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Abstract: Zr−Y jointly modified silicide coatings were prepared on an Nb−Ti−Si−Cr based ultrahigh temperature alloy by pack 

cementation process. The wear behaviors of both the base alloy and coatings were comparatively studied at room temperature and 

800 °C using SiC balls as the counterpart. The Zr−Y jointly modified silicide coating is mainly composed of a thick (Nb,X)Si2 outer 

layer and a thin (Ti,Nb)5Si4 inner layer. The coatings possess much higher microhardness than the base alloy. The wear rates of both 

the base alloy and coatings increase with increasing the sliding loads. However, the coatings have much lower wear rates than the 

base alloy under the same sliding conditions. The coatings have superior anti-friction property, and can provide effective protection 

for the base alloy at both room temperature and 800 °C in air. 
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1 Introduction 
 

Nb−Si based ultrahigh temperature alloys are 

attractive for structural applications due to their high 

melting point, good high-temperature strength and 

relatively low density [1,2]. Within such an alloy system, 

Nb solid solution (Nbss) offers room temperature 

ductility, and the silicides (α, β, γ-Nb5Si3 and/or Nb3Si) 

supply the strength and creep resistance at elevated 

temperatures, thereby leading to a good balance of 

low-temperature toughness and high-temperature    

strength [3,4]. However, the fracture and oxidation 

properties of these alloys are inadequate for high- 

temperature structural applications, which seriously 

impede their practical use [5]. The addition of alloy 

elements such as Ti, Cr, Mo, W, Hf and B has been 

proved to be an effective way to improve the high- 

temperature oxidation resistance and fracture toughness 

of Nb−Si based alloys [6−10]. Unfortunately, the 

improvement via single alloying method is still not 

enough to meet the requirements of practical applications 

of Nb−Si based alloys at high temperatures [6,11]. 

Moreover, the excessive addition of some alloying 

elements that are beneficial to the improvement in 

oxidation resistance would also impose deleterious 

influences on the mechanical properties of the     

alloys [2,5]. Thus, a protective coating is necessary for 

the practical use of this type of alloys. 

Niobium disilicide coatings are suitable for 

protecting Nb−Si based alloys from oxidation at high 

temperatures [12−14]. However, the brittleness of these 

coatings is a serious barrier to their long-term 

applications. Moreover, non-protective Nb2O5 always 

forms in the scale during oxidation because the affinity 

of Nb for oxygen is relatively close to that of Si [12], 

which seriously weakens the high-temperature oxidation 

resistance of NbSi2 coatings. Adding reactive elements 

such as Ge, Zr and Y is effective in improving the high- 

temperature oxidation resistance of NbSi2 coating, as a 

result of the reactive element effects (REES) [15−18]. 

TIAN and GUO [16] found that the Y-modified silicide 

coatings have better oxidation resistance than the simple 

siliconized coating. Our previous studies [17,18] have 

also proved that the Zr−Y jointly modified silicide 

coating prepared on Nb−Ti−Si−Cr based ultrahigh 

temperature alloy possesses superior oxidation resistance 

to the pure silicide coating. 

In addition to the high temperature oxidation 

resistance, the tribological properties are also   

important to high-temperature structural materials under 

the operating conditions, as wear can lead to serious  

                       

Foundation item: Projects (51371145, 51431003, U1435201, 51401166) supported by the National Natural Science Foundation of China; Project (B080401) 

supported by the Programme of Introducing Talents of Discipline to Universities, China 

Corresponding author: Xi-ping GUO; Tel/Fax: +86-29-88494873; E-mail: xpguo@nwpu.edu.cn 

DOI: 10.1016/S1003-6326(16)64267-X 



Xuan LI, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1892−1901 

 

1893 

reduction on the lifetime of their service parts [19−21]. 

However, although the oxidation behavior of numerous 

Nb−Si based alloys and their protective silicide coatings 

has been studied in the open literature, as mentioned 

above, their wear properties were hardly mentioned and 

understood. The present study is the extension of our 

previous work reported on the development of oxidation 

resistant Zr−Y jointly modified silicide coating  

prepared on Nb−Ti−Si−Cr based ultrahigh temperature 

alloy [17,18]. In this study, the microhardness and the 

friction and wear behavior of Nb−Ti−Si−Cr based alloy 

and its Zr−Y jointly modified silicide coatings were 

comparatively investigated at room temperature and  

800 °C, under different sliding loads. The wear 

mechanisms of the bare alloy and the coated specimens 

were also discussed on the basis of their wear track 

analysis. 
 

2 Experimental 
 

2.1 Preparation of wear specimens 

The Nb−Ti−Si−Cr based alloy used for the wear 

tests and coating substrate has a nominal composition of 

45Nb−29Ti−8Si−11Cr−4Hf−3Al (mole fraction, %), 

which was prepared by vacuum consumable arc-melting 

in argon atmosphere. Figure 1 shows the back scattered 

electron (BSE) image of the microstructure of the 

arc-melted alloy, and Table 1 lists the chemical 

compositions of its constituent phases. It can be seen that 

the microstructure of the arc-melted alloy mainly 

consists of primary Nbss, Nbss/(Nb, X)5Si3 (X represents 

Ti, Cr and Hf elements) and Nbss/(Nb, X)5Si3/Cr2Nb 

eutectics. 
 

 

Fig. 1 BSE image of arc-melted Nb−Ti−Si−Cr based ultrahigh 

temperature alloy 

 

Table 1 Compositions of constituent phases in Fig. 1 

determined by EDS analyses 

Phase 
Mole fraction/% 

Nb Ti Si Cr Al Hf 

Nbss 47.9 30.7 4.3 9.2 4.8 3.1 

(Nb, X)5Si3 30.4 22.7 34.9 1.2 3.2 7.6 

Cr2Nb 21.8 17.4 7.9 45.1 1.6 6.2 

The Zr−Y jointly modified silicide coatings were 

prepared in a self-made high temperature and high 

vacuum cementation furnace. According to the results 

reported in Refs. [17,18], the coating was prepared at 

1250 °C for 8 h using pack mixtures composed of 

10Si−10Zr−3Y2O3−5NaF−72Al2O3 (mass fraction, %). 

In the pack mixtures, Si, Zr and Y2O3 powders were used 

as the depositing source, NaF as the activator and Al2O3 

as the inert filler. Before packing, the powders were 

mixed up by tumbling in a ball mill for 4 h. The detailed 

preparation processes of the coating can be found in  

Refs. [16−18]. 

 

2.2 Friction and wear tests 

Friction and wear tests were conducted on an 

HT−1000 friction-wear testing machine by a ball-on-disc 

tribometer at room temperature and 800 °C. SiC balls 

with a diameter of 4.76 mm were chosen as the 

counterparts, as SiC is commonly used as components 

for thermal structure assemblies and wear resistant 

applications [22,23]. Considering that the base alloy and 

the coatings can only be used under small load 

conditions for applications on contact surfaces due to 

their fragility, relatively low sliding loads (3.234, 5.194 

and 7.154 N) and velocity (0.094 m/s) were chosen for 

the tests. All the tests were performed for 60 min at a 

gyration radius of 4 mm, and at least two tests were 

undertaken for each condition for repeatability. Before 

and after wear tests, each specimen was weighed using 

an analytical balance (SHIMADZU, AUW220D) with an 

accuracy of 0.01 mg. For the sake of repeatability, an 

average value of 5 measured data was employed for each 

reported point. 

 

2.3 Analysis and characterization methods 

An HV−1000 Knoop microhardness tester with a 

Knoop indenter was employed to measure the 

microhardness of the base alloy and the coating, at a load 

of 0.245 N and loading time of 20 s. To take the 

repeatability into account, the reported hardness values 

were the average of 5 indentation readings. X-ray 

diffraction (XRD, Panalytical X'Pert PRO) was used to 

identify the phase constituents of the coating and the 

worn surfaces. Scanning electron microscopy (SEM, 

Zeiss Supra−55) equipped with an energy dispersive 

spectroscopy (EDS, Inca X-sight) was employed to 

identify the phase constituents, compositional 

distribution and structures of the base alloy and the 

coatings, including the worn surfaces generated in the 

wear tests. 

 

3 Results 
 

3.1 Structure of Zr−Y jointly modified silicide coating 

Figure 2 shows the BSE images and the element 
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Fig. 2 Surface (a) and cross-sectional (b) BSE images and 

element content profile (c) of Zr−Y jointly modified silicide 

coating prepared at 1250 °C for 8 h 

 

content profile of the Zr−Y jointly modified silicide 

coating. From Fig. 2(a), it can be seen that the coating is 

relatively dense, and considerable asperities can be found 

on the coating surface. The cross-sectional BSE image of 

the coating (Fig. 2(b)) shows a double-layer structure: an 

outer layer with a thickness about 60 µm and an inner 

layer with a thickness about 15 µm. The EDS analysis 

results in Fig. 2(c) reveal that the outer layer is mainly 

composed of (Nb,X)Si2 (X presents Ti, Cr, Hf and Zr 

elements) and the inner layer is mainly composed of 

(Ti,Nb)5Si4. This is also verified by the XRD patterns 

conducted on the surface and inner layer of the coating 

(the XRD pattern of the inner layer is obtained by 

striping off the coating about 65 µm from its original 

surface), as shown in Fig. 3. The light-grey phases in 

both outer and inner layers of the coating are rich in Hf 

but poor in Si compared with the corresponding grey 

matrix, mainly because they are transformed from the 

primary (Nb, X)5Si3 in the base alloy [16]. In addition, 

such a multilayer coating structure could offer a 

composition gradient between the coating and substrate, 

which should be effective in suppressing the formation 

of micro-cracks in the coating during the cooling process 

and result in stronger coating/substrate bonding [24,25]. 

This would be beneficial to improving the wear 

resistance of the coating by preventing spallation during 

sliding. 

 

 

Fig. 3 XRD patterns conducted on surface and inner layer of 

Zr−Y jointly modified silicide coating prepared at 1250 °C for 

8 h 

 

3.2 Microhardness of Zr−Y jointly modified silicide 

coating 

Figure 4 presents the typical SEM image of Vickers 

indentation topography, as well as the microhardness 

distribution profile along the depth direction from the 

coating surface to the substrate. It is obvious that the 

coating possesses much higher microhardness than the 

base alloy: the microhardnesses of the (Nb, X)Si2 outer 

layer and the (Ti, Nb)5Si4 inner layer are higher than  

HV0.245 1200 and HV0.245 900, respectively, while that  

of the base alloy is located in the range of        

HV0.245 (550−650). The microhardness differences 

should be associated with different contents of Si, i.e., a 

higher Si content would lead to higher microhardness. 

Since the wear resistance of a certain material is mainly 

related to its surface hardness [26,27], the Zr−Y jointly 

modified silicide coating would possess higher wear 

resistance. Additionally, cracks are hardly observed in 

the coating and coating/substrate interface even after the 

microhardness tests, which indicates that the bonding 

quality between the coating and the substrate is relatively 

good. 

 

3.3 Friction coefficients and wear rates 

Figures 5(a)−(c) illustrate the variation of friction 
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Fig. 4 SEM image of Vickers indentation topography and microhardness distribution profile from coating surface to substrate 
 

 

Fig. 5 Friction coefficients of base alloy sliding at room temperature (a) and coating sliding at room temperature (b) and 800 °C (c) 

under sliding loads of 3.234, 5.194 and 7.154 N, and average friction coefficients under sliding conditions of (a−c) (d) 

 

coefficients as a function of sliding time for both base 

alloy and coated specimens sliding at room temperature 

and 800 °C with a velocity of 0.094 m/s, under the loads 

of 3.234, 5.194 and 7.154 N. Figure 5(d) presents the 

average friction coefficients for the base alloy and the 

coating under the applied sliding conditions in      

Figs. 5(a)−(c). The friction coefficients of the base alloy 

sliding at 800 °C are not presented because catastrophic 
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failure occurred on its worn surfaces during sliding, as a 

result of its rather poor oxidation resistance [1,6]. It is 

obvious that although a number of alloying elements 

such as Ti, Cr, Hf and Al have been added in the base 

alloy to improve its oxidation resistance, the 

improvement via single alloying modification is not 

enough to meet the requirements for sliding at high 

temperatures. 

As can be seen from Fig. 5, the friction coefficients 

of both base alloy and coating increase rapidly in the 

initial sliding stage and then reach steady state due to the 

wear of asperities and the formation of wear debris. For 

the base alloy sliding at room temperature, as shown in 

Figs. 5(a) and (d), the average friction coefficient of the 

base alloy increases from about 0. 41 to 0.55 with 

increasing the sliding load from 3.234 to 5.194 N; 

however, increasing the load to 7.154 N results in the 

decrease of average friction coefficient to 0.43. Similar 

trend is observed for the coating sliding at room 

temperature (Figs. 5(b) and (d)): the average friction 

coefficient of the coating increases from about 0.59 to 

0.63 with increasing the sliding loads from 3.234 to 

5.194 N, and then decreases to 0.42 with increasing the 

sliding load to 7.154 N. When the sliding temperature 

increases to 800 °C, as shown in Figs. 5(c) and (d), the 

friction coefficients of the coatings become oscillated. 

Moreover, the average friction coefficients of the 

coatings are higher than those of the base alloy sliding at 

room temperature under the same sliding loads. 

Figure 6 compares the variation characteristics of 

the wear rates of the specimens with and without coating 

at room temperature and 800 °C for 60 min, under the 

sliding loads of 3.234, 5.194 and 7.154 N. The specific 

wear rates for the base alloy and the coatings are 

calculated using the following equation [23]: 
 

W=2πrA/(FL)                                (1) 

 

 

Fig. 6 Wear rates of base alloy and coating sliding at room 

temperature and 800 °C for 60 min, under loads of 3.234, 5.194 

and 7.154 N 

where r is the disk wear track radius, A is the cross- 

sectional area of the wear track, F is the normal load and 

L is the sliding distance. It is obvious that the coating 

sliding at room temperature shows considerably lower 

wear rates than the base alloy under the same sliding 

loads. It is clear that Zr−Y jointly modified silicide 

coating possesses much better anti-friction performance 

at both room temperature and 800 °C, as catastrophic 

failure occurs on the worn surfaces of the base alloy 

sliding at 800 °C. This should be partially resulted from 

the enhancement in surface microhardness and better 

high temperature oxidation resistance of the Zr−Y jointly 

modified silicide coating [6]. 

From Fig. 6, it can also be seen that the wear rates 

of both base alloy and the coating display an increase 

tendency with the increase of sliding loads, irrespective 

of the sliding temperatures. This reveals that larger 

sliding loads would impose more serious wear on both 

base alloy and coatings under the applied conditions. In 

most cases, the coatings sliding at 800 °C have larger 

wear rates than those sliding at room temperature, 

suggesting that sliding temperature also plays an 

accelerative role in the wear rates of the coating. 

Specially, under lower sliding load of 3.234 N, the wear 

rate of the coating sliding at 800 °C is a little lower than 

that of the coating sliding at room temperature. Such a 

reduction should be associated with the rapid formation 

of oxidation products between the friction pairs at a 

higher temperature, and this will be discussed later. 

 

3.4 Wear morphologies 

In order to further understand the wear behavior of 

the base alloy and the coating, the SEM images of the 

typical worn surfaces of the specimens as well as their 

SiC counterparts are chosen for analysis, as shown in 

Figs. 7−9. Meanwhile, the EDS and microzone XRD 

analyses of the worn surfaces were also carried out to 

supply auxiliary information for determining the wear 

mechanisms, and the results are presented in Tables 2−4 

and Fig. 10, respectively. From Figs. 7 and 8, it can be 

seen that the wear track of the Zr−Y jointly modified 

silicide coating is much smaller and narrower than that of 

the base alloy under the applied conditions. With 

increasing the sliding temperature to 800 °C, the wear 

track of the coating becomes larger and smoother, as 

shown in Fig. 9. 

As can be seen from Figs. 7(a) and (b), the worn 

surface of the base alloy is rather rough, where the 

surface damages such as serious plastic deformation and 

adhesive craters could be clearly observed. It is obvious 

that the SiC ball causes serious wear on the base alloy. 

The worn zone of the base alloy is characterized by black 

(point 1) and grey areas (point 2). The EDS analysis 

demonstrates that abundant oxygen exists in the black  
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Fig. 7 Wear morphologies of base alloy (a, b) and SiC counterpart (c, d) after sliding at room temperature for 60 min under load of 

5.194 N 

 

 

Fig. 8 Wear morphologies of Zr−Y jointly modified silicide coating (a, b) and SiC counterpart (c, d) after sliding at room temperature 

for 60 min under load of 5.194 N 

 

areas. Moreover, higher magnified image in Fig. 7(b) 

highlights that there are many fine debris with oxygen 

content of about 66.0% (mole fraction) (point 3) located 

in the wear track. The microzone XRD pattern conducted 

on the wear track also shows the diffraction peaks of 

SiO2 and Ti2Nb10O29, as can be seen from Fig. 10. The 

above observations clearly demonstrate the occurrence of 

oxidation on the worn surface of the base alloy. 
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Fig. 9 Wear morphologies of Zr−Y jointly modified silicide coating (a, b) and SiC counterpart (c, d) after sliding at 800 °C for    

60 min under load of 5.194 N 

 

Table 2 Compositions of phases marked by plus symbols with 

numerals “1−4” in Fig. 7, determined by EDS analyses 

Site 
Mole fraction/% 

Nb Si Ti Cr Al Hf O 

1 16.1 8.8 10.7 2.9 1.5 1.8 58.2 

2 30.3 11.4 24.8 5.8 2.8 4.0 20.9 

3 13.6 7.4 8.3 2.0 1.3 1.4 66.0 

4 13.1 16.6 11.6 4.4 1.5 1.4 51.4 

 

Table 3 Compositions of phases marked by plus symbols with 

numerals “5−7” in Fig. 8, determined by EDS analyses 

Site 
Mole fraction/% 

Nb Si Ti Cr O 

5 22.4 63.2 12.1 2.3 − 

6 6.1 21.2 4.4 1.0 67.3 

7 5.2 22.3 9.6 3.6 59.3 

 

Table 4 Compositions of phases marked by plus symbols with 

numerals “8−10” in Fig. 9, determined by EDS analyses 

Site 
Mole fraction/% 

Nb Si Ti Cr O 

8 2.5 29.6 2.3 0.7 64.9 

9 6.6 27.9 6.0 1.1 58.4 

10 2.0 47.0 1.5 0.6 48.9 

 

Fig. 10 Microzone XRD patterns conducted on worn surfaces 

of base alloy and Zr−Y jointly modified silicide coatings after 

sliding for 60 min under load of 5.194 N 

 

The wear zone of the SiC ball against the base alloy 

is shown in Figs. 7(c) and (d). The adhesions of the wear 

debris could be obviously observed on the worn surface. 

The EDS analysis (point 3) reveals that these adhesions 

are the outcomes of the oxidized Nbss, which suggests 

that adhesion and oxidation are prone to occur in Nbss 

phase of the base alloy due to its lower hardness [23]. 

With respect to the results of SEM, EDS and microzone 

XRD analyses, the most involved wear mechanism of the 

base alloy at room temperature could be concluded as 



Xuan LI, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1892−1901 

 

1899 

severe plastic deformation associated with oxidation 

wear and adhesive wear, accompanied with minor 

abrasive wear. 

The Zr−Y jointly modified silicide coating displays 

different wear track morphologies (Figs. 8(a) and (b)), as 

severe delamination instead of plastic deformation could 

be clearly observed on its worn surface. Moreover, the 

asperities on the coating surface are eliminated, and 

many shallow grooves and pits appear in the wear track. 

The above factors reveal the delamination wear. The 

worn surface is mainly characterized by two distinct 

sections: one section should be the remained coating 

areas (point 5) that have a similar chemical composition 

to the original surface of the coating. This proves that the 

coating did not lose its effectiveness after sliding under 

the applied conditions in Fig. 8, suggesting the relatively 

good wear resistance of the Zr−Y jointly modified 

silicide coating. Another section is the delaminations 

with a mass of wear debris dispersed around them, as 

marked by point 6 in Fig. 8(b). The EDS analysis reveals 

that these delaminations have a typical composition of 

6.1Nb−21.2Si−4.4Ti−1.0Cr−67.3O (mole fraction, %), 

implying the formation of SiO2. This is also confirmed 

by the microzone XRD pattern conducted on the worn 

surface, as shown in Fig. 10. 

It can be seen from Figs. 8(c) and (b) that there are 

intensive debris and grooves on the worn surface of the 

SiC ball. The EDS analysis reveals that these adhesions 

(point 7) possess relatively high contents of Nb, Ti, Cr 

and O, indicating that they are outcomes of the Zr−Y 

jointly modified silicide coating. The above factors 

demonstrate that the coating and its SiC counterpart 

create strong plough to each other. Thus, based on the 

above observations, it is allowed to draw a conclusion 

that the wear mechanism of Zr−Y jointly modified 

silicide coating could be dominated by delamination 

wear and abrasion wear. 

Figure 9 presents the SEM images of the worn 

surfaces of the Zr−Y jointly modified silicide coating and 

the SiC counterpart after sliding at 800 °C for 60 min, 

under the same sliding load of 5.194 N as applied in  

Figs. 7 and 8. From Figs. 9(a) and (b), it can be seen that 

the wear track is wider but smoother than that of the 

coating sliding at room temperature (Fig. 8). However, it 

seems that serious adhesive wear occurs because many 

adhesive craters and wear debris can be found on the 

worn surface. In addition, the EDS analysis results in 

Table 4 and the microzone XRD pattern conducted on 

the worn surface (Fig. 10) indicate that SiO2 forms in the 

wear track of the coating. 

The worn surface of the SiC ball sliding against the 

coating at 800 °C is much larger than that sliding at room 

temperature, as shown in Fig. 9(b). Moreover, the 

microzone XRD pattern in Fig. 10 shows relatively 

strong intensity of the diffraction peaks of SiC. The 

above observations demonstrate that the coating creates 

serious wear on its SiC ball when sliding at 800 °C. The 

higher magnified image in Fig. 9(d) reveals that the worn 

zone of the SiC ball is covered by adhesion film. The 

EDS analysis demonstrates that significant quantities of 

O, Nb, Ti and Cr can be detected in this film, 

demonstrating that it is the outcomes of the oxidized 

coating. On the basis of the above analysis, the most 

involved wear mechanisms of the Zr−Y jointly modified 

silicide coating sliding at 800 °C can be considered as 

severe oxidation wear and adhesive wear. 

 

4 Discussion 
 

Lower microhardness of the base alloy makes 

plastic deformation occur on its worn surface during 

sliding. This would produce large friction energy at the 

contact point and subsequently cause oxidation, as 

plastic deformation would make adhesive wear  

increase [28,29]. Moreover, higher sliding load would 

aggravate the plastic deformation between the friction 

pairs and result in more serious oxidation by producing 

more friction energy. Thus, the wear rates of the base 

alloy increase with the increase of sliding load, as shown 

in Fig. 6. It should be emphasized that the adhesive 

junction between the friction pairs could be relatively 

strong. Thus, the broken of the adhesive junction would 

create adhesive craters on the worn surface, as shown in 

Fig. 7. With the sliding proceeding, the micro-cracks in 

the near surface of the worn zone generate, expand, and 

subsequently translate to fatigue cracks. As a result, the 

worn zone could not maintain its integrity and be 

gradually removed from the coating surface with the 

fatigue crack propagation. A part of the spallation 

products would get rid of the worn surfaces, causing 

wear loss, while some of them would engage in the 

friction and be gradually ground into small abrasive 

particles, and subsequently, create abrasive wear. 

The high microhardness and strong coating/base 

alloy bonding make that Zr−Y jointly modified silicide 

coating possesses relatively good resistance to plastic 

deformation, which would in turn lower the wear    

rate [23]. However, under the shear action, the upper 

parts of the coating including the asperities on the 

coating surfaces would be gradually removed due to their 

brittleness, and the pits on the worn surfaces would be 

left, as can be seen from Fig. 8. This mechanism of 

material removal would become more intensified with 

the increase of sliding load, and lead to a larger wear rate, 

as shown in Fig. 6. The delaminations generated on the 

worn surfaces would be involved in the friction, and 

some of them were subsequently rolled into fine particles. 

These fine particles can plough the coating just like 

http://dict.youdao.com/w/area/
http://dict.youdao.com/w/adhesion/
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abrasive grains, leading to abrasive wear. Moreover, the 

delaminations and debris can be oxidized cumulatively 

as a result of the friction heat. Such oxidation products 

(mainly composed of SiO2) are considered to be 

favorable for improving the wear resistance, by partially 

preventing the direct contact of the coating and the 

counterpart, and this should be one of the main factors 

that makes the coating possess superior wear resistance 

to the base alloy [30]. 

When sliding at 800 °C, a dense and fluxible SiO2 

film forms on the worn surfaces of the Zr−Y jointly 

modified silicide coating, owing to the high sliding 

temperature and sufficient oxygen on the worn surfaces. 

The SiO2 film can act as a lubricating cover and protect 

the coating from further damage [23]. This makes the 

Zr−Y jointly modified silicide coating possess relatively 

good wear resistance at high temperature (800 °C). Such 

a protection mechanism can also explain why the 

coatings sliding at 800 °C with the load of 3.234 N even 

possess lower wear rate than the coating sliding at room 

temperature (Fig. 6): higher sliding temperature causes 

the rapid formation of protective SiO2 film between the 

friction pairs, and prevents the worn surface from further 

damage later. However, SiO2 film is soft in nature at 

high temperatures and has certain plastic deformation 

capacity, which would cause adhesive wear, evidenced 

by intensive pits on the worn surface shown in Fig. 9(b). 

Such an adhesive wear mechanism would lead to a 

higher friction coefficient as the adhesive junction 

between the friction pairs could be relatively strong. 

Thus, the friction coefficients of the coating sliding at 

room temperature are higher than those sliding at 800 °C 

under the same sliding loads, as shown in Fig. 5(d). It is 

also believed that higher sliding loads would aggravate 

adhesive wear on the worn surfaces, and cause a larger 

wear rate, as demonstrated in Fig. 6. 

 

5 Conclusions 
 

1) The Zr−Y jointly modified silicide coating has a 

double-layer structure, consisting of a thick (Nb, X)Si2 

outer layer and a thin (Ti, Nb)5Si4 inner layer. The 

coating possesses much higher microhardness than the 

base alloy. 

2) The wear rates of both the base alloy and coating 

show an increase tendency with the increase of sliding 

loads, irrespective of the sliding temperatures. 

3) The Zr−Y jointly modified silicide coating 

possesses better anti-friction property than the base alloy. 

Sliding at room temperature, the coating possesses much 

lower wear rates than the based alloy under the same 

sliding loads. Sliding at 800 °C, the coating is still 

protective after sliding for 60 min under the applied 

conditions, however, catastrophic failure occurs on the 

worn surfaces of the base alloy. 

4) At room temperature, the wear mechanisms of 

the base alloy can be concluded as severe plastic 

deformation associated with oxidation wear and abrasive 

wear, and minor abrasive wear, while the wear 

mechanisms of the coating are supposed to be 

delamination wear and abrasion wear. At 800 °C, the 

wear mechanisms of coating could be severe oxidation 

wear and adhesive wear. 
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Nb−Ti−Si−Cr 基超高温合金及其 

表面 Zr−Y 联合改性硅化物渗层的摩擦磨损性能 
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摘  要：采用扩散共渗方法在 Nb−Ti−Si−Cr 基超高温合金表面制备 Zr−Y 改性的硅化物渗层，对比研究基体合金

和共渗层在室温和 800 °C 与 SiC 球对磨时的摩擦磨损性能。所制备的 Zr−Y 改性硅化物渗层主要由较厚的(Nb, 

X)Si2 外层和较薄的(Ti, Nb)5Si4 内层组成。共渗层的显微硬度明显高于基体合金。基体合金和共渗层在常温和

800 °C 时的磨损率均随摩擦载荷的增加而增加，但在相同的摩擦条件下，共渗层的磨损率明显低于基体合金。Zr−Y

改性硅化物渗层在室温和 800 °C 时的磨损抗力均优于基体合金，能够为基体合金提供良好的保护。 

关键词：Nb−Ti−Si−Cr 基合金；Zr−Y 改性硅化物渗层；摩擦磨损；磨损机制 
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