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An Al-V alloy powder produced by high-energy ball milling has been cold sprayed on an AA2024-T3 substrate.
The corrosion resistance of cold sprayed alloy, represented by the corrosion current density and pitting potential,
was significantly higher than the substrate. Furthermore, a zero-resistance ammeter test revealed that the coating
was anodic to the substrate, which would provide cathodic protection in any event of coating breakdown. The
wear resistance of the coating was almost four times higher than that of the substrate.

1. Introduction

Commercial Al alloys such as AA2024 and AA7075 exhibit a high
strength-to-weight ratio and have been a choice of material for light-
weight vehicles. However, the poor corrosion resistance of these Al al-
loys restricts their applications and longevity. Organic [1-3] and
conversion [4-9] coatings combined with corrosion inhibitors are used
to achieve adequate corrosion resistance in these alloys. However, many
corrosion inhibitors are carcinogenic [10-12], and alternative envi-
ronmentally friendly options are being explored [9,13-15]. Further-
more, organic coatings are prone to mechanical damage because of poor
wear resistance, and their applications at elevated temperatures are
limited. Metallic coatings are an alternative option. Thermal spray
[16-18], chemical vapor deposition[19], and cold spray [20] have been
used to produce metallic coatings and improve the mechanical and
corrosion properties of the substrate. Cold spray (CS) is a relatively new
technique for applying metallic coatings and gaining widespread
interest.

Cold spray is a solid-state additive manufacturing process invented
as a surface treatment method in the early 1990s [21,22]. The ability to
operate at relatively lower temperatures is a unique feature of CS
technique, which retains the initial microstructure and properties of the
substrate and feedstock [23]. Al [24-30], Cu [31-33], Ni [31,34,35],
and Ti [36] based alloys have been used as feedstock materials for CS
coatings. These coatings are reported to be compact and possess
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excellent adhesion strength and high residual compressive stress at the
surface. CS has been used to enhance mechanical properties such as
fatigue resistance [30], hardness [37], and wear resistance [38] of alloys
by depositing various coating materials. Severe plastic deformation of
the particles during the CS process was attributed to the improved me-
chanical properties of these coatings. In Al alloys, mechanical properties
have been significantly improved even though the feedstock was the
same as substrate materials [25,39-41]. For example, the deposition of
AA6082 alloy powder on the AA6082 substrate revealed a 14.7 %
enhancement in fatigue limit compared to the original substrate [41].
Furthermore, the relationships among CS processing parameters,
microstructural changes, and properties improvement have been
reviewed in [23,42,43]. Additionally, CS has been used to repair
damaged components in aircraft [44-48].

The effect of CS on the microstructure and mechanical properties has
been widely investigated. However, studying the corrosion behavior of
cold-sprayed Al alloys has attracted limited attention [25,28,49-51].
For example, Balani et al. reported the effect of carrier gas on the
corrosion properties of cold-sprayed AA1100 [25]. The corrosion resis-
tance in HoSO4 with a pH of 0.9 increased due to CS process. Moreover,
the corrosion resistance of CS AA1100 produced using He-20 vol% N5 as
carrier gasses was considerably higher than that produced using pure
He. The reduced corrosion resistance in the sample produced using pure
He was attributed to the higher number of active corrosion sites due to
severe plastic deformation. Pure Al has been used as a coating material
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Fig. 1. Morphology of HEBM Al-5at%V alloy powder (Feedstock powder) a)
BSE image of powder, revealing shape of particles, and b) Powder particle size
distribution estimated using Image J software.

for several high-strength Al alloys [28,52,53]. However, corrosion
resistance and mechanical properties such as wear resistance of most
Al-coated alloys have been similar to that of pure Al. Corrosion-resistant
materials such as Cr, stainless steel, and Ni-based alloys could be used as
feedstock to develop corrosion-resistant coatings for Al alloys; however,
galvanic interaction between the coating and the substrate in the event
of coating breakdown is a great challenge. Therefore, applying a
corrosion-resistant coating material, which can act as an anode to the
substrate, is critical to protect the alloy from galvanic corrosion.
Recently, Al-M (M: V, Cr, Mo, Ni, Ti, Nb, Ta) alloys produced by high-
energy ball milling (HEBM) showed excellent corrosion resistance,
strength, and elastic modulus [54-61]. The solid solubility of the
alloying elements in these Al-M alloys was several orders of magnitude
higher than that predicted by the equilibrium phase diagram [62]. In
addition, several Al-M alloys showed corrosion potential similar to
commercial Al alloys, which could minimize the galvanic interaction
between the coating and the substrate if Al-M alloys are used for coat-
ings. Since Al-M alloys are in a metastable state, CS could retain high
solid solubility and grain refinements in the coating, which is expected
to result in high corrosion-resistant coatings. In this work, ball-milled
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Al-5at%V alloy powder was cold sprayed on an AA2024-T3 substrate.
The microstructure and corrosion behavior of cold-sprayed alloys were
investigated using various characterization and electrochemical
techniques.

2. Methods
2.1. Synthesis of alloy powder and coating using cold spray

Al-5at%V alloy powder was synthesized in a planetary ball mill using
steel balls and jars. Elemental powders of Al and V were starting ma-
terial, and a ball-to-powder ratio of 16:1 was maintained. Jars were
loaded inside the glove box (Oxygen < 25 ppm), and 1.5 wt% stearic
acid was added as a process controlling agent. HEBM was performed at
280 RPM for 40 h with a pause of 30 min after each hour of milling. The
choice of the milling parameters was based on the author’s previous
work, where milling time and speed were optimized to attain the highest
solid solubility of V in Al-5at%V alloy[60]. Properties and microstruc-
ture of the ball milled Al-5at%V alloy have been studied in our previous
work, where the alloy showed high hardness[55-58,60,63], high
corrosion resistance, good thermal stability [58,62], and high elastic
modulus [64].

A Centerline Limited Supersonic Spray Technologies (SST) spray
division (LaSalle, Ontario, Canada) Series EP low-pressure CS machine
equipped with SST X Feeders was used to deposit the Al-5at%V alloy
coatings onto the AA2024-T3 substrate. Al-5at%V alloy powder was
kept in an oven at 90 °C for 12 h to remove moisture before spraying.
AA2024-T3 substrate was cleaned and grit blasted with ~40 pm alumina
media to improve the adhesion between the substrate and the coating.
Spraying was conducted using a nozzle standoff distance of 12.7 mm,
with a raster speed of 40 mm s! and a line spacing of 1 mm. The feed rate
was 5 %, corresponding to ~4.1 g m’l. Nitrogen gas was used as the
carrier gas and was pressurized to 1.65 MPa and heated to 425 °C. CS
coating was deposited using two consecutive passes. AA2024-T3 with CS
Al-5at%V coating is termed as CS-Al-5 V herein.

2.2. Characterization

2.2.1. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

The scanning electron microscopic (SEM) images of the top surface
and the cross-section of CS Al-5at%V (CS-Al-5 V) were obtained using
FEI Verios 460 L at 20 kV accelerating voltage. Secondary electrons and
backscattered electrons analysis (BSE), along with energy dispersive x-
ray spectroscopic (EDXS) elemental mapping were performed on each
sample to understand the microstructure and the corrosion of the
coating. A Cu layer with a thickness of (15 + 1.5) um was electro-
deposited on the CS-Al-5 V coated sample (excluding immersion test
specimens) prior to the cross-sectional sample preparation. The cross-
section was grounded using SiC sandpapers from P400 to P1200 mesh.
After that, the specimens were polished up to 0.05 pm surface finish
using colloidal silica suspension (particle size of 0.05 um), followed by
ultrasonic cleaning in ethanol for 10 min.

2.2.2. Scanning/transmission electron microscopy

The microstructure of CS-Al-5 V alloy was analyzed using a Talos
F200X G2 scanning/transmission electron microscope (S/TEM). The
instrument was operated at 200 kV during the experiment. Initially, CS-
Al-5 V cross-section was grounded using SiC sandpapers from P400 to
P1200. Then the specimen was polished up to 0.05 um surface roughness
using a diamond suspension and subsequently ultrasonicated for 10 min
in ethanol. The focus ion beam (FIB) instrument was utilized to prepare
the TEM sample using the lift-out technique. To protect the specimen
from ion irradiation during FIB, a first Pt layer using an electron beam
with a thickness of 300 nm was deposited on the interested region,
followed by a second Pt layer using an ion beam with a thickness of 500
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Fig. 2. Microstructural characterization of the surface of CS-Al-5 V using SEM a) BSE image of the top surface of CS-Al-5 V, b) High magnification image showing the
morphology of the coating, including interparticle boundaries and V-rich phases, ¢) and d) EDXS elemental Al and V mapping of (b).

nm. The specimen was thinned to below 100 nm, which is ideal for the
TEM investigation. High-angle annular dark field (HAADF) STEM and
bright-field (BF) STEM images were acquired to study the microstruc-
tural features. In addition, EDXS elemental mapping was performed to
understand the elemental distribution.

2.2.3. X-ray diffraction

The parallel beam X-ray diffraction (XRD) analysis was performed on
CS-Al-5 V along with pure Al and ball-milled Al-5at%V alloy powder
using the Rigaku SmartLab X-ray diffractometer. The samples were
scanned in the 26 range from 15 to 90 with a step size of 0.01" and a
scanning rate of 1~ per min. The peak shift after baseline correction was
used to estimate the interplanar distance of (111) plane. The solid sol-
ubility of V in Al for CS-Al-5V and Al-5at%V alloy powder was esti-
mated with the help of the estimated p-spacing of (111) plane and
Vegard’s law [65]. A detailed procedure for estimating the solid solu-
bility is reported in [56,66]. The average crystallite size was estimated
using Scherrer’s formula (Eq. 1) [11,67-72] after subtracting instru-
mental broadening.

o K
= Peost

@

Where 7 is the average crystallite size, K is a dimensionless shape factor
(K =0.94), 4 is the X-ray wavelength of the source (1 = 1.542 /i), pis the
full-width half maximum (FWHM) after subtracting instrumental
broadening, and @ is the Bragg angle. The instrumental broadening was
estimated using the FWHM of the corresponding (111) plane of pure Al
XRD patterns.

2.2.4. Hardness test

The Vickers Hardness of the CS-Al-5V and AA2024-T3 substrate
were measured using Mitutoyo HM 112 microhardness tester. The
applied load was 200 g with a dwell time of 5s. The average Vickers
hardness was estimated using ten measurements with a separating dis-
tance of at least 5 times the length of an individual indent.

2.2.5. Wear resistance test
Wear tests were performed on the CS-Al-5V and AA2024-T3

substrate using a dry sliding ball-on-disk tribometer (T50, Nanovea,
Irvine, CA). A 3 mm diameter track with a rotational speed of 100 RPM
was used for the experiment. The track was rotated for 30 min while
applying a normal load of 5 N using an aluminum oxide ball with a
3 mm diameter. The worn surface area and the depth profiles were
estimated using optical profilometry. Eight different wear profiles of
each sample were considered to estimate the average volume loss.

2.3. Electrochemical measurements

The corrosion performance of the substrate (AA2024-T3) and CS-Al-
5 V samples was investigated using electrochemical tests separately. The
AA2024-T3 was grounded using SiC sandpapers from P400 to P1200
mesh and ultrasonicated in ethanol for 10 min prior to the electro-
chemical testing. An adhesive polymer tape with an exposure area of
0.178 cm? was sticked to the sample to avoid crevice corrosion during
the electrochemical tests. A standard three-electrode flat cell with a
saturated calomel reference electrode (SCE) and Pt mech counter elec-
trode was used for the experiment. The test results were acquired using
the VMP-300 potentiostat with the help of EC-lab software. All elec-
trochemical tests were repeated at least three times to ensure the
reproducibility of the results.

2.3.1. Potentiodynamic polarization tests

Potentiodynamic polarization (PDP) tests were conducted on
AA2024-T3 and CS-Al-5V in a non-deaerated 0.01 M NaCl aqueous
solution. Open circuit potential (OCP) was measured for 30 min (OCP of
HEBM Al alloys stabilizes within 30 min of immersion). Then, the anodic
polarization was performed with a sweep rate of 0.167 mV s™, starting
from 50 mV below OCP. The test was continued until the current density
reached 200 pA cm2. The potentiodynamic polarization test procedure
and its parameters are described in [58,59,71-73].

2.3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) tests were conducted
on AA2024-T3 and CS-Al-5 V in a non-deaerated 0.01 M NaCl aqueous
solution. OCP was measured for 30 min prior to EIS scanning. A sinu-
soidal wave with 10 mV amplitude with respect to OCP was passed
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Fig. 3. Microstructural characterization of the
cross-section of CS-Al-5 V coating using SEM a)
Low magnification BSE image with an occa-
sional coating debonding, b) High magnifica-
tion BSE image shows the uneven coating c-e)
EDXS elemental mapping of b, f) BSE image
indicates an occasional crevice formation in the
coating, g) BSE image reveals a region, where
the EDXS line scan was performed, and h) EDXS
line scan of various elements along the red
arrow shown in g) (Stacked the plot to increase
the visibility of the intensity of each element).
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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through the sample, and the frequency of the wave varied from 100 kHz
to 10 mHz. For each frequency, three readings were acquired, and ten
data points were collected per frequency decade.

2.3.3. Zero resistance ammeter tests

Zero resistance ammeter tests (ZRA) were carried out using a CS-Al-
5V sample as a working electrode, while AA2024-T3 was set as a
counter electrode. The exposed area for the two samples was kept the
same (0.178 cm?). OCPs of the working electrode and counter electrode
were recorded for 30 min. After that, the current flow of the system was
monitored for 30 min under the ZRA condition.

2.4. Immersion tests

Immersion tests for the top surface and cross-section of CS-Al-5V
were carried out. Prior to the immersion test, a cross-sectional sample
was mounted on epoxy and grounded using SiC sandpapers from P400 to

Distance (um)

P1200 mesh. The specimen was polished up to 0.05 um surface finishing
using diamond suspension and subsequently ultrasonicated in ethanol
for about 10 min. The cross-sectional specimen was immersed in 0.01 M
NaCl for 6 h, while the top surface of the sample was immersed in
0.01 M NaCl for 7 days. After immersion, specimens were cleaned
thoroughly with de-ionized water, and SEM was performed on both
samples separately. After SEM, a Cu layer was electrodeposited on the
top surface immersed sample to study the cross-sectional view of the
coating. The specimen was mounted on epoxy. During mounting, the
cross-section of the coating was placed upward, and the same sample
preparation procedure was followed prior to SEM.

3. Results and discussion
3.1. Microstructural characterization of cold sprayed coating

Fig. 1 shows a BSE image of powder particles and their size
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Fig. 4. BF-STEM image of CS-Al-5Vshowing elongated grains, b) SAED pattern exhibiting crystallite orientations of FCC Al, ¢) TEM image reveals several deformed
regions as pointed by the yellow arrows and red dotted circle, d) HAADF-STEM image with various secondary phases in CS-Al-5 V microstructure and, e-g) EDXS
elemental map, showing V-rich and Fe-rich phases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

distribution after HEBM. Most of the particles were near-spherical
shapes with a narrow particle size distribution. The average particle
size, estimated using the Image J software, was 12.6 + 6 ym. A wide
range of high-energy ball-milled Al-5at%V alloy properties have been
discussed in [58,60]. This alloy exhibits high thermal stability [62], high
corrosion resistance [56,58,59], high strength [55,58,60], and high
elastic modulus [57,64]. BSE images of the top surface of CS-Al-5 V are
shown in Fig. 2a and b. Fig. 2a indicates a surface without observable
holes, pores, or cracks. However, the high magnification image (Fig. 2b)
exhibits interparticle boundaries. The area fraction of these interparticle
boundaries, estimated using Image J software, was ~ 6 %. The EDXS
elemental maps of Fig. 2b show the particle separation (Fig. 2c) and the
presence of fine bright particles confirmed to be V-rich phases (Fig. 2d).

Crosse sectional SEM images of the coating and substrate are pre-
sented in Fig. 3. Coating/substrate interface was not visible in most
regions (Fig. 3a and b). However, occasional cracks and pores are
observed at the coating/substrate interface (Fig. 3a). The EDXS
elemental mapping was performed on the region shown in Fig. 3b and is
presented in Figs. 3c—e. The observed Cu on top is electroplated copper
(Fig. 3d). In Fig. 3e, V indicates the coating of Al-5at%V alloy. The
coating cross-section in Fig. 3f shows an occasional crevice from the top
surface towards the substrate. These crevices are rare in the coatings,
albeit they could profoundly influence the mechanical and corrosion
performance. The EDXS line scan on the CS-Al-5V cross-section was
performed to estimate the coating thickness. EDXS line scan presented in
Fig. 3h was from the red arrow shown in Fig. 3g. The high-intensity V
region in Fig. 3h revealed cold sprayed coating on the AA2024-T3
substrate. 10-line scans were performed to estimate the coating thick-
ness, ranging from 2.5 to 21.8 ym with an average thickness of 13
+ 7 um. This coating thickness variation could be attributed to the
powder flow interruption and the nozzle’s gradual clogging. Based on
the cross-sectional SEM observations, the coating/ substrate interface
was not distinguished from SEM, exhibiting excellent bonding.

Fig. 4 shows the STEM analysis of the cross-section of CS-Al-5V
alloy. BF-STEM image (Fig. 4a) reveals the formation of elongated grains
with an average length of 100 + 85 nm and width of 38 + 9 nm due to
severe plastic deformation. The selective area electron diffraction

(SAED) pattern shown in Fig. 4b exhibited bright rings indexed by
designated grain orientations (red arrows). These bright rings indicated
the formation of a nanocrystalline structure. The interplanar distance of
(111) plane was extrapolated using SAED pattern and was 4.03505438
A. The solid solubility of V in Al was approximated considering the
interplanar distance of (111) plane in pure Al 4.04958 A [59] and
Vegard’s law [65]. The estimated solid solubility of V in Al was 1.89 at
%, which is six orders of magnitude higher than that is predicted by the
equilibrium phase diagram. A high magnification TEM image (Fig. 4c)
exhibits several deformed regions marked by the yellow arrows. The
presence of these shear regions could be attributed to the severe plastic
deformation during the ball milling and cold spray process. The EDXS
elemental mapping was performed on a selected region (Fig. 4d) and is
presented in Figs. 4e-g. A V-rich phase was observed in several spots
(Fig. 4e), which was also observed in the SEM microstructural analysis.
In addition, the Fe-rich phase was observed in the microstructure
(Fig. 4f) that usually comes from the abrasion of milling media during
ball milling, as confirmed in our previous work [59].

The parallel beam XRD scans for CS-Al-5 V along with that for pure
Al and as ball-milled Al-5at%V alloy are presented in Fig. 5. CS-Al-5 V
showed only the peaks corresponding to FCC Al (Fig. 5a). The peak
broadening and the decreased peak intensity were observed in CS-Al-5 V
compared to pure Al, revealing the crystallite refinement. CS-Al-5V
peaks were shifted towards higher 26 values than pure Al (Fig. 5b),
indicating the reduction of lattice parameters due to the formation of Al-
V solid solution. The estimated solid solubility of V in Al using XRD was
1.69 at%, which agrees with that value estimated from TEM. It should be
noted that the solid solubility of V in ball milled alloy (2.32 at%) was
higher than that in CS-Al-5V (1.69 at%), which is clear from the 26
values in Fig. 5b. As determined by XRD, the average crystallite size of
CS-Al-5 V was ~ 19 nm, which is typical in high-energy ball-milled Al
alloys [71,72,74].

3.2. Hardness and wear resistance

The hardness of the coated specimen was 314 HV, which is signifi-
cantly higher than that of AA2024-T3 alloy substrate (129 HV) and ball
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Fig. 5. XRD analysis of CS-Al-5 V compared with as milled Al-5 at%V powder
and commercially available pure Al. a) Full scan, revealing only peaks corre-
sponding to FCC Al, and b) Zoomed-in region of the (111) peak.

milled and subsequently cold compacted Al-at% 5 V alloy (245 HV). The
increased hardness of the cold sprayed specimen could be mainly
attributed to the nanocrystalline structure, high solid solubility of V in
Al, work hardening, and precipitation hardening.

The average volume loss during the wear test of CS-Al-5 V alloy was
68 x 10° pm3, whereas volume loss for substrate was 293 x 10° pms,
which is almost 4 times higher than that in the coated specimen. How-
ever, a dedicated study is required to develop a mechanistic under-
standing of the improved wear resistance.

3.3. Corrosion behavior of cold sprayed coating

The potentiodynamic polarization curves for CS-Al-5 V and AA2024-
T3 in 0.01 M NaCl are presented in Fig. 6a. The average corrosion po-
tential (Ecor), corrosion current density (icor), and pitting potential
(Epit) were estimated considering three PDP curves and are shown in
Table 1. The CS-Al-5 V exhibited high pitting potential (—407 mVscg), a
large and clear passive region compared to AA2024-T3. In AA2024-T3,
the passive region and pitting potential were not visible as the pitting
potential lie below corrosion potential [74]. Interestingly, corrosion
potential for CS-Al-5V (—491 mVgcg) was less noble than that of
AA2024-T3 (—465 mVgcg), indicating the coating to be an anode in case
of any galvanic interaction between substrate and coating. The average
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Fig. 6. Corrosion behavior of CS-Al-5V in comparison with AA2024-T3 after
30 min of OCP stabilization in 0.01 M NaCl. a) Representative PDP curves and
b) Nyquist plots with the inset image showing the equivalent circuit used for the
experimental data fitting.

Table 1
The average electrochemical properties estimated using Tafel fit for CS-Al-5 V
and AA2024-T3.

Ecorr (MViscE) icorr (A cm™) Epit (MVisck)
CS-Al-5V — 491 +29 0.02+0.01 — 407 £20
AA2024-T3 —465+5 0.86 +£0.12 -

icorr Of AA2024-T3 and CS-Al-5 V were 0.86 pA cm™ and 0.02 pA cm™,
respectively. The high corrosion resistance of CS-Al-5V could be
attributed to the higher solid solubility of V in Al and uniform distri-
bution of V in the Al matrix. Detailed studies concerning the role of
extended solid solubility of V and microstructure on passive film struc-
ture, passive film breakdown, pit growth, and repassivation are dis-
cussed in[59]. It should be noted that the corrosion performance of as
cold sprayed sample with an uneven surface and occasional defects has
been investigated. Polishing is expected to result in a further increase in
corrosion resistance.

Nyquist plots for CS-Al-5V and AA2024-T3 in 0.01 M NaCl are
shown in Fig. 6b. A two-time constants equivalent circuit was used to
characterize the electrochemical impedance of both samples; one is
located at high frequencies, and the other is at low frequencies. These
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Table 2

EIS fitting results estimated using the Zview software for CS-Al-5 V and AA2024-T3.
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Rs CPEfiim CPEfiimp Reiim CPEq CPEq1p Ret Chi-Squared

(Qcm? (uF cm®) (kQ cm?) (uF cm™) (kQ cm?) (x1072)
CS-Al-5V 294 3.5 0.83 921 3.6 0.81 1026 0.4
AA2024-T3 251 4.2 0.83 73 15.1 0.85 166 0.8
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Fig. 7. ZRA tests between CS-Al-5V (working electrode) and AA2024-T3
(counter electrode), showing a) OCP relaxation and b) The current flow from
the working electrode to the counter electrode over time.

two-time constants are associated with passivity and localized corrosion
[75]. The EIS data for both CS-Al-5 V and AA2024-T3 were fitted using
Zview software with the help of the equivalent circuit shown in the inset
of Fig. 6b, where Rg is the solution resistance, CPEgp, and Rgm corre-
spond to the surface film’s constant phase element and the resistance,
respectively. CPE4 and R indicate the double layer constant phase
element and charge transfer resistance, respectively. A constant phase
element (CPE) indicated the frequency-dependent non-ideal capacitive
behavior. The highest total impedance (|Z|) of CS-Al-5V was
659 kQ cm?,50 times higher than that in AA2024-T3, revealing the
remarkable improvement in corrosion resistance due to the cold sprayed
coating. In addition, both passive film resistance (Rg,) and charge
transfer resistance (R¢t) of CS-Al-5 V were significantly higher than that
in AA2024-T3 (Table 2). The effect of V. and HEBM could be ascribed to
the enhanced passive film and charge transfer resistance in CS-Al-5V
[59,71]. The constant phase element of the double-layer formed on

AA2024-T3 substrate was 15 pF cm™2, which is 4 times higher than that
of CS-Al-5 V, showing a lower susceptibility to localized corrosion in the
CS-Al-5 V than that of the AA2024-T3 substrate. This could be attributed
to the inhibitive nature of V in localized corrosion sites, as discussed in
[58,59,71]. In addition, the film constant phase element of CS-Al-5V
was slightly lower than that of the substrate alloy. This indicates slightly
higher passive film stability in CS-Al-5V, possibly due to lower con-
ductivity of the passive than in the AA2024-T3 substrate. Therefore, the
chloride ion penetration through the passive film in CS-Al-5V alloy
could be restricted compared to that in AA2024-T3.

The zero-resistance ammeter (ZRA) test was performed to under-
stand the galvanic coupling between CS-Al-5 V and AA2024-T3. OCP of
CS-Al-5 V coating was — 520 mVscg, which is 60 mV lower than that of
AA2024-T3 (Fig. 6a and Fig. 7a). This exhibits that the CS-Al-5 V coating
is anodic to the AA2024-T3 substrate, which can protect the substrate in
case of coating breakdown or defects. In addition, the positive current
pulse was observed during the ZRA scanning (Fig. 7b) and converged to
0.1 yA cm™ over time, which indicates reduced galvanic interaction
between the coating and the substrate as compared to that in the re-
ported literature [76].

3.4. Post corrosion characterization of the coating

The SEM analysis of the top of CS-Al-5 V coating after immersion in
0.01 M NaCl for 7 days is presented in Fig. 8. A BSE image (Fig. 8a)
exhibits the presence of corrosion products on the coating surface. The
high magnification BSE image (Fig. 8b) reveals cracks on the coating
surface, where localized corrosion products were observed.

A coating cross-section was scanned at several regions and is pre-
sented in Fig. 8c and d. Fig. 8c exhibits a coating region where the
substrate is protected by coating without localized corrosion. The
elemental O was not detected (EDXS analysis Fig. 8c) on top of the
substrate, revealing the absence of significant corrosion at the coating/
substrate interface. Fig. 8d shows the localized corrosion at the coating
and substrate interface. The coating was discontinued in the region
where the localized corrosion was noticed. The absence of the coating or
the presence of a coating defect, such as a crevice (Fig. 3f), could expose
the substrate to the electrolyte, which can initiate localized corrosion. In
addition, a Cu-rich region was detected inside the pit, confirming the
severe influence of the cathodic Cu particles on localized corrosion
initiation. The accumulation of corrosion products at the coating/sub-
strate interface could lead to the generation of stresses on the coating
near localized corrosion points. These stresses could have resulted in
cracks formation and releasing the corrosion products to the top of the
coating via forming cracks, as observed in Fig. 8b.

Fig. 9 shows SEM images of CS-Al-5 V coating cross-section after 6 h
of immersion in 0.01 M NaCl. The BSE image of the cross-section
(Fig. 9a) revealed the localized corrosion initiation at Cu-rich sites,
which is a well-known phenomenon for AA2024-T3 [77,78]. A
zoomed-in region selected from Fig. 9a is presented in Fig. 9b, along
with the EDXS elemental mapping. The absence of corrosion at the
interface between coating and substrate was observed (Fig. 9b). In EDXS
elemental mapping, V and O indicate the coating of Al-5at%V alloy and
corrosion products, respectively. The elemental oxygen was not detected
along with the interface of coating/substrate, exhibiting the least
corrosion between the coating and substrate. This shows the excellent
galvanic compatibility between the coating and the substrate, compared
with reported coatings for Al alloys [79]. However, a layer of corrosion
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Fig. 8. Corrosion characterization using SEM.
The top surface was exposed to 0.01 M NaCl for
7 days. a) A BSE image of the top surface of the
coating with the localized corrosion initiation,
b) A selected localized corrosion point from
Fig. 8a, showing the formation of cracks around
the corrosion products, ¢) A coating without
observable defects, leading to the protection of
the substrate. The EDXS analysis shows the
elemental distribution around the uncorroded
coating, 5d) Localized corrosion at the interface
between the coating and the substrate. The
EDXS elemental map reveals the presence of
Cu-rich particles caused corrosion initiation.

Fig. 9. SEM analysis of coating cross-section
after immersing in 0.01 M NaCl for 6 h. a)
BSE image of the cross-section, showing the
localized corrosion initiation at Cu-rich sites b)
A selected zoomed-in region from Fig. 9a. The
EDXS maps of Fig. 9b indicate the absence of
corrosion at the interface between coating and
substrate, ¢) high magnification BSE image near
the coating/ substate interface and and d) EDXS
line scan of elemental Cu and V along the red
arrow shown in (c). (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)
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products was detected (Fig. 9 EDXS oxygen elemental mapping) above
the coating layer due to the crevice corrosion at the separated interface
between the coating and the mounted epoxy. Fig. 9c shows a selected
zoomed-in region near the coating/substrate interface, where the
copper-rich particles are present in the substrate. Corrosion was
observed around the copper-rich particles due to their cathodic nature.
EDXS lines scans (red arrow in Fig. 9c) were performed through the
particles named as 1,2, and 3 in Fig. 9¢, confirming all three particles to
be rich in Cu. The EDXS line scan through particle 2 is presented in
Fig. 9d. Interestingly, V enrichment was observed around the Cu-rich

30 40 50 60
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particles (Fig. 9d), which could be because of the release of the V
from corrosion of coating and subsequent deposition on the cathodic
sites. This phenomenon has been shown for Al-V alloys through TEM
analysis of pits and regions near pits in ball-milled Al-V alloys [58,59]. It
was postulated that the V deposition on cathodic sites could decrease
their efficiency in sustaining cathodic current and retard the pitting
corrosion. However, this proposed phenomenon of V release and sub-
sequent deposition in cold spray coatings needs to be investigated in
future studies.
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Fig. 10. Schematic diagram shows the proposed corrosion mechanisms of the
alloy with corrosion initiation within the coating and the interface between the
coating and the substrate. V deposition occurs at the substrate in case of
coating breakdown.

3.5. General discussion

The plastic deformation and ductility of the feedstock powder play a
crucial role in forming strong metallic bonds between substrate and
coating, determining the cold spray coating characteristics [42,80].
Combining appropriate cold spray processing conditions and Al-5at%V
feedstock powder is expected to result in a dense and fully compacted
coating along with interparticle boundaries. The cold spray parameters
used herein were similar to that used for pure Al. Furthermore, opti-
mization of processing parameters is expected to result in further
improvement in coating characteristics. Feedstock alloy powder
exhibited a nanocrystalline structure and high solid solubility of V in Al
which are attributed to the high hardness of the feedstock alloy powder
[58,60]. However, further increment of the hardness of CS-Al-5 V could
be attributed to work hardening by the cold spray. In addition, precip-
itation hardening is also possible in Al-5at%V alloy, as reported in the
literature [58].

The corrosion resistance of feedstock Al-5at%V alloy was studied
after cold compaction of ball milled powder and reported to be signifi-
cantly higher than that of AA2024-T3 substrate[56,58]. Furthermore, it
has been reported that the formation of high solid solubility of V in Al
and improved passive film stability due to the effect of high energy ball
milling and the addition of V caused enhanced corrosion resistance in
Al-V alloys [56,59]. Interestingly, the solid solubility of V in cold spray
coating was in the same order of magnitude as in the feedstock alloy
powder, indicating the retention of initial solid solubility even after cold
spray. Therefore, it is clear that the corrosion resistance enhancement in
CS-Al-5V, as shown by PDP and EIS tests, is mainly attributed to the
corrosion resistance of feedstock Al-5at%V powder.

The schematic representation of coating, substrate and electrolyte in
Fig. 10 elucidates localized corrosion initiation at the interface between
coating and substrate. The occasional discontinuity, such as a crevice
formation during cold spray (Fig. 3f), facilitates electrolyte penetration
toward the coating-substrate interface. Once the electrolyte has reached
the coating/substrate interface, localized corrosion is favored due to the
galvanic interaction between coating and substrate. Furthermore, the
coating acts as an anode to the substrate, and the corrosion of the coating
can be hypothesized to release V and Al ions. The released V ions could
inhibit the corrosion at the coating/substrate interface. The inhibition
mechanism could be similar to that reported for vanadates and other
corrosion inhibitors [54,59,81,82]. This hypothesis of vanadium release
on repassivation for the cold-sprayed alloys needs to be validated in
future studies. Nonetheless, the deposition of V on cathodic Fe and
C-rich particles in Al-V alloys resulting in high corrosion resistance has
been shown elegantly by Christudasjustus et al.[58] and Witharamage
et al.[59] by analyzing the pits using scanning transmission electron
microscopy.
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4. Conclusions

Al-5at%V alloy powder with high solid solubility of V and nano-
crystalline structure was produced via high-energy ball milling. This
ball-milled alloy powder was successfully deposited on the AA2024-T3
substrate using the cold spray, resulting in a dense coating, and the
following are the conclusions:

e Cold sprayed coating of Al-5at%V alloy revealed a nanocrystalline
structure along with six orders of magnitude higher solid solubility of
V in Al than that predicted by the phase diagram. It should be noted
that the solid solubility of V in high-energy ball milled alloy was
2.32 at% which decreased to 1.7 at% V after cold spray.

e The wear resistance of the cold sprayed alloy was 4.3 times higher
than that of AA2024-T3 substrate. In addition, the hardness after
cold spraying Al-5at%V was 2.4 times higher than that of the sub-
strate and 1.3 times higher than that of the ball-milled and subse-
quently cold-compacted Al-5at%V alloy. High hardness and wear
resistance after cold spray could be attributed to grain refinement,
work hardening, solid solution strengthening, and precipitation
strengthening.

The cold sprayed alloy exhibited low corrosion current density (43

times lower than that of the substrate) and a clear passive window

with a high pitting potential (—407 mVscg). This high corrosion
resistance has been attributed to the nanocrystalline structure and
high solid solubility of V in Al

e The galvanic compatibility between the cold sprayed coating, and

the substrate was excellent. Zero resistance ammeter tests showed

that the coating acts as a sacrificial anode to the substrate, indicating
its ability to protect the substrate from corrosion in the event of
coating breakdown.

Cold sprayed coatings of ball-milled alloys could be applied to a wide

range of Al alloys, which can expand the application of high-strength

Al alloys in harsh environments. Moreover, the composition and

microstructure of the coatings can be varied according to the elec-

trochemical properties of the substrate.
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