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Abstract The effects of powder preprocessing (degassing
at 400 °C for 6 h) on microstructure and mechanical
properties of 5056 aluminum deposits produced by high-
pressure cold spray were investigated. To investigate
directionality of the mechanical properties, microtensile
coupons were excised from different directions of the
deposit, i.e., longitudinal, short transverse, long transverse,
and diagonal and then tested. The results were compared to
properties of wrought 5056 and the coating deposited with
as-received 5056 Al powder and correlated with the
observed microstructures. Preprocessing softened the par-
ticles and eliminated the pores within them, resulting in
more extensive and uniform deformation upon impact with
the substrate and with underlying deposited material.
Microstructural characterization and finite element simu-
lation indicated that upon particle impact, the peripheral
regions experienced more extensive deformation and
higher temperatures than the central contact zone. This led
to more recrystallization and stronger bonding at peripheral
regions relative to the contact zone area and yielded
superior properties in the longitudinal direction compared
with the short transverse direction. Fractography revealed
that crack propagation takes place along the particle-par-
ticle interfaces in the transverse directions (caused by
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insufficient bonding and recrystallization), whereas
through the deposited particles, fracture is dominant in the
longitudinal direction.

Keywords aluminum - high-pressure cold spray -
mechanical properties - microstructure - powder
preprocessing

Introduction

Cold-spray (CS) systems can be classified as either high
pressure (HPCS) or low pressure (LPCS), based on the
pressure level of the working gas. HPCS has become
popular because they overcome major shortcomings of
more conventional LPCS. One of the most important
advantages of HPCS is the reduction in porosity levels in
the deposit, owing to the much greater particle velocities
and temperatures achieved. As a result, highly consolidated
layers with superior mechanical properties can be produced
(Ref 1-8).

While particles experience large strains during HPCS,
the strains are non-homogenous (Ref 1, 2, 9, 10). The large

strains lead to large flattening ratios (Rf :dQ) for the
P

impacting powder particles, resulting in much greater
diameters in the flattened particles (D) than those of the
original particles (d,). This characteristic produces distinct
microstructures in the longitudinal (perpendicular to
impact) and short transverse (parallel to impact) directions,
which can result in anisotropic properties, e.g., strength and
ductility. Thus, this study attempts to determine anisotropy
in microstructure and mechanical properties of HPCS
deposits.
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Because of the heterogeneous deformation that occurs
during HPCS, deposits generally exhibit ultra-fine grains
(UFG) or pancake grains at prior particle boundaries
(PPBs), with larger grains (micron size) and high disloca-
tion densities in particle interiors (Ref 2, 4, 10-16).
Microscopically, this non-uniform deformation causes
local variations in mechanical properties in the CS deposits
(Ref 2, 3, 9, 16). At the macroscopic level, CS deposits
achieve strength levels equal to wrought alloys, but with
lower ductility due to porosity at some PPBs (Ref 2-6, 17-
19). Effort has been devoted to improving the uniformity of
CS materials by post-CS heat treatment, i.e., aging and
annealing, altering the microstructure of the deposits to
achieve superior combinations of ductility and strength
(Ref 3, 6, 18-22). However, this approach can be difficult
or unacceptable from a practical perspective because of
component size, base material, or specific production
process.

Besides, gas-atomized powders typically exhibit a cel-
lular/dendritic microstructure with composition variations
between grain boundaries (GBs) and grain interiors, par-
ticularly GB solute segregation (Ref 11, 13, 14, 17, 23-26),
mainly due to the nature gas atomization process (Ref
13, 23, 26). These composition variations, especially for
precipitation-strengthened aluminum (Al) alloys, lead to
lack of strengthening precipitates in the matrix and a brittle
intermetallic network on the GBs. Such a microstructure
will result in inferior strength and ductility in resultant CS
coatings. However, eliminating the intermetallic network
through powder preprocessing could not only resolve this
issue, but also improve particle formability during CS the
deposition process (Ref 26-28). Because of these reasons,
we have attempted to preprocess the gas-atomized powder
and to homogenize the microstructure and remove GB
solute segregation. In so doing, we expect to achieve
strength and ductility levels equivalent to wrought alloys.

The 5xxx series Al alloys are solution hardenable, the
primary solute being magnesium (Mg). Among these
alloys, 5056 Al features attractive ballistic and corrosion
properties, good weldability, and cost. In this study, we
investigate the microstructure and mechanical property
relationships in CS 5056 Al deposits produced with pre-
processed gas-atomized powder. Directionality in
mechanical properties was evaluated by microtensile test-
ing, and variations were correlated with microstructural
analysis. Understanding more clearly the relationships
between the preprocessed powder microstructure and the
CS deposit microstructures, as well as property direction-
ality, is critical to efforts to control product microstructure
and produce CS deposits with optimal properties and
performance.

Experimental Procedure
Powder Processing

The gas-atomized 5056 Al powder (Valimet, Stockton, CA,
USA) was heat-treated prior to cold spraying. The powder
was processed at 400 °C in nitrogen for 6 h (Table 1) and
then cooled to room temperature while continuing to flow
nitrogen. The powder heat treatments were performed
using a fluidized bed heat treatment process, which main-
tains relative motion between powder particles while
transporting away gases and moisture through the fluidiz-
ing gas before they can react further with other powders
within the bed. This method of heat treatment negates the
problems associated with sintering of the powders at these
temperatures. The details of the furnace and the applied
procedure for heat treatment can be found in Ref 27.

Cold-Spray Processing

5056 Al coatings were produced using the as-received and
preprocessed 5056 Al powders and spraying onto a
wrought 5056 aluminum alloy substrate. Helium was used
as the process gas to achieve high-impact velocities. The
deposits were produced using a HPCS system (VRC Gen
III, VRC Metal Systems, Rapid City, SD, USA), and
helium pressure and temperature were maintained at
2.8 MPa and 400 °C at the heater exit. Deposition was
performed using a nozzle standoff distance of 25 mm, 90°
deposition angle, medium powder feed rate (12 g min™"),
and a nozzle traveling speed of 600 mm s '. A total
deposition thickness of ~ 15 mm was achieved.

Microstructural Characterization

The microstructure of the preprocessed powder was eval-
uated by scanning electron microscopy (SEM), electron
backscattered diffraction (EBSD), and energy-dispersive
x-ray spectroscopy (EDS). SEM and EBSD samples were
prepared by ion polishing after mounting powders in epoxy
(JEOL SM-09010, Tokyo, Japan).

The microstructure of the 5056 deposits was also char-
acterized by light microscopy (LM), SEM, and EBSD. For
the microstructural observations of the deposited materials,
sections were excised by electrical discharge machining

Table 1 Time and temperature for the applied preprocessing heat
treatment

Heat treatment Temperature, °C Time, h

Degassing 400 6
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(EDM) from different directions and then mounted in
epoxy resin prior to ion polishing.

Mechanical Properties

The effects of powder preprocessing on mechanical prop-
erties of 5056 aluminum deposits were evaluated using
tensile testing of miniature samples. The results were
compared to longitudinal properties of wrought 5056 and
the coating deposited with as-received 5056 Al powder.
The directionality of mechanical properties of deposits
(produced from preprocessed 5056 powder) was also
evaluated using the microtensile testing. As shown in
Fig. 1, coupons were cut along longitudinal, short trans-
verse, long transverse, and diagonal (45° to the deposition
direction) directions. Five samples were tested for each
direction using the configuration shown in Fig. 2. To avoid
damage and to obtain dimensionally accurate samples,
EDM was employed to cut the miniature tensile coupons.
As shown in Fig. 2, the gauge lengths of the tensile sam-
ples were 1 mm, and cross-sectional areas were approxi-
mately 1 x 0.5 mm?”. Microtensile testing was performed
at room temperature using a microtensile stage (Microtest,
Deben Ltd., East Grinstead, UK) at a crosshead speed of
3.3 x 10> mm/min. Samples were tested to failure, and
the load-displacement curves were converted to engineer-
ing stress versus engineering strain. The ultimate tensile
strength (UTS) and the elongation to failure were deter-
mined from the stress-strain curves.

Spray Direction

Longitudinal

L b

ey Long Transverse

Lines to Indicate
Layering Direction

Short Transverse

Fig. 1 Schematic showing the spray direction and the directions from
which microtensile samples were cut. The diagonal direction is not
shown in this image
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Results and Discussion
Microstructural Characterization
As-received Powder

Figure 3 shows the morphology and surface grain structure
of the preprocessed gas-atomized powder particles. Most of
the particles are spherical with an average diameter of
33.7 £ 8.5 um. Microsatellite particles (less than 5 pm
diameter) are also attached to the surface of the larger
particles. Figure 3(b) shows a typical powder parti-
cle ~ 30 pm in diameter. There is a ~ 1-3-um external
grain structure on the particle surface, shown enlarged in
Fig. 3(c).

As shown in Fig. 3(c), EDS point analysis was per-
formed on the particle surface to determine composition
variations between GBs and grain interiors. The results,
tabulated in Table 2, show no significant Mg segregation
across these two regions. This finding indicates that the
preprocessing of the 5056 powder yielded a more uniform
dispersion of solute elements in the microstructure of the
powder particles. EDS mapping of particle cross sections
supported this finding. Figure 4 shows that Mg, the primary
solute in 5056 Al, is uniformly distributed within the pre-
processed powder particles, and there is no sign of solute
segregation. This observation differs from what has been
widely reported in as-received gas-atomized powders (Ref
11, 13, 14, 17, 23-26).

Figure 5 shows the ion-polished microstructures of the
feedstock powder cross section in as-received and degassed
conditions. The internal microstructure of the as-received
powder in Fig. 5(a) and (b) is characterized by a cellular-
like dendritic structure, similar to that found on the surface

o 33
9.8
6
Tensile .
specimens Unit: mm

Fig. 2 Specimen geometry used for microtensile testing. All dimen-
sions are in mm
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Fig. 3 SEM micrographs from preprocessed gas-atomized 5056 Al
powder showing (a) powder morphology, (b) surface grain structure,
and (c) EDS point analysis on the particle surface

of the particles. This observation agrees with what has been
reported for other gas-atomized Al powders (Ref
11, 13, 14, 17, 24). However, as shown in Fig. 5(c) and (d),
particles contain larger grains in the degassed condition,
which is attributed to grain growth during preprocessing.
The difference in the grain structures of the degassed

Table 2 EDS point analysis results from the preprocessed 5056
powder particle surface

Point, wt.% O Mg Al

1 2.47 9.15 88.38
2 2.45 9.00 88.55
3 2.61 9.30 88.09
4 2.50 8.90 88.60
5 2.81 9.30 87.89
6 2.60 9.18 88.23
7 2.60 8.78 88.62
8 2.75 8.72 88.53
9 2.12 9.29 88.59
10 2.33 8.78 88.99
STDEV.P 0.19 0.22 0.30
AVE 2.51 9.04 88.45

particles in Fig. 5(c) and (d) is related to inadequate stir-
ring during preprocessing, which causes the particles to
experience different levels of grain growth during the
degassing process.

Cold-Sprayed Deposition

Figure 6 shows an LM image and a pattern quality EBSD
image from the short transverse direction (cross section) of
the 5056 deposit. The deposit shows no porosity and
apparent bonding between powder particles. Most particles
have flattened (pancaked) during cold spraying (yellow
arrows), and only a few exhibit light deformation and
microstructure similar to the feedstock powder (white
arrows). Similar observations have been reported for other
cold-sprayed deposits (Ref 2-4, 11-14). The significant
change in particle morphology during cold spraying is the
result of severe plastic deformation (SPD) during impact
with the underlying substrate and impact from subse-
quently arriving powder particles.

Figure 7 shows an Euler angle EBSD map obtained
from the short transverse direction. The black dashed line
indicates a prior particle boundary (PPB), where grain
structures are different from particle interiors. The
depositing particles experience recrystallization in periph-
eral and central contact regions. However, as shown in
Fig. 7, the extent of recrystallization is greater in the
peripheral region (red square, finer grains) than at the
central contact zone (white rectangle). This observation
indicates that peripheral regions undergo more deformation
and greater adiabatic shear instabilities (ASI) and thus
experience higher temperatures during HPCS (Ref 28-33).
This is also the main reason that voids are consistently
reported at the impact zone of particles, but usually tend to
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Fig. 4 EDS maps of the preprocessed gas-atomized 5056 powder particles

Fig. 5 EBSD maps of the preprocessed 5056 Al powder particles with different sizes

disappear at the peripheral regions (although not always)
(Ref 31).

The presence of lighter deformation and lower temper-
atures, i.e., less recrystallizations, in the central zone was
further supported by finite element analysis (FEA) of a
5056Al particle impact onto 5056Al substrate during cold
spraying. The black arrows in Fig. 8(a) and (b) indicate the
center of the impact zone in the deposited particle and the
substrate, which reveals that this area does not experience

@ Springer

intense deformation and/or high temperature. This means
when strains and temperatures are mapped over the parti-
cle-substrate interface, it is found that they are much
greater in the peripheral regions (i.e., within the shear jets)
than at the impact zone of the particle (Ref 30, 32). The
effects of non-uniform recrystallization on mechanical
property directionality and related bonding for the 5056
deposit were evaluated by microtensile testing, described
next.
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Fig. 6 (a) LM and (b) pattern quality EBSD images from the cross section (short transverse direction) of the CS 5056 Al deposit. Yellow and
white arrows show severely and lightly deformed particles, respectively (Color figure online)

Fig. 7 EBSD map indicating the extents of recrystallization at the peripheral and impact regions between two particles
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Fig. 8 FEA simulation of particle impact during CS process showing lack of bonding at central area of the impact zone with black arrow in the
(a) particle and (b) substrate (dp = 25 pm, Tp0 = 509°K, VO = 980 m/s for depositing 5056Al on 5056Al substrate)

Tensile Properties and Fractography

Figure 9 shows the UTS and elongation to fracture for the
5056 Al microtensile coupons in all four directions. The
longitudinal properties for wrought 5056 Al and the 5056
Al coating deposited with as-received powder are included
here for comparison. The preprocessed 5056 coating shows
UTS values in longitudinal (L), diagonal, and long trans-
verse directions (~ 413 MPa) equivalent to wrought 5056

Al, and greater than that of the coating deposited with as-
received powder (~ 398 MPa), indicating that the UTS
improves with preprocessing. However, the UTS decreased
by 20% (to 331 MPa + 14) for the short transverse (ST)
direction.

Ductility of the preprocessed coating was equivalent to
wrought alloy ductility (5.9% =+ 0.2), while it was greater
by almost 50% from that of the coating deposited with the
as-received powder. Preprocessing softened the particles

@ Springer
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Fig. 9 The (a) UTS and (b) elongation to fracture of microtensile specimens of the CS 5056 Al deposit in different directions. The UTS and
elongation of bulk 5056 Al have also been added to the graphs to comparison

and eliminated the pores within them, resulting in more
extensive and uniform deformation upon impact with the
substrate and with underlying deposited material, which
consequently lead to the improvements in UTS and duc-
tility. Ductility in the ST direction was the lowest among all
directions tested (1.7% =+ 0.1), while, as expected, the
strength and ductility in the diagonal direction was an
average of all the other directions.

To more clearly understand the difference in mechanical
properties of ST and L directions and the primary

@ Springer

deformation mechanisms, fracture surfaces of the tensile
samples were analyzed. These directions were chosen for
analysis because of the difference in ductility (5.9% in
L versus 1.7% in ST direction), which could illuminate
bonding conditions at PPBs in the CS samples.

The fracture surfaces of ST and L directions are shown
in Fig. 10(a) and (b). As indicated by yellow arrows in
Fig. 10(a), fracture separation in the ST direction occurred
primarily at PPBs, and entire particles detached during
fracture. In contrast, fractography of L samples showed that
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Fig. 10 Fracture surfaces of microtensile specimens of the CS 5056 Al deposit from short transverse and longitudinal directions. The yellow
arrows show the location of fracture separation in each direction (Color figure online)

the fracture propagated both through the particle interfaces
and through particle interiors, indicated by red arrows in
Fig. 10(b). These observations point out that crack propa-
gation takes place along the interface and through the
deposited particles in the ST and L directions, respectively.

Recall that peripheral regions of deposited particles
experience more intense deformation and greater ASI
during particle impact (Fig. 7 and 8), which result in dis-
ruption of the surface oxide and exposure of fresh alloy in
these regions (Ref 29-34). In addition, thermal softening
due to SPD and ASI can enhance interlocking of adjacent
particles, producing intimate contact. SPD and ASI lead to
stronger bonding between the particles in the L direction
and cause fracture to propagate through particle interiors
and PPBs. However, we speculate that less intense SPD
and ASI at the central contact zone leads to the presence of
oxide remnants in this area. This phenomenon along with
high hydrostatic pressures in the central contact zone dur-
ing cold spraying gives rise to weaker bonding in these
regions, which translates to inferior mechanical properties,
i.e., lower UTS and ductility, in the ST direction relative to
the L direction.

Summary

We have reported the relationships between the prepro-
cessed powder and CS deposit microstructure and property
directionality. Preprocessing leads to more homogenous
distribution of Mg solute in the Al matrix removing GB
solute segregation. Preprocessing also softens the powder
particles and results in greater ASI during HPCS. These
phenomena give rise to more intense SPD and higher
temperatures at peripheral regions of deposited particles,
disrupting the oxide layer and causing more extensive
recrystallization in these regions compared to impact areas.
Exposing fresh alloy and catalyzing recrystallization in
peripheral regions appeared to enhance bonding between

the deposited particles in the longitudinal direction, which
yielded values of UTS and ductility equivalent to those of
wrought Al. The presence of some oxide remnants and
insufficient recrystallization in the short transverse direc-
tion resulted in weaker bonding and reduced ductility
values in this direction. Similar phenomena caused inter-
granular fracture in the longitudinal direction, whereas
transgranular fracture was observed in the short transverse
direction.

Overall, thermal processing of feedstock powders prior
to deposition, i.e., pre-CS processing, if properly done, can
yield measurable benefits. First, it can lead to uniform
distribution of alloying elements in the powder particles.
Second, it can soften the particles, consequently giving rise
to more intensive particle deformation during cold spray-
ing. These features can promote greater bonding upon
impact with the substrate (adhesion) or with underlying
deposits (cohesion), enhancing the UTS and ductility in the
resultant deposit. These advances can have beneficial
implications for CS repair and refurbishment of sensitive
parts and components, leading to increased life spans in
service applications.
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