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H I G H L I G H T S  

• Ta/Ti coating considerably lowered the wear rate of AZ31B Mg alloy. 
• Active dissolution of Mg alloy was substantially lowered by Ti coating. 
• A dense layer of Ta on Ti coating greatly enhanced corrosion resistance of Ti/Mg. 
• Rct and |Z|f=0.01Hz values for Ta/Ti/Mg remained slightly stable during immersion. 
• Island-like surface of coatings improved the bioactivity of AZ31BMg alloy.  
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A B S T R A C T   

Ti and Ta/Ti coatings were successfully applied on AZ31B Mg alloy using high pressure cold spray process. These 
coatings (particularly Ta/Ti coating) with high hardness lowered the wear rate of AZ31BMg alloy. In-vitro 
bioactivity test, infinite focus 3D measurement and EDS results revealed that the calcium-phosphate (Ca–P) 
compounds nucleation and growth capabilities on both the coatings surface are higher than AZ31B Mg alloy 
surface due to the highly passivating nature and rough surface (island-like) of the high pressure cold sprayed Ti 
and Ta/Ti coatings, which are further conducive to the biological fixation. Electrochemical corrosion and im
mersion tests disclosed that a dense layer of Ta on Ti coating was able to enhance the corrosion resistance of Ti/ 
AZ31B Mg system in the Hank’s balanced salt solution. Rct (charge transfer resistance) and |Z|f=0.01Hz values for 
Ta/Ti coated Mg alloy have remained slightly stable. This imparted that the rate of electrochemical processes at 
the electrode/electrolyte interface could remain very slow in the course of immersion time. Likewise, the OCP 
(open circuit potential) values of Ta/Ti coating remained constant during long term electrochemical corrosion 
test. This behavior could originate from fairly dense structure of the high pressure cold sprayed Ta layer which 
considerably impeded the penetration of corrosive solution into the coating interiors. Ta/Ti coating presented the 
most positive potential, highest Rct, and highest|Z|f=0.01Hz values, suggesting that it is the most thermodynami
cally stable/least to be corroded in Hank’s balanced salt solution over time. In general, cold sprayed Ta/Ti 
coating might open a new way to broaden the utilization of Mg alloys in the field of biomaterials.   
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1. Introduction 

Mg and its alloys have amazing advantages over the titanium alloy as 
most popular implant material [1], such as low density which is very 
close to that of human bone (1.75 g/cm3), higher specific strength and 
low elastic modulus [2–5]. However, high degradation rate of Mg 
(because of low standard reduction potential (−2.37 VSHE)) is accom
panied by the localized hydrogen evolution in Cl− containing solutions 
[2–9]. Formation of more loose degradation products on the alloy sur
face and continuation of metal matrix dissolution occur as the degra
dation phenomenon continues. This led to the partial separation of the 
metal matrix during corrosion. This also resulted in the exposure of fresh 
metal matrix in the corrosive electrolyte and new round of severe 
degradation [10]. Hence, these phenomena considerably restricted the 
biomedical applications of the Mg alloys [2,3,4,6,7,8,and10]. 

Over the years, several techniques [9,11] have been developed to 
modify the Mg surface for lowering the corrosion and wear rates [4,7,9, 
12–15]. With respect to the low standard reduction potential (SRP) 
mismatch between Ti and Mg, E. Zhang et al. [2] and D. Zhang et al. [16] 
applied Ti (having high passivation propensity) coating on Mg using ion 
plating and magnetron sputtering methods, respectively. Corrosion 
current density (icorr) of Mg declined with Ti coatings by only one order 
of magnitude. Moreover, porous (4.25–7.25%) warm sprayed Ti coat
ings formed a galvanic cell with the AZ91E Mg alloy substrate [17]. This 
galvanic coupling led to the formation and severe accumulation of 
corrosion products at the Ti coating/Mg alloy interface and thus pre
mature rupture of the coatings after only 1 day of immersion in 
chloride-containing solution [17]. 

Among these methods, cold spray (CS) process (as relatively new 
coating technology) uses kinetic energy to produce the coating layer 
rather than a combination of thermal and kinetic energies such as HVOF 
(high velocity oxygen fuel) spray process. Fine powder particles (5–50 
μm) are propelled toward the substrate surface with supersonic velocity 
(300–1200 m/s). Upon impact, the particles undergo adiabatic heating 
and plastically deform at very high shear rates, which leads to flattening 
and strong bonding them to the underlying surface (material jets) [18, 
19]. Moreover, cold spray process could impede the microstructural 
damage of the heat-vulnerable substrates such as Mg alloys which is 
often observed in the alternative thermal and plasma spray methods 
[20–23]. Furthermore, cold sprayed coatings considerably increased the 
corrosion resistance of AZ31 and AZ91 Mg alloys (in chloride containing 
solutions) compared to the other coatings produced by techniques such 
as anodizing, E-plating and chemical conversion coating [24]. 

In recent years, cold sprayed Ti coatings have been extensively 
studied and developed [25–28]. This coating slightly lowered the 
corrosion rate of Mg alloys [26]. Nevertheless, post-spray treatments 
should be performed on as-cold sprayed Ti coatings (with H.C.P crystal 
structure and lower slip systems) to enhance their denseness [25,26,28]. 
Recently, Ta having a low SRP mismatch with Ti, excellent passivation 
tendency, better bioactivity, and biocompatibility [29,30] was applied 
on Ti substrates to enhance their wear and corrosion resistances [30,31]. 
Motivated by the above-mentioned facts, we developed Ta/Ti coating on 
AZ31BMg alloys using high pressure cold spray process. In this work, it 
is anticipated that a compact layer of Ta (with B.C.C crystal structure, 
noticeable bioactivity and lower wear rate) on the cold sprayed Ti 
coating could considerably lower the corrosion rate of Ti/AZ31B Mg 
system in the SBF solution. Therefore, corrosion performance of cold 
sprayed Ti and Ta/Ti coatings have been studied using electrochemical 
methods and surface characterization. 

2. Materials and experiments 

Commercially pure (CP)–Ti grade 1 and high purity spherical Ta 
powders were used as feedstock powder materials in this research. The 
substrates were cut from commercially available AZ31B Mg alloy plate 
(chemical composition is provided in the Supporting Information (S1)). 

Prior to the cold spray process, the substrate surface was blasted with 46 
grit aluminum oxide media (detailed procedure in Supporting Infor
mation (S2)). The high-pressure cold spray system at ASB Industries, Inc 
was employed to spray metallic powders on the Mg alloy (a detailed 
procedure is given in Supporting Information (S1)). The characteriza
tion of the uncoated and coated AZ31B Mg alloy samples, before and 
after the immersion test, was carried out using scanning electron mi
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 
attached to the SEM, optical microscopy (OM), X-ray diffraction (XRD) 
analysis, infinite focus 3D measurement (IFM) system, Vickers micro
hardness tester, and dry reciprocating sliding tests using Rtech- 
Tribometer at room temperature (detailed procedures in Supporting 
Information (S2)). The potentiodynamic polarization (PDP) tests were 
performed in a flat cell using VMP-300 Bio-logic potentiostat following a 
three-electrode setup (detailed procedure in Supporting Information 
(S2)). The immersion tests for bare, Ti and Ta/Ti coated Mg alloys were 
done in two sets. The first set of samples were immersed up to 48 h and 
EIS were done at 1 h, 2 h, 6 h, 12 h, 24 h, 36 h, and 48 h. The electro
chemical impedance spectroscopy (EIS) was performed in the frequency 
range from 100 kHz to 10 mHz at open circuit potential (OCP). The 
second set of bare and coated samples were immersed for 168 h in HBSS 
(long term immersion test (bioactivity test)) and afterward rinsed with 
DI water followed by drying in air (the details are presented in Sup
porting Information (S2)). 

3. Results and discussion 

3.1. Characterization of the coatings 

The morphology of the powder particles used in this research work is 
exhibited in supporting information (S3). The (CP)–Ti, and Ta powders 
both demonstrated a spherical morphology as shown in supporting in
formation (S3). Fig. 1a and b demonstrate the surface morphology of as- 
sprayed Ti and Ta coatings, respectively. It is obvious that the high 
impact energies caused the severe plastic deformation in the coatings. 
The presence of more flattened particles with noticeable material jetting 
can be observed on Ta coating surface (Fig. 1b, its inset) in comparison 
with Ti coating (Fig. 1a and e). This difference could be correlated to the 
intense plastic deformation of Ta powder particles upon impact (Fig. 1b 
and f). The surface roughness average (Ra) of as-sprayed coatings was 
measured to be 1.89 μm and 2.23 μm for Ta (Fig. 1f) and Ti (Fig. 1e) 
coatings, respectively; whereas, Ra for bare Mg alloy was 621.20 nm. 
Fig. 1g– l display the cross-sectional microstructure (by optical micro
scopy) of as-sprayed coatings on the AZ31B Mg alloys at different 
magnifications. 

The as-sprayed Ta coating (with about 0.10% porosity level) displays 
a dense microstructure with no noticeable micro-pores (Fig. 1h and 1j) 
compared to Ti coatings (Fig. 1g and 1i). Severe plastic deformation of 
Ta powder particles upon impact can lead to a tight bonding at highly 
deformed inter-particle interface [32] and a substantial work hardening 
in the coating microstructure [18]. Furthermore, Ti coating (with about 
0.50 ± 0.20% porosity level) represented slightly dense microstructure 
(Fig. 1g and 1i) with miniscule micro-pores and the local deformation of 
Ti powder is noticeable (Fig. 1k, and 1l). However, a higher level of 
porosities has been reported for the cold sprayed Ti coating (2.7%), 
warm sprayed Ti coatings (about 3.8–5.4%) and plasma sprayed Ti 
coating (10.2%) [17,27]. It looks that the Ta coating has considerably 
penetrated into the Ti layer with heavily deformation (Fig. 1h, j, and 1l). 
This could even lead to the densification of underneath sprayed layers 
(shot peening effect) via Ta particles with a high kinetic energy (Fig. 1l). 
Moreover, Ti particles profoundly infiltrated into the Mg alloy substrates 
(Fig. 1g, h and 1j). This behaviour is generally observed when hard 
particles, with a high kinetic energy impacted on the soft substrates 
[19]. Even though the coated AZ31B Mg alloys were sectioned, ground 
and polished before SEM and OM observations, the coating itself and 
coating/Mg alloy interface remained intact. No micro cracks and pores 
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are observed at layer/layer, and layer/substrate interfaces (Fig. 2a, e, 
1g, 1h and 1j). 

It is worth mentioning that high adhesion bond strength of the 
coating can be mainly ensured by strong mechanical interlocking 
(anchoring) between the coatings (within the coating) and Mg alloy 
substrate (Supporting Information (S4), showing Mg alloy and Ti layer 
extruded (extruded lips) in between Ti and Ta particles, respectively), 
[33,34]. The powder particles impact with high kinetic energy during 
high pressure cold spray (HPCS) process would lead to the stronger 
peening effect. In fact, the impacting powder particles may cause the 
intense deformation of the underneath sprayed layer during cold spray 
process [35]. This would be advantageous to the profounder infiltration 
of the sprayed powder particles into the Mg alloy substrate and also Ti 
intermediate layer in the Ta/Ti/Mg system. It was noticed that the 

deformation of the Mg alloy substrate and Ti layer (in the Ta/Ti coating) 
is about 58 μm (from the Ti coating/Mg alloy substrate interface) and 41 
μm (from the Ta layer/Ti layer interface), respectively. This behavior 
was also observed by W. Sun et al. [36]. They reported that the bond 
strength of high-pressure cold-sprayed CoCrMo and Ti6Al4V coatings on 
6061-T651 Al alloy is about 66.17 MPa and 50.38 MPa, respectively 
[36]. The higher shear bond strength of CoCrMo coating (with 2.51 ±
0.20% porosity level) compared to Ti6Al4V coating (with 2.83 ± 0.24% 
porosity level) was attributed to the higher density and hardness of the 
cold sprayed CoCrMo coating. The profounder infiltration of the sprayed 
powder particles into their substrate (or the underneath sprayed layer) is 
in line with the higher shear bonding strength results [36]. In this 
research, adherence between substrate and coatings (and also between 
layers) seems to be excellent with a no existence of either cracks or voids 

Fig. 1. Surface morphology of as-sprayed Ti (a) and Ta/Ti (b) coatings, (c) EDS area from a(A), (d) EDS area from b(B), surface topography of as-sprayed Ti(e) and 
Ta/Ti (f) coatings, cross-sectional microstructure of as-deposited Ti (g, i, k) and Ta/Ti (h, j, l) coatings on the AZ31B Mg alloys at different magnifications. 
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at the interfaces, which is most likely attributed to the elevated powder 
particle velocities inherent to the high pressure cold spray process [18, 
19,37,38] and also the above-mentioned reasons. 

Elemental analysis of surface and cross sectional of coated AZ31B Mg 
alloys were done using EDS spot analysis (Fig. 1c and d) and EDS maps 
(Fig. 2a–i), respectively. Mono-layered coating on AZ31B substrate is 
primarily comprised of Ti element (Figs. 1c and 2a-2d). Furthermore, bi- 
layered coating (Fig. 2e–i) on the substrate is constituted by Ti element 
(as first layer) and Ta element (as top sealant layer, Fig. 1d). XRD pat
terns of AZ31B Mg alloy substrate, as-received powders and as-sprayed 
coatings are depicted in Fig. 2j–n. AZ31B Mg alloy substrate is mostly 
constituted by α-Mg phase (H.C.P) (Fig. 2j). On the other hand, both 
powder and cold sprayed coating show the same phases and crystalline 
planes which are evidently discernible in (Fig. 2k–n). Any evidence of 
phase transformation and oxidation in the cold sprayed coatings cannot 
be observed (Fig. 2a–i and 2j-2n). The noticeable broadened peaks in 
XRD patterns of Ti (Fig. 2m) and Ta (Fig. 2k) coatings are principally 
correlated to the extreme plastic deformation of powder particles in the 
coatings during spraying process which has been observed by the pre
vious investigators [36,39]. It is apparently seen that original phase and 
crystalline planes of powders were maintained in their coatings 
(Fig. 2k–n). This retention of phase and structure could be associated to 
the low temperature of spray process and substantial hammering effect 
of powder particles during cold spray process. 

Ta coating (HV0.025: 316.07) has greatly enhanced the hardness of 
Mg alloy (HV0.025: 85.93) surface compared to Ti coating (HV0.025: 
257.67). A greater micro-hardness of Ta coating implies remarkable 
plastic deformation at inter-particle boundaries, which led to the 
enhancement of the coating compactness. Moreover, the surface coating 
with a highest hardness, i.e. Ta/Ti coating, provided a lowest wear rate 
followed by an increase for Ti coating and highest for bulk Mg (Sup
porting Information (S5)). 

3.2. Electrochemical corrosion test results 

Figs. 3–5 depict the electrochemical corrosion test results of coated 
and uncoated Mg alloys in SBF solution. Fig. 3a shows the OCP of 
samples versus elapsed time. OCP for uncoated, Ti coated and Ta/Ti 

coated Mg alloys was stabilized (at nobler potentials compared to the 
start of the immersion) at around −1549.80 mV to −152.2 mV, and 
−160 mV, respectively. The results show that Mg substrate with more 
active potential (lower OCP) is much more vulnerable to corrosion than 
coated samples with higher OCP. Dynamic equilibrium dissolution be
tween the formations of oxide scale (film) on the electrode surface can 
results in the final steady OCP [33,40]. The potentiodynamic polariza
tion curves for bare and coated AZ31B Mg alloy samples (after OCP 
stabilization for 60 min) in 3.5 wt% NaCl solution are displayed in 
Fig. 3b. In Ta/Ti coated Mg alloy, Ta top layer displays unstable 
passivation. It has been reported that a failure in the passive layer may 
lead to the formation of a pit [41]. However, the reparation in the 
passive layer at even higher potentials may take place when the pits are 
insignificant in size [41]. This behavior was also observed in the PDP 
curve of Ta/Ti coated Mg alloy and also reported by Heli Koivuluoto 
et al. and Balani et al. [32,42]. 

Ta top layer retained linear passivation (passive layer formation) at 
even higher potentials in comparison with the AZ31B alloy. It is 
postulated that severe plastic deformation of small Ta particles upon 
intense impact (Fig. 1b and f) could lead to the significant duplication of 
dislocations, induction of lattice micro-strain, refined crystals and re
sidual stresses in the coating microstructure [43,44]. These could in
fluence the unique corrosion behavior of the cold sprayed Ta layer. 

Ti coated Mg alloy (anodic branch, Fig. 3b) depicts the typical 
passivation and pitting characteristics, which are slightly similar to the 
passivation behavior of bulk Ti in the SBF solution [45,46]. In fact, 
active dissolution of Mg alloy could substantially be lowered by the cold 
sprayed Ti coating (by two orders of magnitude), which displayed lower 
corrosion current density (icorr, Table 3, Supporting Information (S1)) 
than bare AZ31B Mg alloy. E. Zhang et al. reported that icorr of pure Mg 
can be lowered by Ti coating (by only one order of magnitude) [2]. In 
the present work, Ta/Ti coated Mg alloy showed lower icorr (and average 
penetration corrosion rate, CR = 22.85icorr mm/year [47]) than Ti 
coated Mg alloy. Fig. 4a–d demonstrate the Nyquist and Bode plots of 
coated and uncoated Mg alloy samples. Electrical equivalent circuits 
(Fig. 4c: X1 and X2) were employed to fit the impedance spectra. The 
Nyquist plot of bare Mg alloy (per Fig. 4c (model X1)) is comprised of 
one capacitive loop (at high frequency) and also one inductive loop (at 

Fig. 2. (a–d) EDS map from polished cross section of Ti coated AZ31B Mg alloy, (e–i) EDS map from polished cross section of Ta/Ti coated AZ31B Mg alloy, (j–n) 
XRD patterns of AZ31B Mg alloy substrate, as-received powders and as-sprayed coatings. 
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Fig. 3. Electrochemical corrosion test results of coated and uncoated Mg alloys in Hank’s solution, (a) OCP for 1 h, (b) Potentiodynamic polarization (PDP) curves.  

Fig. 4. Electrochemical corrosion test results of 
coated and uncoated Mg alloys in Hank’s solution, (a, 
b) Nyquist plots at OCP, (c, d) Bode plots at OCP, (X1, 
X2): Electrical equivalent circuits (EEC) to fit the 
impedance spectra of bare and coated AZ31B Mg al
loys, respectively; EEC elements including Rct (charge 
transfer resistance across the electric double layer at 
electrode/electrolyte interface), Rs (solution resis
tance), Qdl (constant phase element for electric dou
ble layer), L (adsorption inductance), RL (adsorption 
resistance), Qc (constant phase element for surface 
film (outer)), Rc (resistance that comprises the resis
tance of outer oxide film/corrosion products and 
resistance of the electrolyte in the pores); (1) bare 
AZ31B Mg alloy, (2) Ti/Mg, and (3) Ta/Ti/Mg 
systems.   

Fig. 5. (a–c) Nyquist and Bode plots of coated AZ31B Mg alloys during 48 h of immersion, and (d) OCP for 48 h; (1) bare AZ31B Mg alloy, (2) Ti/Mg, and (3) Ta/Ti/ 
Mg systems. 
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low frequency). However, the two capacitive loops (at high and low 
frequency regions) were considered for the coated Mg alloys (Fig. 4c 
(X2)). 

The corrosion rate of the sample is inversely proportional to the Rct 
(charge transfer resistance across the inner electrical double layer at 
electrode/electrolyte interface) value [48]. The corrosion resistance for 
samples can be evaluated with absolute impedance (|Z|f¼0.01Hz) at a low 
frequency [48,49] (by bode magnitude plots (Fig. 4c)). Bare AZ31B Mg 
alloy revealed to have the highest corrosion rate among the three sam
ples. This inference is pertained to the lesser Rct (2733 Ω cm2) value for 
the bare AZ31B Mg alloy. This proves the low protection efficiency of 
corrosion surface layer (film) formed on the Mg alloys in chloride con
taining solutions. However, Rct values for Ti and Ta/Ti coated Mg alloys 
are 357.795 kΩ cm2, and 24700 kΩ cm2, respectively. This data in
dicates that Ti coating and particularly Ta/Ti coating can act as excep
tional protective coatings on Mg alloys. Likewise, Ta/Ti coated Mg alloy 
showed the highest |Z|f=0.01Hz (or corrosion resistance [49,50]) among 
all samples (Fig. 4c). Bode phase plots (Fig. 4d) were noticeably 
enlarged and broadened (their aperture) after spraying metallic coatings 
on Mg substrates. This beneficial occurrence was related to the shielding 
capability of the coatings [48,51]. Ti and Ta/Ti coated AZ31B Mg alloy 
samples depicted maximum phase angle close to −75◦(at relatively 
low-intermediate frequency) and −76◦ (at low-intermediate frequency), 

respectively. 
It is evident that the Rct and |Z|f=0.01Hz values for Ta/Ti coated Mg 

alloy have remained slightly stable (Fig. 5a and b). Moreover, bode 
phase plots of Ta/Ti coated Mg alloy (Fig. 5c) showed same behavior 
during 48 h immersion. These impart that the rate of the electrochemical 
processes at the electrode/electrolyte interface could remain very slow 
in the course of immersion time. The OCP values for Ta/Ti coating have 
remained constant (with no obvious reduction in OCP) during the 48 h 
of immersion (Fig. 5d (3)). This behavior could originate from fairly 
dense structure of the Ta layer which can considerably impede the 
penetration of corrosive solution into the coating. In contrast, the OCP of 
Ti coating (Fig. 5d (2)) immediately lessened (approximately after 1 h of 
immersion). This could be attributed to the presence of micro-pores on 
the Ti surface (Fig. 1a), which can provide pathways for the electrolyte 
to infiltrate. However, constant increment of OCP (approximately after 
6 h of immersion) could be ascribed to the reaction dynamic equilibrium 
between Ti element and the electrolyte [52], and corrosion product 
formation which may temporarily impede the further electrolyte infil
tration into the inner regions of the Ti coating. These alterations were 
also seen in the Nyquist and Bode plots of Ti coated Mg alloys (Fig. 5a-c). 
Bare Mg alloy (Fig. 5d (1)) displayed the most negative potential 
compared to the coated Mg alloys, signifying that its tendency for 
corrosion is the highest. However, Ta/Ti coating presented the most 

Fig. 6. Surface morphology of bare (a), Ti coated (b) and Ta/Ti coated (c) AZ31B Mg alloys, EDS analysis of uncoated (d), Ti coated (e) and Ta/Ti coated (f) samples 
surface, surface topography of bare (g), Ti coated (h) and Ta/Ti coated (i) AZ31B Mg alloys after long term immersion test (168 h in HBSS). 
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positive potential, highest Rct, and highest|Z|f=0.01Hz values, suggesting 
that this coating is the least to be corroded (most thermodynamically 
stable) in Hank’s solution over time. 

3.3. Immersion test results in Hank’s solution after 7 days 

After 7 days of immersion, the water depletion of corrosion products 
and surface shrinkage led to the formation of (relatively deep and large) 
micro-cracks on AZ31B Mg alloy surface (Fig. 6a), followed by further 
penetration of the corrosive electrolyte [53]. Moreover, irregular 
corrosion products (apatite like compound containing Ca and P ele
ments) covered a few regions of the Mg alloy surface (Figs. 6d and 7, and 
Supporting Information (S6)). In contrast, Ta top layer (consisting of 
highly protective oxide layer of Ta which remains stable at all pH range 
(Supporting Information (S7) [54])) successfully prevented the corro
sive electrolyte penetration into the Ta/Ti/Mg system (Figs. 6f and 7 and 
Supporting Information (S8)). As depicted in Figs. 6f and 7, no Ti and Mg 
elements were detected on the Ta top layer surface. On the contrary, Mg 
element and Mg containing corrosion products were detected on the 
intact Ti coating (Supporting Information (S8)) surface (Figs. 6e and 7, 
and Supporting Information (S9)). 

It is conspicuously seen that the nucleation and growth capability of 
Ca and P containing compounds on the surface of cold sprayed coatings 
(Fig. 6e and 6f) are greater than AZ31B Mg alloy surface (Fig. 6d) with 
the same exposure time in Hank’s solution. In fact, Ca and P containing 
compounds enhance the surface bioactivity and strong fixation of an 
implant to the host bone can be enabled [55]. The Ca/P atomic ratio 
calculated from EDS results for AZ31B Mg alloy was about 0.79–1.01, 
while, the Ca/P ratio for the cold sprayed coatings was between 1.35 and 
1.45; showing that more ions (carbonate and phosphate) can be absor
bed by the cold sprayed coatings [15,53,56] after 7days of immersion in 

Hank’s solution. This phenomenon suggested better bioactivity and 
osteoconductivity of the cold sprayed coatings compared to the bare 
AZ31B Mg alloy after 7days of immersion [53,57,and58]]. It was re
ported that the Ca/P atomic ratio of about 1.33 corresponds to Ca/P 
ratio of octacalcium phosphate (OCP) [58,59]. OCP is known to be an 
important precursor in the crystallization of bone-like apatite (hy
droxyapatite) [60,61] and able to simulate the osteogenesis [58,61]. 
Better bioactivity and osteoconductivity of the cold sprayed coatings 
could be related to the highly passivating nature (Fig. 3b) [33,62,63] 
and the island-like rough surface of the cold sprayed Ti and Ta coatings 
(Fig. 6b, h and 6c, 6i) which are further conducive to the biological 
fixation [64,65], and can supply appropriate nucleation sites for the 
calcium-phosphate (Ca–P) compounds formation and growth in the SBF 
[66–69]. W. Jin et al., reported that a desirable surface for cell attach
ment, spreading, and proliferation can be achieved by applying a layer 
of Ta on the ZK60 Mg alloy. This was mainly attributed to the enhanced 
corrosion resistance of Mg alloy and considerable reduction of Mg ac
tivity which led to the substantial improvement of cytocompatibility of 
the ZK60 Mg alloy in SBF solution [70]. Although the present results 
from this research are pretty promising, in-vitro cell and even in-vivo 
experiments should be conducted to portray the decisive usefulness of 
Ta/Ti coated Mg alloys in the biomaterials field. 

4. Conclusions 

Ti and Ta/Ti coatings were applied on AZ31BMg alloy using high 
pressure cold spray process. These coatings with high hardness lowered 
the wear and corrosion rates of the Mg alloy. A part of Ti coating 
thickness was replaced by a dense layer of Ta which markedly lowered 
the corrosion rate (considerable increment of Rct) of Ti coated Mg alloy 
in the Hank’s balanced salt solution. Moreover, better bioactivity was 

Fig. 7. EDS maps from surface of bare and coated AZ31B Mg alloys after long term immersion test (168 h in HBSS).  
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noticeably observed on the Ti and Ta/Ti coatings surface compared to 
bare AZ31B Mg alloy surface. This behaviour was attributed to highly 
passivating nature of the cold sprayed Ti and Ta/Ti coatings and also the 
rough surface (island-like) of these coatings which can supply appro
priate nucleation sites for the formation and growth of calcium- 
phosphate (Ca–P) compounds in Hank’s balanced salt solution. 

The OCP values for Ta/Ti coating remained constant (with no 
obvious reduction in OCP) during the 48 h of immersion. This behavior 
originated from fairly dense structure of the Ta layer which considerably 
impeded the penetration of corrosive solution into the coating. Ta/Ti 
coating presented the most positive potential, highest Rct (charge 
transfer resistance), and highest|Z|f=0.01Hz values, suggesting that it is 
the most thermodynamically stable/least to be corroded in Hank’s 
balanced salt solution over time. Likewise, Ta top layer successfully 
prevented the corrosive electrolyte penetration into the Ta/Ti/Mg sys
tem. As, no Ti and Mg elements were detected on the Ta top layer surface 
after 7 days of immersion. The results show that Ta/Ti coating not only 
improves the bioactivity of AZ31BMg alloy but also substantially en
hances the corrosion resistance of bare and Ti coated AZ31B Mg alloy in 
Hank’s balanced salt solution. 
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