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ABSTRACT: Blends of high-density polyethylene (HDPE)
and a reactive ethylene terpolymer (RET) were developed as
a protective coating material for steel. A morphological
study with scanning electron microscopy (SEM) indicated
that blends of HDPE and RET are immiscible, while high
interaction between these two phases was found. Crystalli-
zation and thermomechanical behavior of the blends were
investigated using differential scanning calorimetry (DSC)
and dynamic mechanical thermal analysis (DMTA). The
crystallinity of HDPE decreased with the incorporation of
RET slightly due to the disturbance of the highly viscous
RET melt during crystallization. Tensile tests indicated that

the addition of RET reduced both strength and modulus but
increased the strain-to-break. Adhesion to steel substrates
was improved with the incorporation of the RET compo-
nent. An optimum composition of RET loading was detected
to be in the range of 25–33 wt %, leading to the best adhesive
performance, high tensile strength, and strain-to-failure of
the blend material. © 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 104: 331–338, 2007
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INTRODUCTION

The development of protective coatings for corrosion
control of metals is continually important in the ma-
rine, oil and gas industries. Sufficient coatings for steel
structures must be tough, abrasion resistant, imper-
meable to attack from moisture and chemicals, easily
applied in-the-field, resistant to cathodic reactions,
and of course highly adhesive to the substrate to be
protected.1 The use of thermoplastic polymer materi-
als is gaining increasing acceptance over thermoset-
ting materials for such applications due to the ability
for quick in-the-field bonding using a variety of bond-
ing methods.2,3 Hot-melt thermoplastics eliminate the
need for environmentally harmful solvents which re-
duce curing time and reduce emissions, making them
a more environmentally friendly alternative.4,5 Addi-
tionally, thermoplastic coatings may be applied in var-
ious thicknesses, whereas thermoset epoxies must be
applied in thin, often brittle layers. Perhaps the most
commonly used thermoplastic in such applications is
polyethylene due to its resistance to chemical and
moisture attack and high toughness.6 However, the
implementation of polyethylene by itself is limited by

poor adhesive properties because of its inherent non-
polar nature. Blending high-density polyethylene
(HDPE) with polar copolymers has been shown to
help increase adhesion between polymer coatings and
high surface energy steel substrates.7–10

Historically, high adhesive strength and compatibil-
ity have been best established by coatings containing
ethylene copolymer ionomers, containing sodium-,
zinc-, or lithium-ion neutralized ethylene methacrylic
acid copolymers.11–17 These materials possess the de-
sired toughness, impact resistance, and adhesion but
are sensitive to the permeability of moisture. Reactive
olefin copolymers provide an alternative where lack of
permeability is of great importance for the durability
and reliability of the coatings, as in the case of off-
shore structures and naval vessels. Glycidyl methac-
rylate (GMA) containing ethylene copolymers (ethyl-
ene/methyl acrylate/glycidyl methacrylate) have
been successfully applied to compatibilize poly(ethyl-
ene terephthalate) (PET) and HDPE.18 As indicated,
the epoxy functionality of GMA provides a high reac-
tivity in relation to the end group of PET, while the
ethylene sequence is expected to ensure adhesion to
the HDPE.18 The content of GMA within the copoly-
mer decides the miscibility and thus the mechanical
and thermal properties of the blend of HDPE and the
copolymer.18 The increase of GMA content of the co-
polymer deteriorates the miscibility between the co-
polymer with HDPE. In the present study, a reactive
ethylene terpolymer (RET) of ethylene/n-butyl acry-
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late/glycidyl methacrylate (E/nBA/GMA) was ap-
plied to blend with HDPE to develop a potential coat-
ing material. As expected, the HDPE component offers
high chemical and moisture resistance,8 while the RET
component provides the material with high polarity
and reactivity, which will enhance adhesion to the
substrates to be coated. Unpublished results by the
author show low-density polyethylene/RET systems
to have inferior mechanical properties necessary for
advanced polymeric coatings. Out of convenience, the
blends of RET and HDPE in all compositions were
prepared by reciprocating screw injection molding
rather than a twin screw extruder compounding rou-
tine. This one step melt processing proved satisfactory
for mixing HDPE with PET with and without a com-
patibilizer.18 Additionally, it is of great importance
from an industrial point of view due to high efficiency.
The injection molded blends were investigated on
their morphology, thermal, and mechanical properties
as well as the adhesive strength to the metal sub-
strates. The study is believed to help completely assess
the application of the blend materials as a coating
material.

EXPERIMENTAL

Materials

Pure HDPE with melt flow index (MFI) of 1 g/10 min
and molecular weight (Mw) of 125,000 was purchased
from Scientific Polymer Products�. The GMA-con-
taining terpolymer, RET (Elvaloy 4170®), was offered
by the DuPont� company. The terpolymer contains
an ethylene backbone with n-butyl acrylate, an elasto-
meric toughening agent and glycidyl methacrylate, a
dual functionality epoxidized adhesion promoter. The
density and the MFI of the RET are 0.94 g/cm3 and 12
g/10 min, respectively.

A silane coupling agent, �-aminopropyltriethoxysi-
lane (Aldrich�) was applied to treat the surfaces of
steel coupons for lap shear tests. The steel coupons
(101.6 � 25.4 � 1.53 mm3) were cut from structural
grade, A36, hot-rolled steel plates.

Preparation of polymer blend

A reciprocating screw injection molder was used to
facilitate mixing of the RET and HDPE, and to pro-
duce “dog-bone” tensile samples. The dimensions of
the injection molded sample are 165 mm overall
length, 50 mm gauge length, and 3.2 mm thickness, as
specified for Type I testing in ASTM D 368. Three
injection molder heat zones were kept constant at
190°C with the mold heat at 40°C to minimize coupon
shrinkage. Prior to injection molding, the RET was
dried at 60°C overnight to remove absorbed moisture.
The prepared blends include 25, 33, 50, 66, and 75 wt

% RET, and are designated HDPE 75/25, HDPE 66/
33, HDPE 50/50, HDPE 33/66, and HDPE 25/75 in the
following text, respectively.

Material characterization

Scanning electron microscopy

A scanning electron microscope was used to investi-
gate the morphology of the blends. Cryofractured sur-
faces were examined with and without etch. Etched
specimens were placed in toluene for 90 min to pref-
erentially remove the RET component. Samples were
pressed against carbon tape mounted on aluminum
stubs. A thin layer (�40 Å) of gold/palladium alloy
was sputter coated on the fractured surfaces.

Differential scanning calorimetry

A differential scanning calorimeter was used to deter-
mine the degree of crystallinity (Xc) and melting tem-
perature (Tm) of pure HDPE, RET, and their blends.
Samples of �15 mg were taken from injection molded
coupons. For HDPE and its blends, the heat profile
went as follows: sample were scanned up to 150°C
from 10°C at a heating rate of 10°C/min, annealed at
150°C for 3 min, and then cooled down to 10°C at a
rate of about 2°C/min with N2 purge gas at a flow rate
of 10 mL/min. For the pure RET, the maximum heat-
ing temperature was set to 100°C, to ensure complete
melting while avoiding degradation for further scans.
All other conditions were similar to that for polyeth-
ylene. Scans were re-run with the subsequent scan
reported to eliminate the thermal history effects of the
injection molding process. Observing the melt behav-
ior in the second scan better represents the morphol-
ogy of the two component blend. Crystallinity was
determined using the ratio of the melting enthalpy of
samples to that of a perfect and infinite polyethylene
crystal, �Hm,HDPE

0 � 292 J/g.19 The degree of crystal-
linity (Xc) for HDPE was estimated using eq. (1):

Xc �
�Hm

�Hm,HDPE
0 (1)

where �Hm is the melting enthalpy.

Dynamic mechanical thermal analysis

A dynamic mechanical thermal analyzer with a three-
point bending fixture was used to determine the vis-
coelastic properties. Specimens (35 � 10 � 4 mm3) cut
from the injection molded coupons were tested from
�140°C to 140°C (110°C for pure RET sample) at 2°C/
min with 1 Hz frequency and 0.025 strain. Liquid
nitrogen was used for achieving subambient temper-
ature.
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Tensile testing

Tensile testing was performed according to ASTM
D638. Sand paper was used in the machine grips to
avoid pull-out and “slippage.” The extension rate was
50 mm/min and all tests were performed at room
temperature. Five samples were tested for each blend
composition with representative properties reported.

Single-lap adhesive test

Lap shear adhesion testing consisted of the polymer
blend hot-melt bonded between structural grade
(A36) hot-rolled steel coupons of dimensions 25.4
� 101.6 mm2 and thickness 1.53 mm. Two surface
pretreatment techniques were performed on steel sub-
strates. Polished surfaces were achieved using 320-grit
silicon carbide paper and a rotary polishing wheel.
Sand-blasted surfaces were achieved using 320-grit
roughening media. A silane coupling agent, �-amin-
opropyltriethoxysilane (Aldrich), was employed in
several adhesive measurements. Two concentrations
of silane (3 and 10 vol %) in a methanol/ethanol
solution were produced to achieve varying silane
layer thicknesses on steel. While more sophisticated
surface pretreatment techniques such as laser rough-
ening and corona discharge could be employed to
maximize adhesive performance, they were not con-
sidered in this work as they prove to be impractical for
in-the-field applications.

Metal/polymer/metal lap-shear joints were pre-
pared using the polymer blend as an adhesive. Steel
coupons were acid etched to remove an anticorrosion
chemical treatment from the manufacturer and wiped
clean with acetone prior to bonding. The thin polymer
films, thickness of �0.4 mm, were cut to an area of 645
mm2 (1 square inch) which represented the total bond-
ing area. Metal/polymer/metal joints were preheated
to 215°C without pressure for 3 min. A pressure of 3.8
MPa was then applied for 3 min before removing the
joint from the press and cooling to room temperature.
A diagram of the produced lap-shear joint for testing
is given in Figure 1. The adhesive performance of the
lap-shear joints was evaluated using a servo-hydraulic
Instron tension testing machine. Sample joints were
loaded to failure according to ASTM D 5868 at 13
mm/min for similar adhesive joints. Equation (2) was

used to find the adhesive strength, �Adh, of the poly-
mer blends bonded to steel.

�Adh �
PMax

ABond
(2)

where PMax is the maximum load at or before rupture
and ABond is the area of overlap bonding (645 mm2).
Fracture surfaces were observed to qualitatively char-
acterize failure as being associated with adhesion, co-
hesion, or mixed adhesion/cohesion. For purposes of
this investigation, cohesion is defined as polymer
product left bonded to both lap-shear substrates. Ad-
hesion is defined by a clean substrate surface free of
residual adhesive polymer.

RESULTS AND DISCUSSION

Morphology, thermal, and mechanical properties of
blends

The scanning electron micrographs of cryofractured
polymer surfaces illustrated in Figure 2 show the two
phase morphology, indicating immiscibility of the

Figure 2 Scanning electron micrographs of cryofractured
HDPE/RET blends: (A) HDPE 66/33 and (B) HDPE 33/66.

Figure 1 Lap-shear adhesion testing schematic.
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blends at 33 and 66 wt % RET. It has been suggested
that such immiscibility may result from the difference
in chain polarity as in the case of HDPE/ionomer
polymer blends.20 This behavior is also well docu-
mented in other instances of olefin/olefin-containing
blends.20–24 The terpolymer appears as short rod-
shaped segments dispersed in an HDPE matrix with
greater inclusion density found at higher RET content.
During freeze fracture, RET segments were strained,
causing “pull-out” and the formation of voids sur-
rounding the inclusions. The rod diameter is approx-
imately 0.3–0.5 �m. The improvements of elongation-
at-break and adhesive strength of HDPE when
blended with RET come from the compatibility similar
to that shown in HDPE/PET systems.18

The SEM micrographs in Figure 3 illustrate the mor-
phological effect of adding RET to the blend, where
the RET has been removed via etching. In blend HDPE
75/25 [Fig. 3(A)], the RET appears as small spherical
and elongated inclusions dispersed evenly throughout
the continuous HDPE matrix. A range of spherical
diameters and ellipsoidal lengths approximately fall
within 0.3–0.6 �m for diameter and 0.3–1.3 �m for the
ellipsoidal length. As RET content increases to 33%
[Fig. 3(B)] the RET inclusions coalesce and further
elongate in the injection molding direction into irreg-
ular domains within the HDPE matrix. The ellipsoidal
length of RET inclusions at this composition were
shown to extend past 14 �m. The tendency towards
coalescence of elastomeric particles added to brittle
matrices and the elongation thereof has been shown
in polyethylene/ethylene vinyl acetate (PE/EVA)
blends at 30 wt % EVA25 and in an HDPE/solid sili-
cone system.26 Likewise, a decrease in matrix domain
size is seen with increasing compatibilizer content in
poly(butylene terephthalate)/polypropylene system
where the compatibilizer is similar to the glycidyl
methacrylate component present in the RET system
used here.27 The morphology in Figure 3(C) (HDPE
33/66) is more consistent with a two phase cocontinu-
ous matrix in which both HDPE and RET coexist.
Interestingly, the rod-shaped RET inclusions shown in
Figure 2(B) are also seen within HDPE domains in
Figure 3(C) (indicated by arrows). This is possible
because the etch technique used was done purely to
remove RET at the cryofractured surface. In both con-
ditions of etched and nonetched, the inclusion approx-
imate inclusion diameter remains the same (0.3–0.6
�m).

The melting thermograms of HDPE, RET, and their
blends are shown in Figure 4. No distinct melting peak
is seen for pure RET but rather a broad distribution of
melting temperatures ranging from 29.9°C to 87°C;
which becomes less distinct as RET content decreases.
A repeat test supported this observation, identifying
the existence of a melting zone, rather than a distinct
melting point for the RET. This zone includes the

manufacturer reported melting temperature of Tm,RET
� 72°C. It has been presented elsewhere that melting
temperature for a semicrystalline polymer is related to
the lamellar thickness.28 The melting zone measured
in the present study may indicate a broad distribution
of the crystalline lamellar thickness in the RET. Con-
sidering the complex molecular structure of the copol-
ymers in the RET, it is reasonable to assume that the
arrangement of the OCH2OCH2O molecular seg-

Figure 3 Scanning electron micrographs of etched cryo-
fractured HDPE/RET blends; (A) HDPE 75/25; (B) HDPE
66/33; (C) HDPE 33/66.
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ment into a regular crystalline structure is blocked or
limited by the butyl-acrylate and glycidyl methacry-
late segments. This may lead to a range of crystalline
lamellar thickness and melting temperatures. As for
HDPE, the melting temperature was found to be
129.6°C, in accordance with previous reports.28 The
incorporation of RET decreases the melting tempera-
ture of HDPE slightly as shown in Table I. The distinct
melting zone for RET and peak for HDPE of the
blends indicate that separate crystals formed during
crystallization of the blends, which illustrate immisci-
bility in the crystalline phases.20 This is expected due
to the immiscibility of HDPE and the RET (Fig. 3).

The effect of RET content on Tm of HDPE and its
blends is shown in Table I. The addition of RET re-
duces Tm,HDPE only slightly, while the magnitude of
the endotherm peak (Fig. 4) decreases significantly
with increasing RET content. Likewise, the melting
zone for the RET remains uniform but increases in
magnitude with increasing RET content. The small
decrease of Tm of HDPE may be explained by a de-
crease in HDPE crystalline lamellar thickness, to a
small extent, because of the disturbance of RET mol-
ecules during crystallization.

The variation of the blend crystallinity with RET
content is presented in Table I. For HDPE, the addition
of the RET suppresses crystallinity. Note that the crys-
tallizing temperature for HDPE is around 110°C,28 at
which temperature RET is in the complete melting
state. In this case, it is a reasonable assumption that
the crystallinity of HDPE is affected by the RET melt.
The decrease in crystallinity of the blend suggests that
RET shows a negative effect on the crystallizing pro-
cess of HDPE. This may be due to the high viscosity of
the RET melt or the extent of entanglement between
nBA and GMA copolymers, which constrains the mo-
tion of HDPE molecular chain during crystallization.

A plot of the tan � loss factor versus temperature for
HDPE/RET blends is shown in Figure 5. Peaks below
the melting point of HDPE are designated as �, �, and
� relaxations. The � transition serves as the primary Tg

for pure HDPE (HDPE 100/0) at �120°C. This Tg

value is one among many cited in the literature.8,29 As
for the RET, there is no � transition seen in this re-
ported temperature range. The addition of RET leads
the position of the � transition to shift to lower tem-
perature, indicating the enhanced motion of molecular
segments in the amorphous phase.

The peak in the tan � curve over the � transition
serves as the Tg for pure RET at �40°C. This transition
increased from �40°C (HDPE 0/100) to �33°C (HDPE
75/25), suggesting that HDPE shows a constraining
effect on the molecular segment motion. This is related
to good interfacial interaction and adhesion between
the two phases.

The � transition for pure HDPE shows a broad peak
around 51°C. This may result from the high degree of
crystallinity (Xc � 43%), where sharp tan � peaks are
often only observed in amorphous polymers.8 The
storage modulus (E�) versus temperature for HDPE/
RET blends in Table I illustrates that as RET content
increases, storage modulus decreases.

Representative tensile testing stress–strain curves
show the physical effects of blending RET with pure
HDPE. Typical stress–extension curves are shown in
Figure 6. The large plastic deformation and ductile

TABLE I
Thermal Characteristics of HDPE/RET Blends

HDPE/RET (wt %)

Melting temperature (°C) Storage modulus, E� (GPa)
Crystallinity

(%)

Tm,ret Tm,hdpe �100°C �50°C 0°C 50°C Xc,hdpe

100/0 – 129.8 3.0 2.5 1.8 0.9 42.9
75/25 31.9–82.5 128.0 1.8 1.3 0.6 0.2 40.6
66/33 30.9–86.1 129.0 1.9 1.7 0.7 0.2 41.4
50/50 29.9–85.3 128.4 1.7 1.3 0.2 0.1 35.8
33/66 31.0–84.5 128.5 1.0 1.1 0.2 0.1 36.9
25/75 31.6–85.1 127.2 1.9 1.1 0.2 0.1 39.5
0/100 29.5–87.0 – 1.1 0.5 0.03 0.005 –

Figure 4 DSC melting thermograms of HDPE, RET, and
their blends.
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behavior of HDPE 100/0 is characteristic of the neck-
ing behavior displayed in semicrystalline polymers
due to a spherulitic morphology.30 However, when
RET is added to semicrystalline HDPE, a number of
mechanisms of plastic deformation contribute to the
overall failure. The addition of RET to HDPE greatly
increases the extension-to-failure but decreases
strength. Visual observations of the tensile fracture
surfaces of HDPE 75/25 and HDPE 66/33 showed
excessive formation of deformed fibrils. All other
blends showed crazing dominant failure characteristic
of lamellar separation, shear, and slip as in high-den-
sity polyethylene.30,31 Fibrillous failure is seen in Fig-
ure 6 in the step-wise strength drop and extension-to-
failure curves characteristic of these blends (HDPE
75/25; HDPE 66/33). The maximum tensile strength

as a function of RET content is shown in Figure 7. The
near-linear relationship suggests rule of mixture type
behavior as the two constituent polymers (HDPE and
RET) are blended with good interfacial adhesion. A
large variation from linearity might suggest poor in-
terfacial adhesion between the two phases.20 Fibril
formation in HDPE 75/25 and HDPE 66/33 may sug-
gest the elongation of amorphous tie chains followed
by slip and tilting of crystalline lamellar chains and
orientation of blocks of crystals along the tensile
axis.31

Adhesive strength of metal/polymer/metal lap-
shear joints

The adhesive properties of HDPE/RET blends were
characterized between steel substrates by lap-shear
tensile testing. Typical curves for adhesive lap-shear
testing of HDPE, RET, and a HDPE/RET blend are

Figure 5 The tan � vs. temperature profile for HDPE/RET blends: (A) over the entire heat profile; (B) over the � transition.

Figure 6 Typical stress–extension curves for HDPE, RET,
and their blends at a displacement rate of 50 mm/min.

Figure 7 Tensile strength as a function of RET content for
HDPE/RET blends.
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represented as curves A, B, and C in Figure 8. Curve A
shows the linear behavior of HDPE before cata-
strophic failure, curve B illustrates linear and contin-
uous yielding with slow softening to failure of the
HDPE/RET blend, while curve C shows the signifi-
cant ductility and extension-to-failure of pure RET.
Figure 9 shows the adhesive performance of HDPE
hot-melts with the addition of RET. The adhesion
measurements of HDPE/RET blends vary slightly
with the incorporation of RET. While an increase in
adhesive strength with RET content would be ex-
pected due to the increase in available polar groups,
only a subtle peak in adhesive strength between me-
tallic substrates occurs at 33 wt % RET. This may be
understood to be due to competing cohesive/adhesive
properties within the polymer blend where HDPE
provides tensile strength and RET provides the func-
tional groups necessary for polymer/metal adhesion.
Visual observations of the failure surfaces show adhe-
sive failure in HDPE 100/0 where the polymer is

completely intact to one metal surface but there is no
residual polymer bound to the other metal lap-shear
coupon. However, as RET content increases, failure
mode shifts to cohesive failure where residual poly-
mer is left on both lap-shear substrate surfaces as
failure occurs in the polymer layer.

The lap-shear adhesive strength of HDPE 100/0,
HDPE 66/33, and HDPE 0/100 samples was mea-
sured with the incorporation of two different surface
pretreatments and a silane coupling agent of varying
concentration. Changing silane layer thickness will
influence bonding characteristics and influence the
strength of the polymer/metal bond.32 Figure 10
shows the change in adhesive performance between
polished and sand-blasted steel surfaces. In the case of
HDPE 100/0, the adhesive mechanism of mechanical
interlock is dominant in grit-blasted steel surfaces as
shown by the large increase in adhesive performance.
However, in RET and the RET-containing blend, pol-
ished surfaces provided increased adhesion most
likely due to optimized surface wetting associated
with the high surface energy substrate.

Figure 11 The effect of a 3% silane coupling agent applied
to surface-pretreated steel in lap-shear adhesive testing.

Figure 8 Typical lap-shear adhesion curves for HDPE/
RET blends: (A) HDPE 100/0; (B) HDPE 66/33; and (C)
HDPE 0/100.

Figure 9 Adhesive strength as a function of RET content
for HDPE/RET blends.

Figure 10 The effect of surface pretreatments on lap-shear
joints using HDPE, RET, and a HDPE/RET blend as the
adhesive agent.
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The use of a silane coupling agent to promote ad-
hesion between steel surfaces is shown in Figures 11
and 12. No significant deviation is seen in RET and
RET-containing between a 3% and 10% silane agent.
However, in the case of HDPE 100/0 with 10% silane
treatment, optimized adhesion is seen in the grit-
blasted condition. HDPE 66/33 in conjunction with
the 3% silane coupling agent on polished steel sub-
strates exhibits the highest adhesive strength of RET-
containing blends, �9 MPa.

CONCLUSIONS

A reactive ethylene terpolymer, Elvaloy, was com-
pounded at various compositions with HDPE to de-
velop a coating material for steel. On the basis of the
DSC and SEM observations, blends of HDPE/RET
were found to be immiscible in all compositions. The
percent crystallinity and melting temperature of
HDPE decrease slightly with increased RET content.
The linear relationship of tensile strength with RET
additions, suggests good interfacial adhesion which is
to be expected in an olefin/olefin-containing blend.
Overall, strain to failure is increased with RET content.
As RET was added to HDPE resin, adhesive properties
increased only slightly in lap-shear joints at 33 wt %
RET. Lower RET composition (25–33 wt %) blends
show the best overall performance potential for coat-
ings: moderate tensile strength (�13 MPa), a large
strain-to-failure (300–400% extension), and increased
adhesive properties when bonded to steel (8–10 MPa).
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