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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 CusgoZri9Si; exhibits a good performance
with a hardness of HV 342, frictional coefficient of 0.23 and wear rate of 2.19x10”7 mm?*/(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 CuK, radiation at 40kV and 300 mA
(Smartlab SE, Rigaku Corporation, Japan). The
scanning rate was 5 (°)/min and the diffraction
patterns were obtained in the 26 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.
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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

Lattice parameter/nm

Phase Space group Pearson symbol Prototype a ., c
(Cu) Fm3m cF4 Cu 0.3615 0.3615 0.3615
(Si) Fd3m cF8 C 0.5430  0.5430  0.5430

(a-Zr) P63/mmc hP2 Mg 0.3232 03232 0.5148

(f-Zr) Im3m cl2 W 0.3309 0.3309  0.3309
CuZr Pm3m cP2 CsCl 0.3259 0.3259  0.3259

CuZr; 14/mmm t6 MoSi, 0.3220  0.3220 1.1183

CusZr P4/m tP24 - 0.6856  0.6856  0.6882

CusiZria P6/m hP65 Ags1Gdu 1.1244 1.1244  0.8282
CusZrs Pnma oP44 CugHf; 0.7869  0.8155 0.9985
CuyoZry C2ca 0C68 NiZry 1.2673 09316  0.9347
CueSis R3m hR * - 0.6038 0.6369  0.4286
CuisSia 143d cl76 - 0.9731 0.9731 0.9731
CuseSin P4,32 cP20 - 0.6232 0.6232  0.6232
Cus3Siy - trx - 0.8815 0.8815 0.7903
a-CuSi P63/mmc hP2 Mg 2.5610  2.5610  4.1840
p-CuSi Im3m cl2 w - - _
a-SiZr Pnma oP8 FeB 0.6982 0.3786  0.5302
p-SiZr Cmcm oC8 CrB 03764 09917  0.3748

SixZr Cmcm oC12 ZrSip 0.3696  0.1475 0.3665

a-SisZrs P4,2,2 tP36 Zr5Si4 0.7123 0.7123 1.3002

S-SisZrs Pnma oP36 GesSms 0.6949 1.3588  0.7109

SirZr; PA/mbm tP10 UsSip 0.7082 0.7082  0.3714
SiZr; 14/mem t12 ALCu 0.6612 0.6612  0.5294

SisZrs P63/mem hP16 Mns;Sis 0.7914  0.7914  0.5559
SiZr3 P4y/n tP32 TisP 1.1011 1.1011 0.5453

CuZr,Sis Cmcm - CuGe4Hf, 0.3681 0.3704  3.2910
CuZrSi, PA/nmm tP8 - 03724 03724  0.9029

71 (CuaZr3Sie) 14/mmm 26 CusSieZrs 03736 03736  2.8186
7 (CuyZr3Sis) Immm ol22 CugGesGde 1.3090  0.6393 0.3934

73 (CuZrSi) Pbnm - CosSi 0.6506  0.3921 0.7278
74 (CuyZr3Siz) P63n hP9 Fe,P 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=A4+BT, where L is
the interaction parameter, T is the thermodynamic

temperature. The coefficients 4 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], SixZr, SisZrs,
Si,Zr3, SiZrs, SiZr; and SisZrs phases can dissolve a
certain amount of Cu, whereas the solubilities of the
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third element in Cul9Si6, Cu158i4, a-CuSi, CU5ssi11,
CuZry, CuioZrs, CusZr and CusiZris phases are
negligible.

Ternary compounds 71(CusZr3Sis), (CusZrsSis),
n(CuZrSi) and n(CusZr;Si;) were treated as
stoichiometric based on the experimental results
from the present work, SPRENGER [12] and XIAO
etal [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

V= 2F sm(1236 /2)

F
~0.1 89; (D)
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 um before testing. The
wear rate (W) was calculated according to the wear
formula [8,22]:
=" 2)

2nRtnpF
where m; and m», are the masses before and after
wear (mg), R is the friction radius (R=15 mm), ¢ is
the friction time (s), 7 is the rotational speed (r/min),
p is the density of alloys B1-BS5, 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).

Vickers hardness test Friction and wear test

(a) (b)

f Rotating /
l shaft
D ’ Clamp
RO “"136° between ~— % Friction
opposite faces As-cast W A surface
alloy —3
\\_,/"\ d Friction pair
S (carbon steel)
Indentation

Friction load
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 Al, Fig. 3(a)
reveals three phases with grey, dark grey and black
contrasts. These phases 7, Si,Zr and (Si) are
confirmed by the XRD pattern, as shown in
Fig. 3(b). Combining the results of XRD and
SEM-EDS, Alloy Al is located in a three-phase
region, i.e., 71+Si2Zr+(Si). Figure 3(c) shows three
contrasts, i.e., grey, dark grey and black, which
correspond to 7;, CuyeSis 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., 7i+CuioSig+(Si). The
composition of the ternary phase 7; is determined to
be CuszsZreSiso (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 (),
respectively. Based on the SEM—EDS results, the
grey, dark grey and black regions correspond to
SiZr, 7y and SixZr, 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.,
n1+SiZr+Si2Zr. As revealed by the SEM micrograph
in Fig. 3(g), Alloy A5 consists of the SizZrs, SisZrs
and 73 phases, which demonstrate the light grey,
grey and dark grey contrasts, respectively. That is



2670 Ben-fu LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2666—2682

Table 2 Summary of identified phases and their
compositions by XRD and SEM—EDS

i Content/at.%
Alloy Nomu_la}l Phase ontent/a 0.
composition Cu 7r Si
(Si) 03 06 99.1
Al Cu5,628i69‘04Zr25,34 SizZI’ 0.7 340 65.3

7 31.0 233 45.7
(Si) 09 02 989
CuoSis 72.1 04 275
7 325 22.6 449
SiZr 1.5 509 47.6
SiZr 3.5 33.6 629
7 31.5 23.8 447
SiZr 3.7 503 46.0
A4 Cu32‘g3Si37,7zzI'29‘45 T 33.1 23.7 43.2
2 372 2777 35.1
SirZrs 3.9 60.7 354
SisZrs 1.0 57.2 41.8
7 342 347 31.1
7 347 332 321
) 39.3 27.0 33.7
Cu;sSis 79.5 0.0 20.5
A7 Cu74.718123.93Z11 36 T 332 233 435
2] 409 24.8 343

SipZr; 0.9 63.8 353

A8  Cus2.5258129.72Z137.76 3 354 335 31.1
2] 41.5 350 235
SiZr, 2.1 655 324
CuZr, 349 651 0.0
CuioZr; 542 456 0.2
(zr) 1.1 982 07
CuZr, 33.6 664 0.0
SiZrs 2.6 749 225
(Cu) 99.1 0.8 0.1
CusZr 81.1 189 0.0
2] 36.3 33.6 30.1
a-CuSi 88.0 0.2 11.8
CuseSiiy 844 02 154
2] 374 27.6 35.0
SibZr; 4.5 614 34.1
A13  CussssSiiziZrizs CusiZris 779 22.0 0.1
2] 46.5 33.7 19.8
SirZrs 6.1 60.4 33.5
CujoZr; 58.8 41.2 0.0
CusiZris 78.0 21.4 0.6
. CusiZris 78.6 213 0.1
Al CQuorSknZios  cu70 820 180 0.0
Cu;sSis 783 03 214
CuseSipp 83.6 0.0 164
2 403 259 33.8

A2 Cuss41Sis3.38Z138.21

A3 Cuz4.195147.15Z128 66

A5 Cui0.365139.06Z150.58

A6 Cus3.53S130.96Z125.51

A9 Cuz6.665113.7Z159.64

A10  Cuss.69S112.9Z12.41

A1l  Cugi3Sig39Zr1381

A12  Cuz6.01Si18.07Z15.91

Al4  CussoSii4aZraes

A16  Cuy9.80Si19.03Zr1.17

confirmed by XRD, as shown in Fig. 3(h). The
solubilities of Cu in the Si,Zr; and SisZrs phases are
about 3.9at.% and 1.0 at.%, respectively. The
composition of the ternary phase z; 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., 7i+SixZr+(Si), 71+Cui9SictH(Si),
n+S1,Zr+S1Zr, n+ntSiZr, ©t+SiyZr3tSislrs, ot
n+CusSis, st nmtSixZrs, SiZr+CuZrtCuieZrs, (ZI‘)+
CuZr+8SiZrs;, w+(Cu)+CusZr, a-CuSit+CuseSiiitan,
SixZr3+CusiZrisatza, SixZrs+CuyoZr+CusiZris and
Cu;sSistCuseSintn, and two two-phase regions,
i.e., »tn and CusZr+CusiZry4, are determined at
600 °C. Based on the phases identified in Alloys
A9 and A10 and the Gibbs phase rule, a three-
phase region SiZr+SiZr;+CuZr, can be deduced.
Similarly, four three-phase regions Cu;oSis+CusSis+
7, CuSitH(Cu)+n, (Cu)+ntn and SiZr+SirZrs+
CuioZr7 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 4 of the
ternary interaction parameters was calculated using
the phase equilibria data and Cu solubilities in
binary compounds, namely Si»Zr, SisZrs, SixZrs,
SiZr,, SiZr; and SisZrs. 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 Al
(Cus.52Sis0.04Z12534); (c, d) Alloy A2 (CusgaiSis338Zrs21); (e, f) Alloy A3 (Cuns.19Si47.15Z12366); (g, h) Alloy A5 (Cui0363139.06Z150.58)

solubilities of Cu in the SiZrs, SiZr;, SixZrs, SiZr
and SiZr 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 Si»Zr, 71 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™")

OGIA = 4967+°9GE +OGhP
Sizr (Cu,Si)Zr,
OGL . =—167760+56.45T

G =~29603+20GE + OGP
SizZI’ (Cu,Si)zZm
OG5 =~ 154704

OGaTs = —20360+4 ° Gl +50GL
SisZrs (Cu,Si)iZrs

G, ==10000

OGER2E 21000+2 O G +3 OGP
SixZr; (Cu,Si)Zr3
OGE:Ln, =—128210+66.66T

0GSs ~ 10084+ G 126G}
SiZI’z (Cu,Si)1ZI'2

OGS:Ls, =—39623+33.84T

G2t~ 10047- 0G5 130Gl
SiZI‘3 (Cu,Si)IZr3
0Gae 7 =—T7575+66T

®Gg§%2r%?16 =—-625253+4 ®Gé01§> +

T CusZr; Si6 .
3 ®G§fp +6 @Géiilamond

"Gl == 600000+4°GE+

(%] CusZr; Sl4 .
3 @G;fp +4 ®G§li1amond

OGS ZSE = 184500+ °GKe+

(&) CuiZnSiy ®/~hcp | O ~diamond
GZr + GSi

OGEUS — _ 423000+4 9GS +

u  CusZrsSiz )
3 G)G;;:p +2 G)Géiilamond

T is the thermodynamic temperature (K)

those reported by XIAO et al [13]. In the present
work, the phases in Alloy A3 are SiZr, Si»Zr and 7.
The experimental phase regions of SiZr+7+n
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 Bl 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 7 and CussSiy,
respectively. In the enlarged micrograph (Fig. 5(b)),
the dark grey Cui9Sis phase and o with the
peritectic structure are detected. The composition of
o 18 Cus6i1Zr2sSizia (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 5, p-CuSi and a-CuSi phases, respectively. The
o 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—BS5 consist of
(Cu)+p-CuSi+n, CusZr+(Cu)+n, and CusiZris+(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 +
73— Liquid + » — Liquid + » + Cus3Si; — Liquid +
1+ CuyeSis+ CussSis. The solidification path shows
that the primary crystallization phase of Alloy B1 is
7. Afterwards, Alloy Bl undergoes a peritectic
reaction, i.e., Liquid + 73 — . The Cus3Siy phase is
formed at about 825 °C, followed by the CuioSis
phase. The final solidification microstructure for
Alloy B1 is composed of CuioSis, Cus3Si; and
7, which is inconsistent with the experimental
observation (CuioSis+ Cus3Siz + 73). That is due
to the small amount of 7, which is difficult to
be detected by SEM. Furthermore, Fig. 6(b) reveals
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Table 4 Phase compositions of as-cast alloys determined
by SEM-EDS

Nominal Content/at.%

. Phase -

composition Cu Zr Si
5] 374 324 302
CussSi; 828 02 17.0
CupSis 802 0.1 19.7
o 46.1 225 314
5] 364 323 313
o-CuSi 865 0.2 133
p-CuSi  83.6 0.1 163
o 463 262 275
5] 362 324 314
(Cuw) 924 02 74
p-CuSi  83.0 589 11.1
o 40.2 303 295
5] 362 32.7 3l1.1
B4 CugoZr3Si7 (Cuw) 989 05 0.6
CusZr 85.1 146 0.3

(Cu) 995 02 03

Cu512r14 77.2 22.0 0.8

Alloy

B1 Cu8()ZI'1 Si]g

B2 Cu8()ZI'4Si16

B3 Cu8()ZI'gSi12

B5 CugoZr19Si;

that the Cus3Si7 and Cu,9Sis 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 + — Liquid + » — Liquid + » + a-CuSi —
Liquid + » + a-CuSi+ p-CuSi. Similarly, the
primary crystallization phase is . As the
temperature decreases, the 7 phase solidifies. Alloy
B2 then undergoes an invariant reaction, i.e.,
Liquid + » — n+a-CuSi. The a-CuSi phase
solidifies at about 880 °C, followed by the
formation of the f-CuSi phase at 850 °C. At the
solidus temperature of 820°C, the final
solidification microstructure consists of a-CuSi +
[-CuSi+ 53+ 1, in which the phase fraction of the
7, 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 Bl
contains more 7 than Alloy B2.

The solidification path (Fig. 6(e)) of Alloy B3
is as follows: Liquid — Liquid + zz — Liquid + © +
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- 710 um
Vo 20 um |

Cu

Fig. 5 BSE micrographs and elemental mappings of different alloys: (a, b) Alloy Bl (CugoZriSi); (c, d) Alloy B2
(CusoZraSiie); (e, f) Alloy B3 (CugoZrsSiin); (g, h) Alloy B4 (CugoZri3Siv); (i, j) Alloy BS (CugeZri9Sii) (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 + » + (Cu) — Liquid + » + (Cu) +
[-CuSi. Based on the phase fraction vs temperature
curve for Alloy B3, the phase fractions of S-CuSi
and ©» are 2.5x1073%at% and 7.3x1073at.%,
respectively. According to the solidification curve
of Alloy B4 in Fig. 6(g), its solidification path is as
follows: Liquid — Liquid + » — Liquid + © +
(Cu) — Liquid + + (Cu) + CusZr. The primary
crystallization phase is 73 formed at 2000 °C. With
the decrease of the temperature, the (Cu) phase
solidifies at about 970 °C, and finally CusZr
solidifies. The final microstructure CusZr + (Cu) +
73 is consistent with the experimental results.
In Fig. 6(h), both (Cu) and CusZr solidify at
approximately 970 °C with a phase fraction of

433 at% and 35.7at.%, respectively. The
solidification path (Fig. 6(i)) of Alloy BS5 is as
follows: Liquid — Liquid + 5 — Liquid+ =% —
Liquid + 7y + CusiZris— Liquid + n+ CusiZris +
(Cu). In Fig. 6(j), it can be found that the phase
fractions for CusiZri4 and 7 are 82.5at.% 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 Bl (CugoZI’1Si19); (C, d) AllOy B2 (CugoZI'4Si16); (e, f) AllOy B3 (CUg()ZI'gSiu); (g, h) Alloy B4 (CugoZI’13Si7);

(1, j) Alloy BS (CugoZr9Sii)

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 Bl 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

600

a .
ss0l® —=— BI (CugZr, i)
—a— B2 (CugyZr,Siyg)
—_ 500 .50]433493503490 —— B3 (Cusozrgsilz)
E —— B4 (Cu8OZrI3Si7)
< 450 —+— B5 (CugyZr4Si)
S 400}
° . 359
=2 350+ % 3&?&%23333/3:7
—;;'f 300 LpRop
> 250t
200t .
1wl6|3'.651ss|59

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 COF 7Wear ra‘fe/ )
hardness (HV) (107mm?* N~'-m™)
Bl 496 0.2 2.72
B2 285 0.25 2.77
B3 161 0.27 4.41
B4 211 0.26 3.35
B3 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
BI-B5 are 0.20, 0.25, 0.27, 0.26 and 0.23,
respectively.

0.40
aot bt Akl
0.25 - ol ’MW ‘ A ‘ .I W W l{' ‘
29 | U]y \h“ if "1 AR
g [INERNERITVE Y
0.15 .
0.10 —B
—B
0.05-‘ B4
— BS
00 50 100 150 200 250 300

Time/s

Fig. 8 COF as function of time for Alloys B1-BS5 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
4.41x1077 mm>*/(N-m), respectively.

0.30 45
=
027} i 140 -
|IZ§ Z
L 0241 \ 3.5 %
o
Q T
021} 3.0 S
[ S
°7 .7 L
0.18} - COF {25 &
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Alloy

Fig. 9 COF and wear rate of Alloys BI-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

Delamination |

Fig. 10 SEM micrographs of wear surface of alloys: (a—c) Alloy Bl (CusgoZriSiig); (d—f) Alloy B2 (CusoZrsSiis);
(g—1) Alloy B3 (CugoZrgSiin); (j—1) Alloy B4 (CusgoZri3Siz); (m—o0) Alloy BS (CugoZrioSii) (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—o0)) of
Alloy BS5. 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 BS5.

As described in Section 3.3, the fibrous ternary
phases o and 7 can be found in Alloys B1-B3.
They are mostly in the form of sharp fine fibers in
Alloys Bl 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 ¢
and 73 are poorly wear-resistant. The solidification
micrographs of Alloy B4 show elongated ternary
phase 73, 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 73 is poor. No ternary compound is
detected in the solidification micrographs of Alloy
B5. According to the clemental 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 BS during
friction is relatively light. The composition of the
alloy should be controlled reasonably to avoid the
precipitation of the 7z 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 BI, 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—2.30 (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 areca
measuring 1 mm x 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

Content/at.%
Cu Zr Si O C Fe
B1 794 1.7 189
B2 78.8 4.7 16.5

Condition Alloy

Before  pa 750 100 15.0
wear
B4 711 153 137
BS 799 189 12
Bl 434 16 8.1 166 299 0.4
B2 347 05 72 239 33.1 0.6
After
B3 376 38 57 127 40.0 02
wear

B4 498 59 29 105 30.7 0.2
BS5 387 89 04 164 356 —
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Fig. 12 Elemental contents in different areas of wear surface: (a, b) Alloy B1 (CusoZrSiiv); (c, d) Alloy B2 (CusgoZraSiie)

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 BS5.

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 BS5
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
(CusgoZri9Sii) 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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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 BI1 (CusoZr;Siig) has the highest
hardness value (HV 496), the lowest COF (0.2) and
the wear rate of 2.72x1077 mm?/(N-m), followed
by Alloy B5 (CusoZri9Si1) with HV 342, 0.23 and
2.19x10"7 mm*/(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 (CusoZri0Sii)
exhibits the best overall mechanical performance.
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Cu-Zr-Si & €& EE B

ERT, YR, RER, A B, B, ZHA, MAE2 K 2, AR
1 ZHE TR MRRE S TR YR, MR 232001;
2. Department of Mechanical Engineering and Materials Science, University of Pittsburgh, Pittsburgh 15261, USA;
3. RO TR WU TREbE, kR 232001

OB R X ST AR T B SRR O Cu—Zr—Si R RAE 600 CIRIARTHTHEAT SL I 5E -
KBS INERAT IO ARG — B R IE Cu-Zr-Si R RIS H. T AREIHE T 5 F
PG e, KM Scheil-Gulliver R & <5 e B BRATHEAT BN . Gl I R85 A5 1 < OB M BE R B i 1%k e, OF
ZEE R BT 3D TSRO BE R S M SR K L CusoZrioSin & & AT R AP I PERE, LREE A HV 342, BEE R
9023, BEBIEN 2.19x107 mm/(N-m). BEHIRIH 3 ERHE R AN . RITE ST SRR & SAE TRt
TS AR E AR R AL S . AT TE AR N Cu—Ze=Si i 5 5 I BTHR AL 1 HE BRI .
KR Cu—Zr-Si G I @MB: CALPHAD J7idk; BEIEDREG BEHUNLA]
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