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Abstract: To optimize the comprehensive properties of Ni—Si precipitation strengthened phosphor bronze, the impact
of the Ni/Si mass ratio and heat treatment process on a Cu—8Sn—0.1P—1Ni—xSi alloy was explored. High resolution
field emission scanning electron microscopy and transmission electron microscopy were used for microstructural
characterization. The results indicate that the properties are influenced by the Ni/Si mass ratio, attributed to the
formation of various second phases. Simultaneously, by influencing the diffusion rate, the microstructures and
properties are influenced by the solid solution treatment. The strength is enhanced by precipitated nanoscale particles
during the aging process by influencing the motion of dislocations. Ultimately, excellent comprehensive properties,
including ultimate tensile strength, yield strength, and elongation of 866 MPa, 772 MPa, and 8.7%, respectively, are

obtained in the Cu—8Sn—0.1P—1Ni—0.227Si alloy.
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1 Introduction

Phosphor  bronze  alloy  demonstrates
exceptional properties, including high strength [1,2],
excellent bendability [3], remarkable corrosion
resistance [4], and full waste recyclability. These
attributes make it an environmentally friendly and
optimal copper alloy for various applications,
particularly in electrical connectors [5,6].
Furthermore, as technologies such as artificial
intelligence and big data continue to advance, the
new generation of connector materials is expected
to exhibit even higher levels of performance and
properties [7-9].

Traditional phosphor bronze falls short of
meeting the requirements of the new generation of

connector materials, resulting in a surge of interest
in high-tin phosphor bronze (above 10 wt.% Sn) in
recent years [5]. However, the application of
high-tin phosphor bronze is hindered by certain
limitations, including high cost and brittleness,
which restrict its widespread wuse [10,11].
Nanoparticles can provide excellent performance
[12—15]. In a previous work [9], Ni—Si precipitation
strengthened phosphor bronze was developed, and
the initial determination for the optimal
composition was Cu—8Sn—0.1P—1Ni—0.24Si (wt.%).
In Cu—Ni—Si alloys, the optimal Ni/Si mass ratio is
approximately 4.2:1, which corresponds to an
atomic ratio of 2:1 for Ni/Si [16,17]. However, in
the Cu—8Sn—0.1P—1Ni—0.24Si alloy, in addition to
the formation of the Ni,Si phase, some Nis;Sij2 and
NisP4 phases were also formed [9]. Therefore, the

Corresponding author: Jin-chuan JIE, Tel: +86-411-84706220, E-mail: jicjc@dlut.edu.cn

https://doi.org/10.1016/S1003-6326(25)66771-9

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



1620 Guo-liang LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1619-1633

optimal Ni/Si mass ratio for the Cu—8Sn—0.1P-
INi—0.24Si alloy is subject to change. To achieve
the optimal performance, it is necessary to optimize
the composition of the Cu—Sn—P—Ni—Si alloy.

Solid solution treatment (SST) is a key process
in alloy processing [18], with the aim of dissolving
the soluble phases into the matrix [19,20] and
preparing for the subsequent aging treatment. For
aluminum alloys [18—22] and nickel-based
alloys [23,24], numerous studies have been
conducted on the effects of the SST process on
alloy properties. For bronze with varying tin (Sn)
contents, effective SST typically occurred within
temperatures range of 600—800°C [5,25,26].
Nevertheless, a deeper understanding is needed
regarding the effect of SST temperature on the
properties of tin bronze alloys. The SST process is
actually controlled by atomic diffusion, which is
dependent on temperature [27,28]. Meanwhile,
experimental findings indicate that an inappropriate
STT temperature can induce brittleness in the Ni—Si
strengthened phosphor bronze, leading to cracking
during the rolling process. The formation of cracks
is commonly attributed to factors such as
segregation [29,30], the inherent brittleness of the
matrix [31], and local inhomogeneity of the
particles [32]. However, the correlation between the
SST process and the brittleness or formation of
cracks in the matrix has not been extensively
investigated. Additionally, phosphor bronze is
known to present challenges in hot working
processes [30,33]. Therefore, it is necessary to
investigate the impact of STT temperature on Ni—Si
strengthened phosphor bronze. Furthermore, the
impact of aging on the properties of traditional
phosphor bronze and Ni—Si strengthened phosphor
bronze is different. Typically, aging temperatures
range from 200 to 400 °C, and rapid grain growth
occurs when aging temperature exceeds 500 °C
[34,35]. However, there is limited research on the
effect of aging temperature on phosphor bronze.
Therefore, investigating appropriate heat treatment
processes is particularly crucial.

Based on the Cu—8Sn—0.1P—1Ni—0.24Si alloy,
the Ni/Si mass ratio was initially modified in this
work to investigate its impact on the properties. The
optimal Ni/Si mass ratio of 4.4:1, corresponding to
the composition of Cu—8Sn—0.1P—1Ni—0.227Si,
was determined by comparing the properties. Then,
experiments were conducted at  various

temperatures to examine the impact of SST and
aging temperature on the microstructure and
properties of the Cu—8Sn—0.1P—1Ni—0.227Si alloy.
The heat treatment temperatures were determined
based on previous research on tin bronze. Through
these investigations, an appropriate heat treatment
process was determined. In-depth development of
the properties of Cu—Sn—P—Ni—Si alloys was
achieved by optimizing both composition and the
heat treatment process. The mechanisms behind the
influence of the Ni/Si mass ratio, STT temperature,
and aging temperature on the microstructure and
properties of Ni—Si precipitation strengthened
phosphor bronze were also analyzed. Furthermore,
understanding the mechanism of the SST
temperature on alloy plasticity also provides
insights into the hot working of the Cu—Sn—P—Ni—
Si alloy.

2 Experimental

2.1 Sample preparation

Ingots with various Ni/Si mass ratios were
prepared using an intermediate frequency induction
furnace. The compositions with varying Ni/Si mass
ratios were designed based on the Cu—8Sn—0.1P—
1Ni—0.24S:i alloy, and the specific compositions are
presented in Table 1. The raw materials employed
included electrolytic copper plate (99.95 wt.%),
pure industrial tin (99.95 wt.%), Cu—14wt.%P
master alloy, electrolytic nickel plate (99.95 wt.%),
and pure silicon block (99.95 wt.%). After the
preparation of the ingots, sampling and processing
were conducted following the procedures illustrated
in Fig. 1.

2.2 Heat treatment and rolling

After the optimal composition was determined,
experiments were carried out at different
temperatures to explore the effect of STT
temperature on the Cu—Sn—P—-Ni—Si alloy. As
shown in Fig. 1, the bulk samples were solid
solution treated at different temperatures ranging
from 650 to 800 °C in the muffle furnace. The
sample was placed into the furnace after reaching
the target temperature and held for 2 h before being
taken out and then quenched in water at room
temperature. After the SST, microstructure and
tensile samples were machined from the bulk
sample.
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Table 1 Nominal and chemical compositions of ingots with different Ni/Si mass ratios (wt.%)

Nominal Ni/Si Nominal Chemical composition Chemical Ni/Si
mass ratio composition Cu Sn P Ni Si mass ratio
3.0:1 Cu—8Sn—0.1P—1Ni—0.333Si Bal. 7.69 0.174 1.00 0.337 2.97:1
4.0:1 Cu—8Sn—0.1P—1Ni—0.250Si Bal. 7.68 0.169 1.01 0.251 4.02:1
4.2:1 Cu—8Sn—0.1P—1Ni—0.238Si Bal. 7.68 0.166 1.01 0.240 4.21:1
4.3:1 Cu—8Sn—0.1P—1Ni—0.232Si Bal. 7.67 0.177 1.01 0.232 4.35:1
4.4:1 Cu—8Sn—0.1P—1Ni—0.227Si Bal. 7.75 0.168 1.01 0.230 4.39:1
4.5:1 Cu—8Sn—0.1P—1Ni—0.222Si Bal. 7.65 0.171 1.01 0.215 4.70:1
5.0:1 Cu—8Sn—0.1P—1Ni—0.200Si Bal. 7.71 0.173 1.01 0.192 5.26:1
Tensile
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Fig. 1 Schematic diagram of sampling and experimental steps

After the optimal STT temperature was 2.3 Material characterization

determined, cold rolling was performed on the
Cu—Sn—P and Cu—Sn—P—-Ni—Si bulk samples,
followed by aging treatment at different
temperatures to investigate the difference in
properties between the two alloys.

The chemical compositions of the ingots were
detected using X-ray fluorescence (XRF Shimadzu
XRF-1800). X-ray diffraction (XRD) analysis was
performed using a Bruker D8 Advance diffracto-
meter equipped with a Cu radiation target. The



1622 Guo-liang LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1619-1633

samples were polished and etched in a solution
containing 95 mL C,HsOH + 5 mL HCI + 5 g FeCls.
The microstructures were characterized by an
optical metallographic microscope (OM) Olympus-
GX51 and a high resolution field emission scanning
electron microscopy (SEM) IT800-SHL. The micro-
structure was also characterized by transmission
electron microscope (TEM) JEM— 2100F, and the
TEM samples were prepared by twin-jet
electro-polishing in a solution containing 30%
HNO; and 70% CH3;0H at —30 °C.

The microhardness test was conducted using a
Brinell hardness tester (HB—3000) with a load force
of 306.25 N and a dwell time of 15 s. The electrical
conductivity was measured using an electrical
conductivity tester (Fischer-Sigmascope SMP 350).
Tensile testing was carried out wusing a
Suns-UTM5105 testing machine with a tensile rate
of 1.0 mm/min. As shown in Fig. 1, the size of the
samples for microstructure, electrical conductivity,
and hardness measurement was 13 mm x 13 mm X
8 mm. The electrical conductivity and hardness test
of each specimen were repeated at least seven times.
The dog-bone-shaped tensile specimens with a
gauge length of 20 mm, a width of 6 mm, and a
thickness of 2 mm were sampled as shown in Fig. 1,
and each tensile test was repeated at least three
times.

3 Results

3.1 Effect of Ni/Si mass ratio on microstructure
and properties of Cu—8Sn—0.1P—1Ni—xSi
alloy
The as-cast OM microstructure of Cu—8Sn—

0.1P—1Ni—xSi alloys with different Ni/Si mass
ratios is shown in Figs. 2(a—g). The variation of the
Ni/Si mass ratio has a relatively small effect on the
as-cast microstructure, and all samples exhibit
obvious dendritic morphology. As identified by the
dotted line in Fig. 2(h), the interdendritic region
consists of a eutectic microstructure composed of
a-Cu and Cu41Sn;; phases [9]. Additionally, a small
amount of rod-shaped Ni3;Sii, phase, identified by
the white arrows in Fig.2(h), is randomly
distributed in the matrix. After being solid solution
treated at 700 °C for 2 h and aged at 400 °C for 4 h,
the electrical conductivity and hardness of
Cu—8Sn—0.1P—1Ni—xSi alloy with different Ni/Si
mass ratios were tested under various conditions, as
shown in Fig. 3. In the as-cast, solid solution, and
aging states, an increasing trend in -electrical
conductivity is exhibited with the increase of the
Ni/Si mass ratio, and a peak hardness is attained at
the Ni/Si mass ratio of 4.4:1. The change in
electrical conductivity is attributed to the decrease
in total alloy content. Hence, the optimum Ni/Si
mass ratio of the Cu—Sn—P—Ni—Si alloy is found at
aratio of 4.4:1.

Tensile testing was conducted on the alloys
with various Ni/Si mass ratios after undergoing
aging treatment, and the engineering stress—strain
curves are shown in Fig. 4(a). From the engineering
stress—strain curves, it is evident that only slight
variations are observed in the strength of the alloys
with different Ni/Si mass ratios, while significant
differences are demonstrated in the elongation
values. The wvalues of ultimate tensile strength
(UTS), yield strength (YS), and elongation (EL) of
alloys with different Ni/Si ratios are shown in Fig. 4(b).

Fig. 2 (a—g) OM images of as-cast Cu—8Sn—0.1P—1Ni—xSi alloys with different Ni/Si mass ratios; (h) BSE image of

eutectic microstructure and Nis;Sii2 phase
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Fig. 4 Engineering stress—strain curves (a), and UTS, YS and EL (b) of aged samples with different Ni/Si mass ratios

With an increase in the Ni/Si mass ratio, UTS and
YS exhibit slight fluctuations, and the YS reaches
the maximum value when the Ni/Si mass ratio
is 4.4:1. The EL significantly increases with
increasing Ni/Si mass ratio, but it decreases when
the Ni/Si mass ratio is 5:1. In summary, the
Cu—8Sn—0.1P—1Ni—xSi alloy with a Ni/Si mass
ratio of 4.4:1 exhibits the best comprehensive
properties after SST and aging treatment. Therefore,
the Cu—8Sn—0.1P—1Ni—0.227Si alloy presents good
potential for practical applications.

3.2 Effect of STT temperature on micro-
structure and properties of Cu—8Sn—0.1P—
1Ni—0.2278S:i alloy
To investigate the effect of STT temperature

on the microstructure and properties of the

Cu—8Sn—0.1P—1Ni—0.227Si alloy, a series of

experiments were conducted at intervals of 10 °C

from 650 to 800 °C. The SEM images of the

Cu—8Sn—0.1P—1Ni—0.2278Si alloy at representative

SST temperatures are shown in Fig. 5. At low STT

temperature, a large amount undissolved second
phase particles are observed on the matrix (see
Fig. 5(a)). The SEM images clearly show a
significant decrease in the amount of undissolved
second phase with the increase in STT temperature
(see Fig. 5(b)). However, when the SST temperature
exceeds 720 °C, the corrosion morphology of the
grain boundary becomes more pronounced (see
Figs. 5(d) and (e)). Moreover, as the SST
temperature increases to 800 °C, wider and more
pronounced corrosion morphology is observed, as
shown in Fig. 5(%).

According to the characterization of micro-
structure, tensile tests were conducted on samples
that underwent SST at 650, 700, 710, 720, 730, 740,
750, and 800 °C. As shown in Fig. 6, it can be
observed that the properties of the alloy are
relatively similar when the STT temperature is
below 740 °C. However, when the STT temperature
reaches 750 °C or even 800 °C, the EL and UTS of
the alloy decrease significantly. As shown in Fig. 6(b),
the UTS and YS gradually decrease as the STT
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Fig. 5 SEM images of Cu—8Sn—0.1P—1Ni—0.227Si alloy after SST at different temperatures: (a) 650 °C; (b) 690 °C;

(¢) 710 °C; (d) 720 °C; (e) 730 °C; (f) 800 °C

S 300 - ol
g 250 £ 250
,%D ?(5)3 I e 650 °C & 2001
g “T@[: el 06 = 150
gﬂ 100 + lA ": zgg g 100 b
M 50+ 750 °C 501
0 ——-- 800 °C 0

0 10 20 30 40 50 60
Engineering strain/%

80
-] ] /
e UTS mmyS =EL] i
160
_ 1401 19«
£ 120} 150 5
S 100¢ 40 5
>~ 80 130 r.%
60
40+ 1%

{10

- -

s : 0
650 700 710 720 730 740 780 800
Solution temperature/ °C

Fig. 6 Engineering stress—strain curves (a), and UTS, YS and EL (b) of aged samples at different STT temperatures for

Cu—8Sn—0.1P—1Ni—0.227Si alloy

temperature increases. In contrast, the EL first
increases and then decreases, reaching a peak value
at 710 °C. The initial increase in EL is associated
with the rise in solid solubility. However, the
subsequent decrease in EL is closely related to grain
boundary brittleness. Therefore, the ideal STT
temperature for the Cu—8Sn—0.1P—1Ni—0.227Si
alloy is determined to be 710 °C.

3.3 Effect of aging temperature on micro-
structure and properties of Cu—8Sn—0.1P—
1Ni—0.227Si alloy
After SST at 710 °C for 2 h, Cu—8Sn—0.1P (S1)

and Cu—8Sn—0.1P—1Ni—0.227Si (S2) alloys were

cold-rolled by 80% (R80) and aged at different
temperatures for 4 h. Tensile tests were performed
on the aged samples, and the results are shown in

Fig. 7. The strength values of the Cu—8Sn—0.1P and

Cu—8Sn—0.1P—1Ni—0.227Si alloys are similar after
being cold-rolled by 80%. However, as the aging
temperature increases, the difference in strength
between the Cu—8Sn—0.1P and Cu—8Sn—0.1P-
INi—0.227Si alloys gradually increases. As shown
in Fig. 7(d), with increasing aging temperature, the
strength of the Cu—8Sn—0.1P alloy shows a
decreasing trend. However, the strength of the
Cu—8Sn—0.1P—1Ni—0.227Si alloy first decreases
and  then  slightly  increases. Excellent
comprehensive properties of the Cu—8Sn—0.1P—
INi—0.227Si alloy, with a UTS of 866 MPa, YS
of 772 MPa, and EL of 8.7%, are achieved after
80% cold rolling followed by aging at 300 °C for
4 h. Certainly, when the aging temperature is
raised to 400 °C, the Cu—8Sn—0.1P—1Ni— 0.227Si
alloy also softens. This ultimately results in the
Cu—8Sn—0.1P—1Ni—0.2278Si alloy exhibiting good
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comprehensive performance after aging at 300 °C.
Additionally, better combination performance can
be achieved by adding Ni and Si to the
Cu—8Sn—0.1P alloy at higher temperatures. The
durability and reliability of connectors fabricated
with this alloy may be improved in industry.

4 Discussion

4.1 Optimal Ni/Si mass ratio of Cu—8Sn—0.1P—
1INi—xSi alloy
The presence of Ni,Si nanoparticles precipitated
after aging in the Cu—8Sn—0.1P— INi—0.227Si alloy

is revealed by TEM image in Fig. 8(a). The purpose
of adding Ni and Si to the Cu—Sn—P alloy is to
strengthen the alloy by forming the Ni»Si phase in
the matrix. Ideally, all added Ni and Si should
contribute to the Ni,Si phase, with a target Ni/Si
mass ratio of 4.2:1 (atomic ratio 2:1) [16,17].
However, in the Cu—8Sn—0.1P—1Ni—xSi alloy, in
addition to the Ni,Si phase, the NisPs and Nis;Sij,
phases are also formed. Moreover, the electrical
conductivity, hardness, strength, and elongation of
the Cu—8Sn—0.1P—1Ni—xSi alloy are influenced by
the Ni/Si mass ratio (see Figs. 3 and 4). Therefore,
the analysis of the impact of the Ni/Si mass ratio on
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this alloy is
performance.

According to the metallographic images of the
Cu—8Sn—0.1P—1Ni—xSi alloy in the solid solution
state, the volume fraction of Ni3;Sij» phases was
statistically calculated, and then the mass fraction
of Ni3Sii2 phase was calculated via Eq. (1):

crucial for achieving optimal

w(Nij,Si;, )=p(Niy;Sij,) M

alloy
where Ww(Niy Sij,) is the mass fraction of Niz;Siiz

(M
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phase, ¢(NiySij,,) is the volume fraction of
NisiSiiz phase, pyi, i, and paiey are the densities
of Ni3Si;> phase (7.56 g/cm®, obtained from the
ICSD #9106) and Cu—8Sn—0.1P—1Ni—xSi alloy
(8.859+0.010) g/cm?, measured by Archimedes
principle [36]), respectively. The volume fraction of
NisSiiz phase is approximated by its area fraction.
As shown in Fig. 9(a), the results indicate that the
mass fraction of Ni3;Sij, phase with different Ni/Si
mass ratios is relatively low, fluctuating within the
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range of 0.002%—0.003%. Crystal structures of
Ni,Si and Ni3Sij2 unit cells are depicted in
Figs. 9(ai, a2). Due to the Ni/Si mass ratio in the
Ni3;Sij2 phase being greater than 2:1, the optimum
Ni/Si mass ratio has undergone a change.

Additionally, the NisP4s phase forms in the
Ni—Si precipitation strengthened phosphor bronze.
The phase diagram of Cu—8Sn—0.1P—1Ni—xSi was
calculated using PANDAT version 2022a and is
presented in Fig. 9(b). Solidification phase
transitions of the Cu—8Sn—0.1P—1Ni—xSi alloy with
different Ni/Si mass ratios were computed at the
positions of the dashed lines in Fig. 9(b). The phase
transition of the Cu—8Sn—0.1P—1Ni—0.2Si alloy
(Ni/Si mass ratio of 5:1) is detailed in Fig. 9(c),
and the proportion of NisP4 phase is small.
Furthermore, the formation curves of the NisPs
phase in alloys with different Ni/Si mass ratios were
extracted, as presented in Fig. 9(d). An increasing
trend in the content of the NisP4 phase is observed
as the Ni/Si mass ratio increases, and the
difference in NisPs content is relatively small
among alloys with Ni/Si mass ratios ranging from
4:1to4.5:1.

The optimal Ni/Si mass ratio of Cu—8Sn—
0.1P—1Ni—xSi alloys is also affected by the contents
of Ni and Si dissolved in the matrix. An
opposing trend with the Ni/Si mass ratio is
observed in the solubility of Ni and Si in the
matrix, as calculated using PANDAT software
(Figs. 10(a) and (b)). Figure 10(c) illustrates that, as
the Ni/Si mass ratio increases, the solid solubility
of Ni in the matrix is enhanced, accompanied
by a decrease in the solid solubility of Si. At
the intersection point, the solid solubility of Ni
and Si in the matrix is low, indicating that Ni
and Si can combine to form more intermetallic
compounds and better strengthen the alloy. The
formation of NisSiiz and NisPs phases indicates
that the optimal Ni/Si mass ratio for
Cu—8Sn—0.1P—1Ni—xSi alloys is greater than 4.2:1
(atomic ratio of 2:1). Moreover, the variation trend
of the solubility of Ni and Si in the matrix suggests
that the optimal Ni/Si mass ratio should be in the
vicinity of 4.3:1 and 4.4:1, which is consistent with
the experimental results (see Figs.3 and 4). In
conclusion, due to the formation of various second
phases, the Ni/Si mass ratio affects the properties of
the alloy.
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Fig. 10 Solubility variation curves of Ni (a) and Si (b) in
matrix of alloys with different Ni/Si mass ratios, and
trend of solid solubility of Ni and Si in matrix with
respect to Ni/Si mass ratio (c)

4.2 Mechanism of brittleness in Cu—8Sn—0.1P—

1Ni—0.227Si alloy after SST

The experimental results indicate that the STT
temperature has a significant influence on the
plasticity of the Cu—Sn—P—-Ni—Si alloy. To
investigate the mechanism by which the STT
temperature influences plasticity, the tensile
fractures of solid solution samples at 650, 700, 710,
720, 730, 740, 750, and 800 °C were characterized.
The fractography shows significant changes with an
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increase in STT temperature. At lower STT
temperatures, the tensile fractography exhibits
small and fine dimples, as shown in Fig. 11(a). This
is because when the STT temperature is low,
incomplete dissolution occurs, and the existing
second phase leads to the formation of fine
dimples [9,37]. As the STT temperature increases,
the amount of the second phase dissolved into the
matrix increases, and the dimple size is enlarged, as
shown in Fig. 11(b). When the STT temperature
rises to 710 and 720 °C, the fractography shows
large and deep dimples, indicating that the solid
solution effect of the alloy is significant and the
plasticity is high. As the STT temperature increases
further, some cracks (identified by white arrows)
and quasi-cleavage fracture surfaces (identified by
yellow arrows) appear on the fractography, as
shown in Figs. 11(e)—(g). The transition from
ductile to brittle fracture is indicated by the
appearance of quasi-cleavage fracture surfaces and
cracks above 730 °C. This observation is consistent
with the decrease in elongation after the STT
temperature exceeds 730 °C, as shown in Fig. 6.
When the STT temperature reaches 800 °C, the
fractography exhibits pronounced intergranular
fracture, as shown in Fig. 11(h). Correspondingly,
the plasticity of the alloy also becomes extremely
low, and a large number of macroscopic cracks are
even formed during the tensile process (see
Fig. 6(a)).

When the STT temperature is too high, the
reduced plasticity is caused by the formation of
cracks in the Cu—8Sn—0.1P—1Ni—0.227Si alloy, and
it is important to understand the reasons behind the
formation of these cracks. The Cu—8Sn—0.1P-
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INi—0.227Si alloy after SST at 750°C was
characterized by energy dispersive spectroscopy
(EDS), as shown in Fig. 12. The absence of
significant Sn segregation at the grain boundaries in
the sample after SST is revealed by EDS mapping
results (see Fig. 12(c)). This finding indicates that
the brittleness of the Cu—8Sn—0.1P—1Ni—0.227Si
alloy is not caused by Sn segregation. After SST at
750 °C, a continuous distribution of the second
phase is found at the grain boundaries of the
Cu—8Sn—0.1P—1Ni—0.227Si alloy. The second
phase is identified as the Ni—P phase, as shown in
the EDS mapping. Due to the existence of defects
such as vacancies and dislocations at grain
boundaries [38,39], the atomic mobility is relatively
high. In addition, the energy level at grain
boundaries is high [40], leading to a preferential
occurrence of nucleation and growth of new phases
at grain boundaries. The difference in plasticity
between the second phase at the grain boundary and
the matrix is significant, and the bonding between
them is weak. Therefore, cracks are easily formed
during deformation, leading to the decrease in the
plasticity of Cu—8Sn—0.1P—1Ni—0.227Si. As the
STT temperature increases, more second phases are
formed at the grain boundaries, ultimately resulting
in the intergranular fracture (see Fig. 11(h)).
Through the analysis of fracture surfaces and
precipitated phases, the influence of STT
temperature on the microstructure and properties
can be deduced. By affecting the diffusion process,
the STT temperature impacts the second phase and
the formation of precipitated phases along grain
boundaries, thereby influencing the properties of
Cu—8Sn—0.1P—1Ni—0.227S:i alloy. Initially, at a lower

b \ A\ A ?/ g ., — ul 7 —
Fig. 11 Fractography of alloy at different STT temperatures: (a) 650 °C; (b) 700 °C; (c) 710 °C; (d) 720 °C; (e) 730 °C;

() 740 °C; (g) 750 °C; (h) 800 °C
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Fig. 12 EDS mapping at grain boundary of Cu—8Sn—0.1P—1Ni—0.227Si alloy solid solution treated at 750 °C for 2 h

STT temperature, the second phase cannot be
adequately dissolved into the matrix in Fig. 5(a).
Consequently, plasticity remains at a low level.
With excessively high STT temperature, the
formation of a continuous second phase at grain
boundaries is promoted by the increased diffusion
rate (see Fig. 12), leading to enhanced brittleness.
The optimal SST temperature of the Cu—8Sn—0.1P—
Z1Ni—0.227Si alloy, characterized by a well-
dissolved microstructure (see Fig. 5(c)) and
enhanced plasticity (see Fig. 6), is determined to be
710 °C.

From the analysis above, it can be deduced
that the effect of STT temperature on the ductility
of the Cu—8Sn—0.1P—INi—0.227Si alloy is
attributed to the mechanism shown in Fig. 13. At an
appropriate STT temperature, the grain boundary
strength is higher, and cracks will not form at the
grain boundary during the deformation process,
resulting a good plasticity. At excessively high STT
temperatures, the Ni—P phase forms at the grain
boundaries (see Fig. 12). The Ni—P phase at the
grain boundary weakly binds to the matrix [31,32],
the plasticity of the second phase and the matrix
also differs, and the initiation of cracks are
generated during the deformation process. As the
deformation continues, the propagation of cracks
occurs, resulting in poor plasticity. More seriously,
when the number of second phase at the grain
boundary reaches a certain level, intergranular
fracture will be caused. The plasticity of Cu—8Sn—
0.1P—1Ni—0.227Si alloy is significantly influenced

by STT temperature, and the optimal STT
temperature is of great significance for the
processing of Cu—8Sn—0.1P—1Ni—0.227Si alloy.
According to Fig. 6, it can be observed that the
elongation of the alloy is the highest at STT of
710 °C. However, the elongation begins to decrease
after the STT temperature reaches 720 °C,
indicating that the plasticity starts to be affected by
the formation of the Ni—P phase at the grain
boundaries of the Cu—8Sn—0.1P—1Ni—0.227Si alloy.
Therefore, the optimal STT temperature for the
Cu—8Sn—0.1P-1Ni—0.227Si alloy is 710 °C.
Additionally, the mechanism of STT temperature on
the plasticity of the Cu—8Sn—0.1P—1Ni—0.227Si
alloy proposed in this study is also instructive for
achieving hot rolling of the alloy.

4.3 Effects of aging on alloy properties

As shown in Fig. 7, the effect of aging
temperature on the strength of the alloys is
significant, and there is a difference in the effect on
the Cu—8Sn—0.1P and Cu—8Sn—0.1P—1Ni—0.227Si
alloys. To explore the underlying mechanisms, the
dislocation density was calculated for the
Cu—8Sn—0.1P and Cu—8Sn—0.1P—1Ni—0.227Si
alloys cold-rolled to 80% and aged at different
temperatures, as in Fig. 14(a). The
dislocation density was determined via X-ray
analysis based on Egs. (2) and (3) [41.,42]:

shown
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where £ is the true full width at half maximum
(FWHM), A is the wavelength of Cu K, radiation
(4=0.154 nm), K is a constant equal to ~0.9, G is
the Bragg angle, and d is the crystallite size.

p=16.1(s/b’ 3)

where b is the magnitude of Burgers vector, ¢ is the
micro-strain of the samples, and p is the dislocation
density. According to Eq.(2), the parameters of
B cos(Ghw) and sin(Ghy) are linearly dependent, and
the microstrain ¢ can be obtained from their slopes.
Then, based on Eq. (3), the dislocation density of
the alloys can be calculated [43]. The dislocation
density of both the Cu—8Sn—0.1P and Cu—8Sn—
0.1P—1Ni—0.227Si alloys show a decreasing trend
after aging at 200 °C. However, the difference is
that the dislocation density of the Cu—8Sn—0.1P
alloy decreases rapidly after aging at 300 °C, while
the dislocation density of the Cu—8Sn—0.1P—1Ni—

0.227Si alloy does not decrease significantly until
aging at 400 °C. The change in dislocation density
coincides with the change in strength, as shown in
Fig. 7. The difference in the properties of the
Cu—8Sn—0.1P and Cu—8Sn—0.1P—1Ni—0.227Si
alloys during the aging process can be summarized
in two aspects. One is the difference in the change
of dislocation density, and the other is the difference
in recrystallization behavior of the alloys. During
the aging process of the Cu—8Sn—0.1P alloy, with
the occurrence of recovery, dislocations begin to
glide, and even annihilate and rearrange [44,45],
resulting in a significant decrease in dislocation
density. In copper alloys, dislocation glide and
annihilation will occur at relatively low
temperatures, even at room temperature [44]. For
the Cu—8Sn—0.1P—1Ni—0.227Si alloy, the glide of
dislocations is impeded by the precipitation of
nano-sized precipitates during the aging process,
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thereby mitigating the decline of dislocation density.
Ultimately, a slight decrease in dislocation density
is shown after aging at 300 °C. With a further
increase in aging temperature, the motion of
dislocations is promoted, resulting in a significant
decrease in dislocation density of the Cu—8Sn—
0.1P—1INi—0.227Si alloy after aging at 400 °C.
The mechanism of the interaction between the
precipitation phase and dislocation motion is shown
in Fig. 14(b). Besides, due to the low melting point
of Cu—8Sn—0.1P and Cu—8Sn—0.1P—INi—0.227Si
alloys (about 1025 °C), recrystallization will occur
during aging at 300 °C. Nano-sized second phase
precipitated in Cu—8Sn—0.1P—1Ni—0.227Si alloy
during aging, which can pin grain boundaries and
impede grain growth [46], thus provides higher
strength. The aging temperature influences the
formation of precipitated phases, and maintaining
an appropriate aging temperature (300 °C) is crucial
to prevent the softening of the matrix.

5 Conclusions

(1) The properties of Cu—8Sn—0.1P—1Ni—xSi
are influenced by the Ni/Si mass ratio, attributed to
the formation of wvarious second phases. The
optimum Ni/Si mass ratio is determined as 4.4:1,
corresponding to the optimal alloy composition of
Cu—8Sn—0.1P—1Ni—0.227Si.

(2) By influencing the diffusion process, the
second phase and the formation of precipitated
phases along grain boundaries are affected by STT
temperature. Thereby, the properties of Cu—8Sn—
0.1P—1Ni—0.227Si alloy are influenced by STT
temperature, and the optimal STT temperature of
Cu—8Sn—0.1P—-1Ni—0.227Si alloy is determined to
be 710 °C.

(3) During the aging process, the decline of
dislocation density can be alleviated in the Cu—
8Sn—0.1P—1Ni—0.227Si alloy due to the formation
of precipitates. The excellent performance,
including UTS of 866 MPa, YS of 772 MPa, and
EL of 8.7%, can be achieved through 80% cold
rolling deformation followed by aging at 300 °C for
4 h.
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