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Abstract The use of polyethylene is limited due to its low
impact strength among other mechanical properties at extreme
ambient temperatures, for example at −46 °C and 66 °C. In this
work, different polymer components, such as ultra-high molec-
ular weight polyethylene (UHMWPE) and ethylene-vinyl ace-
tate (EVA), were incorporated in high density polyethylene
(HDPE) to test their ability to improve toughness of HDPE at
extreme ambient temperatures. The polymer blends were proc-
essed by extrusion and injection molding and characterized by
rotational rheometry, electron microscopy, thermal analysis,
tensile, impact and dynamic mechanical tests. The results
showed that low concentrations of EVA and UHMWPE in
HDPE increased substantially the impact strength of HDPE at
room temperature as well as in extreme ambient temperatures
(−46 °C and 66 °C). This result indicates that these HDPE
blends can be considered good candidates to replace pure
HDPE in applications in which high values of toughness are
required at extreme ambient temperatures.
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Introduction

Polyethylene is one of the most consumed materials
worldwide. It is used in a variety of applications due to

its low cost, high processability and favorable properties,
such as low density, high hydrophobicity, flexibility,
among others. However, it is commonly reported that
polyethylene (particularly high density polyethylene,
HDPE) is not recommended for applications that may
involve very low ambient temperatures (e.g. -46 °C)
due to its low impact strength at this condition [1]. The
use of polyethylene in temperatures above 60 °C (e.g.,
66 °C) is also questionable because a decay in the me-
chanical properties of this polymer can be observed at
this range of temperatures [2]. These extreme ambient
temperatures for polyethylene are quite frequent for a
series of applications that involves devices protection of
pipes for oil industry, among others [3]. For example,
protective plastic caps for screws of pipes made of steel
for the oil industry must be tested according to a API
5CT/ISO 11.960 standard [3] to be suitable for applica-
tion. This standard determines that the materials must
display suitable mechanical properties and stability at
three different temperatures, −46 °C, 21 °C and 66 °C,
which simulate extreme outdoor conditions.

Oilfield drilling equipment requires the use of heavy
drill pipes that are expensive and are susceptible to dam-
age. Thread can be submitted to damages during transport
and storage that can reduce the life expectancy of the
pipes. For high performance, plastic thread protectors
must cover any type of field application or occurrence,
including extreme weather and rough handling conditions.
In this context, the impact resistance is a critical factor to
ensure optimum performance for the product. In this pa-
per, polyolefin blends were prepared and tested for pro-
ducing polymer systems at low cost and desirable proper-
ty combinations that could withstand the extreme ambient
conditions, and, therefore, could enlarge the use of poly-
ethylene based materials.
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Many strategies have been designed and tested to over-
come the poor properties of polyethylene under extreme con-
ditions. Fillers and fibers have been added to polyethylene;
however, these reinforcing agents may not be enough to avoid
the brittleness of polyethylene at some special conditions [4].
Clay nanoparticles, carbon nanotubes and graphene have also
been tested as reinforcing agents to polyethylene; however,
problems with dispersion and lack of mechanisms of energy
dissipation during crack propagation were observed in some
of the work performed [5, 6]. Blends of different polymers and
polyethylene were also studied; however, the lack of high
interfacial adhesion may lead to poor properties [7–9], partic-
ularly at low temperatures. Crosslinking polyethylene with
high energy sources and silane agents has also proved to be
able to enhance the stability of polyethylene [10]; however,
such an approach seldom resulted in improved properties at
low temperatures. Moreover, the high cost and low process-
ability of the materials studied by the above strategies usually
limit a more extensive use of the designed materials.

HDPE blends with ethylene-vinyl acetate (EVA) have
been extensively studied and employed as materials for
applications that range from soft materials for packaging
to foams, insulators and membranes [11, 12]. More recent-
ly, increments on the mechanical properties of HDPE-EVA
blends and also gains in chemical and environmental sta-
bility of this type of blend have been investigated to ex-
pand the applications this material [11, 13]. For example,
incorporation of nanofillers [13] and natural fibers [14] has
been explored in the past few years to yield materials with
improved properties. However, the mechanical behavior of
this blend at extreme ambient temperatures is seldom men-
tioned in the related publications. The same is also true for
HDPE-ultra high molecular weight polyethylene
(UHMWPE) blends that have been frequently studied to
prepare polyethylene based materials with enhanced prop-
erties, but the majority of the work done was much more
concerned about processing issues and little information is
usually provided about mechanical behavior at extreme am-
bient temperatures [15–20].

In this work, the hypothesis that the incorporation of a
second polymer phase that is readily available and has a high
degree of affinity (such as ethylene-vinyl acetate (EVA) and
ultra-high molecular weight polyethylene (UHMWPE)) to
high-density polyethylene (HDPE) is able to improve the im-
pact strength of HDPE at extreme ambient temperatures (i.e.
below −40 °C and above 60 °C) was tested. The basic tested
idea was that new mechanisms of energy dissipation could be
introduced to HDPE due to the presence of a second phase
with high interfacial interaction, low cost and high process-
ability. HDPE blends have been explored extensively, howev-
er little information regarding the possibility that these blends
could display advanced properties at extreme ambient temper-
atures (that can enable important applications) is available.

Experiments

Materials

The following polymers used in this work were commercial
grades that are often chosen for conventional applications: the
high density polyethylene (HDPE) (Sabia, M80064), charac-
terized by a melt flow index (at 190 °C, 2.16 kg) equal to 8.0 g
(10 min)−1, and a density of 0.964 gcm−3; the ethylene-vinyl
acetate copolymer with 12 wt.% of vinyl acetate (EVA)
(Quattor, VE 12200), characterized by a melt flow index (at
190 °C, 2.16 kg) equal to 2.0 g (10 min)−1, and a density of
0.932 gcm−3; and the ultra-high molecular weight polyethyl-
ene (UHMWPE) (Polialden/Braskem, UTEC 3440), charac-
terized by a number average molecular weight of 3,000,000
gmol−1, and a density of 0.925 gcm−3.

Processing

Blends of HDPE and the other polymers (EVA and
UHMWPE) were produced by extrusion, followed by injec-
tion molding. The blend with weight content of EVA of
10 wt.% was denoted as 10EVA and 10 wt.% of UHMWPE
was denoted 10UH, and so on. The sample with pure HDPE
was named HDPE.

The purchased polymers were weighted and manually
mixed to obtain the designed raw compositions. The mixtures
were then extruded in a LAB-25-30 AX PLASTICOS extrud-
er with a L/D ratio of 30 and diameter of screw equal to
25 mm. The zones of the extruder and matrix were heated
up to temperatures in the range of 180 to 210 °C. The extru-
sion was performed by using an average of 25 RPM for rota-
tion of the screw. After the extrusion process, the obtained
products were cut into 2-mm long cylinders and then injection
molded using in JN35E JETMASTER machine. During the
injection molding operation, the temperatures were set be-
tween 160 and 190 °C. The injection pressure and overall
demolding time were 140 bar and 20 s, respectively. The cho-
sen mold allowed the production of injection molded species
with appropriated shapes for the mechanical tests.

Evaluation of mechanical properties

Tensile tests were performed using an Instron/EMIC DL 3000
instrument. The conditions defined by the ASTM D638 were
observed during the tests. Tests were performed using a load
cell of 2 kN and a strain rate equal to 70 mm/min at room
temperature. The temperature of the samples was monitored
using an optical pyrometer.

IZOD impact tests were performed using a Instron Ceast
9050 testing machine. Samples were machined to yield a 2.5-
mm notch. The conditions of the tests followed the ASTM
D256 standard. For the low temperature tests, the samples
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were cooled in liquid nitrogen and then transferred to the
testing machine. The temperature of the samples was then
monitored using an optical pyrometer until it reached the de-
sired temperature (−46 °C). For the tests performed at higher
temperatures, the samples were heated in an oven up to 70 °C
and transferred to the machine. The temperature of the sample
was again monitored until 66 °C, in which the test was
performed.

Characterization

SEM images of the fracture surface of the blends were obtain-
ed using a Scanning Electron Microscope (JEOL JSM
6360LV). The samples were cooled down in liquid nitrogen
and subsequently fractured. Fracture surfaces of samples me-
chanically tested at different temperatures were also evaluated.
The fracture surfaces were sputter coated with Au prior to
imaging.

Differential scanning calorimetry (DSC) was used to per-
form the thermal characterization of the samples in a EXSTAR
7020 equipment. Samples were heated from −45° to 160 °C,
cooled down from 160 to −45 °C and finally heated again to
160 °C. The heating and cooling rates of 10 °C/min under a
nitrogen atmosphere were used during the tests. The degree of
crystallization (Xc) measured via DSC was calculated accord-
ing to eq. 1.

Xc ¼ ΔH f

ΔH0
f

ð1Þ

WhereΔHm is the melting enthalpy andΔH°m is the melt-
ing enthalpy for 100% crystal l ine polyethylene.
ΔH°m = 290 J/g was used according to reference [21].

Dynamic mechanical analysis (DMA) was performed
using an EXSTAR DMS 6100 instrument in tensile mode.
The following parameters were used in the tests: force of 10
mN, temperature range of −110 to 70 °C, heating rate of 1 °C/
min and frequency of 1 Hz.

The rheology of the blends was studied via rotational
rheometry through the use of a Haake-Polydrive 600 rheom-
eter. The torque of the blends as a function of time was mon-
itored at 150 °C and 30 RPM.

Results and discussion

Crystallization and thermal transitions of the HDPE
blends

The crystallization and thermal transitions of the produced
blends were analyzed by differential scanning calorimetry
(DSC). The experiments involved a first heating run, followed
by cooling and then a second and final heating run. The

thermal behavior of different HDPE-based blends is shown
in Fig. 1, and the related data listed in Table 1. The melting
and crystallization temperatures for HDPE were not signifi-
cantly affected by the presence of EVA or UHMWPE. The
melting temperatures for HDPE in the blends were close to
131 °C, while the crystallization temperatures of HDPE dur-
ing cooling were close to 112 °C. The fact that no large alter-
ations of the HDPE transition temperatures were observed
indicate that the second components (UHMWPE and EVA)
incorporated in the blends were excluded from the crystalliza-
tion pathway of HDPE.

Nevertheless, with increasing EVA content, as in the case
of the sample containing 50 wt.% of EVA (50EVA), melting
and crystallization during cooling events associated with
EVA were observed around 84 °C (2nd heating run) and
66 °C (cooling), respectively. This result indicates that
EVA crystalline phases are present in HDPE-EVA blends,
although EVA rich phases were not detected in SEM images
(this point will be reported in subsequent sections). This fact
(phase separation not detected in SEM images) was mostly
due to partial miscibility between EVA and HDPE, as sim-
ilarly reported by Chen [22] and also mentioned by
Alothman [23] for HDPE-EVA blends, even though this
partial miscibility did not affect the crystallization of
HDPE (Table 1), as it usually occurs when partially compat-
ible crystallizable polymers were mixed. The degree of af-
finity between two polymers is usually analyzed by the
polymer–polymer interaction parameter (χ12). χ12 for
HDPE-EVA blends was calculated for EVA with different
vinyl acetate (VA) contents and at different temperatures
(25 and 180 °C) [24]. For HDPE blends having EVA with
low VA contents (lower than 18 wt.%, as in the case of the
EVA used in this work, 12 wt.%), the calculated χ12 was
very small for both 25 °C (for example, χ12 = 0.12) and
180 °C (for example, χ12 = 0.088), and the comparison of
these χ12 values with the critical interaction parameter [24]
indicates a high degree of interaction between the two in-
volved polymers. However, crystallization of HDPE and
EVA (for blends with higher concentrations of EVA) during
cooling promotes phase separation, leading to HDPE and
EVA crystallites within an amorphous HDPE/EVA matrix.
Therefore, the high degree of affinity between HDPE and
EVA, as predicted by the polymer–polymer interaction pa-
rameter, would lead to high levels of interaction between
these two polymers within the amorphous phase that could
possibly affect the glass transition temperature (not mea-
sured in this work) of the components of the blends and
would affect less the crystalline related transitions.

The degree of crystallization of the second heat run,
also reported in Table 1, showed that the presence of
EVA tented to reduce the overall degree of crystallization
of the blends as a consequence of the progressive reduc-
tion of HDPE in the blends. This also has been attributed
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to the interference of the dispersed component to the
matrix’s chain mobility through imposition of physical
barrier [25]. The UHMWPE polymer tended to slightly
reduce the overall degree of crystallization of the blends.
Thus, it was not acting primarily as nucleation agents for
the crystallization of HDPE, as possibly due to the com-
patibility between the components of the blends.

Mechanical properties measured in tensile tests

The mechanical properties of the obtained HDPE blends mea-
sured in tensile tests at room temperature are reported in
Table 2.

Tensile strength

The relative tensile strength (strength of the blend/strength of
pure HDPE) of HDPE-EVA blends is shown as function of the
volume fraction of EVA, Ød, in Fig. 2. Incorporation of EVA
decreased the relative tensile strength almost linearly for Ød

ranging between 0.1 and 0.51. This progressive and almost
linear reduction in the strength of the HDPE-EVA blend along
with the incorporation of the softer phase (EVA)may be due to
a decrease in the effective load-bearing cross-sectional area of
the matrix, as similarly reported elsewhere for other blends
containing elastomers [26]. This continuous decrease in
strength may also indicate that the EVA phase is not acting
as a structural defect that would concentrate stress and lead to

Fig. 1 DSC curves of HDPE
blends: (a) cooling; (b) second
heating run
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a catastrophic failure that often occurs when fillers with poor
interfaces were added to polymers [6]. The Nicolis-Narkis
model (eq. 2) [27, 28], was used to estimate any possible
discontinuity in the blend structure:

σb

σHDPE
¼ 1−kφ

2
3
d ð2Þ

This model has also been used in other two-phase blend
systems [27, 28]. Here, σb represents the tensile strength of the
blend and σHDPE represents the tensile strength of the pure
HDPE. The parameter k is assigned as a phase interaction
constant, which is used to describe the degree of adhesion
between two phases. The value of k depends on the blend
structure and on the interfacial strength between the phases
in the blend. Values of k less than 1.21 indicate higher levels
of adhesion between phases. The lower the value of k, the
higher is the degree of adhesion. For k = 1 means no stress
concentration, k = 0 represents the upper limit for adhesion
between two phases.

By fitting the obtained data (Fig. 2) to the model, the ob-
tained value of k for the HDPE-EVA system was less than
unity, with average of k = 0.70, which indicates a high degree
of phase interaction, i.e. a significant interfacial adhesion be-
tween the elastomer phase and the HDPE matrix.

Figure 2 shows also the relative tensile strength of HDPE-
UHMWPE blends as function of the volume fraction of
UHMWPE, Ød. A k = 0.12was obtained when the mechanical
data (strength) was fitted in eq. 2. This result also indicates a
high degree of phase interaction between UHMWPE and
HDPE matrix. The incorporation of the ultra-high molecular
weight polyethylene in HDPE did not affect significantly the
crystallinity of the blends as well as the measured strength, as
observed by others [21, 29].

Strain at break and elastic modulus

Figure 3 shows the relative strain at break, Єb/ЄHDPE, of
HDPE blends as function of Ød (volume fraction of the second
component added to HDPE). For the HDPE-EVA blends, an

Table 1 DSC data and the degree of crystallization of the prepared HDPE blends

Samples 1° Heat 2° Heat Cooling

Tm1 (°C) Tm2 (°C) ΔHm1

(J/g)
Tm1 (°C) Tm2 (°C) ΔHm

(J/g)
Xc Tc1 (°C) ΔHc1

(J/g)
Tc2 (°C)

HDPE 131.9 176.6 133.4 220.6 76% 111.8 -227.0

10EVA 129.6 166.8 130.9 207.0 71% 113.1 -219.0

20EVA 131.6 182.2 132.9 173.2 60% 111.8 −179.0 65.7

30EVA 132.9 178.0 131.8 185.2 64% 113.1 −173.4 66.1

40EVA 139.4 193.7 136.6 158.3 55% 106.7 -193.7

50EVA 129.9 82.4 130.4 131.3 84.4 147.9 51% 111.3 −108.0 66.4

5UH 133.6 218.8 131.5 218.3 75% 112.6 -220.0

10UH 132.8 220.7 131.2 180.0 62% 113.1 -217.9

15UH 135.2 225.5 131.5 211.5 73% 112.5 −219.0

Tm1 = melting temperature (HDPE); ΔHm1 = melting enthalpy (HDPE); Tc1 = crystallization temperature (HDPE); ΔHc1 = crystallization enthalpy
(HDPE); Tc2 = crystallization temperature (EVA); Tm2 = melting temperature (EVA);

Table 2 Mechanical properties
(tensile tests) of HDPE blends at
room temperature

Samples Maximum stress
(strength) (MPa)

Strain at failure
(%)

Elastic modulus
(MPa)

HDPE 23.5 ± 1.58 191.6 ± 36.4 1192 ± 266

10EVA 19.5 ± 2.09 244.0 ± 52.6 1009 ± 176

20EVA 17.9 ± 0.16 225.6 ± 17.8 690 ± 111

30EVA 17.3 ± 1.61 232.1 ± 37.9 816 ± 415

40EVA 13.8 ± 0.40 404.6 ± 87.2 783 ± 377

50EVA 12.5 ± 0.97 850.3 ± 76.9 314 ± 69

5UH 22.1 ± 1.98 188.5 ± 17.2 1450 ± 279

10UH 23.0 ± 0.55 184.7 ± 76.04 1100 ± 331

15UH 24.6 ± 0.84 144.5 ± 56.5 1212 ± 183
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expressive increase Єb/ЄHDPE with Ød can be observed as an
indication that the rubbery dispersed phase was able to soften
the HDPE matrix. The increase in this parameter is moderate
(around 22%) up to Ød = 0.31, whereas with further increase
in Ød the value showed a sharply rise, reaching 543% for
Ød = 0.51. This transition can be associated with phase inver-
sion in which the EVA component starts to be interconnected
and to dominate the overall properties.

Elastic modulus data also showed matrix softening in the
presence of EVA (Table 2). The reduction of the elastic mod-
ulus is clearly EVA concentration dependent, i.e., the highest
tested concentration of EVA in HDPE (50EVA) resulted in the
lowest modulus. The elastomeric behavior of EVA and its
high affinity to HDPE are responsible for producing less brit-
tle and softer materials that can be useful in absorbing energy
during impact failure, as shown in other systems [30].

The data in Table 2 suggests also that no major changes in
strain at break and elastic modulus can be observed for HDPE
blends containing UHMWPE (a statistical analysis, ANOVA
with a 95% confidence level, was performed and no

significant differences among the values were noted). These
results indicate that replacing HDPE by HDPE-UHMWPE
blends (within the studied compositions) would not markedly
change the tensile properties at room temperature of the sys-
tem or application, while improving the impact strength at
extreme ambient temperatures, as it will be discussed next.

Dynamic mechanical behavior of HDPE blends

The storage (E’) and loss (E^) elastic moduli derived from
dynamics mechanical data of HDPE and HDPE blends with
UHMWPE and EVA as a function of temperature are shown
in Fig. 4. As previously observed in results for the elastic
modulus derived from tensile tests, the incorporation of
5 wt.% of UHMWPE did not change appreciably the storage
elastic modulus of HDPE, particularly at higher temperatures.
For the HDPE blend with 10 wt.% EVA, a slight reduction in
the storage elastic modulus was observed for the blend when
compared to that of pure HDPE.

In terms of the loss modulus, a major event at approximate-
ly 60 °C can be observed for all the analyzed blends and pure
HDPE. This event is usually associated with the increase in
mobility of HDPE chains within the crystalline structure [31].
It is, therefore, also related to initial process of HDPEmelting.
The fact that this event involves energy dissipation and occurs
at temperatures close to the ones so called here Bextreme^ for
HDPE usage, suggests that this event can be useful for in-
creasing the impact strength of the materials at this tempera-
ture range, as it will be observed in the next topic. Two other
low temperature transitions between −35 and −24 °C were
observed for the 5UH and 10EVA blends, but were not clearly
observed for pure HDPE. For HDPE with 10 wt.% of EVA,
the transition at −24 °C is related to the Tg of EVA. For the
HDPE blend with 5 wt.% of UHMWPE, transitions close to
−35 °C are related to the β transition of polyethylene, which
has been assigned to relaxations of branched chains that can
be reinforced if these chains are located in an interfacial region
(as possibly the case of the HDPE blend) [32]. Nevertheless,
these low temperature transitions observed in HDPE blends
with UHMWPE and EVA can be very useful in dissipating the
energy involved in impact events at low temperatures.

Impact strength

The impact strength of the investigated HDPE blends measured
at different temperatures is shown in Table 3. By comparing the
overall effect of the temperature on the values of impact
strength for all the samples, it is clear that the increase of the
temperature led to higher values of impact strength as expected.
Higher levels of chain mobility are usually observed at higher
temperatures, and these higher levels allowed changes in mo-
lecular conformation that are able to absorb energy during im-
pact events, thereby improving the impact strength. ForFig. 3 Relative strain at break, Єb/ЄHDPE, versus Ød, for HDPE blend
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Fig. 2 Relative tensile strength, σb/σHDPE, versus ϕd, for HDPE-EVA
and HDPE-UHMWPE blends
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example, the impact strength of pure HDPE decreases more
than 50% as the temperature decreases from 66 to −46 °C.

Impact tests performed at room temperature (21 °C)
showed that the incorporation of EVA into HDPE was suc-
cessful in enhancing the impact strength of HDPE to more
than 500% (for sample 10EVA, for example). Larger amounts
of EVA in HDPE led to such high values of toughness that the
samples did not break during the impact tests, and the impact
strength could not bemeasured using the conditions applied to
all tests in this work. The impact behavior showed similar
behavior of the ductility of the blends in the tensile tests
(Fig. 3). EVA is a quite soft material with a low Tg and is
possibly partially miscible with HDPE for grades with low
concentrations of vinyl acetate. This partial miscibility can
be responsible for providing high levels of interaction between
HDPE and EVA. The elastomeric type of behavior of EVA can
also provide mechanisms of energy dissipation during frac-
ture, such as crazing and strain induced crystallization.

The presence of UHMWPE in HDPE was also useful in
enhancing the impact strength measured at room temperature,
particularly for compositions richer in UHMWPE (15 wt.%),
in which improvements larger than 200% were observed.

The impact tests performed at 66 °C showed that all sam-
ples containing EVA led to such low degrees of brittleness that
specimen did not break during the tests. As noted for samples
tested at room temperature, the incorporation of UHMWPE

into HDPE resulted in improvements in impact strength that
reached values 200% higher than of pure HDPE.

For impact tests performed at low temperatures (−46 °C),
the results demonstrated that HDPE blends containing any of
the investigated concentrations of EVA or UHMWPE
displayed pronounced enhancements of impact strength when
compared to pure HDPE. The results also showed that the
higher the concentration of the second component (within
the investigated range of compositions) in HDPE (EVA or
UHMWPE), the larger the improvements in impact strength
were. The detected relaxation phenomena (as already reported
in DMA tests) at low temperatures may have favored the
observed improvement in impact strength of the blends, since
these events can result in energy dissipation.

Figure 5 shows how the impact strength of the blends (Ib) is
compared to the impact strength of pure HDPE (IHDPE) at each
temperature of the tests. The results in this figure indicate that
the incorporation of UHMWPE in concentrations up to
15 wt.% led to materials with enhanced impact strength in
extreme ambient temperatures when compared to pure
HDPE at the same temperatures. These results suggest that
UHMWPE phases within HDPE were able to act as toughen-
ing agents due to the high intrinsic properties of UHMWPE
and the high level of interaction between HDPE and
UHMWPE [21, 33]. Large improvements of this property
were achieved for samples containing 15 wt.% of

Fig. 4 DMA curves (E´ and E^)
of HDPE, HDPE having 5 wt.%
of UHMWPE (5UH), and
10 wt.% of EVA (10EVA)
measured at 1 Hz

Table 3 Impact strength of the samples in three different temperatures

Impact strength of the samples (kJ/m2)

Temp. HDPE 10EVA 20EVA 30EVA 40EVA 50EVA 5UH 10UH 15UH

66 °C 13.3 ± 1.4 NB NB NB NB NB 15.0 ± 2.2 18.2 ± 2.3 43.1 ± 4.1

21 °C 7.2 ± 0.4 48.5 ± 1.8 NB NB NB NB 9.6 ± 0.4 11.0 ± 0.7 26.1 ± 3.1

-46 °C 5.6 ± 0.9 7.6 ± 0.6 7.3 ± 0.8 8.8 ± 0.7 12.0 ± 2.5 NB 6.8 ± 1.2 8.0 ± 0.7 20.7 ± 7.3

NB: did not break

J Polym Res (2017) 24: 79 Page 7 of 11 79



Fig. 5 Relative impact strength
of HDPE blends, Ib/IHDPE, at the
tested temperatures

a b

c d
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300µm

Fig. 6 SEM images of the
cryogenic fracture surface of: (a)
Pure HDPE; (b) HPDE
containing 40 wt.% EVA; (c)
HDPE with 5 wt.% UHMWPE;
(d) HDPE with 15 wt.%
UHMWPE. In (e), a SEM image
of a fractured UHMWPE particle
within HDPE matrix is shown. In
(f), the crack propagation through
a UHMWPE mechanism
proposed by Boscolleto [35] is
illustrated
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UHMWPE (15UH) that displayed an increase in impact
strength more than 3 times of the pure HDPE for the three
ambient temperatures tested in this work. All the concentra-
tions of EVA tested in HDPE blends were able to improve the
impact strength in respect to pure HDPE. The softness of
elastomer EVA and its partial miscibility towards HDPE were
the main factors to yield the observed results, as also discussed
in other works [10, 31, 34].

Microstructural analysis of the HDPE blends

SEM images of cryogenic fracture surfaces of the HDPE
blends are shown in Fig. 6. No defined interfaces or new
phases are found in the blends containing EVA in Fig. 6-
b, providing evidence of the partial miscibility of EVA
with HDPE. Also it can be observed a continuous mor-
phology and homogeneity of the HDPE-EVA blend,

probably due to chemical affinity between the two
phases. Low concentrations of UHMWPE (i.e. 5 wt.%)
in HDPE did not also lead to a clear phase separated
structure, as shown in Fig. 6-c, as an indication of high
levels of integration between HDPE and UHMWPE.
However, HDPE blends containing higher concentrations
of UHMWPE (15 wt.% of UHMWPE) showed micro-
structures in which groups of UHMWPE particles could
be identified (Fig. 6-d). The segregation of these parti-
cles within HDPE matrix is related to the difficulties of
dispersing and melting a high concentration of
UHMWPE that is known for it is high viscosity and
low processability.

In Fig. 6-e, the presence of a fractured UHMWPE particle
within the HDPE matrix is also revealed. This image is in
agreement with the model presented by Boscolleto [35], in
which crack propagation through a UHMWPE particle is

50µm 50µm 50µm

50µm 50µm 50µm

50µm 50µm 50µm

a b c

d e f

g h i

Fig. 7 SEM images of the fracture surface in three different temperatures
and compositions: (a) Pure HDPE at 66 °C; (b) HDPE with 5 wt.%
UHMWPE at 66 °C; (c) HDPE with 30 wt.% EVA at 66 °C; (d) Pure

HDPE at 21 °C; (e) HDPE with 5 wt.% UHMWPE at 21 °C; (f) HDPE
with 30 wt.% EVA at 21 °C; (g) Pure HDPE at −46 °C; (h) HDPE with
5 wt.% UHMWPE at −46 °C; (i) HDPE with 30 wt.% EVA at −46 °C
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suggested as an important mechanism for energy dissipation
during fracture (Fig. 6-f). This mechanism can be partially
responsible for the high values of impact strength that were
measured for this system.

In Fig. 7, the fracture surfaces of samples tested at the three
different temperatures are shown. Samples containing 30 wt.%
EVA (Figs. 7-c, 7-f and 7-i) showed surfaces with higher levels
of roughness than the other samples. This is an indication of
plastic deformation and higher ductility of these blends contain-
ing EVA. This observation becomes more evident at temperature
of 21 °C (Fig. 7-f) with the presence of a fibrous morphology on
the surface, as similarly reported by Alothman [23].

No significant changes in morphology can be observed
when comparing pure HDPE with 5UH samples in Fig. 7. A
more evident change in morphology only can be observed at
the temperature of −46 °C, in which 5UH sample (Fig. 7-h)
has a rougher surface fracture than HDPE (Fig. 7-g) that could
imply in higher impact behavior as noted before.

Rheology of the prepared blends

Rotational rheometry was used to provide information regarding
the rheology of the blends compared to pure HDPE. In Fig. 8, the
torque was monitored as a function of time during the processing
of HDPE andHDPE blends (with 30wt.% of EVA and 15wt.%.
of UHMWPE). The results showed that the torque after the melt-
ing of thematerials that occurred during the initial 60 s ofmixture
remained constant with time for all the studied compositions.
Moreover, the final torque was very similar for the blends when
compared to pure HDPE. This result indicates that the incorpo-
ration of UHMWPE or EVA (at the studied concentrations) did
not change significantly the rheology, including the viscosity, of
the systems. The slight increase in torque for the HDPE blend
with UHMWPE observed and can be related to the high molar
mass and viscosity of UHMWPE. Nevertheless, the fact that no
major changes in rheology of the blends were revealed via rota-
tional rheometry indicates that the incorporation of UHMWPE
and EVA in HDPE do not cause dramatic changes in the pro-
cessability of HDPE.

Conclusions

In this work, HDPE blends containing EVA and UHMWPE
were prepared using extrusion and injection molding to test
the hypothesis that these new components are be able to
increase the toughness of HDPE, particularly under the ex-
treme ambient temperatures in which HDPE may be
employed. The results of the impact tests showed that
EVA and UHMWPE were able to improve the impact
strength of HDPE in both low (−46 °C) and high (66 °C)
extreme ambient temperatures. Samples containing 15 wt.%
UHMWPE, for example, led to an increase in impact
strength more than 3 times of pure HDPE for all tested
temperatures. The incorporation of EVA into HDPE led to
significant reductions in modulus and strength and an in-
crease in strain at failure for samples measured via tensile
tests at room temperature. However, no major changes in
strength, modulus and strain at break were observed for
blends having up to 15 wt.% of UHMWPE. DSC results
showed that the melting and crystallization temperatures
for HDPE were not significantly affected by the presence
of EVA or UHMWPE. SEM images revealed that the pres-
ence UHMWPE in higher concentration, in HDPE matrix,
can lead to segregation. However, the separated phases
tended to have high-strength interfaces. Dynamic mechani-
cal analyses also showed that the storage elastic modulus of
the blends containing 10 wt.% of EVA was slightly lower
than the storage modulus of HDPE. The results related to the
loss modulus as a function of the temperature revealed that
HDPE blends with EVA or UHMWPE displayed low tem-
perature transitions not well defined in pure HDPE that can
help explain the high capacity exhibited by these blends to
dissipate energy during impact events at low temperatures.
This work proved that the HDPE blends, particularly those
containing UHMWPE, are good candidates to replace
HDPE for applications in which high values of impact
strength are required at extreme ambient temperatures.
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Fig. 8 Rotational rheometry of
HDPE and HDPE blends with
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