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The impact and deformation behaviour of particle and substrate in cold-spraying is dictated by the high strain
rate materials behaviour which affects bonding. In this study, titanium particles have been deposited onto
three different ferrous alloy substrates, namely low carbon steel, an Armco iron, and an austenitic stainless
steel. The deformation behaviour of the particle–substrates was characterised by scanning electron
microscopy and modelled using Johnson–Cook material parameters at high strain rate. Localised deformation
of the Armco iron was observed following deposition of titanium particles, whereas a combination of particle–
substrate deformation was observed in titanium-low carbon steel and titanium-austenitic stainless steel. The
chemical composition i.e., carbon content of the substrate alters the high strain rate deformation behaviour
upon cold spraying. Jetting of titanium particles was observed following deposition onto low carbon steel and
austenitic stainless steel while restricted jetting of titanium particles following deposition onto Armco iron
was observed as the particles were embedded into the Armco iron.
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1. Introduction

Cold gas dynamic spraying is a high strain-rate material deposition
technique, in which powder particles (typically 10–40 μm in size) are
accelerated to velocities of between 300 and 1200 m/s, and upon
impact with a substrate (or previously deposited particles), deform
plastically and adhere [1–3]. The cold-spraying of titanium and its
alloys has received much attention in the literature, driven primarily
by the possibility of surface engineering of components with a
material with such desirable corrosion resistance and the potential for
near-net-shape manufacturing [4–10]. Specifically, a barrier layer of
titanium coating deposited onto a low carbon steel substrate has been
shown to have the potential to prevent corrosion attacks in sea water
[7,11] and titanium clad stainless steel is a desirable component for
various applications in nuclear industry [12,13]. The impact and
deformation behaviour in bonding of any deposited titanium layers
onto a substrate are critical to the effectiveness of the layer in fulfilling
its requirements.

There are several theories on the particle bonding in cold-spraying.
Themost popular theory is thatwhen a particle impacts with a surface,
one or both of the materials undergo high strain rate plastic
deformation;when thermal softening dominates overwork hardening,
a sudden increase in temperature and strain rate occurs which results
in a reduction of flow stress and a material jet is formed, composed of
impacting material and substrate [1,3]. For metal-to-metal bonding to
occur in cold-spraying, the impacting particle has to disrupt the surface
oxide layer surrounding the particle and on the substrate surface [14].
It has been established that for a particle to adhere to a substrate, the
particle has to impact at a velocity exceeding a so called critical velocity
[1,3,15,16]. The critical velocity of a particle depends on a number of
factors including particle–substrate materials, density, thermal con-
ductivity, temperature, heat capacity, melting temperature, particle
oxidation conditions etc. [17–19].

A number of numerical analyses have been published in the past
decade which have attempted to understand deformation phenom-
ena occurring in cold-spraying with the authors discussing how
different spraying parameters influence this behaviour. The role of
different substrates on cold spraying of copper, nickel and aluminium
has been studied by several researchers [20–23]. A number of recent
publications on cold-sprayed titanium coatings have addressed the
effect of spraying process parameters, mechanical andmicrostructural
properties, however, a systematic investigation of the role of various
ferrous substrates on deposition of titanium has not yet been studied
[8–10,24–33]. In the current study, the impact and bonding behaviour
of such titanium particles onto three different iron based substrates
were examined. Low-carbon steel (containing a small amount of
carbon which alters its strain hardening properties) and Armco
(American Rolling Mill Company) iron (a commercially-pure grade of
iron with very low carbon content) were selected to investigate the
role of carbon during the deformation between a ferrous alloy and an
impacting titanium particle. In addition, it is known that austenitic
stainless steel has very different material properties from that
observed on Armco iron and low carbon steel, and as such, a 304
stainless steel was also employed as a substrate.

http://dx.doi.org/10.1016/j.surfcoat.2011.05.003
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2. Experimental

2.1. Materials

Commercial purity gas atomized titanium powder of size b25 μm
(Pyrogenesis, Canada) was used as the cold-spray particle feedstock.
Titanium powder was deposited onto three different substrates:
Armco iron, low carbon steel, and austenitic stainless steel (304). The
chemical compositions of the substrates were measured using optical
emission spectroscopy (Foundry-Master UV, Oxford Instruments,
Bucks, UK) and are shown in Table 1.

2.2. Cold-spraying

Cold-spraying of titanium powder was performed with an in-house
built cold gas spraying systemat theUniversity ofNottinghamdescribed
elsewhere [21,34]. The convergent-divergent nozzle had a throat
diameter of 1.35 mm, with an area expansion ratio of ~8.8 and the
divergent section with a length of 100 mm. The system utilized room
temperature helium at 2.9 MPa for the primary accelerating gas and
nitrogen as the powder carrier gas. The pressure of the carrier gas was
set approximately 0.1 MPa higher (~ 3.0 MPa) than the primary gas
pressure to ensure powder feeding into the primary gas flow. A high
pressure powder feeder (Praxair 1264HP, Indianapolis, IN, USA) was
used during the cold-spraying process, with a 120 hole feeding wheel.
The nozzle-substrate standoff distance for all the spray runswasfixed at
20 mm. All substrates were sequentially ground with different
grade SiC papers to a 1200 grit finish and polished with 6 and
1 μm diamond paste. The polished samples were rinsed with
methyl alcohol and dried using compressed air immediately prior
to spraying. Substrates were then clamped side-by-side on an X–Y
traverse table which controlled the relative motion between the
nozzle and the sample. The table moved the samples relative to
the nozzle. The lowest powder feed rate (with a feeding wheel
speed of 0.5 rpm giving a feed rate of~5 g/min) and the highest
scan rate (traverse speed of 500 mm/s) were used to achieve the
lowest impacting particle flux onto the substrate achievable by
this system. Single pass of the gun was used on each of the
substrates to produce the samples.

2.3. Sample characterization

Sample cross-sections were prepared by sectioning with a diamond
slitting wheel; sections were sequentially ground using SiC paper to
P1200 grit and polished with 0.1 μm colloidal silica final polishing
solution on soft cloth wheels. A FEI XL30 (FEI Europe, Eindhoven, The
Netherlands) scanning electron microscope (SEM) operating at 20 kV
was used to examine the microstructure using secondary electron (SE).
Image analysis software ImageJ (U.S. National Institute of Health, MD)
wasused on SEM images to quantify area fractions of particles deposited
onto substrates in swipe tests. For each condition, five representative
images were selected for measurement.

The particle size analysis was measured by laser diffractometry
(Laser Mastersizer, Malvern Instruments, Malvern, UK). To examine
the microstructure, all the substrates were etched lightly and
examined by optical microscopy. Low carbon steel and Armco iron
Table 1
Chemical compositions of the low carbon steel, Armco iron, and stainless steel (304) meas

Substrate types Element (wt.%)

C Cr Ni Mo P

Low carbon steel 0.04 0.03 0.01 – 0.
Armco iron b0.005 0.01 0.02 – –

Stainless steel, 304 0.05 17.8 8.31 0.18 0.
were etched using 5% nital and austenitic stainless steel was etched
using aqua regia solution.

Micro-hardness indentations were made on finely-polished cross-
sections of the substrates using a Leco M400 micro-hardness tester
(Cheshire, UK). The values of Vickers micro-hardness of the substrates
quoted are the average of five measurements made using a 100 gf load
for a loading time of 15 s. To measure the micro-hardness of the
feedstock particles, the powders were mounted in resin, ground using
P1200 grit, polishedwith 6 and 1 μmdiamond grit on soft cloth wheels.
Due to the small size of the particles, a load of 10 gf was used for a
loading time of 15 s tomeasure themicro-hardness. Tenmeasurements
were taken at the centre of the cross-section of the particles and the
average value is reported with the standard error of the mean.

3. Results

3.1. Characterization of feedstock powder

Fig. 1(a) shows the morphology of the feedstock gas atomized
powder (supplier specified size range of b25 μm). It can be seen that the
particles have a spherical morphology with very few satellite particles.
Particle size analysis shows approximately 10 vol.% of particles are
above 25 μm in Fig. 1(b) and the mean size of the particles is 18 μm.

3.2. Characterization of substrates

The etched microstructures of all three substrates are shown in
Fig. 2. Low carbon steel contains 0.04% carbon and composed of α-Fe
and pearlite. Fig. 2(a) shows equiaxed grains of α-Fe with an average
grain size of ~10 μm and pearlite (the darker contrast in the optical
microscopy image). Armco iron is an ultra low carbon commercially
pure ingot iron which has a body centred cubic (bcc) structure similar
to low carbon steel. Fig. 2(b) shows that the microstructure of Armco
iron is composed of α-Fe with grains in the order of hundreds of
microns in size. The austenitic stainless steel has a γ-Fe face centred
cubic (fcc) structure. Fig. 2(c) shows etched microstructure of
austenitic stainless steel with uniform grain sizes of ~50 μm and a
few twin grain boundaries.

The micro-hardness of the three iron based alloys are shown in
Table 2. The austenitic stainless steel is the hardest of all the materials
with a hardness of 222±2 kgf/mm2 and Armco iron is the softest with
a hardness of 123±1 kgf/mm2. Low carbon steel has a hardness of
167±1 kgf/mm2, which is higher than Armco iron due to presence of
higher amount of carbon. The feedstock power particles exhibited a
micro-hardness of 183±13 kgf/mm2which is in reasonable agreement
with values reported by other researchers for spherical titanium
powders [31,35–37].

3.3. Deposition of titanium powder onto ferrous alloys

Cold-sprayed spherical titanium particles following deposition onto
low carbon steel, Armco iron, and austenitic stainless steel substrates are
shown in Fig. 3. Thesubstrate surfaceof lowcarbonsteel (Fig. 3a1) shows
a large number of craters following cold-spraying. In cold-spraying, the
craters are formed on the substrate when the impacting particles do not
bond with the substrate [2,3,38]. In addition, weakly bonded particles
ured using optical emission spectroscopy.

S Mn Si Al V Fe

01 0.02 0.17 – 0.03 – Bal.
0.01 0.04 – 0.01 – Bal.

04 – 1.24 0.34 – 0.08 Bal.
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Fig. 1. (a) Secondary electron (SE) image of spherical titanium powder (b) powder particle size distribution.
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could have been removed by high gas jet pressure [35]. Fig. 3(b1, c1)
shows a much wider size range of particles which have deposited onto
the Armco iron and stainless steel substrates. Moreover, in Fig. 3(b1, c1),
a significant reduction in the incidence of crater formation is observed
compared to low carbon steel substrate. In comparing between the three
material types, there are no changes in the nature of the spray plume
characteristics (as there would be if the powder type or spraying
conditions were changed); as such, all three materials were exposed to
the same particle flux but image analysis of Fig. 3(a1, b1, c1) indicates
that the area fractionof titaniumbonded to thesubstrate surface is ~0.25,
0.50 and 0.40 (all±0.05) for the low carbon steel, Armco iron and
austenitic stainless steel substrates respectively.

Tilted view images of titanium particles onto low carbon steel,
Armco iron, and austenitic stainless steel are shown in Fig. 3(a2, b2,
c2). Titanium particles deposited onto low carbon steel substrate
show formation of metallic jet, marked by an arrow in Fig. 3(a2).
Fig. 3(a3) shows the cross-section of a titanium particle deposited onto
low carbon steel and the particle shows formation of a metal-jet on
both sides. In contrast, a differentmode of particle-substrate interaction
is observed following cold-spay impact of a titanium particle onto an
Armco iron substrate (Fig. 3b2), where little particle flattening was
observed. The cross-section of a deposited particle onto Armco iron in
Fig. 3(b3) shows that the particle is embedded into the Armco iron
substrate which deformed significantly following deposition; in
contrast to the behaviour observed for low carbon steel substrates, no
material jetting upon impact is observed in this case. Fig. 3(c2) shows a
titanium particle deposited onto austenitic stainless steel and the jet
from the particle is clearly seen. Fig. 3(c3) shows the cross-section of a
titanium particle onto austenitic stainless steel substrate and the
material jet is marked with an arrow.

All the titanium particles deposited onto each substrate can be
classified into three different groups: particles showing “no jetting”,
“little jetting” and “extensive jetting”. In each particle–substrate
combination, twenty cross-section images of the particles from the
centre of the deposited track were studied. In the case of titanium
deposited onto low carbon steel, the fraction of the particles showing
“little jetting” was 0.4 and the fraction of the particles showing
“extensive jetting” was 0.6. However, in titanium deposited onto
Armco iron case, 0.85 fraction of the particles showed “no jetting” but
showed significant substrate deformation, ~0.07 fraction showed
“little jetting” and ~0.07 fraction showed “extensive jetting”. In
addition, 0.2 fraction of the titanium particles deposited onto the
stainless steel substrate showed “little jetting” and 0.8 fraction of the
particles showed “extensive jetting”. In summary, majority of the
particles deposited onto Armco iron did not result in jetting but showed
significant substrate deformation,whereas particles deposited onto low
carbon steel and stainless steel substrates resulted in “extensive jetting”.
It should also be noted that a significant fraction of titanium particles
deposited onto low carbon steel (0.4) resulted in “little jetting”.

4. Discussion

4.1. Impact phenomena in cold-spraying of titanium onto ferrous alloys

4.1.1. Particle substrate deformation behaviour
Particle bonding in cold-spraying is dependentonplastic deformation

of the impacting particles and the substrates. Adiabatic shear instability
occurs at the particle–substrate interface, which results in abnormal
temperature and strain histories and thus to the collapse of stresses;
visco-plastic behaviour of the metals is generally postulated due to
dominance of thermal softening over work hardening [1,20]. When a
harder material impacts with a softer material, the plastic energy is
primarily dissipated in the softer counterpart [20]. As such, when
titanium impacts with the softer Armco iron, the plastic deformation is
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Fig. 2. Optical microscope images of etched microstructure of (a) low carbon steel,
(b) Armco iron, and (c) austenitic stainless steel.
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mostly in the Armco iron. The deformation of Armco iron is far greater
than the deformation of low carbon steel following impact by titanium
particles, an observation whichmay be explained as follows. Armco iron
contains less than b0.005 wt.% carbon and 0.04 wt.% manganese; in
contrast, the low carbon steel contains 0.04 wt.% carbon and 0.17 wt.%
manganese (Table 1), resulting in a higher hardness for the carbon steel
compared to the Armco iron. The amount of carbon and manganese
present in the carbon steel changes the high strain rate behaviour [39]
and therefore will affect the way in which particle and substrate deform
upon impact. Although very low strain rate hardness measurements
cannot predict the high strain rate deformation behaviour associated
with impact, the softest material (Armco iron) is also observed to be the
material which deformed most significantly during particle impact.
Table 2
Micro-hardness values of the low carbon steel, Armco iron, and stainless steel (304)
substrates. The micro-hardness value of titanium powder used in this study was 183±
13 kgf/mm2.

Substrate Micro-hardness (kgf/mm2)

Low carbon steel 167±1
Armco iron 123±1
Stainless steel, 304 222±2
Cold-spraying of titanium onto low carbon steel resulted in a small
fraction of deposition (0.25±0.05) and a large number of craters on the
surface. In addition, in the caseof lowcarbon steel theparticles of smaller
diameter have been rebounded while the particles of large diameter
have beendeposited (Fig. 3 a1, b1, c1). It is not clear at this stagewhy the
fraction of deposited particle on lowcarbon steel is the lowest of all three
substrates, but one could speculate that the bonding of titanium with
low carbon steel is weaker and hence the loosely bonded particles with
smaller diameter were removed by the impingement of the high
pressure jet (2.9 MPa in this case) [35]. It has also been reported that
successful build-up of titanium coatings onto low carbon steels was
proven to be challenging [40]. Moreover, the hardness of the titanium
particle feedstock is 183±13 kgf/mm2 which is higher than that of
Armco iron (123±1 kgf/mm2) but not significantly different from the
hardness of the lowcarbon steel (167±1 kgf/mm2), taking the standard
error of the mean into consideration. Previous numerical simulations
[20] showed that critical velocities of particles with same hardness with
the substrate (i.e. titanium on low carbon steel) are higher than those of
particles with hardness higher than the hardness of the substrate (i.e. Ti
onArmco iron). The fractionof particlesdepositedonto theArmco iron is
high (0.5±0.05), however the large fraction of the deposited particles
do not show any evidence of jetting. Despite this lack of jetting the
particles are deposited due to the localised deformation of the substrate
which can act as an “anchoring mechanism”. On the other hand, a large
fraction of deposited titanium particles on the austenitic stainless steel
resulted in “extensive jetting”. This extensive jetting of the particles
contributed to bonding to the stainless steel substrate. It is possible that
the higher hardness of the stainless steel substrate played a role in this
extensive jetting of titanium.

4.1.2. Johnson–Cook plasticity model of material behaviour
The impact behaviour of particles at high strain rate can be

described by the Johnson–Cook model. The Johnson–Cook plasticity
model [41], which includes strain hardening, strain-rate hardening
and thermal softening effects, can be described by the following
equation:

σ = A + Bεnp
h i

1 + C ln
ε̇p
ε̇0

� �� �
1− T�

� �m� 	 ð1Þ

where σ is the equivalent flow stress, εp is the equivalent plastic
strain, ε̇p is the equivalent plastic strain rate, ε̇0 is the reference strain
rate and T* is the normalised temperature. A, B, C, m, and n are
material specific properties; A is the yield stress in a simple quasi
static tension/compression test, B is the stain-hardening parameter, C
is the dimensionless strain-rate hardening coefficient and n, m are
exponents of strain-hardening and thermal-softening terms. The
normalised temperature T* is described as follows

0; TbTtrans

T� =
n

T−Ttransð Þ= Tmelt−Ttransð Þ; Ttrans≤T≤Tmelt

1; Tmelt bT:

ð2Þ

Tmelt is the melting temperature above which the flow stress of the
material is zero and Ttrans is a reference temperature above which
thermal softening is assumed to occur. The Johnson–Cook model
parameters experimentally extracted at relatively low strain rates
(typically 103–105/s) may not be adequate to describe the higher
range of strain-rate estimated for cold-spray and warm-spray particle
impact (typically 106–109/s [1,3,42]). Nevertheless, the Johnson–Cook
model will provide with a way to compare the flow stresses of
different materials at elevated strain-rates.

To calculate the stress strain behaviour of a material using the
Johnson–Cookmodel requires estimates of the appropriate temperature
and strain rate to be made. These estimates were made as follows.
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4.1.2.1. Estimate of strain rate.
The strain rate of a perfectly plastic impact of a spherical particle

onto metal substrate is given by Hutchings [43]:

ε̇p≈
23=2

5π
v1=2

r
3P
2ρ

� �1=4
ð3Þ

where, P is the mean pressure acting on the sphere during
indentation, ρ is the density, r is the radius of the sphere and v is
the velocity of the sphere. In computing the strain rate, a mean
pressure P=1795 MPa was taken corresponding to quasistatic
indentation hardness of the titanium powder (183 kgf/mm2),
ρ=4500 kg/m3 and v=600 m/s and r=10 μm. The calculated strain
rate under these conditions is ~107/s.

4.1.2.2. Estimate of temperature.
According to slip-line field theory, when a rigid punch deforms an

ideally plasticmaterial, the zoneof plastic deformation is approximately
twice the diameter of the punch [44]. If we assume a 10 μm radius
spherical titanium particle impacts the substrate, the radius of the
plastic deformation zone on the substrate will be ~20 μm. The rigid
punch assumptions will not be valid in cold-spraying due to plastic
deformation of the particles upon impact; nevertheless this assumption
will provide an approximate value to perform the necessary calcula-
tions. If the plastic zone on the substrate is assumed to be hemispherical
in shape, then the volume of the plastic zone can be calculated using
V=2/3 π r′3, here r′=20 μm, which gives 1.67×10−14 m3. The kinetic
energy of a particle can be calculated using, K.E=1/2 mv2. Using this
equation, a 10 μm radius titanium particle travelling at 600 m/s has a
kinetic energy of ~3.4×10−6 J. Assuming that this kinetic energy is
dissipated over the entire plastic zone volume following impact
(without any frictional loss) results in an energy density of 2×108 J/
m3. The temperature rise in the adiabatic shear bands (ASB) at high
strain rates N103/s is considered adiabatic, and the plastic deformation
energy is converted to heat and leads to a rise in temperature which is
given by Yang et al. [45].

T−T0 =
β
Cvρ

∫ε

0
σdε ð4Þ

T is temperature at the adiabatic shear band, T0 is initial
temperature, Cv is heat capacity and β is a constant, which, for
adiabatic processes, is taken as 0.9 (90% of the energy converted to
heat). For titanium Cv=528 J/kg/K, T0=293 K and kinetic energy
dissipated=2×108 J/m3, then the temperature rise at the adiabatic
shear band is ~100 K. This value represents the mean rise in
temperature at the adiabatic shear band. Eq. (4) has been widely
used to calculate the rise in temperature at the adiabatic shear bands
in processes like explosive welding [45,46].



Table 3
Material parameters for titanium, carbon steel, Armco iron and stainless steel in the Johnson–Cook equation.

Johnson–Cook
parameters

Material types (with references for data)

Titanium [17] Carbon steel [17] Armco iron [34] Stainless steel, 304 [39]

A, MPa 806.57 532.0 175 110
B, MPa 481.61 229.0 380 1500
n 0.319 0.3024 0.32 0.36
C 0.0194 0.0274 0.06 0.014
m 0.655 1.0 0.55 1
Tmelt, K 1923 1793 1811 1694
Ttrans, K 298 283 298 298
Ref strain rate/s 1 1 1 103

5026 T. Hussain et al. / Surface & Coatings Technology 205 (2011) 5021–5027
Table 3 shows the Johnson–Cook parameters for titanium, carbon
steel, Armco iron, and austenitic stainless steel collected from the
literature. Fig. 4 illustrates theflowstress of thesematerials at strain rate
of 107/s at 373 K. In comparison to titanium, carbon steel and Armco
iron, the flow stress of the austenitic stainless steel rises sharply with
increasing plastic strain. The strain hardening parameter (B) for
austenitic stainless steel is very high compared to those of titanium,
carbon steel and Armco iron (Table 3). Fig. 4 shows the stress–strain
curve of titanium is above the stress–strain curve of carbon steel and
Armco iron for all the values of plastic strains. The flow stress values of
Armco iron are always lower than those of carbon steel for all values of
plastic strains implying that the degree of deformation of Armco iron
will be greater compared to carbon steel. The stress–stain curves (under
these high strain rate, high temperature conditions) for the austenitic
stainless steel and titanium cross each other at a plastic strain of around
0.55. As such, the relative deformationbehaviourof the titaniumand the
austenitic stainless steelwill vary as a function of plastic strain. At plastic
strains of less than 0.55, the deformation will predominantly take place
in the austenitic stainless steel and above that value, the deformation
will predominantly take place in titanium. It should be noted that the
flow stress–strain curves available in Fig. 4 are for a particular
temperature and a strain rate, which can only be applied to understand
the deformation behaviour in an impact if both the particle and
substrate have the same temperature and strain rate.

The area under the flow stress and plastic strain curve represents the
plastic energy density involved in the deformation. If there is no loss of
energy during the high strain rate deformation process, then the
2×108 J/m3 of kinetic energy per particle will result in an equivalent
plastic strain of 0.23 in carbon steel, 0.34 in Armco iron and 0.25 in
0
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austenitic stainless steel. The area under the curveswas calculated using
trapezoidal rule. It should be noted that Armco iron is expected to
exhibit a plastic strain of ~1.5 times than that of carbon steel.

5. Conclusions

The impact and deformation behaviour in cold-spraying of titanium
onto three ferrous alloys have been investigated experimentally and the
observations were rationalised using the Johnson–Cook high strain rate
material model. It can be concluded from this study that cold-spraying
of titanium onto an Armco iron substrate results in a localised
deformation of the substrate. However, in cold-spraying of titanium
onto a low carbon steel substrate, the degree of localised deformation of
the substrate is significantly less. The reduced level of carbon in Armco
iron influences the high strain ratematerial properties, and hence alters
the particle–substrate deformation behaviour in cold-spraying. The
phenomenon of particle jetting upon impact is not generally observed
following deposition of titanium onto an Armco iron (i.e. relatively
softer counterpart) due to the localised deformation of the substrate. In
contrast, jetting of titanium particles was generally observed following
deposition onto low carbon steel and austenitic stainless steel sub-
strates, which suggests that relatively harder ferrous alloys might
promote particle jetting upon impact.
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