
Effect of Radiation on the Properties of
UHMWPE/PET Composite

Experimental design of Taguchi was used to optimize the irradiation conditions of
UHMWPE/PET composite. Four radiation process variables; fibres percentage,
radiation type, radiation dose and post irradiation thermal treatment temperature

have been considered. According to the variables and levels, the L9 orthogonal array was
selected. Analysis of variance on the physico-mechanical properties and gel content of
the samples illustrated that among variables, fibre percentage has affected the properties
of the composite more than the other variables in a way that with its increase the sam-
ples’ properties will decrease, therefore zero was considered as an optimum level for
fibre percentage. Results indicated that better properties can be achieved by EB-irradia-
tion, compared with γ-irradiation, and the optimum level of radiation dose is 125 kGys.
Although post-irradiation thermal treatment temperature affected the sample properties
insignificantly but its optimum value was 110oC. The results of this research indicated that
irradiation of composite, reduced physical properties, increased the percentage of crys-
tallinity and enhanced the wear resistance. According to the reduced properties of PET
fibre’s tensile test, the mechanical properties of irradiated composite diminished.
Scanning electron microscopy showed that non-homogeneous dispersion of fibres in the
matrix and poor interfacial adhesion between fibres and matrix, caused reduction of com-
posite mechanical properties. FTIR Analysis confirmed that cross-linking and oxidation
occurred in composite radiation process.
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Ultra-high-molecular-weight poly-
ethylene (UHMWPE) due to its
excellent mechanical properties such
as exceptional impact resistance,
high strength, low creep, low coeffi-
cient of friction, abrasion resistance
and biocompatibility has been used

in medical applications like hip joint
cups, the gliding parts of knee,
shoulder and elbow joint replace-
ments [1-3].

Although the short-term function
of most UHMWPE implants is satis-
factory but their long term perform-
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ance has been a concern for many years. The lifetime of
these implants is changed by wearing of UHMWPE
component [4]. The cyclic nature of the contact stress-
es at the articular surface can lead to formation of poly-
ethylene debris which can cause osteolysis and degra-
dation of the component up to implant loosening.
Therefore, the wear of such articulating materials must
be reduced for improving long-term device perform-
ance.

Two attempts worth mentioning to improve the
UHMWPE biomaterials are fibre reinforcement and
radiation-induced cross-linking [5].

Carbon fibre was used to reinforce UHMWPE, but
it was found that the addition of this fibre to polyethyl-
ene does not improve the resistance of the material to
surface damage, so a self-reinforced UHMWPE com-
posite has been developed and it was shown that the
mechanical properties of composite are superior to
plain UHMWPE, but the wear properties were found to
be similar to plain UHMWPE [5].

Radiation is known to break polymer chains and
create free radicals that can lead to the formation of
unsaturations or cross-linking between adjacent poly-
ethylene molecules [3]. The effectiveness of cross-link-
ing is process-dependent and there are a myriad of
process variables which affect the properties of cross-
linked UHMWPE [6].

Dose of radiation is a variable which affects the
physico-mechanical properties of irradiated polymer.
At the low radiation dose, which is usually employed in
sterilization of UHMWPE implants (namely 20-40
kGys), chain scission predominates cross-linking [2].
Chain scission causes decrease in molecular weight
with concomitant reduction of wear resistance and
mechanical properties [7], but cross-linking increases
the molecular weight and the wear resistance of
UHMWPE [6].

With an increase in radiation dose (D), there is a
marked decrease in the wear rate, which of course is
not desirable. However, the decrease in J-integral (a
measure of fracture toughness) with increasing D
makes an undesirable situation. The interrelation of
wear rate with absorbed radiation dose showed a sig-
moidal dependence. The wear rate dropped significant-
ly up to 100-150 kGys, above which it reached a
plateau [6].

In the production of a highly cross-linked

UHMWPE, the material is subjected to a thermal treat-
ment step to reduce the level of free radicals, which are
entrapped within the crystalline phase of polymer. At
higher temperature the polymer molecular mobility
increases, thereby further cross-linking reactions occur.
Heating above the melting temperature destroys the
crystalline regions of the material, so the disadvantage
of melting is the reduction of crystal size and the ulti-
mate strength that ensues. A compromise solution is to
heat the material to just below the melting temperature
and it is referred to as "annealing" [7].

In this study due to high abrasive wear resistance of
polyethylene terephthalate (PET), its chopped fibres
were used to manufacture this composite.

The main objective of this research is to optimize
the variables which affect the radiation induced cross-
linking of UHMWPE/PET composite. Some additional
experiments were performed to determine the radiation
effects on this composite.

EXPERIMENTAL

Materials and Fabrication Method

UHMWPE Powder (product No. 429015) with a bulk
density of 0.94 g/cm3, particle size 150-180 �m, vis-
cosity molecular weight (MV) of 4538730 g/mol, was
provided by Aldrich Co. PET Fibres were obtained
from Iran Polyacryl Co., with finesse of 150 deniers
and diameter of 18 µm.

Composites were prepared by mechanical mixing
of the UHMWPE powder and chopped PET fibres
(about 6 mm length). All parts were prepared by com-
pression moulding, as described in detail elsewhere [8].

Irradiation was performed using 10 MeV electron
beam (EB) or gamma ray (γ) with dose rate of 2.25
kGys/h at room temperature in air. According to the
designed experimental conditions the specimens were
exposed to the dose of 100, 125, 150 kGys. The irradi-
ated samples were heat treated in the vacuum oven at
designed temperature (110 or 130oC) for 2 h, then
slowly cooled to room temperature under the same vac-
uum conditions.

Tensile Tests 
Tensile tests were performed using a Zwick material
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testing machine (Type BZ2.51TH1S). Tensile speci-
mens were stamped, according to the ASTM D638
(Type III), by cutting dumb-bell shaped specimens out
of the compression moulded sheets, using a metal cut-
ting die.

All tests were performed at room temperature,
using strain rate of 1 mm/min. Tensile strength, elonga-
tion strain-at-break, yield stress and yield strain of the
samples were calculated from the stress versus strain
data. The average values of these experiments are
reported.

Impact Tests
Impact tests were conducted on double-notched com-
pression-moulded samples prepared with compression
moulding. The impact test was carried out according to
the ASTM standard D256-93a. A BLI impact tester
(SATEC Model DI-300) with a 240 (cm.kg) hammer
was used at room temperature. The average values of
these experiments are reported.

Gel-content Analysis
The gel content of each irradiated sample was meas-
ured by the same method as used in an earlier study [9].
For each irradiated sample, at least two specimens
(each containing 0.300+0.015 g of ground polymer)
were tested according to ASTM D2765-95. The soluble
fraction was extracted by boiling in xylene (at 140oC)
for 24 h, with 0.5 wt% of ANOX 20, which was provid-
ed by Great-Lakes Co., to prevent oxidation during
extraction. After the extraction the specimens were
soaked in acetone and dried at 60oC in a vacuum oven
which was purged with Argon before evacuation. The
gel fraction was determined from weight ratio of the
dried extracted material to that of non-extracted material.

Scanning Electron Microscopy (SEM)
The morphology of fracture and worn surfaces were
observed by a Philips XL-30 scanning electron micro-
scope. All samples were coated with a thin layer of gold
prior to SEM observation. Generally the acceleration
voltage was 15 kV.

Differential Scanning Calorimetry (DSC)
Differential scanning calorimeter analysis (STA instru-
ments, 625 PL) has been performed at heating rate of
10oC/min with a continuous nitrogen purge. Samples

were heated from room temperature to 180oC and the
degree of crystallinity was estimated using a value of
289.74 J/g for fully crystalline polyethylene [10]. The
analyzed sample weight varied in the range of 5-9 mg.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR Analysis was performed with Bio-Rad FTIR
model FTS-7. Spectra were obtained over the
wavenumber range 500-3000 cm-1. To remove the sam-
ple size dependence, the spectra were normalized with
respect to the intensity of C-C peak at 1646 cm-1.

Wear Tests
Wear tests of the composites were conducted by a
model, AMTI Ortho-Pod multimotion pin-on-disk
wear-testing machine. Pin-shaped samples with the
height of 30 mm and diameter of 10 mm were
machined out of the compression-moulded parts. 

An 8-shaped wear pass was selected to apply cross
shear to sample. The disc-shaped counterface was
made of stainless steel with a surface roughness of
0.1 µm. This test was carried out at normal load of
225 N, producing a nominal contact stress of 2.87 MPa
at rotating velocity of 2 Hz at room temperature.

Fetal bovine serum (Sigma-Aldrich, product No.
F0926) was used as a lubricant. In order to minimize
bacterial degradation 0.2 wt % sodium azide was added
to the fluid medium. Ethylene-diamine tetraacetic acid
(EDTA) was added to the serum at a concentration of
20 mM to bind calcium in solution and minimize pre-
cipitation of calcium phosphate onto the bearing sur-
faces. After completion of the wear test the pins were
removed and cleaned. The mass loss was determined
by weighing the test samples on a digital balance
before and after wear testing.

Design of Experiments
Experimental design of Taguchi was used to optimize
the irradiation conditions of UHMWPE/PET compos-
ite. There are many variables affecting the mechanical
properties of cross-linked UHMWPE composites.
Some of these variables have been selected in this
research. These variables and the related levels are pre-
sented in Table 1. According to the selected variables
and levels, a complete factorial design requires
32+22=13 experiments. However, using Taguchi
method, the same study can be carried out with 9 exper-
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iments, using the L9 orthogonal array [11]. The
designed experiments are presented in Table 2. The
mechanical and gel-content tests were carried out on
these experiments and replicated three times. The
results were analyzed statistically by analysis of vari-
ance (ANOVA) method, using Qualitek-4 software [12].

RESULTS AND DISCUSSION 

To determine the effect of different variables on sam-

Table 1. The irradiation processing variables of UHMWPE

composites.

No. Variables
Levels

1 2 3

1

2

3

4

A: Radiation dose (kGys)

B: Fibre weight fraction (%)

C: Radiation type

D: Thermal treatment temperature (
o
C)

100

0

EB

110

125

5

γ
130

150

10

-

-

Table 2. The L9 Taguchi standard array for designing of

experiments.

No.
Level of variables

A B C D

1

2

3

4

5

6

7

8

9

100

100

100

125

125

125

150

150

150

0

5

10

0

5

10

0

5

10

EB

γ
EB

γ
EB

EB

EB

EB

γ

110

130

110

110

110

130

130

110

110

Figure 1. Variation in tensile strength due to different experi-

mental conditions.

Figure 2. Variation in elongation-at-break due to different

experimental conditions.

Figure 3. Variation in yield stress due to different experimen-

tal conditions.

Table 3. The percentage contribution of the various processing variables on the results.

Variables
Percentage of contribution (%)

Yield stress Yield strain Tensile strength Elongation-at-break Density Gel content

A

B

C

D

0.18

52.42

41.00

0.50

20.55

21.69

42.83

0

0.63

97.43

0

0.40

1.06

98.34

0

0

0

81.52

2.79

0

3.47

74.10

20.02

0
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ples’ properties, tensile test, gel-content and density
measurement were employed on the designed samples.
Density measurement was done according to ASTM
D1505. The results are shown in Figures 1 to 6.

The effect of various processing variables on the
results, which has been analyzed by ANOVA method
[12], is presented in Table 3.

As it has been shown in Table 3, variation in radia-
tion dose has no significant effect on density but has a
large effect on yield strain of the samples.  The results

indicated that, contrary to the density, measured prop-
erties decreased with increasing the fibre weight frac-
tion.

Scanning electron micrograph of tensile fracture
surface of the irradiated composite (150 kGys, EB), is
shown in Figure 7. As it has been shown in Figure 7,
fibres� pull-out occurred due to the weak interfacial
adhesion between two phases.

Tensile test has been performed on PET fibres and
it was found that irradiation of PET fibres caused a
reduction in the mechanical properties of them (Table 4).

Therefore poor adhesion between fibre and matrix,
and stress concentration due to flaws introduced by
degraded irradiated fibres caused drop in physical
properties of irradiated composites.

According to the recent study, with increasing the
weight fraction of fibres, crystallinity of composite
increases [13], hence the amorphous regions, in which
mainly cross-linking occurs [7], decrease. So we can
conclude that with increasing the PET fibres in the irra-
diated composite, because of reduction in amorphous
regions and scission of fibres, the composite tends to
reduce in gel content. 

Figure 4. Variation in yield strain due to different experimen-

tal conditions.

Figure 5. Variation in gel content due to different experimen-

tal conditions.

Figure 6. Variation in density due to different experimental

conditions.

Figure 7. SEM Micrograph of fracture surface of the 150

kGys EB-irradiated composite (5% of PET fibres).

Table 4. Mechanical properties of PET fibres.

Tensile strength

(MPa)

Elongation-at-break

(%)

Before irradiation

After irradiation

14.82

8.62

20.5

11

200 µµm
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Electron beam has very high radiation intensity and
consequently its radiation time is less than gamma irra-
diation for the same dose. Therefore, the extent of oxi-
dation in γ-irradiated samples is more than that of EB-
irradiated ones, so due to low efficiency of gamma rays,
better properties can be reached by EB-irradiation.

The results indicated that post-irradiation thermal
treatment temperature is a variable which affects the
sample properties insignificantly.

The overall evaluation criteria (OEC) [12], has
been used to obtain the optimum levels of radiation
process variables. In this method each quality charac-
teristic which has been given a relative weight, must be
normalized and weighted accordingly as shown below:

OEC = (y1/y1max) w1 + (y2/y2max) w2 + ...              (1)

yi and wi are quality characteristic (main variables) and
its weight fraction; and yimax is maximum amount of
each variable. Here, tensile strength, elongation-at-
break, yield stress, yield strain, gel-content and density
are considered as main variables with weight fractions
of 30, 15, 15, 5, 5, 30, 5, respectively. Optimum levels
are calculated and the result is illustrated in Table 5.

To study more about the tensile behaviour of high-
ly cross-linked UHMWPE, scanning electron micro-
graphs were taken from the fractured surface of polymer.
Figure 8 presents a general macroscopic view of tensile

Figure 8. SEM Micrographs of tensile fracture surfaces, (a) virgin, EB-irradiated UHMWPE with radiation dose of (b) 100, (c) 125,

(d) 150 KGys. 

(a)

(c)

(b)

(d)
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specimens’ fracture surface. It clearly shows that how
radiation changes the tensile behaviour of UHMWPE.

Ductile failure mechanism was observed on the vir-
gin fracture surface (Figure 8a). The fracture originated
at a single defect (initiating microvoid region, I),
including a slow crack growth phase (stable crack
growth region, II) and followed by relatively fast crack
propagation phase (fast fracture region, III).

There was one more distinct difference in the tran-
sition between stable crack growth and fast fracture for
virgin UHMWPE (Figure 8a), whereas there was one
less significant difference in the transition between
these two regions in the irradiated sample (Figure
8b,c). With increasing the radiation dose these bound-
aries would be disappeared (Figure 8d).

The flatness of the fracture surface indicates the
occurrence of ductile-to-brittle transition in the tensile
fracture as the radiation dose increases (Figure 8b,c).
The tensile ductile-to-brittle transition of UHMWPE
suggests that irradiation produced chain scission [1].

The stress-strain curves measured during the tensile
test of virgin and highly cross-linked UHMWPE (100,125
kGys-EB) have been illustrated in Figure 9. Cross-linking,
because of decreasing in the molecular mobility at large
deformation, increased near-ultimate hardening behaviour
of the UHMWPE, as is evidenced by increase in slope of
the curve before elongation-to-failure.

To determine the effect of irradiation on the proper-
ties of composites in detail, some additional tests
(mechanical, thermal, FTIR and wear tests) were per-
formed on composites containing 0 and 5% wt of PET
fibres. In order to cross-link the specimens, samples were
exposed to the EB or γ-rays with the optimum dose of
125 kGys and then heat treated at 110oC for 2 h. 

Mechanical Properties
The results of tensile and impact tests on the virgin and
highly cross-linked UHMWPE/PET composites, are
illustrated in Table 6.

Figure 9. The stress-strain curves of (a) virgin, and EB-irra-

diated UHMWPE with (b) 100 kGys and (c) 125 kGys.

Table 6. Mechanical test results for UHMWPE/PET composites.

Wt
(%)

Type of

irradiation

Tensile strength

(MPa)

Elongation-at-break

(%)

Yield stress

(MPa)

Yield strain

(%)

Impact strength

(J/m)

0

0

0

5

5

5

-

EB

γ

-

EB

γ

27.7

31.18

29.99

23.6

21.72

21.11

292.17

182.2

190.44

189.05

87.74

93.17

20.05

19.2

19.02

20.1

20.01

20.0

22.8

21.3

21.76

17.2

17.4

17.7

515.5

295.5

222.2

440

288.9

180

Table 5. The optimum levels determined from OEC method.

Variable Optimum level Percentage of contribution (%)

A:  Radiation dose (kGys)

B:  Weight fraction (%)

C:  Irradiation type

D: Thermal treatment temperature(
o
C)

125

0

EB

110

0.36

89.65

9.38

0.26



Tensile test results of virgin composites show that
tensile strength and elongation-at-break of the samples
will decrease with increasing the weight fraction of
fibres. This undesirable results are possibly attributed
to the following reasons: (1) Difference in molecular
structure and hence poor adhesion between the matrix
and the reinforcement, (2) The existence of residual
stress in the composite due to the mismatch of thermal
expansion coefficients of PET fibre and UHMWPE, (3)
non-homogeneous dispersion of fibres in the matrix
due to agglomeration of fibres in mixing process.

Impact test results indicate that the fracture proper-
ties are decreased by radiation and due to the higher
extent of oxidation occurred in γ-irradiated samples,
impact strength of these samples is less than EB-irradi-
ated ones.

Thermal Properties
DSC Results (Table 7) reveal an increase in crystallini-
ty of irradiated samples. This increase in crystallinity is
because of the rearrangement of more mobile polymer
chains associated with chain scission. Oxidation
inhibits cross-linking of UHMWPE and leads to chain
scission in the amorphous regions. The shortened seg-
ments can arrange to form new crystals and enhance the
degree of crystallinity in irradiated polymer [14].

Due to more oxidation of gamma irradiation, in
comparison with EB-irradiation, these samples indicate
more increase in crystallinity.

FTIR Analysis
The major products of radiation-induced chemical
changes of UHMWPE, which have been characterized

by infrared absorption bands, are shown in Table 8
[15,16].

In Figure 10 the spectrum of UHMWPE before and
after EB-irradiation is reported as an example. A weak
carbonyl peak is observed in the spectrum of unirradi-
ated sample, indicating the occurrence of some oxida-
tion during processing.

During irradiation, free radicals are formed within
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Figure 10. The spectrum of UHMWPE: (a) before and (b)

after EB-irradiation.

(a)

(b)

Carbonyl group

Crystalline

regions Amorphous

regions

100

80

60

40

20

0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Table 7. Thermal properties of highly cross-linked UHMW-

PE/PET composites.

Table 8. FTIR Peak identification.
Weight fraction of

fibres (%) Type of irradiation
Crystallinity

(%)

0

0

0

5

5

5

-

EB

γ

-

EB

γ

50.3

51.71

57.99

56.76

63.55

63.88

Wavenumber (cm-1)

Carbonyl

group

Crystalline

regions

Amorphous

regions

4000 3500 3000 2500 2000 1500 1000 500

100

80

60

40

20

0

Peak location
(cm-1) Description

965

1303

1715

1735

1897

Transvinylene groups (related to cross-linking)

Associated with amorphous regions

Ketone groups (related to oxidation)

Ester groups (related to oxidation)

Associated with crystalline regions
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the polymer. The absorption at 965 cm-1 after irradia-
tion indicates that some of these macroalkyl radicals
are coupled and formed cross-linked chains. Some of
the free radicals will remain entrapped within the crys-
talline phase of the polymer, over time, these entrapped
free radicals can migrate to the surface of crystals and
react with available oxygen, causing formation of per-
oxy radicals and chain scission which can be either
combined to each other to form ketones or abstract
hydrogen atoms from polyethylene to form hydroper-
oxides [9].

Thermal decomposition of hydroperoxides leads
predominantly to oxidation, which is manifested in the
formation of oxidized structures within the polymer,
such as ketone, alcohol and carboxylic acid functional-
ities [15].

After irradiation, the increase in the intensity of
carbonyl peak confirmed the oxidation of the residual
free radicals in UHMWPE.  

Increase in the absorption intensity at 1897 cm-1

(associated with crystalline phase) and decrease in the
absorption intensity at 1303 cm-1(associated with
amorphous phase), should be ascribed to an increase in
the crystalline content of polymer after irradiation.

FTIR Analysis indicated that after thermal treat-
ment process, there is an increase in the absorption
intensity of cross-linking and oxidation peak simulta-
neously; thereby post irradiation process causes an
increase in the cross-linking efficiency and oxidation of
the composite (Table 9). 

Tribological Properties
Figure 11 shows the wear properties of the virgin plain
UHMWPE, virgin and irradiated composites,
expressed in terms of weight loss per million cycles.

Results indicate that wear resistance of virgin com-
posite, in comparison with virgin plain UHMWPE,

decreases because of poor adhesion between fibres and
the matrix, non-homogeneous dispersion of fibres in
the matrix and stress concentration existence at the
fibre ends in the composites. These correspond with the
results of mechanical properties.

Results also indicate that, the wear of composite
decreases with radiation. This is because of radiation
induced cross-linking.

In the case of the cross-linked material, the net-
work of cross-links may prevent the same degree of
orientational softening and hardening that occur in the
virgin material. Hence the cross-linked material did not
wear as rapidly as the virgin material [17].

Figure 12 shows the image of worn surfaces of vir-
gin and highly cross-linked UHMWPE/PET compos-
ites at different magnifications. Among different wear
mechanisms, microcracking (fatigue) and microplough-
ing (abrasion) can be observed under higher magnifica-
tions. Comparing these mechanisms, the dominated
mechanism in EB-irradiated worn surface (Figure 12d)
is abrasion and in gamma-irradiated one (Figure 12f) is
fatigue. 

Figure 11. The results of wear tests.

Table 9. FTIR Results on UHMWPE.

Peaks
h 965 (cm-1) h1303 (cm-1) h1715 (cm-1) h1735 (cm-1) h1897 (cm-1)

h1469 (cm-1) h1469 (cm-1) h1469 (cm-1) h1469 (cm-1) h1469 (cm-1)

Before irradiation

After EB-irradiation

After thermal treatment

0

0.066

0.077

0.285

0.233

0.184

0.025

0.346

0.389

0

0.16

0.207

0.118

0.129

0.155
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(c) (f)

Figure 12. SEM Micrographs of worn surface of (a,b) virgin UHMWPE/PET; and 125 kGys irradiated composites with  (c,d) EB, (e,f) γ.

(a)

(b)

(d)

(e)
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CONCLUSION

Effect of different irradiation processing variables on
the properties of UHMWPE/PET composite has been
investigated. Among the applied variables, fibres’ per-
centage has affected the properties of the composite
more than the other variables. As ANOVA results indi-
cated, with increasing the weight fraction of fibres,
samples properties decreased which is because of
degradation of PET fibres after irradiation, weak inter-
facial adhesion between fibre and matrix, existence of
residual stress in the composite and non-homogeneous
dispersion of fibres in the matrix. Results showed that
radiation with electron beam, in comparison with
gamma radiation, has the higher efficiency and better
properties. Post-irradiation thermal treatment tempera-
ture was found as an insignificant variable.

ANOVA Results indicated that the optimum levels
of radiation dose, weight fraction of fibres, type of radi-
ation and thermal treatment temperature are, 125 kGys,
0%, EB and 110oC, respectively.

In this study we concluded that irradiation of
UHMWPE/PET composite, reduced the physical prop-
erties, increased the percentage of crystallinity and
enhanced the wear resistance of composite.
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