
The effect of different processing variables on the mechanical properties of UHMW-
PE/PET composites has been investigated using robust design (Taguchi method).
Among the different processing variables, the fibre weight fraction had the greatest

effect on the results. PET fibres have been used to improve abrasive wear behaviour of
UHMWPE matrix. Reduction of PET fibres to an optimum level (5 % wt) and surface mod-
ification of UHMWPE powders were two methodologies to reach optimum mechanical
properties. The surface modification of UHMWPE powder was performed using chromic
acid etching. For surface characterization of UHMWPE powders the X-ray photoelectron
microscopy (XPS) was used. The chromic acid etching causes surface chemical oxida-
tion in the samples so the oxygen to carbon (O/C) atomic ratio increased from 0.2% in
unmodified UHMWPE powder to 4.94% in modified one. The results indicate that the
reduction of fibre weight fraction to 5% and surface modification of powder improve the
mechanical properties of UHMWPE/PET composites. 
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Ultra high molecular weight polyeth-
ylene (UHMWPE) has been used as
a load bearing material in artificial
joints for four decades. This material
has beneficial physical and chemical
properties and acceptable biocom-
patibility. Although UHMWPE

shows good performance in short-
term applications, its limitation in
long-term application has been con-
cerned for many years. These limita-
tions are wear, creep and fatigue fail-
ure [1]. Considering these problems
in UHMWPE implants, it is attempt-
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ed to understand the failure mechanisms of UHMWPE
in artificial joints [2]. There are different methods to
increase the mechanical and tribological performance
of UHMWPE. These methods are classified into three
categories as following, optimization of the processing
variables, cross-linking of UHMWPE and application
of composites [3]. Different composites have been used
to improve tribo-mechanical properties of UHMWPE
implants. UHMWPE homo-composites have been pro-
posed by different authors [4-6]. Carbon fibre compos-
ites have been rejected because of undesirable biocom-
patibility and tribo-mechanical behaviour  [7].
UHMWPE fibre and HDPE matrix have been used as a
bearing surface in artificial joint whereas did not show
any suitable results [8]. 

UHMWPE is a semi-crystalline thermoplastic
polymer with a very high molecular weight and high
viscosity. As its melt processing is difficult, compres-
sion moulding of the powder is a well-established tech-
nique for its processing [9]. The recent process
involves cold compacting of powders, sintering at ele-
vated temperatures, cooling the sintered materials and
recrystallizing them [10,11]. In this research a new
composite has been proposed in order to control the
abrasive wear mechanisms in total joint replacement
(TJR) and tried to recognize the processing variables
using sintering and crystallization theories and these
variables have been optimized using Taguchi experi-
mental design method (Robust design). Some addition-
al experiments were performed to modify the
UHMWPE/PET composite.

EXPERIMENTAL

Materials 
UHMWPE Powder with a bulk density of 0.94 g/cm3,
particle size of 150-180 µm, intrinsic viscosity of 25.5
and viscosity molecular weight (Mv) of 4538730 was
provided by Aldrich Co. PET Fibres were obtained
from Iran Polyacryl Co. (Isfahan, Iran) with diameter
of 18 µm. Composites containing 5, 10 and 20 wt% of
PET were prepared by mechanical mixing of the
UHMWPE powder and chopped PET fibres (about 6
mm in length) under an inert atmosphere, in order to
create electrical charges by tribo-electrification. In this
method the fibre agglomerates were broken and a near-
ly homogeneous mixture was achieved. Compression

moulding process was applied for producing the sam-
ples (Figure 1). 

Density Measurement
The density of the samples was measured using an
electronic densimeter (model MD-200S with density
resolution of 0.001 g/cm3). This densimeter employs
the Archimedes’ principle and the determination of the
relative density value is based on the density of water
at 4oC (1 g/cm3).

Impact Test
Because of high impact resistance of UHMWPE the
single notch specimens are not applicable to impact
studies and impact tests were conducted on the double-
notched compression-moulded samples. The impact
test was carried out according to ASTM standard
D256-93a. A digital Toyoseiki impact tester (Model
DG-UB3) was used in this experiment.

Tensile Test
Tensile tests were performed on the prepared samples
using a Zwick material testing machine (Type
BZ2.51TH1S). Dumb-bell shaped specimens were
stamped from samples sheet using a metal cutting die.
The specimens were prepared and tested according to
ASTM standard D638 (Type III). The elongation veloc-
ity of 1 mm/min and the gauge length of 15 mm were
chosen. The data containing tensile strength and strain
at break of the samples were collected. 

Differential Scanning Calorimetry (DSC) 
Thermal properties were determined using a TA Instru-
ments DSC model Q series 100, calibrated with indium
standard, at a heating rate of 10oC/min, under nitrogen

Figure 1. UHMWPE Compression moulding cycle.



purge. Prior to the tests, all samples were heated to
180oC and kept at this temperature for 10 min to elim-
inate the influence of their previous thermal history.
After cooling to room temperature at 5oC/min, the sam-
ples were heated again to 180oC. 

Scanning Electron Microscopy (SEM)
The morphology of impact fracture surfaces of samples
were observed by a JEOL 840 scanning electron micro-
scope. All samples were coated with a thin layer of gold
prior to SEM observations. 

A SZ-PT 40 Olympus optical stereomicroscope
was used to observe the goodness of UHMWPE/PET
mixture after dry mixing. The pictures were taken using
a CCD camera connected to microscope and directly
saved in electronic format.

X-ray Photoelectron Spectroscopy (XPS)
The surface characterization was performed using XPS
method. XPS Analysis was carried out with a Kratos
Axis Ultra using a monochromatized AlKα X-ray
source. The analyzed area was 700×300 microns in size
and the take-off angle was 90 degrees.  The source was
operated at 20 mA and 14 kV.  For the survey spectra,
a pass energy of 160 eV was used.  The base chamber
pressure was 5 × 10-9 torr (1 torr = 133.322 Pa).  All
data were processed using a Casa XPS data reduction
program. 

Experimental Design
Optimization of the processing variables is the main
objective of this research. There are many variables
affecting the mechanical and tribological properties of
UHMWPE composites. Some of these variables have
been selected in this research. These variables and the
related levels are presented in Table 1. 

Fibres have three levels and the other four variables
have two levels. In this research two cooling systems
have been used for comparison. The average heating
rate is 6oC/min and the average cooling rate in natural
convection is about 1oC/min and in forced convection
is about 4oC/min. A complete factorial design requires
31+24=19 experiments. However, using Robust design
(Taguchi method), the same study was carried out with
8 experiments using the L8 orthogonal array [12].
These experiments were carried out randomly to
remove any effects due to noise variables. The
designed experiments are presented in Table 2. The

mechanical tests were carried out on these experiments
and replicated three times. The results were analyzed
statistically by the analysis of variance (ANOVA)
method using Qualitek-4 software [13]. 

RESULTS AND DISCUSSION

The results of density measurement are shown in Fig-
ure 2a. The results indicate that there is a little variation
in some experiments due to the variation in processing
conditions. The density of UHMWPE after compaction
is close to its bulk density (0.94 g/cm3). Some varia-
tions in densities of the samples are due to the differ-
ence between densities of UHMWPE powder and PET
fibres. It should be mentioned that a small variation in
density may be due to very high compaction pressure
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Table 1. The processing variables of UHMWPE composites.

Variables
Levels

1 2 3
ts: Sintering soak time (min)

tc: Recrystallization soak time (min)

tp: Starting time for pressurizing

at recrystallization temperature,

TC, (min)

% wt: Fibre weight fraction (%)

C.S.: Cooling system

30

30

0

0

Natural

convection

(N)

60

60

30

10

Forced

convection

(F)

-

-

-

20

-

Test No.
Levels of variables

ts tc tp % wt C.S.
1

2

3

4

5

6

7

8

30

60

30

60

30

60

30

60

30

60

30

60

60

30

60

30

0

30

30

0

0

30

30

0

0

0

10

10

20

20

0

0

N

F

F

N

F

N

N

F

Table 2. The L8 Taguchi standard array for designing of

experiments.
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Figure 2. Variation in: (a) density, (b) impact strength, (c) tensile strength (d) strain-at-break, and (e) crystallinity due to different
experimental conditions.



(4000 bar) applied early in the cycle. 
The results of impact tests are shown in Figure 2b.

In net UHMWPE, samples No. 1 and 7 have the high-
est impact strength and in the UHMWPE composites
sample No. 3 has the highest impact strength among the
other composites. 

The results of tensile strength and strain-at-break
have been shown in Figures 2c and 2d. The samples
No. 7 and 8 have the highest tensile strength and elon-
gation. The lower tensile strength of the composites
may be caused by low adhesion between the PET fibres
and UHMWPE matrix and preventing from sintering of
UHMWPE powders by PET fibres. The composites
with 20 %wt PET fibres break at a lower elongation
(110%) than the composite with 10 %wt PET fibres
(150%). In the literatures the strain to failure of the
UHMWPE  and PET are 300% and 20%, respectively
[3-5]. 

The results of ultimate crystallinity for the samples
obtained from DSC experiment are presented in
Figure 2e. The results indicate that with increasing the
fibre weight fraction, the ultimate crystallinty of the
samples are increased. These results are in accordance
with crystallization kinetics data for UHMWPE/PET
composites [14].

These data have been analyzed by ANOVA method.

Analysis of Variance (ANOVA)
The signal to noise (S/N) ratio has been used for statis-
tical analysis. The S/N ratio is a general term used for
measuring sensitivity to noise factors or variables. It
takes a different form depending on the type of quality
characteristics. The response being considered for the
purpose of optimization in a Robust design experiment
is called a quality characteristic. Some of the variables
influence the quality characteristics or the response of
the products. These variables can be classified into the
following three categories, signal, noise and control
factors. Signal factors are the variables set by the user
or the operator to express the intended value for the
response of the products. Designer cannot control noise
factors and therefore they influence the quality of the
products. Control factors are the designing factors used
to optimize the products quality [12]. A block diagram
representation of these factors is shown in Figure 3.

In order to determine the best values of the vari-
ables, an objective function should be optimized. Find-

ing a proper objective function to optimize an engineer-
ing design problem is very important. Failure to do so,
can lead to great inefficiencies in experimentation and
even wrong conclusions about the optimum levels. The
task of finding what adjustments are meaningful in a
particular problem and determining the right S/N ratio
is not always easy.

Two types of S/N ratio are studied in this research,
smaller-the-better and larger-the-better type problems.

In smaller-the-better type problem the quality char-
acteristic (response) is continuous and positive; it
means that, it can take any value from zero to infinity.
Its most desired value is zero. Such problems are char-
acterized by the absence of a scaling factor or any other
adjustment factors. As there is no adjustment factor in
these problems, it should simply minimize the quality
loss function without any adjustment. Minimizing the
loss function is equivalent to maximizing the objective
function (S/N) defined by the following equation,

S/N=yi= -10 Log10 (mean square of responses)

Where xi, is the value of the response factor and n is the
number of replications. The S/N ratio, merely measures
the effect of noises [12].

But, in larger-the-better type problem the quality
characteristic should be as large as possible. This prob-
lem can be transformed into a smaller-the-better type
problem by considering the reciprocal of the quality
characteristics.                                                             

The percentage contribution of the variables, Pi, on
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Figure 3. Block diagram of a product/process: P diagram.
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the mechanical properties is calculated using [13]:

Pi=(S’i/ST) × 100 (2)  

S’i=Si - (VError × fi) (3)  

where , S’i, is the pure sum of squares, Si, total sum of
squares of the variables, ST,  total sum of squares, Vi,
variance of the variables, VError, variance of the errors,
and fi, degree of freedom of the variables.

This analysis was carried out on the S/N results [12].
The percentage contribution of the various process-

ing variables on the results has been presented in Table 3. 
The corresponding optimum levels in different

experiments are presented in Table 4.

Sintering Soak Time 
The initial morphology and crystallinity of the powder
are disappeared during the sintering soak. It is generally
concluded that complete sintering of polymers involves
two stages: wetting and diffusion. Although the time
dependence of viscous flow to promote contact and
inter-diffusion are comparable, it is normally assumed

that for amorphous polymers with high molecular
weight, the diffusion stage is critical. Due to strong
steric hindrance between the covalent bonded chains,
(self) diffusion in polymers proceeds through the rep-
tile motion of the chains, a process called "reptation".
In the case of semi-crystalline polymers (such as
UHMWPE) the loss of crystalline structure upon melt-
ing will locally result in non-equilibrium chain confor-
mations, which initially might lead to strong deviation
from normal reptation behaviour  [15]. UHMWPE is a
very high molecular weight polymer and the diffusion
stage has the main role while sintering its particles. The
shorter soak time retains a greater portion of the initial
morphology and crystallinity. The longer soak time is
suitable for removal of greater portion of initial crys-
tallinity and improving the mechanical properties.
After a specified time, retaining of the polymer at a
high temperature causes the polymer to be degraded.
As it is shown in Table 3 the sintering soak time has a
large effect on  the impact strength and little effect on
the other properties.      

Recrystallization Soak Time
The result of ANOVA showed that the recrystallization
soak time had no significant effect on the mechanical
properties of the samples. The previous studies showed
that the necessary time for the recrystallization of
UHMWPE is less than 10 min and for this reason there
is no difference between various levels (30 min and 60
min) of this variable [14]. 

The Starting Time for Pressurizing at TC
This variable has a large effect on the impact strength
and no significant effect on the other properties. The
morphological changes that take place at recrystalliza-
tion include the formation of new crystals and growth
of them. Applying pressure helps in the growth of the
lamella by increasing the lamellar thickness. At the
same time, high pressure destroys the smaller unstable
crystals. These two factors counteract with each other.
Thus applying the pressure at the beginning of recrys-
tallization destroys small crystals.

Cooling System
The most important effect of cooling rate is on the ulti-
mate crystallinity and impact strength of the samples.
These results are in confirmation with non-isothermal
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Table 3. The percentage contribution of the various process-

ing variables on the results.

Variable Crystallinity Density
Impact

strength

Tensile

strength

Strain-at-

break

ts

tc

tp

% wt

C.S.

Error

0

6.49

6.49

66.24

17.54

3.24

0

0

1.108

89.346

0

9.546

24.18

0.139

37.584

13.466

20.221

4.41

4.623

0.082

0.635

94.575

0.081

0.004

0.124

0.699

0.086

97.365

1.724

0.002

Table 4. The optimum levels in different experiments.

Variable Crystallinity Density
Impact

strength

Tensile

strength

Strain-at-

break

ts

tc

tp

% wt

C.S.

60

60

0

20

N

30

60

30

20

F

30

30

30

0

N

60

30

30

0

F

60

60

30

0

F
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crystallization kinetics of UHMWPE/PET composites
[14]. The semi-crystalline polymers have a temperature
range over which the melting and recrystallization
occurs simultaneously. The lower cooling rate makes
enough time until the initial structure and crystallinity
of the polymer to be disappeared. In other words low
temperature gradient reduces crystallinity gradient and
residual stresses within the sample [9,16]. 

Fibre Weight Fraction
The properties of a composite are generally a function
of fibre content, fibre aspect ratio, fibre orientation,
void content, fibre matrix adhesion, fibre matrix prop-
erties and processing methods [5].  

PET Fibres have been used to improve abrasive
wear behaviour  of UHMWPE matrix. The mechanical
properties of PET are lower than UHMWPE but it has
better abrasion resistance than UHMWPE [17]. 

It is obvious that the factor (σu εu) decreases with
increasing the weight fraction of fibres, which may
have a negative influence on the tribological properties.
Thus basically, there are two opposite effects which
determine the final wear behaviour of the PET rein-
forced UHMWPE composites. The incorporation of
fibres may have (i) a positive effect on the wear behav-
iour because of the probability of stress transfer and
increase in hardness and (ii) a negative effect because
of the decrease of (σu εu). 

Because of these two opposite effects an optimum
level of PET weight fraction should be selected without
compromising the sintering, mechanical and tribologi-
cal properties.  Reducing of PET fibres to an optimum
level and surface modifying of UHMWPE powders
were two methodologies to achieve optimum mechani-
cal properties. To investigate these problems more pre-
cisely, different modified and unmodified
UHMWPE/PET composites with various PET weight
fractions were prepared and mechanical tests were con-
ducted on them.

As it was mentioned, the UHMMWPE/PET com-
posite were prepared by dry mixing of PET fibres and
UHMWPE powders. Figure 4 shows a mixture of PET
fibres and UHMWPE powder which was taken by an
optical microscope. As it is clear, there are different
clusters of fibres and powders in this mixture. Since
PET fibres prevent from sintering of UHMWPE pow-
der, therefore an optimum percentage of fibres should
be selected without compromising sintering and

mechanical properties.
The interfacial shear strength (IFSS) between fibre

and matrix is important to improve the mechanical
properties of the composites [18]. The applied load is
transferred from the matrix to the fibre, at the fibre-
matrix interface. This transfer depends on the fibre-
matrix adhesion. The SEM micrograph of the fractured
surface of the composite shown in Figure 5, indicates
that there is not a good adhesion between fibres and
matrix. Thus the modification in matrix and fibre inter-
face should be carried out. 

Chemical Modification of UHMWPE Powder
The surface oxidation of UHMWPE powder was per-
formed using chromic acid etching. The chromic acid

Figure 4. The clusters of UHMWPE powders and PET fibres
in dry mixing process.

Figure 5. SEM Micrograph from impact fracture surface of
UHMWPE/PET composite. There is not a good adhesion in
interface of fibre and matrix.



solution was prepared by mixing potassium dichromate
(K2Cr2O7), sulphuric acid (H2SO4) and distilled water
in a 7:150:12 mass ratio. The UHMWPE powder was
immersed in the etching solution at room temperature
for 30 min. Then the powder was washed by
hydrochloric acid, distilled water and acetone, respec-
tively. After that it was dried in a vacuum oven at room
temperature for 12 h and stored in N2 gas.

The oxidation of UHMWPE is a well-known
method of surface modification that changes both sur-
face chemistry and roughness. The surface characteri-
zation of UHMWPE powder was performed with X-ray
photoelectron microscopy (XPS) method. The results
of XPS survey spectra for modified and unmodified
UHMWPE powder are presented in Figure 6. As it is
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Figure 6. XPS survey of: (a) unmodified and (b) surface
modified UHMWPE powder.

Figure 7. Comparison of: (a) impact strength, (b) tensile
strength and (c) strain-at-break at plain UHMWPE and differ-
ent modified and unmodified UHMWPE/PET composites.



shown, the oxygen to carbon (O/C) atomic ratio
increased from 0.2% in unmodified UHMWPE powder
to 4.94% in modified one. This confirms that the
chromic acid etching causes surface chemical oxidation
in the samples. Also there is a trace of chlorine in the
system that is harmful for tissues, thus the hydrochloric
acid rinsing, is recommended to be removed from
chromic acid etching.   

The modification mechanism consists of the
abstraction of hydrogen from the polymer backbone
and their replacement with polar groups (hydroxyl, car-
bonyl and carboxylic acid groups) from the oxidizing
agents. It is conceivable that hydrogen bonds are
formed between the particles and fibres [19,20]. 

The effect of the interface modification of

UHMWPE matrix and PET fibres on the mechanical
and properties are presented in Figure 7.

The results indicate that the reduction of fibre
weight fraction to 5% and surface modification of pow-
der improves the mechanical properties of
UHMWPE/PET composites. The appropriate interfa-
cial adhesion in modified composites induces the high-
est impact strength, in 5% composite. This problem
also was observed in impact fractured surface of modi-
fied composites (Figure 8). Besides of interfacial adhe-
sion improvement in composites, there is a good dis-
persion of fibres in the matrix. The later one prevents
the stress concentration in the composites and enhances
the mechanical properties. Fibre breakage in Figure 8b
indicates that there is a very good adhesion in the fibre
and matrix interface. These results show that the com-
posite of modified UHMWPE with 5% PET fibres is
the best substitute to plain UHMWPE to use in artifi-
cial joints.

The tribological properties of UHMWPE/PET
composite are presented in the next articles. 

CONCLUSION

In this paper the effect of different processing variables
on the mechanical properties of UHMWPE/PET com-
posites has been investigated using Robust design
(Taguchi method). The mechanical tests were carried
out on these experiments and replicated three times.
The results were analyzed statistically by the analysis
of variance (ANOVA) method using Qualitek-4 soft-
ware. 

The results indicate that there is a little variation in
density of samples due to variation in processing con-
ditions. The lower tensile and impact strength of the
composites may be caused by the low adhesion
between PET fibres and UHMWPE matrix and pre-
venting from sintering of UHMWPE powder by PET
fibres.

The results indicate that with increasing the fibre
weight fraction, the ultimate crystallinty of samples are
increased. 

The cooling system has a moderate effect on tensile
and impact properties. Slow cooling rate provides suit-
able results, because low temperature gradient and suf-
ficient time induce recrystallization, low residual stress
and crystallinity gradient. Sintering soak time has a
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(a)

(b)

Figure 8. Impact fracture surface of: (a) unmodified and (b)
modified UHMWPE/PET composites. 
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moderate effect on the impact strength and no signifi-
cant effect on the other properties. Starting time for
pressurizng at recrystallization temperature has a mod-
erate effect on the impact strength and no effect on the
others. The recrystallization soak time has no important
effect on the mechanical properties.

Among the different processing variables, the fibre
weight fraction had the greatest effect on the results.
PET fibres have been used to improve abrasive wear
behaviour  of UHMWPE matrix. There are two oppo-
site effects which determine the final wear behaviour
of the PET reinforced UHMWPE composites. The
incorporation of fibres may have a positive effect on
the wear behaviour  because of the probability of stress
transfer and increase in hardness and a negative effect
because of the decrease of (σu εu ). Therefore, the
weight fraction of PET should be optimized without
compromising the sintering, mechanical and tribologi-
cal properties. Reduction of PET fibres to an optimum
level and surface modification of UHMWPE powders
were two methodologies to reach optimum mechanical
properties. For this purpose, the weight fraction of PET
was optimized (5 %wt).

The surface modification of UHMWPE powders
was performed using chromic acid etching and charac-
terized by XPS method. 

The results indicate that reducing of fibre weight
fraction to 5% and surface modifying of powder
improve the mechanical properties of UHMWPE/PET
composites. 
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