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This work describes recent progress in cold-spray processing of conventional and nanocrystalline 2618 (Al-
Cu-Mg-Fe-Ni) aluminum alloy containing scandium (Sc). As-atomized and cryomilled 2618 + Sc aluminum
powder were sprayed onto aluminum substrates. The mechanical behavior of the powders and the coatings
were studied using micro- and nanoindentation techniques, and the microstructure was analyzed using scan-
ning and transmission electron microscopy (SEM and TEM). The influence of powder microstructure, mor-
phology, and behavior during deposition on the coating properties was analyzed. This work shows that
Al-Cu-Mg-Fe-Ni-Sc coatings with a nanocrystalline grain structure can be successfully produced by the
cold-spray process. Inspection of the scientific literature suggests that this is the first time a hardness value
of 181 HV has been reported for this specific alloy.
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1. Introduction

A new spraying technology called the cold gas dynamics
spraying process (CGDS), first developed in the mid-1980s at
the Institute of Theoretical and Applied Mechanics in Russia
(Ref 1), was introduced at the laboratory scale in North America
in the 1990s (Ref 2-5). Derived from other thermal spray pro-
cesses, it uses a supersonic gas jet to accelerate solid fine pow-
ders (micron size) of various materials above a critical velocity
at which particles impact, deform plastically, and bond to the
substrate to form a coating. As cold spray is a new and emerging
spray process, many aspects of this process, both experimental
and theoretical, have been explored in recent years.

Because the particle adheres to the substrate following a
solid-state plastic deformation process, cold spray is referred to
as a solid-state process. The main advantage of such a deforma-
tion mode, as opposed to plasma or high-velocity oxygen-fuel
(HVOF) spraying, is the possibility of retaining the micro-
structural, mechanical, and chemical properties of the particle
feedstock. Numerous types of materials have been successfully
sprayed; most frequently, copper (Ref 3, 6-8), aluminum (Ref 1,
8-10), titanium (Ref 2), and nickel and nickel alloys (Ref 3).
Recently, nanocrystalline aluminum alloys were also sprayed
using the cold-spray process (Ref 11).

Al-Cu alloys have been used extensively in the past in aero-
space, aeronautics, and automotive applications due to their high
strength up to intermediate temperatures (∼200 °C) (Ref 12).
The normal aging sequence after a high temperature solution
treatment is as follows (Ref 13): supersaturated solid solution →
Guinier-Preston (GP) zones → �� → �� → �, where the meta-
stable phases �� and �� are responsible for the high strength ob-
served in this type of alloy (Ref 14). The addition of alloying
elements in Al-Cu alloys (such as Mg or Ag) has also been in-
vestigated, resulting in the formation of novel metastable inter-
metallic phases (such as � Al2Cu) (Ref 15). In the case of low
Cu, high Mg alloys, the main strengthening phase changes from
platelike �� (metastable form of Al2Cu) to rod-shaped S� (meta-
stable form of Al2CuMg) (Ref 16), giving rise to a more stable
system. Further development of alloys with a low Cu/Mg ratio
gave rise to the 2618 aluminum alloy (Al-Cu-Mg-Fe-Ni) for in-
termediate temperatures (∼230 °C), where the addition of Fe and
Ni (1 wt.% each) promotes the formation of stable Al9FeNi in-
termetallics (Ref 17). The most famous application of the 2618
alloy is in the fuselage of the former supersonic civil transpor-
tation vehicle, the Concorde (Ref 18).

Similarly, Al-Sc alloys have also engendered considerable
interest as a result of their superior strength (Ref 19). The main
source of strengthening in this type of alloy is derived from the
precipitation of a uniform distribution of nanosized Al3Sc par-
ticles (Ref 20). These particles are resistant to coarsening, re-
main coherent up to 30 nm (Ref 21), and have the highest spe-
cific strengthening effect in Al (in an atom-to-atom basis) (Ref
22). Our research group is currently investigating the effect of
adding Sc to Al-Cu-Mg-Fe-Ni alloys; however, the main pur-
pose of this paper is to study how a nanocrystalline grain struc-
ture in the Al-Cu-Mg-Fe-Ni-Sc alloy affects the coating forma-
tion during cold spray, rather than the effect of Sc on the
properties of such a coating.

The microstructure and mechanical behavior of solid-
solution strengthened, nanocrystalline Al alloys have been ex-
tensively studied by the authors’ research group (Ref 23, 24).
The most important characteristics of these nanocrystalline Al
alloys are their high strength and high thermal stability. The pro-
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cessing technique used to produce these nanocrystalline struc-
tures is cryomilling, which consists of mechanical milling under
a liquid nitrogen atmosphere. Nanocrystalline, heat-treatable
Al-Cu alloys (such as Al-Cu-Mg-Fe-Ni-Sc) produced by cryo-
milling have not yet been investigated.

The main objectives of the current study are to investigate
and compare the microstructure and properties of conventional
and nanocrystalline Al-Cu-Mg-Fe-Ni-Sc coatings produced us-
ing the cold gas dynamic spraying technology.

2. Experimental Procedure

2.1 Powder Preparation

The Al-Cu-Mg-Fe-Ni-Sc powder was produced by gas
atomization using nitrogen as the inert atmosphere as well
as the atomizing gas. The atomization temperature and dy-
namic pressure were 840 °C and 200 psi, respectively. The
chemical composition of the as-atomized powder is presented in
Table 1.

The as-atomized powder was also mechanically milled at the
rate of 180 rpm in a modified Union Process 01-ST (Akron, OH)
attritor for 8 h under a liquid nitrogen environment, which was
continuously supplied during milling to ensure complete immer-
sion of the powders. Stainless steel balls 6.4 mm in diameter
were used as the grinding media, and a ball-to-powder weight
ratio of 32:1 was selected. Details of the cryomilling system are
described elsewhere (Ref 25). The impurity content in the as-
cryomilled powder is shown in Table 2. Finally, after atomiza-
tion and cryomilling, the powders were sieved to less than 25 µm
using a 500 mesh (Ref 26).

2.2 Coating Preparation

The as-atomized and as-cryomilled powders were sprayed
onto grit blasted (20 mesh grit) Al substrates using the cold spray
coating system developed at the University of Ottawa; a cold
spray facility that has been used extensively to spray a variety of
coatings (Ref 23). It consists of a gas control system, a commer-
cial powder feeder (Praxair 1264, Indianapolis, IN, powder
feeder), a spray gun, and a sealed off spraying chamber, provid-
ing the possibility of recycling the powder that has not adhered
to the substrate. The gun is a converging-diverging nozzle al-
lowing the particles to reach the high velocities required in the
process (∼700 m/s). The nozzle exit diameter is 6.3 mm. The
system incorporates two probes that measure the temperature
and pressure before the converging section. The substrate holder
is equipped with a one-axis travel displacement system. Helium
gas at room temperature was used as the driving and carrier gas.
The stagnation pressure was set at 1.7 MPa, while the injection
pressure was set to provide a pressure difference of 35 kPa at the
injection site. One pass was performed to build-up the coating on
the substrate, and a spray distance of 20 mm was used.

2.3 Powder and Coating Characterization

The morphology of the powders and the microstructure of the
coatings were examined using a Philips XL30 (Hillsboro, OR)
FEG SEM. Prior to scanning electron microscopy (SEM) obser-
vations, the coating samples were sectioned from a transverse
section and prepared by standard metallographic techniques.
Secondary electron and backscattered electron images were ob-
tained, and energy dispersive spectrometry (EDS) analyses were
conducted on the coating samples.

The microstructure of the coatings was also analyzed by
transmission electron microscopy (TEM) using a Philips CM 12
(Hillsboro, OR) microscope operated at 100 kV. The samples
were prepared by jet polishing using a mixture of 70% methanol
and 30% nitric acid kept at −30 °C.

To investigate the mechanical properties of the powders and
coatings, nanoindentation studies were conducted in a MTS Na-
noindenter XP (Berkovich, Oak Ridge, TN, indenter) on the
cross section of the powders and the sprayed coatings. Powder
samples were prepared for nanoindentation by mixing the cryo-
milled powder with a conductive molding compound. The
samples were then ground (1200 grit) and polished (6, 3, 1, 0.25
µm diamond slurry). The same polishing procedures were used
to prepare the cross section of the sprayed coatings. The continu-
ous stiffness measurement (CSM) approach was used to deter-
mine the hardness values from the nanoindentation tests (Ref
27). An indentation depth of 500 nm was chosen in this study. Vick-
ers microhardness tests were also performed on the cross sec-
tion of the coatings using 300 gf of load and a dwell time of 15 s
in a Buehler Micromet 2004 (Lake Bluff, IL) indenter. The re-
ported values are the average of 15 indentations for each sample.

3. Results and Discussion

3.1 Powder Characterization

The morphology of the atomized and cryomilled powders is
shown in Fig. 1. The morphology of the atomized powder is
spherical, in agreement with what is usually seen in gas-
atomized powder (Fig. 1a); on the other hand, mechanical cryo-
milling of the gas atomized spherical powder led to the forma-
tion of irregular and flake-shaped agglomerates, as shown in Fig.
1(b). This morphology is attributed to the continuous welding
and fracturing of the powder particles during the mechanical
milling process (Ref 25).

The microstructure of the as-cryomilled powder is shown in
the bright field TEM image of Fig. 2. It mainly consists of
equiaxed, nanometric aluminum grains of approximately 50 nm,
along with some slightly larger elongated grains. The presence
of small Al9FeNi particles that were broken down during the
cryomilling process was also detected.

The development of nanostructures during cryomilling can
be described as a three-stage process of grain refinement (Ref
25). The first stage is the localization of deformation into shear
bands with high dislocation density, which is followed by anni-

Table 1 Chemical composition of the powder, wt.%

Cu Mg Fe Ni Si Sc Al

2.3 1.47 1.08 1.0 0.19 0.16 Bal

Table 2 N, O, and H content in the as-cryomilled powder

N, wt.% O, wt.% H, ppm

0.723 0.711 420
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hilation and recombination of dislocations, forming nanometer-
scale subgrains. This subgrain structure extends throughout the
sample during continued milling. The final stage is the transfor-
mation of subgrain boundary structure to randomly oriented
high-angle grain boundaries forming the nanocrystalline grains
observed in Fig. 2.

3.2 Coating Microstructure

Figures 3(a) and (b) show secondary and backscattered elec-
tron images of the coatings produced from the gas-atomized
powders, whereas Fig. 3(c) and (d) show the same for the coat-
ings produced from the cryomilled powders. Figure 3(a) dem-
onstrates that limited or no porosity is present in the coating.
Furthermore, the interface between the coating and the substrate
can barely be detected in secondary electron mode. Only in the

backscattered electrons mode (Fig. 3b) can the interface be-
tween the substrate and the coating be revealed. Also, the pres-
ence of intermetallics at the grain boundary of the alloy (shown
in the backscattered image) facilitates the investigation of the
deformation that the powders were subjected to during impact.
These intermetallics correspond to Al2CuMg located at the grain
boundaries and Al9FeNi precipitates distributed throughout the
matrix (detail shown in Fig. 4a). The same microstructure is ob-
served in the atomized powder and it is described in detail else-
where (Ref 28).

The situation is different in the nanocrystalline coating, in
which the porosity (between 5 and 10%) is substantially higher
than in the conventional coating (Fig. 3c). In the nanocrystal-
line coating, not only can the interface between the coating and
the substrate be observed, but the particle/particle boundaries
are also clearly observed, indicating that the processes that
helped produce a dense coating using the conventional powder
(such as deformation and shear instability) were less effective
in the nanocrystalline case. Moreover, because of its fine micro-
structure, the nanocrystalline coating (produced from the
cryomilled powder) shows no microstructure details in the
SEM images besides the dispersed Al9FeNi submicron particles
(Fig. 4b).

The lack of defects and porosity at the particle-particle and
particle-substrate interfaces in the conventional coating (Fig. 4a)
suggests an adequate kinetic energy during deposition that was
able to break off the surface oxide film and generate intimate
bonding at the interfaces of the coating. Two different deforma-
tion processes occur during impact: one is related to the defor-
mation of the particle upon impact (splat behavior in solid state),
and the other is a localized deformation process that is present at
the particle boundaries (jet flow or adiabatic shear instability)
(Ref 29). The first one is responsible for the mechanical locking
of the constituent particles in the coating, and the second one
occurs at the boundary of the particles and promotes an intimate
metallic bonding between adjacent particles by breaking off the
oxide layer that is naturally present in the feedstock aluminum

Fig. 1 Morphology of the powder: (a) as-sprayed and (b) as-cryomilled

Fig. 2 TEM micrograph showing the microstructure of the as-
cryomilled powder
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powder. The adiabatic regimen during the particle impact can
lead to thermal softening that would facilitate the plastic defor-
mation and interlocking of splats, each particle conformably
shaping to the previous layer producing a dense coating. The
localized adiabatic shear instability at the particles boundaries
helps the creation of intimate contact between clean surfaces
that result in metallurgical bonding at the particle-particle
surfaces. Moreover, the intense shear localization at the parti-
cles boundaries addresses a critical point when aluminum
alloys are sprayed, which is the disruption of the protective ox-
ide layer. Microstructural evidence of localized shear instabili-
ties in the alloy material used in this work can be found else-
where (Ref 28).

As shown in Fig. 1(b), the cryomilling process produced non-
spherical particles. From the aerodynamics perspective, this is
beneficial for the powder acceleration as the drag coefficient of
nonspherical particles is larger than the drag coefficient of
spherical particles with the same mass (and volume) (Ref 30).

As a consequence, a larger drag force will be applied to the non-
spherical particles, promoting higher velocity at the end of the
acceleration zone of the nozzle. Nevertheless, the cryomilled
powder, when sprayed under the same conditions used for the
as-atomized powder, did not generate coatings with the same
level of densification. This behavior could be attributed to the
fact that the cryomilled powder is much harder and difficult to
deform, hence promoting the presence of porosity during depo-
sition (Fig. 3c). The TEM image in Fig. 5 shows that the overall
microstructure of the coating did not change compared to the
as-cryomilled powder, i.e., equiaxed grains of approximately 50
nm in size and nanosized intermetallic particles (mainly
Al9FeNi) dispersed throughout the matrix. Also, there is no mi-
crostructural evidence of a heavily deformed grain structure in
the nanocrystalline particles upon impact during cold spray,
which suggests that the main deformation mechanism may not
be dislocation plasticity. However, a more detailed study is
needed to clarify this issue.

Fig. 3 Cold-sprayed coatings: (a, b) conventional and (c, d) nanocrystalline
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3.3 Mechanical Behavior

Figure 6 shows two indentation marks on the nanocrystalline
coating, one 5 µm in depth and the other with a much small pen-
etration depth (500 nm). It can be seen that interlamellar defects
such as interlamellar cracks or porosity are not present in the
surrounding area of the small indentation mark. Furthermore, it
can be argued that when the indentation depth decreases, the
hardness measurement is related to the intrinsic properties of the
constituent material of the coating (intralamellar properties) and
is not affected by microstructural defects such as porosity and
cracks. The nanoindentation results (500 nm in depth) for the
powders and coatings are presented in Table 3. The hardness of
the nanocrystalline powder is substantially higher than that of
the conventional one. Similarly, the hardness of the nanocrys-
talline coating is higher than that of the conventional one. The
difference in hardness between the nanocrystalline and conven-
tional microstructures is well documented and can be rational-

ized on the basis of the Hall-Petch relationship for polycrystal-
line materials (Ref 31, 32).

It can be observed that the hardness of the conventional coat-
ing is higher than that of the conventional powder, which sug-
gests that the powder exhibited work hardening upon impact,
increasing the density of dislocations within the grains and,
therefore, the hardness of the coating. On the contrary, the hard-
ness of the nanocrystalline coating is similar to that of the as-
cryomilled powder, suggesting, as described before, that there is

Fig. 4 SEM micrographs showing details in the microstructure of the coatings: (a) conventional and (b) nanocrystalline

Fig. 5 TEM micrograph of the nanocrystalline coating

Fig. 6 Nanoindentation marks on the cross section of the nanocrystal-
line cold-sprayed coating (5 µm and 500 nm indentation depth)

Table 3 Nanoindentation data, GPa

As-atomized
powder

As-cryomilled
powder

Conventional
coating

Nanocrystalline
coating

2.32 ± 0.2 4.19 ± 0.2 3.75 ± 0.3 4.41 ± 0.5
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no microstructural evidence of a heavily deformed grain struc-
ture in the cryomilled powder upon impact that can promote an
increase in hardness (limited or no work hardening is observed).

The nanocrystalline coating has a much higher hardness than
the conventional one, which can be also attributed to the small
grain size. This is a good indication that no or minimal melting
occurred during spraying, showing that the initial nanostructure
of the powder is retained in the coating after the cold spray pro-
cess. Therefore, the cold spray process, along with the cryomill-
ing technique, can be successfully applied to produce nanocrys-
talline coatings.

Finally, it is worth mentioning that the Vickers hardness of
the conventional coating is similar to that of solution treated and
peak aged commercial 2618 (145 HV; Ref 24). On the other
hand, the high hardness value of 181 HV (300 g) observed in the
nanocrystalline coating has never been previously reported for
this type of Al-Cu-Mg-Fe-Ni-Sc alloy, and is considerably
higher than both the conventional coating and bulk peak aged
2618 alloy.

4. Conclusions

Cold-spray deposition of conventional and nanocrystalline
Al-Cu-Mg-Fe-Ni-Sc coatings was successfully achieved. The
conventional cold-sprayed coating showed negligible porosity
and an excellent interface with the substrate material. This was
not the case for the nanocrystalline coating, in which the poros-
ity level was in the range of 5-10%. The microstructure of the
feedstock powders (atomized and cryomilled) was retained after
the cold-spray process.

The difference in porosity between the conventional and
nanocrystalline coatings can be explained by the hardness and
microstructure of the corresponding feedstock powder: the
softer and coarse-grain conventional powder experienced gen-
eralized adiabatic shear instability upon impact, resulting in a
dense coating, whereas the harder and fine-grain cryomilled
powder did not exhibit the same extent of deformation, resulting
in a less dense coating.

Similarly, the conventional powder showed work hardening
during impact, thus increasing the hardness of the conventional
coating compared with the feedstock powder. On the other hand,
the hardness of the nanocrystalline coating was similar to that of
the feedstock powder, suggesting that no work hardening took
place in this case.

The Vickers microhardness of the nanocrystalline coating
was, despite the porosity, much higher than that of the conven-
tional coating, showing that a nanocrystalline structure has a
strong effect on the overall mechanical behavior of the coating.
Finally, to the best of the authors’ knowledge, this is the first
time that a hardness value of 181 HV has been reported for this
specific alloy.
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