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A B S T R A C T

Magnesium alloys are gaining attention for biomedical implants due to their lightweight nature and bone- 
mimicking mechanical properties. However, their high reactivity and vulnerability to corrosion restrict their 
long-term application in biomedicine. This study explores the potential of enhancing corrosion resistance and 
wear performance of magnesium through tantalum/silver (Ta/Ag) composite coatings manufactured by cold 
spray for durable implant devices. The coatings exhibited adhesive strengths ranging from 22.5 to 27.5 MPa, 
sufficient to prevent delamination. The inclusion of silver in the composites effectively protected the tantalum 
matrix from corrosion, preserving its structural integrity over a long period of corrosion. Additionally, a higher 
silver content improved fatigue wear resistance by inhibiting crack propagation and increased the hardness-to- 
Young’s modulus ratio through in-situ mechanical mixing of Ag and Ta during wear, which also reduced the 
generation of free debris particles. Among the tested compositions, the Ta–5Ag composite offered the best overall 
protection, optimizing corrosion resistance, wear performance, and mechanical stability. These results indicate 
that cold sprayed Ta/Ag composite coatings are a promising approach to making magnesium alloys more viable 
as long-term implant materials.

1. Introduction

Magnesium alloys, recognized for their low density and excellent 
mechanical properties, are highly regarded for lightweight structural 
applications. Recently, their mechanical similarity to human bone has 
made them increasingly popular in the field of metallic implants [1,2]. 
Unlike titanium and cobalt-chromium alloys, magnesium is not only 
essential for various physiological processes but can also be easily 
metabolized and excreted by the body, offering superior biocompati
bility and biosafety [3]. However, the high reactivity of Magnesium, 
particularly its susceptibility to corrosion in humid environments, poses 
significant challenges [4]. While the formation of a dense oxide film on 
magnesium can provide some protection in dry conditions, this film 
deteriorates in moisture and aqueous, accelerating corrosion process 

[5]. This susceptibility to corrosion limits the use of magnesium alloys in 
structural applications but also makes them a promising option for 
biodegradable implants [6]. Devices, such as screws and fixation plates, 
could eliminate the need for secondary surgeries, simplifying treatment 
and reducing patient discomfort. Magnesium alloys also show potential 
in the development of biodegradable vascular stents, with research 
already underway [7]. Nevertheless, the same rapid corrosion that 
makes magnesium alloys suitable for biodegradable implants also pre
sents clinical complications. In bodily fluids, the protective oxide film on 
magnesium alloys can be easily compromised, leading to accelerated 
corrosion. This process generates magnesium hydroxide and hydrogen 
gas, which can accumulate in the body, potentially causing inflamma
tion and jeopardizing surgical outcomes [8,9]. Moreover, the high 
corrosion rate limits the use of magnesium alloys for long-term or 
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permanent implants that are essential for trauma repair or plastic sur
gery, preventing full utilisation of their lightweight and mechanical 
benefits.

To slow down the corrosion of magnesium alloys, two primary 
strategies are currently employed: adjusting the alloy composition and 
applying surface modifications [10–14]. Among these, surface modifi
cation, particularly through the use of protective coatings, stands out as 
an effective approach [12–17]. Unlike alloy composition adjustments, 
protective coatings can shield magnesium from corrosive environments 
without altering its mechanical properties, thus extending the service 

life of magnesium components. Inorganic non-metallic and organic 
coatings are commonly used for this purpose, fabricated via techniques 
such as chemical conversion, surface anodization, and physical or 
chemical vapour deposition (PVD/CVD) [15,18–21]. However, these 
coatings often face challenges such as low adhesion, poor wear resis
tance and low fatigue life, which may result in unexpected failure in the 
complex mechanical working conditions in human body characterized 
by constant and cyclic load [8,22]. Additionally, some of these processes 
involve toxic chemicals or require sophisticated equipment and pro
cesses, resulting in both high environmental and economic costs. In 
contrast, metallic coatings possess superior strength and ductility, 
making them more compatible with the magnesium substrate [23–26]. 
These coatings typically provide better adhesion, wear resistance, and 
fatigue resistance. However, because magnesium alloys have a more 
negative electrochemical potential than most metals, any damage to the 
coating can result in galvanic corrosion, significantly accelerating the 
degradation of the underlying magnesium alloy. Additionally, the cyclic 
load leads to small oscillatory motion between tissue and implant sur
face, often resulting in fatigue wear damage. The wear particles can be 
recognized as aliens by immune system, inducing a severe inflammatory 
response [27]. To maximize the effectiveness of metallic coatings while 
minimizing the risk of galvanic corrosion, the coating must be dense and 
exhibit excellent corrosion and fatigue wear resistance.

Thermal spray is one of effective technique that has been extensively 

Fig. 1. Schematic of cold spray and testing procedure.

Table 1 
Constitution of SBF solution used in the corrosion testing.

Ion Concentration (mol⋅m− 3)

SBF Blood Plasma

Na+ 142.0 142.0
K+ 5.0 5.0
Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 103.0 103.0
HCO−

3 10.0 27.0
HPO2−

4 1.0 1.0
SO2−

4 0.5 0.5
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used to apply coatings on various metal surfaces [16–18]. However, the 
high processing temperatures inherent in thermal spraying can lead to 
significant oxidation of reactive magnesium (Mg) substrates, which in 
turn results in poor bonding between the coating and the substrate. 
Moreover, the thermal residual stresses induced by the process can cause 

delamination of the coatings [19]. In contrast, cold spray technology 
(CS) operates at low processing temperatures, effectively mitigating the 
adverse effects associated with high thermal input. In the CS process, 
feedstock powders are fed into a high-pressure heated gas stream and 
accelerated to extremely high velocities as they pass through a 

Fig. 2. Cross-section microstructure of cold sprayed Ta and Ta-xAg composites coating. (a) pure Ta, (b) Ta–2Ag, (c) Ta–5Ag, (d) Ta–10Ag.
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converging-diverging de-Laval nozzle. Ultimately, powder particles 
impact the substrate, resulting in severe deformation. Then, deposition 
is produced via atomic diffusion or mechanical interlocking. Moreover, 
the high-velocity impact of powder particles in cold spray not only 
cleans the oxide layer from the Mg substrate surface, simplifying surface 
preparation, but also creates a compressive layer on the substrate, 
enhancing the fatigue properties of the Mg substrate [20]. These 

advantages make CS an ideal method for producing protective coatings 
on magnesium alloys. For instance, Wei et al. [21] demonstrated an 
in-situ shot-peening effect during the cold spraying of nickel coatings on 
AZ31B magnesium alloy. The cold-sprayed (CSed) nickel coating was 
densified by this enhanced peening effect, resulting in excellent pro
tection for AZ31B magnesium and strong adhesive strength. Similarly, 
Daroonparvar et al. [22] fabricated a multi-layer Al/Ta/Ti coating using 

Fig. 3. EBSD IPF mapping of cold sprayed Ta/Ag composites (a) Ta–2Ag, (b) Ta–5Ag and (c) Ta–10Ag coatings.
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cold spray, which also provided superior protection for the magnesium 
alloy substrate. These cold-sprayed coatings exhibited reliable corrosion 
resistance in long-term testing, revealing the promising potential of cold 
spray technology for producing protective coatings on magnesium 
alloys.

In addition to producing single-material coatings, cold spray tech
nology can also be used to manufacture metal matrix composites 
(MMCs) by simply mixing matrix and enhancement material powders 
[28]. Compared to single-material coatings, MMCs offer tunable prop
erties by selecting specific functional or reinforcement materials 
[29–31]. This flexibility allows for the induction of specific biofunctions, 
such as antibacterial properties, which can further enhance the perfor
mance of biomedical devices and reduce the side effects experienced by 
patients [32–34]. Moreover, the different mechanical properties be
tween the matrix and reinforcement materials can induce an in-situ 
peening effect that densifies the coating, providing additional protec
tion by further isolating substrates from corrosive electrolytes [34,35]. 

As a result, cold-sprayed MMC coatings are expected to offer more 
comprehensive protection than coatings made from single materials. 
However, the physical and chemical differences between the matrix and 
the composite materials can lead to galvanic corrosion, which may cause 
significant degradation of the matrix material. Nevertheless, by care
fully selecting material combinations, it is possible to shift galvanic 
corrosion toward cathodic protection, thereby extending the longevity 
of the composite coatings.

Considering the advantages of cold spray and MMCs, tantalum (Ta), 
known for its excellent corrosion resistance and biocompatibility, and 
silver (Ag), recognized for its reliable antibacterial properties, were used 
to fabricate Ta/Ag MMC coatings on Mg alloy via cold spray [36–38]. To 
evaluate their protective effects on Mg alloys, a series of tests, including 
adhesion, corrosion resistance, and wear resistance, were conducted. 
Based on the results of these tests, the adhesion, corrosion, and wear 
mechanisms were analyzed, providing valuable insights for further 
enhancing the long-term protection of Ta/Ag composites on Mg alloy 

Fig. 4. (a) adhesive strength and (b) fracture surface after pulling-off testing. And EDS line scan of the coating substrate interface, (c) Ta–Mg interface and (d) 
Mg–Ag interface.
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implants.

2. Materials and methods

2.1. Substrate preparation and cold spray process

AZ31B magnesium plates, consisting of 97% Mg, 2.56% Al, and 0.8% 
Zn, were used as the substrate for the experiment. Before applying the 
cold spray process, the surface of the magnesium plates was sand blasted 
to remove the oxide layer and then cleaned thoroughly with acetone.

Special-grade tantalum powder (H.C. Starck Inc., Germany) with an 
average particle size of 29.5 μm, along with gas-atomized silver powder 
averaging 39.8 μm, were employed in the cold spray process. Before 
spraying, the silver powder was mechanically blended with tantalum in 
volume ratios of 2%, 5%, and 10% using a Turbula shaker. These mix
tures were designated as Ta–2Ag, Ta–5Ag, and Ta–10Ag, corresponding 
to their silver content.

During the cold spray process, the pre-mixed powders were directly 
fed into the main gas stream to form Ta/Ag composite coatings. Due to 
the significant difference in physical and mechanical properties between 

Ta and Ag, the window for a successful deposition is narrow. After 
several trials, the cold spray parameters were optimized as follows: ni
trogen (N2) was used as the carrier gas at a pressure of 30 MPa and a 
temperature of 600 ◦C. This condition is able to ensure effective depo
sition of tantalum while avoid nozzle clogging that could occur due to 
the softer silver particles.

2.2. Microstructure characterization

The microstructure including the coating microstructure and 
morphology produced after the cold spray were observed by Zeiss ultra- 
scanning electronic microscope (SEM) and composition information 
were analyzed by energy-dispersive X-ray spectroscopy (EDS, Oxford 
Instrument). A more detailed grain structure was characterized by 
electron backscatter diffraction (EBSD) using Bruker e-FlashHR EBSD 
detector. Before performing EBSD testing, all samples underwent 
grinding and final polishing with colloidal silica. The obtained EBSD 
data were analyzed using the open-source MTEX code.

Fig. 5. (a) OCP curves and (b) PDP curves of Ta and Ta/Ag composites coated AZ31B Mg alloy in SBF solution.(c) and (d) microstructure of Ag agglomerations after 
PDP testing.
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2.3. Adhesion strength testing

After the cold spray process, the adhesive strength between the Ta/ 
Ag coating and the Mg substrate was evaluated using a pulling-off test, in 
accordance with ASTM D903 standards. A thermal curing adhesive tape 
with a strength of 80 MPa was used for the adhesive testing. For the 
testing, a cylindrical Ta/Ag coated Mg sample with a diameter of 2 cm 
was cut from the Ta/Ag coated Mg plate using electrical discharge 
machining (EDM). The coating surface, which would be in contact with 
the adhesive tape, was sandblasted and cleaned with acetone to ensure 
optimal adhesion. Following the cleaning process, the coated Mg sample 
was adhered to a counter mould made of stainless steel to create a 
specimen for adhesive strength testing, as illustrated in Fig. 1b. A tensile 
strength testing machine was used to pull the adhered sample and the 
counter apart. The adhesive strength of the coating was then calculated 
based on the force required for separation. The adhesive strength test 
was repeated six times for each type of coating, and the adhesive 
strength was calculated as the average value.

2.4. Corrosion testing

To exclude the influence of coating thickness and surface roughness, 
all coatings were milled to a uniform thickness of approximately 200 μm 
before corrosion testing. The tested surface was then ground and pol
ished with 0.06 μm colloidal silica. Electrochemical testing was con
ducted on the Ta/Ag composite-coated AZ31B Mg plates using simulated 
body fluid (SBF) as the electrolyte, to simulate in-body corrosion con
ditions. The constituation of SBF is show in Table 1. All samples are 
round with a diameter of 10 mm. The open circuit potential (OCP), 

potentiodynamic polarization (PDP), and electrochemical impedance 
spectroscopy (EIS) tests were conducted sequentially by using a con
ventional three-electrode setup in a specially designed testing cell for 
coatings, as illustrated in Fig. 1c, in which only top surface of coating 
was exposed to the electrolyte. For the testing, an Ag/AgCl electrode was 
used as the reference electrode and a platinum bar was used as a counter 
electrode to complete the electrical circuit.

In the PDP testing, the potential scan started from − 0.5 V to 1.5 V 
relative to the OCP. During the EIS testing, a sinusoidal AC perturbation 
with an amplitude of 10 mV and a frequency range from 100 kHz to 0.01 
Hz was applied.

To evaluate the long-term corrosion protection ability of the Ta/Ag 
coating, the Ta/Ag coated Mg alloys were immersed in the SBF solution 
for 30 days in corrosion test. EIS measurements were conducted every 7 
days during the immersion process to assess the corrosion characteristics 
of the Ta/Ag coated samples over time.

2.5. Tribology testing

Pin-on-disc testing was carried out by using Anton Par TRB3 trib
ometer to evaluate the wear protection of CSed Ta-xAg composites 
coatings on AZ31B Mg alloy. The wear track length was set to 200 m, 
with a track radius of 7 mm. A normal load of 10 N was applied during 
the test. The arm moved at a speed of 250 rpm, corresponding to a linear 
speed of 183.52 mm/s. For all tests, a 100Cr6 steel ball with a radius of 3 
mm was used as the counter wear body. After testing, the material lost 
was measured by white light interferometry (WLI) and the wear rate is 
calculated through the following equation: 

Fig. 6. EIS Nyquist plots and Bode plots. (a) Nyquist plots of bare and coated AZ31 alloy, (b) the Bode plots of bare and coated AZ31 alloy, (c) the enlarged Nyquist 
plots of bare Mg alloy, (d) the enlarged Bode plots of bare AZ31 Mg alloy.
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W=
V

F • L 

Here, W (mm3/N⋅m) is the wear rate, V(mm3) is the volume of material 
lost, F (N) is the normal load and L (m) is the slide distance.

3. Results and discussions

3.1. Microstructure of Ta/Ag composites coatings

Fig. 2 shows the cross-section (along the thickness direction) SEM 
images of cold-sprayed Ta/Ag coating on Mg alloy plates. Despite the 
immiscibility between Mg and Ta, Ta/Ag composite coatings were suc
cessfully deposited onto the Mg substrates. Examination reveals that the 
coatings are dense, with minimal porosity and occasional unbonded 
interfaces between splats. The low porosity is likely due to the enhanced 
peening effect, which resulted from decreased deposition efficiency due 
to the low cold spray parameters and the synergistic behaviour during 
the cold spraying of pre-mixed Ta/Ag powder. The addition of silver 
(Ag) increased the porosity and unbonded boundaries (indicated by the 
yellow arrow in Fig. 2c), particularly near the silver agglomerates. At the 
Ta–Ag interface, the coating exhibits a zigzag boundary with the Mg 
substrate, with some Ta particles embedded in the substrate, indicating 
significant deformation of the Mg surface and mechanical interlocking 
of the first Ta layer. Notably, the Ag volume in the pre-mixed Ta/Ag 
powder has minimal effect on the profile of the zigzag boundary, sug
gesting it does not significantly impact the bonding of the Ta/Ag com
posite coatings.

Fig. 3 presents the inverse pole figure (IPF) mapping obtained via 
EBSD. The tantalum (Ta) splats maintain their original angular shape, 
surrounded by a layer of refined grains formed by dynamic 

recrystallization (DRX) due to severe deformation at the impact inter
face. In contrast, the silver (Ag) matrix shows no distinct splat bound
aries, suggesting more extensive deformation of Ag during the cold spray 
process. Refined Ag grains fully cover the Ag agglomerates, indicating a 
more complete DRX process.

Notably, in the Ta–2Ag and Ta–5Ag coatings, the grains are larger, 
and twinning is observed, particularly in grains significantly larger than 
the surrounding ones, indicating annealing twinning. The variation in 
Ag grain structure across the Ta/Ag composite coatings results from 
different thermomechanical histories, which are influenced by the vol
ume of soft Ag in the powder and the synergistic deposition behavior 
during the cold spray process [39].

3.2. Adhesives strength

As shown in Fig. 4a, the adhesive strength of the Ta/Ag composite 
coatings on AZ31 Mg alloys, measured via pull-off tests, ranged from 
22.56 MPa to 27.5 MPa. These values are comparable to those of nickel 
coatings produced by electroless deposition [40,41]. Fracture surface 
observed by optical microscopy (Fig. 4b) reveals that failure occurred 
within the coating rather than at the interface with the substrate. The 
fracture surface of the Ta–10Ag coating exhibits silver agglomerations 
with a distinct shiny, white appearance (highlighted by red arrows), 
suggesting that failure likely originated at unbonded boundaries, 
particularly at the Ta–Ag interface. Consequently, the measured adhe
sive strength is more consistent than if failure had occurred at the 
coating-substrate interface, and the actual adhesive strength is likely 
higher than the recorded values. These findings indicate that the coat
ings are suitable for biomedical applications, where high load-bearing 
conditions are not typically required.

To investigate the bonding mechanism, EDS line scans were 

Fig. 7. Equivalent electric circuit fitting from the EIS data.
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performed at the Ta–Mg and Ag–Mg interfaces, as indicated by the red 
lines in Fig. 2c and d. At the Ta–Mg interface (Fig. 4c), the X-ray in
tensity exhibits a sharp transition, indicating the absence of atomic 
diffusion. In contrast, the Ag–Mg interface (Fig. 4d) shows a gradual 
change in signal intensity. However, this variation is too subtle to 
conclusively confirm atomic diffusion at the Ag–Mg interface. Even if 
atomic diffusion occurs between Ag and Mg, the limited volume of Ag is 
insufficient to significantly affect the final adhesive strength. Therefore, 
the primary bonding mechanism between the Ta/Ag coatings and the 
Mg alloy substrate is mechanical interlocking, primarily driven by Ta 

and Mg.

3.3. Corrosion resistance

3.3.1. Open circuit potential
Fig. 5a shows the OCP curves of coated and uncoated AZ31B Mg 

alloys. The coated AZ31B exhibits a more positive potential than the 
uncoated counterpart, with the OCP becoming increasingly positive as 
the noble Ag content in the coating increases. The uncoated AZ31B 
maintains a nearly constant OCP of approximately − 1.6 V, indicating 

Fig. 8. EIS Nyquist and Bode plot measured after (a) 7 days, (b) 14 days and (d) 28 days of immersion in SBF.
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stable ion exchange at the Mg alloy surface.
In contrast, the OCP of Ta and Ta/Ag composite-coated samples 

rapidly shifts to a more positive potential, attributed to the noble po
tential of Ta and Ag and the formation of a passivation layer on the 
coating surface. As testing goes on, the OCP of the coated samples 
gradually becomes more positive initially, then slowly decreases, and 
finally stabilizes at a more negative value. This behavior suggests that 
the coatings provide good protection at the start of testing, but the 
protection is gradually compromised, with a subsequent rebuild of 
protection once the OCP reaches a more negative value. Notably, as the 
Ag content increases, there is less reduction in the OCP, indicating that 
higher Ag content improves corrosion resistance.

3.3.2. Potentiodynamic polarization
The PDP testing results provide detailed insights into the passivation 

behavior of Ta/Ag coatings on AZ31B Mg alloy. As shown in Fig. 5b, the 
Ta/Ag-coated AZ31B alloys exhibit a significant decrease in corrosion 
current compared to the uncoated AZ31B, with the pure Ta coating not 
showing a clear passivation stage as the applied potential increases.

In contrast, the Ta/Ag composite-coated samples display a stable 
passivation stage at an applied potential of around 0.0 V vs Ref. Notably, 
the PDP curves of Ta–2Ag and Ta–5Ag show oscillations (indicated by 
red arrows), suggesting an unstable passivation layer. The Ta–10Ag 
coating, however, exhibits a smooth PDP curve with a stable passivation 
stage. Fig. 5c and d show the surface microstructure of Ta–5Ag and 
Ta–10Ag after PDP testing. A porous AgCl layer forms on the Ag ag
glomerations, while the Ta matrix remains smooth and free of corrosion 
marks. The AgCl layers differ in characteristics: the Ta–5Ag layer is 
highly porous, while the Ta–10Ag layer is denser.

These observations suggest that corrosion primarily occurs on the Ag 
agglomerations within the Ta/Ag composites. The unstable passivation 
behaviour observed in Ta–5Ag during PDP testing is attributed to the 
production of the high porosity of the AgCl layer. The formation of AgCl 
in Ta/Ag composites has been previously discussed in Ref. [39]. The 
varying porosity of the AgCl layer is influenced by the microstructure of 
the Ag agglomerations, particularly dislocation density and grain size, 
which govern the rate of Ag dissolution. In Ta–5Ag, the lower disloca
tion density results in slower dissolution, leading to a more porous AgCl 
layer. In contrast, the higher dislocation density in Ta–10Ag accelerates 
Ag dissolution, resulting in a denser, thicker AgCl layer.

3.3.3. Electrochemical impedance spectroscopy
Fig. 6 shows the EIS results for uncoated and coated AZ31B Mg al

loys. In the Nyquist plot (Fig. 6a), the uncoated AZ31 displays a small 
capacitive loop and a low-frequency inductive loop, characteristic of Mg 
alloys with poor corrosion resistance. In contrast, Ta/Ag MMC-coated 
samples exhibit larger capacitive loops, indicating enhanced corrosion 
protection for the Mg substrate. Among the coatings, the pure Ta coating 
has the largest capacitive loop, reflecting the best corrosion resistance. 
The Ta–2Ag coating shows a smaller capacitive loop than pure Ta but 
larger than those of Ta–5Ag and Ta–10Ag, suggesting better corrosion 
resistance than Ta–5Ag and Ta–10Ag. Zooming into the dashed-line 
square in Fig. 6a, the capacitive loop of Ta–10Ag is larger than that of 
Ta–5Ag, indicating that Ta–10Ag offers better corrosion resistance than 
Ta–5Ag (Fig. 6c).

Based on the EIS results, an equivalent circuit (EEC) was constructed 
to fit the data. The Nyquist plot of the Ta/Ag-coated Mg samples shows 
imperfect circular capacitive loops, indicating that a constant phase 
element (CPE) should be used instead of an ideal capacitor. Additionally, 
the Bode phase plot reveals a flattened and broad peak in the interme
diate frequency region, resulting from the absorption of multiple 
capacitive peaks. This is particularly evident in the Ta–5Ag-coated Mg, 
where two distinct peaks are observed.

Thus, it is inferred that two CPE elements should be included in the 
EEC. The constructed EEC, shown in Fig. 7, is a typical model for 
analyzing the dynamic electrochemical behavior of coating systems 
[42]. The fitting results, represented by the red line in the Nyquist and 
Bode plots, closely match the experimental data, confirming the validity 
of the constructed EEC. The parameters of the EEC elements are listed in 
the Table of Fig. 7.

In the equivalent electrical circuit, the resistance of the electrolyte 
(Rs) is located between 65 Ω and 75 Ω. Rfilm is the resistance of the 
passivation layer on the coating surface. Fitting results indicate that the 
pure Ta coating exhibits the highest Rfilm attributed to its dense and 
stable Ta2O5passive layer. The addition of Ag significantly reduces Rfilm. 
As Ag content increases from 2 vol% to 5 vol%, Rfilm decreases but rises 
again at 10 vol% Ag. This variation is due to the characteristics of the 
AgCl passive layer. The porous AgCl layer on Ag agglomerates lowers 
Rfilm with its density dictating this behavior. The Ta–10Ag coating, 
featuring the densest AgCl layer (Fig. 5d), achieves a higher Rfilm 
compared to Ta–2Ag and Ta–5Ag coatings.

The charge transfer resistance (Rct) exhibits a similar trend. The pure 

Fig. 9. Rct values in EEC after different periods of immersion.
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Ta coating shows the highest Rct, reflecting its superior corrosion 
resistance. However, Rct decreases with the addition of Ag due to 
insufficient passivation by the AgCl layer. Among Ta/Ag coatings, 
Ta–10Ag has the highest Rct, indicating the best corrosion resistance. In 
contrast, Ta–2Ag and Ta–5Ag have lower Rct values, suggesting reduced 
corrosion resistance. The porosity of the AgCl layer significantly in
fluences corrosion behavior. The dense AgCl layer in Ta–10Ag restricts 
electrolyte penetration, enhancing corrosion resistance. In contrast, the 
more porous AgCl layers in Ta–5Ag and Ta–2Ag facilitate Ag agglom
erate dissolution. However, the increased Ag dissolution may enhance 
cathodic protection for the Ta matrix, potentially shielding it from 
corrosion. Therefore, to assess the real corrosion resistance, an 
extended-duration immersion test was conducted.

3.3.4. Extended-duration corrosion testing
In the immersion test, the non-destructive EIS test was used to 

monitor the corrosion status. EIS Nyquist and Bode curves were recor
ded after 7, 14, and 28 days (Fig. 8). The charge transfer resistance (Rct) 
values for the coated AZ31 Mg alloys, derived from EIS curve fitting, are 
shown in Fig. 9.

In the Nyquist plots (Fig. 8), the capacitive loop diameter decreases 
over time, indicating a reduction in corrosion resistance. After 28 days, 

the pure Ta coating exhibited the largest loop, demonstrating superior 
corrosion resistance compared to Ta/Ag composite coatings. However, 
as shown in the inset of Fig. 8b, the Ta–10Ag coating displayed a typical 
Mg AZ31 EIS curve after just 7 days, indicating coating failure.

Fig. 9 reveals that Rct increased for the Ta, Ta–2Ag, and Ta–5Ag 
coatings during the first 14 days, suggesting an initial enhancement of 
their passivation layers. Among these, Ta–2Ag exhibited the most sig
nificant increase in Rct, outperforming both Ta and Ta–5Ag. Beyond 14 
days, the Rct values for Ta and Ta–2Ag began to decline, indicating 
degradation of the Ta2O5 passive layer on pure Ta and the dissolution of 
the AgCl layer on the Ag surface. Conversely, the Rct of Ta–5Ag 
increased significantly during this period. After 30 days, the Rct values 
for all coatings returned to levels close to their initial values, signifying 
further degradation of their passivation layers.

The pure Ta coating maintained consistent Rct values throughout the 
28-day immersion, highlighting its stability. In contrast, the Rct of 
Ta–2Ag and Ta–5Ag showed sharp increases followed by steep declines 
during the immersion period.

The dense and stable Ta2O5 passive layer accounts for the corrosion 
resistance of the pure Ta coating. For Ta/Ag composites, the Rct decline 
is attributed to the degradation of the AgCl layer, likely caused by its 
slow dissolution or the formation of soluble AgClx(x− 1)− complexes [43]. 

Fig. 10. Cross-section and the top surface of coated AZ31B Mg alloys after 28 days of immersion (a) pure Ta coating, (b) Ta–2Ag coating, (c) Ta–5Ag coating, (d) 
Ta–10Ag coating. (e) the top surface of Ta–5Ag and (f) top surface of pure Ta.
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As the AgCl layer dissolves, fresh Ag surfaces are exposed to the elec
trolyte, reducing Rct values and ultimately returning them to near-initial 
levels.

To investigate long-term corrosion behavior, the microstructures of 
tested samples were analyzed. Fig. 10a–d shows the cross-sections of the 
Ta/Ag coatings. For Ta, Ta–2Ag, and Ta–5Ag coatings, no significant 
evidence of corrosion was observed from the coating surface to the 
substrate. However, in the Ta–10Ag coating (Fig. 10d), a cavity with a 
strong charging effect was found at the interface between the coating 
and the AZ31B Mg alloy substrate, connected to the coating surface by a 
channel.

Surface analysis (Fig. 10e and f) revealed a dense and smooth Ta 
matrix in Ta–2Ag after immersion, while pores and gaps (marked by 
yellow and red arrows) formed due to Ag dissolution. This indicates that 
Ag’s poor passivation prevents the Ta matrix from corroding, enhancing 
its corrosion resistance. EDS mapping of the cavity and channel regions 
(Fig. 11a) detected oxide signals, confirming that the channel serves as a 
corrosion pathway from the coating surface to the substrate. This 
pathway originates from an Ag agglomeration on the surface and ex
tends to the substrate interface, with Ag agglomerations beneath the 
surface interconnected by the corrosion path.

Fig. 11b shows the top surface of the failed Ta–10Ag coating after 
prolonged immersion. The Ta matrix appears smooth and clean with no 
significant oxide signals, whereas the Ag surface is rough, with Cl signals 
indicating localized corrosion. Clear holes (yellow dashed circles) at the 

Ag–Ta interface suggest this is the primary site of severe corrosion. The 
edges of Ag agglomerations in Ta–10Ag (Fig. 3) are characterized by fine 
DDRX grains. The passive AgCl layer in this region is porous, partially 
preventing Ag dissolution. The close contact between Ag and Ta accel
erates galvanic corrosion at these edges due to the short ion migration 
distance. Additionally, the lack of metallurgical bonding between Ta and 
Ag increases the unbonded boundary as Ag content rises, allowing 
electrolytes to penetrate the interface easily and further accelerating 
corrosion.

The corrosion mechanism of the Ta/Ag coating is schematically 
illustrated in Fig. 12. Initially, galvanic corrosion occurs between Ag and 
Ta due to Ta’s less negative potential, leading to significant Ta disso
lution (Fig. 12I). However, Ta ions readily react with oxygen to form a 
dense and stable passive layer that halts further corrosion of the Ta 
matrix. In contrast, Ag agglomerations, being noble and lacking effective 
passivation, act as anodes in the galvanic cell (Fig. 12II).

During corrosion, severe damage occurs at the Ta–Ag interface on 
the surface of the Ta/Ag composite coatings. As corrosion progresses, 
the unbonded Ta–Ag interfaces facilitate the penetration of electrolytes 
deeper into the coating, acting as shortcuts for corrosion. When the 
electrolyte encounters another Ag agglomeration deeper within the 
coating, the corrosion process accelerates. This "frog leap" advancement 
through unbonded Ta/Ag interfaces eventually reaches the active Mg 
alloy substrate (Fig. 12III). At this stage, severe corrosion occurs, pro
ducing porous MgO and releasing hydrogen gas.

Fig. 11. (a) Zoomed-in cross-section of Ta–10Ag coating and EDS mapping. (b) top surface morphology of Ta–10Ag after 28 days of immersion.
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Among the coatings, the Ag agglomerations in Ta–2Ag and Ta–5Ag 
are less densely distributed and smaller in size compared to those in 
Ta–10Ag. The greater distance between Ag agglomerations in Ta–2Ag 
and Ta–5Ag makes it more difficult for the electrolyte to penetrate via 
the "frog leap" mechanism. Consequently, Ta–2Ag and Ta–5Ag exhibit 
better long-term corrosion resistance than Ta–10Ag.

3.4. Wear resistance

3.4.1. Morphology of wear tracks
Wear resistance varied among the coatings, as shown in Fig. 14f. 

Ta–2Ag exhibited the lowest resistance, while Ta, Ta–5Ag, and Ta–10Ag 
showed similar resistance. The dominant wear mechanism shifted with 
increasing Ag content: fatigue and abrasive wear prevailed in Ta and 
Ta–2Ag, while abrasive wear became dominant as Ag content increased. 
The addition of Ag significantly improved the fatigue wear resistance of 
cold-sprayed Ta/Ag composite coatings and reduced free debris 
formation.

After the pin-on-disc wear test, the wear track morphology was 
investigated using SEM and EDS (Fig. 14), and 3D profiles were obtained 
with a white light interferometer (WLI) (Fig. 14). SEM-EDS analysis 
(Fig. 13) revealed an intense oxygen signal in all coatings, indicating 
oxidation during wear. Ag smearing along the wear track was observed, 
with higher Ag content promoting a more homogeneous distribution. In 

pure Ta coatings, Fe signals in flake-like structures suggest material 
transfer from the steel ball, indicative of adhesive wear. Oxidation is 
attributed to friction-induced temperature rise, which decreases with 
increasing Ag content due to its high thermal conductivity.

Debris analysis showed extensive particles and wide, deep grooves 
on pure Ta and Ta–2Ag tracks (Fig. 13a and b). With 5 vol% Ag, debris 
reduced but grooves increased (Fig. 13c), while at 10 vol% Ag, the wear 
track became smooth with narrow grooves and minimal debris 
(Fig. 13cii). Deep craters on the wear tracks of Ta, Ta–2Ag, and Ta–5Ag 
coatings suggest significant material removal, with both crater size and 
number decreasing as Ag content increased. The Ta–10Ag coating 
exhibited rare large craters, replaced by small pits (Fig,13diii).

Crack networks observed in pure Ta flake structures (Fig,13aiii), and 
subsequently in Ta–2Ag, and Ta–5Ag coatings, indicate fatigue wear 
caused by cyclic loading, deformation, and strain hardening. With fa
tigue fractures propagating cracks, materials were removed from deeper 
layers beneath the interface. However, in Ta–10Ag, no crack network 
was observed and a network of Ag was revealed in Fig. 13dii, inducting 
the Ag filled the crack during the wear.

Wear track profiles (Fig. 14a and b) showed wider and more irregular 
tracks for Ta and Ta–2Ag, indicating severe material removal and lower 
fatigue resistance. In contrast, the smoother, V-shaped profiles of 
Ta–5Ag and Ta–10Ag indicate improved wear resistance, though local
ized craters persist in Ta–5Ag (Fig. 14c). At 10 vol% Ag, the wear track 

Fig. 12. Schematic corrosion failure mechanism of Ta-xAg composite coating. (І) the dissolution of Ta at the start of corrosion. (II) passive Ta2O5 layer formed on the 
Ta surface and Ag was dissolved acting as an anode in galvanic corrosion. (III) penetration of the electrolyte via a “frog leap” manner. (IV) electrolyte reaches the Mg 
substrate, resulting in corrosion of the substrate.
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Fig. 13. Morphology of worn surface of (a) pure Ta, (b) Ta–2Ag, (c) Ta–5Ag and (d) Ta–10Ag coatings.
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becomes smoother and more regular, reflecting enhanced fatigue wear 
resistance (Fig. 14d). Compared to abrasive and adhesive wear, fatigue 
wear is more aggressive due to deeper material loss. Moreover, fatigue- 
induced material removal introduces third-body abrasive particles, 
which intensify abrasive wear and broaden wear tracks. Cyclic defor
mation breaks removed material into smaller debris, explaining the 
widest tracks and abundant debris in Ta and Ta–2Ag coatings. It seems 
that Ag agglomerates in high Ag contents coating, could fill the crack 
during the wear, prohibiting crack propagating and minimize fatigue 

wear.

3.4.2. Wear mechanism of Ta/Ag composite coating
The wear behavior and mechanisms of materials are primarily 

influenced by mechanical properties, surface roughness, and lubrication 
conditions. In this study, tribology testing was performed without 
lubrication, and measured surface roughness (in supplementary docu
ment) variation was insignificant, highlighting the critical role of the 
coatings’ mechanical properties.

Fig. 14. (a)–(d) 3D profile of wear worn slice mapping WLI.(e) cross section of wear track. (f) wear rate.
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Fig. 15. (a)–(d) H/E mapping of pure Ta and Ta/Ag composites measured by nanoindentation.(e) load-unload profile of Ag agglomerations, Ta matrix and Ta–10Ag 
wear track observed by nanoindentation.
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To analyze wear mechanisms, the hardness-to-elasticity ratio (H/E), 
or plasticity index, was employed [44]. Hardness reflects a material’s 
strength, with higher hardness requiring more force for deformation. 
Elastic modulus determines a material’s tendency to reach its yield 
point; materials with lower elastic modulus endure more strain before 
damage. Consequently, materials with higher H/E values resist plastic 
deformation, adhesive wear, and abrasive wear more effectively. Fig. 15
illustrates the H/E contour map of Ta and Ta/Ag coatings based on 
nanoindentation mapping. Pure Ta coatings exhibit relatively low H/E 
values (~0.02), whereas regions within Ta/Ag composites, particularly 
Ag agglomerations, show higher H/E values (~0.03). The elevated H/E 
in Ag agglomerations results from Ag’s inherently low elastic modulus 
combined with increased hardness due to high dislocation density and 
grain refinement caused by severe deformation during the cold spray 
process.

In contrast, EBSD analysis indicates that Ta particles underwent 
minimal deformation, with grain refinement confined to impact in
terfaces. Consequently, the Ta matrix exhibited less strain hardening, 
retaining a high Young’s modulus and lower H/E values compared to Ag 
agglomerations. Ta’s higher modulus creates localized stresses during 
wear, increasing crack initiation and propagation under cyclic loading. 
Weak inter-particle bonding, due to the low cold-spray parameters, 
further facilitate crack formation. Cracks propagate rapidly, leading to 
material removal from deeper layers. Additionally, brittle oxide layers 
formed during wear crack easily, further enhancing material loss. In 
low-Ag coatings, such as Ta–2Ag, sparse Ag agglomerations within the 
Ta matrix cause severe friction load oscillations, inducing high- 
frequency impact loads that promote crack initiation. This results in 
high material removal, intense third-body abrasive wear, and the pro
duction of abundant debris particles.

Higher Ag volume fractions, as in Ta–5Ag and Ta–10Ag, reduce the 
coefficient of friction (COF) and mitigate friction load oscillations due to 
the denser Ag distribution (Fig. 1 in supplementary document). Mean
while, Ag fill in cracks, minimizing material fatigue fracture. Moreover, 
post-wear nanoindentation of the Ta–10Ag wear track revealed an H/E 
ratio of 0.045—double that of pure cold-sprayed Ta, due to strain 
hardening and mechanical mixing of Ta and Ag. The increased H/E 
enhances resistance to fatigue and adhesive wear, shifting the dominant 
wear mechanism to abrasive wear via micro-cutting or micro-ploughing, 
resulting in narrower and shallower grooves (Fig. 14d).

Overall, the addition of Ag offers lubrication mechanism and in
creases the H/E ratio of wear surfaces through mechanical mixing and 
strain hardening. These enhancements improve the fatigue and adhesive 
wear resistance of cold-sprayed (CS) Ta/Ag composite coatings while 
reducing the formation of excessive debris particles. Consequently, this 
minimizes the risk of immune responses triggered by debris particles.

4. Conclusions

In this study, dense Ta/Ag MMCs were successfully cold-sprayed 
onto AZ31B Mg alloys. The adhesive strength, corrosion resistance, 
and wear properties of the coated samples were systematically assessed. 
The following conclusions were drawn. 

1. The bonding between Ta/Ag coatings and AZ31 Mg alloys is pri
marily due to mechanical interlocking. Adhesive strength ranged 
from 22.5 to 27.5 MPa, with coating failures originating at unbonded 
boundaries within the coatings.

2. Ta/Ag coatings provided corrosion protection for Mg alloys in 
chloride environments through cathodic protection for Ta matrix by 
dissolving Ag agglomerations. However, unbonded Ta–Ag interfaces 
intensified Ag dissolution, reducing corrosion resistance as Ag con
tent increased.

3. Higher Ag content improved fatigue wear resistance due to Ag’s 
ductility, low friction, and high conductivity. Ag filled microcracks 

during wear, increasing the H/E ratio and preventing crack propa
gation and debris formation.

4. Ta–5Ag achieved the best balance of corrosion and wear resistance, 
while Ta–10Ag showed superior wear resistance but poor long-term 
corrosion resistance. Addressing unbonded Ta/Ag interfaces, such as 
through in-situ peening or multilayer structures, could further 
enhance protection properties In general, Cold spray exhibit prom
ising potential to fabricate MMCs coatings to achieve medium to 
long-term protection for active Mg alloys.
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