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Abstract
In this publication, cold gas spraying (CGS) is investigated as an enabler for aluminum-steel joints. Using a powder-based 
coating process to adhere a steel layer to an aluminum substrate allows a steel component to be welded to the deposited layer 
by resistance spot welding. This method permits the metallurgical connection between similar materials to be separated, 
while mechanical bonding ensures the connection at the dissimilar aluminum-to-inlayer interface. A modification of the 
porous CGS layer, as well as the creation of the remelted zone in the aluminum, can be observed during the resistance spot 
welding process. Electron backscatter diffraction (EBSD) analyses show that the severely prestressed particles in the CGS 
coating recrystallize, which coincides with a decrease in defect density and hardness in the heat-affected zone. Microscopy 
of the aluminum substrate shows the creation of metallurgical pores as well as the expansion of pores attributed to the cast-
ing process. The rise in remelted aluminum hardness and decrease in the heat-affected zone of the CGS layer indicate the 
formation of a metallurgical notch.

Keywords Resistance spot weld · RSW · Cold gas spray · CGS · Inlayer · Dissimilar joint · Aluminum-steel weld

1 Introduction

To meet the evolving requirements of lightweight structures 
in the transport sector, such as increased driving range and 
higher crash resistance, a so-called multi-material light-
weight design is applied. This design principle is based on 
the use of specific materials to meet the requirements of the 
component. This implies the necessity of joining aluminum 
alloy and high-strength steel. Currently, in the automotive 
industry, aluminum-to-steel connections are widely executed 
by self-piercing rivets, for which sufficient dynamic elonga-
tion of the materials must be ensured [1]. With the current 
shift from internal combustion engines to electric driving, 
there is a renewed emphasis on the utilization of massive 
aluminum die cast components to minimize vehicle com-
plexity and allow for lighter automobile constructions. To 
ensure dimensional accuracy of the casted components, sub-
sequent heat treatment is dispensed with, which leads to a 
reduction in available ductility [2]. This results in cracking 
of the high-pressure die cast component, which impairs the 
mechanical properties, resulting in the need for novel join-
ing techniques.

Conventional fusion welding methods such as resist-
ance spot welding, laser welding, and arc welding have 
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been studied continuously for the joining of aluminum to 
steel. Welding these dissimilar materials poses challenges 
due to the formation of intermetallic phases (IMP) [3, 4]. 
A metallurgical connection is created by the brittle IMP 
between the joint partners. The brittleness of these phases 
has an unfavorable impact on the connection’s ductility and 
fatigue strength with thicker layer thicknesses. To reduce the 
development of IMP, additional materials can be used which 
results in better mechanical properties. In the resistance spot 
welding process, which is widely used in the automotive 
industry, these additional materials can be applied by coat-
ing [5, 6] or transitioning tape [7] between the joint partners.

Through the application of a cold-gas-sprayed (CGS) 
intermediate layer, the separation of the aluminum-to-layer 
and layer-to-steel connections can be achieved, the former by 
mechanical clamping and the latter by metallurgical bond-
ing. As a result, load transitioning does not employ interme-
tallic phases. CGS is an all-solid-state, high-kinetic-energy 
coating process in which micron-sized solid particles are 
accelerated with high-pressure compressed gas onto a sub-
strate in atmospheric conditions [8]. By exceeding a critical 
velocity, the particles carry enough energy to adhere to the 
substrate, where they deform intensely, resulting in a deposi-
tion of particles on the substrate and forming a porous layer 
[9, 10]. Depending on the particle velocity, the deformation 
and therefore the residual stress in the particle correspond 
with the compactness of the layer [9, 11]. The technology of 
CGS is currently used in wear minimization and functionali-
zation of surfaces [12, 14].

In this publication, an inlayer applied by cold gas spray-
ing is investigated as an intermediate layer for resistance 
spot welding in mixed material joints as an alternative to 
mechanical joining techniques for steel and aluminum. In 
previous studies, the use of a CGS layer for aluminum-steel 
dissimilar joints with the use of a resistance spot welding 
process was explored with a layer consisting of aluminum, 
nickel, or a mixture of both applied to steel and later welded 
or brazed to aluminum [4, 15]. In contrast, a steel inlayer 
is attached to the aluminum substrate and then welded to 
a steel joint partner in this experiment enabling the use of 
welding equipment made for steel welds. During the welding 

process, the formation of the welding nugget results in a 
modification of the surrounding materials. The cold-gas-
sprayed layer will recrystallize in the heat-affected zone, and 
the aluminum will form a remelted zone near the nugget. 
This reduction in hardness of the formerly work-hardened 
layer indicates the formation of a metallurgical notch. The 
formation of pores at the aluminum-to-CGS interface shows 
the combination of trapped gases from the casting process 
and metallurgical pores formed during weld solidification 
in remelted aluminum.

2  Material and experimental procedures

In this investigation, a 316L stainless steel powder is used 
to process the intermediate layer on the AlSi10MnMg alu-
minum die cast substrate, which is later welded to a 1.0991 
steel plate. The chemical compositions of the aluminum 
material were obtained by optical emission spectrometer 
(OES) analysis, which was conducted with a model ARL 
4460 from Thermo Scientific, USA. The 316L powder and 
steel plate were analyzed by inductively coupled plasma 
(ICP) OES, aided by a carbon/sulfur (C/S) detector to deter-
mine the carbon and sulfur content. The equipment used 
for analyzing the chemical composition of the iron-based 
materials was the ICP-OES analyzer type 720-ES by Agilent 
Technologies, Inc., USA, and the C/S detector type CS744 
by Leco Instrumente GmbH, Germany. The results of the 
chemical compositions are summarized in Table 1.

The near-eutectic aluminum alloy AlSi10MnMg is a com-
mon material used for large high-pressure die cast struc-
tures in the automotive sector due to its good casting and 
mechanical properties. In its non-heat-treated state, as used 
in this study, the offset yield strength  Rp0,2 is 130MPa with 
an elongation at break of 4% for 3-mm-thick casted mate-
rial. In its as-casted state, the hardness in the microsection 
depends on the distance to the surface of the component. 
Due to the rapid cooling near the aluminum-to-die inter-
face and a reduced cooling rate near the core, the hardness 
near the edge is with 95HV which is higher than that of the 

Table 1  Chemical composition 
of the materials in this study in 
wt.%

Aluminum high-pressure die casting alloy AlSi10MnMg (measured by OES)

Si Fe Cu Mn Mg Zn Ti Sr Al
10.45 0.13 0.033 0.57 0.39 0.008 0.07 0.02 Balance
Austenitic stainless steel 316L (measured by ICP-OES and C/S)
Cr Ni Mo Mn Si P C S Fe
16.6 10.4 2.17 1.62 0.87 0.020 0.02 0.004 Balance
Micro-alloyed steel 1.0991 (measured by ICP-OES and C/S)
C Si Mn P S Al Ti Nb Cu Fe
0.07 0.4 1.0 0.020 0.004 0.04 0.03 0.05 0.008 Balance
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measurements at the core, which reach 70HV. The material 
was provided by BMW AG, Germany.

The 316L powder was sourced from Sandvik AB, Swe-
den, in powder grain sizes between 15 and 38µm and pro-
cessed with the CGS equipment of Impact Innovations 
GmbH, Germany. For applying the CGS layer to the alu-
minum, a 5/11 EvoCSII CGS-Gun in combination with an 
8-mm Laval nozzle is used. With 1100°C and 50bar, the 
nitrogen gas accelerates the particles to a velocity of 630 
to 780m/s depending on the particle size. Through the 
deformation of particles and substrate, a steel layer can be 
deposited on the aluminum substrate. The resulting cold-
gas-sprayed layer is fully austenitic and porous [13, 16]. Due 
to the high deformation, a hardness of around 390HV is 
reached in this configuration. The absolute hardness val-
ues between other investigations cannot be compared due 
to different coating parameters [12, 13] and particle sizes 
[10] and therefore varying deformation rates. The coating is 
displayed as an overview in Fig. 1a and in detail in Fig. 1b. 
In this detailed microsection, the lamellar structure can be 
observed by etching it with 3%  HNO3. The compacted layer 
shows deformed particles, which are boarded by particle-to-
particle interfaces, displayed in black lines. At the interfaces, 
defects occur due to insufficient deformation of the depos-
ited and newly applied particles. The defects in the displayed 
section are highlighted in red. The majority of defects are 
in the range of 10 to 100 μm2, although there are individual 
accumulations of defects that can reach up to 600 μm2. The 
last layer of particles will not be deformed in a lamellar 
structure by following particles, resulting in a rough surface 
with an Rz of 59μm.

The 316L powder was sourced from Sandvik AB, Swe-
den, in powder grain sizes between 15 and 38µm and pro-
cessed with the CGS equipment of Impact Innovations 
GmbH, Germany. For applying the CGS layer to the alu-
minum, a 5/11 EvoCSII CGS-Gun in combination with 
an 8-mm Laval nozzle is used. With 1100°C and 50bar, 
the nitrogen gas accelerates the particles to a velocity of 
630 to 780m/s depending on the particle size. Through 
the deformation of particles and substrate, a steel layer 
can be deposited on the aluminum substrate. The resulting 

cold-gas-sprayed layer is fully austenitic and porous [13, 
16]. Due to the high deformation, a hardness of around 
390HV is reached in this configuration. The absolute 
hardness values between other investigations cannot be 
compared due to different coating parameters [12, 13] 
and particle sizes [10] and therefore varying deformation 
rates. The coating is displayed as an overview in Fig. 1a 
and in detail in Fig. 1b. In this detailed microsection, the 
lamellar structure can be observed by etching it with 3% 
 HNO3. The compacted layer shows deformed particles, 
which are boarded by particle-to-particle interfaces, dis-
played in black lines. At the interfaces, defects occur due 
to insufficient deformation of the deposited and newly 
applied particles. The defects in the displayed section are 
highlighted in red. The majority of defects are in the range 
of 10 to 100 μm2, although there are individual accumula-
tions of defects that can reach up to 600 μm2. The last layer 
of particles will not be deformed in a lamellar structure 
by following particles, resulting in a rough surface with 
an Rz of 59μm.

The joint partner used in this study is 1.0991 with 
a thickness of 1.6 mm, which is a micro-alloyed steel 
plate used in automotive production for middle to highly 
stressed components. In its thermally unstressed state, the 
micro-alloyed steel reaches a hardness of 195 HV. The 
ferritic steel is zinc-plated by hot-dip galvanizing with 
50 g/m2. The resistance spot welding process was carried 
out using a servo-pneumatic welding gun produced by 
BMW AG, Germany, equipped with a medium-frequency 
direct current welding electronic by Bosch Rexroth AG, 
Germany. The maximum electrode force is 5.5kN and the 
maximum allowed electrical current is 14.5 kA. In this 
study, CuCrZr-electrodes of type B with a tip diameter of 
7 mm are used on both sides of the joint.

Microsections, hardness maps, scanning electron micro-
scope (SEM) analysis, and electron backscatter diffrac-
tion (EBSD) analysis are used to describe and evaluate 
the weld joint. The equipment used for this analysis was a 
Zeiss EVO 60 XVP and an Oxford Symmetry. The micro-
hardness measurements were conducted with the help of 
a Qness Q10A + hardness tester.

Fig. 1  Cold-gas-sprayed inlayer in an as-sprayed state. a Overview and b detail of the 316L inlayer; the cavities are highlighted in red
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The term “pores” will be used to describe the pores that 
occur during the welding process, whereas “defect” will be 
used to describe the porosity of the sprayed layer caused by 
the coating process.

3  Results

3.1  Welding process

The resistance spot welding process of an interlocked, 
porous, and work-hardened interlayer results in a charac-
teristic phenomenon in the process monitoring which is 
presented in this subsection, as well as the influence of the 

formation of the welding nugget on the lower melting alu-
minum substrate.

In the configuration displayed in Fig. 2, two separate and 
vastly different contact areas between the materials can be 
observed. The mechanical clamping of the particles in the 
aluminum results in a large contact area between the alu-
minum and the CGS layer, while the partly deformed par-
ticles form a rough surface, which subsequently leads to a 
reduced contact area with the steel plate. The contact area 
between the aluminum-to-CGS is therefore considerably 
larger than that of CGS-to-steel faying surface in the same 
projected area. This leads to a higher resistance at the faying 
surface, reducing the influence of the electric resistance at 
the aluminum-to-CGS interface.

During the welding process, the profile of the dynamic 
resistance is recorded by measuring the total resistance of 
the joint, as pictured diagram in Fig. 2. Based on the resist-
ance curve, the formation of a weld can be observed in the 
process monitoring software. The resistance curve in Fig. 3 
represents the average of three welds with a constant current 
of 9 kA and an electrode force of 5 kN. The microsections 
exhibited were created on specimens where the welding 
duration was terminated at the time specified. The maximal 
evaluated welding time is 600 ms. A peak in the dynamic 
resistance curve due to the high contact resistance between 
the aluminum and the electrode before rapturing the oxide 
layer is perceptible. Subsequently, the formation of a plateau 
similar to steel-to-steel welds can be observed by the char-
acteristic rise of the dynamic resistance due to the increase 
in the material resistance of the steel partners. The specimen 
welded with 50ms does not form a bond, resulting in a sepa-
ration of the joint partners in the microsection. At this weld 
time, only the zinc coating of the steel plate experiences a 
modification in the faying surface by melting. Neither the 
formation of a weld nor a change in the microstructure of the 

Fig. 2  Schematic of the resistance spot welding with a cold-gas-
sprayed inlayer with a detail of the contact areas between the joint 
partners as well as the schematic circuit diagram for resistance meas-
urement

Fig. 3  Resistance curve of a 
resistance spot weld with CGS 
inlayer and microsections at 
different time steps
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cold-gas-sprayed layer can be noted. At 100 ms, a reduction 
of the defect density in the cold-gas-sprayed layer, compared 
to the microsection at 50 ms, can be noted as the first modi-
fication of the materials in the weld. The nugget starts to 
form in the faying surface between 100 and 200 ms accom-
panied by a further reduction of defect density in the cold-
gas-sprayed inlayer. After 200 ms, a growth of the nugget 
can be observed. The growth of the nugget is displayed by a 
continuous decrease in dynamic resistance [17].

In the microsections starting at 200 ms, the formation of 
a remelted area in the aluminum can be observed, whose 
border is marked by a red line. This indicates that the liq-
uid aluminum can infiltrate the porous inlayer. The liquid 
aluminum contacting the porous inlayer can infiltrate the 
defects in the coating if they are connected by a path. These 
paths form along particle boundaries of the coating as the 
result of improper particle-to-particle bonding. In prelimi-
nary tests, a defect rate of 1% was defined as an upper limit 
to reduce the probability of the aluminum infiltration. The 
infiltrated aluminum can lead to the mixing of the aluminum 
and iron, and thus to the formation of intermetallic phases in 
the nugget, resulting in poor mechanical performance of the 
spot weld. The defect rate can be influenced by modifying 
the coating parameters with a higher particle velocity lead-
ing to lower defect rates [18].

3.2  Microstructure of the joint

The microstructure and hardness of the joint and surround-
ing areas are investigated using light microscopy, SEM, and 
a hardness tester. An overview of the weld between the CGS 
layer and the steel plate is displayed in Fig. 4 with an over-
layed hardness map. The microsection presented is etched 
which results in a higher contrast between the heat-affected 
zone (HAZ) in the micro-alloyed steel and the weld nug-
get as well as corrosive damage of the aluminum substrate. 
Overlayed are linear interpolated Vickers hardness measure-
ments for which the nodes were recorded in a 0.2 × 0.2-mm 
grid and with an automatic optical microscope that evaluates 
the diagonals of the indentations generated with a force of 
2.942 N. The red lines in the interpolated area mark the 

borders between the steel plate, CGS layer, and the alu-
minum, which is further divided into the as-casted state and 
the remelted area under the nugget.

In the microsection, a distinct difference between 
the ferritic steel plate and the austenitic CGS layer can 
be noted, with the HAZ in the micro-alloyed steel dis-
played by a darker shade. In the CGS layer, no distinctive 
HAZ can be observed; only a reduction of defect density 
near the nugget is detectable. Analogous to the anneal-
ing effects in sintering, a reduction of defects due to the 
progressive metallurgical bonding between the particles 
during the annealing process, in combination with the 
electrode forces in the welding process, occurs [19]. The 
defects on the interparticle boundaries transform into glob-
ular micropores on the grain boundaries [20]. The nugget 
between the CGS layer and steel is composed of a mixture 
of the micro-alloyed 1.0991 steel plate and the austenitic 
316L in the intermediate layer. An unsymmetrical forma-
tion between the two steel partners is notable. The propor-
tion by area is about 70/30% with the ferritic steel taking 
the predominant part. In investigations into the welding 
of ferritic to austenitic steel, an asymmetrical formation 
of the weld nugget can be observed due to the different 
melting temperatures and heat transfer coefficients of the 
materials [21, 22]. The heat transfer is further reduced by 
the defects and improper particle-to-particle bonding in 
the austenitic CGS layer. Contrary to the observations in 
Fig. 4, where an unsymmetrical formation in favor of the 
micro-alloyed steel is noticeable, the forementioned litera-
ture depicts a formation of the nugget mainly in the aus-
tenitic steel. This effect can be explained by the thin layer 
in combination with the aluminum substate, which results 
in a higher thermal conductivity and thus reduces nugget 
formation on the austenitic side. The microstructure of the 
weld nugget has martensitic structures, as shown in Fig. 5. 
Because of the quick cooling process, the supersaturated 
solution traps carbon in the crystal structure, causing a 
distortion during the lattice transition during the solidifica-
tion process, resulting in a fine dislocation substructure. 
The presence of these structures validates the assump-
tion based on the chemical composition of the nugget, 

Fig. 4  Microhardness mapping 
overlaying the region of the spot 
weld in an etched microsection
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according to Schaeffler [23]. The detail of the structure of 
the weld nugget also reveals the existence of micropores. 
These pores encapsulate leftover gases from CGS coating 
flaws and debris on the surfaces [22].

In Fig.  4, the Vickers hardness measurements are 
arranged in a 0.2×0.2-mm grid and were recorded with an 
automatic optical microscope that evaluates the diagonals 
of the indentations generated with a force of 2.942 N. The 
red lines in the interpolated area mark the borders between 
the steel plate, CGS layer, and aluminum, which is further 
divided into the as-cast state and the remelted area under 
the nugget. The microhardness mapping reveals the HAZ 
in the CGS layer, which is represented by the reduced 
hardness under and to the side of the nugget. The HAZ in 
the cold-gas-sprayed layer has a hardness of between 175 
and 200 HV, marked with turquoise in Fig. 4, which is con-
siderably lower than the compacted layer outside the bond-
ing zone. Analogous to the difficulties of comparability 
between different CGS coating studies, as noted in Sect. 1, 
the comparability of the hardness values when heat treat-
ing the coating is only possible to a limited extent [12].

The weld nugget shows a maximum hardness of 416 
HV due to the formation of martensitic structures [21]. 
1.0991 forms a distinct heat-affected zone which can be 
visualized by etching. Depending on the temperature and 
cooling pace, the material generates martensitic and fer-
ritic structures in this zone. This results in higher hardness 
in the HAZ of around 375 HV near the nugget, which 
reduces with increased distance.

The aluminum in the microsection shows the typical 
structure of mixed material resistance spot welds on materi-
als with vastly different melting points, with the lower melt-
ing material forming a top-cap ellipsoidal remelted volume 
along the contact area [7, 24]. The melted area in the alu-
minum spans about the same size as the CGS-to-steel weld 
nugget, which can be traced back to the nugget being the 
main heat source [25], while the aluminum-to-CGS interface 
has no great influence on the heat generation and therefore 
on the nugget formation. Noticeable in the remelted area is 
the bloat of the aluminum in the direction of the weld nugget 
due to pores. These are formed by remelting high-pressure 
die cast aluminum and therefore releasing the trapped gas 
and vapors of the lubricants used in the casting process. In 
casting, the influence of the pores is reduced by pressuriz-
ing the liquid metal during solidification, thus compressing 
the gas pores [2]. The compressed gas pores and hydrogen 
pores are able to expand due to the reduced strength of the 
liquid aluminum.

In Fig. 6a, an overview of the pores in the remelted alu-
minum is displayed with both characteristic pore types in b 
and c. While the globular pores in the aluminum (Fig. 6b) 
can be traced back to trapped gas expanding metallurgically 
or to the casting process, the interdendritic elongated pores 
(represented in Fig. 6c) are solidification cavities. These are 
aided by the oxide layers as nucleation sites for micropores. 
The globular gas pores are formed in the completely liquid 
or early solidification phase, resulting in a round, smooth-
walled appearance. The further the formation of dendrites 
has progressed, the more difficult it is for pores to form 
freely since they are impeded by the solidification of the 
dendrites, giving them a rough-walled appearance [2].

Due to the close-eutectic composition between alu-
minum and silicon, the aluminum alloy is expected to have 
a low tendency to crack and good casting properties, which 
exclude the presence of cracks due to mechanical stresses 
during the cooling process. The elongated micropores have 
a distinct dendritic wall structure, which is characterized by 
the round shape of the secondary dendrites, so the theory of 
hot crack formation can be rejected. The origin of the elon-
gated micropores can be traced back to the hydrogen content 

Fig. 5  Detail of the welding nugget with martensitic structures and 
pores

Fig. 6  Types of pores inside the remelted aluminum: a globular metallurgical pores at the aluminum-to-CGS interface, b detailed section, and c 
elongated rough-walled pore
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in the aluminum and its abrupt reduction of solubility in 
the solidification process. This leads to a supersaturation of 
hydrogen in aluminum, which further leads to the formation 
of pores during solidification. As a result, the pores nucleate 
late in the process, resulting in the creation of rough-walled 
and elongated dendrites between the existing dendrites [2].

The microstructure of the aluminum shows a directional 
structure formed by heat sources and sinks during solidi-
fication. These lines form due to local temperature reduc-
tions, resulting in the material’s temperature falling below 
the liquidus temperature and promoting dendritic growth 
along the temperature gradient in the direction of the heat 
source [24, 25]. While welding, the temperature in the CGS-
to-steel nugget formation phase exceeds the melting points 
of the steel partners, resulting in the superheating of the 
aluminum. In the cooling phase, the nugget solidifies first, 
heating the aluminum with its residual heat. Due to the high 
heat conduction of aluminum, the component cools the liq-
uefied zone, resulting in horizontal solidification lines in 
the outer edge of the resolidified area of the aluminum (this 
effect is displayed in Fig. 7a). In this image, the HAZ at 
the outer edge of the resolidified area can be identified by 
the shift in the microstructure of the eutectic zones. The 
region is partially highlighted by red lines due to the slight 
microstructural variation between the cast and the structure 
of the heat-affected zone [26]. Later, a shift is noticeable, 
leading to a centering in the aluminum-to-CGS interface 
in the middle of the welding nugget. This indicates that the 
aluminum has a bigger impact on the cooling in the first 
stages than the electrodes. As mentioned before, the globular 
pores in the remelted aluminum deflect the solidification 
lines due to their early formation. In the hardness map, the 
remelted area can also be detected by an increased hardness 
of 110HV, which is marked by the red line in Fig. 4.

Contact between the liquid aluminum and the solid 316L 
CGS layer promotes the formation of Fe-Al-intermetallic 
phases, which can lead to brittle failure. In Fig. 7b, a fine 
layer (1) of IMP is noticeable in the aluminum-to-CGS inter-
face. The thickness of the layer depends on the distance to 
the center of the spot weld and is accompanied by sharp 
branchlike marked with (2) structures near the center of the 

weld. These branches are encapsulated in the remelted alu-
minum but also can be noted being exposed in pores near the 
aluminum-to-CGS interface in Fig. 7c. Small fragments of 
the intermetallic phases can be found near the pores indicat-
ing that these promote the nucleation of pores.

Macro- and microstructural, the most noticeable charac-
teristic in resistance spot welding with a CGS inlayer is the 
reduction of defects in the HAZ due to the annealing of 
the coated inlayer. By relocating the trapped gases in the 
defects in a more energetic preferable state, globular pores 
are formed which can be noted in the HAZ as well in the 
nugget. Due to chemical composition and solidification 
rate of the nugget, a formation of martensitic structures is 
expected, which was confirmed by an analysis of the micro-
structure and the hardness.

The drastic difference in hardness between the as-sprayed 
state and the thermally modified state near the nugget, as 
well as the increase in hardness in the remelted aluminum, 
indicates the formation of a metallurgical notch. This state-
ment was verified by testing the joint strength under shear 
load of the specimens welded for the study of the dynamic 
resistance with 600ms welding time. All welds in this pre-
liminary test failed in the aluminum along the HAZ.

3.3  Microstructural investigation of the thermally 
affected cold‑gas‑sprayed coating

EBSD and SEM are conducted to further evaluate the 
mechanisms occurring in the welding of cold-gas-sprayed 
materials. EBSD is used to visualize the strain indirectly in 
the quality map by illustrating the band contrast (BC) and 
gradients in lattice orientation in the grains. The band con-
trast analysis is used to display the signal quality detected 
by the EBSD detector, meaning the intensity of the Kikuchi 
bands. Lighter pixels represent a better agreement between 
the detected and calculated according to the expected bands 
and darker ones are of a worse agreement due to, for exam-
ple, distortions of the lattice structure [27].

In Fig. 8, the BC of the EBSD mapping of a non-ther-
mally stressed CGS layer is displayed. During cold gas 
spraying, the 316L particles experience high deformation 

Fig. 7  A Horizonal solidification lines in the edge of the remelted area. b Pores and IMP-layer and branchlike structures in a microsection. c 
Exposed branchlike IMP structures in a pore
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which results in a work-hardened state and in residual 
stresses [28]. The darker areas, and therefore the disloca-
tions, are concentrated along the particle boundaries. Con-
sequently, the state of deformation between the skin and the 
core of the particles is inhomogeneous [29].

An overview of the joint is presented in Fig. 9, which dis-
plays the welding nugget at the top, the aluminum substrate 
on the bottom, and the CGS layer in between an SE-image 
(a) and the corresponding EBSD image (b). In (a), the SE-
image, a reduction of the defect density can be noted in the 
CGS layer near the nugget and intermetallic phases, as well 
as pores in the aluminum, which were already observed in 
the microscopy section of this paper. Figure 9b shows the 
inverse pole figure (IPF) map of the same section of the area 
of joint; the grains are displayed by their crystal orienta-
tion with the corresponding color map. The nugget shows a 
homogeneous grain size with some black areas further indi-
cating martensitic phases, whose distortion results in a lower 
degree of detection, resulting in a black pixel analogous to 
the BC. In the aluminum substrate, large columnar grains 
can be visible, allowing the separation of grains.

The cold-gas-sprayed layer which is hardly detectable 
in its as-sprayed state (Fig. 8) can be mostly displayed in 
the EBSD analysis after the welding process. Although the 

detectability and grain size are not consistent in the cold-
gas-sprayed inlayer, adjacent to the nugget, large grains can 
be noted without areas of insufficient signal quality. How-
ever, near the aluminum substrate, the grain sizes are con-
siderably smaller, and areas of bad signal quality marked by 
the black areas are noticeable.

The aluminum-to-CGS interface seems not to be fully 
relaxed and contains residual strain in the grains. This 
gradient of grain size and signal quality in the CGS layer 
between the nugget and the aluminum substrate indicates 
different thermal and mechanical conditions resulting in dif-
ferent annealing stages inside the coating. The degree of 
annealing depends on the previous dislocations in the mate-
rial, the annealing temperature, and the time. The process 
can be divided into three phases: recovery (where residual 
dislocations in the lattice structure are reduced while grain 
deformation remains), recrystallization (where new grains 
generated are significantly smaller than the original grains), 
and grain growth (which results in a lower number of large 
equiaxial grains). The hardness reduces over the stages of 
the annealing with the largest reduction in the recrystalliza-
tion phase [12].

Two bonding areas of the nugget-to-CGS interface are 
displayed in Fig. 10. The BC image presented in (a) is the 
bonding zone on the edge of the nugget to the CGS layer, 
while (b) and (c) display the area under the nugget with 
band contrast and the corresponding IPF color map. In the 
BC, the darker finer structure represents the nugget, show-
ing the distorted lattice structures of the martensite. These 
structures are also visible in the IPF image in (c). The auste-
nitic CGS layer in both (a) and (b) has a coarser and lighter 
structure, with large equiaxial grains visible at the bonding 
zone between the nugget and inlayer. Differences in maximal 
grain sizes between (a) and (b) are visible in the CGS layer, 
as is the reduction of grain sizes with increasing distance to 
the nugget.

The average size of the grains near the nugget-CGS 
bonding zone in (b) measures 12.5µm, while 25µm fur-
ther away from the nugget, the average size reduces to 
7.1µm.  In the first layer of grains in contact with the 

Fig. 8  BC image of as-sprayed CGS inlayer with detectable particles

Fig. 9  A SE-overview and the corresponding EBSD-IPF map of nugget. b CGS-layer and aluminum
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nugget, a lack of twins is noticeable in both (a) and (b), 
while the following grains mostly have twins. The lack 
of twins indicates the transgression of the recrystalliza-
tion phase into the grain growth phase, in which the grain 
boundaries consume small grains and their twins without 
forming new twin boundaries [30, 31]. The main param-
eters for the formation of annealing twins are the prior 
deformation [32] and the annealing temperatures, as Sund-
ararajan et al. noted [20]. Globular pores are visible at the 
grain boundaries which are formed during the recrystal-
lization of the grains and consist of the gases entrapped in 
defects during the cold gas spraying process.

Due to the shorter distance between the nugget and the 
aluminum substrate in (b), a steeper temperature gradient 
is expected than in (a), which is located at the edge of the 
nugget, where the longer distance to the aluminum substrate 
results in a lower cooling rate. The different temperature 
gradients occurring can be noted in the grain growth as well 
as in the twinning density between the studied areas under 
and at the edge of the nugget, where in the latter these effects 
can be noted in a wider area.

The annealing stages differ regionally due to the uneven 
deformation between the particle’s core and skin, as well as 

the gradient of the thermal load. This is also reflected by the 
different size of the hardness reduction in Fig. 4.

3.4  Modification of the cold‑gas‑sprayed inlayer 
during welding near the aluminum substrate

Near the aluminum-to-CGS interface, lower temperatures 
are expected due to the higher thermal conductivity of the 
aluminum substrate. Figure 11a and b shows the identical 
section in BC and IPF of the aluminum-to-CGS interface, 
revealing smaller grains and distorted areas in the CGS layer 
as well as intermetallic phases in the aluminum.

The size of the grains near the aluminum (around 2µm) is 
considerably smaller compared to the grains near the nug-
get in Fig. 10, which have experienced grain growth. This 
observation, as well as large sections without distinctive 
grain borders like the ones marked by the dashed circle in 
Fig. 11b, indicates that the grains are not fully annealed and 
have not reached the recrystallized state.

The annealing of cold-gas-sprayed 316L is not yet stud-
ied enough for short temperature cycles as they occur dur-
ing resistance spot welding. Brassart et al. [33] studied the 
influence of temperatures of 800 and 1000°C for 3 and 2 s, 

Fig. 10  Band contrast images of 
the cold-gas-sprayed inlayer and 
the nugget interface near the 
edge (a) and under the nugget 
(b). c The identical area as b in 
IPF color map

Fig. 11  A Band contrast. b IPF image of the CGS layer near the aluminum in the middle of the nugget
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respectively, which is about twice the welding time applied 
in this investigation. It is suggested that three states of 
recrystallization are recognizable, which are summarized in 
Table 2, along with their corresponding heat treatments. The 
26 s above 1000°C needed for a full recrystallization cannot 
be reached during the resistance spot welding process, but 
this experiment gives a brief idea of what grain structure can 
be expected with higher temperatures.

This lower grain size near the aluminum can be explained 
by lower temperatures and faster cooling conditions during 
and after welding, but also by fewer particle deformations 
near the softer substrate. As temperature, time, and degree 
of deformation are the main parameters in the recrystalli-
zation process, a fully recrystallized state of the particles 
near the aluminum substrate cannot be achieved. This effect 
is evident in the area marked with a black dotted circle in 
Fig. 11b. Partially recrystallized areas resulted from reduced 
deformation of the particle core in conjunction with lower 
temperatures. These areas show a gradient within their bor-
ders, which can lead to non-detectable areas at lower mag-
nifications, as in Fig. 9b.

Near the aluminum, different effects are evident from the 
welding of the intermediate layer than in the vicinity of the 
welding zone. While large, recrystallized, and grown grains 
are formed in the latter, smaller grains can be seen near the 
substrate. The lesser particle deformation during coating, 
along with the lower temperature stress, results in isolated 
areas that are not entirely recrystallized.

4  Conclusion

Using a cold-gas-sprayed layer for aluminum-to-steel resist-
ance spot welding enables a mixed material joint by sepa-
rating the bonding interfaces between aluminum-to-inlayer 
and inlayer-to-steel. The inlayer is adhered to one side by 
mechanical joining and to the other side by a welding nug-
get. This allows the use of standardized steel-to-steel weld-
ing equipment for mixed material joints.

To assess its applicability in highly stressed applications, 
a study of the mechanical strength and failure of the joint 
is required. The interaction of the weld with the CGS coat-
ing must also be researched further in order to determine an 
optimum between the alteration of the inlayer during welding 
and the nugget size, as well as the effect of defect density and 
work-hardened and the recrystallization of the CGS layer and 

mechanical performance of the joint due to the structural 
integrity of the coating.

The conclusions of the investigations are as follows:

• A temperature gradient develops during the welding pro-
cess in which the nugget acts as a heat source and the 
aluminum substrate acts as a heat sink. This, in combina-
tion with the inhomogeneous deformation between the 
skin and cores of the particles during the coating process, 
leads to a gradient in the mechanical properties of the 
cold-gas-sprayed layer between the CGS-to-steel faying 
surface and the aluminum.

• Before the formation of the welding nugget in the fay-
ing surface between the cold-gas-sprayed inlayer and the 
steel plate can be noted in the resistance spot welding 
process, a reduction in defect density in the cold-gas-
sprayed inlayer is visible. The defects reform into small 
globular cavities which can be found at the borders of the 
newly formed grains.

• During welding, the cold-gas-sprayed inlayer goes 
through different annealing stages, whereas the first layer 
of grains in contact with the nugget experiences grain 
growth, resulting in large grains as well as a regress of 
twins in the austenitic material of the inlayer. The grains 
near the aluminum do not exceed the recrystallization 
stages. The less deformed cores near the softer aluminum 
substrate sporadically remain in the as-sprayed state with 
residual stresses.

• The high-pressure die cast aluminum under the nugget 
will be liquefied mainly due to the heat conductivity from 
the CGS-to-steel weld. The entrapped gases in the alu-
minum, due to the high-pressure die casting process, lead 
to the formation of a bloat and pores under the welding 
nugget. The rapid solidification after the welding process 
due to the high thermal conductivity of the surrounding 
aluminum leads to an increased hardness in the remelted 
zone.

• The recrystallization process of the formerly work-hard-
ened CGS inlayer results in a reduction of the hardness in 
the heat-affected zone, indicating a formation of a metal-
lurgical notch. In preliminary testing, a failure along the 
HAZ was verified.

Resistance spot welding of high-pressure die cast alu-
minum to steel with a cold-gas-sprayed inlayer is an innova-
tive connection technology for the transportation industry 

Table 2  States of 
recrystallization in cold-gas-
sprayed coatings [25]

States Core Skin Heat treatment

Recovered coating Advanced recovery Starting recrystallization 3 s at 800 °C
Partially recrystallized coating Advanced recrystallization Fully recrystallized 2 s at 1130 °C
Fully recrystallized coating Fully recrystallized Fully recrystallized 26 s at 1010 °C
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that demonstrates benefits in terms of cycle time and produc-
tion costs over current joining methods.
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