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Abstract

Polymers and polymer composites have been increasingly used
due to their low density and high specific strength; however,
their low electrical conductivity has limited their further
application. Cold spray has been proven to be a feasible
approach to metallizing polymers. Previous results at McGill
University have shown that tin coatings can be successfully
cold sprayed onto polymeric substrates when spraying with a
low-pressure cold spray system at gas temperatures close to
the melting point of tin. The successful deposition of tin was
attributed to the incipient melting of tin. In this work, three
low melting point powders, including Sn, Sn-Zn alloy, and Sn-
Bi alloy, were cold sprayed onto polymeric substrates.
Different combinations of gas temperature and gas pressure
were assessed. Based on the results, the effect of melting
points of the feedstock powders on their cold sprayability on
polymeric substrates is discussed.

Introduction

Cold spray is an emerging coating method for metallizing
polymers and polymer composites [1-7]. As traditionally used
to develop metallic coatings onto metallic substrates, cold
spray of metals directly onto the polymeric substrates has been
rarely successful. It has been reported that erosion of the
substrates is the key problem, especially for those reinforced
with carbon/glass fibres [2, 8-10]. This is due to the conflict
that a relatively high particle velocity is usually required to
form a coating by cold spray but the polymeric substrates
possess poor erosion resistance, which prevents a coating from
forming [1].

Previous results at McGill University have shown that tin
coatings can be successfully cold sprayed onto various
polymeric substrates [1, 2, 11]. This was achieved by spraying
with a low-pressure cold spray system at gas temperatures
close to the melting point of tin. The successful deposition of
tin can be attributed to the incipient melting of tin [2].
Nevertheless, the deposition efficiency of tin was relatively
low (< 20%). It is expected that lowering the melting point of

feedstock powder may result in higher deposition efficiency.
Alloying tin with zinc or bismuth can form alloys with lower
melting points than pure tin. Indeed, the eutectic tin-zinc and
tin-bismuth alloys are commonly used lead-free solders.

The main objective of this work is to assess the cold
sprayability of the low melting point powders. Three metallic
powders that have different melting points (138-232°C),
including Sn, Sn-Zn alloy, and Sn-Bi alloy, were cold sprayed
with a low-pressure cold spray system onto various polymeric
substrates. Different combinations of gas temperature and gas
pressure were assessed, within the range of 100-300°C and 40-
120 psi, respectively. By performing those experiments, the
effect of melting points of the feedstock powders on their cold
sprayability is analyzed.

Experimental methods

Three low melting point powders, namely, pure Sn, SnZn alloy
(Sng1Zny, wt.%), and SnBi alloy (Sns,Bisg, wt.%), were used in
this work. The powders were supplied by SN Plus Micro
Powders Inc. (Montreal, Canada), and the particle size
information is listed in Table 1. The Sn and SnZn powders
have similar size distributions, and the SnBi powder is slightly
finer. Also listed in Table 1 are the melting points, 7,s, of the
three powders. The scanning electron microscope (SEM)
images of the feedstock powders are shown in Fig. 1. It can be
seen that the Sn and SnBi powders are spherical and the SnZn
particles are less spherical as compared to the other two
powders. In addition, the SnBi particles exhibit some
microstructure, which may be the eutectic microstructure.

Table 1. Particle size information and melting points of the
feedstock powders.

Powder dio, pm dso, pm doo, pm T, °C
Sn 14 22 34 232
SnZn 14 20 31 199
SnBi 14 17 26 138
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Figure 1: Scanning electron microscope images of the
feedstock powders.

The polymeric substrates used in this work were commercially
available acrylonitrile butadiene styrene (ABS), nylon 6/6
(Nylon), polycarbonate (PC), ultra-high-molecular-weight
polyethylene (PE), and polypropylene (PP). Some common
properties of the five polymer materials are listed in Table 2.
For comparison purpose, 1020 mild steel was used as a
benchmark substrate. For the cold spray experiments, sheet
sections of dimensions 6 x 5 cm were used as the substrates.
Prior to cold spray, all the polymer sections were cleaned with
ethyl alcohol, and the mild steel sections were degreased with
acetone and grit blasted with 24 grit alumina.

Cold spray experiments were carried out at the McGill-NRC
cold spray facility at National Research Council Canada,

Boucherville. A commercially available low-pressure system
(SST, CenterLine, Canada) was used to investigate the cold
sprayability of the low melting point metal powders onto
polymeric substrates. With this system, the particles are
introduced into the main gas stream immediately after the
throat, the narrowest orifice of the nozzle, so that the risk of
throat clogging in the nozzle can be alleviated. Nitrogen was
selected as the carrier gas, and the three powders were sprayed
at various combinations of gas temperature and pressure, as
listed in Table 3. A 25 mm x 50 mm area was sprayed on each
sample in one pass, with a step size of 1 mm. Other process
parameters for the CenterLine system were basically those that
resulted in successful deposition in our previous work [2]. The
powder feeder was set at 1 revolution per minute (RPM), and
the actual feeding rates were measured for each powder before
the spray (also listed in Table 3).

Deposition efficiency (DE), which is the weight change of the
substrate divided by the overall weight of powder sprayed
during the time that the gun is actually over the sample, was
measured for each sample at all conditions. After the cold
spray experiments, the coated samples were characterized with
a Hitachi SU3500 SEM.

Table 2. Some properties of the five polymer materials used in
this work, data summarized from supplier’s documents.

Maximum  Tensile Impact Machin-
Temp, °C  Strength, MPa  Strength, J/m  ability
ABS 60 35 278 Excellent
Nylon 85 77 53 Good
PC 82 55 267 Good
PE 82 34 897 Good
PP 82 17 53 Good

Table 3. Process parameters for cold spray.

Temp Pressure ~ Stand-off Guntravel Feed rate,
oC MPa (psi) Dist, mm  speed, mm/s  g/min

Sn 100-300  0.29 to0 0.83 18 50 ~15
(42 to 120)

SnZn  100-300 0.29t0 0.83 18 50 ~15
(42 to 120)

SnBi  100-300  0.29 to 0.69 18 50, 200 ~19
(42 to 100)

Results and discussion

Deposition efficiency

Figure 2 presents the DE results for all three powders when
cold spraying on ABS and mild steel at various conditions.
The results at 100°C were not included in Fig. 2. Only 80 psi
and 100 psi were sprayed at 100°C, DE on ABS was lower
than 1% for all three powders and on steel was no higher than
4%, indicating poor cold sprayability regardless of substrates.



The gas temperature was lower than the melting point of any
powder, so there was no melting of any powder. Further
increase in gas pressure may help to improve the cold
sprayability at such a low temperature but would also result in
substrate erosion on the polymer substrates.

At 200°C, the deposition behaviors of Sn and SnZn powders
were similar: the DE was low at 60 psi (<5%), then increased
at higher pressures before showing a slight decrease at 120 psi.
For pure Sn, the DEs on ABS and steel almost overlapped
each other, as can be seen from Fig. 2. For SnZn, the DEs on
ABS were on the same level as pure Sn, and those of steel lay
above ABS except at 60 psi. The DE of SnZn on steel was
slightly higher than Sn on steel at each corresponding
condition. This may be attributed to the fact that the gas
temperature was just above the melting point of SnZn (199°C),
but certainly below that of Sn (232°C). Despite the alloying
effect and the fact that SnZn is harder than Sn at room
temperature, it is possible that the SnZn particle was softer
than the Sn particle when spraying at 200°C, and the softness
led to the better deposition. However, the higher DE of SnZn
on steel than ABS cannot be explained by this and further
analysis is needed.

The deposition behavior of SnBi at 200°C was different from
those of Sn and SnZn. The DE of SnBi on steel showed a
decreasing trend from 15% at 42 psi to 4% 100 psi (Sn and
SnZn were not sprayed at 42 psi at 200°C). This decrease may
be related to the possible melting of the SnBi particles, as the
gas temperature was higher than the 7, of SnBi (138°C). Such
a decrease has been previously observed when spraying Sn or
Sn based mixed powders at 300°C, and is possibly due to the
erosion of the coating/previously deposited layer. On the other
hand, the DE on ABS first dropped from8% at 42 psi to 2% at
60 psi and then started to increase until reaching 13% at 100
psi, which was higher than the corresponding DE on steel
(4%). The reverse trend on ABS suggests that there was a
transition in the deposition mode (e.g. melting dominant at low
pressure to impact dominant at higher pressures). However, it
is unclear why the ABS substrates exhibited an increasing DE
at high pressures.
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When the gas temperature was increased to 300°C, the DEs of
all three powders were higher than those at 200°C. The DE of
Sn showed a maximum of 30% at 80 psi on steel and a peak of
18% at 60 psi on ABS. It should be noted that the DE on steel
and ABS started at the same level at 42 psi (13%), but then
separated and showed large difference at high pressures. The
lower DE on ABS may be related to the erosion of polymer
substrates at high pressures at such a high temperature. As for
SnZn at 300°C, the DE on steel also showed a peak at 80psi
but was slightly higher than the corresponding peak of Sn
(32% vs. 30%). Also, the DE of SnZn at 42 psi was much
higher than Sn. These may be attributed to the lower 7, of
SnZn, which is favorable to deposition. On ABS, the DE of
SnZn decreased from 23% at 42 psi, same as that on steel, to
14% at 100 psi, which was much lower than the 31% on steel.
Similar to Sn, the difference in DE between ABS and steel
increased with gas pressure. For SnBi at 300°C, the deposition
behavior is significantly different, since the gas temperature
was much higher than its 7,,. The measured DEs, i.e. 54% at
42 psi and 41% at 60 psi on ABS, 96% at 42 psi and 79% at
60 psi on steel (not shown in Fig. 2 because of the scale), were
much higher than those of Sn and SnZn. It can also be seen
that the DE of SnBi on both ABS and steel decreased from 42
psi to 60 psi, similar to the decrease of SnBi at 200°C and that
of SnZn on ABS at 300°C.

Based on the DE results, the conditions at which the maximum
DE was achieved on steel were chosen and used to spray the
four other polymers mentioned above, namely, Nylon, PC, PE,
and PP. Considering that a lot of “splashing” occurred when
spraying SnBi at 300°C and led to uneven deposition, the gun
travel speed (GTS) was increased from 50 mm/s to 200 mm/s
for SnBi to generate a relatively smooth coating. Thus, the
conditions used for all polymer substrates were: 300°C, 80 psi,
and a GTS of 50 mm/s for Sn and SnZn, and 300°C, 42 psi,
and a GTS of 200 mm/s for SnBi, respectively. The measured
DEs are presented in Fig. 3 (Sn was not sprayed on PC).

From the prospective of powder, it can be seen from Fig. 3 that
the SnBi powder showed the highest DE (70% and higher) on
all the five polymers as well as steel. On the other hand, the Sn

50% Steel @300°C
300°C ‘

40%

30%

20%

10%

200"(:»
0%

80 100 120 20 40 60 80 100

Gas pressure (psi)

Figure 2: DE of Sn, SnZn, and SnBi cold sprayed at 200°C and 300°C on ABS and steel as a function of gas pressure.



and SnZn powders exhibited relatively low DEs, no higher
than 17% on polymeric substrates and 32% on steel. This
indicates that the lower melting point is beneficial to
deposition when spraying at a temperature significantly higher
than it. However, it is difficult to determine how much higher
is necessary to make the beneficial effect noticeable (e.g.
200°C is already 62°C higher than the 7,, of SnBi but DE was
low). Moreover, SnZn has a T, which is 33°C lower than that
of Sn, but these two powders showed no significant difference
in DE. One possible reason is that the SnZn alloy is harder
than pure Sn, so it requires more softening/melting to offset
the hardness difference.
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Figure 3: DE of Sn, SnZn, and SnBi cold sprayed at 300°C on
various polymers and steel.

From the prospective of the substrate, it can be seen from Fig.
3 that the DEs on all the polymer substrates were lower than
on steel, especially for Sn and SnZn. The ABS, Nylon, and PP
showed similar DEs for Sn and SnZn and can be successfully
metallized by these two powders. On the other hand, the PE
and PC were relatively difficult to coat with Sn and SnZn,
although the DEs of SnBi on them were high (still lower than
others). By correlating the DE results with the substrate
properties listed in Table 2, it can be seen that PE has a much
higher impact strength than all other polymers, which might
account for the near-zero DE of Sn and SnZn on PE.

SEM characterization

Figures 4, 5 and 6 present the SEM images of the top surface
of the Sn, SnZn, and SnBi coatings sprayed on Nylon at
300°C, respectively. For the Sn coating, it can be seen from
Fig. 4 that melting of the particles occurred but there are still a
number of particles that can be identified. At a higher
magnification, the originally smooth surface of the particles
can be observed. This agrees with the partial melting of Sn
particles observed in our previous work when spraying Sn at
300°C [2]. For SnZn that has a lower T, relatively more
melting can be observed from the coating top surface, as can
be seen from Fig. 5. In general, the top surfaces of the Sn and
SnZn coatings are similar at 300°C. However, the top surface
of the SnBi coating, as shown in Fig. 6, exhibits totally
different features. The original particle surfaces can no longer
be seen in the SnBi coating. Instead, it can be seen that



Figure 6: SEM image showing the top surface of SnBi coating cold sprayed onto the Nylon substrate at 300°C.

substantial melting of the particles has occurred, and there are
many fine satellite particles (1-2 um and smaller), which may
be formed by splashing of the melts upon impact. The
significantly higher degree of melting of particles in the SnBi
coating corresponds to the much higher DE recorded for SnBi
compared to Sn and SnZn.

For future work, it is needed to characterize the coatings at
each condition on all the substrates to determine if there is any
difference among different polymer substrates and between the
polymer substrates and steel. Also, further investigation on the
coating/substrate interface from cross-section is needed to
understand the nature of the bonding.

Conclusions

Three low melting point metals/alloys were cold sprayed onto
various polymers and mild steel substrates. Different
combinations of gas temperature and gas pressure were used,
and the deposition efficiency was measured. The results show
that a gas temperature of 100°C was low for all three powders.
The Sn and SnZn showed similar deposition behavior, possibly
due to their similar melting point. Whereas the SnBi powder,
which has a lower melting point, exhibited different deposition
behavior. At 300°C, in particular, good deposition of SnBi can
be achieved on all polymer substrates and steel with high
deposition efficiency. The good deposition of SnBi may be
attributed to the substantial melting of particles at 300°C. For
different polymers, the results indicate that metallization of
ABS, Nylon, and polypropylene by cold spray are promising,
and the ultra-high-molecular-weight polyethylene and
polycarbonate are relatively difficult to metallize.
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