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Ultra-high molecular weight polyethylene (UHMWRPE) has remarkable properties in the bulk
state and has substantial potential for use as a protective coating on metals. However, the
molecular architecture responsible for these exceptional properties also causes difficulties
in the formation of coatings by thermal spraying. This paper studies the effect of molecular
weight, particle size and the influence of the addition of low-molecular weight binders on
the structure and properties of combustion flame sprayed coatings. The flow of splats for
each UHMWPE polymer and blends of selected polyethylenes was characterized by
microstructural analysis and the performance of the resulting coatings evaluated by
mechanical testing. A computational model was developed to calculate the temperature
profiles of in-flight particles and to simulate the behaviour of particles during deposition.
The model was applied to the polyethylene system and the experimental results show that
the composition, the particle size and the process parameters are important factors in the
optimization of coating quality. © 2005 Springer Science + Business Media, Inc.

1. Introduction
UHMWPE in the bulk state is established as a wear re-
sistant polymer with a moderate coefficient of friction
against steel counterfaces [1]. A large number of re-
search studies have been published recently [1-9] cov-
ering the various aspects of the friction and wear be-
havior of bulk UHMWPE under various conditions. In
spite of its high level of mechanical properties and wear
performance, the application of UHMWPE is restricted
owing to poor processability due to its high viscosity.
The high strength of UHMWPE makes it an attractive
candidate for combined wear and corrosion-resistant
coatings on metal components. The high cost of the
material should not be an excessive burden because
of the relatively small amounts needed for coatings.
This paper explores the possibility of producing surface
coatings from UHMWPE by thermal spraying. Thermal
spraying consists of injecting powder particles into a hot
jetin which they melt and are projected onto a substrate
to form a coating. The particles flatten on impact with
the substrate surface and rapidly solidify on top of one
another to produce a deposit built up from innumerable
splats. The spray gun is scanned over the substrate un-
til a coating of the required thickness is achieved. An
important requirement of the process is that the pow-
der particles flow extensively on impact with substrate.
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This enables them to make close contact with the irreg-
ularities of the underlying substrate surface and form
dense coatings. It is unknown whether or not the high
viscosity of UHMWPE will adversely affect particle
flow and the quality of the coatings. Experimental tri-
als were undertaken with a series of polyethylenes with
relative molecular weights up to 6 million. The result-
ing coatings were characterized and a computational
model developed to simulate and optimize the process.

2. Experimental details

Four polymer powders were used in this study: two ul-
trahigh molecular weight polyethylenes (UHMWPE),
ethylene acrylic acid (EAA) and UHMWPE-EAA com-
posite powder. The details of these powders are given in
Table I. The substrate used for adhesion test was plain
carbon steel. The coatings were deposited by combus-
tion flame spraying using acetylene as the fuel gas and
compressed air as the oxidant.

A direct pull-off technique which conforms to ASTM
D4541 and BS 3900-E10 was used to measure the ad-
hesion of the deposits to steel. The measurement was
performed using an Instron tensile machine: a steel
cylinder 20 mm in diameter was adhesively bonded to
the coating using Araldite 2015 and the tensile force
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TABLE I Polymer powders and their physical properties

Particle Melting Molecular
size temperature  weight Density
Powder (4m) °0) (gmol™!) (Mgm™3)

A UHMWPE Dso: 27 136 6000000 0.93

Dgo: 50 y22

B UHMWPE Dsp: 120 p - 130-153 2000000 0.94
Dg(): 156 2

EAA (6.5% ac) Dgy: 116 80-100 0.91-0.97
D5()Z 68

UHMWPE- Dsp: 108 1

EAA Doo: 151

required to detach the coating from the substrate was
measured. The crosshead speed used in the tests was
5 mm/min. The polymer coating surfaces were rough-
ened with silicon carbide paper and the test cylinder
was grit blasted before applying the adhesive in order
to maximize the strength of the adhesive joint.

Bend tests were carried out to assess the resistance
of the coatings to cracking and/or detachment from a
metal substrate when subjected to bending conditions.
This provides information on a flexibility and adhesion
of the coatings to the steel substrate. The coatings were
deposited on a degreased steel substrate of 40 mm X
50 mm x 1 mm without grit blasting. The coated spec-
imen was clamped at one end using a sheet-bending
machine to give a cantilever configuration. A force per-
pendicular to the surface of the specimen was applied
at the free end of the sample to bend the specimen and
the maximum angle before cracking or peel off from
the substrate was recorded.

Wear performance was assessed using a reciprocat-
ing ball-on-flat machine with a stainless steel ball slid-
ing against the flat coated surface. The stainless steel
ball was 10 mm in diameter. Loads of 20 N or 40 N
were applied to the steel ball, which slid at 60 cycles per
minute over a track length of 24 mm on the flat-coated
plate. Wear was evaluated by measuring the mean depth
of the wear track on the polymer coating using a linear
variable differential transducer (LVDT), connected to
a computer for data collection and processing.

3. Results and discussion

3.1. UHMWPE coatings

3.1.1. Particle flow

A critical requirement for the thermal-spray deposition
of dense coatings is that the feedstock particles should
flow significantly on impact with the irregularities of
the substrate or underlying splats. The flow charac-
teristics of the UHMWPE were therefore studied by
wipe testing, which consists of scanning the substrate
very rapidly such that the impacts of individual splats
can be observed as separated entities and not as the
usual agglomerated deposit. The morphology of typi-
cal UHMWPE (Powder A, relative molecular weight:
6 x 10%) particles produced in the wipe test is shown in
Fig. 1a. It shows that the outer layer of a particle flows
on impact but that its core undergoes little flow and ex-
ists as a protruding inner region. This is attributed to the
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low thermal conductivity of the UHMWPE, which re-
sults in a much lower temperature and therefore higher
viscosity at the centre of the particle during its flight
through the hot jet. For comparison, the particles from
the same powder were also placed on a glass slide and
heated in an oven at 200°C for 5 min. The morphologies
of the oven-heated particles are given in Fig. 1b, which
shows fully melted, homogeneous droplets. The homo-
geneity being due to the uniform heating resulting from
the time being sufficient to reach thermal equilibrium.
The more important observation, however, is that the
droplets exhibit very little flow and show no tendency
to wet the substrate. This contrasts with the situation in
Fig. 1a in which the high impact velocity forces sub-
stantial flow. This behaviour implies that satisfactory
deposition by electrostatic spraying is likely to be dif-
ficult but, on the other hand, that thermal spraying has
potential for preparing dense UHMWPE coatings.

The particle flow in thermal spraying is generated by
the stress o at impact as the particle strikes the substrate
at a velocity v and is given by:

o= (1)

where p is the density of the particle. If the particle is
assumed to undergo viscous flow, it may be assumed to
follow simple Newtonian behaviour:

dvy
dy

T=n )

where 7 is the shear stress, 1 is the viscosity, vy is the
velocity in the x direction (parallel to the surface) and
y the dimension perpendicular to x. Equation 2 can be
re-written in terms of the normal stress o (t = ¢/2)
required to produce a strain ¢ in a particle of viscosity
n and over a time interval of Az:

o = 2ns/At 3

Equations 1-3 indicate that the degree of particle
flow or strain is governed by the stress ¢ at impact and
the melt viscosity of the polymer melt. A high stress is
required for high-viscosity polymers to gain sufficient
strain within a short time. In the case of the oven-heated
particles, the stress deriving from gravity and surface
tension was clearly (Fig. 1) much smaller than that of
the impact stress in thermal spraying resulting in very
little flow.

Fig. 2 gives the polished cross-section of a coating
produced from Powder A. It shows a dense coating
consisting of deformed particles/splats closely packed
together. The boundaries of the particles can be seen
clearly, which is quite different from low molecular-
weight polymer coatings in which the splats fused to-
gether and the boundaries are not detectable. Exami-
nation of the morphologies of impinging particles of
Powder A reveals the particle flow of the powder
increased with increasing thermal power, suggesting
that dense coatings should be obtainable using higher
thermal power levels. However, the temperature



Figure 1 Morphologies of Powder A (relative molecular weight 6 x 10°) particles from the wipe test: (a) thermal-spray deposited and (b) oven heated.

Figure 2 Polished cross-section of an UHMWPE coating produce from Powder A.

measurements on the deposits during deposition re-
vealed that the high thermal-power levels caused ex-
cessive heating of the deposited layer and a serious risk
of degradation. A compromise that gives the maximum
degree of particle flow while avoiding degradation is
required.

3.1.2. Molecular weight and particle size

A satisfactory particle flow was obtained from Powder
A, which has a relative molecular weight of 6 x 10°.
However, sufficient particle flow under the same spray-
deposition conditions could not be obtained with Pow-
der B and satisfactory coatings could not be produced,
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100 um

Figure 3 Morphologies of Powder B (relative molecular weight 2 x 10°) particles produced by the wipe test.

even though it had a much lower molecular weight
(2 x 10°). Examination of the morphologies of im-
pacted Powder B particles obtained from wipe test
reveals that significant proportion of the particles
bounced off the hard substrate during deposition. The
traces of these particles are clearly observable in Fig. 3.
The poor flow of the impinging particles resulted in in-
sufficient contact area between the particles and sub-
strate, which is required to retain the particles on the
substrate surface. Attempts were made to improve the
particle flow by increasing the thermal power of
the flame but this did little to improve the flow and
the coatings were unsatisfactory. In addition, some
degradation of the UHMWPE occurred.

As shown in Table I, apart from the molecular weight,
a distinct difference between Powder A and Powder B
is the particle size: the average particle size (Dso) of
Powder B is 120 pm, more than four times greater than
that of Powder A (Dso = 27 um). The particle size
will affect the motion and heating of the particles in the
hot gas jet. To understand the effect of particle sizes
a computational model was developed to simulate the
interaction between particles and the flame.

To simulate the temperature profile of the in-flight
particles a computational model was developed using
the following steps:

(1) Specify the temperature and velocity profile of
the combustion flame. This can be controlled by varying
the ratio between fuel gas and compressed air as well
as changing the gun design. The temperature profile of
the flame can be measured experimentally.

(2) Specify the properties of the combustion flame as
afunction of composition and temperature. The compo-
sition of the flame is defined by the ratio of the fuel gas
to the oxidant (air in this study). The properties used in
the calculation include specific heat (C}), density (p),
viscosity (1) and thermal conductivity (K). These prop-
erties as functions of temperature for individual gases
(CO;,, O3, N», and H,0) can be found from the liter-
ature [10]. The properties of the flame are calculated
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using the addition law:

n
P,': E iji,j
=1

where, P; is the property of the flame (C,, p, n and K),
xj is the fraction of gas j and P; ; is the property of gas

(3) Calculate the velocities of the in-flight particles
(v), which requires knowing the acceleration of parti-
cles as a function of position. The acceleration can be
found from momentum equation:

dU [ - - -
mp?p:Fdr'i‘Fp'i‘Fam'i‘Fb 4

where m,, is mass of the particle, F dar the drag force, I;p
is the force on the particle caused by pressure gradient.
Fam is the force caused by the ‘added-mass’, which
is required to_accelerate the gas flow ‘entrained’ by
the particle. Fy is the body force, in the present case,
the gravitational force. In thermal spraying, the forces
due to gravity and pressure gradient are very small,
comparing with the drag force. They are neglected in
the present study. .
The drag force Fg; is given by:

- 1 .. ..
Fg = ECdPgAS|U —Upl(U = Uy) (5)

where A is the surface area of the particle, Cq is the drag
coefficient, which is a function of the particle Reynolds
number Re,, defined by:

Rep, = pg”} - ﬁp|dp/ﬂg (6)

The drag coefficient Cq4 at a given position is given



by:

(N
24 0.81
Ca=o—(1+0.11Re™), 2 <Re <21
c

24 0.632
Ca= (1 +0.189Re’™), 21 < Re <200
(v

For Reynolds numbers greater than 200, the drag
coefficient was determined using experimental value
given by Schlichting [11] and Hagen [10].

(4) Calculate the heat transfer coefficient (k) be-
tween the flame and in-flight particles.

hd
Nu = k—p =2+ 0.66Re!/?Pr'/3 (8)
f

where Nu is the Nusselt number and Pr is the Prandtl
Number.

C‘ .
Pr:%’ut 9)

where pf, g, kr and Cpg are the density, viscosity,
thermal conductivity and specific heat of the gas jet
respectively.

(5) Calculate the temperature distribution in the par-
ticles.

The heat transfer within the particles can be described
by a special form of the general conduction equation in
a spherical polar co-ordinate system:

oT 10 oT
Cp— = —— | kr*— 10
'Opat r28r<r8r> (10)

where r is the radial distance from the centre of the par-
ticle, T' the temperature, ¢ the time, and Cp, p and k the
specific heat, density and thermal conductivity of the
particles respectively. At the particle surface, the heat
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transfer coefficient (1) can be found from Equation 8:
h = (k/dy)Nu (11)

(6) Calculate the new position based on the drag co-
efficient Cy.

(7) Repeat 2 to 6 to calculate temperature distribu-
tion of the particles at a distance z from nozzle exit.

Using the above computational model, the temper-
ature profiles of the in-flight particles of UHMWPE
Powder A and Powder B were calculated based on the
measured temperature profile of the combustion flame.
To simplify the calculation the following assumptions
were made in the modelling:

(1) The particles were spherical.

(2) All the particles have same initial velocity before
being injected to the flame (10 m/s)

(3) The properties of the particles and their volume
remain constant. The melting enthalpy was taken as
291 kJ/kg [12].

The calculated temperature profiles for the powders
with particle sizes of 27 and 120 pum are shown in
Figs 4-5. The calculated results show that a much larger
temperature difference between the surface and centre
exists in large particles than in small particles. Since the
polymer has a low thermal conductivity, the heat trans-
fer from the hot jet to a polymer particle is controlled
by the heat conduction from the surface of the particle
to its core. The larger the particle, therefore, the greater
the temperature difference that will be developed in the
particle. Increasing the thermal power of the flame can
only result in a rapid temperature rise in the surface
layers of the particle. In the extreme, the surface of
a particle may reach the polymer decomposition tem-
perature while its centre still remains solid. When the
large particles in Powder B strike the substrate, there
is little effective flow due to the low core temperature
resulting in insufficient contact area with the substrate
and poor retention. The particle size is much smaller in
Powder A (Dsy = 27 pum). The temperature difference
in the particles is much smaller and so full melting with
extensive flow on impact is achieved.

Surface

400

300

200

Temperature / °C

100

150 200 250 300
Distance / mm

Figure 4 Temperature distribution of a 27 um UHMWPE particle as a function of distance from nozzle exit.
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Figure 5 Temperature distribution of a 120 um UHMWPE particle as a function of distance from nozzle exit. The numbers next to each line are the

depth into the particle from its surface in micrometres.
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Figure 6 Velocities of 27 and 120 um UHMWPE particles in the flame as a function of distance from nozzle exit.

Another factor affecting particle flow is the impact
velocity. The particle velocities of powders with particle
sizes 27 and 120 wm were calculated and the results
are given in Fig. 6. This indicates that Powder A with
average particle size of 27 um would reach a velocity
of 97 m/s whereas Powder B (120 pm) can only reach
80 m/s. The flow at impact of the particles in Powder B
will therefore be expected to be significantly less than
that of Powder A.

Deposition trials and particle morphological ob-
servations showed that the flow of similarly sized
UHMWPE particles subjected to thermal spraying in-
creased as the molecular weight decreased due to the
influence of viscosity (Equation 3). These results sug-
gests that for ultra-high molecular weight (>10°) poly-
mers, the particle size should be reduced to less than
approximately 50 um to ensure complete melting be-
fore impact with substrate. For lower molecular weight
polymers, coarser powders may be sprayed owing to
their lower viscosity.

The adhesion of UHMWPE coatings produced from
Powder A deposited under various process parameters
was evaluated using the pull-off technique. The coat-
ings were deposited onto a 40 mm x 50 mm x 3 mm
thick carbon steel substrate. The measured values of
coating-adhesion were between 2 and 4 MPa. All fail-
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ures occurred at the interface between the adhesive and
the coating, indicating that the true adhesion and cohe-
sive strengths were higher than the measured values.

3.2. UHMWPE-EAA duplex coatings
Experimental trials and theoretical analysis suggest that
reducing the particle size of UHMWPE could promote
the particle flow and improve the coating quality. How-
ever, reducing the particle size of UHMWPE requires
high-energy grinding, which inevitably increases the
processing cost. One approach to overcome the viscos-
ity problem of UHMWPE would be to apply a bond
layer between the UHMWPE and the steel substrate.
The polymer used for the bond layer should: (a) exhibit
good particle flow to enhance the intimate contact with
the substrate; (b) contain a polar group in its molecular
chain to promote bonding with the metallic substrate;
(c) be compatible with the UHMWPE topcoat.
Ethylene acrylic acid (EAA) containing 6.5% acrylic
acid was selected as a bond coat as its low molecular
weight provides superior flow characteristics, its con-
stituent electronegative oxygen atoms are highly polar
and its molecular architecture is similar to and com-
patible with UHMWPE. The EAA was first sprayed
onto the steel substrate. To ensure a reasonable particle
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Figure 7 Polished cross-section of a UHMWPE (Powder B)-EAA double-layer coating. UHMWPE is dark phase in centre of field and EAA is light

phase below.

flow, Powder B was sieved to less than 150 um and
then applied on top of the EAA bond coat. In this
way, an UHMWPE-EAA double-layer coating was
obtained. Microscopic examination revealed that the
UHMWPE particles were embedded into the EAA layer
at the UHMWPE/ EAA interface suggesting a sound
bond between them (Fig. 7). However, it was observed
that the UHMWPE deposit consisted of particles with
many interstitial pores due to poor flow, particularly
for the large particles. These partially molten parti-
cles adhered to one another but formed large interstitial
pores.

The adhesion of the UHMWPE-EAA double-layer
coating to the steel substrate was evaluated under the
same conditions as described above. The measured re-
sults were in the range 3-5 MPa. The tensile failure
occurred at the interface between the coating and the
adhesive. The true adhesion strength of the coating to
the substrate therefore could not be obtained. However,
the test results and microscopic observations suggested
that there was good bonding between the bond layer
and the topcoat and between the bond layer and sub-
strate. UHMWPE-EAA double-layer coated samples
were also subjected to a bend test. The coating was de-
posited onto a40 mm x 50 mm x 1.0 mm steel substrate
without grit blasting. The top UHMWPE coating was
observed to crack at a bend angle of 20 degrees, but no
cracks were observed to penetrate into the EAA bond
layer at this angle. This indicates that the UHMWPE
coating was relatively brittle due to the high fraction of
interstitial pores.

3.3. UHMWPE-EAA composite coatings

Although the adhesion strength of the UHMWPE coat-
ings produced by larger particle sizes was improved by
applying abond coat, the cohesive strength and ductility
of the coatings were not satisfactory and the porosity
was high. An UHMWPE-EAA composite was there-
fore developed in order to improve the particle flow dur-

ing deposition and improve the cohesive and adhesive
strength and ductility of the UHMWPE coating. In or-
der to obtain a satisfactory composite, the UHMWPE-
EAA system was manufactured by co-extrusion using
50% Powder B and 50% EAA. The extrudate was then
ground to powder and the resulting particle size distri-
bution is given in Table I.

The particle flow of the composite particles under
different spray conditions was investigated using wipe
testing. The results showed that the composite pow-
der exhibited much better particle flow (Fig. 8) and
higher deposition efficiency than pure UHMWPE parti-
cles (Fig. 3). The powder was then used to deposit coat-
ings under various conditions. The temperature of the
polymer coating during deposition was monitored and
recorded in order to understand the process-structure-
property relationships. It was observed that raising the
thermal power from 5 to 10 kW increased the average
temperature of the coating during deposition from 200
to 350°C. This is likely to have a major effect on coating
characteristics and properties.

A microstructural examination of the UHMWPE-
EAA composite coatings showed that they were much
denser than the UHMWPE-EAA double-layered coat-
ings (Fig. 9). It also revealed that the composite coating
consisted of two phases: large poorly flowed particles
embedded within a well-melted matrix (Fig. 9a). Mi-
crohardness tests showed that the large partially molten
particles had a higher hardness 4.8 HV (10 g load for 5 s)
than that of the molten matrix phase 1.7 HV (10 g, 5 s)
suggesting that the partially molten particles may have
a higher UHMWPE content than the molten matrix
phase.

The adhesion of the UHMWPE-EAA composite
coatings deposited at different thermal power levels
onto the steel substrate was evaluated using the pull-off
technique. The measured values were 5-6 MPa, which
were higher than those of the double-layer coatings
(3-5 MPa). The UHMWPE-EAA composite coatings
showed great improvement in ductility. These coatings
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Figure 9 Thermally sprayed UHMWPE (Powder B)-50%EAA coatings: (a) polished cross-sectional and (b) fracture surface (SEM).

could be bent to 90°without cracking, while the topcoat
of the UHMWPE-EAA double-layered coatings started
cracking at 20°. The reduced interstitial pores within
the UHMWPE-EAA composite coatings, as shown in
Fig. 9, played an important role in the improvement of
the cohesion of the coating and hence the ductility.
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3.4. Wear behaviour

Fig. 10 gives the wear curves of UHMWPE-EAA com-
posite coatings produced with flames of various thermal
power levels. It shows an initial period of rapid wear or
running-in over the first 500 cycles followed by a more
gradual steady-state wear period. Fig. 11 was plotted
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Figure 10 Wear curves of UHMWPE (Powder B)-EA A composite coat-
ings deposited under various thermal powers. Load: 20N.

Wear rate /nm/cycle

Thermal pawer / kW

Figure 11 The influence of thermal power of the flame on wear rate of
the UHMWPE-EAA composite coatings.

using the data from Fig. 10 and shows the influence of
the thermal power on the wear rate in the steady-state
regime of these UHMWPE-EAA composite coatings.
This indicates an optimum thermal power of 7-8 kW
corresponding to a minimum wear rate. The tempera-
ture of the coating was found to increase substantially
with increasing thermal power suggesting that the dete-
riorating wear performance at high powers was caused
by polymer degradation. The poor wear performance at
low power levels is attributed to inadequate heating of
feedstock particles in the flame, inferior particle flow
and consequent voidage in the coating. The optimal
power value will depend on the particular set of con-
ditions applied during deposition, because other condi-
tions (e.g., spray distance, torch scanning speed) will
also affect the structure of the coating.

Fig. 12 compares the wear performance of the coat-
ings of pure EAA, the UHMWPE-EAA double layer
and the UHMWPE-EAA composites. The coatings
were produced at their optimum thermal power levels
and wear tested under a load of 40 N against a stainless
steel ball. The results show that UHMWPE coatings
provide a much better wear resistance than those of
EAA. There was little difference between the steady-
state wear rates of the UHMWPE-EAA double-layer
and composite coatings. However, the composite coat-
ing had a higher ductility in the bend tests and so is
expected to offer the greater potential for general engi-
neering applications.
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Figure 12 Wear curves of EAA, UHMWPE-EAA composite and
UHMWPE-EAA double-layer coatings. Load: 40N.

4. Conclusions

(1) UHMWPE coatings with relative molecular
weights up to 6 million were produced by combustion
flame spraying. The deposition of pure UHMWPE was
sensitive to the processing conditions and powder char-
acteristics. A process window in terms of flame feed-
stock power and particle size is required for deposition.

(2) The coatings produced with UHMWPE were rel-
atively brittle. The use of a bond layer improved the ad-
hesion but provided little improvement in the ductility
of the coatings.

(3) The use of a low molecular weight EAA as a ma-
trix phase for UHMWPE provided substantial gains in
the adhesion and ductility of the coating while main-
taining the wear performance.
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