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i n f o

a b s t r a c t
In recent years, cold spray process is increasingly used for additive manufacturing of metallic components, referred to as cold spray additive manufacturing (CSAM). Unlike the fusion-based AM processes, CSAM is achieved
in a solid-state, bringing several advantages such as the absence of severe oxidation or phase composition changes.
At the moment, the main limitation of CSAM is the generally low ductility of the as-sprayed deposits. In this paper,
using Cu as a model material, we demonstrate a way to overcome this limitation. Importantly, a high ductility
of the deposits in their as-sprayed state is achieved without a trade-oﬀ in mechanical strength. Furthermore, we
show that without any post-heat treatment, the properties of CSAM Cu are comparable to bulk, non-AM Cu.

1. Introduction
Lately, cold spray technology (CS) is gradually recognized as a
new additive manufacturing (AM) technique. In the cold spray process,
micron-sized powder particles are accelerated by a propelling gas fed
through a de Laval nozzle. The particles then impact onto the mandrel/substrate at supersonic velocities and undergo extensive plastic deformation, creating a ﬁrm bond with the underlying material [1–3]. Cold
spray oﬀers short production times, great process economy, virtually
unlimited component size capability, and ﬂexibility for a localized deposition. Given these, the CS process actually oﬀers unique advantages
over the AM techniques where thermal energy is the main principle of
deposition (selective laser melting, electron beam melting, laser engineered net shaping and laser metal deposition) [4, 5]. Moreover, since
the CSAM is done in a solid state, the production of metallic parts is
without severe oxidation or phase changes [6, 7], and importantly, CS
is more suited for AM of high reﬂectivity metals (such as Cu) that are
problematic to process using the laser-assisted AM processes [8].
The cold spray process is now a well-established technique for metallic deposits in various industries. It has been used to produce protective
or performance enhancing coatings, as well as near net shapes [9]. Aside
from these, CS has also been proven to be a cost-eﬀective process for repair and restoration of damaged aerospace components (in [10], a repair
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of Seahawk helicopter modules using CS is presented, leading to savings
as high as 35–50% of a new component manufacture price).
At the moment, the main limitation of the cold spray process is the
extremely low ductility of the deposits, an attribute arising from the severe plastic deformation of the powder particles and the associated cold
work hardening phenomenon. To restore the ductility, CSAM materials are often subjected to a heat treatment to induce recrystallization
and consolidation [11]. This high mechanical strength with almost zero
ductility in the as-sprayed state and a subsequent ductility enhancement by post-heat treatment was reported by several researchers. For
instance, Meng et al. [12] observed less than 1% elongation in the cold
sprayed 304 stainless steel, which was enhanced 5× after heat treatment. In the case of Inconel 718, it has been observed that elongation
in the as-sprayed material was only 0.5%, which increased 8–10x after
annealing [13–15]. Yu et al. (2019) also observed the high mechanical
strength and poor ductility with almost no elongation in the case of Cu,
which, yet again, improved by heat treatment [16]. Yin et al. (2018)
reported ∼ 2.5% elongation in the as-sprayed state of cold sprayed Cu,
which was improved by 7.6% after annealing at 500 °C for 4 h [17].
The presented study demonstrates a method to overcome this problem. Our Cu deposits exhibited high ductility in the as-sprayed state
without any heat treatment. Importantly, this was achieved without any
signiﬁcant trade-oﬀ with regard to their mechanical strength and using
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Fig. 1. Particle size distribution of the used (a) ﬁne and (b) coarse Cu powders.
Table 1
Deposition process parameters.
Parameter

Fine-LP

Fine-HP

Coarse-LP

Coarse-HP

Process gas temperature ( °C)
Process gas pressure (MPa)
Carrier gas ﬂow (m3 /h)
Particle size distribution D50 (μm)
Powder deposition eﬃciency (%)

450
3.8
4
11.8
99

750
5.0
4
11.8
99

450
3.8
4
26.1
99

750
5.0
4
26.1
99

cheaper nitrogen as a process gas (no helium needed). In this paper, the
inﬂuence of powder particle sizes and process parameters on microstructural and mechanical properties is presented, and the properties of our
CSAM Cu in the as-sprayed state are further compared with bulk Cu.

15 scanning electron microscope (Carl Zeiss, Germany). The microstructural analysis was extended by advanced electron backscatter diﬀraction
(EBSD) mapping using FEG/SEM Zeiss Ultra Plus (Carl Zeiss, Germany)
equipped with HKL Nordlys EBSD detector (Oxford Instruments, UK).
The EBSD data sets were acquired at an acceleration voltage of 20 kV
with a 120 μm aperture in high/current mode using Aztech software
(Oxford Instruments, UK). The acquisition step size was 200 nm, and
the camera binning was adapted to reliable pattern recognition (4 × 4,
in this case).
The compactness of the samples was assessed through a gas tightness
test using a helium-leak detector (Qualytest HTL 260, Pfeiﬀer Vacuum
GmbH, Asslar, Germany) in IEK-1, Forschungszentrum Jülich, Germany.
A ﬂow of He was maintained at one side of the deposits, while a vacuum
was drawn on their other side. The amount of He leaking through the
samples was recorded.
For mechanical properties testing, a tensile test and hardness measurement were selected. For the former, ﬂat specimens (having a length
of 60 mm) were EDM-cut out of the free-standing Cu deposits and the
test was performed using a conventional tensile rig according to the EN
ISO 6892–1 standard, except that the suggested mechanical extensometer was replaced with a virtual digital image correlation (DIC) extensometer. This setup has previously been assessed as an eﬀective way for
material characterization [18, 19] and it was shown that the contactless
extensometer yields results fully comparable to those acquired by the
mechanical extensometer. Using the virtual extensometer has another
advantage, minimizing the probability of crack initiation due to sample
surface scratching by the extensometer knife. A tensile load was applied
at a constant rate of 0.4 mm/min until the fracture and the material’s
stress response was recorded. The hardness of the deposits was measured
by the Vickers method using Q10A+ (Qness, Austria). Considering the
grain sizes and microstructure features, a load of 300 gf was selected
(HV0.3 ) for all samples. The measurements were carried out following
the ISO 6507–1 standard (spacing of indents at least 3× the indent size).
Twenty indentations were used to calculate the average value of each
sample. A two-tailed unpaired t-test was used to determine the statistical signiﬁcance between hardness of deposits produced at LP and HP
for both ﬁne and coarse powders. The used level of signiﬁcance was
∗ p = 0.01.
Thermal conductivity 𝜆 of the samples was calculated based on the
measurements of thermal diﬀusivity a, density 𝜌, and heat capacity cp
according to the formula 𝜆 = a × 𝜌 × cp . The measurement of thermal
diﬀusivity was performed by a laser ﬂash method in a vacuum using
the LFA 1000 tester (Linseis, Germany). To ensure uniform absorption

2. Material and methods
2.1. Powder feedstock
Two high purity Cu powders (99.95%, Impact Innovations GmbH)
with diﬀerent particle size distributions were used to demonstrate
the discovered principle (Fig. 1). The atomized powders had a spherical morphology, shown in Figure 22 for the ﬁne powder with
D10 = 6.2 μm, D50 = 11.8 μm, D90 = 17.8 μm and the coarse powder
with D10 = 18.9 μm D50 = 26.1 μm, D90 = 40 μm.
2.2. Deposition process
Impact Innovations ISS 5/8 high-pressure gun with central injection
system and OUT 1 nozzle (expansion ratio 5.6) was used for the deposition. Nitrogen was used as a propellant and feedstock carrier gas.
Combining two feedstock powders (ﬁne, coarse) and two proposed sets
of process parameters (low - LP, high – HP, Table 1), four sample sets
were prepared. The values of parameters for LP and HP were obtained
in a preliminary in-house study. For all four depositions, a gun traverse
speed of 500 mm/s, a stand-oﬀ distance of 30 mm, and a raster step size
of 1 mm were used. The deposition parameters matrix is provided in
Table 1. For each set, two aluminum plates of 70 × 70 mm2 dimensions
were used as substrates for deposition of 5–6 mm thick Cu coatings. After the deposition, the plates were removed to obtain free-standing Cu
deposits. No additional heat treatment was performed.
To help understand the underlying principles, the in-ﬂight velocity
of the powder particles was measured by CSM EVOLUTION cold spray
meter (Tecnar Automation Inc., Canada) equipped with a continuous
diode laser source to illuminate the particle plume (790 nm wavelength,
3.3 W power, 70 mrad divergence).
2.3. Sample characterization
Metallographic samples were prepared from the deposits using standard procedures with the ﬁnal polishing realized using a 1-μm diamond paste. The sample cross-sections were analyzed using EVO MA
2
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Fig. 2. Spherical morphology of the used ﬁne and
coarse Cu powders.

Fig. 3. Dense microstructure of the four CSAM Cu deposits.
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Fig. 4. Thermal conductivity of the four CSAM Cu deposits and bulk Cu.

Fig. 5. Stress-strain curves showing high strength and
ductility of cold sprayed Cu deposited at high process
parameters, fully comparable to those of bulk Cu.

Fig. 6. EBSD IPF maps of the cold sprayed Cu
deposits microstructure showing bimodal grain
distribution.
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Fig. 7. Area grain size distribution in CSAM Cu deposits.
Fig. 8. Local grain misorientation maps of the
cold sprayed Cu showing the amount of localized plastic strain.

3. Results and discussion

of the laser pulse and equal radiation properties of the surfaces, the
10 × 10 × 2 mm3 samples were coated with a thin layer of graphite.
For all samples, ﬁve measurements were taken at every temperature
from 20 to 800 °C. The density 𝜌 of the samples was measured using the
Archimedes method (immersion of samples in water) and its respective
temperature dependence was calculated based on the density temperature dependence of pure bulk Cu. For the calculations, the heat capacity
cp of pure copper was used.
The obtained properties measured by various methods were compared against bulk Cu material. To avoid incorporation of potential secondary inﬂuences and maintain a full mutual comparability, the Cu bulk
was an identical material from which the two powders used here were
atomized.

3.1. Microstructure and thermal properties
The SEM BSE micrographs shown in Figure 33 demonstrate a very
dense microstructure of the materials deposited from both powders at
low and high parameters. In fact, the densities of Cu deposits determined by the Archimedean immersion method (Table 2) correspond to
porosities lower than 1.5%, i.e., values comparable to bulk, metallurgical Cu. To assess the density further, a gas tightness test of the dense
Cu deposits was carried out using He leak detection. In all deposits, a
He ﬂowrate smaller than 1 × 10−7 mbar•l/s was observed. According
to [20, 21], the values below 1 × 10−7 mbar•l/s are considered a very
5
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Fig. 9. Vickers HV0.3 hardness of the four CSAM Cu
deposits and bulk Cu. Asterisk denotes a signiﬁcant statistical diﬀerence between the mean values at a conﬁdence level of p = 0.01.

Table 2
Properties of cold sprayed Cu-deposits in comparison to bulk-Cu at room temperature.
Sample

Archimedes
density (g/cm3 )

Thermal
conductivity
(W/m•K)

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

Ductility
(%)

Hardness
(HV0.3 )

Fine-LP
Fine-HP
Coarse-LP
Coarse-HP
Bulk Cu

8.79
8.84
8.80
8.81
8.96

342 ± 18
346 ± 17
368 ± 26
363 ± 26
396 ± 24

320 ± 6
226 ± 3
245 ± 15
192 ± 8
272 ± 9

326 ± 12
286 ± 2
245 ± 15
268 ± 4
275 ± 9

0.2 ± 0.1
24.0 ± 2.8
0.1 ± 0.0
20.0 ± 0.4
26.0 ± 2.2

125 ± 3
111 ± 1
119 ± 5
93 ± 5
112 ± 5

tight system. In other words, the test conﬁrmed that the cold sprayed
deposits are very dense, and the limited porosity in the Cu-deposits is
not interconnected.
The achieved density values stand out even more if compared against
the Cu manufactured by other AM processes. For instance, Lykov et al.
(2016) achieved 88.1% density in Cu produced by selective laser melting
process [22], while Kumar et al. (2019) measured 77% to 97% density
in sintered and HIPed Cu produced by binder jetting additive manufacturing [23].
Thermal conductivity of the Cu deposits was recorded in the temperature range of 20–800 °C, as shown in Fig. 4. It can be observed
that the thermal conductivity of all samples is comparable to the bulk
Cu counterpart, indirectly conﬁrming the deposits quality. The slightly
better values of both HP deposits (pronounced at higher temperatures)
likely stem from their slightly better density and diﬀerent microstructure topology (discussed in Section 3.2.1). It can also be observed that
the coarse powder deposits demonstrated a slightly higher thermal conductivity than the ﬁner powder deposits, a trend similar at both process parameters. This could, again, be caused by the speciﬁc microstructure topology. For all samples, the thermal conductivity decreases with
increasing temperature. In metals, this is a well-known phenomenon
as their thermal conductivity mostly depends on the ﬂow of electrons,
which is hindered by lattice vibrations at increased temperatures [24,
25].

strength and high ductility has always been a challenging task, in particular since strength and ductility are usually mutually exclusive. To
the best of our knowledge, such a result for cold sprayed Cu in the assprayed state has not been reported previously.
The tensile test data further suggest that the Cu deposits sprayed at
both process parameters using the ﬁner powder show higher strength
when compared to their counterparts sprayed from the coarser feedstock. This eﬀect is, however, less signiﬁcant than the inﬂuence of the
process parameters.
Grain reﬁnement from coarse grains down to ultraﬁne and further to
nanoscale grains is a well-known approach to strengthen metallic materials [26,27]. The penalty in this approach is usually a poor ductility due
to the limited capacity to store dislocations that results in an early strain
localization during mechanical loading. To overcome this, fabrication of
bimodal grain size microstructure has been proven as a strategy to enhance the ductility in ultraﬁne grain materials, at a little sacriﬁce in
tensile strength. In materials with such bimodal grain size distribution,
the ultraﬁne grains provide high strength, whereas the coarse grains
work as sinks for dislocations storage and enhance the ductility [28–
31]. The tensile test data suggested that at HP, the Cu deposits could
possess such bimodal microstructure, providing them with high strength
and ductility. To investigate this hypothesis and also to detect the potential microstructure recrystallization, EBSD inverse pole ﬁgures (IPF)
and local grain misorientation (KAM) maps of all four CSAM deposits
were acquired.
The IPF maps presented in Figure 66 clearly show a speciﬁc microstructure where coarse grain areas located in the center of the original Cu particles are enclosed in a continuous network of few micrometersized ultra-ﬁne grains along the particles’ rims. The IPF maps of FineLP (particle velocity 688 m/s) and Fine-HP (particle velocity 813 m/s)
deposits show a clearly visible bimodal structure formed at both process parameters. However, at LP, the spatial topological distribution of
the coarse grains and ﬁne grains is not homogenous, with some areas
showing only the ﬁne grains, and the ultraﬁne grains network is further not homogeneously distributed. Contrary to LP, the microstructure
of the Fine-HP deposits demonstrates a homogeneous spatial topological distribution of the coarse and the ﬁne grains, with coarse grain areas

3.2. Mechanical properties
3.2.1. Tensile strength and ductility
The representative stress-strain curves are shown in Fig. 5. These results show that at LP, both cold sprayed deposits exhibit a high tensile
strength accompanied by a very low ductility. Such properties are typical for the as-deposited CSAM materials and are a consequence of the
extreme work hardening during the plastic deformation of the powder
particles. The game-changing results are the curves obtained for Cu samples deposited at HP. These are characterized by high tensile strength
as well as high ductility, both fully comparable to the bulk (i.e., nonAM) counterpart. Developing an AM material with a simultaneous high
6
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regularly surrounded by the interconnected ultraﬁne grains network. As
discovered in other studies (e.g., Zhang et al. for 304 L stainless steel
[32]), the spatial topological distribution (discussed for our deposits)
is another factor that plays a major role in achieving the simultaneous
high ductility and high strength at HP. A similar behavior was observed
in the microstructure of the coarse Cu powder deposits at LP and HP: the
microstructure of Coarse-LP (particle velocity 591 m/s) illustrates a nonhomogeneously distributed elongated big grains, along with irregular
and relatively thicker ultraﬁne grains network, while Coarse-HP (particle velocity 662 m/s) shows more homogeneously distributed coarse
grain areas surrounded by relatively thinner ultraﬁne grain walls. In
all deposits the elongated coarse grains observed in the microstructure
could appear because of the jetting phenomenon during the powder particle impact, as also reported by Borchers et al. [33] and Rahmati et al.
[34].
From the EBSD results, it is clear that all four deposits exhibit a bimodal structure, but they diﬀer in the ratio of ﬁne and coarse grains. To
quantify the diﬀerence, the EBSD IPF maps were used to calculate the
area-weighted grain size distribution within each deposit (Fig. 7). The
histograms clearly show that the process parameters (LP vs. HP) significantly inﬂuence the grain size distribution. For both types of feedstock
powder, the deposits sprayed at HP show a higher proportion of larger
grains. Such shift is triggered by the discussed grain recrystallization
and gives rise to a microstructure composed of ﬁne and coarse grains
alike. In terms of absolute values, the median grain sizes shifted from
2.3 μm to 3.9 μm and from 3.1 μm to 4.8 μm for the ﬁne and the coarse
powders, respectively. Furthermore, unlike the inﬂuence of process parameters, there is no signiﬁcant diﬀerence between the two powders
under LP and HP.
To further understand the microstructure formation, local grain misorientation (KAM) maps were calculated from the IPF maps, revealing
the amount of plastic strain in the deposits (Fig. 8). The results suggest that both deposits sprayed at LP exhibit a highly strained interior
of the coarse grains as well as the grain boundaries. It can also be observed that the proportion of non-indexed area (mostly limited to particle boundaries and at the coarse-ﬁne grains interface regions) is higher
in the Fine-LP, indicating either a highly deformed region with high dislocation density or very small nanocrystalline features below the EBSD
resolution limits. The misorientation maps of both HP deposits show a
less strained area and almost no non-indexed area compared to the maps
of LP.
Combined, the EBSD results indicate that although the plastic strain
still exists, thermal softening and recrystallization were dominating the
shear straining caused by the very high particle impact velocities. It has
also been reported in the literature that in the case of copper, particle velocities exceeding 600 m/s are suﬃcient to increase the localized
temperature close to the melting point, i.e., high enough for a dynamic
recrystallization in the highly strained material [33–35]. The particle
velocities achieved in our study at both LP and HP are suﬃcient to trigger this process for both powders.
In the previous studies {e.g., [33]}, it has been proposed that microstructure evolution during a dynamic recrystallization for high strain
rate deformation occurs in ﬁve stages: (i) random distribution of dislocations, (ii) dynamic recovery by the formation of elongated dislocation
cells, (iii) elongated dislocation cells arrangement to form elongated
sub-grains, (iv) break-up of the elongated sub-grains, and (v) formation of recrystallized microstructure with small equiaxed grains. As also
reported by Borchers et al. (2003) and Schmidt et al. (2006), a higher
particle velocity produces a higher localized temperature rise, which
then provides more time for the microstructure evolution [33, 36].
The results presented in the current study suggest that at LP, the elevated temperature conditions exist for an insuﬃcient amount of time
only, and, therefore, the recrystallization cannot fully evolve. Instead,
the microstructure development ceases at the early stage, and, as a
result, the observed highly strained and heterogeneous bimodal microstructure is formed. This aﬀects the mechanical properties of the

CSAM Cu deposits, displaying the high strength but very low ductility.
Contrary to this, at HP, the higher particle velocities of both powders induce higher temperatures, thereby facilitating dynamic recrystallization
and stimulating a fully evolved bimodal microstructure with relaxed
grains. The results further indicate a homogenous and relaxed bimodal
microstructure where the coarse grain areas are surrounded by a continuous network of ultraﬁne grains is required to obtain the synergistic
eﬀect of simultaneous high strength and high ductility. In our study, this
was observed for both powders sprayed at HP. The bimodal microstructure in the cold sprayed Cu was also reported earlier by Jakupi et al.
(2015) [35]. However, the bimodal structures presented there showed
heterogeneity in the spatial topological distribution of both the coarse
grain areas and the ultraﬁne grains network, and, as a result, the observed high strength was accompanied by a very low ductility, similar
to our results at LP.
Fig. 2–6
3.2.2. Hardness
Fig. 9 demonstrates the inﬂuence of the powder particle size and
the process parameters on hardness of the CSAM Cu deposits. The hardness follows the trend observed for the tensile strength behavior (Fig. 5),
i.e., the ﬁne powder deposits show higher values due to their ﬁner grain
structure (shown in Figure 66). The ﬁne-grain microstructure contains
a high density of grain boundaries, which act as obstacles for dislocation motion, resulting in dislocations pileups in the regions close to the
grain boundaries during the indentation. Consequently, a higher stress
is required to move the dislocations through these pileups, resulting in
an increase in hardness [37].
At the used process parameters, the diﬀerence in the hardness values
of the ﬁne and coarse powder deposits is not very signiﬁcant, though. As
opposed to this, the eﬀect of the process parameters is manifested nicely.
The statistical analysis by a two-tailed t-test indicates a signiﬁcant difference between the mean values (p < 0.01) of hardnesses of the samples
deposited at LP and HP. Apparently, as discussed in Section 3.2.1, at LP,
the shear straining dominates over recrystallization, while at HP, a fully
recrystallized and relaxed microstructure was obtained. As a result, the
hardness decreases for both HP deposits. The very low standard deviations suggest that all four CSAM Cu deposits are very homogenous in
terms of their macro-properties. Last, the cold sprayed Cu deposits have
a hardness comparable to bulk Cu.
4. Conclusions
Pure copper CSAM deposits have been produced using spherical powders, a high-pressure gun, and nitrogen as a process gas. The inﬂuence
of process parameters and powder particle size has been investigated.
From the results, the following conclusions can be drawn:
•

•

•

Almost pore-less Cu deposits (density of 8.79–8.84 g/cm3, fully
suppressing helium leak) can be produced by CSAM, having a
high thermal conductivity of 368 W/m•K comparable to bulk Cu
(396 W/m•K) in their as-sprayed state.
Without any secondary processing (such as heat treatment), a simultaneous high strength and high ductility can be achieved in the
deposits at high spray parameters, regardless of the used Cu powder.
This is provided by the favorable topology of the bimodal microstructure, consisting of coarse grains enclosed in a network of ﬁne grains
along the individual particle rims.
The process gas parameters (temperature and pressure) have a more
signiﬁcant inﬂuence on the mechanical properties than the used
feedstock average particle size. A combination of the ultimate tensile
strength of 286 MPa and 24% ductility was achieved in CSAM Cu.

The thermo-mechanical properties of the CSAM Cu deposits developed in our work are fully comparable to bulk Cu produced by a nonadditive metallurgy method. Considering the high deposition eﬃciency
(99%) and high deposition rates, this letter illustrates a huge potential
7
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of the method to be implemented in various industrial sectors for either
demanding applications or even in serial production.
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