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A B S T R A C T   

(Mo1-xCrx)5Si3 alloys were prepared by vacuum arc melting technique. The microstructure and mechanical 
properties of (Mo1-xCrx)5Si3 alloys were characterized using a scanning electron microscope (SEM), X-ray 
diffraction (XRD) and nano-indentation tests. The tribocorrosion characteristics of the alloys were investigated 
using a tribocorrosion tester in 3.5 wt% NaCl solution. The results revealed that the thermal expansion anisot
ropy ((CTE(c)/CTE(a))) of the (Mo1-xCrx)5Si3 alloys decreased from 2.25 to 1.45 with increasing Cr content. The 
Cr-alloyed (Mo1-xCrx)5Si3 alloys exhibited a high hardness, and their fracture toughness, ratios of H3/E2 and H/E 
were improved. (Mo1-xCrx)5Si3 alloys showed a strong wear-corrosion combined effect, and an opposite trend 
between friction coefficient and OCP values was observed during the tribocorrosion tests. The tribocorrosion 
resistances of (Mo1-xCrx)5Si3 alloys were better than that of 0Cr18Ni9 stainless steel due to the formation of 
Cr2O3-MoO3-SiOx protective films. The (Mo0.8Cr0.2)5Si3 alloy exhibited the best tribocorrosion characteristics 
with a low friction coefficient and wear rate. For the 0Cr18Ni9 and Mo5Si3 alloy, pure wear (Vw) was dominant, 
nevertheless, corrosion-induced wear (Vcw) was the main tribocorrosion mechanism of (Mo0.8Cr0.2)5Si3 alloy.   

1. Introduction 

Wear and corrosion are the two major modes of material failure 
[1,2]. The combined effect of wear and corrosion processes is defined as 
tribocorrosion [3,4]. In many cases, wear is accelerated by corrosion, 
and similarly, corrosion can be accelerated by the wear process [5]. 
Their interaction or combined effect usually leads to a decrease in ma
terial performance and accelerated material failure [6,7]. This material 
removal due to tribocorrosion cannot be measured by a simple sum of 
separate wear and corrosion experiments [8]. As the traditional 
corrosion-resistant materials, austenitic stainless steels exhibit good 
resistance against most corrosive media. However, their mechanical 
moving contact components tend to fail prematurely in corrosive envi
ronments due to their low hardness and poor wear resistance [9,10]. On 
the other hand, conventional wear-resistant materials such as white cast 
iron, high‑carbon steel, and alloy tool steels are difficult to be applied in 
tribocorrosion conditions due to insufficient corrosion resistance [11]. 
As an important branch of intermetallic compounds, the metal silicides 
(such as Mo–Si [12], Ti–Si [13], Cr–Si [14], and Ni–Si [15] binary 
compounds and their multi-component alloys) demonstrate excellent 
hardness, high-temperature strength and chemical stability, and shows a 

great potential to be used as anti-corrosion and wear-resistant materials 
in engineering applications [16]. However, their serious room temper
ature brittleness is a major obstacle to engineering applications. 

Used to replace Ni-based superalloys and some functional materials, 
Mo–Si alloys have recently attracted great interest in advanced jet 
engine blades and automotive applications, energy storage, and ther
moelectric devices due to their high melting point, moderate density and 
high creep resistance [17,18]. In particular, Mo5Si3 has a relatively wide 
range of chemical components according to the Mo–Si binary phase 
diagram, which provides the possibility of improving its properties by 
introducing different alloying elements [19]. Recent studies [20–22] 
have demonstrated that alloying elements such as Cr, Ti, Ni and Al can 
effectively enhance the room temperature toughness and oxidation 
resistance of intermetallic compounds by modifying the crystal structure 
symmetry, lattice thermal expansion anisotropy and adjusting the per
centage of metallic bonds in the alloys [23,24]. Additionally, the 
alloying of Ni promoted static and dynamic recrystallization of the alloy, 
which was beneficial for improving the deformation processing and 
intrinsic brittleness of the intermetallic compound [25]. Therefore, an 
alloyed Mo5Si3 intermetallic with a certain degree of toughening can be 
obtained by arc melting and containing different alloying elements. 
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As a structural material application, the wear and corrosion resis
tance of the Mo5Si3 intermetallic alloy should be the most important 
factors to be considered. Wang et al. [26] reported that the good 

corrosion resistance of silicide was closely related to the stronger Si–O 
bonds by first-principles calculations based on density functional theory 
(DFT). They concluded that Mo5Si3 should have excellent corrosion 

Fig. 1. (a) XRD patterns of the (Mo1-xCrx)5Si3 alloys and (b) the stronger diffraction peaks of (420) and (411).  

Fig. 2. SEM images of (Mo1-xCrx)5Si3 alloys. (a) Mo5Si3, (b) (Mo0.8Cr0.2)5Si3, (c) (Mo0.6Cr0.4)5Si3.  

Fig. 3. The EDS elemental mapping of the (Mo0.6Cr0.4)5Si3 alloy.  
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resistance. Chen et al. [27] demonstrated that the Nb-alloyed Mo5Si3 
alloys exhibit excellent corrosion resistance in 1 mol/L HCl and H2SO4 
solutions. Jiang and Li et al. [28,29] investigated the effect of Cr and Al 
alloying on the corrosion and wear properties of Mo–Si alloys. The 
results indicated that the alloys can form more protective Cr2O3 and 
Al2O3 passivation films in NaCl solution by introducing a certain amount 
of Cr and Al elements. Moreover, the introduction of Cr and Al elements 
can refine the microstructure and strengthen the Mo–Mo and Mo–Si 
bonds, which improves the wear resistance of Mo5Si3 alloy. This in
dicates that the alloying elements have a significant impact on the 
corrosion and wear resistance of Mo5Si3 alloy. However, researches on 
the tribocorrosion characteristics of Mo5Si3-based alloys are still scarce. 
In the present study, (Mo1-xCrx)5Si3 alloys with different Cr contents 
were prepared by arc melting. The microstructure, mechanical proper
ties and tribocorrosion characteristics of the alloys were investigated in 
3.5 wt% NaCl solution. The tribocorrosion mechanisms of (Mo1-xCrx)5Si3 
alloys were also discussed. The study of tribocorrosion-resistant (Mo1- 

xCrx)5Si3 alloys will broaden the tribological application of Mo5Si3 
intermetallic as structural materials under severe conditions. 

2. Experiment details 

2.1. Materials preparation and microstructure characterization 

(Mo1-xCrx)5Si3(x = 0, 0.2, 0.4) alloys were prepared by arc melting 
using the high-purity Mo, Cr and Si powders (purity >99.5 wt%) as raw 
materials (raw powders were supplied by Sinopharm Chemical Reagent 
Co. Ltd., China). The initial powders were mixed and compacted into 
cylinders and then placed in a water-cooled copper crucible with a 
magnetic stirring device for arc melting. All ingots were re-melted at 
least five times in an Ar atmosphere (5 × 104 Pa pressure) to ensure 
uniform distribution of the constituents. The ingots were flipped over for 
each remelt. Finally, Electric Discharge Machining (EDM, DK7740-B, 
Wuhan Xin Dexing CNC Machine Tools Co. Ltd., China) wire cutter 
was used to cut the ingots into 10 mm × 10 mm × 5 mm specimens for 
microstructure, mechanical properties and tribocorrosion behaviors 

analysis. 
Metallographic specimens of (Mo1-xCrx)5Si3 alloys were prepared 

using mechanical grinding with waterproof abrasive sandpaper (from 
400 to 1500 grit) and polished with diamond particle paste. The mi
crostructures of the alloys were examined by optical microscopy (OM, 
Axio Scope A1, Germany) and scanning electron microscopy (SEM, 
Merlin Compact, ZEISS, Germany) and equipped with energy dispersive 
spectroscopy (EDS, JEOL, Japan) for elemental analysis. The phase 
structures of alloys were determined by X-ray diffraction (XRD, D/ 
Dmax-2400, Rigaku, Japan) with Cu Kα radiation (λ = 0.15418 nm) 
and a 2θ range from 20◦ to 90◦. 

2.2. Mechanical properties of the (Mo1-xCrx)5Si3 alloys 

The microhardness of the (Mo1-xCrx)5Si3 alloys was measured using 
an HVS-1000 hardness tester under an applied load of 500 g with a dwell 
time of 15 s. The average of at least five measurements was recorded as 
the hardness value. The fracture toughness values of the alloys were 
detected by the Vickers microhardness indentation test, and the lengths 
of the indentation cracks were measured using an optical microscope. 
Fracture toughness is calculated using the formula [30]. 

KIC = 0.032Hva
1
2

(
E
Hv

)
1
2

(a
c

)
3
2 (1)  

where KIC is the fracture toughness (MPa⋅m1/2), E is the elastic modulus 
(MPa), Hv is the hardness (MPa), a and c are the indentation and radial 
crack lengths (m), respectively. 

The nanoindentation hardness (H) and elastic modulus (E) of the 
alloys were measured using a Nano Indenter G200 (KLA-Tencor Co. Ltd., 
USA) equipped with a Berkovich diamond tip. Based on Oliver-Pharr 
[31], the tests were performed by driving the indenter at a constant 
loading rate of 40 mN/min under a peak load of 20 mN. For each alloy, 
nanoindentation tests were conducted at five different locations to 
ensure the repeatability of the experimental data. 

2.3. Tribocorrosion properties of (Mo1-xCrx)5Si3 alloys 

To determine the tribocorrosion characteristics and the combined 
effect of wear and corrosion on material loss, the following three sets of 
experiments were performed. (1) The pure corrosion behavior of the 
alloys (no wear) was evaluated by measuring anodic polarization curves 
in 3.5 wt% NaCl solution using electrochemical test equipment 
(PGSTAT302N, Switzerland). High purity platinum was used as the 
counter electrode, the alloys are used as the working electrode (1 cm2 

exposure area) and a saturated calomel electrode (SCE) is used as the 
reference electrode. The potentials were swept from − 0.5 V to +2 V (vs. 
reference electrode) at a sweep rate of 5 mV/s. (2) Tribocorrosion tests 
were performed using a three-electrode reciprocating tribocorrosion 
tester (MFT-R4000, China) in a 3.5 wt% NaCl solution. The Al2O3 ball 
with a diameter of 6 mm was selected as the counterpart for the tribo
corrosion tests due to its high hardness and good corrosion resistance. 
High purity graphite was used as the counter electrode, the alloys as the 
working electrode (1 cm2 exposure area), and a saturated calomel 
electrode as the reference electrode. The OCP and friction coefficient 
were first recorded for 600 s to ensure a stable electrochemical state of 

Fig. 4. Atomic structure of the (Mo, Cr)5Si3 cell containing eight Cr atoms.  

Table 1 
Lattice parameters, crystallite size, microstrain and CTE of the (Mo1− xCrx)5Si3 alloys.  

Compound Lattice parameters Crystallite size (nm) Microstrain (%) CTE (c)/CTE (a) 

a (Å) c (Å) Vc (Å3) 

Mo5Si3 (JCPDS, 65–2783) 9.620 4.900 453.5 – – – 
Mo5Si3 9.625 4.894 453.4 83.1 0.299 2.21 

(Mo0.8Cr0.2)5Si3 9.574 4.868 446.2 65.0 0.661 1.63 
(Mo0.6Cr0.4)5Si3 9.537 4.852 441.3 45.9 0.731 1.45  
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the alloy surface prior to the tribocorrosion test under open-circuit po
tential conditions. During the tribocorrosion test, the reciprocating 
sliding test was performed with a normal load of 5 N, a sliding amplitude 
of 5 mm, a frequency of 2 Hz, and a sliding time of 2400 s. When the 
sliding wear stopped, the OCP and friction coefficient were continuously 
recorded for 600 s to evaluate the passivation behaviors of the (Mo1- 

xCrx)5Si3 alloys surface. (3) In order to calculate the material loss caused 
by pure wear behavior under the same condition as above, simple pure 
wear tests were conducted in deionized water. All tests were repeated 
three times to check the reproducibility of the experimental results. The 
surface state of the tribocorrosion tracks was observed and analyzed by 
SEM, EDS, and X-ray photoelectron spectroscopy (XPS). For the XPS test, 
a Kratos AXIS Ultra ESCA system with Al Ka (1486.6 eV) was selected as 
the X-ray source. The accelerating voltage, emission current, and elec
tron emission angle of the X-ray source were kept at 12 kV, 12 mA, and 
45◦, respectively. The conventional corrosion-resistant material 304 
stainless steel (0Cr18Ni9) was used as a reference material and its tri
bocorrosion characteristics were tested under the same conditions. 

3. Results and discussion 

3.1. Microstructures and phase analysis 

Fig. 1 shows the X-ray diffraction patterns of the (Mo1-xCrx)5Si3 (x =
0, 0.2, 0.4) alloys. As can be clearly seen, all melted alloys consist of a 

hexagonal D8m-structured Mo5Si3 (JCPDS, 65–2783) and a small 
amount of hexagonal C40-structured MoSi2 (JCPDS, 65–9392). The 
diffraction peak intensity of MoSi2 in the alloy increases with the in
crease of Cr content, which is attributed to the destruction of the 
structural stability and orderliness of Mo5Si3 by the addition of Cr [19]. 
With increasing Cr content, the diffraction peak position shifts to higher 
2θ values than that of the pure Mo5Si3 (in Fig. 1(b)), indicating that the 
solid solution of Cr into Mo5Si3 reduces the lattice parameters and 
interplanar spacing due to the smaller atomic radius of Cr compared to 
Mo atoms. 

Fig. 2 shows the typical SEM micrographs of the (Mo1-xCrx)5Si3 (x =
0, 0.2, 0.4) alloys. In Fig. 2 (a), some microcracks were observed due to 
high thermal stresses incurred during arc melting. In contrast, the 
(Mo0.8Cr0.2)5Si3 alloy exhibited a uniformly dense and refined micro
structure (Fig. 2 (b)), indicating that the Cr alloying contributed to the 
reduction of internal stresses and refinement of the matrix structure. 
Nonetheless, as the Cr content increased, MoSi2 and Cr-rich phases were 
formed in the (Mo0.6Cr0.4)5Si3 alloy, which increased the surface defects 
due to residual strain caused by the differences in elastic modulus and/ 
or thermal expansion mismatch between the different phases, as shown 
in Fig. 2 (c) and the EDS elemental mapping of the (Mo0.6Cr0.4)5Si3 alloy 
in Fig. 3. 

It is generally accepted that high internal stress not only affects the 
surface state of the alloy but also has a great influence on the mechanical 
properties, corrosion and wear properties of the materials [23]. 

Fig. 5. Typical hardness indentation image (a-c), microhardness and fracture toughness (d) of (Mo1-xCrx)5Si3 alloys. (a) Mo5Si3, (b) (Mo0.8Cr0.2)5Si3 and (c) 
(Mo0.6Cr0.4)5Si3. 
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Unfortunately, the transition metal silicides Mo5Si3 exhibit a large dif
ference in the coefficients of thermal expansion (CTE) in the a and c 
crystallographic directions, resulting in a high thermal expansion 

anisotropy. Knowing the crystal structure of Mo5Si3 is a prerequisite for 
understanding thermal expansion anisotropy. Mo5Si3 belongs to the I4/ 
mcm space group and has 20 Mo atoms and 12 Si atoms in the body- 

Fig. 6. Load-displacement curves (a), hardness and elastic modulus (b), and H/E and H3/E2 (c) of (Mo1-xCrx)5Si3 alloys.  

Fig. 7. Open circuit potential (a) and potentiodynamic polarization curves (b) of (Mo1-xCrx)5Si3 alloys in 3.5 wt% NaCl solution.  

R.P. Li et al.                                                                                                                                                                                                                                     
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centered tetragonal (tI32) unit cell. Its lattice parameter a is twice as 
large as c, as shown in Fig. 4. It has been shown that the introduction of 
alloying elements such as Cr, Ti and Nb into Mo5Si3 can effectively 
adjust the lattice parameters and reduce the thermal expansion anisot
ropy [32]. Table 1 shows the effect of Cr alloying on the lattice pa
rameters, grain size, microstrain and CTE of Mo5Si3. Significantly, Cr 
alloying reduces the lattice parameters and grain size of the (Mo1- 

xCrx)5Si3 alloys. The coefficients of thermal expansion of the (Mo1- 

xCrx)5Si3 alloys were calculated using eq. (2) [23] 

CTE =

(
1
/l0

)

⋅
(

dl/dT

)

(2)  

where l0 is the lattice parameter at 293 K and dl/dT is the derivative of 
the lattice parameter with respect to temperature variation. The lattice 
parameter data of (Mo1-xCrx)5Si3 alloys at different temperatures were 
obtained from Table 1 and first-principles theoretical calculations [19]. 
The calculations were based on the density functional theory using a 
plane-wave pseudo-potential method. It can be seen that the limited 
solid solution of Cr in Mo5Si3 can decrease the mismatch of CTE values in 
the a and c directions. The ratio of CTE (c)/CTE (a) decreases from 2.21 
to 1.45 with the increase of Cr content, which is helpful in reducing the 
internal stress and improving the fracture toughness of (Mo1-xCrx)5Si3 
alloys. 

3.2. Mechanical properties of (Mo1-xCrx)5Si3 alloys 

A typical hardness indentation image, hardness and fracture tough
ness of the (Mo1-xCrx)5Si3 alloys are shown in Fig. 5. In Fig. 5 (a), 
apparent microcracks were detected at the ends and edges of the 

diamond-shaped indentations due to the high intrinsic brittleness. In 
Fig. 5 (b, c), the Cr alloying refined the matrix crystallites and increased 
the grain boundaries, thus raising the fracture energy required for the 
material. Additionally, due to the Cr alloying and the formation of the 
MoSi2 phase, the cracks in the Mo5Si3 matrix are deflected, branched 
and bridged (Fig. 5 (b, c)). This causes the crack propagation to become 
tortuous, reduces the stress at the crack front, consumes the crack 
propagation energy, and improves the fracture toughness of the (Mo1- 

xCrx)5Si3 alloys, as shown in Fig. 5 (d). Furthermore, in contrast to 
conventional solid solution strengthening, the microhardness of the 
(Mo1-xCrx)5Si3 alloys was decreased with increasing Cr content (in Fig. 5 
(d)). Solid solution softening or strengthening of the material by alloying 
is commonly attributed to variations in Peierls potentials and dislocation 
core structures [28]. Thus, solid solution softening of the Mo5Si3 alloy 
occurs through Cr alloying due to reduced stacking fault energy and 
Peierls stress [33]. 

Fig. 6 (a) shows typical load-displacement curves for (Mo1-xCrx)5Si3 
alloys. The load-displacement curve has no significant protrusions, 
indicating that the loads cause only elastic-plastic deformation of the 
alloy surface. The closed area surrounded by the loading-unloading 
curve and the largest displacement of the Mo5Si3 alloy is smaller than 
that of the (Mo0.8Cr0.2)5Si3 and (Mo0.6Cr0.4)5Si3 alloys. This indicates 
that the plastic deformation capacity of Cr alloyed Mo5Si3 was improved 
during loading. The (Mo0.8Cr0.2)5Si3 alloy exhibited the largest plastic 
deformation as well as lower hardness and elastic modulus. In general, a 
large H3/E2 ratio indicates a high plastic deformation resistance and 
correspondingly improved toughness [34]. As seen in Fig. 6 (c), the H3/ 
E2 values of the alloys increase with an increase in Cr content. Among 
the alloys, the (Mo0.6Cr0.4)5Si3 alloy exhibits the highest H3/E2 values 
and good toughness. This demonstrated that the Cr alloying has a 
toughening effect on the Mo5Si3 alloy, which is consistent with the re
sults in Fig. 5 (d). High toughness is crucial for eliminating fatigue and 
wear damage during sliding. On the other hand, the H/E ratio as a 
mechanical parameter is considered useful for predicting the wear 
resistance of a material [25]. Based on this criterion, (Mo0.8Cr0.2)5Si3 
alloy has a high H/E ratio and should have better wear resistance than 
other alloys. 

Table 2 
The electrochemical parameters obtained from the polarization curves in 3.5 wt 
% NaCl solution.  

Samples Ecorr (V vs SCE) icorr (μA/cm2) Eb (V vs SCE) 

Mo5Si3 − 0.183 26.07 0.123 
(Mo0.8Cr0.2)5Si3 − 0.141 21.85 0.383 
(Mo0.6Cr0.4)5Si3 − 0.097 32.11 1.215  

Fig. 8. Variation of friction coefficient curves and corresponding OCP of (Mo1-xCrx)5Si3 alloys sliding against Al2O3 balls in 3.5 wt% NaCl solution.  

R.P. Li et al.                                                                                                                                                                                                                                     
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3.3. Tribocorrosion behaviors of (Mo1-xCrx)5Si3 alloys 

To ensure surface electrochemical stability, the alloys were soaked in 
NaCl solution for 10 h prior to the electrochemical corrosion and tri
bocorrosion test. Three specimens (10 mm × 10 mm × 5 mm) of each 
alloy were prepared to ensure the accuracy of the test results. Fig. 7 
shows the open circuit potential and potentiodynamic polarization 
curves of (Mo1-xCrx)5Si3 alloys in 3.5 wt% NaCl solution. Compared with 
the Mo5Si3 alloy, the OCP values of the (Mo0.8Cr0.2)5Si3 and 
(Mo0.6Cr0.4)5Si3 alloys are more positive and stable over time as shown 
in Fig. 7 (a). From Fig. 7 (b), the obvious passivation regions are 
observed in the anodic polarization of the (Mo1-xCrx)5Si3 (x = 0, 0.2, 0.4) 
alloys. However, the Cr-alloyed (Mo1-xCrx)5Si3 alloys have a wider 
passivation range and a lower passivation current density than the 
Mo5Si3 sample. Table 2 shows the values of major electrochemical pa
rameters obtained from the polarization curves. Actually, the corrosion 
potential Ecorr predicts the possibility of alloy corrosion to some extent, 
and the corrosion current density icorr can directly indicate the corrosion 
rate of the material during the electrochemical corrosion. From Table 2, 

with increasing the Cr content, (Mo1-xCrx)5Si3 alloys have a much more 
positive corrosion potential (Ecorr) and breakdown potential (Eb), and a 
relatively stable corrosion current (icorr). Therefore, the electrochemical 
corrosion resistance of (Mo1-xCrx)5Si3 alloy can be significantly 
improved by Cr alloying. 

Fig. 8 shows the variation of friction coefficients and open circuit 
potential (OCP, vs SCE) values of (Mo1-xCrx)5Si3 alloys sliding against 
Al2O3 balls in 3.5 wt% NaCl solution before, during and after the tri
bocorrosion test. It is obvious that the variation of OCP values for the 
(Mo1-xCrx)5Si3 alloys is ignored during immersion. This indicates that a 
stable electrochemical state was obtained on the surface of the alloys. 
Moreover, the OCP values of the alloys increase with increasing Cr 
content, indicating that the Cr alloying improves the corrosion resis
tance of the Mo5Si3 alloy. In contrast, the OCP value of 0Cr18Ni9 is 
higher, indicating better electrochemical stability in a static corrosion 
environment than the (Mo1-xCrx)5Si3 alloys. However, once the sliding 
starts, the OCP value of 0Cr18Ni9 drops dramatically to a more negative 
value than that of the (Mo1-xCrx)5Si3 alloys. This suggests that the stable 
passivation film on the surface was destroyed by mechanical friction. 

Fig. 9. (a) Tribocorrosion curves and the corresponding OCP of (Mo0.8Cr0.2)5Si3 alloy with a vibration frequency of 0.2 Hz in 3.5 wt% NaCl solution; (b and c) Partial 
magnification of the tribocorrosion curves and OCP for different cycle tests. 

R.P. Li et al.                                                                                                                                                                                                                                     
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The electrochemical activity of the fresh wear track (as an anode) of 
0Cr18Ni9 was higher than that of the unworn passivated surface (as a 
cathode), which easily leads to galvanic corrosion due to the potential 
difference of the material surface. Therefore, the average OCP value of 
0Cr18Ni9 drops dramatically from 0.5 V to − 0.21 V. In comparison, the 
OCP values of (Mo1-xCrx)5Si3 alloys decreased slightly and remained 
more stable than 0Cr18Ni9 stainless steel. The OCP values of Mo5Si3, 
(Mo0.8Cr0.2)5Si3 and (Mo0.6Cr0.4)5Si3 alloys during the tribocorrosion 
were − 0.16 V, − 0.18 V and − 0.19 V, respectively. Apparently, the OCP 
values of the (Mo1-xCrx)5Si3 alloys were more positive than those of the 
0Cr18Ni9 material. Moreover, unlike static corrosion, the OCP values of 
the (Mo1-xCrx)5Si3 alloys decreased with increasing Cr content during 
tribocorrosion. Under static corrosion conditions, the introduction of Cr 
elements easily leads to the formation of a stable Cr2O3 passivation film 
on the surface of the alloys, which improves the corrosion resistance. 
However, during the tribocorrosion process, it was difficult to establish a 
stable passivation state on the surface. Tribocorrosion resistance of the 
material mainly depends on (1) the balance between the removal rate of 
the passivation film and the re-passivation ability, and (2) the inherent 
mechanical and chemical properties of the surface. Therefore, (Mo1- 

xCrx)5Si3 alloys exhibited a better tribocorrosion resistance than 
0Cr18Ni9 material due to their uniform composition, high hardness, 
strong covalent bonding characteristics and good chemical stability. 
Once the sliding stopped, the OCP values of all samples increased to 

higher values, indicating that a new passivation film was formed on the 
surface of the samples. As shown in Fig. 8, the average friction co
efficients of Mo5Si3/Al2O3, (Mo0.8Cr0.2)5Si3/Al2O3, (Mo0.6Cr0.4)5Si3/ 
Al2O3 and 0Cr18Ni9/Al2O3 tribopairs were 0.119, 0.071, 0.124 and 
0.285, respectively. It was evident that all the average friction co
efficients of the (Mo1-xCrx)5Si3/Al2O3 tribopairs were lower and more 
stable than those of the 0Cr18Ni9/Al2O3 tribopairs, indicating excellent 
tribological properties of the (Mo1-xCrx)5Si3 alloys in the 3.5 wt% NaCl 
solutions. 

To further elucidate the tribocorrosion characteristics and wear- 
corrosion combined effects of the samples during the reciprocating 
sliding, Fig. 9 (a) shows the tribocorrosion curves and the corresponding 
OCP for the (Mo0.8Cr0.2)5Si3 alloy at a low vibration frequency of 0.2 Hz 
in 3.5 wt% NaCl solution. The tribocorrosion curves and OCP exhibit 
almost similar features in all cycle tests. This suggests that the tribo
corrosion characteristics of the (Mo0.8Cr0.2)5Si3 alloy are stable in 3.5 wt 
% NaCl solution. In Fig. 9 (a), the OCP value of the (Mo0.8Cr0.2)5Si3 alloy 
remains relatively stable with time, which is consistent with the trend of 
the OCP of the alloy under static corrosion conditions in Fig. 7 (a). It is 
worth noting that a good correlation between the friction coefficient and 
the OCP at different stages of one sliding amplitude cycle of the 
(Mo0.8Cr0.2)5Si3 alloy was observed in Fig. 9 (b and c) for stages ①-④. 
The OCP value increases when sliding stops (stage ① and ②) due to the 
re-passivation of the worn surface. Then the OCP value drops 

Fig. 10. Average friction coefficients and wear rates of 0Cr08Ni9 and (Mo1-xCrx)5Si3 (x = 0,0.2,0.4) alloys in deionized water and 3.5 wt% NaCl solution.  
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dramatically (stage ③) due to the damage of the surface passivation film 
caused by the sliding. Subsequently, in stage ④, the OCP value increases 
again with the friction coefficient gradually reducing to zero. This 
phenomenon can be attributed to the interaction of wear and corrosion 
of the alloy during the tribocorrosion process [8,35]. 

Fig. 10 (a and b) shows the friction coefficients of 0Cr08Ni9 and 
(Mo1-xCrx)5Si3 alloys sliding against Al2O3 balls in deionized H2O solu
tion and 3.5 wt% NaCl solution. Average friction coefficients of (Mo1- 

xCrx)5Si3 (x = 0, 0.2, 0.4)/Al2O3 tribopairs in deionized water and 3.5 wt 
% NaCl solutions were (0.166, 0.147, 0.208) and (0.119, 0.071, 0.124), 
respectively. While the average friction coefficients of 0Cr08Ni9/Al2O3 
tribopairs were 0.345 and 0.285 in both solutions, which were signifi
cantly higher than those of (Mo1-xCrx)5Si3 alloys. Ma et al. [36] pointed 
out that the friction coefficient was mainly affected by the surface 
roughness and surface lubrication, assuming all other test conditions 
were identical. 0Cr08Ni9 is a passive material. It is insensitive to 
corrosion due to the presence of a dense passive film on the surface. 
However, the surface corrosion and wear of 0Cr08Ni9 became more 
severe during the tribocorrosion test due to the breakdown of the 
passivation film. The high hardness of the wear debris on the wear track 
further accelerates the abrasive wear and corrosion (in Fig. 10 (a2)), 
which increases the roughness of the 0Cr08Ni9 surface. Therefore, the 
friction coefficient of 0Cr08Ni9 is higher and gradually increases with 
sliding time. In contrast, the (Mo1-xCrx)5Si3 alloys have excellent 
chemical stability and high hardness, and their surface roughness 
changes are relatively mild. The COF of (Mo1-xCrx)5Si3 alloys is mainly 
affected by surface lubrication. According to the XPS results of the tri
bocorrosion surface of the Mo5Si3 and (Mo0.8Cr0.2)5Si3 alloy in Fig. 11, 
the surfaces of the alloys were mainly composed of Mo, Si, Cr and O 
elements, and an oxide film (MoO3, Cr2O3 and SiOx) was formed on the 
surface of the (Mo1-xCrx)5Si3 alloys during the tribocorrosion test and 
provides a good lubricating effect, which was consistent with the results 
of Xu and Fu [12,37]. 

(Mo1− xCrx)5Si3 +H2O→MoO3 +Cr2O3 + SiO2 (3) 

As a result, the (Mo1-xCrx)5Si3 alloys exhibited a low friction coeffi
cient compared to 0Cr08Ni9. In Fig. 10 (c), the average friction co
efficients of all samples in NaCl solution are lower than that in deionized 
water. This is mainly attributed to the fact that surface transfer films 
with good lubricity are more easily formed in NaCl solution under the 

combined effect of wear and corrosion during the tribocorrosion pro
cess. However, the combined effect of wear and corrosion (wear accel
erates corrosion, corrosion promotes wear) also led to the high wear rate 
of the materials in NaCl solution, as shown in Fig. 10 (d). It can be seen 
that the wear rate and friction coefficient of the samples show a 
consistent tendency to change. The wear rates of the (Mo1-xCrx)5Si3 al
loys are lower than those of the 0Cr08Ni9 stainless steel. It has been 
reported that MoO3 acts as a lubricant to reduce the friction coefficient 
and wear rate, while MoO3 and Cr2O3 act as a corrosion barrier to reduce 
the corrosion rate [38,39], which contributes to improving the tribo
corrosion resistance of (Mo1-xCrx)5Si3 alloys. In addition, the high 
hardness, strong covalent bonding and good chemical stability of (Mo1- 

xCrx)5Si3 alloys also make them present better tribocorrosion charac
teristics compared to 0Cr08Ni9 material. Among all alloys, the 
(Mo0.8Cr0.2)5Si3 alloy exhibits the best tribocorrosion performance with 
a low COF and wear rate. The wear rates of the (Mo0.8Cr0.2)5Si3 alloy 
were 0.21 × 10− 6 mm3/N⋅m and 0.83 × 10− 6 mm3/N⋅m in deionized 
water and 3.5 wt% NaCl solution, respectively, which were almost two 
orders of magnitude lower than those of the other alloys. This may be 
related to the high H/E ratio, low thermal expansion anisotropy (CTE 
(c)/CTE(a)) and consistent microstructure of the (Mo0.8Cr0.2)5Si3 alloy. 

Fig. 12 shows the SEM images and worn section profiles of wear 
tracks on 0Cr08Ni9 and (Mo1-xCrx)5Si3 alloys after the tribocorrosion 
test. The wear track width and cross-sectional area of all samples are 
significantly larger after tribocorrosion in 3.5 wt% NaCl solution than 
those in deionized water, indicating a strong corrosion-accelerated wear 
effect. In Fig. 12 (a1-a2), the 0Cr08Ni9 stainless steel is subjected to 
severe corrosion and wear on its surface, and some corrosion and wear 
products adhere to the wear surface, making the wear tracks more 
visible. In contrast, the alloy is a brittle material with excellent corrosion 
and wear resistance, which is prone to brittle spalling during the tri
bocorrosion process, and the products are not easily adhered to the 
surface, making the wear tracks less visible. In Fig. 12 (b1-b2), severe 
spalling and cracking of the Mo5Si3 alloy during tribocorrosion can be 
mainly attributed to high residual thermal stress (high thermal expan
sion anisotropy) and fatigue fracture induced by reciprocating sliding. 
Compared to the Mo5Si3 alloy, the wear tracks of the (Mo0.8Cr0.2)5Si3 
alloy were relatively smooth without significant peeling off, and only 
slight corrosion and cracks were present at the phase interface as shown 
in Fig. 12 (c1-c2). The EDS analyses were performed at point A and point 

Fig. 11. XPS survey spectra and high-resolution XPS spectra of Mo5Si3 (a) and (Mo0.8Cr0.2)5Si3 (b) alloys surface after tribocorrosion testing in 3.5 wt% 
NaCl solution. 
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B, located on the smooth surface and tribocorrosion products, respec
tively (Fig. 12 (d and e)). The elements Mo, Si, Cr and O were detected at 
both points, but the content of O and Si elements at point B was higher 
than that at point A. This indicates that selective tribocorrosion of the 
intergranular phase (MoSi2) occurred on the surface of the 
(Mo0.8Cr0.2)5Si3 alloy during the tribocorrosion test in NaCl solution. 

Fig. 13 shows the typical TEM, HRTEM images, and SAED pattern of 
wear debris from (Mo0.8Cr0.2)5Si3 alloy after the tribocorrosion test in 
3.5 wt% NaCl solution. The wear debris exhibited a nanocrystalline 
structure and composed of Mo5Si3 and MoSi2 dual phases, which was 

confirmed by its corresponding SAED pattern in Fig. 13 (b). In Fig. 13 
(c), the lattice spacings of the wear debris were 0.2326 nm, 0.2318 nm 
and 0.1999 nm, which were consistent with the (321) and (112) planes 
of Mo5Si3 (PDF No. 65–2783) and the (200) plane of MoSi2 (PDF No. 
17–0917), respectively. 

3.4. Material loss and tribocorrosion mechanisms of (MoxCr1-x)5Si3 
alloys 

In the tribocorrosion process, the material loss due to the combined 

Fig. 12. SEM images of wear tracks, cross-sectional profiles and the corresponding EDS results (d and e) of the samples in deionized water (a1-c1) and 3.5 wt% NaCl 
solution(a2-c2). (a1-a3) 0Cr08Ni9, (b1-b3) Mo5Si3, (c1-c3) (Mo0.8Cr0.2)5Si3. 
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effect of wear and corrosion could be calculated using the formula (4) 
proposed by Watson et al. [40]: 

Vt = Vw +Vc +Vwc +Vcw (4) 

Here, Vt is the total material loss from tribocorrosion, Vw is pure 
mechanical wear (sliding in deionized water), Vc is corrosion-only 
without wear, Vwc is wear-induced corrosion, and Vcw is corrosion- 
induced wear. The Vt and Vw were determined using a surface profil
ometer to examine the wear scar cross-sectional area (obtained from 
Fig. 12 (a3, b3 and c3), V = LS, L is the sliding amplitude (5 mm), S is the 
cross-section area of the wear scars). The results of the calculations are 
presented in Table 3. The high-resolution inductively coupled plasma 
optical emission spectrometer (ICP-OES) technique is widely used in the 
corrosion and chemical industries due to its high detection accuracy. M. 
T. Mathew et al. [41] comparisons of the tribocorrosion loss of CoCrMo 
alloy after the tribocorrosion test in NaCl solution was carried out using 
the wear scar profile method and the total metal content method (ICP- 
MS), respectively. The results showed good consistency between the two 

Fig. 13. TEM (a), corresponding SAED pattern (b) and HRTEM images (c) of wear debris for (Mo0.8Cr0.2)5Si3 alloy in 3.5 wt% NaCl solution.  

Table 3 
Loss volumes of total tribocorrosion (Vt), pure wear (Vw), corrosion-induced 
wear (Vcm), pure corrosion and wear-induced corrosion (Vc + Vmc) of the sam
ples after tribocorrosion tests.  

Samples Vt (mm3) Vw (mm3) Vc + Vmc (mm3) Vcm (mm3) 

0Cr18Ni9 3.8 E − 3 2.95 E − 3 8.07 E − 5 7.69 E − 4 
Mo5Si3 2.9 E − 3 1.55 E − 3 3.27 E − 5 1.32 E − 3 

(Mo0.8Cr0.2)5Si3 0.2 E − 3 5.06 E − 5 0.89 E − 5 1.41 E − 4  

Fig. 14. ICP-OES elemental component analysis of the samples solution after tribocorrosion test. (a) Total component content, (b) Content of elemental components.  

Fig. 15. Contributions of tribocorrosion components for 0Cr18Ni9, Mo5Si3 and (Mo0.8Cr0.2)5Si3 alloys sliding against Al2O3 balls under OCP conditions in 3.5 wt% 
NaCl solution. 
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techniques. However, a small proportion of metal ions may precipitate 
during the tribocorrosion process that cannot be detected by ICP-MS 
technology, resulting in slightly lower measured values for tribocorro
sion loss. To promote the dissolution of metal ions, the samples and 
solutions after the tribocorrosion test were subjected to ultrasonic vi
bration and cleaning, but this may still not be sufficient. Then, some 
solutions (about 1/10th of the total) were extracted and analyzed the 
component content by the ICP-OES method, and the results are shown in 
Fig. 14. In Fig. 14 (a), it can be observed that the (Mo0.8Cr0.2)5Si3 alloy 
had the lowest component content in the tribocorrosion solutions, which 
was almost an order of magnitude lower than that of the Mo5Si3 and 
0Cr18Ni9 stainless steel. This indicated that (Mo0.8Cr0.2)5Si3 alloy has 
better corrosion and tribocorrosion resistance than that of 0Cr18Ni9. 
According to Fig. 14 (a), Vc and Vwc were calculated (V = m/ρ, where m 
is the metal content in the solution, and ρ is the material density) and the 
results are presented in Table 3. Fig. 14 (b) shows the content of each 
element in the sample solution after the tribocorrosion test. It was worth 
noting that the contents of Mo and Si elements in the tribocorrosion 
solution of the (Mo0.8Cr0.2)5Si3 alloy were 0.367◊10− 5 mg and 
0.358◊10− 5 mg, respectively. The high Si content was attributed to the 
fact that the Cr alloying promoted the formation of the MoSi2 phase with 
high Si content at the grain boundaries, which facilitated the formation 
of primary cells and accelerated the corrosion and tribocorrosion of the 
MoSi2 intergranular phase. Vcw cannot be directly detected, but it can be 
obtained using the formula (5), the results are presented in Table 3. 

Vcw = Vt − Vw − Vc − Vwc (5) 

As shown in Fig. 15, the 0Cr18Ni9 and Mo5Si3 alloys have a high 
percentage of pure wear material loss, and their percentage of Vw is 
77.64% and 53.39%, respectively. This indicates that the pure wear (Vw) 
was the main factor of material loss for 0Cr18Ni9 and Mo5Si3 alloy. For 
all samples, the amount of material volume loss caused by pure corro
sion (Vc) and wear-induced corrosion (Vwc) was very small. Moreover, as 
a passivated material, the outer part of the wear track was protected by 
the passive layer, and the material loss caused by pure corrosion (Vc) 
was neglected [40]. Thus, the material loss (Vwc) percentages of 
0Cr18Ni9, Mo5Si3 and (Mo0.8Cr0.2)5Si3 alloy were 2.12%, 1.13% and 
4.45%, respectively. For the (Mo0.8Cr0.2)5Si3 alloy, the percentage of 
wear-corrosion combined (Vcw and Vwc) was 74.7%, indicating that the 
wear-corrosion combined effect was the main contributor to material 
loss. Furthermore, among the wear-corrosion combined (Vcw and Vwc), 
the corrosion-induced wear (Vcw) was much larger than wear-induced 
corrosion (Vwc) for all three materials, suggesting that corrosion- 
induced wear was the main tribocorrosion mechanism. 

4. Conclusions 

The microstructure and tribocorrosion behaviors of 0Cr18Ni9 
stainless steel and (Mo1-xCrx)5Si3 alloys were investigated in 3.5 wt% 
NaCl solution, and the following conclusions were drawn:  

(1) The microstructure characteristics and mechanical properties of 
Mo5Si3 alloy were enhanced by Cr alloying. With the increase of 
Cr content, the lattice thermal expansion anisotropy (CTE (c)/ 
CTE (a)) of (Mo1-xCrx)5Si3 alloys decreased from 2.21 to 1.45. The 
(Mo1-xCrx)5Si3 alloys exhibited a uniform and refined structure, 
low internal stresses, high fracture toughness and H/E values.  

(2) During the tribocorrosion tests, a continuous inverse relationship 
between friction coefficient and OCP values was observed for 
(Mo1-xCrx)5Si3 alloys, showing a strong wear-corrosion combined 
effect. Due to the formation of the Cr2O3-MoO3-SiOx multiphase 
protective film, the corrosion and tribocorrosion resistance of 
(Mo1-xCrx)5Si3 alloys was better than that of 0Cr18Ni9 stainless 
steel in 3.5 wt% NaCl solution. (Mo0.8Cr0.2)5Si3 alloy has the best 
tribocorrosion characteristics with a low friction coefficient and 
wear rate.  

(3) For the 0Cr18Ni9 and Mo5Si3 alloy, pure wear (Vw) was a 
dominant position in material loss. However, the wear loss of 
(Mo0.8Cr0.2)5Si3 alloy was mainly attributed to the combined ef
fect of wear and corrosion (Vcw and Vwc), and corrosion-induced 
wear (Vcw) was the main tribocorrosion mechanism. 
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