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Dahlan and Mohammad Jawaid

Thermal and mechanical properties of ultrahigh 
molecular weight polyethylene/high-density 
polyethylene/polyethylene glycol blends

Abstract: Blends of ultrahigh molecular weight polyeth-
ylene (UHMWPE) with high-density polyethylene (HDPE) 
provide adequate mechanical properties for biomedical 
application. In this study, the mechanical and thermal 
properties of UHMWPE/HDPE blends with the addition 
of polyethylene glycol (PEG) prepared via single-screw 
extruder nanomixer were investigated. The UHMWPE/
HDPE blends exhibit a gradual increase in strength, mod-
ulus, and impact strength over pure polymers, suggesting 
synergism in the polymer blends. The elastic and flexural 
modulus was increased at the expense of tensile, flexural, 
and impact strength for the blends containing PEG. The 
degradation temperature of UHMWPE was improved with 
the incorporation of HDPE due to good thermal stabil-
ity of HDPE. HDPE improved the dispersibility of PEG in 
matrix, consequently reduced the surface area available 
for the kinetic effects, and reduced the degradation tem-
perature. The morphology analysis confirmed the misci-
bility between UHMWPE and HDPE and the changes in 
polymer structure with the presence of PEG modify the 
thermal behavior of the blends. The mechanical proper-
ties of the blends that are underlying values for the design 
of implant material show the potential used as biomedical 
devices.

Keywords: high-density polyethylene; mechanical prop-
erties; polyethylene glycol; thermal properties; ultrahigh 
molecular weight polyethylene.
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1  Introduction
Ultrahigh molecular weight polyethylene (UHMWPE) is 
increasingly employed as a load-bearing material. The 
applications of it range from joints for arthroplasties in 
the field of biomechanics [1] to more common industrial 
applications such as gears, liners, unlubricated bearings, 
and seals [2]. The outstanding properties of UHMWPE 
such as high abrasion resistance against steel, high wear 
strength for use in bearing surfaces, high toughness, and 
biocompatibility for use in total joint replacement have 
received considerable attention in both academic and 
industries. In orthopedic field, demands of UHMWPE 
for hard tissue repair or bone replacement keep growing 
specifically for knee and hip replacements. Therefore, 
the mechanical properties of UHMWPE, for instance, the 
stiffness, toughness, and strength, should exhibit the cor-
responding levels of natural bone. The implant material 
should have character with a bone matching mechanical 
performance, as it is crucial in determining the longevity 
of the implants [3].

The UHMWPE components experience cyclic com-
pressive and tensile loading and abrasive and adhesive 
shear during in vivo articulation of joint replacement [4]. 
In addition, the stresses that dissipated through plastics 
deformation of the polymer can also concentrate at struc-
tural defects (e.g., crack) causing fatigue crack propaga-
tion and increasing risk of fracture [5, 6]. The performance 
of UHMWPE is also affected by inherent weaknesses, 
such as high creep, compared with metal and bone [7]. 
The reduction in mechanical strength of UHMWPE, which 
being implanted into younger and more active patients, 
also contributes to the occurrences of failure. There-
fore, interest in improving the mechanical properties 
of UHMWPE has attracted many researchers and found 
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depended on several factors including the composition 
and morphology of the blend or composite [8] and the 
molecular weight and its distribution [9]. The processing 
methods of UHMWPE are also important in providing ade-
quate mechanical properties for medical implants [10].

Currently, UHMWPE are usually produced either by 
direct compression moulding process or by ram-extru-
sion process followed by machining. The extremely high 
molecular weight and high viscosity of UHMWPE makes 
it processing a challenging task. The high viscosity of 
UHMWPE results in slow diffusion of UHMWPE chains 
during consolidation [5]. These factors led to the exist-
ence of fusion defects, which potentially creates sites for 
failure under cyclic loading and consequently results in 
less toughness [11].

Thus, most of the works focus on improving the 
processability of UHMWPE [12–14], as it is an important 
factor in determining the dispersion of bioactive particles 
in UHMWPE. Several methods have been identified and 
extensively studied by researchers, which include blend-
ing with conventional polyolefin such as polypropylene 
(PP) [12], high-density polyethylenes (HDPE) [13], and 
incorporating small quantities of processing aids [14]. 
Among these methods, most of the researchers showed an 
interest toward blends of UHMWPE with other polyethyl-
enes. In spite of structural similarity in polyethylenes, the 
aim is to achieve better miscibility with better mechani-
cal and thermal properties. A previous study reported that 
HDPE can be blended with UHMWPE to improve the creep 
resistance [15].

Hence, the present work carried on HDPE due to 
its relatively better miscibility with UHMWPE. A small 
amount of polyethylene glycol (PEG) was added in blends 
to improve the extrudability of UHMWPE. PEG was proven 
to be effective in reducing the extrusion pressure and melt 
viscosity and widely studied for its importance in process-
ing [16, 17]. The main objective of this study is to carry out 
the blending of UHMWPE and HDPE and investigate the 
influence of blends composition on the mechanical, mor-
phological, and thermal properties.

2  Experimental

2.1  Materials

The UHMWPE used was GUR 1020 (Ticona, Telford, UK) 
and supplied in powder form with a weight average 
molecular weight of 3.5 × 106  g/mol and density of 0.93 
g/cm3. HDPE (Etilinas HD5403AA) was supplied by 

Table 1 Composition of the UHMWPE/HDPE blends.

Sample designation UHMWPE (wt%) HDPE (wt%)

H100 0 100
U10H90 10 90
U20H80 20 80
U30H70 30 70
U40H60 40 60
U50H50 50 50
U60H40 60 40
U100 100 0

Table 2 Composition of the UHMWPE/HDPE/PEG blends.

Sample designation UHMWPE (wt%) HDPE (wt%) PEG (phr)

U10H90G 10 90 2
U20H80G 20 80 2
U30H70G 30 70 2
U40H60G 40 60 2
U50H50G 50 50 2
U60H40G 60 40 2

Polyethylene Malaysia (Kuala Lumpur, Malaysia) with 
density of 0.954 g/cm3, weight average molecular weight 
of 120,000 g/mol, and melt flow rate of 0.25 g/10 min at 
190°C. PEG with an average molecular weight of 8000 was 
supplied by Sigma-Aldrich (Kuala Lumpur, Malaysia) with 
a density of 1.0273 g/cm3.

2.2  Blends and sample preparation

The granule of HDPE was ground into powder before 
mixing with UHMWPE and PEG to get uniform composi-
tion throughout the batch size. These uniformly mixed 
polyethylene batches were then melt-blended in a single-
screw extruder nanomixer with a screw speed of 80 rpm, 
with UHMWPE weight fractions ranging from 10% to 
60%, as shown in Tables 1 and 2. Addition of PEG is in 
per hundred resin (phr), with the UHMWPE/HDPE blend 
as a basis. The temperature profile of the extruder was set 
as 195°C, 220°C, 220°C, and 240°C at the fed zone, meter-
ing zone and die, respectively. The extruded blends were 
cooled in water bath and subsequently pelletized. The 
resin pellets were then compression molded into samples 
at 210°C for 25  min (including 15  min of preheat) under 
14  MPa and allowed to cool under pressure by switch-
ing off the heater. The test specimen was obtained from 
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compression-molded samples and cut into specific dimen-
sion according to ASTM.

2.3  Tensile test

In this research, the tensile test was carried out using a 
Universal Mechanical Testing Machine (Lloyd Instru-
ments, West Sussex, UK) according to ASTM D638. 
Dumbbell specimens were cut from the molded sheets. A 
crosshead speed of 5 mm/min was used. Five specimens 
of each composition were tested and the average values 
were reported. Elastic modulus and tensile strength were 
determined.

2.4  Flexural test

Flexural test was carried out using a Universal Mechani-
cal Testing Machine (Lloyd Instruments) according to 
the ASTM D790 standard (a three-point bending system). 
A crosshead speed of 5 mm/min was used and the test 
was run at a temperature of 25°C. To retain consistency, 
a jig that allowed a span of 50 mm was used. The dimen-
sion of specimen was 12.7 × 3.0 × 150.0  mm (width × thick-
ness × length). Five specimens of each composition were 
tested and the average values were reported.

2.5  Izod impact test

The Izod impact test was carried out using IMPats 15 
machine manufactured by ATS FAAR (Milan, Italy). The 
specimens of the testing followed the type II of the ASTM 
D 256, prepared from the compression molded sheet. 
Notching was carried out using the notching tool. The 
notch depth was fixed at 2.6 ± 0.02 mm.

2.6  Differential scanning calorimetry

Thermal analysis was performed on UHMWPE/HDPE 
blends using a Perkin-Elmer DSC7 instrument (Waltham, 
MA, USA). Differential scanning calorimetry (DSC) meas-
urements are used to determine the crystallization tem-
perature (Tc), melting temperature (Tm), and degree of 
crystallinity (X) in each sample from the cooling and 
second heating thermograms. Samples of about 5  mg 
were analyzed at heating and cooling rates of 5°C/min 
under nitrogen environment in the temperature range 
between 30°C and 200°C. The samples were first heated up 

to 200°C (first scan), held at this temperature for 1 min, 
cooled down to 30°C, and then reheated (second scan). 
The enthalpy of 100% crystalline polyethylene ( ∆ o

fH ) is 
assumed to be 293 J/g [6]. The degree of crystallinity is cal-
culated as follows [Equation (1)]. ΔHf is the enthalpy of the 
samples.

 
o

f f( H / H ) 100%.X ∆ ∆= ×  (1)

2.7  Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed from 
ambient temperature of 30°C–950°C under nitrogen gas 
environment with heating rate of 10°C/min by using 
Perkin-Elmer TGA7 to determine the thermal degradation 
behavior of the composites.

2.8  X-ray diffraction

X-ray diffraction (XRD) was used to identify the crystal-
linity of UHMWPE, HDPE, and UHMWPE/HDPE blend 
to determine the possibility of cocrystallization. The 
analysis was examined by X-ray diffractometer (Siemens, 
Munich, Germany) using CuKα radiation and scanned 
from 20° to 60° with a step size of 0.05° and scanning 
speed of 0.02°/min.

2.9  Dynamic mechanical analysis

Loss modulus (E″) was determined by dynamic mechani-
cal thermal analysis using DMA2980 (Perkin-Elmer). 
The dynamic mechanical analysis (DMA) spectra were 
obtained in three-point bending mode at 1 Hz frequency 
in a broad temperature range (-110°C to 100°C) with a pro-
grammed heating rate of 5°C/min. Samples having dimen-
sions of 2 × 6 × 17  mm (thickness × width × length) prepared 
by compression molding were used for analysis.

3  Results and discussion

3.1  Differential scanning analysis

The thermal properties of UHMWPE, HDPE, and 
UHMWPE/HDPE blends are shown in Table 3. The discus-
sion is focused on the effects of the blend ratios on the 
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melting temperature (Tm), crystallization temperature (Tc), 
and degree of crystallinity (X). The endotherms obtained 
as shown in Figure 1 indicates that the thermal history 
may determine the degree of crystallinity of the blends as 
shown by changes in the heat of fusion and melting tem-
perature. The results show that the melting temperature 
of UHMWPE is higher than HDPE. The molecular weight is 
the main reason for differences between these polymers. 
UHMWPE with molecular weight (Mw) of 3.5 × 106  g/mol  
is simply much higher than that of HDPE. Thus, with 
its unique crystalline structure, more energy is required 
to destroy the complicated supermolecular structure of 
UHMWPE.

The crystallization of UHMWPE also exhibits a higher 
crystallization temperature than that of HDPE but with 
lower crystallinity. The crystallization of polymer is a 
combination of nucleation and growth [18]. Because long 
chains of UHMWPE tend to entangle, the chains can freeze 
and form crystal nuclei at higher temperature, which 
leads to an increase in crystallization temperature. On 
the contrary, the crystal growth rate depends on the rate 
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Figure 1 DSC melting traces of UHMWPE/HDPE blends.

Table 3 Thermal properties of the UHMWPE/HDPE blends.

Sample Tm (°C) Tc (°C) ΔHf (J/g) X (%)

H100 127.02 113.57 167.92 57.31
U10H90 127.52 113.57 155.04 52.91
U20H80 127.85 114.48 144.19 49.21
U30H70 128.18 113.90 147.45 50.32
U40H60 128.52 114.98 135.65 46.30
U50H50 128.85 114.40 157.34 53.70
U60H40 132.01 118.90 137.80 47.03
U100 132.66 119.4 97.14 33.15

of chain movement. The longer the chains, the lower the 
moving rate. In this case, UHMWPE with entanglements 
at more points along their length significantly slow down 
the motion of the chain segments at a given instant in time 
for crystallization, thus lowering its crystallization rate. 
Therefore, the crystal growth is lower, resulting in lower 
crystallinity. Crystallinity is important, as it shows a posi-
tive relationship with elastic modulus of UHMWPE [19], 
where deformation of semicrystalline polymer involves 
the deformation of the crystalline regions in conjunction 
with chain alignment in the amorphous and crystalline 
region [20, 21].

From Table 3, the latent heat of fusion (ΔHf) for 
UHMWPE is lower compared with HDPE. Theoretically, 
the slower the crystallization process, the greater the ΔHf 
will be. However, in the present case, the crystallization 
rate of UHMWPE is lower, causing lower ΔHf. It is attrib-
uted to the amorphous regions and crystal defects. The 
longer the chain, the more evident is this phenomenon 
and therefore lowers the heat of fusion and degree of 
crystallinity of UHMWPE compared with HDPE. This is in 
agreement with the trend observed by Zhu et al. [18]. It is 
clearly found that HDPE is categorized as a highly crystal-
line polymer with crystallinity more than 55%. Bensason 
et al. [22] described the morphology observed in polyeth-
ylene and concluded that highly lamellar crystallites with 
crystallinity more than 55% can be found in HDPE.

Blends of UHMWPE/HDPE show that only one melting 
temperature peak appeared. It is expected that the blends 
are very similar to a single component. The peaks for all 
the blends are slightly lower than melting temperature for 
pure UHMWPE and the peaks are all between the melting 
peak of HDPE and UHMWPE. A gradual increase in crys-
talline melt temperature can be observed with increasing 
UHMWPE content.

The single melting peaks might be attributed due to 
the occurrence of cocrystallization during quenching, 
although the difference in melting temperature of both 
polymers is more than 4°C. Cocrystallization takes place 
when part of the component chain segment diffuses and 
crystallizes into the lamellae of the other component 
[23]. This would allow the formation of new lamellae at 
the same time with cocrystallization of the blends. This 
finding is in agreement with other researchers [23, 24]. 
The possibility of cocrystallization is also attributed to 
the molecular weight of polyethylene as proposed by 
Tanem and Stori [25]. They reported that this factor is of 
secondary importance for cocrystallization. Chain linear-
ity is another factor that affects the cocrystallization as 
concluded by Kyu and Vadhar [26]. Although overlapping 
is always possible in DSC, especially if the separation 
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between the melting temperatures of the two original 
components is small, it is believed that the single endo-
thermic peak observed in the second peak is due to the 
fusion of the homogeneous blend. The results indicate 
that the molecular chains of UHMWPE and HDPE are well 
entangled in the homogeneous blends as reported by 
previous studies on UHMWPE blends [27] and the entan-
gled chains may not be completely loosened by the first 
melting, suggesting the ability of UHMWPE and HDPE 
chains to cocrystallize together. According to Vadhar and 
Kyu [28], the diffraction maxima of XRD result appear 
slightly different on the 2θ scale and overlap to give rise 
to apparent peak broadening if the two blend components 
form separate crystals [28]. However, there does seem to 
be peak broadening in XRD result of U40H60 compared 
with neat UHMWPE as shown in Figure 2. The evidence is 
not conclusive to our initial expectation and it is possible 
that no cocrystallization occurs.

Enhanced Tm and Tc of blends with increasing 
UHMWPE content were observed in this system. Accord-
ing to the results, blends of U10H90 show that the Tm value 
is close to the rich component, which is HDPE, whereas 
blends of U60H40 show the highest Tm and the value is 
close to Tm of pure UHMWPE. A similar trend was observed 
for Tc of the blends. These results can be attributed to 
the incorporation of UHMWPE that has linear chain 
sequences, which show a higher tendency to crystallize 
first as a samples cool, leaving the shorter chain to crys-
tallize subsequently. Thus, this results in a formation of 
crystallites at higher temperature. The higher fraction of 
UHMWPE in the blends, the higher Tc is obtained. On the 
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Table 4 Thermal properties of the UHMWPE/HDPE/PEG blends.

Sample Tm (°C) Tc (°C) ΔHf (J/g) X (%)

U10H90G 128.1 113.82 133.40 46.44
U20H80G 127.58 113.73 142.21 49.51
U30H70G 127.5 113.73 134.86 46.95
U40H60G 128.02 113.48 131.12 45.65
U50H50G 128.27 113.73 126.57 44.06
U60H40G 128.1 113.9 125.73 43.77

contrary, blends with high fraction of HDPE crystallized at 
lower temperature; therefore, Tc of the blends decreased. 
It is expected that thicker crystallites are formed as a con-
sequence of having the longest linear chain for blends at 
high loading of UHMWPE compared with the blends with 
a higher amount of shorter linear chain. A similar trend of 
Tm and Tc of UHMWPE/HDPE blends was reported by Puig 
[29], who suggested the inclusion of some UHMWPE chains 
into the HDPE lamellae during crystallization resulting in 
a thicker lamellae, thus increasing the Tm of the blends. 
As mentioned earlier, thicker crystals were produced with 
increasing Tc. As a result, the overall density of crystal-
linity increases with Tc. It is interesting to observe that 
a blend of U40H60 shows the lowest value of X and ΔHf 
compared with other blends. In addition, 40% UHMWPE 
seems to be a critical content before a change is observed 
with increasing UHMWPE loading. The shift is most prob-
ably related with the compatibility of the blends.

The effect of PEG on the thermal properties and 
melting behavior of UHMWPE/HDPE/PEG blends is 
shown in Table 4. From Figure 3, blends of UHMWPE/
HDPE/PEG show that only one melting temperature peak 
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appears with no significant changes in the Tm values. A 
similar trend is observed for the Tc of the composites. The 
Tm and Tc of these blends are almost the same compared 
with the UHMWPE/HDPE blends. ΔHf and X was found 
to decrease with increasing UHMWPE content. It can be 
observed that ΔHf decreases on the addition of PEG com-
pared with UHMWPE/HDPE blends.

The reduction of ΔHf is indicative of a decrease of X 
present in the samples. The crystallization of UHMWPE/
HDPE blends is clearly affected by the presence of PEG. 
Incorporation of PEG even at a small concentration (2 phr) 
seems to be efficient to hinder the crystal growth of the 
blends. Based on a previous study, Tc of PEG is approxi-
mately 65°C, which means that crystallization of PEG can 
occur at room temperature [30]. The temperature is lower 
compared with UHMWPE/HDPE/PEG blends. Thus, it is 
possible that as the blends cool from the melt, chains of 
UHMWPE and HDPE crystallize first, whereas PEG chains 
remain in and hence inhibit the crystal growth, which 
subsequently affects the blends to achieve its maximum 
crystallinity. PEG, which is mainly located in the amor-
phous region of the blends, may increase the interface 
layer between the lamellae and amorphous regions. 
Further, PEG hinders the crystal growth of the blends and 
decreases the thickness of the crystalline lamellae and 
thus decreases the crystallinity of the UHMWPE/HDPE/
PEG blends. Whitehouse et  al. [30] also agreed that the 
processing aids acts as inhibitor of crystal growth when 
incorporated to thermoplastic.

The effect of PEG on the interface between the lamel-
lae and the amorphous region can be supported by α 
relaxation from DMA results. This relaxation was found 
to be attributed to the interface processes at the bound-
ary between crystalline and amorphous phases [31]. As 
explained by Stadler et  al. [32], the thinner the lamella, 
the thicker layer of the interface between the lamellae and 
the amorphous region subsequently decrease the α peak 
temperature. It was observed that the α peak temperature 
of blend containing PEG was decreased compared with 
the U40H60 blend, suggesting increment of the inter-
face layer (Figure 4). These tendencies are schematically 
shown in Figure 5.

3.2  Thermogravimetric analysis

TGA of the neat UHMWPE, HDPE, and UHMWPE/HDPE 
blends was carried out to evaluate the effect of blends 
composition on the thermal stability of the polymers. The 
TG curves are shown in Figure 6, whereas the degradation 
temperature of blend components and UHMWPE/HDPE 
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Figure 4 Loss modulus of UHMWPE, HDPE, and U40H60 blends.

blends obtained from TG and DTG curves are presented in 
Table 5.

The initial thermal stability is characterized by tem-
peratures at 10% weight loss, which referred as T10%. The 
TG curves displayed only one step of degradation for both 
pure polymer and for all UHMWPE/HDPE blends. HDPE’s 
T10% value appears at a temperature of 520°C, which is 83°C 
higher than the UHMWPE. The value was also consistent 
with a study reported by Park et al. [33], who illustrated 
a similar TG curve for neat HDPE around 500°C. Thermal 
degradation of UHMWPE took place most rapidly than 
HDPE and the blends. However, it was clearly observed 
that T10% of the UHMWPE/HDPE blends lies between those 
of the individual polymers and higher than the UHMWPE 
within the range of 437°C–481°C. In general, the T10% 
increased with increasing HDPE fraction and slowly 
approached the values of virgin HDPE. By increasing the 
HDPE ratio from 40% to 60%, the T10% is shifted to higher 
values for about 44°C compared with UHMWPE. The 
findings indicate that blending of HDPE into UHMWPE 
enhanced the degradation temperature of UHMWPE due 
to good thermal stability of HDPE. This implies the capa-
bility of HDPE to minimize the degradation caused by heat 
during processing of UHMWPE. Roy et al. [34] concluded 
that both random scissions and branching occur simulta-
neously resulting in a single mass loss step. HDPE with 
higher branching than UHMWPE therefore gives rise to 
the higher T10% values and results in higher thermal sta-
bility than the UHMWPE. Bockhorn et  al. [35] suggested 
a four-stage mechanism for HDPE degradation, which 
consists of initiation by random scission, propagation by 
(1) b-scission of the radicals, (2) intramolecular hydrogen 
transfer, and (3) intermolecular hydrogen transfer, and 
termination by recombination of radicals.
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The sample weight percentage decreased continu-
ously and none of the samples had char residue, as it 
degraded completely at temperature above 450°C. It is 
interesting to observe that initially the degradation tem-
perature of UHMWPE/HDPE blends was found to decrease 
with increasing HDPE content from 40 to 70 wt% before a 
reverse effect is observed with increasing HDPE up to 90 
wt%. The interactions may occur between components 
in the blend during degradation conditions. According 
to Klaric et al. [36], the type of interaction will depend on 
the degree of miscibility of the components as well as on 
their ratio in the blend. In addition, a probable reason for 
the observed behavior is believed to be due to the kinetic 
effects, which greatly influenced the thermal stability of 
UHMWPE/HDPE blends. Although the overall thermal 
degradation kinetics of these blends is not discussed in 
this study, the kinetics effects play a significant role in the 
formation of the structure [37], and the changes in polymer 

structure will modify the thermal behavior. The trend of 
the results obtained is consistent with DSC results, where 
initially the value of X and ΔHf decreases with increasing 
HDPE loadings and shifted to increase at composition of 
40% UHMWPE/60% HDPE. Based on these findings, it was 
postulated that blends of U40H60 are the most compat-
ible compared with other UHMWPE/HDPE blends. Thus, 
it is believed that this relation may influence the thermal 
stability of the UHMWPE/HDPE blends and is responsible 
for the results obtained. The trend observed for the peak 
of decomposition temperature (Tp) for UHMWPE/HDPE 
blends was found similar with the results of T10%. UHMWPE 
shows lower temperature in comparison with HDPE. The 
addition of HDPE increased the Tp for all the investigated 
blends in the temperature range of 501°C–506°C within the 
temperature of blend components.

The TG curves for the UHMWPE/HDPE/PEG blends are 
illustrated in Figure 7 and the summary of the degradation 
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Figure 5 Effect of PEG on interface region of UHMWPE/HDPE blend.
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temperature is shown in Table 6. The result shows that 
degradation is a one-step process and occurs in a broad 
temperature region between 350°C and 490°C. The blends 
completely degrade at temperature above 480°C with no 
significant changes in Tp. It can be observed that the T10% 
decreased as the HDPE content increased at temperature 
ranging from 418°C to 434°C with the addition of PEG. The 
trend observed exhibits dissimilarities with the UHMWPE/
HDPE blends. Probably, at higher concentration of HDPE, 
the dispersibility of PEG in matrix is enhanced due to 
lower viscosity compared with blends at low content 
HDPE. Therefore, the surface area available is reduced for 
the kinetic effects and reduces the T10% value.

Incorporation of PEG results in lower T10% compared 
with UHMWPE/HDPE blends, showing that the thermal 
stability of UHMWPE/HDPE/PEG blends has reduced. 
Addition of PEG to the UHMWPE/HDPE matrix produces 

the immiscible blends, with the low viscosity of PEG 
acting as the dispersed phase in the matrix. The presence 
of PEG particles hinders the heat transfer and reduces the 
surface area needed for the kinetic effects, which in turn 
reduces the degradation temperature of UHMWPE/HDPE/
PEG blends.

3.3  Tensile and flexural strength

The tensile and flexural strength of UHMWPE, HDPE, 
UHMWPE/HDPE, and UHMWPE/HDPE/PEG blends 
are shown in Figure 8. The result shows that the tensile 
strength of UHMWPE (at 0 wt% HDPE) was higher than 
neat HDPE. It is primarily explained by chain entan-
glement. UHMWPE with its longer polymer chains has 
more entanglement, which causes resistance to chain 

Table 5 Degradation temperature of components and UHMWPE/HDPE blends obtained from TG and DTG curves.

Designation Percentage composition (wt%) Initial decomposition 
temperature, T10% (°C)

Peak of decomposition 
temperature, Tp (°C)

UHMWPE HDPE

H100 0 100 520 473
U10H90 10 90 481 516
U20H80 20 80 477 507
U30H70 30 70 468 501
U40H60 40 60 472 503
U50H50 50 50 476 512
U60H40 60 40 479 513
U100 100 0 437 469
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slippage. Therefore, a higher tensile force is required to 
cause sliding of this molecule, which led to an increase 
in deformation and higher strength values. It was agreed 
by Lim et al. [23], where the chain entanglement may act 
as physical crosslinks that offer better stress distribution 
and higher failure energy. A similar finding was reported 
by Huang and Brown [38], who claimed that the differ-
ence in tensile strength value is reflected in their behavior 
during craze growth where UHMWPE particles were able 
to sustain a higher stress than the fibrils of HDPE. Further-
more, the tensile strength value of UHMWPE and HDPE is 
in agreement with study reported by He [39], who reported 
that the trend observed is associated to the polymer chain 
alignment and orientation. Overall, the tensile and flex-
ural strength of UHMWPE/HDPE blends is lower than neat 
UHMWPE at all HDPE content.

The tensile and flexural strength for the entire blends 
was decreased with increasing HDPE concentration and 
slowly approached the values of virgin HDPE. UHMWPE 
has excellent mechanical properties because of the entan-
glements of the long molecular chain. However, addition 
of HDPE decreased the chain entanglements; thus, lower 
force is required to cause chain slippage. Only a slight 
increase was observed in tensile strength of UHMWPE/
HDPE blends from 50 to 60 wt% HDPE loading. The 
slight increment indicated good interaction between 

HDPE and UHMWPE. It is expected that the 40:60 blend 
of UHMWPE/HDPE has a balance of chain entanglement 
and well-organized spherulits within UHMWPE chains 
and between UHMWPE and HDPE chains. Therefore, the 
ability of the blend to sustain more stress was increased. 
Mohanty and Nando [40] found that a synergistic effect 
of UHMWPE/HDPE blends contributes a good interaction 
between the blend components. The reduction in strength 
from 70 to 90 wt% HDPE is expected for blends with high 
fractions of HDPE due to shorter chains of HDPE, as the 
main matrix required lower tensile force to disentangle 
and thus decreased the tensile strength.

The addition of PEG decreased the tensile strength 
of UHMWPE/HDPE/PEG blends by 8–15% lower than the 
UHMWPE/HDPE blends. Flexural strength also showed 
similar trend with a lower strength observed for the 
blends containing PEG. The reduction of flexural strength 
is in the range of 8–13%. The possible reason is attributed 
to PEG acting as a dispersed phase because of the low vis-
cosity of PEG, which in turn produced immiscible blends. 
Poor adhesion between the matrix and PEG is indicated 
by the formation of a dispersed PEG in UHMWPE/HDPE 
matrix, as shown by the scanning electron microscopy 
(SEM) result in Figure 9, and thus reduced the ability of the 
polymer to transfer higher stress and dropped the strength 
values.

Table 6 Degradation temperature of components and UHMWPE/HDPE/PEG blends obtained from TG and DTG curves.

Designation Percentage composition (wt%) Initial decomposition 
temperature, T10% (°C)

Peak of decomposition 
temperature, Tp (°C)

UHMWPE HDPE

U10H90G 10 90 418 464
U20H80G 20 80 428 470
U30H70G 30 70 430 474
U40H60G 40 60 424 464
U50H50G 50 50 428 470
U60H40G 60 40 434 473

A B

10 µm 10 µm

Figure 8 Fracture surfaces of (A) UHMWPE/HDPE (40:60) blend and (B) UHMWPE/HDPE (40:60) blend containing 2 phr PEG.
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3.4  Elastic and flexural modulus

The elastic and flexural modulus of UHMWPE, HDPE, 
UHMWPE/HDPE, and UHMWPE/HDPE/PEG blends is 
shown in Figure 10A and B, respectively. Apparently, the 
elastic and flexural modulus of HDPE is higher than that 
of UHMWPE. It was found that HDPE shows almost 78% 
higher in elastic modulus compared with UHMWPE. It is 
well known that the modulus of polymer is particularly 
sensitive to changes in degree of crystallinity than any 
other properties. The correlation between modulus and the 
crystallinity has been pointed out by many researchers [1, 
41]. In the present case, based on DSC result, HDPE shows 
a higher value of crystallinity than UHMWPE. HDPE with 
higher crystallinity was able to support more stress due to 
more closely packed polymer chains than in amorphous. 
In addition, the secondary forces holding the crystallites 
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HDPE/PEG blends: (A) tensile strength and (B) flexural strength.

together are greater than in amorphous regions. When 
stress is applied, the tensile stress was first transmitted 
by crystalline regions, subsequently decreased the flex-
ibility, and produced high resistance toward deformation. 
Thus, crystallinity can significantly increase the rigidity 
of the HDPE, which results in higher modulus. A similar 
result was observed by Lim et al. [23], who found a rela-
tionship where elastic modulus increased almost linearly 
with increasing crystallinity. According to Fu et  al. [42], 
based on their study upon crystal morphological investi-
gations, they concluded that the HDPE forms well-organ-
ized spherulits with a high degree of crystallinity and rigid 
amorphous region.

Modulus of UHMWPE/HDPE/PEG and UHMWPE/
HDPE blends slightly increased with increasing HDPE 
content. There is a possibility that the organization of 
HDPE chains that have well-organized spherulits into 
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lamellae restricts chain mobility and enhanced the stiff-
ness. Similar findings were reported by Fu et al. [42] and 
Nugay and Tincer [43] who found that addition of HDPE 
enhances the modulus of LDPE/HDPE blends to strain 
hardening increase and gives a higher stress value during 
stretching. However, it is possible that HDPE crystallites 
reverting to a fibrous state because of UHMWPE chains 
penetrate into HDPE lamellae and consequently drop the 
modulus at certain blend composition.

The modulus of UHMWPE/HDPE/PEG blends was 
higher at all compositions compared with UHMWPE/
HDPE blends. This observation can be attributed to the 
effect of PEG, which is mainly located in the amorphous 
region of the blends. PEG is believed to inhibit the crystal 
growth support by the thermal properties of UHMWPE/
HDPE/PEG blends. Therefore, it is highly possible that 
PEG remains in the amorphous region and produces rigid 
amorphous phase. Further introduction of stress to the 
system led to an orientation of the amorphous regions and 
resulted in increased elastic modulus. This is in agreement 
with the study reported by Xie and Li [16], who reported 
that PEG remains in amorphous phase during crystalli-
zation of UHMWPE/PP blends. This factor balanced and 
improved the mechanical properties of UHMWPE/HDPE/
PEG blends, although the presence of PEG results in poor 
adhesion between the matrix and PEG.

3.5  Impact strength

The impact strength of the neat polymers and UHMWPE/
HDPE and UHMWPE/HDPE/PEG blends is shown in 
Figure  11. The impact strength shows that the absorp-
tion energy of UHMWPE is nearly seven times higher 
than the impact strength of HDPE, approaching the value 
of 97 kJ/m2. The high impact strength is expected as the 
chain entanglement of UHMWPE allows more energy to 
be absorbed because of chain reorientation and slippage. 
The chain entanglement assists to better stress distribu-
tion of the energy absorbed along the molecular chains.

The more efficient impact energy absorption by 
UHMWPE attributed to better compaction and consolida-
tion of UHMWPE powder during processing, which allows 
the interfacial diffusion phenomena. The better compac-
tion and consolidation provides a large contact surface 
area for intimate molecular contact at particle bounda-
ries, thus resulting in higher interfacial cohesive strength, 
and allows to absorb extra energy contributing to the 
excellent toughness of the compacted UHMWPE. Detailed 
explanations were reported by Gao and Mackley [44] and 
Parasnis and Ramani [45] on the importance of processing 
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Figure 11 Impact strength of UHMWPE/HDPE and UHMWPE/HDPE/
PEG blends.

parameter such as temperature and compaction pressure 
to enable the interfacial diffusion of UHMWPE powder.

The low impact strength of neat HDPE attributed to the 
low chain mobility, as most of the shorter polymer chains 
were arranged to form crystallites. The higher crystallin-
ity of HDPE with more closely packed polymer chains may 
restrict the transfer of stress and causes the concentration 
of stress and therefore limits the energy absorbed.

Impact strength of UHMWPE/HDPE blends was found 
maintained up to 60 wt% HDPE before a sudden drop was 
observed with increasing HDPE content. More efficient 
impact energy absorption was found for composition with 
rich UHMWPE specifically at 40, 50, and 60 wt%. At these 
compositions, no break specimens were observed for all 
specimens tested. It is expected that, at this composition, 
the UHMWPE particles were completely fused and provide 
good interface adhesion with HDPE. It is well recognized 
that the completely fused UHMWPE nascent powder was 
achieved during compression molding by two stages [5, 
44]. First, compaction of the powder and removal of voids 
where adjacent faces of powder particles must be in inti-
mate contact to produce a large contact surface area at 
particle boundaries. Second, polymer chains must inter-
diffuse across this boundary. The continual self-diffusion 
of molecules at particle boundaries begins to explore the 
space of adjacent particles and hence establishes molecu-
lar connectivity between them, thus resulting in higher 
interfacial cohesive strength, and allowed to absorb 
extra energy resulting in high mechanical toughness for 
the compacted material. The fused UHMWPE particles 
increase the ability to transfer applied load effectively. 
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In addition, it is possible that a balanced organization of 
HDPE chain into lamellae and penetration of UHMWPE 
chain into HDPE lamellae allow both phases to contribute 
toward stress absorption and therefore result in more effi-
cient impact energy absorption and enhanced the impact 
strength of the blends. It can be supported by the mor-
phological analysis where the blends exhibit a co-con-
tinuous morphology implying that the UHMWPE particle 
is perfectly embedded in the HDPE. A similar effect was 
reported by Zuo et al. [24], who support the findings with 
morphological analysis of the UHMWPE/HDPE blends.

Simis et al. [19] who investigated the effectiveness of 
UHMWPE in toughening reported that UHMWPE bond 
strongly with HDPE matrix, and they observed that 
UHMWPE fibrils retard the slow crack growth of the blends. 
Figure 12 illustrates the possible way of how UHMWPE 
fibrils retard the slow crack growth, whereas Figure 12B 
shows before the initiation of fracture. At this stage, the 
craze growth is slightly affected by the UHMWPE fibrils, 
as the HDPE fibrils also assist in resisting the widening of 
craze growth. Once the fracture occurs (Figure 12C), the 
crack propagation was influenced by the UHMWPE. The 
UHMWPE particles decrease the rate of crack opening by 
forming fibrils that bridge the crack, although the HDPE 
matrix fractures in between the UHMWPE fibrils.

Huang and Brown [38] reported that the rate of crack 
propagation is strongly influenced by the UHMWPE fibrils 
for two reasons. First, the opening of the crack area is 
only being counteracted by the UHMWPE fibrils; second, 
the stress exerted by the UHMWPE fibrils is greater than 
the stress exerted by the HDPE fibrils. Boscoletto et  al. 
[13] who studied the fracture surface of UHMWPE/HDPE 
blends pointed out that the embedded UHMWPE parti-
cles in HDPE act as crack bridging. Crack bridging occurs 
because dispersed UHMWPE particles develop plastics 
deformation, which helps to retard crack propagation [18]. 
Suwanprateeb [46] who studied the toughness of binary 
and ternary blends explained that UHMWPE’s high tough-
ness and strength could counterapply force and retard 
crack propagation.

A sudden drop on the impact strength of UHMWPE/
HDPE blends with HDPE content of 70 wt% and above 
is possibly due to weak interface combination between 
UHMWPE particles and HDPE matrix, thus resulting in 
slight plastics deformation. The weak interface can be 
observed on morphology analysis. The large difference 
of the viscosity between UHMWPE and HDPE leads to the 
poor dispersion of UHMWPE in HDPE and thus result in 
weak interface. The weak interface is attributed to fusion 
defects due to the incomplete second stages during process-
ing of UHMWPE, where slow self-diffusion of UHMWPE in 

Stress

Stress

Stress

UHMWPE fibrils

HDPE fibrils

Fracture of
HDPE fibrils

NotchA

B

C

D

Figure 12 Schematic of fracture process on UHMWPE/HDPE blends: 
(A) before load applied, (B) before crack initiation, (C) after crack 
initiation, and (D) complete fracture.

the melt leads to incomplete homogenization, resulting in 
boundaries deficient in molecular connectivity. Therefore, 
the blends with HDPE content of 70 wt% and above have 
the potential to propagate as cracks and caused reduction 
in impact strength. Further, the addition of HDPE at 70–90 
wt% causes excessive disentanglement and decreased the 
energy absorbed and thus impairs the mechanical proper-
ties of UHMWPE. Therefore, to maintain the mechanical 
properties of UHMWPE, the amount of HDPE should not 
exceed 60 wt% HDPE.

Further reduction in impact strength of UHMWPE/
HDPE/PEG blends was observed with increasing amount 
of HDPE. It is clearly observed that the addition of small 
amounts of PEG reduces the impact strength of the 
UHMWPE/HDPE blends by 11–48%. As mentioned earlier, 
PEG is mainly located in the amorphous region of the 
blends. The impact strength was controlled not only by 
the crystalline structure but also by the amorphous struc-
ture followed with reduction of entanglement density of 
UHMWPE. This leads to retardation of stress distribution 
and reduced the break strength of the samples. According 
to Xie and Li [16], it has been proven that PEG had a major 
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effect on the amorphous fraction based on their study on 
the effects of PEG on the stress relaxation of UHMWPE 
and their influence on the mechanical properties. Overall, 
the variation trend obtained in mechanical properties is 
highly affected by the variation of the blend composition 
and degree of compatibility. Higher compatibility can 
lead to enhanced mechanical properties and even positive 
deviation (synergistic effect) and vice versa [47].

3.6  Morphological analysis

Morphological analysis was employed to obtain some 
qualitative evidences of the blends compatibility and to 
correlate between fracture surface and energy absorbed. 
SEM analysis was also performed to study the effect of PEG 
on the morphology of UHMWPE/HDPE blends. Figure 13A 
and B show the surface morphology of UHMWPE powder 
at two different magnifications. A similar morphology 
result of UHMWPE powder was reported by Kurtz [48].

It is clearly observed that the powder particles (Figure 
13A) are made up of submicron particles (Figure 13B). 
There is interconnectivity between the submicron parti-
cles, with many fibrillar bridges. The UHMWPE morphol-
ogy provides evidence on how it affected the mechanical 
properties.

As shown in Figure 14A, fracture surface of UHMWPE 
shows the orientation of UHMWPE fibrils. UHMWPE 
display no boundary because there was no evidence 
of interparticle character, suggesting a good cohesion 
between the particles. The result confirms a well-consol-
idated material, indicating that the molecules were com-
pletely diffused across the interfaces. The fracture surface 
of UHMWPE shows the appearance of smooth surface, 
indicating a ductile failure with high impact strength (95 
kJ/m2). Figure 14B and C show a morphology of HDPE 
with impact strength of 14 kJ/m2. Contrary to UHMWPE 
samples, the fracture surface of HDPE was obviously dif-
ferent. HDPE has flake-like structures with little plastics 
deformation. It is clearly observed that the interparticle 
failure occurs at the interface of particles. The morphol-
ogy of HDPE shows a small deformation all over the area 
with a number of longer fibrils occurring in the progress of 
crack. A similar observation was reported by Brough et al. 
[49], where HDPE shows several edge discontinuities that 
included with fibrils. Many rounded nodules of polymer 
were observed showing the actual separation. The occur-
rence of separation in neat HDPE was ascribed to localized 
thermomechanical heating of the material. After separa-
tion, the softened material left by the separation process 
expanded to form rounded nodules as mushroom-shaped 

A

B

10 µm

Figure 13 Field-emission SEM of UHMWPE in powder form: (A) 
particle and (B) nodular structure on particle surfaces.

10 µm

20 µm

C B

A

Figure 14 Field-emission SEM of impact fracture surfaces of (A) 
UHMWPE and (B) HDPE.

feature [49]. Therefore, the capability of the samples to 
transmit and absorb high impact energy is low.
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The morphology of UHMWPE/HDPE blends is shown 
in Figure 15A–D. The fracture surface of the UHMWPE/
HDPE blend shows a jagged appearance. The morphology 
of the blends with rich HDPE component follows a similar 
trend as found in pure HDPE. Blends at higher loading of 
UHMWPE show the appearance of ductile yielding and 
surface with stretched regions, indicating that the blends 
failed by ductile fracture. It is implying that the UHMWPE 
particles are completely fused.

It is clear that there is a relation between the mechani-
cal properties of the blends and the changes in their mor-
phologies. The morphology for UHMWPE/HDPE blend at 
10% UHMWPE (Figure 15A) shows a similar trend with its 
rich component. In Figure 15B and C, the flakelike fracture 
layer was observed at 20% and 30% UHMWPE, implying a 
weak interface combination between UHMWPE particles 
and HDPE matrix, thus resulting in slight plastics defor-
mation. Further, blends of UHMWPE/HDPE at 40%, 50%, 

A

20 µm 10 µm

10 µm 10 µm

10 µm 10 µm

B

C D

E F

Figure 15 Field-emission SEM of impact fracture surfaces of (A) U10H90, (B) U20H80, (C) U30H70, (D) U40H60, (E) U50H50, and (F) U60H40.
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and 60% UHMWPE (Figure 15D–F) exhibit a co-continu-
ous morphology. The morphology obtained at these com-
positions was similar with findings reported by Zuo et al. 
[24], who claimed that the fracture surface as corrugate 
surface attributed to the plastics deformation. The results 
at 40%, 50%, and 60% UHMWPE further manifest that the 
fused UHMWPE particles were improved. Generally, most 
of the mechanical properties show positive deviation due 
to the compatibility of the blends. It is clearly observed 
that the morphology is determined by blend ratio. Overall, 
the phase morphology of the blends revealed a uniform 
morphology due to the highly semicompatible nature of 
polyethylene mixtures.

A comparison on the fracture surfaces of UHMWPE/
HDPE and UHMWPE/HDPE/PEG blends, as shown in 
Figure 8, revealed that a lot of holes observed were due 
to PEG dispersed particles. The existence of PEG in the 
interior of samples indicates that PEG acts successfully as 
internal lubrication.

4  Conclusions
From this study, it was revealed that the mechanical 
properties of UHMWPE/HDPE and UHMWPE/HDPE/PEG 

blends depended on the crystallinity changes and mor-
phology of the blends. Entanglement was found to influ-
ence the tensile strength of the blends. The incorporation 
of PEG produces rigid amorphous phase, which results 
in increment of modulus, although the degree of crystal-
linity is reduced. The impact strength reduces with the 
addition of PEG by the retardation of stress distribution. 
Good interaction between the blend components is one 
factor that leads to a synergistic effect. The TGA revealed 
that the incorporation of HDPE into UHMWPE enhanced 
the degradation temperature of UHMWPE due to good 
thermal stability of HDPE. A reverse effect was found 
with the presence of PEG into UHMWPE/HDPE blends, as 
it hinders the heat transfer and reduces the surface area 
needed for the kinetic effects, which in turn reduce the 
degradation temperature. PEG chains act as the inhibitor 
of the crystal growth, which in turn reduces the X and ΔHf 
of the UHMWPE/HDPE/PEG blends.
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