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A B S T R A C T   

Commercially pure (CP) Zr coating with high microhardness (387 ± 26 HV0.025) was produced on CP-Al coated 
Mg alloy by a high pressure cold spray (HPCS) system. Substantial densification of Al layers, beneath deposited 
Zr coating, was observed because of shot-peening influence by Zr particles. The electrochemical impedance 
spectroscopy after 24 h of immersion in 3.5 wt% NaCl electrolyte revealed highest charge transfer resistance 
(Rct), polarization resistance (Rpol), and corrosion resistance (|Z|f=0.01Hz) for the Zr/Al coated Mg alloy. Also, 
wear rate for the Zr/Al coating was lowest which could be attributed to its higher hardness caused by smaller 
crystallite size and higher dislocation density.   

1. Introduction 

Because of various advantages [1], surface modification of Mg alloys 
with the cold sprayed (CS) metallic coatings has recently received 
considerable attention over other processes [1–4]. Al-based coatings 
have been reported to improve properties of Mg alloys [1]. In fact, there 
is less increase in the density of the Mg alloy substrates when Al is used 
as coating [1]. However, Al and Al-based alloys because of their low 
wear resistance and relatively low corrosion resistance can’t be exten
sively employed as mono layer CS noble barrier coatings on Mg alloys 
[5]. Tribological performance of CS Al coatings has been described to 
improve when hard-ceramic particles are added into the Al feedstock 
[6]. However, interface between Al and ceramic particles was noticed to 
act as quick channels for the corrosive electrolyte permeation [6]. 
Multilayered materials consisting of a CS Ti coating on Al in lieu of bulk 
Ti has been recently introduced [7]. Multilayered materials strategy 
created a balance between cost reduction and greater surface properties 
of Ti [7]. Ti, Hf, and Zr (from group 4B) have excellent resistance to 
corrosion and low standard reduction potential mismatch with Al and 
Mg [8]. In this study, CP-Zr coating with high microhardness was ach
ieved on CP-Al coated Mg alloy. The microstructures, electrochemical 
corrosion behavior and tribological performance of coated Mg alloys 

were then investigated and discussed. 

2. Materials and methods 

CP–Al powder and CP-Zr powder were employed as feedstock pow
ders. Substrate was machined from commercially available AZ31B Mg 
alloy plate. Mg alloy surface was prepared and then coated with metallic 
powders by a HPCS system (supplementary information (S1)). Optical 
microscopy, X-ray diffraction analysis, optical profilometry, Vickers 
microhardness tests, and dry reciprocating sliding tests using Rtec 
Tribometer at room temperature (S1) were employed to characterize the 
samples. As for electrochemical corrosion tests, the electrochemical 
impedance spectroscopy tests were implemented up to 24 h in 3.5 wt% 
NaCl electrolyte (S1). 

3. Results and discussion 

The microstructure of as- sprayed coatings cross-section on Mg-based 
alloys at various magnifications and schematic illustration of coatings 
formation are shown in Fig. 1a-1i. The porosity level of 0.133 ± 0.034% 
was obtained for the CS Al coating after applying the CS Zr top coating 
with porosity level of 0.246 ± 0.088% (Fig. 1a-1c). Highly deformed 
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inter-particle boundaries with tight bonding (Fig. 1d) and a significant 
work/strain hardening in the microstructure of CS coating [9] are ex
pected due to severe plastic deformation of Zr particles upon impact 
with a surface. Besides the penetration of Zr top coating into Al layer and 
formation of extruded lips (Fig. 1a-1c), the substantial densification of 
the beneath deposited Al layers (owing to shot peening influence) by Zr 
particles (having a great kinetic energy) is apparent compared to the 
mono layer CP-Al coating on Mg alloy (with 0.203± ± 0.043%% 
porosity level), Fig. 1e-1 h. This phenomenon was reported when hard 
powder particles (with a high kinetic energy) impacted the soft substrate 
surface [9]. Both feedstock powders and CS coatings depicted the same 
phases and crystalline planes (Fig. 1j and 1 K). Compared to previous 
studies on Zr coatings/deposits [10,11], no phase transformation, 
oxidation and zirconium hydride precipitate formation were seen in the 
resultant CS coatings. The Williamson-Hall (W-H) method was 
employed to ascertain the average crystallite size and microstrain from 
the XRD fitting curves (Fig. 1l and 1 m). Microstrain (ε) is mostly 
stimulated by dislocations [12]. The average dislocation density was 
higher for Zr coating in comparison with that of Al coating (Table 1, 
equation. 2 (S1)). Compared to CS Al coating (Fig. 1l), a steeper slope of 
the W-H plot for Zr coating shows this coating contains a large amount of 
microstrain caused by severe plastic deformation (Table 1). In fact, the 
existence of crystal defects (especially dislocations) that are formed 
during CS process cause this microstrain in the structure. The existence 
of smaller crystallites and a considerable microstrain were attributed to 

the sub-grains formation in the severely deformed microstructure of the 
individual deformed particle in the CS coating structure [13]. 

The Nyquist and Bode plots of samples after 24 h immersion in 3.5 wt 
% NaCl solution are shown in Fig. 2a-2d. The impedance spectra were 
fitted using electrical equivalent circuits (EEC) depicted in Fig. 2e and 
2f. In the EECs, capacitance (C) was replaced by the constant phase 
element (CPE or Q). The Rct value (as charge transfer resistance across 
electric double layer (as a phase boundary) at the interface between 
electrode and electrolyte) is proportionate to the reverse of the corrosion 
rate. The absolute impedances at low frequencies (|Z|f=0.01Hz) (Fig. 2d) 
were used to determine the corrosion resistance of the samples [14,15]. 
The highest corrosion rate (lowest Rct) and lowest polarization resis
tance at corrosion potential (Rpol) were obtained for the bare Mg alloy 
and compared to the coated samples (Table 2, supplementary informa
tion (S2)). Compared to Al coated Mg alloy in this research and Zr coated 
AZ91D Mg alloy in another research [8], Zr/Al coated Mg alloy 
demonstrated the maximum |Z|f=0.01Hz (or corrosion resistance) in 3.5% 
NaCl electrolyte, Fig. 2d. After spraying coatings on Mg alloy, bode 
phase plots (Fig. 2c) were markedly broadened (i.e., their aperture). This 
could be related to the protective capability of applied coatings on 
substrate [16]. In this regard, maximum phase angle near to − 80◦ (at a 
low-intermediate frequency) was observed for Zr/Al coated Mg alloy 
after 24 h. 

After 24 h of immersion, the thickness of surface film (δ) on the CS Al 
and Zr/Al coatings was calculated (supplementary information (S3)) to 

Fig. 1. (a-h) photomicrographs of coatings cross section on Mg alloy, (i) schematic illustration of CS coatings formation on Mg alloy, (j, k) XRD patterns of feedstock 
powders and CS coatings, (l, m) W-H plots. 
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be 34.40 nm and 29.90 nm, respectively. The film capacitance (Cc) 
which was extracted from the film CPE (Qc) was 3.44 × 10-6 and 2.99 ×
10-6F.cm−2 for CS Al and Zr/Al coatings, respectively. The higher film 

capacitance (Cc) was related to increased hydration of oxide layer 
(Al2O3⋅xH2O) in the course of immersion time. This was reported to 
enhance the εγ value (S4) and finally lead to the reduction of corrosion 

Fig. 2. (a-d) Nyquist and Bode plots of coated and bare Mg alloys, (e, f) used EECs, (g) E-pH diagram for Zr at 25 ◦C.  

Fig. 3. (a-c) Microhardness, COF and wear rate of bare and coated Mg alloys, (d-f) wear tracks of bare and coated Mg alloys (3D surface profiles).  
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performance of Al [17]. 
In comparison with OCP value of bare Mg alloy (-1573 mVSCE), the 

OCP values for Zr/Al and Al coated Mg alloys were −368 mVSCE and 
−839 mVSCE, respectively after 24 h of immersion. This shows CS Zr 
coating on Al coated Mg alloy (having highest Rct and |Z|f=0.01Hz) has the 
lowest tendency to corrode (from thermodynamic point of view) 
compared to the mono layer CS Al coating. According to the obtained 
potential (-368 mVSCE) for Zr/Al coating and E-pH diagram for Zr 
(Fig. 2g, [18]), it can be postulated that the CS Zr coating is in the 
passivation region in most pH ranges even after 24 h. Severe plastic 
deformation of Zr particles upon severe impact can cause the consider
able replication of dislocations, lattice microstrain stimulation, refined- 
crystals and more likely residual stresses in resultant CS coating struc
ture (Table 1). In fact, the stored energy in the CS coatings is reported to 
assist the easy passivation [19]. 

The hardness value of Al coating was 150 ± 9 HV, whereas cold 
spraying Zr on Al coating increased hardness values to 387 ± 26 HV 
(Fig. 3a). As, classical Hall-Petch equation indicated that hardness goes 
up as crystallite size reduces [20]. Bare Mg alloy showed least coefficient 
of friction (COF) compared to that of CS coatings (Fig. 3b). This behavior 
was also reported by Siddique et al. [21]. Among the CS coatings, Zr/Al 
showed lesser COF ~ 0.3 compared to the CS Al coating. The lesser COF 
value of the Zr/Al is mainly due to the high hardness of the Zr top 
coating that reduced the ploughing component of friction compared to 
the CS Al coating. In fact, the increased hardness because of the 
remarkable plastic deformation in CS Zr coating structure (Table 1) 
could decrease the effective contact area between the ball and the wear 
track therefore decreasing frictional force [21]. 

The wear rate of the CS coatings showed a similar trend as observed 
in COF results of coated samples (Fig. 3b and 3c). The Zr/Al coating 
showed a lower wear rate compared to Al coating, which is due to its 
higher hardness. The depth of wear track for CS Zr top coating was 
appreciably lower than that of the other samples (Fig. 3d-3f). Although 
bare Mg alloy showed the least COF, the wear rate was higher than that 
of Zr/Al coating, which is also ascribed to the hardness values of these 
materials. 

4. Conclusions  

• Highest polarization resistance (Rpol) and |Z|f=0.01Hz were obtained 
for Zr/Al coated Mg alloy.  

• Film thickness on CS coatings after 24 h of immersion was 34.40 nm 
for Al coating and 29.90 nm for Zr/Al coating.  

• Zr/Al coating immersed for 24 h indicated a passive potential for a 
wide range of pHs.  

• Lower wear rate obtained for Zr/Al coating was due to higher surface 
hardness caused by smaller crystallite size/higher dislocation 
density. 
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