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The mechanism of bonding in cold spraying is still a matter of some debate. In this work, copper has been
cold sprayed onto aluminium alloy substrates, the surfaces of which had been prepared in a variety of
ways. The coating-substrate bonding was assessed via a novel intermetallic growth method along with
adhesive pull-off testing, and related to the substrate preparation method. The bond strength has been
rationalized in terms of a modified composite strength model, with two operative bonding mechanisms,
namely (i) metallurgical bonding and (ii) mechanical interlocking of substrate material into the coating.
In most cases, mechanical interlocking is able to account for a large proportion of the total bond strength,
with metallurgical bonding only contributing significantly when the substrate had been polished and
annealed prior to spraying. In addition, grit-blasting has been shown to significantly reduce the bond
strength compared to other substrate preparation methods.
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1. Introduction

Cold gas dynamic spraying (CGDS) is a high rate
material deposition process in which powder particles are
accelerated in a supersonic jet of compressed gas to high
velocities, whereupon they impact with a substrate,
deform plastically, and bond to the surface. The super-
sonic gas jet is produced by use of a converging-diverging
de Laval nozzle (Ref 1) and gases such as helium and
heated nitrogen are commonly employed. The particles
are observed to bond with the substrate when the particle
velocity exceeds a critical value (Ref 2-5). Schmidt et al.
(Ref 3) reported a critical velocity of ~500 m s~ for a
25 um copper particle deposited onto a copper substrate.
The critical velocity is perceived to be a function of
material properties, the particle size, initial impact tem-
perature, and melting temperature (Ref 2, 3). For most of
the materials examined to date, the critical velocity is in
the range of 150-900 m s (Ref 3).

A number of hypotheses have been proposed con-
cerning the mechanism by which bonding takes place in
cold spraying. It has been proposed that the first layer of
the cold spray coating buildup (i.e., the deposition of
particles onto the substrate) involves, first, substrate sur-
face cratering and activation which removes any substrate
surface oxide layers and thus allows a particle to bond
with the surface (Ref 6, 7). The bonding mechanism is
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believed to be the result of an adiabatic shear instability at
the interface during impact which occurs as a result of high
strain rate deformation processes and creates a metal jet
consisting of the particle and substrate material (Ref 4, 8-10).
It is the formation of this metal jet which, it is proposed,
results in the removal of the surface oxide layer and allows
true metal to metal contact to be established. Finite ele-
ment modeling work by Assadi et al. (Ref 2) showed
inhomogeneous temperature and strain distributions at
the impact interface which suggests that the bonding is
confined to only a fraction of the interacting surfaces. Such
inhomogeneity could result in incomplete removal of
oxide layers between contacting surfaces (Ref 11).
Grujicic et al. (Ref 4) modelled the bonding mechanism of
a copper particle onto an aluminium substrate, and also an
aluminium particle onto a copper substrate. Along with
Champagne et al. (Ref 12), they proposed an interfacial
material mixing mechanism in cold spraying of copper
onto aluminium which results in the formation of inter-
facial roll-ups and vortices. The interface of the materials
is assumed to behave like a viscous fluid. The velocity
required for such interfacial instability to be achieved for
copper particles impacting a 6061 aluminium alloy was
calculated to be 500 m s,

Experiments using transmission electron microscopy
have also been conducted to examine the oxide layer
between individual particles in both copper and aluminium
deposits and its effect on bond formation (Ref 13-15).
Evidence of ruptured oxide film was found in the coating.
Li et al. (Ref 9) also examined the effect on bond for-
mation of the surface oxide layer present on both an
aluminium feedstock powder and an aluminium substrate.
It was found that with increasing oxide layer thickness,
particle deformation was restrained and formation of the
metal jet (seen as a necessary precursor to bond forma-
tion) became difficult.
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To date, the effect of substrate surface preparation in
bond formation has not been investigated widely.
Marrocco et al. (Ref 16) explored the effect of different
surface preparation techniques in controlling the bond
strength of a cold-sprayed titanium coating on Ti6AI4V.
They proposed that grit-blasting of the Ti6Al4V substrate
caused work hardening, which subsequently limited its
deformation during impact of a titanium particle during
cold spraying; it was argued that this restriction of sub-
strate deformation resulted in less effective removal of
surface oxide and thus led to lower bond strengths being
observed. Wu et al. (Ref 17) studied an Al-Si coating,
cold sprayed onto both polished and grit-blasted mild
steel. Micro-pores and defects were found in the grit-
blasted surface while an “intimate” interface was found
following deposition onto a polished substrate; it was
argued that the micro-pores on the grit-blasted surface
resulted in lower bond strengths being observed. They
also reported higher bond strength with increasing par-
ticle incident velocity. In contrast to the work of
Marrocco et al. (Ref 16) and Wu et al. (Ref 17), Makinen
et al. (Ref 18) found higher bond strengths for a copper
deposit cold sprayed onto a grit-blasted copper surface
compared to that observed for deposition onto an
as-received surface.

The effect of substrate surface preparation on the
deposition efficiency of the process has also been assessed.
Sakaki et al. (Ref 19) reported a slight increase in the
deposition efficiency in cold sprayed copper and titanium
by increasing substrate surface roughness (grit-blasted
substrate compared to polished substrate). Richer et al.
(Ref 20) also reported an increase in deposition efficiency
in spraying an aluminium alloy particle onto a coarser grit-
blasted surface when compared to a finer grit-blasted
surface. However, the substrate surface roughness has an
effect only on the first few layers of coating deposited, and
as such, the effect on deposition efficiency may be small,
depending upon the significance of the coating initiation
stage in the total time for coating development.

The process of coating build up after the initiation stage
can also be considered in similar terms to that for particle-
substrate interactions. To characterize the interparticle
bond formation in cold-sprayed deposits, etching of the
microstructure has been commonly used. Stoltenhoff et al.
(Ref 21) used etching and image analysis to identify the
metal to metal contact between copper particles sprayed
with both helium and nitrogen. While this etching tech-
nique provided useful insight into the mechanisms of bond
formation, control of the etching behavior to obtain
reproducible results is very difficult. Price et al. (Ref 11)
proposed an alternative method to characterize the
interparticle bond formation in cold spraying; here, a
blended powder of copper and aluminium particles was
cold sprayed and subsequently annealed at 400 °C. It is
known (Ref 22-24) that the formation of intermetallic
phases during annealing of aluminium-copper diffusion
couples indicates that the surfaces in contact are free of
oxide layers, and Price et al. (Ref 11) thus utilized the
formation of such intermetallics between copper and
aluminium particles within the coating as an indicator of

Journal of Thermal Spray Technology

é

metal-to-metal bonding where surface oxide films had
been removed during spraying. They observed that the
degree of metal to metal contact increased as particle
impact velocity in the cold spray process increased.

In the current study, the interfacial bonding between an
aluminium substrate and a cold-sprayed copper deposit
was examined in detail. The methodology proposed by
Price et al. (Ref 11), i.e., using a short heat treatment to
promote interdiffusion and intermetallic formation,
formed an important part of the work. Furthermore, the
aluminium substrate was prepared in a variety of ways to
allow an understanding of the basic processes by which
bonding is promoted at such interfaces to be obtained. An
additional aim was to ascertain how bonding can be most
efficiently promoted in the cold spray process.

2. Experimental Procedure

2.1 Materials

Commercial purity (>99 wt.%) copper powder
(Sandvik Osprey, Neath, UK) with a size range of —25 +
5 um was used to produce the coating. The copper powder
was deposited onto samples cut from a single 6082 alu-
minium plate (1.00 wt.% Si, 0.7 wt.% Mn, 0.9 wt.% Mg,
0.2 wt.% Fe, Balance Al), sample dimensions being
38 x 15 x 7 mm.

2.2 Substrate Preparation and Characterization

The aluminium substrates were prepared with three
different procedures as follows (termed ground, polished,
and grit-blasted, respectively):

(a) ground with 58.5 pm SiC paper;

(b) ground with 58.5, 35, 21.8, and 15.3 um SiC paper.
Polished with 6 and 1 um diamond grit on soft cloth
wheels. Polished with 0.1 pm colloidal silica final
polishing suspension;

(c) grit-blasted with Al,O3 with grit size of ~500 um.

The surface roughness (Ra) following each of the three
preparation routes was measured using a vertical scanning
interferometer (Fogale Nanotech Photomap 3D, Ville
Active, Nimes, France), with a 1265 x 945 um measure-
ment area. From this area three equally spaced line scans
of 1265 pm in length were extracted and the Ra value
measured. These Ra values were then averaged to provide
the Ra for the surface. The hardness of the substrate was
measured using a Leco M400 microhardness tester
(Cheshire, UK) using a 25 gf load.

It was recognized that the surface preparation of the
aluminium substrates would not only change the profile of
the surfaces, but may also result in different levels of cold
work. As such, following surface preparation by each of
the three routes described, a number of the samples were
annealed at 450 °C for 1 h. The heat treatment was per-
formed in a tube furnace (Lenton Furnaces, Sheffield,
UK) with a protective argon atmosphere. The samples
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were heated at 20 K/min and after annealing furnace
cooled to room temperature.

2.3 Sample Manufacture

Cold gas spraying was performed with an in-house built
cold gas spraying system at the University of Nottingham.
The martensitic steel de Laval nozzle had a throat diam-
eter of 1.35 mm, with an area expansion ratio of ~8.8. 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 one bar higher (~3.0 MPa) than the pri-
mary gas pressure to ensure powder transport into the
main flow. A high pressure powder feeder (Praxair
1264HP, Indianapolis, IN, USA) was used during the cold
spraying process, with a 120 holes feeding wheel rotating
at 4 rpm. The nozzle-substrate standoff distance for all the
spray runs was fixed at 20 mm.

All substrates were rinsed with methyl alcohol and
dried using compressed air immediately prior to spraying.
Substrates (one of each of the different surface prepara-
tion routes in both the as-prepared and annealed condi-
tions) 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 at
100 mm s~ ! relative to the nozzle. The schematic of the
University of Nottingham cold spray system has been
described elsewhere (Ref 25). Photographs of the rig and
the detailed description of the installation are available in
Calla’s thesis (Ref 26). Copper was deposited using a
series of linear passes over an area of 18 x 45 mm on each
sample type; to achieve uniform coverage, the table was
indexed 2 mm between adjacent tracks. The deposit was
built up using a number of passes to create a deposit
thickness of around 400 pm. In order to manufacture
samples for bond strength pull-off tests, coating was
sprayed onto all the different types of aluminium substrate
using a mask with circular cut-outs of 8.16 mm diameter.
The dimensions of the substrate for bond strength testing
were 20 x 15 x 7 mm.

2.4 Post-Spray Heat Treatment

Following coating deposition onto the substrates,
samples were heat treated to allow formation of copper-
aluminium intermetallics at the interfacial regions where
the oxides had been disrupted during the spraying process.
This heat treatment was performed at 400 °C for 15 min in
the tube furnace, surrounded by a stream of continuously
flowing high-purity argon gas. The samples were heated at
20 K/min to the annealing temperature, held there for
15 min, and then furnace cooled to room temperature.

2.5 Bond Strength Testing

The bond strength of the as-sprayed deposits was
measured using a pull-off adhesion test machine from
DFD instruments (Woking, Surrey, UK). The specimen
holder is designed to apply uniform stress distribution
over the area under test. A thermal cure resin, E1100S
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supplied by DFD instruments (Woking, Surrey, UK), was
used, which itself had a tensile strength of around 80 MPa.
A steel pull rod (the dolly) was bonded to the top surface
of the coating; the dollies were ground using a coarse SiC
abrasive paper and cleaned using methyl alcohol prior to
application of the adhesive. After applying the adhesive,
samples were put in a vacuum desiccator to remove any
air bubbles trapped in the adhesive and then cured in a
fan-assisted oven at 120 °C for 90 min. Five pull-off tests
were performed for each substrate type, with the mean
and standard error in the mean of these five measurements
being quoted. Following pull-off testing, the fractured
surfaces were examined by SEM.

2.6 Sample Characterization

Coating cross-sections were prepared by cutting sam-
ples with a diamond slitting wheel; sections were sequen-
tially ground using SiC paper and then polished to 1 pm
diamond surface finish. A FEI XL30 (FEI Europe,
Eindhoven, The Netherlands) scanning electron micro-
scope (SEM) operated at 20 kV was employed to examine
the microstructure of the coatings using backscattered
electron (BSE) imaging, where contrast results from dif-
ferences in the mean atomic number of the materials
being imaged.

Energy dispersive x-ray (EDX) analysis was carried out
in the SEM to identify the intermetallics generated during
annealing at the interface of copper and aluminium. To
quantify the extent of the coverage of the intermetallic
phase formed during annealing at the coating-substrate
interface, image analysis software (ImageJ, U.S. National
Institute of Health, MD) was employed. For each condi-
tion, eight representative BSE images of the coating-
substrate interface microstructure were selected for mea-
surement; each image had a field of view of approximately
300 x 225 pm.

3. Results

3.1 Characterization of Feedstock Powder

Figure 1(a) shows the morphology of the feedstock
copper powder. It can be seen that the particles have a
rounded morphology with only a small fraction exhibiting
satellite particles. The particle size analysis (Fig. 1b)
measured by laser diffractometry (Laser Mastersizer,
Malvern Instruments, Malvern, UK) indicates that 92% of
the particles are in the specified size range of —25 + 5 um
with approximately 6 vol.% below 5 pm and 2 vol.%
above 25 um.

3.2 Characterization of Different Substrate
Surfaces

The roughness of polished, ground, and grit-blasted
aluminium substrates was 0.05, 0.4, and 3.9 pm, respec-
tively. Observations of the substrate following grit-blasting
showed the presence of embedded alumina grit in some
cases. Figure 2 shows the typical surface profiles of the
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Fig. 1 (a) SE image of gas atomized Cu powder showing its
morphology. (b) Cumulative size distribution of copper powder
measured by laser diffractometry

substrate following the three surface preparation methods.
The typical peak-to-trough height of the grit-blasted sur-
face was ~20 um, whereas the peak-to-trough height of the
polished surface was less than 1 um. The surface profile of
the ground surface shows uniformly distributed peaks and
valleys with a typical peak-to-trough height of 3 um.
Figure 3 shows the magnified profiles of the three surfaces
in relation to a 15 pm spherical particle.

To identify any surface hardening during the surface
preparation of the samples, microhardness indentations
were made on a finally polished cross section. Ten hard-
ness measurements were taken within 10 um of the pre-
pared surface (referred to as near-surface hardness) and
ten measurements made at the same load in the centre of
the substrate (typically >3 mm from the prepared sur-
face). In a similar manner, the hardnesses of the bulk and
surface regions following the annealing heat treatment
were measured. The annealing treatment reduced the
hardness of the bulk material from 115 to 40 kgf mm 2.
The measured near-surface hardnesses are shown in
Table 1. It can be seen that in the case of the as-prepared
material, the hardnesses of both the ground and polished
surface regions were very similar to that of the bulk
material. However, grit-blasting resulted in significant
hardening of the surface. To compare with these, a sample
of 6082 alloy was cold rolled to a strain of ~360%; the
hardness of this cold rolled materials was 132 kgf mm 2. It
can be seen that this value is significantly lower than that
of 179 kgf mm 2 measured for the grit-blasted sample.
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Following annealing, the hardness of the polished and
ground surface regions were similar to that of the bulk but
the hardness of the annealed, grit-blasted surface was
significantly higher than that of the bulk (50 kgf mm 2 as
opposed to 40 kgf mm2). Nevertheless, it was greatly
reduced compared to that before annealing. A discussion
of these results is presented in Sect 4.2.1.

3.3 Bond Strength Tests and Fracture Surface
Analysis

3.3.1 Bond Strength Tests. Values for the pull-off
bond strength for the copper sprayed onto the aluminium
substrate, as a function of the preparation method of the
substrate, are presented in Table 2. The values of the bond
strength of cold sprayed copper on aluminium reported in
Table 2 are in reasonable agreement with the values
reported by other researchers (Ref 21, 27, 28). For the
as-prepared substrates (i.e., without an annealing treatment
following the surface preparation), the bond strength was
greatest with the polished surface and lowest with the grit-
blasted surface. Similar behavior of reduced bond strength
with grit-blasting has been reported for the deposition of
titanium by cold spraying (Ref 16).

Table 2 also shows that for polishing or grit-blasting,
the bond strength was significantly increased by annealing
of the substrate prior to copper deposition. In the pull-off
tests for copper deposited onto polished and annealed
substrates, the failure was always in the adhesive between
the copper and the dolly (rather than between the copper
and aluminium); as such, the values recorded simply
indicate a lower bound of the bond-strength of the copper-
aluminium interface. However, for the ground surface,
little change occurred when the substrate was annealed
prior to deposition.

3.3.2 Fracture Surfaces. The fracture surfaces follow-
ing the pull-off tests were examined, and are shown in
Fig. 4 for the as-prepared surfaces, and in Fig. 5 for the
annealed substrates. In each case, both the aluminium
substrate and copper deposit surfaces are shown. In
addition, the fractional area of aluminium on the fracture
surface of the copper deposit along with the complimen-
tary measure of copper on the aluminium substrate frac-
ture surface are shown in Table 3. Looking at the
aluminium substrates, it is clear that copper particles
(regions of high brightness) are observed to adhere both as
single particles and as groups of particles (Fig. 4a-c and 5a,
b); no significant differences were noted in the amount of
copper particles retained as a function of the methods
of preparation of the aluminium substrate (Table 3). On
the surfaces of the copper deposits, aluminium is clearly
observed (regions of low brightness). For the polished and
ground samples, aluminium is observed primarily in
between the copper particles (Fig. 4d, e and 5c). The
aluminium has the appearance of being extruded between
the copper particles as shown by the higher magnification
image of Fig. 6. In contrast to this, the observations for the
grit-blasted surfaces show that the aluminium is found
more widely dispersed on the copper deposit fracture
surface and in larger areas (Fig. 4f and 5d). It is notable
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Fig. 2 Typical line profiles extracted from the polished, ground, and grit-blasted surfaces

that for the grit-blasted substrates, the fraction of alu-
minium visible on the deposit surface is significantly
greater than for polished or ground surfaces. Also, it has a
different morphology of flat irregular particles as opposed
to the solely interparticle presence in polished or ground
substrates. This is the case irrespective of whether or not
the substrate was annealed before copper deposition.

It is also notable that the fracture surfaces of both the
copper deposits and the aluminium substrates show the
clear rounded morphology of the copper particles for both
the polished and ground surfaces (Fig. 4a, b, d, e and 5a,
¢), indicating that plastic deformation upon impact was
primarily within the aluminium substrate. In contrast,
following spraying onto grit-blasted aluminium, the frac-
ture surfaces of both the copper deposits and the alu-
minium substrates indicate significant deformation
(flattening) of the copper particles on impact, irrespective
of whether the aluminium substrate was hard (~179 kgf
mm? in the as-grit-blasted state) or soft (~50 kgf mm 2 in
the annealed state) (Fig. 4c, f and 5b, d).

Table 3 shows the area fractions of aluminium retained
on the copper deposit fracture surface and copper retained
on the aluminium substrate fracture surface. It is clear that
when fracture occurs, the fraction of copper that is
retained on the substrate surface is low (around 10%) and
generally independent of substrate preparation method or
whether or not it had been annealed. The amount of
aluminium retained on the surface of the copper deposit
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depended upon the surface preparation route (although
not significantly on whether the substrate had been
annealed or not following its preparation). For the pol-
ished and ground substrates, around 12% of the area was
retained aluminium (primarily retained between copper
particles as outlined previously in Fig. 4d, e and 5c).
Around 23% of the surface was retained aluminium in the
case of deposition onto the grit-blasted surfaces and this
aluminium was widely distributed across the fracture
surface (Fig. 4f and 5d).

3.4 Microstructural Analysis of Bond Formation

Figure 7 shows cross-sections of the interface regions
following deposition of the copper coating onto the
as-prepared polished, ground, and grit-blasted aluminium
substrates. The copper particles give brighter contrast in
the BSE images due to the higher atomic number of
copper. In all cases, the coating showed very little porosity
with good inter-particle contact. Deformation of the alu-
minium substrate by cold sprayed copper particles is evi-
dent at the interface. In the case of the deposits onto both
the polished and ground substrates (Fig. 7a, b), significant
deformation of the substrate is observed with the rounded
shapes of the copper particles being preserved (in line with
the fractographs presented earlier). However, following
spraying onto the grit-blasted substrates (Fig. 7c), the
general profile of the grit-blasted surface can be observed

Journal of Thermal Spray Technology
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Fig. 3 Surface profiles of polished, ground, and grit-blasted surfaces (with identical horizontal and vertical scaling) in comparison with a
disk representing a section through a 15 pm diameter spherical particle

Table 1 Near-surface hardness and surface roughness
of the aluminium substrates as-prepared and following
annealing

Vickers microhardness
(25 gf load), kgf mm >

Preparation Surface roughness

method (Ra), pm As-prepared Annealed
Polished surface 0.05 1145+ 1.0 389 +0.3
Ground surface 0.4 1059 +£24 354+£0.5
Grit-blasted surface 3.9 179.1 £ 12.3 50 £ 1.2

The hardness values of the bulk aluminium were 115 + 1 and 40 + 1
kgf mm 2 in the as-prepared and annealed conditions, respectively

Table 2 Bond strength values for the copper deposited
onto aluminium substrates for as-prepared surfaces
and following annealing treatment

Substrate Bond strength Bond strength
surface (as-prepared substrate), (annealed substrate),
preparation MPa MPa
Polished surface 574 +£53 >69.2

Ground surface 559+ 4.0 594 £ 45
Grit-blasted surface 355 + 4.7 56.6 + 2.9
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(with undulations on the length scale of ~100 pm, but local
deformation of the substrate due to particle impact is not
as clear, indicating that the particles themselves under-
went significant deformation (in preference to substrate
deformation) on impact.

Figure 8 shows cross-sections of the interface regions
following deposition of copper coating onto the substrates
which had been annealed following surface preparation, as
a function of surface preparation method. In all cases, more
significant deformation of the aluminium substrate close to
the interface is observed, associated with the softening of
the substrate due to annealing (see Table 1). However, it is
still notable that the shape of the particles close to the
interface cannot be clearly observed following deposition
onto the grit-blasted and annealed surface, indicating
preferential deformation of the particle in this case.

Heat treatment to form Cu-Al intermetallics has been
used previously as a means to identify regions where
intimate aluminium-copper contact exists (where the
intermetallic grows readily) and regions where the metals
are separated by oxide films (where intermetallic growth is
restricted) (Ref 11). Thus, the coated substrates were heat
treated at 400 °C to investigate the degree of intermetallic
phase formation.
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Fig. 4 Fracture surfaces, after pull-off test, of as-prepared Al substrate (a-c) and corresponding copper coating (d-f) with different
substrate surface preparations: (a, d) polished; (b, e) ground; and (c, f) grit-blasted. The bright phase is Cu and the darker one Al. The Al
substrates show the presence of individual Cu particles adhered to them and the Cu coatings show Al trapped in between Cu particles

Figure 9 shows cross-sections of the interface regions
following heat treatment for copper deposited onto the
as-prepared polished, ground, and grit-blasted aluminium
substrates. Cu-Al intermetallics are identified as the
regions with mid-grey contrast between the substrate and
the deposit. The intermetallics at the interface grew to a
few microns thick in some places, but the coverage of the
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interface by intermetallics is seen to be limited. Figure 10
shows cross-sections of the interface regions (following
heat treatment) for copper deposited onto the aluminium
substrates which had been annealed after surface prepa-
ration. The intermetallic coverage of the interface is evi-
dently more extensive compared to the equivalent surface
preparation (but without an annealing step before copper

Journal of Thermal Spray Technology
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Fig. 5 Fracture surfaces, after pull-off test, of annealed Al substrate (a-b) and corresponding copper coating (c-d) with different
substrate surface preparations: (a, ¢) ground; (b, d) grit-blasted. The bright phase is Cu and the darker one Al. The Al substrates show the
presence of individual Cu particles adhered to them and the Cu coatings show Al trapped in between Cu particles

Table 3 Microscopic analysis of the material present
on the substrate and on the coating after bond strength
pull-off tests (all measurements were taken on BSE
images with a field size of 300 x 225 pm)

Fraction of counter-element present

As-prepared substrate Annealed substrate

Substrate
surface Copper Aluminium Copper Aluminium
preparation on substrate on coating on substrate on coating

Polished 0.09 0.11 N/A N/A
Ground 0.10 0.09 0.06 0.14
Grit-blasted 0.12 0.25 0.07 0.21

The polished substrate which was annealed failed in the adhesive not
at the interface

deposition), see Fig. 9. The intermetallic layer at the pol-
ished surface in the annealed sample is almost continuous
(see Fig. 10a). Intermetallic coverage is lower following
deposition onto the ground substrate (Fig. 10b), although
here again, there is a significant increase associated with the
annealing treatment following grinding. The intermetallic
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coverage for the grit-blasted surface is lower again, with
any intermetallic being formed having a low thickness
(Fig. 9c¢).

Table 4 presents the fraction of the interface covered
with intermetallics for both as-prepared and annealed
substrates for all three surface preparation methods. For
the as-prepared substrates, the fraction of interface cov-
ered by intermetallics was the highest for the polished
substrate. The coverage of intermetallics on the substrates
which had been either ground or grit-blasted was signifi-
cantly lower (and close to each other). The intermetallics
formed on the grit-blasted surface showed an irregular
pattern which is different from the other two surfaces.

For the substrates that were annealed after surface
preparation, the fraction of interface covered with inter-
metallics increased significantly. Table 4 shows that the
fraction of intermetallics was highest for the polished
substrate, followed by the ground and then the grit-blasted
surfaces. The significantly greater degree of coverage by
intermetallic phases is indicative of a greater area of
metal-to-metal contact (i.e., interface free from oxide) in
the samples annealed following their surface preparation,
as has been demonstrated previously.
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Fig. 6 (a) High magnification image of copper coating on ground and annealed aluminium substrate showing aluminium extruded in
between copper particles. (b) Fracture surface (coating side) after pull-off test on the same coating-substrate combination showing rim of

Al (dark) around Cu particles (bright)

4. Discussion

The discussion proceeds by treating the grit-blasted
substrates separately from the other forms of preparation,
since it is argued that very different phenomena are
observed in the two situations.

4.1 Bond Formation: Ground Substrates
and Polished Substrates

4.1.1 Experimental Observations on Bonding and
Failure Mechanisms. The differences between the
ground and the polished aluminium substrates are pri-
marily in their hardness and their roughness characteris-
tics. Table 1 shows that the near-surface hardness of the
ground material is slightly less than that of the polished
material (and indeed slightly less than the bulk of the
sample), and that this lower hardness is retained even
after annealing. However, the reasons for this reduced
hardness are not clear at present. The surface roughness of
the polished surface (Ra=0.05 um) is significantly less
than that of the ground surface (Ra=0.4 um) (Table 1).
To visualize the significance of the difference in surface
profiles, line traces of both the polished and the ground
surfaces (with the same magnifications in the horizontal
and vertical directions) are shown in Fig. 3. In the same
figure, a representation of a 15 um copper particle on the
same scale is shown. It can be seen that the polished
surface may be approximated as a flat plane whereas the
ground surface profile may provide some small perturba-
tions which could affect the deformations experienced
during impact.

Figures 4 and 5 show the fracture surfaces of the alu-
minium substrates and copper deposits (both as-prepared
and annealed substrate conditions) after they had failed in
the pull-off test, while Fig. 7 and 8 show cross-sections of
the same deposit-substrate interfaces before testing.
Deformation takes place principally in the aluminium
substrate (little flattening of the copper particles is
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evident). Moreover, there is little evidence in these images
for a significant difference between copper deposited onto
a polished or a ground surface. Furthermore, ground
surfaces behave in a similar manner in both as-prepared
and annealed conditions despite the significant decrease in
hardness brought about by annealing (106 to 35 kgf
mm?). Fracture surfaces from substrates that were pol-
ished prior to application of the deposit could not be
compared with and without annealing because in the
former condition glue failure occurred in the pull-off test.
While the small differences in surface profile compared to
the particle size (as seen in Fig. 3) may explain why
interface morphology is insensitive to the surface prepa-
ration method (ground vs. polished), its insensitivity to
initial surface hardness is more surprising. This insensi-
tivity to hardness (within the range examined) suggests
that during the impact process, high-strain rate deforma-
tion causes significant work hardening at the interface so
that the initial condition of the material before impact
does not significantly affect its subsequent deformation
characteristics.

The mechanism of deposit-substrate bonding in cold
spraying has commonly been perceived to be primarily via
the formation of metallic bonds following removal of
surface oxides and creation of clean interfaces; an
impacting particle causes jetting of the material which
removes the surface oxide layer and a true metallurgical
bond is created (Ref 4, 6-10). However, the present
observations lead us to propose an additional contribution
which we term ‘“‘interlocking”. It is proposed that the
metal jetting due to the impact of incoming copper par-
ticles causes lips of aluminium to form which partially
envelop the copper particles as shown schematically in
Fig. 11. This creates mechanical interlocking of the sub-
strate with the powder particle. Experimental evidence for
this is clearly seen in the cross-sectional images of Fig. 7
and 8(a, b). Moreover, the fracture surfaces of the copper
deposit following pull-off testing show regions of failed
aluminium substrate outlining many of the particle
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Fig. 7 BSE images of Cu (bright) on as-prepared Al substrate
(dark) with (a) polished, (b) ground, (c) grit-blasted surfaces in
the as-sprayed condition. Micron-sized bright particles within the
Al substrate are constituent intermetallics in the 6082 alloy

boundaries (Fig. 4d, e and 5c). A higher magnification
image of such extruded lips of aluminium is shown in
Fig. 6. It should be noted that while this mechanical
interlocking of the aluminium substrate into the copper
deposit is seen to be widespread, it does not exist between
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(b)

AccV SpotMagn Det WD }—— 50pm
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Fig. 8 BSE images of Cu (bright) on annealed Al substrate
(dark) with (a) polished, (b) ground, and (c) grit-blasted surfaces
in the as-sprayed condition. Micron-sized bright particles within
the Al substrate are constituent intermetallics in the 6082 alloy

a significant number of the particles that can be seen on
the fracture surface. Table 3 shows that when fracture
surfaces are assessed the fractional area coverage of the
copper coating side by these extruded lips is of the order
of 0.1 and varies little with surface preparation.
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Fig. 9 BSE images of Cu (bright) on as-prepared Al substrate
(dark) with (a) polished, (b) ground, and (c) grit-blasted surfaces.
Samples annealed at 400 °C for 15 min following deposition.
Grey contrast levels in the higher magnification insets show
intermetallic that formed during annealing

In summary, it is clear that in the case of polished
substrates and ground substrates there are very few mor-
phological differences in the nature of the substrate-
deposit interface as a function of whether the substrate
surface is ground or polished, or whether it is hard or soft.
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Fig. 10 BSE images of Cu (bright) on annealed Al substrate
(dark) with (a) polished, (b) ground, and (c) grit-blasted surfaces.
Samples annealed at 400 °C for 15 min following deposition.
Grey contrast levels in the higher magnification insets show
intermetallics that formed during annealing. Note the higher
levels of intermetallic than in Fig. 9

Turning now to a consideration of deposits that were
annealed at 400 °C for 15 min, the results show some very
marked differences in intermetallic formation depending
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Table 4 Measurements of the fraction of the copper-
aluminium interface covered with intermetallic phases
after a short heat treatment of 15 min at 400 °C (all
measurements taken on eight BSE images of the interface
cross-section comprising approximately a 2.5 mm length
of the interface)

Fraction of the interface covered

Substrate with intermetallics

surface

preparation As-prepared substrate Annealed substrate
Polished 0.46 £ 0.05 0.94 £+ 0.01
Ground 0.27 £ 0.03 0.77 £ 0.02
Grit-blasted 0.34 £ 0.03 0.50 £+ 0.05

Al

Fracture path

Fig. 11 Schematic illustration of jet formation on an aluminium
substrate by an impinging copper particle. The jet is subsequently
trapped in the copper coating by incoming copper particles.
During the bond strength test fracture occurs in the aluminium
jet shown by the dotted line

on substrate preparation. It is important to recollect that
this annealing leads to intermetallic formation only when
interdiffusion is possible, i.e., intermetallic formation acts
as a marker for metallurgically clean interface regions.
Figures 9 and 10 show the formation of the intermetallics,
with the fractions of the interface covered with interme-
tallic phase presented in Table 4. On the as-prepared
(polished) substrate it can be seen (Fig. 9a) that, despite
significant substrate deformation (with evidence of inter-
locked jets of aluminium in the deposit structure), the
intermetallic area fraction was only 0.46 (see Table 4).
The intermetallic formation on the as-prepared ground
sample (Fig. 9b) was even lower at only 0.27 (Table 4).
The values for the fraction of the interface covered with
intermetallics were increased to 0.94 and 0.77, respec-
tively, for polished and ground substrates that were
annealed before cold spraying.

In summary, intermetallics grow more readily on pol-
ished surfaces than on ground surfaces, and annealing of
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the substrate at 450 °C for 1 h prior to spraying promotes
intermetallic formation in both of the surface preparation
conditions. It is believed that increases in intermetallic
formation must be associated with more extensive
removal of oxide during the jetting process that occurs on
impact. Further research is needed here but one could
speculate that by annealing the substrates before cold
spraying, the surface oxide is being modified; possibly
being transformed from a hydrated layer to one which is
corundum (a-Al,O3). The effect of polishing compared to
grinding is less easy to rationalise at this stage.

4.1.2 Bonding Model. For the polished and ground
substrates (i.e., where the adverse effects associated with
the grit-blasting do not come into play), it has been
demonstrated that the bonding of the coating to the sub-
strate depends upon two primary components: (i) metal-
lurgical bonding associated with the formation of
oxide-free surfaces during jetting and (ii) mechanical
interlocking of jetted material between the powder parti-
cles making up the coating structure. During bond
strength testing of such coatings, decohesion of the coating
from the substrate must result in failure of both the
metallurgically bonded regions and the mechanically
interlocked material.

To model this situation in a semi-quantitative manner,
it is proposed to treat the region across the interface as a
simple unidirectional composite. The composite compo-
nents are the jetted material regions and the metallurgi-
cally bonded regions as shown schematically in Fig. 12.

The jetted material is regarded as an elastic solid which
exhibits ductile behavior and is continuous across the
interface region. The areas where the cold sprayed deposit
and the substrate come into contact are treated as elasti-
cally brittle regions. The stress-strain behavior of each
component is shown schematically in Fig. 13 where oy, is
the stress in the metallurgically bonded areas and o; the
stress in the interlocked regions. o,y is the failure stress of
the former and o is the stress in the interlocked regions
when the metallurgical bond fails.

Using this approach, the standard theory for longitu-
dinal tensile strength of a long fibre reinforced composite
can be applied.

The stress in the composite, o, is given by

Gc = cFmﬁn + Giﬁ (Eq 1)

where f, and f; are the area fraction of the interface
corresponding to metallurgical bond and interlocked
material, respectively.

If we assume that the interlocked material is ductile but
the metallurgical bond fails in a brittle manner at a critical
stress o (see Fig. 13), then the stress in the composite,
o., when this failure occurs is given by

Gé = Omffm + cfffi (Eq 2)
Assuming that f;,, + fi=1, then
¢ = (Omr — 6}) fin + O (Eq 3)

When the metallurgically bonded region fails, all the load
is transferred to the interlocked material. The maximum
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Fig. 12 Schematic diagram of deposit-substrate debonding at
the interface, indicating failure of both the interlocked substrate
and the regions of deposit-substrate metallurgical bonding; (a)
prior to failure and (b) post failure

composite stress that can be transferred to interlocked
material is given by

Gé = ouifi = oui(l — f) (Eq 4)

where oy is the tensile strength of the interlocked mate-
rial (Fig. 13).

Classically, Eq 3 and 4 are represented by plotting
stress as a function of f,, as shown by the schematic dia-
gram in Fig. 14.

However, in the present situation, the equations need
to be modified to take account of the fact that the true
metallurgically bonded area fraction, fzj, differs from the
apparent contact area fraction, fi,.

We define f,, as the apparent metallurgically bonded
area such that f,,, + fi=1 and take the true metallurgically
bonded area to be given by

fr;l; = fm X fint (Eq 5)
where fiy; is the measured area fraction of intermetallic
coverage as presented in Table 4.

So for metallurgical bond failure Eq 2 is modified to
become
G; - Gmf](‘mfim; + G:(l 7fm) - (Gmffim - Gj,)fm + 6;

(Eq 6)

Clearly for a given value of f;,,, changes in f;,, will affect
the position of the composite failure strength line
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in relation to the line for composite strength that can be
supported by interlocked material (Eq 4). The behaviors
of Eq 3, 4 and 6 are illustrated schematically in Fig. 14. It
is evident that for a chosen value of f,, (shown as f/ in
Fig. 14) there are two possible types of behavior.

Case 1 Below a critical value for fi,,, the composite
failure strength will be controlled by failure of the inter-
locked material and will be constant at the value o shown
in Fig. 14.

Case 2 Above a critical value for fiy, the composite
failure strength will be governed by Eq 6.

It is now possible to apply this model to the experi-
mental data reported in Table 2-4. The bond strength is
almost constant for as-prepared polished, as-prepared
ground, and annealed ground substrates (Table 2). For
these conditions the fraction of interlocked material, f;,
also remains constant at about 0.12 (this is the fraction of
aluminium on the copper coating). For these three con-
ditions, the fi,, value varies from 0.27 to 0.77 but with no
apparent effect on the bond strength. Therefore we can
explain this on the basis that these values of fi;; are such
that failure strength is controlled as in case 1 above.
Taking the fraction of interlocked material, f;, to be 0.11
and estimating the value of o; to be 432 MPa (1/3 of the
hardness of the 6082 alloy cold rolled to a strain of 360%),
we find that o, is of the order of 48 MPa from Eq 4. This is
in good agreement with the observed values, given the
approximate nature of the analysis.

In the case of the polished sample which was annealed
before deposition of copper, it is argued that fi;; had
increased to such an extent that failure occurred according
to the behavior ascribed to case 2 above. The bond
strength could not be measured since the fracture
occurred in the adhesive at an applied stress of 69 MPa.
We need to know the Young’s moduli of both the inter-
locked and metallurgically bonded regions in order to
determine how the stress is distributed between the two
components of the composite. If they are taken to be
equal, and if fi, is taken to be 1, then a lower bound value
for oy, is 69 MPa. In practice, fiy is less than 1 and the
metallurgically bonded regions are likely to be of higher
stiffness (being composed of aluminium and copper) than
the interlocked regions (which are composed of alumin-
ium), and so the actual value for o, will probably be in
excess of this value.

4.2 Bond Formation: Grit-Blasted Substrates

In considering the behavior of grit-blasted surfaces, the
morphology of fracture surfaces following the pull-off test
will be examined first of all and this will be followed by a
consideration of how this might modify bonding during
cold spraying.

4.2.1 Morphological Features Arising from Impact.
The principal features due to impact on a grit-blasted
surface seen in Fig. 4(c) and 7(c) appear very similar to
those observed following impact on the grit-blasted and
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Fig. 13 Stress-strain behavior of metallurgically bonded area and mechanically interlocked area assuming that the metallurgically
bonded area exhibits brittle behavior and that the mechanically interlocked area exhibits ductile behavior
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Fig. 14 Failure stresses associated with the different failure modes as indicated in Eq 3, 4 and 6 as a function of the fraction of the
metallurgically bonded material. The lines for Eq 6 are shown for two different values of fi

annealed surface (Fig. 5b and 8c), despite the fact that the
annealed surface is significantly less hard, namely 50 kgf
mm 2, compared with 180 kgf mm 2. It is evident that a
very large proportion of the copper particles that
impacted on the grit-blasted surfaces developed a rough
and pitted appearance which is mirrored by the appear-
ance of the substrate (i.e., the aluminium side of the
fracture surfaces). These features are clearly attributable
to the use of the Al,Oj3 grit in the preparation stage and
it would appear that under the conditions used to prepare
these substrates, the brittle Al,O3 fragmented and some
of these fine fragments became embedded in the soft
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aluminium substrate. In the cross-sectional BSE images
of deposits on grit-blasted substrates (Fig. 7c, 8c, 9¢, and
10c), evidence of a slightly lower contrast material just
below the substrate surface can be seen, along with some
porosity in that zone. This material is believed to be
embedded AlL,Os5 fines, a hypothesis which is consistent
with EDX measurements which indicated no other ele-
ments than aluminium and oxygen in this region. The
porosity observed was typically less than 5 pm in size,
which is much less than the size of the original blast-
media particle size, but similar to that of the embedded
fines.
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The similar behavior of as-prepared and annealed
substrates in terms of deformation characteristics confirms
the previous observation on ground/polished surfaces that
very low strain rate hardness measurements cannot ade-
quately predict the behavior of surfaces under the high
rates of strain associated with impact. The hardness
reduction that does take place is probably due to the high-
temperature annealing treatment allowing classical
recovery or recrystallization processes to occur in the
aluminium alloy. The Al,O; fines contribute to the near-
surface hardness of the aluminium since they act as a
dispersion strengthening phase. This contribution is of
course not affected by annealing and is presumably
responsible for the higher near-surface hardness (Table 1)
of the annealed, grit-blasted substrate compared to other
surface preparations.

4.2.2 Influence of Grit-Blasting on Jetting and Bond
Strength Measurements. A key question for bond for-
mation during cold spraying is how the surface morphol-
ogy, near-surface hardness and microstructure will affect
jetting phenomena during impact. The grit-blasting chan-
ges the profile of the substrate surface with a significant
increase in Ra compared to the other two preparation
processes (Table 1). Figure 2 shows the surface profile
with Fig. 3 showing the profile with the same magnifica-
tions in horizontal and vertical directions, along with a
typical powder particle size. In this latter image, it can be
seen therefore that the local conditions during impact of
powder particles onto a grit-blasted substrate will be very
variable. The flattening of the copper particles seen in
Fig. 7 and 8 indicates that the surface material in the grit-
blasted substrate is more resistant to deformation under
impact conditions, and that jetting during impact will be
restricted. There is significantly less evidence of jetted
substrate material forming a mechanical interlock with the
deposit for the grit-blasted substrate than for the other
two surface preparation methods. This limitation of jetting
during impact also affects the efficacy of removal of sur-
face oxide layers during impact (and thus the efficacy of
any metallurgical bonding between the copper and alu-
minium). Figures 9(c) and 10(c) show the interfaces
between the aluminium and copper following intermetallic
growth. It can be seen that the intermetallic growth is
limited in both cases. In the non-annealed samples
(Fig. 9), the intermetallic growth is similar to that
observed on the ground sample and slightly lower than
that on the polished sample (see Table 4). However, while
the coverage of intermetallic increased for the grit-blasted
samples with annealing (from approximately 34 to 50%),
this was much less significant than the effect that the
annealing had on the other two sample preparation types
(see Table 4).

The bond strength in pull-off testing of the samples
with as-prepared grit-blasted substrates was significantly
lower than those observed with the other two preparation
types (around 35 MPa as compared to around 56 MPa).
Figure 4(f) shows that, unlike the deposit surfaces from
the other two types (Fig. 4d, e), significant regions of the
aluminium substrate were retained on the surface.
This indicates that fracture is occurring in the aluminium
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substrate, and it is proposed that fracture is being
promoted in the zone which contains the embedded grit-
blasting fines, it being weakened by the presence of these
fines. The same effect is observed following fracture of
the deposit from the grit-blasted surface that had been
annealed before spraying (Fig. 5d), but to a lesser degree.
However, it is observed that the bond strength for the grit-
blasted samples was significantly increased from around
35 MPa to around 57 MPa by the annealing process (see
Table 2). The fraction of intermetallics has also increased
significantly with annealing of the substrate, from 34 to
50% (see Table 4). Thus, although the substrate surface is
roughened by the blasting process, the embedment of grit
fines in the surface results in a surface which is much more
resistant to high strain rate deformation (even if the
effects of work hardening are eliminated). This results in
less jetting of the aluminium during impact and thus to a
restriction in the formation of metallurgical bonds
between the deposit and substrate. The embedded grit
results in fracture actually within the substrate following
pull-off testing.

In summary, grit-blasting has been seen to be detri-
mental to the bonding process in the system comprising
copper particles and an aluminium substrate examined in
the present study. It must be recognized, however, that
due to the low hardness of the substrate, the tendency for
grit fines to embed during blasting will be relatively high
compared to materials such as steel or titanium alloys.
Grit-blasting of other, harder substrates may not result in
such significant embedment of fines, and thus the adverse
effects of the blasting process observed in this work may
not be universal.

5. Conclusion

The bonding mechanisms operating in cold spraying of
copper onto an aluminium alloy substrate have been
investigated experimentally as a function of the different
surface preparation procedures for the substrate, namely
polished, ground and grit-blasted substrate surfaces. In
addition, some substrates were annealed following surface
preparation to allow a separation of the effects of work
hardening during preparation from those of changes in
surface morphology. A bonding mechanism has been
proposed to explain the observations which utilizes two
mechanisms of bonding, namely that of metallurgical
bonding between the substrate and the coating and that of
material extruded from the substrate during impact of the
particles which is then interlocked within the coating
structure (termed interlocked material). The contributions
of these two mechanisms to the observed bond strength
are rationalized in terms of a modified composite theory.

The efficiency of metallurgical bonding was assessed
via a relatively new intermetallic growth method. When
the efficiency of metallurgical bonding was low, the coat-
ing-substrate adhesive strength was controlled by the
strength of the interlocked material. Simple calculations
based upon the area fraction of interlocked material at the
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interface along with the strength of that material show a
good correlation with the observed bond strengths in these
cases. However, when the efficiency of the metallurgical
bonding was increased (when spraying aluminium onto a
polished and annealed aluminium alloy substrate), the
strength was then dictated by the metallurgically bonded
material.

Coating-substrate adhesion following spraying onto a
grit-blasted surface (whether or not the effects of work
hardening had been removed by annealing) was signifi-
cantly reduced by grit embedment into the aluminium
surface during blasting. It is postulated that the grit-
blasted surface also restricted the jet formation upon impact
of the copper particles which resulted in less successful
removal of oxide from the interface and hence a weaker
metallurgical bond. Also, the increased strength of the
particulate strengthened substrate material resisted for-
mation of interlocked material between the coating and
substrate, and thus again resulted in a reduction in
observed bond strength.
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