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Abstract Cold gas dynamic spray is being explored as a

repair technique for high-value metallic components, given

its potential to produce pore and oxide-free deposits of

between several micrometers and several millimeters thick

with good levels of adhesion and mechanical strength.

However, feedstock powders for cold spray experience

rapid solidification if manufactured by gas atomization and

hence can exhibit non-equilibrium microstructures and

localized segregation of alloying elements. Here, we used

sealed quartz tube solution heat treatment of a precipitation

hardenable 7075 aluminum alloy feedstock to yield a

consistent and homogeneous powder phase composition

and microstructure prior to cold spraying, aiming for a

more controllable heat treatment response of the cold spray

deposits. It was shown that the dendritic microstructure and

solute segregation in the gas-atomized powders were

altered, such that the heat-treated powder exhibits a

homogeneous distribution of solute atoms. Micro-indenta-

tion testing revealed that the heat-treated powder exhibited

a mean hardness decrease of nearly 25% compared to the

as-received powder. Deformation of the powder particles

was enhanced by heat treatment, resulting in an improved

coating with higher thickness (* 300 lm compared

to * 40 lm for untreated feedstock). Improved particle–

substrate bonding was evidenced by formation of jets at the

particle boundaries.

Keywords Cold spray � Aluminum alloy � 7075 � Solution
heat treatment � Powder heat treatment

Introduction

Cold spray is a relatively new material deposition process

exploiting mainly the kinetic energy of fine powder parti-

cles to achieve a dense coating or deposit on a target

substrate surface. Powder particles are introduced in a

high-velocity gas stream which accelerates them toward a

substrate without melting them (Ref 1-3). The powder

undergoes high strain rate plastic deformation upon impact

and bonds with the target surface and/or with the previ-

ously deposited layers of material. The potential of cold

spray processing for dimensional restoration as well as

structural repair of light metallic alloys (Al, Mg and Ti

mainly) has been extensively studied (Ref 4). The specific

build-up mechanisms of cold spraying, which usually

imparts a high degree of work hardening to the powder

particles (Ref 5) and post-deposition residual stresses (Ref

6, 7), can lead to low-ductility coatings. Post-deposition

heat treatments have been shown to improve the properties

(Ref 8, 9, 10, 11).

Cold spraying of aluminum alloys is particularly inter-

esting for various repair applications in the aerospace,

automotive and defense sectors. In the case of aluminum

alloys, it has been shown that the rapid solidification

experienced by gas-atomized powders during manufacture
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can lead to a variety of non-equilibrium microstructures

(Ref 12, 13). The exposure of homogenized liquid melt to a

cold gas stream results in the droplets being subjected to

extremely high cooling rates (up to 108 K s-1). Combined

with the temperature gradient within each particle during

solidification, this leads to a cellular dendritic microstruc-

ture. The solidifying dendrites propagate through the

material, releasing heat in a phenomenon called recoales-

cence (Ref 14). The solidification of the droplet in contact

with the cold gas, combined with this temperature increase

in the droplet, results in a non-equilibrium microstructure.

There is usually also a significant localized segregation of

alloying elements associated with the dendrites (Ref

15, 16). Powders are subjected to a range of cooling rates

(10-4 to 10-8 K s-1 Ref 17) during solidification, and this

is partially related to the powder size, with smaller particles

experiencing faster cooling rates due to their larger surface

area-to-volume ratio and smaller overall mass. This vari-

ation in cooling rate leads to a wide range of microstruc-

tures in atomized powders (Ref 18). It affects the secondary

dendritic arm spacing (Ref 19, 20) and thus the intensity of

the solute segregation.

This inconsistency of microstructure and elemental

distribution in the powder particles could be detrimental in

terms of reproducibility of the coatings as well as potential

response to heat treatment. For example, grain growth

during post-spray annealing of cold-sprayed coatings was

found to be limited by the presence of grain boundary

solute segregation of cold-sprayed 7075 aluminum alloy

(Ref 21). High-temperature heat treatments could reduce

alloying element segregation and/or work hardening in

cold spray deposits, but applying high-temperature heat

treatments to repaired components is undesirable in many

situations. Hence, to reduce or even eliminate the alloying

element segregation, solution heat treatment of the powder

has been considered here in the case of AA7075, a light-

weight Al–Zn–Mg–Cu alloy widely used in the aerospace

industry. Solution heat treatment corresponds to the pro-

cess of heating a material below its melting range for a

specific time and within the single-phase region in order to

allow crystals and atoms to diffuse evenly throughout the

aluminum (Ref 22). The non-uniformly distributed alloying

elements throughout the grain structure are expected to be

redissolved into solid solution (Ref 23), homogenizing the

microstructure and decreasing the hardness (Ref 24).

However, the main aim of this heat treatment is not only to

reduce solute segregation and decrease hardness (or

increase ductility) but also to offer the potential of post-

deposition heat treatment (age hardening) of the deposits,

via a controlled precipitation of the constituents.

In this study, the solution heat treatment of a gas-at-

omized 7075 series aluminum alloy powder was performed

using a novel technique, as described below, and the

particles were then quenched in order to obtain the desired

microstructure. The microstructure following heat treat-

ment was analyzed using electron microprobe and

backscattered SEM imaging, and the effect of the element

distribution modification and the altered powder particle

properties on the cold spray deposition was then observed

using swipe and coating build-up tests, which were con-

ducted onto an AA6061 substrate.

Experimental Methods

Materials

A spherical gas-atomized AA7075 powder (Valimet Inc,

USA), having a Dv10, Dv50 and Dv90 of 17, 34, and

60 lm, respectively, was the feedstock material of this

study. The chemical composition of the powder was 5.72

wt.% Zn, 1.69 wt.% Cu, 2.30 wt.% Mg, 0.20 wt.% Cr, 0.17

wt.% Fe, 0.03 wt.% Mn and 0.13 wt.% Si. The substrates

used for the cold spray experiments were 3-mm-thick

6061-T6 (Al–Si–Mg) aluminum alloy plates (30 9

100 mm).

Solution Heat Treatment and Quenching

of the Powder Feedstock

The as-received feedstock powders were sealed in a quartz

tube prior to their introduction into the furnace. Once the

particles were inserted in the vial, a 10-mPa vacuum was

created using a diffusion pump; then, the tube was care-

fully closed and sealed using an oxy- propane flame. The

dimensions of the tube were as follows: outer diameter

14 mm, length * 100 mm and 2 mm wall thickness. Al

alloy powders can potentially explode in the presence of

oxygen and ignition sources, and hence, the heat treatment

was performed under vacuum in the tube to mitigate the

fire risk. Solution heat treatment of the powder was carried

out using a commercial box furnace at 450 �C for 4 h. The

temperature of the powder was assumed to reach the fur-

nace temperature, and therefore, the temperature of the

powder itself was not measured. However, the temperature

of the vial post-quench was measured using a thermocou-

ple and had cooled down at room temperature after 180 s.

The temperature was chosen following the standard T6

(solution heat treatment ? artificial aging) treatment per-

formed on AA7075. The quartz tube was then quenched

into cold water (5 �C) and kept submerged for 5 min until

the powder particles had reached room temperature. The

container was opened using a cutting wheel to remove the

top of the tube and the powder collected into a container.

The solution heat treatment experiment was performed in

two batches of 140 g of AA7075 powder each.
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Cold Spray Deposition: Swipe Tests and Coating

Deposition

The cold spray experiments were performed using a cus-

tom-made high-pressure cold spray system at the Univer-

sity of Nottingham using helium as the primary

accelerating gas in order to achieve high impact velocities

of the incident particles. The rig setup has been described

in detail elsewhere (Ref 25). Cold spray deposition was

carried out onto AA6061 substrates while maintaining a He

gas pressure of 2.9 MPa at room temperature with a high-

pressure commercial powder feeder (Praxair 1264 HP,

Indianapolis, IN, USA). A hardened stainless steel nozzle

was used for the experiments, having an expansion ratio of

8 with a divergent length of 150 mm. Particles were

sprayed using a nozzle stand-off distance of 20 mm. Swipe

tests were conducted in order to observe the impact of

single particles onto the substrate by using a traverse speed

of 600 mm/s and a single pass. Further cold spraying

coating deposition experiments were performed at a tra-

verse speed of 100 mm/s to deposit coatings. The sub-

strates were ground with a P240 SiC paper for the coating

deposition, whereas the swipe tests were performed on

substrates that were ground with different grade SiC papers

to a 1200-grit finish and polished with 6 and 1 lm diamond

paste in order to give them a mirror finish. The coating

deposition was performed with 8 passes of the gun over the

substrates to build a deposition area of 12 by 30 mm on the

substrates.

Microstructural Analysis

The microstructure of both the as-received and solution

heat-treated powders and cold-sprayed coatings was eval-

uated using optical microscopy (OM—Eclipse LV100ND,

Nikon Corporation, Japan) and scanning electron micro-

scopy (SEM—JEOL JSM 6490LV, JEOL Ltd., Japan). The

surface images of the powder and coatings were taken at

10 kV in secondary electron (SE) mode, whereas the

images in cross section were obtained using an accelerating

voltage of 20 kV in SE and BSE (backscattered electron)

modes. The images taken at 10 kV were meant to give

more surface information for the top-view of the particles,

due to a smaller interaction volume, whereas the 20-kV

accelerating voltage was more suitable for the

microstructural analysis due to its larger interaction vol-

ume. The SEM images of the particle impacts after the

swipe tests were taken with the samples tilted at 45� in

order to have a side view of the particle bonded to the

substrate. Electron probe micro-analysis (EPMA—Super-

probe JEOL JXA 8200, JEOL Ltd., Japan), operated at

30 kV, was performed on individual powder particles to

obtain a high-resolution elemental mapping using wave-

length dispersive spectroscopy (WDS). The particle size

analysis was measured by laser diffractometry (Laser

Mastersizer 3000, Malvern Instruments, Malvern, UK) in

dry environment. OM, SEM and EPMA samples were

prepared using standard metallographic techniques. All of

the samples were sectioned using a precision saw at a

cutting speed of 0.005 mm/s. The powders and cold spray

deposits were cold mounted in EpoFix� resin (Struers,

UK). Powders were ground with P1200 silicon carbide

paper to avoid losing too much material, whereas cold

spray deposits were sequentially ground using P240, P400,

P800 and P1200. Both powders and deposits were then

polished with 6 and 1 lm diamond paste, and the final

polish performed using a colloidal silica (0.06 lm) sus-

pension. For optical microscopy, samples were chemically

etched using Keller’s reagent (95 mL of H2O, 2.5 mL

HNO3, 1.5 mL HCl, 1.0 mL HF) for 5 s.

Image Analysis

The fraction of deposition and the average size of deposited

particles were measured using thresholds on 3 different

SEM top-view SE images of each sample. A total surface

of 3.0 9 4.8 mm was used for the measurements, using

ImageJ (US National Institute of Mental Health, MD)

software.

Microhardness Measurement

The microhardness analysis was performed using a MMT-7

Vickers Microhardness instrument (Buehler, IL, USA).

Each sample underwent 8 measurements. A 10-gf load was

applied for 10 s for mounted particles in cross-section.

Fig. 1 Bimodal particle size

distribution measured by laser

diffractometry showing a large

number of particle above 30 lm
of diameter
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Results

Microstructure of As-Received AA7075 Powder

The particle size of the gas-atomized powder (Fig. 1)

exhibits a Gaussian-type distribution. The measured Dv10,

Dv50 and Dv90 were, respectively, 2.5, 28, and 57 lm.

The topography of the as-received powders in the SEM SE

image (Fig. 2) shows fine satellites on top of large parti-

cles. The powder has a mostly spherical microstructure

with some irregular particles, possibly due to solidification

before they could coalesce into a spherical shape. This

satelliting effect, commonly observed among gas-atomized

powder, can be explained by the in-flight contact of small

size partially solidified droplets with larger solidified par-

ticles (Ref 26).

When examined by optical microscopy, the gas-at-

omized powder (Fig. 3a) shows a spherical morphology

containing a mixture of both large and small particles. The

microstructure of the material is revealed by Keller’s

etchant (Fig. 3b) and has small dendritic cells whose size

varies between 1 and 4 lm. This commonly observed

microstructure of gas-atomized aluminum alloy powder

has been attributed to several phenomena occurring during

the powder manufacturing process such as solidification

and cooling rate, thermal equilibration and partial re-

melting of solid particles, as well as the presence of pre-

solidified micro-droplets and dendrite fragments (Ref 27).

During solidification of the powder, the growth of the a-Al
dendrites is accompanied with a solute rejection (Ref 28).

The solute elements are segregated on the sides of the

dendrites and encounter each other, forming the dendritic

cells that we can observe (Ref 29). The average cooling

rate of aluminum powder prepared by atomizing varies

between 104 and 107 K/s, with the temperature of the small

particles decreasing faster. This wide range of cooling rates

leads to different distributions and shapes of cells in the

powder particles. The smallest ones, observed in the optical

micrographs (Fig. 3), showed relatively small dendritic

cells, attaining around 1 lm, whereas larger particles,

having a diameter of 40 lm, exhibit larger dendritic cells,

2-3 lm wide. A different behavior was also noticed in the

case of a particle of a diameter of 20 lm where the den-

dritic structure was only noticed on one side of the droplet,

explained by a cooling rate high enough to solidify the

particle in some areas before the growth of the dendrites.

When examined by SEM in SE and BSE modes, the as-

received AA7075 powder shows a non-uniform distribu-

tion of solute elements. A typical example showing a

40-lm-sized particle can be seen in Fig. 4. The SE image

shows the dendritic cells within the powder particles, and

the BSE image reveals a compositional variation within the

particle (due to variation in contrast in the BSE image

where contrast depends on the mean atomic number of the

elements). In fact, the brightness difference between the

matrix and the interdendritic regions indicates the possible
Fig. 2 Topography of the as-received AA7075 showing a mostly

spherical morphology with some satellite particles

Fig. 3 Optical micrographs of the cross section of gas-atomized AA7075 powder unetched (a) and after etching for 5 s with Keller’s etchant

(b) revealing a dendritic microstructure
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presence of the solute atoms, especially Zn and Cu at the

dendritic cell boundaries.

The EPMA presented in Fig. 5 reveals the distribution

of the main solute atoms—i.e., Zn, Cu, Mg, Fe—in the as-

received AA7075 powder. The red color on the microprobe

scans indicates a relatively high concentration of the

material, whereas the blue color shows a low concentration

of the scanned element. The results confirm the presence of

those alloying elements at the dendritic cell boundaries.

Although the dendritic cell boundaries are enriched in

alloying elements, intermetallic phases such as

Mg(Zn,Cu,Al)2 (Ref 30), Al2CuMg (Ref 31) or Mg2Si (Ref

30), commonly observed and previously reported in this

alloy, could not be conclusively confirmed due to the

Fig. 4 SEM micrographs of an as-received AA7075 particle in cross section, in secondary electrons (a) and backscattered electrons (b),

revealing a composition variation between interdendritic regions and matrix

Fig. 5 EPMA-WDS map of as-received gas-atomized AA7075 powder showing the solute segregation occurring in the interdendritic regions
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resolution limitation of the microprobe and the high solute

segregation hiding other phases. Cu and Fe appear to fol-

low the same distribution in the particle, whereas the Zn

and Mg concentration is more dispersed into the inter-

dendritic regions. Al seems to be homogeneously dis-

tributed throughout, despite slight variations of content

between the dendritic cell boundaries and the cores of the

dendritic cells.

Microstructure of Solution Heat-Treated AA7075

Powder

Unetched particles of AA7075 powder after solution heat

treatment show no clear differences with the as-received

powder in cross section (Fig. 3a and 6a), except a slight

increase in terms of porosity within the particles (white

arrows), possibly explained by the preferential melting

(insipient melting) of certain phases during the solution

heat treatment, or due to dissolved or trapped gas in the

droplet released during solution heat treatment. On the

other hand, etching reveals that the dendritic structure of

the as-received powder has disappeared following heat

treatment (Fig. 3b and 6b). Now, clear differences can be

observed in the powder between the smallest and the lar-

gest particles, such as the uniform bright contrast showed

by the smaller particles. The original inconsistency of

dendritic distribution observed in the as-received powder

presumably led to these differences, enhanced by possible

etching artifacts. The SE and BSE images (Fig. 7) reveal

different features and differentiate from the etched optical

micrographs observed previously. The lack of contrast in

the BSE image highlights that the solute atoms have been

dissolved into solid solution and that the matrix has been

largely homogenized. A few precipitates can also be

observed on the cross-section of the particle. Needle-

shaped bright precipitates are numerous in the

microstructure, as well as smaller spherical dark areas, both

being too small to be identified using EDS.

The elemental composition in the microprobe analysis

(Fig. 8) helps identify the different phases observed in the

microstructure. High concentrations of Cu and Fe are still

observed in the microstructure of the solution heat-treated

particle. The needle-shaped precipitates distinguished in

the BSE image (Fig. 7) are now identified as mostly

composed of those two solute elements. Some larger pha-

ses of the same composition, exhibiting much more random

shapes, not detected in the BSE image, can be also seen in

the particle. The matrix itself shows a mostly homogeneous

mixture of Al and Zn, potentially in a supersaturated solid

solution induced by the heat treatment conducted on the

batch of powder. A slight agglomeration of Mg is distin-

guished, possibly related to the black spherical phase

observed previously in the BSE scan of the solution heat-

treated particle.

Microhardness Measurement of the Particles

The solution heat treatment of the AA7075 particles prior

to spraying was performed partly to increase the ability of

the powder to plastically deform upon impact in cold

spraying. Microhardness measurements were thus taken on

the AA7075 particles, as-received and after solution heat

treatment. The as-received powder (Table 1) shows a

microhardness of 101 HV ± 5.74, and the solution heat-

treated powder exhibits a 25% decrease in microhardness,

at 75.2 HV ± 4.98. This significant decrease in micro-

hardness of the supersaturated solid solution shows good

potential for cold spray, and the powder after heat treat-

ment is believed to be more amenable for this solid-state

deformation process. As a reference, a typical AA7075-T6

bulk microhardness is between 165 and 175 HV.

Fig. 6 SEM micrographs of an as-received AA7075 particle in cross section. Secondary electrons (a) and backscattered electrons (b) revealing a

dissolution of the dendrites after heat treatment
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Individual Particle Deformation During Swipe Tests

The top-view of the swipe tests realized with both as-re-

ceived and heat-treated powder (Fig. 9) is a good

illustration of the behavior of the particles upon impact on

the substrate. A clear difference is observed between the

two different batches, such as the fraction of deposition.

Numerous craters are observed in the case of the as-re-

ceived powder, illustrating the rebounding effect of the

particles. On the other hand, the solution heat-treated par-

ticles show a much better adhesion to the substrate, even

though craters can still be observed on the surface of the

AA6061 substrate, albeit at a lower percentage. Table 2

illustrates these observations by quantifying the fraction of

Fig. 7 SEM micrographs of a solution heat-treated AA7075 particle. SE (a) and BSE (b) revealing a homogeneous microstructure and coarse

needle-shaped precipitates

Fig. 8 EPMA-WDS map of a solution heat-treated AA7075 particle revealing a Al-Zn matrix and the presence of Cu- and Fe-rich phases

Table 1 Microhardness measurements of AA7075 powder

Material As-received powder Solution heat-treated powder

Microhardness

(HV)

101 ± 5.74 75.2 ± 4.98
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deposition (which is a ratio of particle deposited versus

craters on the polished surface). These measurements

support the SEM images seeing previously, the solution

heat-treated powder showing a fraction of deposition of

almost 50% as opposed to 8.6% for the as-received one.

The average size of the deposited particles has also been

measured and reveals that the diameter measured on the

top-view is slightly bigger in the case of the solution heat-

treated powder (32.1 ± 8.3 versus 27 ± 11.1 lm). Both of

those diameters are smaller than the Dv50 of the particles.

Although there are limitations in measuring mean depos-

ited particle diameters from the topography of the swipe

tested samples due to various levels of particle deforma-

tion, the results, however, show that there are only minor

differences between the mean diameters of the as-received

and solution heat-treated feedstock. Hence, the fivefold

increase in fraction of deposition cannot be attributed to the

particle size effect, which dictates the so-called critical

velocity. This increase in fraction of deposition is likely to

be due to the changes in intrinsic particle microstructure

and mechanical properties as a consequence of the solution

heat treatment.

The bonding of the particles on the substrate, and the

way they behave upon impact, are illustrated by the 45�
tilted SEM images (Fig. 10) which reveal different defor-

mation of the two batches. Figure 10(a) and (b) illustrates

that the particles kept a rather spherical shape showing

poor particle deformation upon impact. A poor bonding

seems to be observed, illustrated by the gap below the

particle in the top-left image. In fact, the particle seems to

be on the verge of bouncing back due to weak bonding with

the substrate. The powder particle is partially embedded in

the substrate, and most the deformation seems to have been

undergone by the substrate. On the other hand, the solution

heat-treated particles illustrated in Fig. 10(c) and (d) have

undergone a much more intense deformation, illustrated by

the flattened ‘‘splat’’ shape of the powder after impact.

Apart from the shape, a ring of jet type morphology can be

observed around the impact zone, as well as few fragments

of the deposited material, ejected upon impact of the par-

ticle with the substrate.

Cold Spray Coating Deposition

After observing the bonding of the individual particle with

the substrate, the way the particles adhere to each other was

investigated by performing cold spray deposition with the

as-received (Fig. 11a) and solution heat-treated (Fig. 11b)

powder. For the exact same spraying parameters, the dif-

ference between the two coatings is clear. Indeed, the 8

passes sprayed onto the AA6061 substrate resulted in less

than 40 lm of deposition in the case of the as-received

powder. It is, however, important to notice the deformation

of the substrate despite the poor deposition efficiency, as

well as a few particles well embedded in the substrate. No

gap is observed between the deposited layer and substrate,

but a crack seems to be present in between the particles,

indicating poor particle–particle bonding. On the other

hand, the coating deposited using the heat-treated powder

(Fig. 11b) was almost 300 lm thick. Again, no gap is

observed at the coating–substrate interface, but a small

crack is observed at the bottom-left corner of the figure and

is present mostly within the coating. A small amount of

porosity can also be seen within the coating at the particle–

Fig. 9 Cross section of deformed as-received (a) and solution heat-treated (b) particles onto AA6061 after swipe tests showing a high number of

craters and a low fraction of deposition in the case of the as-received powder

Table 2 Fraction of deposition

and size of deposited particles

using top-view SEM images

Material As-received powder Solution heat-treated powder

Deposition versus crater fraction 8.6% 49.6%

Average size of deposited particles (lm) 26.74 ± 8.3 32.1 ± 11.1
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particle interfaces. Images of those coatings at higher

magnification (Fig. 12) allow a better view of the defor-

mation undergone by the material. The image of the

coating of as-received particles shows a large particle of

almost 50-lm diameter, where few smaller particles have

impacted (Fig. 12a). A gap is noticed in between the

powder particles, illustrating the weak bonding in some

areas of the top layer. However, the high magnification

image of the coatings deposited using the heat-treated

powder reveals a closer bond between the particles, which

makes it harder to distinguish the boundaries between them

(Fig. 12b). The precipitates observed in the heat-treated

powder (Fig. 7) are also present in the as-deposited coat-

ing, with the higher coating density possibly related to a

greater degree of deformation of the impacted particles.

The coating–substrate interfaces reveal similar behavior

in both cases (Fig. 13) when viewed at higher magnifica-

tion using BSE imaging. In both cases, good bonding

seems to be present between the particles and the substrate.

Even a partial mixing of the powder with the AA6061

substrate (white arrow) occurred indicating a good bonding

due to interfacial mixing and the well-established

mechanical interlocking mechanisms (Ref 32). In terms of

microstructure, the dendritic structure of the as-received

particles in the coating illustrates the deformation of the

particle. The first layer, in contact with the substrate,

exhibits a fine microstructure, which becomes hard to

distinguish, whereas the particle located at the top shows

larger dendritic cells with a tendency to deform in a lon-

gitudinal direction due to successive impacts by incoming

particles.

Fig. 10 SE picture of the top

surface of individual as-

received (a-b)) and solution

heat-treated (c-d) AA7075

particle after spraying revealing

a better particle–substrate

bonding in the case of the

solution heat-treated powder

Fig. 11 Cross section BSE images of the coating deposition of as-received particles (a) and solution heat-treated (b) and of AA7075 powder

showing a high thickness (300 lm) in the second case
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Discussion

The powder modification will be discussed first in this

section, and the effect of the heat treatment on the non-

equilibrium microstructure of the gas-atomized aluminum

alloy powder will be described and analyzed thereafter.

Finally, the effect of this microstructure modification on

the coating deposition will be discussed.

Microstructural Modification of Powder Feedstock

During Heat Treatment

The cooling rates reached during the gas atomization pro-

cess due to the high relative velocity between the droplets

and the fast-moving cold gas stream lead to specific

microstructures within the atomized particles, due to vari-

ous cooling rates depending on the particle diameters.

Undercooling is achieved after the contact between the

molten droplets and the cooling gas during solidification,

and the droplets are cooled well below the solidus tem-

perature before nucleation and crystallization is initiated

(Ref 33). In these conditions, the material is far from being

thermodynamically stable and non-equilibrium

microstructures are formed, as evidenced by the dendritic

structure in the majority of rapidly solidified aluminum

alloys (Ref 12). The following equation (Ref 34) has been

proposed to associate the dendritic cell area with the

solidification rate:

v ¼ A

d

� �1
n

ðEq 1Þ

where d is the measured dendrite parameter in lm, calcu-

lated as the square root of the average dendrite cell area,

v is the cooling rate in K s-1, and A and n are constants

(Ref 34). A relates to alloy properties, and A = 100 in case

of high-strength aluminum alloys, whereas n = 1/3 for

equiaxed grains (Ref 34). Calculations can be done to get

an approximation of the cooling rates reached for the

material of this study. In the case of a 40-lm particle

(Fig. 4), a cooling rate of around 9.2 9 104 K s-1 is

obtained, whereas a cooling rate of around 3.3 9 105 K s-1

is calculated in the case of a 15-lm particle similar to the

one observed in Fig. 3. These measurements are based on

the dendritic cell area, and a variation of few micrometers

between the size of the small and large particles’ cells is

explained by a fairly high difference of cooling rates,

according to Eq 1. Studies even revealed the presence of a

non-dendritic structure for sufficiently small particles in

Fig. 12 Higher magnification of deformed particles into the coating of as-received (a) and solution heat-treated particles (b) illustrating the high

deformation undergone by the particles during deposition

Fig. 13 BSE images of the bonding between the deposit and the substrate in both cases: As-received (a) and solution heat-treated (b) AA7075

powder. A mechanical interlocking is observed between the substrate and the coating
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gas-atomized aluminum alloy powders (Ref 18), due to the

high number of nucleation sites induced by a deep pre-

solidification undercooling (Ref 35). This phenomenon was

only sporadically observed in our case, potentially because

the cooling rates required for this process to happen were

not easily attained during the powder manufacturing pro-

cess. It was partially observed in one of the small particles

shown in Fig. 3, exhibiting only small dots rather than

dendrites on its left-hand side. It could be explained by

some in-flight contact between particles during solidifica-

tion, altering the cooling rate by rapid heat transfer

between them and leading to those ultra-fine microstruc-

tures (Ref 18). This inconsistency of microstructure in gas-

atomized aluminum alloy powder is accompanied by solute

segregation (Fig. 4). When the alloy is not cooled down

below the solidus quickly enough, diffusion occurs during

solidification, leading to a migration of the solute atoms

toward the grain boundaries (Ref 15). This segregation

occurring during gas atomization and the movement of

elements is confirmed by a fine dispersion of solute atoms

in the interdendritic regions, as identified by WDS (Fig. 5).

This inconsistent non-equilibrium microstructure leads to a

lack of reproducibility and predictability of properties

when cold-sprayed, and this is particularly critical given

cold spray repairs need a complete understanding and

control of the deposit properties, and the absence of

melting during the cold spay implies that the original state

of the powder will be conserved in the deposits. Addi-

tionally, the solute-rich interdendritic regions have been

shown to influence the coatings’ response to post-deposi-

tion heat treatment (Ref 21). Thus, here, the powder was

altered by solution heat treatment followed by quenching.

SEM images of a particle of AA7075 after this process

(Fig. 7) reveal that the solute atoms have been dissolved

into a solid solution, and the matrix has been largely

homogenized. Numerous phases were, however, observed

in the microstructure. It has been suggested that, as the

cooling rate undergone by the powder during quench after

solution heat treatment, is probably too rapid for much

diffusion to occur, the formation of the needle-shaped

precipitates presumably occurred during the heat treatment

itself. This is supported by the literature, which reveals that

many phases can be expected to precipitate during a

solution heat treatment, due to the low solubility of some of

the components (in this case Cu and Fe) in Al (Ref 36).

Phases like Al7Cu2Fe (Ref 27) and Al2CuMg (Ref 37) have

been observed at grain interiors and along the grain

boundaries in wrought alloys, among others. The needle-

shaped precipitates may be identified as Al7Cu2Fe which

were formed during heat treatment from the Fe and Cu-rich

areas of the as-received powder. Studies revealed that a

well-solutionized wrought alloy contains only Al7Cu2Fe,

(Fe,Cr)3SiAl12 as well as Mg2Si (Ref 38). The high

concentration of magnesium in some areas observed on the

EPMA images combined with the dark contrasts observed

in BSE could indicate the presence of Mg2Si phases in the

heat-treated powder. The Mg2Si phase is potentially pre-

sent in the original material, but is insoluble in the matrix,

and tends to spheroidize during heat treatments (Ref 38).

However, fairly homogeneous microstructures are

observed in the cases of the smaller particles (\ 10 lm),

either using optical microscopy (Fig. 6b) or backscattered

SEM (Fig. 7b). This is associated with the finer dendritic

structure exhibited by the small particles of as-received

powder. Their weaker solute segregation gives less poten-

tial for the agglomerated Cu- and Fe-rich phases to form

during heat treatment. Microhardness tests on both batches

of powder revealed a link between the microstructural

modification and the mechanical properties. The homoge-

neous microstructure obtained post-quench is associated

with a 25% decrease in hardness, due to the redistribution

of the alloying elements in the aluminum matrix. A dis-

solution of grain boundary precipitates is also considered,

as a presence of those phases would potentially hinder the

dislocation motion. The phases observed in the as-quen-

ched microstructure (Fig. 7) of the studied material, coarse

and numerous are believed to be non-coherent with the

aluminum matrix, thus not altering its mechanical

properties.

Particle Deformation and Cold-Sprayed Coatings

The cold spray experiments performed on both as-received

and heat-treated powders revealed different behaviors. A

high deformation was exhibited by the as-quenched pow-

der, facilitating deposition, whereas the lack of deforma-

tion observed during swipe tests for the as-received powder

led to a low coating deposition.

The particle bonding in cold spray is predominantly

based on the ductility of the substrate and the sprayed

material and specifically on their ability to deform plasti-

cally upon impact. The sprayed materials (Table 1) as well

as the substrate (109 ± 5.4 HV) used in this study were

relatively soft; thus, a soft/soft behavior was expected in

both cases upon impact, according to the particle impact

model proposed by Ref 39. However, the particles have to

reach a so-called critical velocity in order to adhere to the

substrate, which is based on several factors, and especially

the size, temperature and thermomechanical properties of

the sprayed material (Ref 2). Critical velocities for Al/Al

were estimated to be 775 m s-1 for particles having an

average size of 35 lm, being quite high due to the low

density and high heat capacity of the material (Ref 39).

A large number of craters were observed for as-received

powder swipe test, which exhibited an extremely low

fraction of crater versus deposition (8.6%). Considered as

J Therm Spray Tech (2018) 27:145–158 155

123



an illustration of a lack of bonding between the particles

and the substrate (Ref 1), the craters observed on the sur-

face of the substrate reveal that the incident particles tend

to bounce back rather than stick to the substrate. This lack

of bonding exhibited by the particles is also observed on

the tilted SEM images (Fig. 10a). This is demonstrated by

the gap observed below the powder particle as well as the

weak deformation of the particle, which indicate that the

velocities reached by the particle combined with its ability

to deform are not enough to create a bonding with the

substrate. However, we can observe significant deforma-

tion of the substrate (Fig. 10b). This suggests that an

anchoring mechanism has occurred, where most of the

plastic deformation is undergone by the substrate, leading

to a deep penetration of the sprayed material retaining

mostly a spherical shape. This phenomenon could poten-

tially explain why only a few particles bonded. In the case

of the softer solution heat-treated powder, different bond-

ing is observed. In fact, almost half of the sprayed particles

adhered to the substrate (49.6%), showing a better particle–

substrate bonding.

The tilted SEM images of those particles (Fig. 10c, d)

illustrate this different behavior, showing the heavy

deformation undergone by the powder itself. Material jet-

ting is observed on the side of the particle, showing the

presence of an adiabatic shear instability phenomenon—

typical of a high strain rate deformation upon impact,

where thermal softening dominates over work hardening

(Ref 40). The higher ductility of the powder post-heat

treatment increases the ability of the powder to deform and

thus lead to the formation of this ring of jet type

morphology.

The bonding between the particles and the substrate was

improved by the heat treatment performed on the 7075

series aluminum alloy powder, and the coating building up

revealed that the bonding between the particles themselves

was also enhanced. The 300-lm-thick (Fig. 11b) coating

illustrates the improvement in bonding between the parti-

cles using the selected parameters. The same parameters

used on the as-received powder led to only a few

micrometers (Fig. 11a), showing that the rebounding effect

observed during the swipe tests was also occurring when

particles were impacting on other particles. In both cases,

the interface between the substrate and the first layer of

coating appears to be strong, and mechanical mixing at the

interface is observed in the case of the sprayed as-received

powder (Fig. 12b), indication of a good material inter-

locking (Ref 40). However, this apparent good bonding, in

contrast with the swipe tests results, is believed to be due to

the hammering of the incident incoming particles after the

first layer. Indeed, once the first layer of particles stuck to

the substrates, more particles are sprayed, and mostly not

deposited, according to the observed coating thickness.

Thus, a hammering effect occurs, which could be assimi-

lated to an in-situ shot peening effect, which has been

showed to decrease porosity and increase the cohesion of

the coating (Ref 41). This suggestion is supported by the

really fine dendritic structure observed at the particle–

substrate interface. It contrasts with the much larger den-

dritic cells still observed at the top layer and illustrates the

compression undergone by the particles in contact with the

substrate, being the most compressed one. A good particle–

particle cohesion as well as particle–substrate adhesion

combined with the higher thickness is measured in the case

of the sprayed solution heat-treated powder, showing the

effect of the increase in ductility prior to deposition.

Although the increase in the gas heating temperature has

been showed to have an impact on cold spray deposition,

lowering the critical velocity as well as helping the powder

deformation upon impact (Ref 3), the spraying here has

been performed at room temperature. It is argued that the

solution heat treatment of the powder feedstock has

essentially decreased the so-called critical velocity of the

powder, which resulted in higher deposition efficiency, by

altering the intrinsic micromechanical properties of the

feedstock. A coating of a relative superior thickness was

obtained in those conditions, showing the major impor-

tance of the ability of the sprayed material to deform.

In this work, the ductility of the sprayed powder was

identified to be the main factor increasing the deposition

efficiency and therefore coating build-up. It is not believed

that the homogeneous microstructure and its Al-Zn matrix

combined with the Cu-Fe phases obtained after heat

treatment was the main contributor to this improvement of

in-process deformation. However, the solution heat treat-

ment of the material and its homogeneous microstructure

offer good potential in terms of post-deposition coating

aging. A low temperature aging (120 �C) could potentially

develop a fine dispersion of strengthening precipitates in

this solid solution matrix, thereby increasing mechanical

properties.

Conclusions

In this study, the solution heat treatment (SHT) of gas-

atomized 7075 series aluminum alloy powder was per-

formed using a novel technique. As-received and SHT

powders were cold-sprayed using swipe tests and coating

deposition trials in order to understand the effect of the

microstructural modification on the particle impact

phenomena.

• The non-equilibrium microstructure of gas-atomized

aluminum alloy powders, which is not ideal for cold

spray deposition, was homogenized using a solution
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heat treatment followed by quenching. The dendritic

structure of the as-received powder was eliminated, and

the solute atoms present in the powder were dissolved

to form a uniform solid solution. Coarse Fe- and Cu-

rich phases were formed during heat treatment due to

the low solubility of the aforementioned elements in the

aluminum matrix.

• Microhardness of the solution heat-treated powder

feedstock was reduced by 25% due to the redistribution

of the alloying elements in the matrix during the

solution heat treatment.

• The lower microhardness of the solution heat-treated

particles led to greater deformation of the particles

during cold spray impacts on an AA6061 substrate, as

evidenced by material jetting and by the shapes of the

splats compared to the deformation of the as-received

powder particles, implying a higher fraction of

deposition.

• The high degree of deformation and the improved

bonding between the particles were observed in coat-

ings prepared from heat-treated powder feedstock.

Under identical spraying parameters, a 300-lm-thick

coating was obtained in the case of the heat-treated

powder, showing a homogeneous microstructure,

whereas only few layers of as-received powder were

deposited, reaching only a 40-lm-thick coating exhibit-

ing a dendritic microstructure.
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