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Abstract: Solid solution-strengthened copper alloys have the advantages of a simple composition and manufacturing process, high mech-
anical and electrical comprehensive performances, and low cost; thus, they are widely used in high-speed rail contact wires, electronic
component connectors, and other devices. Overcoming the contradiction between low alloying and high performance is an important chal-
lenge in the development of solid solution-strengthened copper alloys. Taking the typical solid solution-strengthened alloy Cu—4Zn-1Sn
as the research object, we proposed using the element In to replace Zn and Sn to achieve low alloying in this work. Two new alloys,
Cu-1.5Zn-1Sn-0.4In and Cu-1.5Zn-0.9Sn-0.6In, were designed and prepared. The total weight percentage content of alloying elements
decreased by 43% and 41%, respectively, while the product of ultimate tensile strength (UTS) and electrical conductivity (EC) of the an-
nealed state increased by 14% and 15%. After cold rolling with a 90% reduction, the UTS of the two new alloys reached 576 and 627
MPa, respectively, the EC was 44.9%IACS and 42.0%IACS, and the product of UTS and EC (UTS x EC) was 97% and 99% higher than
that of the annealed state alloy. The dislocations proliferated greatly in cold-rolled alloys, and the strengthening effects of dislocations
reached 332 and 356 MPa, respectively, which is the main reason for the considerable improvement in mechanical properties.

Keywords: element substitution; copper alloy; solid solution strengthening; microstructure and performance

1. Introduction

Copper alloys have excellent mechanical and electrical
properties, finding extensive applications in electronic com-
ponents, railway transit, automobile manufacturing,
aerospace, and various other industries [1-2]. Among these
alloys, solid solution-strengthened copper alloys have the ad-
vantages of a simple composition and manufacturing process,
low cost, and so on, and are widely applied in high-speed rail
contact wires, electronic component connectors, and other
fields [3—4]. For example, Cu—0.4Mg alloy is widely used in
high-speed rail contact wires, and Cu—Zn—Sn alloy, represen-
ted by Cu—4Zn—18Sn, is widely used in instrument clips, fuse
clips, relay springs, and other devices [4]. Alloying is one of
the most important means to improve the strength of solid
solution-strengthened copper alloys and regulate their com-
prehensive properties [5—6]. For example, increasing the con-
tent of solid solution elements such as Ni [7], Fe [8], Sn [9],
and Zn [10] in copper alloys can substantially improve alloy
strength. However, the increase in alloying degree will com-
plicate the alloy manufacturing process and increase the en-
vironmental burden and difficulty of recycling, which is not
conducive to the sustainable development of metal materials.
Therefore, breaking through the contradiction between high
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performance and low alloying of metal materials has re-
cently become a focus of widespread concern and a major re-
search topic [11-12]. For example, Li and Lu [13-14] and
Raabe et al. [12] proposed improving alloy performance and
reducing alloying by regulating the microstructure and de-
fects of an alloy. They adopted nano-twin to considerably im-
prove the mechanical properties of copper. We believe that if
we can screen out the alloying element with a greater effect
of solid solution strengthening and a smaller effect on elec-
trical conductivity (EC), we can design new copper alloys or
partially/completely replace the alloying elements in existing
solid solution-strengthened copper alloys, which may also ef-
fectively reduce the total content of elements in alloys and
break through the contradiction between low alloying and
high performance.

In our previous work [15], we found that among all the
solid solution strengthening elements of copper alloys with a
solid solubility of >0.1wt% at room temperature, In is the al-
loying element with the best solid solution strengthening ef-
fect and the least influence on the EC reduction. Various
Cu—In solid solution-strengthened copper alloys with excel-
lent comprehensive properties were designed. In this paper,
we proposed a new low-alloying design idea using In to par-
tially replace the alloying elements in a conventional solid
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solution-strengthened copper alloy, substantially reducing the
total amount of alloying elements while ensuring or even im-
proving the overall performance. Taking the typical solid
solution-strengthened Cu—4Zn—1Sn alloy as the object, we
explored the possibility of adding a small amount of In to
greatly reduce the content of Zn and analyzed the micro-
structure and performance of the new alloy after elemental
substitution. The work of this paper provides a new way to
reduce the total content of elements in metal alloys and pro-
mote the sustainable development of metal materials.

2. Experimental

With Cu—4Zn-1Sn (OS025, ultimate tensile strength
(UTS) of 280 MPa, EC of 41%IACS) [4] alloy as the bench-
mark alloy, the total content of alloying elements was greatly
reduced in this research by adding a small amount of In. Ini-
tially, using the machine learning model constructed in our
previous work [15], the effects of different Zn, Sn, and In

contents on the mechanical and electrical properties of the al-
loy were predicted. Two Cu—Zn—Sn—In alloys with proper-
ties not lower than the benchmark alloy and a substantial re-
duction in the total content of alloying elements were de-
signed. The compositions are shown in Table 1.

Alloy ingots of 150 mm x 80 mm x 80 mm in size were
prepared using vacuum medium frequency induction melt-
ing. After removing the surface oxide layer and defects of in-
gots, homogenization heat treatment at 600°C for 24 h was
performed in a KSL-1200X box furnace. After removing the
surface oxide layer, samples were cold rolled at 90% deform-
ation. The cold-rolled samples were recrystallized at 600°C
for 20 min in the KSL-1200X box furnace. The grain size
was controlled to be approximately 25 pm, basically consist-
ent with the OS025 state in Reference [4]. The recrystalliza-
tion annealing samples were cold rolled with deformation of
50%, 70%, and 90%. The performance test and microstruc-
ture observation of annealed and cold-rolled alloys were per-
formed.

Table 1. Chemical composition of Cu—Sn—Zn-In alloy wt%
Design composition Measured composition
Alloy
Zn Sn In Cu Zn Sn In Cu
Cu-1.5Zn-1Sn-0.4In 1.5 1 0.4 Bal. 1.48 1 0.35 Bal.
Cu-1.5Zn—-0.9Sn-0.6In 1.5 0.9 0.6 Bal. 1.44 0.9 0.62 Bal.

According to GB/T228.1-2010, the dog-bone-shaped
samples and a gauge length of 20 mm were prepared. The
mechanical properties of the tensile samples at room temper-
ature were tested using an MTS universal material testing
machine. The displacement rate of the tensile chuck was 1
mm/min. The EC of the alloy samples was measured using a
Sigma2008B digital eddy current metal conductivity meter.
Each sample was measured six times, and the average value
was taken as the experimental value of the EC. The metallo-
graphic structure of the sample was observed using a ZEISS
Axio Imager.A2m metallographic microscope, and the grain
size was counted by Image-pro. The metallographic struc-
ture observation sample corrosion solution ratio of hydro-
chloric acid ferric chloride solution is FeCl; : HCI : H,O =
5 g: 10 mL : 90 mL. The phase composition and microstrain
of the alloy were analyzed using a D5000 X-ray diffracto-
meter. The grain boundary, orientation, and strain of the al-
loy were observed using electron backscatter diffraction
(EBSD) of a JSM-7900F field scanning electron microscope.

3. Results and analysis
3.1. Properties of Cu—Sn—Zn-In alloy

Fig. 1 shows the stress—strain curves of the two types of
Cu—Sn—Zn-In alloys designed in this paper after recrystalliz-
ation annealing heat treatment. This figure shows that the
UTS of Cu-1.5Zn-1Sn—0.4In is (283 + 3) MPa, the yield
strength (YS) is (88 + 1) MPa, the break elongation (EL) is
(57.7 + 2.8)%, and the EC is (46.3 £ 0.7)%IACS; the UTS,
YS, EL, and EC of Cu-1.5Zn-0.9Sn-0.6In are (299 + 1)

MPa, (101 +4) MPa, (57.5 £ 4.0)%, and (44.2 + 0.8)%IACS,
respectively. Compared with the benchmark alloy
Cu—4Zn—18n, the two new alloys have similar mechanical
properties and a considerably improved EC. The
Cu-1.5Zn-1Sn—0.4In and Cu-1.5Zn—0.9Sn—0.6In alloys
showed a substantial increase in the UTS x EC, by 14% and
15%, respectively, while the total alloying element content
was greatly reduced, by 43% and 41%, respectively.

3307 Cu—1.5Zn-0.9Sn-0.6In
300
< 250 +
& Cu—-1.5Zn-1Sn-0.4In
Z 200}
=150} -
2 Cu-1.5Zn-1Sn-0.4In: | |Cu—1.5Zn-0.9Sn-0.6In:
100 UTS: (283 + 3) MPa UTS: (299 + 1) MPa
YS: (88 = 1) MPa YS: (101 + 4) MPa
50 EL: (57.7+2.8)% EL: (57.5 + 4.0)%
| |EC: (46.3 + 0.7)%IACS | |[EC: (44.2 + 0.8)%IACS
0 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Strain / %
Fig. 1. Mechanical properties of the annealed Cu—Sn—Zn-In

alloys (Comparison: OS025 temper Cu—4Zn—-1Sn, UTS = 280
MPa, EC = 41%IACS [4]).

Then, the annealed state Cu—Sn—Zn—In alloys were cold
rolled with different deformations, and the strength and EC of
the samples were tested. The results are shown in Fig. 2. This
figure shows that the UTS and Y'S of the two new alloys after
cold rolling are considerably improved, the EL after fracture



828

700
(a) Cu-1.5Zn-0.9Sn-0.6In
600+ o --A--UTS --@--YS ) ‘
--#--EL &R
g 500 a R
= T
=400 seetie
E‘) . Cu—1.5Zn-1Sn—-0.4In
2300 4 IPEACR --v--UTS--@--YS
x L : ' --¢--EL
200 e
L ...
L o I TR
100 ? . . e
Annealed 50 70 90

Cold-rolling deformation / %

Int. J. Miner. Metall. Mater., Vol. 31, No. 5, May 2024

50
(b)
60
48 |
1 @ Cu-1.5Zn-1Sn-0.4In
ws £
3 c\\° —
Moo u e
= x\“*—;
20 S
2 Cu-1.5Zn-0.9Sn-0.6In ®~"-----@
0 0 . ) . .
Annealed 50 70 90

Cold-rolling deformation / %

Fig. 2. Change in the properties of two Cu—Sn—Zn—In alloys with cold-rolling deformation: (a) mechanical properties; (b) electrical

conductivity.

is substantially reduced, and the EC is slightly reduced.
Fig. 2(a) shows that the UTS and YS of the Cu—1.5Zn—1Sn—
0.4In alloy sample increase rapidly from (283 + 3) MPa and
(88 £ 1) MPa in the annealed state to (576 £ 5) MPa and (561
+ 2) MPa after the 90% cold-rolling deformation, respect-
ively. The UTS and YS of the Cu—1.5Zn-0.9Sn—-0.6In alloy
sample increase rapidly from (299 + 1) MPa and (101 + 4)
MPa in the annealed state to (627 + 4) MPa and (611 £ 3)
MPa after the 90% cold-rolling deformation. These results
show that the cold-rolling deformation strengthening effect
of the two new alloys is very considerable, and the mechan-
ical properties of the alloys can be controlled in a large range
by cold deformation to meet the needs of different applica-
tion scenarios. The ELs after fracture of the two new alloy
samples decrease rapidly from more than 57% in the an-
nealed state to approximately 11% after the 50% cold-rolling
deformation and approximately 3% after the 90% cold-
rolling deformation.

Fig. 2(b) shows that with increasing deformation, cold
working has little effect on the ECs of the two new alloy
samples. The EC of the Cu—1.5Zn—1Sn—0.4In alloy sample
decreases from (46.3 £ 0.7)%IACS in the annealed state to
(44.9 + 0.2)%IACS after 90% cold-rolling deformation, a de-
crease of only 1.4 percentage points. The EC of the
Cu—1.5Zn—0.9Sn-0.6In alloy sample decreases from (44.2 +
0.8)%IACS in the annealed state to (42.0 + 0.3)%IACS after
the 90% cold-rolling deformation, a decrease of only 2.2 per-
centage points.

According to comprehensive consideration of the strength
and EC of the solid solution-strengthened copper alloys, cold
rolling substantially improves the overall performance of the
new alloy sample. Compared to the annealed state,
Cu-1.5Zn-1Sn—0.4In alloy and Cu—1.5Zn—0.9Sn—0.6In al-
loy after cold rolling with 90% reduction increased by 97%
and 99% in the UTS X EC, respectively.

3.2. Microstructure of Cu—Sn-Zn-In alloy

The metallographic microstructures of the two Cu—Sn—
Zn—In alloys after the recrystallization annealing treatment
are shown in Fig. 3. This diagram shows that the recrystal-
lized grains of the two new alloys are equiaxed, and more an-
nealing twins appear in the grains. The average grain sizes of

Cu-1.5Zn-1Sn—-0.4In and Cu-1.5Zn-0.9Sn—0.6In alloys are
24.7 um and 26.6 um, respectively, very near 25 um for the
benchmark alloy Cu—4Zn—1Sn [4].

Fig. 4 shows the EBSD structure of a Cu—Sn—Zn—In alloy
sample after 90% cold-rolling deformation with a step size of
@ BEROTE ©

)

(d)
4 100 pm 40 pm

Fig. 3. Metallographic graphs of the two new alloys after re-
crystallization annealing: (a, b) Cu-1.5Zn-1Sn—0.4In alloy; (c,
d) Cu-1.5Zn—0.9Sn-0.6In alloy.

— e Bt b S . R, SAY
Fig. 4. EBSD microstructure of the two new alloy samples
after 90% cold rolling: (a, b) Cu—1.5Zn-1Sn—0.4In alloy; (c, d)
Cu-1.5Zn—0.9Sn—0.6In alloy. TD—transverse direction; RD—
rolling direction.
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0.5 pm and resolutions of 93% and 89%. The inverse pole
figure (IPF) results of Fig. 4(a) and (c) show that after cold
rolling, the grains of the two new alloy samples are flattened
and below 10 pm in width. The kernel average misorienta-
tion (KAM) results of Fig. 4(b) and (d) show that the grains
in the alloy sample have a large strain after cold rolling. After
90% cold rolling, the two new alloy samples have basically
identical grain sizes and strain degrees.

The grain size of the cold-rolled alloy sample with 90%

Average grain
size: 3.6 pm

10 20 30 40
Grain size / pm

Average grain|,
size: 3.4 pm

5 10 15 20 25
) Grinsize/pm

Fig. 5. Grain size distribution of the Cu—Sn—Zn-In alloy after 90% cold rolling: (a) grain map of Cu-1.5Zn-

deformation was further analyzed, and the results are shown
in Fig. 5. The resolutions of Fig. 5(a), (b, ¢), (d), and (e, f) are
93%, 96%, 89%, and 95%, respectively, and the large-angle
grain boundaries are set to >15°. This figure shows that after
cold rolling, the two new alloys have flat grains and identical
grain size distribution characteristics. The size is between 2
and 40 um and usually less than 5 um. The average grain size
is 3.6 um for the Cu—1.5Zn—1Sn-0.4In alloy and 3.4 pm for
the Cu—1.5Zn—0.9Sn—0.6In alloy.

e

1Sn—0.41In alloy with a

step size of 0.5 pm; (b) grain map and (c) image quality map of Cu—1.5Zn-1Sn—0.41In alloy with a step size of 0.15 pm; (d) grain map
of Cu-1.5Zn—0.9Sn—0.6In alloy with a step size of 0.5 pm; (e) grain map and (f) image quality map of Cu-1.5Zn—0.9Sn—0.6In alloy
with a step size of 0.15 pm. Inset in (a) and (d) are grain size distribution results.

4. Discussion
4.1. Effect of In element replacing Zn and Sn elements

The two new low-alloying alloys Cu-1.5Zn—1Sn—0.4In
and Cu-1.5Zn—0.9Sn—0.6In designed in this study have a
UTS and EC in the annealed state of 283 MPa and
46.3%IACS and 299 MPa and 44.2%IACS, respectively.
Compared with the benchmark alloy Cu—4Zn—1Sn (UTS =
280 MPa and EC = 41%IACS [4]), the Cu—1.5Zn—1Sn-0.4In
alloy is almost identical in UTS and higher in EC by 5.3 per-
centage points. The UTS of Cu—1.5Zn—0.9Sn-0.6In alloy is
increased by 19 MPa, and the EC is increased by 3.2 percent-
age points. These results show that compared with the bench-
mark, the total content of alloying elements in the two new
alloys Cu—1.5Zn-1Sn-0.4In and Cu-1.5Zn-0.9Sn-0.6In is
reduced by 43% and 41%, respectively, while the UTS x
EC is increased by 14% and 15%, respectively. The low-
alloying effect of using In instead of Zn and Sn is very im-
portant.

Fig. 6 compares the properties of the new low-alloying al-
loy designed in this paper with other OS025 temper solid
solution-strengthened copper alloys in the copper alloy
manual [4]. The blue dots in the figure are the UTS and EC of
existing solid-solution strengthened alloys such as Cu—Zn,

Cu-Sn, and Cu—Ni, and the blue dotted line represents the
boundary between the comprehensive properties of the alloy.
Substantially improving the overall performance while
greatly reducing the total content of alloying elements is an
important challenge for the sustainable development of solid
solution-strengthened copper alloys. This work provides a
new idea for addressing this challenge.

50r <, Cu-1.5Zn-1Sn-0.4In
8. "% Cu-1.5Zn-0.98n-0.6In
40t bl
Cu-4Zn-1Sng o
9 N
° .
Z30¢ °s e
= e .
@) RN
=20+ s ~ .
e Alloys in handbook L
10 1 Y Alloys designed in this study @ s
0 1 1 1 1 1 1 1 1 1
240 260 280 300 320 340 360 380 400 420
UTS / MPa
Fig. 6. Performance comparison between the new low-alloy-

ing alloy designed in this paper and the solid solution-
strengthened copper alloys in the handbook [4].
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4.2. Strengthening effect of Cu—Sn—Zn-In alloy

The new low-alloying copper alloy designed in this paper
has excellent mechanical properties after cold rolling with
90% deformation. Its main strengthening methods include
solid solution strengthening, grain boundary strengthening,
and dislocation strengthening, as shown in Eq. (1).

ey
where o is the lattice friction stress, which is 25 MPa for
copper [16-17]. o, 04, and o, are solid solution strength-
ening, dislocation strengthening, and grain boundary
strengthening, respectively.

According to the classical solid solution strengthening
theory of a Labusch homogeneous solid solution, the rela-
tionship between the YS (o) of a solid solution and the
concentration of solute atoms is shown in Eq. (2) [18-19].

Oy =00+0+0g+0,

2/3
Oy = 00+ Z.G(@* S +17) P

2
where oy is the yield strength of pure metal, c is the solute
concentration, Z; and « are constants, and G is the shear
modulus of a solid solution, which is 45.5 GPa [20]. ¢ is the
size mismatch, as shown in Eq. (2), and 7 is the modulus
mismatch, as shown in Eq. (3) [21].

da

_ 144
d=a T (3)

where a is the lattice constant, which is 0.361 nm for copper.

n=2G1-Go)/(G1+Gy) 4)
where G| is the shear modulus of the solvent atom, and G, is
the shear modulus of the solute atom.

For the two Cu—Zn—Sn-In alloys designed in this paper,
the atomic concentrations of Sn, Zn, and In are 0.54at%,

(@

Cu (220)

Intensity / a.u.
Cu (111)
Cu (200)

Cu(311)
Cu (222)

Cu—1.5Zn-0.9Sn—-0.6In
Cufl.SZn71Sn70.4lrJ \ g

60
20/ (%)

| F

20 40 80 100

Fig. 7.
height of the XRD diffraction peak.

Grain boundary strengthening can be calculated accord-
ing to the Hall-Petch [23-24] relationship, as shown in Eq.
(6):
oy =Kd'? (6)
where d is the average grain size, and K is a constant, being

0.18 MPa-m'? [25]. According to the grain size shown in
Fig. 5, the grain boundary strengthening effects of Cu-—

pcos
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1.45at%, and 0.19at%, and 0.49at%, 1.41at%, and 0.35at%,
respectively. According to the above theoretical formulas, the
solid solution strengthening effects of Sn and Zn (o7, and
Ogzn) In Cu—1.5Zn—1Sn—0.4In and Cu—1.5Zn—0.9Sn—0.6In
alloys are calculated as 41 and 25 MPa and 38 and 25 MPa,
respectively. Because the shear modulus of In is unknown,
the above theoretical calculation cannot be performed dir-
ectly. Then, the solid solution strength of In is obtained from
the difference between the YS of the two alloys. The solid
solution strengthening effects of In (07,) is approximately 20
MPa for Cu—1.5Zn—1Sn—0.4In and approximately 30 MPa
for Cu—1.5Zn—0.9Sn—0.61n.

Dislocation strengthening can be calculated using Eq. (5)
[22] as follows.

04 =MGab+p %)

where « is 0.2 for copper alloy. p is the dislocation density,
16.1x&?

b2
microstrain, obtained from XRD results, and b is the Bur-
gers vector, which is 0.255 nm.

Fig. 7 shows the XRD results of the two new alloys de-
signed after cold rolling with 90% deformation. The marked
diffraction peaks all belong to Cu, indicating that the
Cu—Sn—Zn-In alloy is a solid solution with Cu as the matrix,
and the second phases are not numerous. In contrast, the mi-
crostrains of Cu-1.5Zn-1Sn—0.4In and Cu-1.5Zn-0.9Sn—
0.6In alloys were calculated to be 0.297 and 0.319, respect-
ively, and the dislocation densities were calculated to be
2.18 x 10" and 2.52 x 10", respectively. According to Eq.
(5), the dislocation strengthening effects were calculated to
be 332 and 356 MPa, respectively.

calculated according to the formula . Here, ¢ is the

0.8
(b)
0.6 Cu-1.5Zn-1Sn—0.4In
£=0.297

04| e=0.319
Cu-1.5Zn-0.9Sn-0.6In

0.2 1 1 1

1.0 1.5 2.0 2.5 3.0

4sin 6

(a) XRD results and (b) microstrain () fitting of cold-rolled Cu—Sn—Zn—In alloy with 90% deformation. 3 is the width at half

1.5Zn-18Sn-0.4In and Cu—1.5Zn-0.9Sn—-0.6In alloys are cal-
culated to be 95 and 98 MPa, respectively.

Table 2 shows the experimental results of the strengthen-
ing effect and YS of the alloy obtained according to the
above theoretical calculation. It shows that the solid solution
strengthening effect is only 25 MPa for 1.5wt% alloying ele-
ment Zn in Cu—Zn—Sn—In alloy but reaches 20 and 30 MPa
for 0.4wt% and 0.6wt% alloying element In in the alloy, re-
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spectively. In terms of the solid solution strengthening ef-
fects of Sn, Zn, and In, Zn is the lowest and In is the highest.
This result is consistent with the order of the solid solution
strengthening effect of elements determined by the author’s
previous research group (Fig. 3(e) of Reference [15]) and the

theoretical calculation results in relevant literature [26-27].
The above results prove the feasibility of replacing a small
amount of Sn and more Zn with a small amount of In, and the
new alloy still maintains high mechanical properties after the
replacement design.

Table 2. Calculation results of the strengthening effect of Cu—Sn—Zn-In alloy MPa
AllOy 0o Os-$n Os-7n Os.In 04 Og Oycal O y-test
Cu-1.5Zn-1Sn-0.4In 25 41 25 20 332 95 538 561
Cu-1.5Zn—-0.9Sn-0.6In 25 38 25 30 356 98 572 611

Note: 0y.ca and oy TEpresent the calculated YS and measured Y'S, respectively.

In addition, after cold rolling with 90% deformation, many
dislocations proliferate in the alloy samples, and the strength-
ening effects in the two new alloys Cu—1.5Zn—1Sn-0.4In and
Cu-1.5Zn—0.9Sn-0.6In reach 332 and 356 MPa, respect-
ively, accounting for 59% and 58% of the YS of the alloy, re-
spectively, the main reason for the substantial improvement
in the mechanical properties of the alloy.

5. Conclusions

In this paper, the alloy element In with a high solid solu-
tion strengthening effect and low conductivity reduction was
proposed to partially replace Zn and Sn in the typical solid
solution-strengthened copper alloy Cu—4Zn—1Sn, realizing
the design of low-alloying and high-performance copper al-
loys. The microstructure and mechanical—electrical proper-
ties of the two newly designed alloys were studied. The main
results are as follows.

(1) Two new alloys, Cu—1.5Zn—1Sn—0.4In and Cu—1.5Zn—
0.9Sn—-0.6In, were designed and prepared. Compared with
the benchmark alloy Cu—4Zn—1Sn, the content of alloying
elements in the new alloys decreased by 43% and 41%, re-
spectively, and the UTS x EC of annealed specimens in-
creased by 14% and 15%, respectively.

(2) After cold rolling with 90% deformation, UTS reached
576 and 627 MPa for Cu—1.5Zn—1Sn—0.4In and Cu—1.5Zn—
0.9Sn—0.6In alloys, respectively, and the EC values were
44.9%IACS and 42.0%IACS, respectively; the UTS x EC in-
creased by 97% and 99%, respectively, compared with the
annealed specimens; the dislocations proliferated greatly in
cold-rolled samples, and their strengthening effects reached
332 and 356 MPa, respectively.

(3) Among the three elements Sn, Zn, and In, the solid
solution strengthening effect of Zn is the lowest and In is the
highest. Therefore, the new alloys still maintain a high com-
bination property by replacing a small amount of Sn with
more Zn and using a small amount of In.
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