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The cold spray deposition of ultra-high molecular weight polyethylene (UHMWPE) powder mixed with
nano-alumina, fumed nano-alumina, and fumed nano-silica was attempted on two different substrates
namely polypropylene and aluminum. The coatings with UHMWPE mixed with nano-alumina, fumed
nano-alumina, and fumed nano-silica were very contrasting in terms of coating thickness. Nano-ceramic
particles played an important role as a bridge bond between the UHMWPE particles. Gas temperature
and pressure played an important role in the deposition. The differential scanning calorimetry results of
the coatings showed that UHMWPE was melt-crystallized after the coating.

Keywords coating, cold spray, nano-ceramic particle, ultra-
high molecular weight polyethylene (UHMWPE)

1. Introduction

In today’s world, realization of the potential of poly-
meric materials in electronics industry, biotechnology,
aviation industry, etc. has been tremendous. Polymer
coatings, in general, are one of the most widely used
surface improvisation methods in the modern world. They
have a variety of applications like surface protection from
corrosion (Ref 1), protection from cavitation erosion or
mechanical impacts (Ref 2), electronic applications (Ref
3), packaging (Ref 4), and biocompatible membrane (Ref
5). Polymers are being used for various applications due to
the need for materials with low cost and high strength to
weight ratio.

Ultra-high molecular weight polyethylene
(UHMWPE) is characterized by high molecular weight,
which makes it known to have exceptional physical and
mechanical properties. It has an excellent wear resistance
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and is commonly used for total joint implants (Ref 6).
UHMWPE coatings are envisioned to cater to the prob-
lems caused by durability of the slide member in pros-
thetic joints and subsequently prolong its life (Ref 7). It
also has an excellent resistance to impacts and is a mate-
rial of choice for body armors (Ref 8). It has a large
elongation at break (typically several hundred percent)
and, as a result, a great ability to absorb energy before
fracture (Ref 9).

Due to the high molecular weight of UHMWPE, it
exhibits a very high viscosity in the melt region. Thus, the
processing by conventional techniques such as injection
molding or extrusion becomes impossible. Hence, special
fabrication techniques like compression molding or sin-
tering are used, at present, to process UHMWPE (Ref 9).
For large-scale productions and for non-planar surfaces,
sintering compression is difficult to be used. Hence, a
projection technique of solid particles like cold spray was
chosen as a better alternative. In this study, cold spray
technique is being observed as a potential technique to
coat UHMWPE on to different materials.

Cold spraying (CS) involves the impact of powder
particles on to a target at very high speeds (500 to 1500 m/
s) to form coatings or solid components. It was originally
developed in the mid-1980s at the Institute of Applied
Mechanics of the Siberian Branch of the Russian Acad-
emy of Science (ITAM SB RAS) in Novosibirsk by Pa-
pyrin and co-workers (Ref 10) for metallic powders. The
accelerating gas may be heated, mainly to achieve higher
particle velocities. The powder particles, usually in the
particle size range from 5 to 100 pm, are accelerated by
injection into a high-velocity stream of gas. The high
velocity gas is generated through the expansion of a
pressurized preheated gas, which is accelerated to super-
sonic velocity, with an accompanying decrease in pressure
and temperature, through a converging-diverging nozzle
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(Ref 11-13). The accelerated particles are then impacted
onto the substrate after exiting the nozzle. The major
advantage of the cold spray process is that it is a solid-state
process, which results in many unique and high-quality
coating characteristics.

A very few works have been done with polymer par-
ticles as feedstock in thermal spray/cold spray (Ref 14-18)
mainly because polymer deposition is difficult to achieve.
In this study, the UHMWPE feedstock powder was mixed
with different nano-ceramic powders like nano-alumina,
fumed nano-alumina, and fumed nano-silica. Nano-ce-
ramic additives were chosen, as it is a well-known filler
material in many polymer composites. Addition of fillers
to thermoplastic matrix has been found to improve some
mechanical properties, such as fracture strength (Ref 19),
and friction and wear behavior (Ref 20, 21), as well as
thermal stability (Ref 22), flame retardancy (Ref 23),
barrier properties (Ref 24), and conductivity (Ref 25). A
previous study has also shown improvement in the coating
quality when fumed nano-alumina was added to the
UHMWPE feedstock (Ref 26).

The major objective of this study is to mechanistically
understand the cold-sprayed UHMWPE coatings ob-
tained when different kinds of nano-ceramic particles are
added to the feedstock.

The paper is devoted to an investigation of the
UHMWPE-nano-ceramic composite coatings by cold
spray technique.

2. Experimental

2.1 Cold Spray

The UHMWPE powder was deposited on each of the
substrates using downstream injection cold spray tech-
nique. Figure 1 shows the schematic of the downstream
injection cold spray apparatus used in the experiment.
Pressurized gas (air) from 0.2 to 0.8 MPa was supplied
from a compressor, which meets the powder particles at
the nozzle region. The gas temperature can be varied from
room temperature to 500 °C. The powder particles were
fed from a vibrating powder feeder at a steady control-
lable rate. Feed rate was not calculated as the vibratory
feeder was used. The air stream containing the polymer
particles was then passed through a de Laval nozzle of
length 200 mm to deposit onto Aluminum (Al) and
Polypropylene (PP) substrates. The nozzle was held right
angles to the target with a standoff distance varied from 5
to 20 mm. Table 1 specifies the unit specification of the
system.

To control the standoff distance between the nozzle
and substrate surface and also to control the traverse
parameters, the cold spray unit was mounted on a XYZ
stage and manipulated by a personal computer. Figure 2
shows the photograph of the experimental setup.
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2.2 Ultra-High Molecular Weight Polyethylene:
Structural and Physical Characterization

UHMWPE used in this study is GUR 4170 obtained
from Ticona (Oberhausen, Germany). It is in the form of
powder with an average size distribution of 60 pm. Fig-
ure 3 shows the SEM image of the UHMWPE powder
used in this study. The molecular mass deduced from
viscosity measurements is 10.5 Mg/mol. The crystallinity
ratio was measured by differential scanning calorimetry
(DSC) using a Rigaku apparatus at a heating rate of
10 °C/min. The temperature and heat flow scales were
calibrated using high-purity alumina.

The nascent powder, rebound particles, and the de-
posited particles were analyzed by the DSC (Rigaku
Thermo plus EVO2) to understand the difference in each
of their thermal history. The rebound particles were col-
lected after the cold spray. On the other hand, the de-
posited particles on Al and PP substrates were scraped off
from the coatings to be analyzed. The reference material
used in the analysis was Al,Oj, which was also used to
calibrate the instrument. The polymer samples were he-
ated at a heating rate of 10 °C/min in the range of tem-
perature 70-200 °C, and the subsequent DSC curve was
plotted.

The morphological investigations were performed by
field emission scanning electron microscope (FE-SEM)
using a Hitachi SU-70 operated at 20 kV. A thin Pt
coating was applied prior to SEM observation by ion
sputtering.

2.3 Nano-ceramics Powders

The nano-ceramic powders used in this study are nano-
alumina, fumed nano-alumina, and fumed nano-silica,
which are commercially available. Nano-alumina of par-
ticle size ~50 nm used is obtained from Sigma Aldrich
Japan G. K. Fumed nano-alumina of particle size ~10 nm
and fumed nano-silica of particle size ~ 15 nm were ob-
tained from Degussa.

Figure 4(a-c) shows the TEM images of the nano-alu-
mina (procured from Sigma-Aldrich® website), fumed
nano-alumina, and fumed nano-silica, respectively.

2.4 Powder Preparation

In this experiment, 3.8-4% by weight of nano-alumina,
fumed nano-alumina, and fumed nano-silica powder were
mixed with the UHMWPE powder before the feeding
process for each set of experiments. The percentage by
weight of nano-particles used in the experiment was con-
sidered based on the assumption of 100% surface cover-
age of UHMWPE particles with a single layer of nano-
particles, as suggested in the research article by Yang et al.
(Ref 27).

Powders were hand mixed and no special mixing pro-
cess was used.
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Fig. 1 A schematic of a typical low-pressure downstream injection cold spray system

Table 1 Unit specification of low-pressure downstream injection cold spray system

Parameter Description

Power 220V, 3.3 kW

Pressure of consumed air 0.2-1.0 MPa

Consumption of compressed air 0.4 m*/min

Temperature range Room temperature—500 °C (5 modes)
Number of powder feeders 3
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Fig. 3 SEM image of the UHMWPE
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3. Results

3.1 Cold Spray with Nano-alumina Addition

The deposition behavior of the UHMWPE-nano-alu-
mina mixture largely depended on the gas temperature
and pressure. It was observed that deposition of the
polymer-nano-composite mixture occurred when the
temperature of the gas was close to 350 °C and gas pres-
sure between 0.3 and 0.4 MPa in the case of Al substrate.
On PP substrate, the deposition was observed at 170 °C
gas temperature and 0.3-0.4 MPa gas pressure.

At the gas temperature and pressure below the obser-
vance of deposition, rebounding of the particles took
place. Above this temperature, the system clogged due to
molten UHMWPE particles. At high pressures
(>0.5 MPa), the rebounding of the UHMWPE particle
was accompanied by erosion of substrate.

Figure 5(a) and (b) represents the deposition behavior
of the UHMWPE-nano-alumina mixture at different gas
temperatures and pressures on Al and PP, respectively.

After a careful tuning of the cold spray parameters, a
coating of 70-100 um thicknesses was obtained on both Al
and PP substrates. Figure 6(a) and (b) shows the SEM/
EDX images of the coating obtained on Al and PP sub-
strates, respectively.

3.2 Cold Spray with Fumed Nano-alumina
Addition

The deposition behavior of the UHMWPE-fumed
nano-alumina mixture also largely depended on the gas
temperature and pressure. The deposition occurred at
similar gas temperature and pressure conditions as that of
cold spray with nano-alumina addition.
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Fig. 4 (a) TEM image of the nano-alumina used in this study (image from Sigma-Aldrich® website). (b) TEM image of the fumed nano-
alumina used in this study. (¢) TEM image of the fumed nano-silica used in this study

The coating thickness of 3-4 and 1 mm thicknesses
were obtained on Al and PP substrates, respectively.
Figure 7(a) and (b) shows the photographs of the coating
obtained on Al and PP substrates, respectively.

The UHMWPE coating on Al was observed to
delaminate when cut. Hence, the coating was heat treated
at 200 °C for 10 min in order to improve the adhesion.
The samples were then cut and the cross section of the
deposit was observed under SEM. Figure 8(a) and (b)
shows the cross-sectional SEM/EDX images of the coating
on Al and PP substrates, respectively.

3.3 Cold Spray with Fumed Nano-silica Addition

Fumed nano-silica was mixed with UHMWPE and cold
sprayed on to Al and PP substrates, respectively. It was
observed that deposition of the UHMWPE-fumed nano-
silica mixture was not possible on Al substrate at all the
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gas temperature and pressure conditions tested. On PP
substrate, the deposition was observed at 170 °C gas
temperature and 0.3-0.4 MPa gas pressure. Figure 9(a)
and (b) represents the deposition behavior of the
UHMWPE-fumed nano-silica mixture at different gas
temperatures and pressures on Al and PP, respectively.

A coating thickness 70-150 pm thickness was obtained
on PP substrate. It was very interesting to observe that
there was no coating on Al substrate. The UHMWPE
particles tend to rebound when cold sprayed on to Al
substrate.

The coating formation in the cold spray involved the
interaction of the composite particles with the substrate
surface. However, the UHMWPE-fumed nano-silica
composite particles interaction with Al surface did not
result in a bond formation.

Figure 10 shows the cross-sectional SEM/EDX image
of the coating on PP substrate.
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4. Discussion

4.1 Effect of the Nano-ceramic Particle

The nano-ceramic particles in the deposits were ob-
served to have settled down at the particle/particle inter-
faces, which can be seen from the EDX images in Fig. 6, 8,
and 10. The basic effect seen after each of the type of
nano-ceramic addition is the creation of a bridge bond
between the polymeric grains. Figure 11 shows a simple
illustration of the possible activation of the polymer grains
by the nano-ceramic particles. Due to its high dis-
persability, nano-ceramic particles settled along the grains
of the UHMWPE particles after the mixing forming a
composite particle. The composite particles are then cold
sprayed on to the desired substrate. The particle/particle
interaction takes place during the passage of the com-
posite particles along the nozzle length creating an
aggregate of the composite particles. This aggregation is
possible by the presence of nano-ceramic particles.

The observance of different coating thicknesses may be
attributed to the strength of this bridge bond. Factors
affecting the strength of the bond can be narrowed down
to the surface properties of each nano-ceramic particles.
For example, the hydroxyl groups at the surface of the
fumed nano-alumina particle (Ref 28) may play an
important role in introducing new bonds like hydrogen
bonds between the polymeric grains although it is difficult

Fig. 6 (a) Cross-sectional SEM/EDX images of the UHMWPE-nano-alumina coating on Al. (b) Cross-sectional SEM/EDX images of

the UHMWPE-nano-alumina coating on PP substrate
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Fig. 7 (a) Photograph of the UHMWPE-fumed nano-alumina
coating on Al. (b) Photograph of the UHMWPE-fumed nano-
alumina coating on PP

to confirm until future experiments are performed. The
presence of such bonds can reinforce the UHMWPE
particle-particle bonding. This is significant when the
coating quality of UHMWPE-nano-alumina coatings and
UHMWPE-fumed nano-alumina coating is compared.
Figure 12 shows a simple illustration of the possibility of
introduction of extra bonds like hydrogen bonding be-
tween the polymer grains. Since the nano-ceramic parti-
cles cover the surface of UHMWPE particles, the
flowability of UHMWPE-nano-alumina and UHMWPE-
fumed nano-alumina mixture will be dependent on the
surface charge of nano particles and is considered to be
same as both nano-alumina and fumed nano-alumina
carry positive charge on their surfaces (Ref 29, 30).
Another parameter that might have interfered in the
coating formation would be the surface charge of the nano
particles added to the feedstock. For example, the inability
of coating formation of UHMWPE-fumed nano-silica
powders on Al substrate may be attributed to the negative
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surface charge of the fumed silica nano-particles (Ref 31),
which may have led to an ineffective particle-substrate
electrostatic interaction and/or the chemical dissimilarity
between SiO, nano-particles and the Al substrate.

Effect of the nano-particles in strengthening of the
microstructure is observed as the nano-particles facilitated
in the bonding of the UHMWPE particles together. The
nano-particles form an interconnected network at the
surface of the UHMWPE particles. The presence of nano-
ceramic particles must have definitely increased the
hardness of the coating. But as the percentage added to
the feedstock is very low (~4%), it is not expected to in-
crease drastically. Additionally, the hammering effect is
not likely as the mass of the nano-ceramic particles is
negligible as compared to that of UHMWPE particles.
Hence, the inertia of nano-particles will also be negligible
as compared to the polymer particle.

4.2 Deposition Criteria

From Fig. 5 and 9, it is possible to deduce that the
deposition window for the UHMWPE does not change
when different nano-ceramic particles are used. This leads
to a conclusion that the temperature effect on the
UHMWPE is very significant. Hence, the thermal history
of the particles was analyzed using a DSC.

It is possible to determine whether the nascent
UHMWPE particles are crystal melted once after the
passage through the nozzle by using DSC. Hence, the
thermal state of UHMWPE particles during the impact in
the cold spray process can be understood. Figure 13 shows
the DSC curves of both the nascent powder and of parti-
cles crystallized from the melt UHMWPE. The much
higher crystallinity and melting point are characteristic of
the special structure UHMWPE nascent reactor powders
(Fig. 13). The high melting temperature is attributed to
the non-equilibrium chain conformations: the presence of
chain-extended crystals as well as constrained chain folded
crystals has been proposed (Ref 9, 32, 33).

The melting temperatures and crystallinity of the re-
bound particles were seen to be similar to that of the
nascent powder which can be seen from the DSC curves of
the rebound particles at all the gas temperatures. Fig-
ure 14 represents the DSC curves for the rebound parti-
cles. So the rebounding particles are in the nascent state.

On the other hand, the DSC curves for the deposited
particles were observed to have a lower crystallinity and
melting temperature than that of the nascent powder
(Fig. 15). The deposited particles were observed to be
melting during the cold spray experiment, and after
recrystallized during the cooling.

During the cold spray, the only region where the par-
ticles are heated is the nozzle region where the particles
interact with the heated carrier gas. But, this particle-
carrier gas interaction time is extremely small. According
to the DSC curves of the rebounding particles, the soft-
ening of the particles by the carrier gas has not taken
place. On the other hand, the DSC curves of the deposited
particles show that the heated carrier gas has successfully
softened the UHMWPE particles.
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Fig. 8 (a) Cross-sectional SEM/EDX images of the UHMWPE-fumed nano-alumina coating on Al. (b) Cross-sectional SEM/EDX
images of the UHMWPE-fumed nano-alumina coating on PP substrate

Hence, in order for the deposition to occur, the
UHMWPE particle temperature should be more that
135 °C, rendering it amorphous in structure.

5. Conclusions

This study analyzes different UHMWPE-nano-ceramic
composite coatings. Following conclusions can be drawn
from the experiments conducted.

UHMWPE coatings of 4 and 1 mm thickness were
achieved on Al and PP substrates, respectively, with the
addition of fumed nano-alumina and with the incorpora-
tion of 200-mm-long nozzle. Cold spray of UHMWPE-
nano-alumina yielded a coating of 70-100 um on Al and
PP substrate and UHMWPE-fumed nano-silica mixtures
yielded a coating of 70-150 um on PP substrate. The
addition of nano-ceramic particles to the feedstock
UHMWPE aided in effectively building up the coating

166—Volume 25(1-2) January 2016

thickness probably due to its role in creating a bridge bond
between UHMWPE particles. Nano-particles created a
network of finely dispersed particles, which were strongly
bonded, to the polymer matrix. The presence of hydroxyl
groups and the surface charge at the surface of the nano-
ceramic particles may have assisted in a better reinforce-
ment in bonding between the UHMPWE particles.

UHMWPE particles experience crystal melting during
its passage through the nozzle region, which is believed to
play an important role in its deposition. However, the
complete understanding of the deposition mechanism re-
quires further works already ongoing.

This research work is intended to reveal the major
differences in the cold-sprayed coating behavior when
different kinds of nano-ceramic particles are added as
additives to the UHMWPE feedstock. This is the initial
step of a larger study. Further studies would help in con-
firming the exact mechanism behind the coating forma-
tion.

Journal of Thermal Spray Technology
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