Temperature dependence of the e00 response of GUR1050-VE4.4 (a) and GUR1050-VE7.9 (b) in the low temperature range, at different fre-

quencies (in Hz): : 1 3 104, : 3 3 103, : 1 3 103, : 3 3 102, : 1 3 102, : 3 3 101, : 1 3 101, : 3 3 100, : 3 3 1021, and : 1 3

1021. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table V. Parameters Obtained After Fitting the e00 Curves to Fouss–Kirkwood Expressions

f (Hz)

GUR1050-VE4.4 GUR1050-VE7.9

emax�(103) bea Tmax (�C) emax�(103) bea Tmax (�C)

3 7.77 10,260.14 226.4 14.53 8,607.12 230.4

10 7.87 8,118.90 222.6 14.72 8,910.59 225.0

30 7.66 8,656.39 219.5 15.59 8,253.45 222.0

100 8.37 6,668.58 216.4 15.30 8,653.12 218.8

300 7.35 9,313.94 212.8 15.81 7,379.79 215.4

1,000 8.39 6,184.72 28.9 14.52 8,699.07 211.8

15.43 6,383.33 27.7

Table IV. Parameters Obtained after Fitting the e00 Curves to Havriliak–Negami Expressions

T (�C)

GUR1050-VE4.4 GUR1050-VE7.9

smax (sec�102) De00 (102) a b smax (sec�102) De00 (102) a b

232 314,000 7.27 0.76 0.34

226 11,300 54.9 0.82 0.29 14,900 0.360 0.51 0.54

220 591 2.81 0.45 0.69 1,280 1.02 0.44 0.78

214 123 0.903 0.59 0.37 185 0.765 0.62 0.30

28 16.4 0.0897 0.49 0.46 19.3 0.306 0.71 0.11

22 1.06 0.00579 0.44 0.60
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The results also point out that the isothermal curves undergo

changes in the peak shape in a more significant way than the

peak position, with an additional growing component at around

f 5 3 Hz. However, the uncertainty of the experimental values of

e00 does not allow a reliable information of this complex process.

Dielectric response at lower temperatures was not affected by

conductivity; therefore the analysis of this relaxation was less

complicated. Henceforth, this relaxation will be denoted as b
relaxation. Figure 4 shows the isochronal curves. Isothermal

curves values were fitted to HN [eqs. (1) and (2)] and isochronal

ones by Fouss–Kirkwood [eq. (3)] equations, respectively, and

the parameters obtained are indicated in Tables IV and V. The

relaxation times (smax) and temperatures (Tmax) determined with

eqs. (1), (2), and (3), respectively, were used to plot the corre-

sponding Arrhenius maps in Figure 5. The b relaxations show

linear dependence with the temperature, indicating low influence

of cooperative motions in the dielectric response, being in good

coherence with the results obtained by NH and FK because the

error band was lower than 10%. Activation energies calculated

following eq. (6) are summarized in Table IV.

Few works have focused on the dielectric contribution of a-

tocopherol, which is the compound incorporated into UHMWPE

by blending into resin powder before consolidation or diffusion

into consolidated solid forms. This tocopherol is a glass-forming

material, with a glass transition temperature close to 233�C. The

introduction of 0.1 wt % vitamin E by blending in the polyethyl-

ene does not modify the previous behavior regarding the absence

of the b relaxations. However, in the nonirradiated vitamin E-

diffused polyethylene, above 1.5 wt % of vitamin E these materials

exhibit b relaxation, which was strengthened by increasing the

amount of vitamin E doping and was shifted toward low temper-

atures. These results corroborate with earlier results on the effect

of diffused vitamin E on the relaxation behavior of UHMWPE

obtained by dynamic mechanical thermal analysis.22 On the other

hand, the activation energy, which is around 184 kJ mol21 by

means of the Fouss–Kirkwood approach, is close to the previously

determined from Tmax of the isochrone curves, 188 kJ mol21 at 9

wt % in that work. Regardless of the used technique, dielectric

relaxation spectroscopy or dynamic mechanical thermal analysis,

the rising activation energy registered for increasingly higher anti-

oxidant concentrations seem to discard any plasticization effect of

vitamin E in spite of the temperature shift of the b relaxation.

It is difficult to associate the origin of this b relaxation with the

presence of vitamin E. A possible mechanism could be related

to the microstructural changes induced by the annealing at

120�C, which is used during the incorporation of vitamin E

Table VI. Activation Energies, Ea, Calculated for the Low Temperature Relaxation in GUR1050 2Y wt %

Method

GUR1050-VE4.4 GUR1050-VE7.9

Temperature
range (�C)

Activation
energy
(kJ mol21) R2

Temperature
range (�C)

Activation
energy
(kJ mol21) R2

Havriliak–Negami 226/28 192.46 0.9867 232/22 202.51 0.9987

Fouss–Kirkwood 226/28 182.32 0.9988 232/22 184.65 0.9962

Figure 5. Arrhenius maps corresponding to the GUR1050-VE4.4 (a) and

GUR1050-VE7.9 (b) samples obtained from the application of the Fouss–

Kirwood (�) and Havriliak–Negami (�) equations. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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into polyethylene.31,32 Although chain scissions take place ini-

tially in the amorphous zone, the morphological changes are

mainly produced in the crystalline–amorphous interface. Thus,

these changes together with possible recrystallization of newly

formed chains may modify crystalline–amorphous interface in

the presence of high concentration of vitamin E and contribute

to the induction of a b relaxation.

CONCLUSIONS

The a and a0 relaxation are overlapped by AC conductivity that

is present at about 60�C for all the studied materials. This AC

conductivity increased clearly when the polyethylene resins

underwent electron beam irradiation and less significantly when

vitamin E was incorporated into polyethylene by diffusion from

its respective basic resins. The effects of electron beam irradiation

and vitamin E content go in opposite trends. The lamellar thick-

ness is a relevant microstructural factor of a and a0 relaxation.

The b relaxation is not detected in the neat GUR1050 and 0.1

wt % vitamin E by blending in the polyethylene. However, in

the nonirradiated vitamin E-diffused polyethylene, above 1.5

wt % of vitamin E, these materials exhibit b relaxation, which

was strengthened by increasing the amount of vitamin E doping

and was shifted toward low temperatures. A possible mechanism

could be related to the microstructural changes induced by the

incorporation of vitamin E-infused polyethylene, simultaneously

to the annealing process at 120�C.
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