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Abstract Magnesium (Mg) alloys have remarkable phys-

ical and mechanical properties for various aerospace

applications. However, the high corrosion susceptibility

and low wear resistance of Mg alloys restrict their wider

use. To overcome these problems, 6061 Al alloy coatings

were fabricated via the cold spraying process on the

AZ91D Mg alloy substrate and a detailed comparative

study on the wear and corrosion properties was carried out.

The microstructure analysis of the compact coatings

revealed low porosity with no phase change during the

deposition process. The coatings showed improved corro-

sion resistance up to seven times as confirmed by poten-

tiodynamic polarization and electrochemical impedance

spectroscopy measurements in 3.5 wt.% NaCl aqueous

solution. The as-deposited coatings were also compared

with commercial bulk alloys of similar composition for

their suitability to industrial applications. The tribological

behavior of the coatings and substrate was investigated

using tribometer. The wear resistance of the coatings

improved more than two orders of magnitude as compared

to the substrate. Abrasive and oxidative wear mechanisms

were dominant in the coatings and substrate. The results

showed that cold spraying of 6061 Al alloy on AZ91D Mg

alloy could be an auspicious process to overcome the poor

corrosion and wear resistance of this Mg alloy for practical

industrial applications.

Keywords cold-sprayed coatings � corrosion protection �
magnesium alloy � wear resistance

Introduction

Magnesium (Mg) alloys are excellent materials for a large

range of applications. Their high damping capacity, low

density, good specific strength and recyclability make them

an appropriate candidate for the automotive/aerospace

applications where these properties have great potential to

reduce fuel consumption, thereby contributing to energy

savings and reducing environmental impact (Ref 1-4).

Although the surface properties of Mg alloys are accept-

able for certain applications, their poor corrosion and wear

resistance prevent the wider applications of these materials

(Ref 5, 6). Therefore, the corrosion protection of Mg alloys

has been receiving a great deal of interest in recent years.

So far, there are mainly two methodologies to improve the

corrosion performance of Mg alloys: composition variation

and surface engineering. Pan et al. (Ref 7) reported that the

development of new Mg alloys improved their corrosion

resistance when compared to commercial Mg alloys.

However, their anti-corrosion performance is still poor

when compared to Al-based alloys. On the other hand, the

surface modification of prevailing Mg alloys is an eco-

nomical and effective approach to prevent them from
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severe corrosion. Protective coatings through different

surface treatments such as anodization (Ref 8, 9), chemical

vapor deposition (CVD) (Ref 10), spray coatings (Ref

11, 12), chemical conversion (Ref 13-15) and electroplat-

ing (Ref 16, 17) have been applied for the surface prop-

erties modification of Mg alloys. However, the above-

mentioned techniques are restricted either by cost or by

performance. In addition, Mg alloys are chemically reac-

tive and their high affinity in aqueous solution makes it

challenging to apply these surface modification techniques

to these alloys when compared to other metals (Ref 18).

Cold spraying (CS) is a relatively new, simple and

innovative coating technique which addresses some short-

comings of the traditional thermal spraying processes (Ref

19-21). In this technique, high-velocity gas stream is used

to accelerate powder particles toward the substrate at a

temperature much lower than the melting point of the

coating material. The impacting solid particles experience

plastic deformation and produce a metallurgical bond with

the substrate. The low processing temperature prevents

various adverse processes such as oxidation, decomposi-

tion, evaporation, phase transformation and grain growth of

the depositing material (Ref 22, 23). Meanwhile, the high-

velocity impacting particles eliminate the interface oxida-

tion and retain the substrate surface fresh which contributes

to good particle/substrate adhesion (Ref 24).

The electrochemical studies of Al and its alloys have

shown their superior corrosion resistance when compared

to Mg and its alloys. This is mainly due to the formation of

dense and thin aluminum oxide surface layer (Ref 25, 26).

The possibility of getting compact coatings through the

cold spraying, good anti-corrosion properties of Al and its

alloys make them ideal for corrosion protection metallic

coatings. Henao et al. (Ref 27) and Shockley et al. (Ref 28)

reported that it is very difficult to coat compact Al or Al

alloy coatings using air or nitrogen as accelerating gas in

cold spraying. Balani et al. (Ref 29) used helium as the

accelerating gas in the cold spraying process to deposit Al

alloy coatings. The results confirm that the coatings are

compact enough to provide good corrosion resistance.

However, the helium gas is much more expensive when

compared to nitrogen.

Many studies have been carried out to deposit Al and its

alloys composite coatings (Ref 30-32). The blended cera-

mic particles in pure metal/alloy help to get dense coatings

by reducing the inter-particle pores due to the tamping

effect of ceramic particles on pre-deposited metallic splats

(Ref 32, 33). However, the ceramic particles are brittle in

nature and can be easily fractured due to the high impact

velocity during the cold spraying process. These crushed

ceramic particles may cause crevices and pores in the as-

sprayed coating and can provide fast penetrating channels

for corrosive media initiating the corrosion process. Cong

et al. (Ref 31) showed that the crevices and pores generated

in Al ? Al2O3 composite coatings on steel substrate ini-

tiated the corrosion process by the dissolution of the Al

matrix localized at the Al2O3 particle boundaries. Tao et al.

(Ref 34) reported that the cold-sprayed compact pure Al

coating on AZ91D alloy show better pitting corrosion

resistance than the bulk pure Al in 3.5 wt.% NaCl solution.

Hence, a dense and compact coating can provide significant

corrosion resistance. Numerous studies have been carried

out to study the wear behavior of cold-sprayed Al and its

alloys coatings on Mg alloys substrates (Ref 28, 31, 32).

The reported results show that the wear rates of the cold-

sprayed coatings are several orders of magnitude higher

than bulk Al alloys but are several orders of magnitude

lower when compared to the substrate material.

6xxx Al alloys are widely used in various applications

because of their excellent corrosion resistance and good

mechanical properties. The AZ91D Mg alloy has many

applications in aerospace/automotive industry. In this

study, we selected 6061 Al alloy for surface coating of Mg

substrate. Thus, the aim of the work is to deposit a dense Al

alloy coating using nitrogen as an accelerating gas via

optimization of cold spraying process parameters to

enhance the corrosion and wear resistance of the AZ91D

Mg substrate. The study of coatings microstructure and the

comparison of corrosion and wear mechanisms for the

coating and substrate is also the part of the investigation.

Experimental Details

Preparation

The commercially available gas-atomized 6061 Al alloy

powder (Xing Rong Yuan Technology Co., Ltd, Beijing,

China) was used as the feedstock material for cold spraying

with 10-70 lm size range. Particle size and morphology

were examined using a field emission scanning electron

microscope (FESEM) MIRA3 TESCAN. The secondary

electron (SE) image of 6061 Al alloy feedstock powder is

shown in Fig. 1(a). Figure 1(b) shows the detailed size

distribution of the powder. The particles generally have

round morphology, many of these having attached satellite

particles.

For the cold spraying, as-cast AZ91D Mg alloy was used

as a substrate material. Prior to spraying, the substrate was

sandblasted using 24 mesh alumina grits at 0.6 MPa

compressed air pressure to improve the coating/substrate

adhesion. After sandblasting, the substrate was ultrasoni-

cally cleaned in acetone for 10 min. The chemical com-

positions of the AZ91D Mg alloy substrate, 6061 Al alloy

bulk and powder were determined by inductively coupled
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plasma optical emission spectroscopy and are listed in

Table 1.

A cold spraying system DWCS-2000 (Dewei Automa-

tion Company, Xi’an, China) was used to prepare the 6061

Al alloy coatings with the optimization of process param-

eters as described below. The system has a convergent–

divergent de Laval nozzle, and nitrogen was used as an

accelerating gas with a driving pressure of 2.8 MPa. The

temperature of the mixing chamber, which is close to the

temperature of the powder/gas mixture prior to accelerating

through the nozzle throat, was 330 �C. The standoff dis-

tance was kept at 20 mm from the nozzle exit to the center

of the substrate surface. During deposition, the spray gun

was manipulated by a robot traversing at a speed of

40 mm/s across the substrate, the powder feeding rate was

about 30 g/min and 5-6 passes were performed to get

around 1000-lm-thick coating.

Characterization

The coating/substrate interface was examined using

FESEM. The cross section of the coated specimen was

prepared to metallographic level using the following pro-

cedure: The sample was successively ground to finer grades

with wet SiC paper, finishing with the 4000 grit paper.

Nylon weave cloth with 6 lm diamond paste was used for

polishing followed by soft nap cloth and 1 lm diamond

paste. This technique was adopted to minimize the

coating/substrate interface rounding due to the variance in

hardness of the coating and bulk material (Ref 32).

Moreover, to observe the inter-particle bonding, the coat-

ing/substrate interface was etched in 5 ml HF, 10 ml

H2SO4 and 85 ml H2O solution for 10 s and the cross

section was imaged using FESEM. The phases present in

the feedstock and coating were investigated using x-ray

diffraction (XRD) technique (GNR analytical instruments

group EXPLORER).

Electrochemical properties of the 6061 Al alloy-coated

AZ91D (coating), AZ91D Mg alloy bulk (substrate) and

the 6061 Al alloy bulk were comparatively investigated

using Reference 600TM potentiostat (Gamry Instruments).

The corrosion resistance of the samples was assessed

through potentiodynamic polarization. The tests were per-

formed in a three-electrode conventional glass cell using

3.5 wt.% NaCl aqueous solution. The samples (1 cm2

area), a standard calomel electrode (SCE) and a graphite

rod were used as working, reference and auxiliary elec-

trodes, respectively. Prior to individual measurement, the

exposed surfaces of all the samples were ground up to 1200

grit and 2-h stabilization period was given to establish a

steady-state open-circuit potential (OCP).

To further understand the effect of coating on the cor-

rosion resistance mechanism, electrochemical impedance

spectroscopy (EIS) measurements of the coating, substrate

and 6061 Al alloy bulk were taken at OCP using a 10 mV

(RMS) amplitude AC voltage. The frequency-dependent

Fig. 1 (a) Morphology; (b) particle size distribution of feedstock 6061 powder

Table 1 Compositions of the

AZ91D Mg substrate, 6061 Al

alloy bulk and powder as

determined by inductively

coupled plasma optical emission

spectroscopy

Material Chemical composition, wt.%

Mg Al Zn Mn Si Cu Ni Fe Cr

AZ91D Bal 3.81 0.93 0.32 … … 0.001 0.003 …
6061 bulk 0.92 Bal 0.13 … 0.22 0.28 …… 0.21 0.19

6061 powder 1.08 Bal 0.07 … 0.42 … …… 0.77 0.008

J Therm Spray Tech (2019) 28:1739–1748 1741

123



impedances were measured from 0.01 Hz to 100 kHz. All

the EIS measurements were taken in 3.5 wt.% NaCl

aqueous solution.

The dry sliding wear tests on coating and bulk samples

were conducted using a ball-on-disk tribometer (MT/60/NI/

HT/L, Microtest SA). A 3-mm-diameter steel ball was used

as the counter-body. The samples for the tests were pol-

ished up to 1 lm finish. A 3 N load and linear speed of

15 cm s-1 were used in this experiment. Tests were per-

formed for a distance of 50 m using a 6 mm track diam-

eter. After the wear test, the wear volume loss was obtained

from 3D optical measurement system (Keyence VHX-

1000C). To study the worn surface morphology and wear

mechanism, FESEM analysis of wear tracks were carried

out.

Results and Discussions

Microstructure

The microstructure of the coating/substrate interface is

displayed in Fig. 2(a). A thick and dense coating was

observed with a porosity level of 2-3 vol.% as measured by

image analysis software, and FESEM micrograph indicates

deformation of 6061 Al alloy powder during the deposi-

tion. The substrate is comparatively softer than 6061 Al

alloy, so deformation of the substrate may be caused by the

impacting particles and particles are penetrated into the

substrate. Hence, no pores or cracks were observed at the

interface, as shown in Fig. 2(c). Moreover, for the detailed

study of inter-particle bonding, polished and etched cross

section of the coating was observed using FESEM as

shown in Fig. 2(b). Figure 2(d) shows the etched and

enlarged cross section exhibited a well-compacted coating

with good inter-particle bonding and few pores.

The XRD patterns of initial 6061 feedstock, as-sprayed

coating and 6061 Al alloy bulk are shown in Fig. 3. The

patterns revealed the standard peaks for pure Al little dis-

placed on 2h position because of the alloy elements. After

cold spraying of 6061 powder, no other phase was

observed on the coated specimen besides 6061 Al alloy

(matched with card number 01-074-5237). The missing

(220) and (311) planes in XRD pattern of 6061 alloy bulk

are the effect of rolling texture.

Electrochemical Behavior

OCP Behavior

In order to monitor the corrosion process of the samples,

we used the open-circuit potential (OCP) method as a

function of time. As shown in Fig. 4(a), the corrosion

potentials for 6061 Al alloy bulk and the substrate

Fig. 2 Field emission scanning

electron micrographs: (a) cross-

sectional microstructure of cold-

sprayed 6061 coating;

(b) etched 6061 coating (cross

section); (c) a close view of

(a) near the coating/substrate

interface; (d) enlarged image of

(b)
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remained stable during the experiment. For the coated

sample, the OCP varied from - 1.0 to - 0.9 V over the

3500-s measurement time period, which indicates that

hydrous aluminum oxide is produced on the surface. The

variation in the OCP amplitude of the coating is higher

when compared to the 6061 Al alloy bulk which shows that

the dense coating is more active than its bulk alloy and the

variation may be due to some reactions at the inter-particle

interface. We determined nearly constant OCP values of

- 0.73 and - 1.57 V Vs. SCE for 6061 Al alloy bulk and

the substrate, respectively, which are comparable to pre-

viously reported values (Ref 35, 36). The corrosion

potential of the coating moves toward the positive potential

because of the higher nobility of the Al in comparison with

Mg and hence exhibits improved corrosion resistance than

the substrate.

Potentiodynamic Polarization Behavior

Figure 4(b) shows the response of the samples subjected to

potentiodynamic polarization testing, curves plotted with a

scan rate of 1 mV/s. Corrosion parameters such as the

corrosion current density (Icorr), corrosion potential (Ecorr)

and corrosion rates were derived from the polarization

curves and are summarized in Table 2. The determined

values are comparable to those previously reported in the

literature (Ref 32, 35-39). Superior stability of the coating

when compared to the substrate can be verified from this

table. The corrosion current density Icorr of the substrate is

nearly three times larger than the coating, further con-

firming the corrosion resistance improvement of the sub-

strate after the coating process. The Icorr value of the

coating is close to the 6061 Al alloy bulk which indicates

that the coating is dense enough to resist the corrosion

process like the bulk alloy. The slightly higher value of the

Icorr for the coating when compared to the 6061 Al alloy

bulk is because the coating has numerous inter-particle

boundaries, pores and severely deformed microstructure as

shown in Fig. 2(d). The anodic polarization curve of the

coating exhibits a passive tendency, while that of the 6061

Al alloy bulk shows a rapid increase in current density with

the increase in polarization potential (Ref 33). The differ-

ence in the behavior is due to the fact that the solution

treatment followed by the age hardening of the bulk results

in the formation of insoluble intermetallic particles of

alloying elements (Al2Cu, FeAl3 and Mg2Si) which form

local electrochemical cells between them and the alu-

minum matrix. This gives rise to the localized pitting attack

and a coincided pitting corrosion potential (Epit) with the

Ecorr, as shown in Fig. 4(b) (Ref 39). On the other hand, the

solid solution of alloying elements makes the coating more

active for general corrosion than that of pitting, thusFig. 3 XRD patterns of the 6061 feedstock powder, coating and bulk

Fig. 4 (a) Open-circuit potential curves; (b) potentiodynamic polarization curves of 6061 coating compared to 6061 bulk and AZ91D Mg

substrate in 3.5% NaCl solution

J Therm Spray Tech (2019) 28:1739–1748 1743

123



separating the Ecorr from Epit without changing the Epit

(- 0.68 mV) value, as shown in Fig. 4(b). Moreover, a

protective Al(OH)3 film is formed on the coating surface in

aqueous solution which provides passivation from further

corrosion due to its low solubility. Hence, a passivation

region can be seen in the polarization curve for the coating.

However, the discontinuous hydroxide film (due to the

pores and cracks in the coating) causes pitting. The pas-

sivation potential of the coating indicates both the begin-

ning of the pitting corrosion potential (Epit.) region and the

corrosion product’s repassivation of the pits (Ref 40, 41).

Electrochemical Impedance Spectroscopy (EIS)

Taking into account the different characteristics of Nyquist

and Bode plots shown in Fig. 5(a), (b) and (c), respectively,

two equivalent circuits are proposed in the literature to

model the frequency-dependent impedance of the investi-

gated samples: one for the 6061 Al alloy coating and bulk

as shown in Fig. 5(d) (Ref 35, 38) and the other for the

AZ91D Mg alloy substrate as shown in Fig. 5(e). The

solution resistance (Rs,), constant phase element (CPE) and

charge transfer resistance (Rct) correspond to the capaci-

tance loop on the higher-frequency side of the Nyquist plot.

Rct represents the electron transfer resistance during the

electrochemical reaction process. Considering the rough

surface of the metal, the constant phase element (CPE) is

used instead of the electric double-layer capacitance (Ref

36, 37). The low-frequency loop in Nyquist plots indicates

the electrochemical dissolution of passivation film at the

outer layer and corresponds to inductance resistance (RL)

and inductance (L). The Nyquist plot of the substrate [inset

in Fig. 5(a)] shows one capacitive loop at a high-frequency

side and an inductive loop at a low-frequency side. The

6061 Al alloy coating and the bulk both have one capaci-

tance loop with different diameters. This means that both

samples have the same corrosion mechanism with different

corrosion rates. In addition, the same equivalent circuit

well fitted the EIS plots for the 6061 Al alloy coating and

the bulk. Moreover, the diameter of the capacitive loop of

the coating significantly increased as compared to the

substrate which indicates the higher corrosion resistance of

the coating compared to the substrate (Ref 37).

Figure 5(b) and (c) shows that for coating the spectrum

shows the higher impedance value and broader phase angle

when compared to the substrate, which can be attributed to

the better protective property of coating compared to the

substrate. Moreover, Table 3 shows that there is no sig-

nificant difference in the solution resistance of all the

samples. The value of Rct is usually inversely proportional

to the corrosion rate of the sample under investigation. The

Rct of the substrate increased from 300 to 6.23 9 103 X-
cm2 after coating. Thus, Rct value of the substrate increases

to several orders of magnitude after coating, but it is little

lower than that of the 6061 Al alloy bulk. On the other

hand, there is a slight difference in the CPE value for

coated and uncoated AZ91D Mg alloy. The higher CPE

value for coating as compared to the substrate is because of

the porosity and defects in the film (Ref 36, 37). Since this

difference is small, the high quality of the coating is con-

firmed. It can be clearly observed that the coating devel-

oped in this work is dense enough and has higher corrosion

resistance as compared to the substrate. The corrosion

resistance of the coating is also comparable to the 6061 Al

alloy bulk.

So far, many studies on the corrosion behavior of Al and

its alloys on Mg substrate at different spray conditions have

been reported (Ref 32, 35-39). On those reports, it is argued

that these coatings are dense enough to provide good

protection to Mg-based alloys. It is difficult to rank the

results based on Icorr values because of the different testing

systems and environments. However, in our work, through

the series of electrochemical measurement results, it can be

concluded that the coatings we fabricated have their cor-

rosion rates comparable to the 6061 Al alloy bulk. Hence,

these are dense enough to provide excellent protection to

the Mg substrate.

Wear Behavior

An assessment of wear stability of the samples in wear test

is the behavior of their coefficient of friction (COF). The

COF as a function of distance is shown in Fig. 6(a). The

substrate exhibits a higher steady-state COF value of 3.5 as

against 0.15 for coating at the beginning of wear test. Then,

it rises for the coating to a value of about 0.6. The fluc-

tuating COF behavior can be explained as the dense

structure of the coatings is ductile and deforms easily to

create a contact between ball and the coating surface

resulting in steady-state COF values at the very beginning

of the sliding test (Ref 42). Later on, as shown in

Fig. 6(c) and (d), the transfer of material from coating to

Table 2 Corrosion parameters

derived from potentiodynamic

curves after 2-h exposure to

3.5% NaCl solution

Alloy Ecorr, V Icorr, lA cm-2 Corrosion rate, mpy

6061 coating - 1.16 7.18 3.11

AZ91D Mg substrate - 1.37 24.50 20.90

6061 bulk - 0.67 4.66 2.01
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the steel ball increases the COF which is also evident from

the sharp upward deviations in COF values suggesting

stick–slip behavior with the periodic material transfer from

coating to the steel ball (Ref 32). The fluctuation of COF

can be attributed to excessive subsurface fracturing and

delamination as well (Ref 43). The 6061 Al alloy bulk has

0.25 steady-state COF value, which is lowest when com-

pared to the substrate and the coating. The coating has

lower COF when compared to the substrate, significantly

improving the wear resistance of the substrate (Ref 44).

Figure 6(b) shows the wear rate comparison for the sub-

strate, 6061 Al alloy bulk and the coating. The 6061 Al

alloy exhibits the highest wear resistance. However, it can

be seen that the coating has increased the wear resistance of

the substrate by several orders of magnitude.

Further, to understand the wear mechanism, worn sur-

faces of the samples are observed using FESEM imaging.

Figure 7(a) shows the circular wear track of the coating,

Fig. 5 (a) Nyquist plots; (b, c) Bode plots of 6061 coating, 6061 bulk

and AZ91D Mg substrate in 3.5% NaCl solution. Inset in figure (a) is

an enlarged Nyquist plot of AZ91D Mg substrate. The solid lines are

showing curve fittings. Equivalent circuit for the analysis of the

impedance spectra (d) 6061 coating and bulk (e) AZ91D Mg substrate

Table 3 Calculated parameters of the elements of the equivalent electrical circuit for the samples in 3.5 wt.% NaCl solution

Alloy L1, H cm2 Rct, X-cm
2 CPE, lF cm-2 Rs, X-cm

2 L2, H cm2 RL, X-cm
2

6061 coating 6.23 9 103 13.86 0.48

AZ91D Mg substrate 3.62 9 10-12 300.40 10.28 6.50 233.40 343.40

6061 bulk 18.33 9 103 7.11 3.90
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and the inset of this figure is the enlarged view of the worn

surface. The worn surface has granular appearance, and

grains are detached from the surface during the wear test,

some of them adhered to the counter-pin and others

become wear debris. This is an example of the transfer of

material due to adhesion from a softer surface to the harder

counter-material and hence adhesive wear (Ref 32). The

EDX analysis of the worn surface revealed clear evidence

of oxide on the wear track and a typical characteristic of

oxidative wear. Figure 7(b) shows the worn surface of the

6061 Al alloy bulk which is a rough surface with mixed

regions of micro-abrasive and delamination wear (Ref 43).

A wear track for the substrate is shown in Fig. 7(c) which

suggest that the surface is worn due to the localized plastic

deformation. The furrows are closely spaced, continuous

and deep, and the main wear mechanism is abrasive wear

(Ref 45, 46).

In this study, the effect of speed and load was not

observed, and the selected load is relatively low as we were

particularly interested in studying the phenomena involved

in the worn surface of the coating rather than making the

surface smooth due to the heavy load.

Conclusion

6061 Al alloy coatings were successfully cold-sprayed onto

AZ91D Mg alloy substrate for the corrosion and wear

resistance enhancement. A dense coating was achieved by

the optimization of the cold spraying process parameters.

The electrochemical test results reveal that the dense

coating has corrosion properties comparable to the 6061 Al

alloy bulk in 3.5 wt.% NaCl aqueous solution. Hence, the

corrosion resistance of the substrate is enhanced, as evi-

denced by the corrosion rate of the substrate decreased

from 21 to 3 mpy after coating. The low porosity and

strong adhesion are the focal aspects resulting in the sig-

nificant anti-corrosion performance of the coated substrate.

Furthermore, the coating has improved the wear resistance

of the substrate by several orders of magnitude. Hence, it

can be concluded that the 6061 Al alloy cold-sprayed

coating developed in this work has significantly enhanced

the corrosion and wear properties of Mg substrate and

could have promising applications in various industries

where low density and high corrosion resistance are

required.

Fig. 6 (a) Coefficient of friction (COF) versus sliding distance and

(b) wear rate for 6061 coating, 6061 bulk and AZ91D Mg substrate.

Field emission scanning electron micrograph of the steel ball

(c) before the wear test and (d) after the wear test. The inset of

(d) is the enlarged image of the material stuck to the steel ball after

the wear test
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