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This work identified the conditions
necessary to trigger the formation of
intermixing interfaces, a unique phenom-
enon in cold spray, explained the under-
lying physical principles, and proposed a
corresponding mechanistic explanation.
• The unique microstructure feature
forms at severe plastic deformation con-
ditions.

• Two critical factors were identified to
trigger the intermixing interfaces: low
deposition efficiency and material
properties.

• Low deposition efficiency induces accu-
mulated plastic deformation by impacts
of rebound particles at intermixing
interface.

• Sufficient density of particles is needed
to induce required levels of strain.
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Experimental investigation was conducted to explore the formation conditions and provide new insights into
the formation mechanisms of the unexplained intermixing phenomenon observed at the substrate-coatings
interface of cold sprayed materials. The results indicate that the formation of intermixing interface signifi-
cantly depends on the extent of plastic deformation at the coating-substrate interface, with severe deforma-
tion creating favorable conditions for the intermixing interface. Two factors have been identified to be critical
for inducing the severe interfacial plastic deformation: low deposition efficiency and material properties.
During low deposition efficiency cold spraying, most of the accelerated particles rebound after impact
while inducing accumulative plastic deformation and thus intermixing at the coating-substrate interface.
Considering the material properties, the coating materials must have sufficiently high density to attain
enough kinetic energy for creating substantial plastic deformation of the first coating layer and the substrate
upon their impact. Also, the substrate materials cannot be too hard so that plastic deformation can be
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induced. Based on the experimental analyses, the hypothesis of the intermixing interface formation mecha-
nism is proposed in this paper.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Cold spray is a solid-state material deposition technology developed
in the 1980s [1]. During cold spray, feedstockpowder particles are accel-
erated by a supersonic propellant gas using a de Laval nozzle and subse-
quently impact onto a substrate. If the particle impact velocity exceeds a
threshold, the so-called “critical velocity”, coatings or bulk deposits can
be formed on the substrate surface without exceeding material melting
temperature [2,3]. Thereby, limitations associated with high-
temperature deposition processes such as oxidation, thermal residual
stresses and phase transformation, can be effectively avoided [4–6]. To
date, a wide range of materials have been applied as feedstock and sub-
strates for cold spray; metals [7,8], high entropy alloys [9], metallic
glasses [10,11], metal matrix composites [12–14], ceramics [15,16], hy-
droxylapatite [17] and othermetallic oxides [18] have been successfully
deposited onto various substrates including metals [19], ceramics [20],
glass and silicon [21,22], and polymers [23]. Based on these capabilities,
cold spray is regarded as a promising coating and additive manufactur-
ing technology and therefore has attracted significant attention from
both scientific and industrial communities in recent years [24].

Despite the variety of feedstocks and substrates that can be depos-
ited with cold spray, metals deposited onto metallic substrates is still
themost popular coating-substratematerial combination and as a result
has been intensively investigated since the inception of cold spray. In
this respect, the bondingmechanism of the twometals in intimate con-
tact is always a major research focal point. Several studies have been
carried out during the past decades to improve the cold spray
community's mechanistic understanding of this phenomenon [25–28].
It has been well recognized that metallurgical bonding and mechanical
interlocking are two dominant mechanisms of bonding in cold spray.
Metallurgical bonding is known to result from nano-scale chemical re-
actions at the inter-particle or coating-substrate interfaces [27,29–34].
Specifically, the high-velocity impact induces high-strain-rate localized
plastic deformation of the particle or the substrate at the contact inter-
face, which in turn can result in jetting [35,36] and adiabatic shear insta-
bility [2]. The high-velocity impact also breaks the native oxide films
present on both metallic surfaces. The outward metal jet extrudes the
oxide debris from the interface, allowing the intimate metal-to-metal
contact. Under the localized high pressure at the contact interface, the
chemical reaction can occur to form the metallurgical bonding
[2,3,37–40]. Several experimental observations have been recognized
as evidence for interfacial metallurgical bonding, including the forma-
tion of interfacial amorphous phase [29,31,33], interfacial intermetallic
layer [27,34], dimple-like features on fracture surfaces [39,41,42], and
localized melting [40,43]. Mechanical interlocking, as another impor-
tant mechanism, is a non-chemical bonding phenomenon. It is repre-
sented by particles becoming mechanically embedded or trapped into
the substrate materials or coatings [44,45].

Apart from the twomajor bondingmechanisms discussed above, an-
other important bonding phenomenon was observed. Manifested
through severe material plastic deformation, fracture, and microscale
vortex-like material mixing (at scales typically between 10 and
50 μm) at the coating-substrate interface, the third bonding phenome-
non which we hereinafter call “intermixing” was reported in certain
cases where hard coatings were deposited onto soft substrates
[46–50]. Note that the “intermixing” interface addressed here is differ-
ent from the nanoscalematerial intermixing or interlockingphenomena
(at scales of less than 100 ns) that have been observed in the studies
[51,52]. To date, very few studies have inquired into the fundamental
2

principles of the vortex-like intermixing interfaces, leaving the underly-
ing formation conditions and mechanisms unclear. In this work, a sys-
tematic experimental study spanning a wide range of coating-
substratematerialswas conducted to identify the critical factors trigger-
ing the intermixing interface.

2. Coating deposition and characterization

Spherical Cu (−38+15 μm, Safina, Czech Republic), Ni (−45
+16 μm, Praxair Surface Technologies, USA), AISI 304 L stainless steel
(−45+15 μm, LPW Technology Limited, UK) and Al (−58+15 μm,
Valimet, USA) powderswere used as the feedstock. Fig. 1 shows the sur-
face morphologies of the four powders as observed by SEM (Zeiss Ultra
Plus, Germany). Polished Al, Cu andMgwere used as substrates. All sub-
strates were mechanically ground using P1200 grade emery papers to
eliminate the possible effect of different surface roughness on the
intermixing formation.

Single-track coatings (i.e. coatings where the nozzle moved only
back and forth in a single line pattern) were deposited using an in-
house high-pressure cold spray system (Trinity College Dublin,
Ireland) consisting of a high-pressure gas supply system, gas heating
system, powder feeder, computer numeric control platform, de Laval
nozzle, computer control system, and parameter monitor system [53].
The de Laval nozzle had a round shape with a divergent length of
180 mm, a throat diameter of 2 mm and an outlet diameter of 6 mm.
The nozzle standoff distance, traversal speed and number of passes
were set as 30mm, 50mm·s−1 and 4, respectively. For all experiments,
nitrogen was used as the propellant gas to accelerate the feedstock
powders. All tested material combinations are provided in Table 1
alongwith the respective gas parameters used for cold spray deposition.

The deposition efficiency (DE) of the process was measured as the
weight ratio of the cold sprayed coatings to the powder feedstocks
used for deposition. The fabricated microstructures were characterized
by cross-sectional SEM in secondary electron mode and by energy-
dispersive X-ray spectroscopy (EDX). It is known that the nature of
cold spray jet typically results in reduced velocities and deposition effi-
ciency for particle traveling farther from the central deposition point
[24]. In order to conduct a convincing and solid comparison, the
coating-substrate interfaces of all samples used for observations were
therefore selected from the regions near the central plane of the
single-track coatings where themaximum particle velocities and depo-
sition efficiency are achieved.

To study the plastic deformation behavior at the coating-substrate
interface, the grain evolution of bothmaterials during the coating depo-
sition was characterized using electron backscatter diffraction (EBSD).
Only Cu-Al interfaces were selected for detailedmicrostructural charac-
terization. Inverse pole figures (IPF)were acquired in order to assess the
individual grain structure within the Cu coating and the Al substrate
materials, to determine the prospective changes in their preferred ori-
entation as compared to the feedstock powder, and to quantify their av-
erage sizes. Based on the EBSD data, strain contouring maps were
computed to investigate the extent of plastic deformation in the vicinity
of the interface. The strain contouring is performed based on the calcu-
lation of themaximummisorientation between any two points within a
single grain and subsequently weighing all grains according to their
misorientation values [54]. After computation and quantification of
the relative difference between the two points, the resulting map indi-
cates the extent of plastic deformation or strain experienced by thema-
terial. In our study, it allowed determining the changes in plastic
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Fig. 1. Surface morphologies of the feedstock powders used in this work: (a) Cu, (b) Ni, (c) AISI 304 L, and (d) Al.

Table 1
Coating and substrate material combinations and the respective gas parameters used in
this work.

Coating Substrate Pressure Temperature

Cu Al 2.5 MPa 100, 200, 300, 500 °C
Ni Al 2.5 MPa 100, 300, 500 °C
304 L Al 2.5 MPa 100, 300, 500 °C
Cu Mg 2.5 MPa 100, 200, 300 °C
Al Cu 2.5 MPa 200, 300, 400 °C
Ni Cu 2.5 MPa 300, 500, 700 °C
304 L Cu 2.5 MPa 300, 500, 700 °C

Fig. 2. Microstructure of Cu-Al interfaces produced under various gas temperatures.
Intermixing structures are marked with white arrows.
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deformation extent and localization of themaximum strains in the sam-
ples produced under different temperatures.

3. Results and discussion

3.1. Dependency of intermixing interface on interfacial plastic deformation

Fig. 2 shows the cross-sectional micrographs of Cu-Al interfaces pro-
duced under various gas temperatures, from 100 °C to 500 °C. It is clear
that as the gas temperature changed, the Cu-Al interfaces exhibited con-
siderable differences. The 100 °C interface exhibited a higher degree of
material fracture and mutual intermixing as marked by white arrows.
The interfacial region is characterized by the coating material fracture,
transfer and embedment into the substrate material. Interestingly,
with an increase of the gas temperature to 200 °C, the occurrence of
intermixing structure significantly reduces, becoming rather sporadic
along the interface. As the gas temperature further increased to 300
and 500 °C, the interfaces became relatively smoother and the fracture
and intermixing structures at the interface can no longer be identified.
The comparative observations reveal that the intermixing structures
were only present when the gas temperature was low.

EBSD analysis was performed in the vicinity of the Cu-Al interfaces.
By analysis of the inverse pole figure (IPF) maps (Fig. 3), it is apparent
that both coating and substrate materials underwent significant micro-
structural evolution at the interface, confirming the occurrence of
3

severe plastic deformation at the interface during the particle deposi-
tion [55]. The Al substrate material in the vicinity of the interface expe-
rienced grain refinement, a consequence of the impact-induced plastic
deformation [56]. At the same time, an interesting phenomenon was
observed for the Cu coatings; the grain size of the Cu changed signifi-
cantly in a non-linear manner with the decreasing gas temperature as
shown in Fig. 4. The grain size of the coating produced at the gas tem-
perature of 500 °C was 1.16 μm (no intermixing), and decreased to
1.14 μm at 300 °C (no intermixing), and to 0.914 μm at 200 °C (slight
intermixing), and further to 0.705 μm at 100 °C (intermixing). The



Fig. 3. EBSD IPFmaps of the Cu-Al interfaces deposited at various gas temperatures. Note the changing interface nature fromheavily intermixing at low temperatures to non-intermixing at
higher temperatures.

Fig. 4. Grain size and deposition efficiency of the Cu coatings produced on Al substrates under various gas temperatures.
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Fig. 5. EBSD strain contouring maps of the Cu-Al interfaces deposited at various gas temperatures.
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EBSD analysis hence confirmed that the formation of intermixing struc-
tures is related to the extent of the plastic deformation, with lower gas
temperature leading to more prominent plastic deformation and
intermixing structures formation. The strain contour maps of the Cu
coatings and Al substrates shown in Fig. 5 further confirm this finding,
where a reducing trend in strain levels can be seen as the gas tempera-
ture increased.

3.2. Critical factors for inducing severe plastic deformation and intermixing
interface: low deposition efficiency

The SEM observations in Fig. 2 and the EBSD analysis in Figs. 3–5
have suggested that the formation of intermixing structures is depen-
dent on the extent of plastic deformation at the interface. Clearly, a
lower gas temperature leads to more severe interfacial plastic deforma-
tion and the intermixing structures. In order to further comprehend this
phenomenon, it is necessary to clarify what happens at the Cu-Al inter-
faces when the gas temperature changes. Fig. 4 also presents the mea-
sured DE of the Cu coatings as a function of the process gas
temperatures. As shown, lower temperatures led to lower DE, which is
a common phenomenon typical for cold spray and can be attributed to
insufficient particle velocities and temperatures [57]. TheDEof the coat-
ings at the gas temperatures of 100, 200, 300 and 500 °Cweremeasured
as 4.9%, 9.8%, 11.8% and 15.1%, respectively. In other words, for a suc-
cessful deposition of a single particle, roughly 20, 10, 8 and 7 particle im-
pacts are needed. This suggests that under lower DE conditions,
majority of the sprayed particles rebounded after impact. As a conse-
quence, the thickness growth rate of the coating was reduced substan-
tially, resulting in an existence of a rather thin coating for a prolonged
5

period (i.e. a single-layer coating). Meanwhile, the rebounded particles
constantly impinge upon the thin coating, triggering repetitive
(i.e., cumulative) plastic deformation of the first-layer coating and the
underlying substrate, and thereby producing the vortex-like
intermixing structures at the interfacial region [58]. As this mechanism
is rather critical for the understanding of the entire interface
intermixing phenomenon, the following two paragraphs will be de-
voted to provide more detailed elucidation through experimental
observations.

Fig. 6 shows two Cu particles deposited onto an Al substrate at the
gas temperature of 100 °C. The processing conditions were the same
for the two particles except that different nozzle traversal speeds
(200 m·s−1 for Fig. 6a, and 50 m·s−1 for Fig. 6b) were applied to give
rise to different numbers of subsequent impacts onto these particles.
Given the lack of deformation on the top of the particle shown in
Fig. 6a, it likely experienced no further impacts after its deposition,
while the one shown in Fig. 6b underwent several impingements by
rebounded particles. Such repetitive impact could result in significant
accumulative plastic deformation which is much more intensive than
the deformation induced by a high-velocity impact but with less re-
bound particles (i.e., under high DE). This comparison serves as an ex-
ample that the rebounded particles can indeed cause severe
accumulative plastic deformation, significant flattening, and fracture of
the first-layer particle and thus can play a critical role in triggering
intermixing formation. In fact, this repetitive impact process of the
rebounded particles is similar to the shot peening, surface mechanical
attrition processes or laser shock wave peening where repetitive im-
pacts on metallic surfaces have been reported to induce accumulative
plastic deformation and grain refinement in the surface layers [59–62].



Fig. 6. Single Cuparticles deposited in thefirst stage of the cold spray coating process. (a) a particle embedded in the substrate. (b) a particle thatwas repeatedly hit by subsequent particles
after it had attached on the substrate surface. Notably, flattening and fracture of the particle are visible, likely triggering a formation of the intermixing interface in the subsequent
deposition process.

Fig. 7.Microstructure of the Cu-Al intermixing interface produced at the gas temperature
of 100 °C. The imagewas selected from the fringe rather than the center of the single-track
coating and clearly shows the beginning of the intermixing formation.
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Fig. 7 shows the microstructure of the Cu-Al intermixing interface
produced at the gas temperature of 100 °C and, as opposed to the
cross-sectional micrographs provided in Fig. 2, selected from the fringe
of the single-track coating. Such coating was very thin, basically only a
single-layer of particles successfully deposited due to the extremely
low DE at the fringe region (as compared to the center of the deposited
track [63,64]). Here, the coating-substrate interface was found to expe-
rience extensive plastic deformation and the Cu particles were severely
flattened and fractured, forming the intermixing structures frequently.
Similarities in the extent of flattening with the single Cu particle of
Fig. 6b that has been deformed by the subsequent impacts are striking.
Clear signs of subsequent impacts by rebounded particles are also ob-
served here, as manifested by the curved surface profiles marked with
the red dotted lines in Fig. 7. Combined together, these observations
suggest that the intermixing structure is actually formedwhen the coat-
ing is very thin. (i.e., at the initial stage of the coating growth). That said,
severe plastic deformation of the first-layer coating and the interface
can only be achieved when sufficiently thin coatings are impacted by
a large number of rebounding particles.

The experimental results in this section demonstrate that the severe
plastic deformation of the first-layer coating and the interface and the
consequent intermixing interface can only be achieved under the condi-
tion of low DE through a large number of rebounding particles
6

repetitively impacting on sufficiently thin coatings. It is worth noting
that there must be a threshold DE value determining the transition of
the coating-substrate interface from standard to intermixing, and that
this threshold may depend on several other factors (such as,
e.g., material properties, particle size and shape, and the substrate
conditions).

3.3. Critical factors for inducing severe plastic deformation and intermixing
interface: material properties

Low DE has been identified as a critical factor for inducing the
intermixing interfaces. However, it is only a requisite condition rather
than a sufficient condition. In other words, low DE itself may not guar-
antee the formation of intermixing and there are other factors playing
an equivalent role. In order to identify these factors, six different
coating-substrate material combinations were tested at three gas tem-
peratures; their respective cross-sectional microstructures are pre-
sented in Fig. 8. The corresponding DE of each coating is then
provided in Fig. 9. In Fig. 8, intermixing interfaces are evident in the
cases of Ni-Al, 304 L-Al, Cu-Mg, Ni-Cu and 304 L-Cu when the gas tem-
perature was low. As the gas temperature (and DE) increased, the oc-
currence of the intermixing structures gradually diminished. This is
consistent with what has been found for the Cu-Al interface and further
confirms the critical role of the low DE in triggering the intermixing in-
terfaces. Another common ground for the six combinations is that the
hardness of the coating materials is higher than that of the substrate
materials. This is in line with the findings in previous studies where
the intermixing interfaces were only observed when hard materials
were deposited onto soft substrates [46–50].

Interestingly, neither intermixing nor large plastic deformationwere
observed along the Al-Cu interfaces, despite its DE being comparable to
the other cases. This is due to the relatively low density of the Al parti-
cles and the higher hardness of the Cu substrate. The low-density Al par-
ticles do not attain enough kinetic energy to create the large plastic
deformation of the harder Cu substrate, despite the repetitive impacts.
This fact actually suggests that, aside from the low DE, the formation
of intermixing structure also vitally depends on the coating-substrate
material combination; simply put, the coating materials must have suf-
ficiently high density to attain enough energy and the substrate mate-
rials cannot be much harder than the coating materials.

3.4. Intermixing interface formation mechanism

Considering all of the experimental results presented herein, a hy-
pothesis is proposed for the mechanism of formation of intermixing in-
terfaces observedwithin cold sprayed coatings. As schematically shown



Fig. 8.Microstructure of the coating-substrate interfaces produced under various process gas temperatures.
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in Fig. 10, the intermixing interface starts from the successful deposition
of the first-layer particles of the coating (Fig. 10a). As the process DE is
very low, most of the sprayed particles do not deposit but rather re-
bound after their impact. The first-layer coating is thus repeatedly im-
pinged by these rebounding particles and experiences severe plastic
deformation and flattening (Fig. 10b). Meanwhile, the accumulated
plastic deformation also results in a work hardening effect, thereby in-
creasing the brittleness of the first-layer coating. As more and more
Fig. 9. Deposition efficiency of the coatings-substrates co
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particles rebound, the first-layer coating is further flattened and de-
formed into the substrate, generating internal shear stresses [49]
(Figs. 10c). The impact-induced accumulated shear stress eventually
triggers the fracture of the first-layer coating at its weakest locations
(Fig. 10d) and also material movement. That way, the fragments of
the coating material and substrate material are further deformed and
mixed by the subsequent impacts through shear (Fig. 10e), leading to
a formation of the intermixing structure in the final stage (Fig. 10f).
mbinations under various process gas temperatures.



Fig. 10. Schematic of the intermixing interface formation mechanism proposed in our study.
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It is also worth noting that similar intermixing phenomenon can also be
found in friction stir welding and explosion welding processes of dis-
similar materials where continuous rather than accumulative shear
stress is applied to induce material fracture and mutual intermixing
[65,66].

4. Conclusions

In this paper, extensive experiments were performed to explore the
formation conditions of intermixing interfaces, an overlooked but po-
tentially important phenomenon in cold spray. The results indicate
that intermixing interface only occurswhen the coating-substrate inter-
face experiences severe plastic deformation. Two factors, lowdeposition
efficiency and material property, have been identified as critical for in-
ducing the severe plastic deformation. Under low deposition efficiency,
most of the sprayed particles rebound after their impact, causing severe
plastic deformation of the first-layer coating and substrate, which even-
tually results in the formation of intermixing interface. The formation of
intermixing structure also depends on the coating-substrate material
combination where the coating materials must have sufficiently high
density to generate enough energy for creating large plastic deforma-
tion of thefirst-layer coating and substrate.Moreover, the substratema-
terials cannot be too hard so that plastic deformation can be induced.
Potentially, the formation of intermixing interfacesmayhelp to improve
the adhesion between the cold sprayed coatings and the substrates. To
benefit from this, while maintaining reasonable process economy, one
could first create an intermixing interface through low-DE deposition,
followed by production of the coating using optimized processing
parameters.
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