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Abstract: The phase equilibria of the Cu−Zr−Si system at 600 °C were experimentally studied by means of X-ray 
diffraction (XRD) and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM−EDS). A 
comprehensive set of thermodynamic parameters for the Cu−Zr−Si system were obtained through detailed analysis 
using the CALPHAD (CALculation of PHAse Diagrams) approach. Based on the CALPHAD calculations, five as-cast 
alloys were designed, and the Scheil−Gulliver model was used to simulate their solidification paths. By testing hardness, 
friction and wear properties, the wear resistance of the Cu−Zr−Si alloys was investigated. Wear morphologies were 
analyzed using SEM and 3D profiling techniques. It was found that the alloy Cu80Zr19Si1 exhibits a good performance 
with a hardness of HV 342, frictional coefficient of 0.23 and wear rate of 2.19×10−7 mm3/(N·m). The wear surfaces are 
mainly characterized by grooves, spalling pits and oxide particles. The wear mechanism of the alloys is adhesive wear 
and oxidative wear under dry sliding condition. This study provides a theoretical basis for the design of the 
wear-resistant Cu−Zr−Si alloys. 
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1 Introduction 
 

Copper (Cu) alloys are widely utilized as 
wear-resistant materials due to their good 
mechanical and wear-resistant properties [1−3]. 
Currently, the mass production of wear resistant Cu 
alloys includes aluminum bronze, tin bronze and 
silicon bronze. They are used in the automotive, 
machinery and aerospace industries to produce 
parts such as bearings and worm gears [4]. Due to 
the increasingly complex and demanding service 
environment, higher requirements for the properties 
of Cu alloys have been put forward. The addition of 
appropriate trace alloying elements, such as Zr [5] 
and Si [6], can improve the mechanical properties 

and wear resistance of Cu alloys [7,8]. For example, 
the experimental results from DONG et al [9] 
indicate that the tensile strength of the Cu−0.15Zr− 
0.05Si (wt.%) alloy after cold deformation and 
aging can exceed 400 MPa, and the maximum 
microhardness is approximately HV 150. LI et al [10] 
investigated the friction and wear behavior of 
Cu−0.1Zr (wt.%) alloys and found that the alloys 
obtained by equal-channel angular pressing (ECAP) 
have higher wear resistance due to grain refinement. 
However, most of the available studies focused on 
the effect of trace amounts of Zr and Si on the 
mechanical performance of Cu alloys. The present 
work aims to investigate the friction and wear 
behavior of the Cu alloys containing high contents 
of Zr and Si with the guidance of the CALPHAD 
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approach [11], which is an effective computational 
tool widely employed for alloy design. 

A thorough understanding of the phase 
equilibria for the Cu−Zr−Si system is critical to the 
design of new Cu alloys. Two teams of researchers 
have investigated the phase equilibria of the 
Cu−Zr−Si system at 800 °C [12], 750 °C and 
900 °C [13]. To provide more experimental data for 
thermodynamic modeling, the isothermal section of 
the Cu−Zr−Si system at 600 °C was investigated by 
key experiments in the present work. A set of 
thermodynamic parameters of the Cu−Zr−Si system 
were then obtained using the CALPHAD method. 
Afterwards, five compositions of the Cu−Zr−Si 
alloys were selected according to the thermo- 
dynamic calculations to investigate their friction 
and wear properties. Meanwhile, their micro- 
structures were analyzed by SEM−EDS, and the 
solidification behaviors under non-equilibrium 
conditions were simulated by the Scheil−Gulliver 
model. 
 
2 Research methods 
 
2.1 Experimental procedures 

High-purity Cu (99.99 wt.%), Si (99.99 wt.%), 
and Zr (99.99 wt.%) (China New Metal Materials 
Technology Co., Ltd.) were used as raw materials. 
The Cu−Zr−Si alloys were prepared in a non- 
consumable vacuum arc melter (WK-I, Physcience 
Opto-electronics Co., Ltd., China). The alloys 
tested for phase equilibria were placed in vacuum 
quartz tubes and annealed at 600 °C for 60 d using  
a chamber furnace (KSL−1200X, Hefei Kejing 
Material Technology Co., Ltd., China). 

XRD patterns of the alloys were examined 
using Cu Kα radiation at 40 kV and 300 mA 
(Smartlab SE, Rigaku Corporation, Japan). The 
scanning rate was 5 (°)/min and the diffraction 
patterns were obtained in the 2θ range of 20°−80°. 
The surface morphology and wear morphology of 
the alloys were observed using SEM (MIRA4, 
TESCAN, Czech Republic) with an accelerating 
voltage of 30 kV. The phase compositions of the 
alloys were examined by EDS. 
 
2.2 Thermodynamic models 

The Gibbs energy functions of the pure 
elements Cu, Zr and Si were taken from the SGTE 
database compiled by DINSDALE [14]. The 

thermodynamic parameters of the Cu−Zr, Cu−Si 
and Si−Zr binary systems reported by LIU et al [15], 
YAN and CHANG [16], and GUENEAU et al [17], 
respectively, were accepted in the present work. The 
calculated binary phase diagrams are shown in 
Fig. 1. The crystal structure information for all solid 
phases in the Cu−Zr−Si system is listed in Table 1. 
 

 
Fig. 1 Calculated Cu−Zr (a), Cu−Si (b) and Si−Zr (c) 
phase diagrams using thermodynamic parameters from 
LIU et al [15], YAN and CHANG [16], and GUENEAU 
et al [17], respectively 
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Table 1 Crystal structures of solid phases in Cu−Zr−Si system 

Phase Space group Pearson symbol Prototype 
Lattice parameter/nm 

a b c 

(Cu) 3Fm m  cF4 Cu 0.3615 0.3615 0.3615 

(Si) 3Fd m  cF8 C 0.5430 0.5430 0.5430 

(α-Zr) P63/mmc hP2 Mg 0.3232 0.3232 0.5148 

(β-Zr) 3Im m  cI2 W 0.3309 0.3309 0.3309 

CuZr 3Pm m  cP2 CsCl 0.3259 0.3259 0.3259 

CuZr2 I4/mmm tI6 MoSi2 0.3220 0.3220 1.1183 

Cu5Zr P4/m tP24 − 0.6856 0.6856 0.6882 

Cu51Zr14 P6/m hP65 Ag51Gdl4 1.1244 1.1244 0.8282 

Cu8Zr3 Pnma oP44 Cu8Hf3 0.7869 0.8155 0.9985 

Cul0Zr7 C2ca oC68 Nil0Zr7 1.2673 0.9316 0.9347 

Cu19Si6 3mR  hR∗ − 0.6038 0.6369 0.4286 

Cu15Si4 43I d  cI76 − 0.9731 0.9731 0.9731 

Cu56Si11 P4132 cP20 − 0.6232 0.6232 0.6232 

Cu33Si7 − t∗∗ − 0.8815 0.8815 0.7903 

α-CuSi P63/mmc hP2 Mg 2.5610 2.5610 4.1840 

β-CuSi 3Im m  cI2 W − − − 

α-SiZr Pnma oP8 FeB 0.6982 0.3786 0.5302 

β-SiZr Cmcm oC8 CrB 0.3764 0.9917 0.3748 

Si2Zr Cmcm oC12 ZrSi2 0.3696 0.1475 0.3665 

α-Si4Zr5 P41212 tP36 Zr5Si4 0.7123 0.7123 1.3002 

β-Si4Zr5 Pnma oP36 Ge4Sm5 0.6949 1.3588 0.7109 

Si2Zr3 P4/mbm tP10 U3Si2 0.7082 0.7082 0.3714 

SiZr2 I4/mcm tI12 Al2Cu 0.6612 0.6612 0.5294 

Si3Zr5 P63/mcm hP16 Mn5Si3 0.7914 0.7914 0.5559 

SiZr3 P42/n tP32 Ti3P 1.1011 1.1011 0.5453 

CuZr2Si4 Cmcm − CuGe4Hf2 0.3681 0.3704 3.2910 

CuZrSi2 P4/nmm tP8 − 0.3724 0.3724 0.9029 

τ1 (Cu4Zr3Si6) I4/mmm tI26 Cu4Si6Zr3 0.3736 0.3736 2.8186 

τ2 (Cu4Zr3Si4) Immm oI22 Cu8Ge8Gd6 1.3090 0.6393 0.3934 

τ3 (CuZrSi) Pbnm − Co2Si 0.6506 0.3921 0.7278 

τ4 (Cu4Zr3Si2) 63P n  hP9 Fe2P 0.6372 0.6372 0.3890 

 
The solution phases, i.e., liquid, (Cu), (Zr) and 

(Si), were described by the substitutional solution 
model. The excessive Gibbs energy of mixing   
was expressed by the Redlich−Kister−Muggianu 
polynomial [18]. The binary and ternary interaction 
parameters can be expressed as L=A+BT, where L is 
the interaction parameter, T is the thermodynamic 

temperature. The coefficients A and B were optimized 
based on the experimental data. The detailed 
description can be found elsewhere [19−21]. 
According to the experimental observation in the 
present work and literature [12,13], Si2Zr, Si4Zr5, 
Si2Zr3, SiZr3, SiZr2 and Si3Zr5 phases can dissolve a 
certain amount of Cu, whereas the solubilities of the 
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third element in Cu19Si6, Cu15Si4, α-CuSi, Cu56Si11, 
CuZr2, Cu10Zr7, Cu5Zr and Cu51Zr14 phases are 
negligible. 

Ternary compounds τ1(Cu4Zr3Si6), τ2(Cu4Zr3Si4), 
τ3(CuZrSi) and τ4(Cu4Zr3Si2) were treated as 
stoichiometric based on the experimental results 
from the present work, SPRENGER [12] and XIAO 
et al [13]. 
 
2.3 Tribological tests 

The surface of the samples was polished to 
remove the surface impurities and the oxide layer 
before testing. The hardness tests were carried   
out using a Vickers hardness tester (HV−30Z, 
Shuangli Instrument Technology Co., Ltd., China) 
on the mechanically polished samples with a load 
of 1 kg and a holding time of 10 s. The average of 
five measured values was taken as the hardness 
value of each sample. The Vickers hardness (HV) of 
the alloy was calculated by  

2 2
2 sin(136 /2)HV= 0.189F F

d d
°

≈
  

           (1) 
 
where the indenter angle is 136°, F is the test force, 
and d is the arithmetic mean of the two diagonals. 
The schematic diagram of the Vickers hardness test 
is shown in Fig. 2(a). 

The friction and wear experimental studies of 
the as-cast alloys were performed on a pin-disk 
wear and friction tester (MPX−3G, Jinan Puye 
Electromechanical Technology Co., Ltd., China). 
The schematic diagram of the friction and wear 
testing machine is shown in Fig. 2(b). The carbon 
steel was used as the friction sub-fitting for the 
friction test, with a speed of 200 r/min, a load    
of 100 N, and a friction time of 300 s. The surface 
of samples needs to be polished to a roughness  
(Ra) of less than 0.5 µm before testing. The    
wear rate (W) was calculated according to the wear 
formula [8,22]:  

1 2=
2π
m mW

Rtn Fρ
−                           (2) 

 
where m1 and m2 are the masses before and after 
wear (mg), R is the friction radius (R=15 mm), t is 
the friction time (s), n is the rotational speed (r/min), 
ρ is the density of alloys B1−B5, and F is the 
normal force applied to the sample (N). The 
morphological characteristics of the samples wear 
surface were investigated and analyzed by SEM− 
EDS and 3D Profiling (PS50, NANOVEA, USA). 

 

 
Fig. 2 Schematic diagrams for Vickers hardness (a), and 
friction and wear (b) tests 
 
3 Results and discussion 
 
3.1 Phase equilibria at 600 °C 

Sixteen annealed alloys were prepared to 
investigate the phase equilibria of the Cu−Zr−Si 
system at 600 °C. The phases identified by XRD 
and their compositions measured by SEM−EDS are 
summarized in Table 2. 

The XRD patterns and scanning electron 
microscopy (SEM) images of four representative 
alloys are shown in Fig. 3. For Alloy A1, Fig. 3(a) 
reveals three phases with grey, dark grey and black 
contrasts. These phases τ1, Si2Zr and (Si) are 
confirmed by the XRD pattern, as shown in 
Fig. 3(b). Combining the results of XRD and 
SEM−EDS, Alloy A1 is located in a three-phase 
region, i.e., τ1+Si2Zr+(Si). Figure 3(c) shows three 
contrasts, i.e., grey, dark grey and black, which 
correspond to τ1, Cu19Si6 and (Si), respectively, in 
Alloy A2, which are also detected by XRD, as 
indicated in Fig. 3(d). Thus, Alloy A2 is located   
in a three-phase region, i.e., τ1+Cu19Si6+(Si). The 
composition of the ternary phase τ1 is determined to 
be Cu32.5Zr22.6Si44.9 (at.%). According to the EDS 
results, the solubilities of Cu and Zr in (Si) are less 
than 1 at.%. The SEM micrograph and XRD pattern 
of Alloy A3 are shown in Figs. 3(e) and (f), 
respectively. Based on the SEM−EDS results, the 
grey, dark grey and black regions correspond to 
SiZr, τ1 and Si2Zr, respectively. Their characteristic 
diffraction peaks are also observed in the XRD 
pattern. The XRD and SEM−EDS results confirm 
that Alloy A3 is located in a three-phase region, i.e., 
τ1+SiZr+Si2Zr. As revealed by the SEM micrograph 
in Fig. 3(g), Alloy A5 consists of the Si2Zr3, Si4Zr5 
and τ3 phases, which demonstrate the light grey, 
grey and dark grey contrasts, respectively. That is  
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Table 2 Summary of identified phases and their 
compositions by XRD and SEM−EDS 

Alloy Nominal 
composition Phase 

Content/at.% 
Cu Zr Si 

A1 Cu5.62Si69.04Zr25.34 
(Si) 0.3 0.6 99.1 

Si2Zr 0.7 34.0 65.3 
τ1 31.0 23.3 45.7 

A2 Cu38.41Si53.38Zr8.21 
(Si) 0.9 0.2 98.9 

Cu19Si6 72.1 0.4 27.5 
τ1 32.5 22.6 44.9 

A3 Cu24.19Si47.15Zr28.66 
SiZr 1.5 50.9 47.6 
Si2Zr 3.5 33.6 62.9 
τ1 31.5 23.8 44.7 

A4 Cu32.83Si37.72Zr29.45 
SiZr 3.7 50.3 46.0 
τ1 33.1 23.7 43.2 
τ2 37.2 27.7 35.1 

A5 Cu10.36Si39.06Zr50.58 
Si2Zr3 3.9 60.7 35.4 
Si4Zr5 1.0 57.2 41.8 
τ3 34.2 34.7 31.1 

A6 Cu43.53Si30.96Zr25.51 
τ3 34.7 33.2 32.1 
τ2 39.3 27.0 33.7 

A7 Cu74.71Si23.93Zr1.36 
Cu15Si4 79.5 0.0 20.5 

τ1 33.2 23.3 43.5 
τ2 40.9 24.8 34.3 

A8 Cu32.52Si29.72Zr37.76 
Si2Zr3 0.9 63.8 35.3 
τ3 35.4 33.5 31.1 
τ4 41.5 35.0 23.5 

A9 Cu26.66Si13.7Zr59.64 
SiZr2 2.1 65.5 32.4 
CuZr2 34.9 65.1 0.0 

Cu10Zr7 54.2 45.6 0.2 

A10 Cu84.69Si12.9Zr2.41 
(Zr) 1.1 98.2 0.7 

CuZr2 33.6 66.4 0.0 
SiZr3 2.6 74.9 22.5 

A11 Cu81.3Si4.39Zr13.81 
(Cu) 99.1 0.8 0.1 

Cu5Zr 81.1 18.9 0.0 
τ3 36.3 33.6 30.1 

A12 Cu76.01Si18.07Zr5.91 
α-CuSi 88.0 0.2 11.8 
Cu56Si11 84.4 0.2 15.4 

τ2 37.4 27.6 35.0 

A13 Cu54.38Si13.1Zr13.52 
Si2Zr3 4.5 61.4 34.1 

Cu51Zr14 77.9 22.0 0.1 
τ4 46.5 33.7 19.8 

A14 Cu38.9Si14.4Zr46.7 
Si2Zr3 6.1 60.4 33.5 

Cu10Zr7 58.8 41.2 0.0 
Cu51Zr14 78.0 21.4 0.6 

A15 Cu76.77Si2.71Zr20.53 
Cu51Zr14 78.6 21.3 0.1 
Cu5Zr 82.0 18.0 0.0 

A16 Cu79.80Si19.03Zr1.17 
Cu15Si4 78.3 0.3 21.4 
Cu56Si11 83.6 0.0 16.4 

τ2 40.3 25.9 33.8 

confirmed by XRD, as shown in Fig. 3(h). The 
solubilities of Cu in the Si2Zr3 and Si4Zr5 phases are 
about 3.9 at.% and 1.0 at.%, respectively. The 
composition of the ternary phase τ3 is 34.2 at.% Cu, 
34.7 at.% Zr and 31.1 at.% Si. 

Based on the experimental analysis, 14 three- 
phase regions, i.e., τ1+Si2Zr+(Si), τ1+Cu19Si6+(Si), 
τ1+Si2Zr+SiZr, τ1+τ2+SiZr, τ3+Si2Zr3+Si4Zr5, τ1+ 
τ2+Cu15Si4, τ3+τ4+Si2Zr3, SiZr2+CuZr2+Cu10Zr7, (Zr)+ 
CuZr2+SiZr3, τ3+(Cu)+Cu5Zr, α-CuSi+Cu56Si11+τ2, 
Si2Zr3+Cu51Zr14+τ4, Si2Zr3+Cu10Zr7+Cu51Zr14 and 
Cu15Si4+Cu56Si11+τ2, and two two-phase regions, 
i.e., τ2+τ3 and Cu5Zr+Cu51Zr14, are determined at 
600 °C. Based on the phases identified in Alloys  
A9 and A10 and the Gibbs phase rule, a three-  
phase region SiZr2+SiZr3+CuZr2 can be deduced. 
Similarly, four three-phase regions Cu19Si6+Cu15Si4+ 
τ1, CuSi+(Cu)+τ2, (Cu)+τ2+τ3 and SiZr2+Si2Zr3+ 
Cu10Zr7 can also be deduced. 
 
3.2 Thermodynamic calculation 

Considering both the experimental findings 
from the present investigation and pertinent 
literature [23,24], the thermodynamic parameters  
of the Cu−Zr−Si system were optimized using the 
PARROT module of the Thermo-Calc software. The 
step-by-step optimization procedure [19,20,25] was 
utilized in the present assessment. The optimization 
starts with the isothermal section at 600 °C. The 
temperature-independent coefficient A of the 
ternary interaction parameters was calculated using 
the phase equilibria data and Cu solubilities in 
binary compounds, namely Si2Zr, Si4Zr5, Si2Zr3, 
SiZr2, SiZr3 and Si3Zr5. The corresponding 
temperature-dependent coefficient B was obtained 
from the isothermal sections at 750, 800 and 900 °C. 
The optimized thermodynamic parameters are listed 
in Table 3. 

Figure 4 shows the calculated isothermal sections 
at 600, 750, 800 and 900 °C of the Cu−Zr−Si 
system along with the experimental data from   
the present work, SPRENGER [12] and XIAO    
et al [13]. As can be seen, most of the experimental 
data can be well reproduced by the present 
calculation. For the isothermal section at 600 °C 
shown in Fig. 4(a), 23 three-phase regions are 
predicted, which is in agreement with the 
experimental results. In the present work, the 
solubilities of Zr and Si in the Cu−Si and Cu−Zr 
binary compounds are ignored. The calculated 
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Fig. 3 SEM micrographs and XRD patterns of representative alloys annealed at 600 °C for 60 d: (a, b) Alloy A1 
(Cu5.62Si69.04Zr25.34); (c, d) Alloy A2 (Cu38.41Si53.38Zr8.21); (e, f) Alloy A3 (Cu24.19Si47.15Zr28.66); (g, h) Alloy A5 (Cu10.36Si39.06Zr50.58) 
 
solubilities of Cu in the SiZr3, SiZr2, Si2Zr3, SiZr 
and Si2Zr phases are 3.0 at.%, 1.6 at.%, 4.0 at.%, 
2.0 at.% and 3.4 at.%, respectively. Figures 4(b) and 
(d) compare the calculated isothermal sections at 
750 and 900 °C, respectively, with the experimental 

ones by XIAO et al [13]. Figure 4(c) presents the 
calculated isothermal section at 800 °C compared 
with the experimental data by SPRENGER [12]. It 
is found that the calculated phase equilibria among 
the Si2Zr, τ1 and SiZr phases are inconsistent with 
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Table 3 Obtained thermodynamic parameters of Cu−Zr− 
Si system 
Phase Model Gibbs free energy/(J·mol−1) 

SiZr (Cu,Si)1Zr1 

hcpSiZr fcc
Cu:Zr Cu Zr4967+ +G G GΘ Θ Θ=  

SiZr
Cu,Si:Zr 167760 56.45G TΘ = − +  

Si2Zr (Cu,Si)2Zr1 

2Si Zr hcpfcc
Cu ZrCu:Zr = 29603+2 +G G GΘ Θ Θ−  

2Si Zr
Cu,Si:Zr = 154704GΘ −  

Si4Zr5 (Cu,Si)4Zr5 
4 5Si Zr hcpfcc

Cu ZrCu:Zr = 20360+4 +5G G GΘ Θ Θ−  

4 5Si Zr
Cu,Si:Zr 10000GΘ = −  

Si2Zr3 (Cu,Si)2Zr3 

2 3Si Zr hcpfcc
Cu ZrCu:Zr =1000+2 +3G G GΘ Θ Θ  

2 3Si Zr
Cu,Si:Zr = 128210 66.66G TΘ − +  

SiZr2 (Cu,Si)1Zr2 

2SiZr hcpfcc
Cu ZrCu:Zr = 10084+ +2G G GΘ Θ Θ−  

2 3Si Zr
Cu,Si:Zr = 39623 33.84G TΘ − +  

SiZr3 (Cu,Si)1Zr3 

3SiZr hcpfcc
Cu ZrCu:Zr = 10047+ +3G G GΘ Θ Θ−  

3SiZr
Cu,Si:Zr = 77575 66G TΘ − +  

τ1 Cu4Zr3Si6 
4 3 6Cu Zr Si fcc

CuCu:Zr:Si = 625253+4 +G GΘ Θ−  
hcp diamond

SiZr3 6G GΘ Θ+  

τ2 Cu4Zr3Si4 
4 3 4Cu Zr Si fcc

CuCu:Zr:Si = 600000+4 +G GΘ Θ−  
hcp diamond

SiZr3 4G GΘ Θ+  

τ3 Cu1Zr1Si1 
CuZrSi fcc
Cu:Zr:Si Cu= + +184500G GΘ Θ−  

hcp diamond
SiZrG GΘ Θ+  

τ4 Cu4Zr3Si2 
4 3 2Cu Zr Si fcc

CuCu:Zr:Si = 423000+4 +G GΘ Θ−  
hcp diamond

SiZr3 2G GΘ Θ+  

T is the thermodynamic temperature (K) 
 
those reported by XIAO et al [13]. In the present 
work, the phases in Alloy A3 are SiZr, Si2Zr and τ1. 
The experimental phase regions of Si2Zr+τ1+τ2 
reported by XIAO et al [13] and SPRENGER [12] 
are consistent. 

3.3 Solidification microstructure and Scheil 
simulation 
To investigate the effect of different phases  

on the wear resistance of the Cu−Zr−Si alloys,  
five alloys with varying contents of Zr and Si  
were selected from different regions on the vertical 
section at 80 at.% Cu, which was calculated   
using the thermodynamic parameters obtained in 
the present work. The microstructures of these 
alloys were analyzed by SEM−EDS and the 
measured phase compositions are summarized in 
Table 4. 

The BSE micrograph of Alloy B1 is shown in 
Fig. 5(a), which presents two different contrasts,  
i.e., white and light grey. According to the EDS 
results, they correspond to τ3 and Cu33Si7, 
respectively. In the enlarged micrograph (Fig. 5(b)), 
the dark grey Cu19Si6 phase and σ with the 
peritectic structure are detected. The composition of 
σ is Cu46.1Zr22.5Si31.4 (at.%). The corresponding 
elemental mapping graphs indicate that Zr is mainly 
distributed in the ternary compounds, while Cu and 
Si are evenly distributed in the entire microstructure. 
The micrograph of Alloy B2 in Fig. 5(c) shows the 
white, grey and dark grey contrasts, which present 
the τ3, β-CuSi and α-CuSi phases, respectively. The 
σ phase is detected in the enlarged micrograph as 
shown in Fig. 5(d). From the SEM images and  
EDS analysis, the as-cast Alloys B3−B5 consist of  
(Cu)+β-CuSi+τ3, Cu5Zr+(Cu)+τ3, and Cu51Zr14+(Cu), 
respectively. 

Based on the obtained thermodynamic 
parameters of the Cu−Zr−Si system in the present 
work, the calculated solidification curves and   
step diagrams for the designed alloys are shown  
in Fig. 6. According to Fig. 6(a), the solidification 
path of Alloy B1 is as follows: Liquid → Liquid + 
τ3 → Liquid + τ2 → Liquid + τ2 + Cu33Si7 → Liquid + 
τ2 + Cu19Si6 + Cu33Si7. The solidification path shows 
that the primary crystallization phase of Alloy B1 is 
τ3. Afterwards, Alloy B1 undergoes a peritectic 
reaction, i.e., Liquid + τ3 → τ2. The Cu33Si7 phase is 
formed at about 825 °C, followed by the Cu19Si6 
phase. The final solidification microstructure for 
Alloy B1 is composed of Cu19Si6, Cu33Si7 and    
τ2, which is inconsistent with the experimental 
observation (Cu19Si6 + Cu33Si7 + τ3). That is due   
to the small amount of τ2, which is difficult to    
be detected by SEM. Furthermore, Fig. 6(b) reveals  
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Fig. 4 Calculated isothermal sections of Cu−Zr−Si system according to experimental data of this work, SPERENGER [12] 
and XIAO et al [13]: (a) 600 °C (This work); (b) 750 °C [13]; (c) 800 °C [12]; (d) 900 °C [13] 
 
Table 4 Phase compositions of as-cast alloys determined 
by SEM−EDS 

Alloy 
Nominal 

composition 
Phase 

Content/at.% 
Cu Zr Si 

B1 Cu80Zr1Si19 

τ3 37.4 32.4 30.2 
Cu33Si7 82.8 0.2 17.0 
Cu19Si6 80.2 0.1 19.7 

σ 46.1 22.5 31.4 

B2 Cu80Zr4Si16 

τ3 36.4 32.3 31.3 
α-CuSi 86.5 0.2 13.3 
β-CuSi 83.6 0.1 16.3 

σ 46.3 26.2 27.5 

B3 Cu80Zr8Si12 

τ3 36.2 32.4 31.4 
(Cu) 92.4 0.2 7.4 
β-CuSi 83.0 5.89 11.1 

σ 40.2 30.3 29.5 

B4 Cu80Zr13Si7 
τ3 36.2 32.7 31.1 

(Cu) 98.9 0.5 0.6 
Cu5Zr 85.1 14.6 0.3 

B5 Cu80Zr19Si1 
(Cu) 99.5 0.2 0.3 

Cu51Zr14 77.2 22.0 0.8 

that the Cu33Si7 and Cu19Si6 phases are formed from 
the liquid phase at almost identical temperatures 
with the phase fractions of 0.818 and 0.161, 
respectively. Figure 6(c) shows the solidification 
path for Alloy B2 is as follows: Liquid →    
Liquid + τ3 → Liquid + τ2 → Liquid + τ2 + α-CuSi → 
Liquid + τ2 + α-CuSi+ β-CuSi. Similarly, the 
primary crystallization phase is τ3. As the 
temperature decreases, the τ2 phase solidifies. Alloy 
B2 then undergoes an invariant reaction, i.e.,  
Liquid + τ2 → τ2 + α-CuSi. The α-CuSi phase 
solidifies at about 880 °C, followed by the 
formation of the β-CuSi phase at 850 °C. At the 
solidus temperature of 820 °C, the final 
solidification microstructure consists of α-CuSi + 
β-CuSi + τ3 + τ2, in which the phase fraction of the 
τ2 phase is approximately 0.2 at.%, as shown in 
Fig. 6(d). By comparing the phase fractions in 
Alloys B1 and B2, it can be found that Alloy B1 
contains more τ2 than Alloy B2. 

The solidification path (Fig. 6(e)) of Alloy B3 
is as follows: Liquid → Liquid + τ3 → Liquid + τ3 + 
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Fig. 5 BSE micrographs and elemental mappings of different alloys: (a, b) Alloy B1 (Cu80Zr1Si19); (c, d) Alloy B2 
(Cu80Zr4Si16); (e, f) Alloy B3 (Cu80Zr8Si12); (g, h) Alloy B4 (Cu80Zr13Si7); (i, j) Alloy B5 (Cu80Zr19Si1) (For each alloy, 
the first micrograph shows the solidified microstructure, the second micrograph is an enlargement of the first one, and 
the third to fifth micrographs next are elemental mappings for Cu, Zr and Si, respectively) 
 
(Cu) → Liquid + τ2 + (Cu) → Liquid + τ2 + (Cu) + 
β-CuSi. Based on the phase fraction vs temperature 
curve for Alloy B3, the phase fractions of β-CuSi 
and τ2 are 2.5×10−3 at.% and 7.3×10−3 at.%, 
respectively. According to the solidification curve 
of Alloy B4 in Fig. 6(g), its solidification path is as 
follows: Liquid → Liquid + τ3 → Liquid + τ3 + 
(Cu) → Liquid + τ3 + (Cu) + Cu5Zr. The primary 
crystallization phase is τ3 formed at 2000 °C. With 
the decrease of the temperature, the (Cu) phase 
solidifies at about 970 °C, and finally Cu5Zr 
solidifies. The final microstructure Cu5Zr + (Cu) + 
τ3 is consistent with the experimental results.     
In Fig. 6(h), both (Cu) and Cu5Zr solidify at 
approximately 970 °C with a phase fraction of 

43.3 at.% and 35.7 at.%, respectively. The 
solidification path (Fig. 6(i)) of Alloy B5 is as 
follows: Liquid → Liquid + τ3 → Liquid + τ4 → 
Liquid + τ4 + Cu51Zr14→ Liquid + τ4 + Cu51Zr14 + 
(Cu). In Fig. 6(j), it can be found that the phase 
fractions for Cu51Zr14 and τ4 are 82.5 at.% and 
0.6 at.%, respectively. 

By analyzing the as-cast microstructures and 
solidification paths of the alloys, it is obvious   
that they have different phases, which will affect 
their properties [26,27]. As a result, the friction and 
wear experiments were conducted in the present 
work to understand the effect of solidification 
structure on the wear resistance for the designed 
alloys. 
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Fig. 6 Calculated Scheil−Gulliver solidification curves and mole fractions of phases vs temperature for different alloys:    
(a, b) Alloy B1 (Cu80Zr1Si19); (c, d) Alloy B2 (Cu80Zr4Si16); (e, f) Alloy B3 (Cu80Zr8Si12); (g, h) Alloy B4 (Cu80Zr13Si7); 
(i, j) Alloy B5 (Cu80Zr19Si1) 
 
3.4 Vickers hardness and coefficient of friction 

(COF) 
The Vickers hardness of each alloy was tested 

at five different positions and the results are shown 

in Fig. 7(a). It is clear that Alloy B1 has the 
maximum average hardness (HV 496), followed by 
Alloy B5 (HV 342), whereas Alloy B3 possesses 
the minimum value (HV 161), which are listed in 
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Table 5. Figure 7(b) presents the micrographs of the 
indentation at different locations for the five alloys. 

Under the dry friction condition, the 
tribological behavior of a material is primarily 
influenced by the friction load and speed which are 
100 N and 200 r/min, respectively, in the present 
work. Test specimens were prepared as cylinders 
with a diameter of 5 mm. The measured COF and 
wear rate are summarized in Table 5, and the COF 
vs time curves are shown in Fig. 8. The variation 
trend of the COF curves for Alloys B1−B5 is 
similar. Firstly, the COF increases rapidly but it  
 

 
Fig. 7 Vickers hardness (a) and micrographs (b) of 
Alloys B1−B5 at different positions 
 
Table 5 Average hardness and friction wear results for 
Alloys B1−B5 

Alloy 
Average 

hardness (HV) 
COF 

Wear rate/ 
(10−7mm3·N−1·m−1) 

B1 496 0.2 2.72 

B2 285 0.25 2.77 

B3 161 0.27 4.41 

B4 211 0.26 3.35 

B5 342 0.23 2.19 

then fluctuates in a range as the wear time 
progresses because the wear debris is not removed 
from the friction area. Since the friction heat 
generated between the friction partner and the alloy 
sample during the friction process acts as the 
lubricant, the COF tends to remain unchanged 
during the last friction periods. Under the present 
testing condition, the COF values for Alloys  
B1−B5 are 0.20, 0.25, 0.27, 0.26 and 0.23, 
respectively. 
 

 

Fig. 8 COF as function of time for Alloys B1−B5 under 
dry friction 
 

The wear rate of the alloys was calculated 
using Eq. (2) by measuring the mass before and 
after wear. The obtained results are listed in Table 5. 
Figure 9 shows the values of the COF and wear rate 
for the designed alloys. It demonstrates that both 
the COF and wear rate initially increase and    
then decrease. Accordingly, Alloy B5 exhibits   
the smallest wear rate and Alloy B3 exhibits the 
largest wear rate, with the values of 2.19 and 
4.41×10−7 mm3/(N·m), respectively. 
 

 

Fig. 9 COF and wear rate of Alloys B1−B5 
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3.5 Wear mechanism 
The morphologies of the wear surfaces were 

analyzed based on the calculation of phase 
compositions, solidification paths and phase 
fractions using the CALPHAD method. The wear 
mechanism was then revealed. Figure 10 presents 

SEM micrographs of the wear surfaces. Under the 
dry friction condition, the wear mechanism is 
mainly adhesive and oxidative wear. 

The SEM micrographs of Alloy B1 after  
wear are shown in Figs. 10(a, c). The areas with 
wear characteristics were selected for more detailed 

 

 
Fig. 10 SEM micrographs of wear surface of alloys: (a−c) Alloy B1 (Cu80Zr1Si19); (d−f) Alloy B2 (Cu80Zr4Si16);    
(g−i) Alloy B3 (Cu80Zr8Si12); (j−l) Alloy B4 (Cu80Zr13Si7); (m−o) Alloy B5 (Cu80Zr19Si1) (The first micrograph shows 
the wear surface morphology of the alloy; The second one (blue region) and third one (purple region) are enlargements 
of the first one) 
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analysis. It can be seen from Fig. 10(b) that, there 
exist grooves, delamination and burrs on the wear 
surface. Due to the low surface hardness of the 
alloys compared to the friction pair, the high-speed 
rotation and pressure lead to the destruction of the 
surface layer. A partial magnification of the surface 
(Fig. 10(c)) shows that the depression is surrounded 
by spalling wear debris and oxide particles. The 
spalling pits are formed by some of the wear debris 
being peeled off, while the oxide particles are 
formed by the wear debris in contact with air. The 
oxide particles adhered to the surface provide the 
lubrication and thus reduce the COF. Similarly,  
the wear surfaces of Alloys B2−B4 also contain 
grooves, oxide particles and spalling pits. By 
contrast, only grooves and oxide particles are 
present on the wear surfaces (Figs. 10(m−o)) of 
Alloy B5. Additionally, its surface is blackened  
due to the heat generated by friction. The above 
observation suggests that the wear of Alloy B1 is 
severer than that of Alloy B5. 

As described in Section 3.3, the fibrous ternary 
phases σ and τ3 can be found in Alloys B1−B3. 
They are mostly in the form of sharp fine fibers in 
Alloys B1 and B2, which can lead to stress 
concentration and reduce the strength of the  
alloys. By contrast, there are more elongated fiber 
structures in Alloy B3, which lead to the 
delamination during friction and thus increase the 
wear rate. Therefore, Alloys B1−B3 will wear more 
severely during the friction and the ternary phases σ 
and τ3 are poorly wear-resistant. The solidification 
micrographs of Alloy B4 show elongated ternary 
phase τ3, with some of these fibers interconnected 
and disordered. During the friction, flake fibers  
that are oriented in the same direction tend to 
delaminate and the disordered fibers lead to the 
formation of more oxide particles. It is further 
elucidated that the wear resistance of the ternary 
compound τ3 is poor. No ternary compound is 
detected in the solidification micrographs of Alloy 
B5. According to the elemental mapping, the 
distributions of Cu, Zr and Si are homogeneous. 
The addition of a small amount of Si refines the 
microstructure and improves the strength of the 
alloy. Therefore, the wear of Alloy B5 during 
friction is relatively light. The composition of the 
alloy should be controlled reasonably to avoid the 
precipitation of the τ3 phase, which will deteriorate 

the properties. 
Table 6 lists the element contents of Alloys 

B1−B5 before and after wear. The EDS results of 
Alloys B1−B5 before and after wear are also 
compared, as shown in Fig. 11. It can be seen that 
the elements O, C and Fe are attached to the surface 
after wear. The highest content of C (30 at.%− 
40 at.%) indicates that the abrasive particles of the 
friction are attached to the surface of the specimen 
during the friction process. The O content ranges 
from 10 at.% to 20 at.%, which is related to the 
production of oxide particles on the wear surface. 
Additionally, trace amount of Fe is attached to the 
wear surface. EDS analysis was conducted on 
various wear regions of Alloy B1, as shown in 
Figs. 12(a) and (b). The presence of more O and a 
small amount of Fe within Regions 1 and 5 
indicates that more oxides are attached to the 
surface. Conversely, Regions 2, 4, and 6 exhibit 
high Cu content and low O content, indicating the 
possibility of delamination and less oxides in these 
regions. Specifically, the element content of Region 
2 is Cu−0.9Zr−3.9Si−2.3O (at.%). EDS analysis 
was conducted on various regions of the wear 
surface for Alloy B2 (Figs. 12(c) and (d)). High 
levels of O and C are detected in the wear region. 
This is consistent with the results observed in the 
SEM micrographs, which show a number of oxide 
particles adhered to the wear surface. An area 
measuring 1 mm × 1 mm on the wear surface of the 
sample was scanned using 3D Profiling. Figure 13 
shows the surface and 3D morphologies of the 
alloys with spalling pits and grooves on the wear  

 
Table 6 Elemental contents of alloys before and after 
wear 

Condition Alloy 
Content/at.% 

Cu Zr Si O C Fe 

Before 
wear 

B1 79.4 1.7 18.9    
B2 78.8 4.7 16.5    
B3 75.0 10.0 15.0    
B4 71.1 15.3 13.7    
B5 79.9 18.9 1.2    

After 
wear 

B1 43.4 1.6 8.1 16.6 29.9 0.4 
B2 34.7 0.5 7.2 23.9 33.1 0.6 
B3 37.6 3.8 5.7 12.7 40.0 0.2 
B4 49.8 5.9 2.9 10.5 30.7 0.2 
B5 38.7 8.9 0.4 16.4 35.6 −  
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Fig. 11 EDS results of Alloys B1−B5 before (a) and after (b) wear 
 

 
Fig. 12 Elemental contents in different areas of wear surface: (a, b) Alloy B1 (Cu80ZrSi19); (c, d) Alloy B2 (Cu80Zr4Si16) 
 
surface. The color from red to blue indicates the 
depth of the wear surface from low to high. The 
lower depth of wear is the spalling pit, which is 
more prominent in Alloys B1−B3, and the wear 
surface is flatter in Alloys B4 and B5. 

Under the dry friction condition, the wear 
morphology of the alloy exhibits phenomena   
such as inhomogeneity, particle adhesion and 
dislodgement. However, the SEM micrographs in 
the present work mainly reveal grooves, wear 
debris and oxide particles and lack obvious features 
for plastic deformation. The analysis of the wear 
surface morphology of the alloys reveals that the 

main wear mechanisms of the Cu−Zr−Si alloy are 
adhesive and oxidative wear [6,28]. Observing the 
alloy wear morphology also suggests that the 
surface wear of Alloys B1, B2 and B3 is severer, 
while the wear surfaces of Alloys B4 and B5 
contain more oxides. Alloy B1 exhibits the high 
hardness but suffers from significant brittleness, 
resulting in a considerable increase in wear   
during the friction and wear processes. After a 
comprehensive evaluation of properties, Alloy B5 
(Cu80Zr19Si1) demonstrates the best performance, 
similar to the Cu−Ni−Sn [2,29], Cu−Cr [8] and 
Cu−Ag−W [30] alloys. 
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Fig. 13 Surface (a, c, e, g, i) and 3D (b, d, f, h, j) morphologies of alloys: (a, b) Alloy B1 (Cu80ZrSi19); (c, d) Alloy B2 
(Cu80Zr4Si16); (e, f) Alloy B3 (Cu80Zr8Si12); (g, h) Alloy B4 (Cu80Zr13Si7); (i, j) Alloy B5 (Cu80Zr19Si) 
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4 Conclusions 
 

(1) The phase equilibria of the Cu−Zr−Si 
system at 600 °C were measured. Fourteen three- 
phase regions and two two-phase regions were 
determined. Four ternary compounds were confirmed. 

(2) The thermodynamic assessment of the 
Cu−Zr−Si system was carried out based on the 
experimental data available in the literature and 
present work. A set of thermodynamic parameters 
were obtained. The calculated isothermal sections 
are in a good agreement with most of the 
experimental data. 

(3) Five Cu−Zr−Si alloys were designed by the 
CALPHAD method and the microstructures of the 
alloys were analyzed by SEM−EDS. The Scheil− 
Gulliver solidification curves and step diagrams 
were obtained. 

(4) Alloy B1 (Cu80Zr1Si19) has the highest 
hardness value (HV 496), the lowest COF (0.2) and 
the wear rate of 2.72×10−7 mm3/(N⋅m), followed  
by Alloy B5 (Cu80Zr19Si1) with HV 342, 0.23 and 
2.19×10−7 mm3/(N⋅m), respectively. 

(5) The wear mechanism is mainly adhesive 
and oxidative wear. The surface morphology after 
wear is composed of grooves, oxide particles and 
spalling pits. Considering the hardness, COF, wear 
rate and wear morphology, Alloy B5 (Cu80Zr19Si1) 
exhibits the best overall mechanical performance. 
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摘  要：采用 X 射线衍射和扫描电子显微镜及能量分散光谱对 Cu−Zr−Si 体系在 600 ℃的相平衡进行实验测定。

采用相图计算方法进行热力学优化并获得一套准确描述 Cu−Zr−Si 体系的热力学参数。基于相图计算设计了 5 种

铸态合金，采用 Scheil−Gulliver 模型对合金的凝固路径进行模拟。通过测试铸态合金的硬度和摩擦磨损性能，并

结合扫描电镜和 3D 形貌仪对磨损形态的观察发现 Cu80Zr19Si1 合金具有良好的性能，其硬度为 HV 342、摩擦因数

为 0.23、磨损率为 2.19×10−7 mm3/(N·m)。磨损表面的主要特征是犁沟、剥落坑和氧化物颗粒。合金在干滑动条件

下的磨损机制为黏着磨损和氧化磨损。本文研究工作为 Cu−Zr−Si 耐磨合金的设计提供了重要理论依据。 

关键词：Cu−Zr−Si 合金；热力学建模；CALPHAD 方法；摩擦因数；磨损机制 
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