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Abstract

To develop Cu-Ni-Sn alloys with high-performance in offshore oil and gas development,
deep-sea exploration and other marine engineering equipment, a series of Cu-15Ni-8Sn-zLa
alloys with varied trace additions of rare earth La (z = 0, 0.06, 0.12, 0.18, 0.24 wt.%) were
synthesized in the present study, and influence of La addition on the phase constitution,
microstructure transformation, element segregation, and mechanical properties of Cu-15Ni-
-8Sn alloy systematically examined. Results show that a new LaNiSn phase is formed in alloys
with La content exceeding 0.12 wt.%, and the dimensional size of the new LaNiSn phase
increases with increasing La content. The dendrite spacing of the alloys is first decreased
and then increased by addition of La, dendrite spacing of alloy with addition of 0.12wt.%La
is the smallest of 32.3 um. Element segregation of different areas in the alloys first decrease
then increase with increasing of La content, and the alloy with addition of 0.12wt.%La is the
smallest for the grain refinement effect and transformation of (o + 7) regions from lamellar to
granular shape. Hardness, tensile strength, and ductility of the alloys show an initial increase
trend followed by a decrease tendency with the gradual increase of La content, comprehensive
mechanical properties of the alloy with addition of 0.12wt.%La are the best, and hardness,
tensile strength, and ductility are 192.8 HV, 534.4 MPa, and 6.14 %, respectively. Therefore,
addition of La can effectively reduce elemental segregation and improve mechanical properties
of Cu-15Ni-8Sn alloys.

Key words: rare earth La, Cu-15Ni-8Sn alloy, microstructure, elemental segregation, me-
chanical properties

1. Introduction
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Copper-based alloys are widely used to manufac-
ture structural components for offshore oil and gas
development, deep-sea exploration and other marine
engineering equipment. Among them, copper-nickel-
-tin (Cu-Ni-Sn) alloys have become a research fo-
cus and are expected to be the next new genera-
tion of copper-based elastic materials due to their
high strength, excellent thermal conductivity, and
outstanding stress relaxation resistance. Cu-Ni-Sn al-
loys can be used in bad ocean environment required
for strong corrosion resistance to seawater and ex-
cellent capacity to prevent from bio fouling attach-
ment, and they have drawn substantial attention
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from researchers [1-4]. However, difference in sur-
face tension of Cu (1303 MN m™~!), Ni (1758 MN m~1),
Sn (560 MNm~!) and that in melting point of Cu
(1083°C), Ni (1453°C), Sn (232°C) can lead to severe
segregation during solidification process, and therefore
reduce homogeneity of microstructure and decrease
mechanical properties of the Cu-Ni-Sn alloys [5, 6].
Therefore, effective methods, such as micro alloy-
ing, were made to prevent element segregation and
improve microstructure of alloys. Numerous studies
demonstrate that introducing trace elements such as
Fe, P, Nb, Ti, V, Al, and Si are capable of optimiz-
ing the mechanical properties of Cu-Ni-Sn alloys by
refining grains and prevent element segregation [7—
17]. Guo et al. [7] prepared Cu-15Ni-8Sn-a2Fe (z =
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Table 1. Nominal and measured chemical compositions of alloy ingots (wt.%)

Measured
Sample Nominal composition
Ni Sn La Cu
TNXCNS-0La Cu-15Ni-8Sn 14.82 7.93 - Balance
TNXCNS-0.06La Cu-15Ni-8Sn-0.06La 14.88 7.86 0.05 Balance
TNXCNS-0.12La Cu-15Ni-8Sn-0.12La 14.94 7.81 0.11 Balance
TNXCNS-0.18La Cu-15Ni-8Sn-0.18La 4.92 7.94 0.16 Balance
TNXCNS-0.24La Cu-15Ni-8Sn-0.24La 15.10 8.04 0.21 Balance

0, 0.1, 0.3, 0.5 wt.%) alloys by vacuum induction fur-
nace and found that tensile strength of alloy with
0.1wt.%Fe added was improved by 123 MPa compared
with that without Fe added, and microhardness of the
alloy reached 458 HV, which was improved by 30 HV
compared with that without Fe added. Cheng et al. [9]
prepared Cu-15Ni-8Sn-2Nb alloys (z = 0, 0.8 wt.%)
and found that grain size of alloy with 0.8wt.%Nb
added decreased from 32 to 7 um and tensile strength
increased from 457 to 590 MPa compared with alloy
without Nb added. Zhao et al. [11] found that addition
of Ti can refine grain size of the alloys and prevent pre-
cipitation of discontinuous phases, therefore increase
both tensile strength and elongation of Cu-15Ni-8Sn
alloys. Li et al. [15] prepared CugoNij5Sns_,Zn, al-
loys and found that addition of element Zn can pre-
vent segregation of Sn and achieve the improvement of
mechanical properties for the alloys via solid solution
strengthening effect. However, there are still exhibit
certain limitations for these modification strategies.
For instance, the addition of Fe into Cu-Ni-Sn alloys
fails to improve the as-cast microstructure. Moreover,
the addition of different Nb content has little effect
on hardness of the alloy, which can be neglected in
improving hardness of the alloys.

Rare earth elements have attracted extensive at-
tention in modification of copper-based alloys due to
their unique physical and chemical properties in recent
years [18, 19]. Guo et al. [20] prepared Cu-2.35%Fe-
-0.03%P-0.1%Cr-zLa (z = 0, 0.1, 0.5, 0.8) alloys and
found that addition of 0.8wt.%La can decrease grain
size of the alloys from 150 to 40 um and effectively
improve mechanical properties of the alloys. Mao et
al. [21] prepared Cu-30Ni-zRE (z = 0, 0.034, 0.095,
0.213) alloys by vacuum induction furnace and found
that grain size of alloy with addition of 0.095% RE
was the smallest and the tensile strength was increased
by 9.6 % to 308 MPa, however that of the alloy with
0.213% RE added was decreased to 290 MPa. Chen
et al. [22] found that rare earth La can refine grain
of Cu-La alloys and improve elongation of the al-
loys by the purification effect of La, and addition
of 0.32wt.%La into Cu-zLa alloy can improve tensile
strength by 29 % from 188 MPa and microhardness
from 61HV to 75HV, which may attributed to solid

solution strengthening effect caused by La. Accord-
ing to the study by Li et al. [23], trace addition of
La by 0.13wt.% can decrease interdendritic spacing
of Cu-0.45Cr-0.2Zr alloys and improve ultimate ten-
sile strength as well as elongation of the ingots. Hu
et al. [24] found that trace addition of La can signifi-
cantly improve tensile strength and elongation of Cu-
-Ag alloys, however, excessive addition of La can lead
to formation of coarse oxides and seriously damage the
mechanical properties. Compared with other alloying
elements, the trace amount of La can effectively re-
duce grain size, prohibit segregation, and improve me-
chanical properties of the alloys. Moreover, rare earth
element La has a strong affinity with element Ni and
element Sn, which can promote the formation of stable
La-containing compounds.

Therefore, addition of the rare earth La can effec-
tively improve the mechanical properties of copper-
based alloys. However, there were still limited re-
searches on mechanical properties improvement of Cu-
-Ni-Sn alloys via La alloying, and specific mechanism
on improvement of mechanical properties for Cu-15Ni-
-8Sn alloys remain unclear. Accordingly, Cu-15Ni-8Sn-
-zLla (z = 0, 0.06, 0.12, 0.18, 0.24 wt.%) with var-
ied trace addition of rare earth La were synthesized,
and phases, microstructure, element segregation and
mechanical properties were studied. The results of
present study can provide theoretical and practical
guideline for segregation control and property opti-
mization of Cu-Ni-Sn alloys.

2. Experimental methods

A series of Cu-15Ni-8Sn-zLa (z = 0, 0.06, 0.12,
0.18, 0.24 wt.%) alloys added with varying contents of
rare earth La were synthesized in the present study.
The measured chemical compositions of different Cu-
15Ni-8Sn-zLa alloys were determined by X-ray Fluo-
rescence (XRF) Spectrometer in this study, the nom-
inal and measured chemical compositions of the alloy
ingots are shown in Table 1. Pure Cu, Ni, Sn, and
La blocks with purity of 99.9% were selected as the
starting materials, which were melted in a graphite
crucible using a vacuum induction furnace. The raw
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Table 2. Peak intensity of diffraction peaks for v phase and LaNiSn phase

Alloy Diffraction peak Intensity
~-(Ni,Cu)3Sn 225
TNXCNS-0La
LaNiSn _
~-(Ni,Cu)3Sn 191
TNXCNS-0.06La
LaNiSn _
~-(Ni,Cu)3Sn 166
TNXCNS-0.12L
LaNiSn 107
~-(Ni,Cu)3Sn 177
TNXCNS-0.18La
LaNiSn 112
~-(Ni,Cu)3Sn 203
TNXCNS-0.24La
LaNiSn 125

materials were melted with different power of 20, 40,
and 60 kW for 3 min under protective atmosphere of
argon. After the raw materials were fully melted, the
power of the furnace was quickly increased to 65 kW
and maintained for 5 min. The power supply was then
cut off, and the melt was cooled in the crucible to
room temperature. Five different cylindrical ingots
with different La addition were achieved, of which the
dimensional size are ¢ 40 mm X 240 mm. Cu-15Ni-
-8Sn-zLa alloys with different La contents are referred
to TNXCNS-zLa, TNXCNS-0La, TNXCNS-0.06La,
TNXCNS-0.12La, TNXCNS-0.18La, and TNXCNS-
-0.24La, respectively.

Samples with dimensions of 10mm x 10mm X
6 mm were cut from different ingots using HA400 wire
electrical discharge machine to conduct phase analy-
sis.

Phase analysis of various samples was conducted
using an X-Ray Diffractometer (XRD, D§ ADVANCE)
with Cu-Ka radiation source (20kV, A = 0.154nm).
Samples with dimensions of 10 mm X 10 mm X 6 mm
were cut to conduct microstructure observation by a
Field Emission Scanning Electron Microscope (FE-
SEM, ZEISS Sigma 300) in backscattered electron
(BSE) mode. Chemical composition of different phases
for different samples was detected by energy dispersive
spectroscopy (EDS) equipped on SEM.

“Dog-bone” shape tensile specimens with dimen-
sional size of 30mm X 8 mm X 2mm were cut from
the cylindrical ingots using an HA400 wire electrical
discharge machine. WDW-50 type electronic universal
testing machine was employed to carry out the ten-
sile tests with a tensile rate of 5 mm min~—!. Each al-
loy’s tensile strength and elongation were repeated
3times, and the average was regarded as their fi-

nal tensile strength and elongation. Microhardness of
TNXCNS-zLa alloys with different La contents were
measured using FM-ARS900 type automatic micro-
hardness tester with load of 300 gf for 15 seconds.
Microhardness of each alloy was measured at five
points with the same distance on the sample, which
was calculated by as average except the maximum
and minimum of each sample.

3. Results and discussion
3.1. Phase analysis of TNXCNS-zLa alloys

Figure 1 shows X-ray diffraction (XRD) patterns
of TNXCNS-zLa alloys with different contents of rare
earth La, and Table 2 shows diffraction intensity of
~-(Ni,Cu)3Sn phase and LaNiSn phase in TNXCNS-
-zLa alloys. Results show that TNXCNS-0La alloy
without any addition of La and TNXCNS-0.06La al-
loy with 0.06wt.%La added are consisted of a-Cu
phase and 7-(Ni,Cu)sSn phase, and LaNiSn phase
is formed in TNXCNS-0.12La alloy with 0.12wt.%La
added, TNXCNS-0.18La alloy with 0.18wt.%La added
and TNXCNS-0.24La alloy with 0.24wt.%La added
with more addition of La, shown in Fig. 1a. Diffraction
intensity of v-(Ni,Cu)3Sn phase first decrease then in-
crease with increasing addition of La into TNXCNS-
-0La alloy, and it is the lowest for TNXCNS-0.12La
alloy with addition of 0.12wt.%La. Diffraction inten-
sity of LaNiSn phase in TNXCNS-0.12La, TNXCNS-
-0.18La, and TNXCNS-0.24La alloys increases with
more addition of La.

Furthermore, diffraction peak of (111) crystal
plane for a-Cu phase shift to direction of lower 26
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Fig. 1. X-ray diffraction analysis of TNXCNS-zLa: (a)
XRD pattern and (b) diffraction peaks of (111) Cu.

with increasing addition of La into TNXCNS-0La al-
loy (shown in Fig. 1b), which may be attributed to
lattice distortion caused by addition of La. The atomic
radius of element Cu is 0.128 nm, while that of rare
earth element La is 0.187nm [25]. Therefore, atomic
radius of Cu is smaller than that of rare earth La.
According to Bragg’s equation (Eq. (1)):

2dsinf = nA (1)

interplanar spacing (d) decreases with increase of
diffraction angle (6) when wavelength of X-ray (\) and
diffraction order (7) remain constant. Therefore, ad-
dition of rare earth La into TNXCNS-0La alloy will
lead to lattice distortion and subsequent lattice ex-
pansion of a-Cu phase, which can in turn leads to
shift of the diffraction peak to direction of lower 26.
The La atoms dissolved in a-Cu phase increases with
further increase of rare earth La added in TNXCNS-
-0La alloy, and lattice expansion effect is even stronger,
consequently, shift of diffraction peaks is more signif-
icant.

3.2. Microstructure analysis of TNXCNS-zLa
alloys

Figure 2 shows microstructure of TNXCNS-zLa al-
loys with different contents of rare earth La and Ta-
ble 3 shows EDS spectral of the alloys. Results show
that TNXCNS-0La alloy without any addition of rare
earth La is dendrite structure, and the average den-
drite spacing is 51.1 um. The alloy is mainly consisted
of black a-Cu phase, white bone-like v-(Ni,Cu)sSn
phase and light grey transition («a + v) region around
~-(Ni,Cu)3Sn phase, shown in Fig. 2a. The v-(Ni,Cu)3Sn
phase precipitated in TNXCNS-0La alloy are mainly
lath-shape and they are mainly distributed in the in-
terdendritic area of the alloy. The local magnified im-
age of the alloy illustrates that (o + «) lamellar tissue
is eutectic with very small lamellar spacing.

TNXCNS-0.06La alloy with addition of 0.06wt.%
La is also consisted of black a-Cu phase, white bone-
like «-(Ni,Cu)3Sn phase and light grey (« + ) tran-
sition region, as is shown in Fig. 2b. Addition of
0.06wt.%La into TNXCNS-0La alloy lead to structure
refinement of the alloy, and TNXCNS-0.06La alloy is
dendrite structure with average dendrite spacing re-
duced to 42.8 pm. Some granular v-(Ni,Cu)sSn phase
formed in the alloy, dimensional size of v-(Ni,Cu)3Sn
phase is smaller and the distribution gets more uni-
form. Rare earth La can be detected in v-(Ni,Cu)3Sn
phase, which indicates that addition of La can also re-
fine v-(Ni,Cu)3Sn phase, as shown in Table 3. The
light grey transition (a0 + +) region in TNXCNS-
-0.06La alloy is smaller than that in TNXCNS-OLa
alloy, and the lamellar spacing get much smaller.

Formation of the LaNiSn phase can be further
verified by thermodynamic calculations. The binary
mixed enthalpy, mixed entropy and Gibbs free energy
of the alloys were calculated based on the Miedema
model [26, 27]. The mixed enthalpy of different ele-
ment pair are, AHra_ni = 27kJmol™!, AHr. sn =
-53kJmol™!, and AHyi_sn = —4kJmol~!, respecti-
vely. The negative mixed enthalpies indicates that the
interatomic binding affinity is high from the perspec-
tives of interatomic binding affinity and thermody-
namic stability of phase precipitation, therefore, rare
earth element La tends to bind with Ni and Sn. On
the other aspect, the calculated Gibbs free energy
(AGpix) of the LaNiSn phase is —130.44 kJ mol . The
above negative Gibbs free energy indicates that the
formation of LaNiSn phase is thermodynamically fa-
vorable and the LaNiSn phase possesses the thermody-
namic conditions to spontaneously precipitate in the
alloys.

By further addition of La increased to 0.12 wt.%,
new LaNiSn phase is formed in TNXCNS-
-0.12La alloy with addition of 0.12wt.%La, and the
alloys is consisted of black a-Cu phase, white bone-
like v-(Ni,Cu)3Sn phase, light grey transition (a + )
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region and LaNiSn phase, shown in Fig. 2c. TNXCNS-
-0.12La alloy is dendrite structure with average den-
drite spacing further reduced to 32.3 pm. Most of ~-
(Ni,Cu)3Sn phase formed in the alloy are granular
shape, dimensional size of v-(Ni,Cu)3Sn phase is fur-
ther reduced. Some light grey transition (o + ) re-

gion of TNXCNS-0.12La alloy is change from lamellar
shape to needlelike shape, and the lamellar spacing
get even smaller.

Structure of TNXCNS-0.18La alloy with addition
of 0.18wt.%La is quite similar to that of TNXCNS-
-0.12La alloy, the amount of LaNiSn phase is higher

Lamellar struc

Fig. 2a—c. SEM images and average dendrite spacing diagrams of TNXCNS-zLa alloys: (a) TNXCNS-0La, (b) TNXCNS-
-0.06La, (c) TNXCNS-0.12La.
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Fig. 2d—f. SEM images and average dendrite spacing diagrams of TNXCNS-zLa alloys: (d) TNXCNS-0.18La, (¢) TNXCNS-
-0.24La, and (f) average dendrite spacing.

and the dimensional size is much bigger. TNXCNS-
-0.18La alloy is also consisted of black a-Cu phase,
white bone-like v-(Ni,Cu)3Sn phase, light grey tran-
sition (a + 7) region and LaNiSn phase, shown in
Fig. 2d. TNXCNS-0.18La alloy is dendrite structure,
and the average dendrite spacing begins to increase
to 39.3 um. 4-(Ni,Cu)3Sn phase with granular shape
formed in the alloy decreases and the lath-shape

~-(Ni,Cu)3Sn phase formed in the alloy increases.
Lamellar spacing of light grey transition (« + 7) re-
gion with lamellar shape in TNXCNS-0.12La alloy in-
creases, and (« + ) region with needlelike shape in-
creases, too.

By further addition of La increased to 0.24 wt.%,
no new phase forms in TNXCNS-0.24La alloy. TNXC-
NS-0.24La alloy with addition of La increased to
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Table 3. Energy spectrum analysis of TNXCNS-zLa alloys with different La content (at.%)
Alloy Possible phase Cu Ni Sn La
a-Cu 84.18 10.12 5.70 -
TNXCNS-0La (@ +7) 62.67 17.28 20.05 -
~-(Ni,Cu)3Sn 43.30 30.94 25.76 -
a-Cu 81.26 11.70 7.02 0.02
TNXCNS-0.06La (a+7) 66.31 16.53 17.11 0.05
~-(Ni,Cu)3Sn 44.27 31.31 24.25 0.17
a-Cu 76.60 14.80 8.50 0.09
(e +7) 66.61 18.27 15.01 0.11
TNXCNS-0.12La ~-(Ni,Cu)3Sn 43.19 30.73 25.89 0.19
LaNiSn 78.26 11.78 9.42 0.54
a-Cu 80.10 13.02 6.75 0.13
(a+7) 69.11 18.28 12.37 0.14
TNXCNS-0.18La ~—(Ni,Cu)3Sn 41.63 32.03 26.09 0.25
LaNiSn 78.10 11.39 9.69 0.82
a-Cu 80.70 13.73 5.41 0.16
(a+7) 71.46 18.43 9.91 0.2
TNXCNS-0.24La ~-(Ni,Cu)sSn 42.25 31.42 25.99 0.29
LaNiSn 76.02 10.50 11.86 1.62

0.24 wt.% is also consisted of black a-Cu phase, white
bone-like 7-(Ni,Cu)sSn phase, light grey pale grey
transition (« + 7) region and LaNiSn phase, shown
in Fig. 2e. However, the amount of LaNiSn phase is
even higher and the dimensional size is much bigger.
TNXCNS-0.24La alloy is dendrite structure with av-
erage dendrite spacing increased to 55.8 um, which is
even bigger than that of TNXCNS-0La alloy with-
out any addition of La. Some huge and continuous
~-(Ni,Cu)3Sn phase formed in the alloy.

Above all, certain addition of rare earth La higher
than 0.12wt.% to the TNXCNS-0La alloy can bring
out the formation of the LaNiSn phase, and the dimen-
sional size of the newly formed LaNiSn phase increases
with the gradual increase of La content. Appropriate
addition of rare earth La is capable of refining mi-
crostructure of the TNXCNS-0La alloy. Nevertheless,
excessive La addition may make the microstructure of
the alloy get coarser, and some may even be coarser
than that of the La-free TNXCNS-0La alloy.

3.3. Elemental segregation of TNXCNS-zLa
alloys

The essence of segregation is the phenomenon that
different elements distribute unevenly in an alloy, and
the degree of segregation is small when the difference
in content of elements in different phase is small. Fig-
ure 3 shows EDS surface scan spectra of TNXCNS-
-zLa alloys. Results show that elemental segregation
behavior are different for the five TNXCNS-zLa alloys
with different addition of rare earth La. Specifically, el-
ement Ni in TNXCNS-0La alloy without rare earth La

added is mainly rich in 4-(Ni,Cu)sSn phase, while el-
ement Sn is mainly distributed in v-(Ni,Cu)3Sn phase
and (a+7) eutectic area, shown in Fig. 3a. As is shown
Table 3, the elements Ni and Sn in a-Cu is 10.12 and
5.70 %, respectively, and element Ni in (a++) eutectic
area of the alloy is 17.28 at.%, while that of element
Sn is 20.05 at.%. Element Ni in 4-(Ni,Cu)3Sn phase is
30.94 at.%, while that of the element Sn is 25.76 at.%.
Therefore, difference in content of elements Ni and Sn
in different phases is significant, and elemental segre-
gation of TNXCNS-0La alloy is consequently serious.
In Chen’s research [28], it was proposed that when the
ratio of Ni to Sn in the Cu-Ni-Sn alloy was 2:1, the
dendrite segregation was more pronounced.

When addition of La into TNXCNS-0La alloy is in-
creased to 0.06 wt.%, element Ni in TNXCNS-0.06La
alloy is also mainly rich in 7-(Ni,Cu)3Sn phase, and
element Sn is also mainly distributed in 7-(Ni,Cu)sSn
phase and (« + ) eutectic area, and element La is
homogeneously distributed in the alloys, shown in
Fig. 3b. However, element Ni and Sn in a-Cu is 11.70
and 7.02 %, respectively, and element Ni in («a + )
eutectic area is decreased to 16.53 at.%, while that of
element Sn is decreased to 17.11 at.%. And element
Ni in 7-(Ni,Cu)sSn phase is 31.31 at.%, while that of
element Sn is 24.25 at.%. Therefore, addition of La
can reduce element segregation of Ni and Sn in the
alloy.

When addition of La into TNXCNS-0La alloy is
increased to 0.12 wt.%, element distribution of Ni, Sn,
and La in TNXCNS-0.12La alloy is similar to that
in TNXCNS-0.06La alloy, shown in Fig. 3c. However,
elements Ni and Sn in a-Cu is 14.80 and 8.50 %, re-
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Fig. 3. EDS surface scan spectra of TNXCNS-zLa alloys: (a) TNXCNS-0La, (b) TNXCNS-0.06La,(c) TNXCNS-0.12La,(d)
TNXCNS-0.18La, and (e) TNXCNS-0.24La.
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spectively, and element Ni in (« + ) eutectic area is
18.27 at.%, while that of element Sn is 15.01 at.%. And
element Ni in 7-(Ni,Cu)sSn phase is slightly changed
to 30.73 at.%, while that of element Sn is 25.89 at.%.
Additionally, content of La in («a + 7) eutectic area
and 7-(Ni,Cu)sSn phase is increased to 0.11 and 0.19
at.%, respectively. Therefore, difference in content of
elements Ni and Sn in different phases are further
smaller, and elemental segregation of TNXCNS-0La
alloy is consequently reduced.

When addition of La into TNXCNS-0La alloy is
increased to 0.18 and 0.24 wt.%, element distribution
in TNXCNS-0.18La alloy and TNXCNS-0.24La alloy
is quite similar to each other. Element Ni in the al-
loys is also mainly rich in -(Ni,Cu)sSn phase, and
element Sn is also mainly distributed in v-(Ni,Cu)3Sn
phase and (« + 7) eutectic area, and element La is
slightly segregated in -(Ni,Cu)3Sn phase of the al-
loys, shown in Figs. 3d,e. However, element Ni in a-Cu
of TNXCNS-0.18La alloy and TNXCNS-0.24La alloy
is 13.02 and 13.73 %, respectively, and element Sn in
a-Cu of the alloys is 6.75 and 5.41 %, respectively. El-
ement Ni in (a++) eutectic area of the alloys is 18.28
and 18.43 at.%, while that of element Sn is 12.37 and
9.91 at.%. Elements Ni and Sn in v-(Ni,Cu)sSn phase
of the alloys are no obvious change. And content of La
in (o + ) eutectic area of the alloys is increased to
0.14 and 0.20 at.%, while that in v-(Ni,Cu)3Sn phase
is increased to 0.25 and 0.29 at.%, respectively.

Therefore, addition of La can first reduce then in-
crease element segregation of Ni and Sn in TNXCNS-
-zLa alloys. The above phenomenon is mainly at-
tributed to grain refinement and microstructure evo-
lution caused by addition of La. As reported by Lu
[29], addition of rare earth Y can lead to transforma-
tion of (« + 7) eutectic area from lamellar to granu-
lar shape, and refine grain size by formation of inter-
metallics containing rare earth Y, therefore reduce seg-
regation of Sn in the Cu-12.5Ni-5Sn alloys. Similarly,
when addition of La is less than 0.12 wt.%, addition
of La can lead to certain transformation of (aw++) eu-
tectic area from lamellar to granular shape and struc-
ture refinement with average dendrite spacing from
51.1 to 32.3 um caused by formation of LaNiSn phase.
Therefore, segregation of Ni and Sn in the alloys is
reduced. However, when addition of La is higher than
0.12 wt.%, dimensional size of LaNiSn phase formed
in the alloys is getting bigger, which can conversely
increase segregation of Ni and Sn in the alloys.

3.4. Mechanical properties of TNXCNS-zLa
alloys

Microhardness tests and room-temperature ten-
sile tests were conducted on alloys with varying La
contents, shown in Fig. 4. Results show that micro-
hardness TNXCNS-zLa alloys first increases then de-
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Fig. 4. Mechanical properties of TNXCNS-zLa alloys with
different La content: (a) microhardness and (b) tensile
strength and elongation.

creases with increasing La content, shown in Fig. 4a.
Microhardness of TNXCNS-0La alloy without addi-
tion of La is 121 HV. Microhardness of the TNXCNS-
-0.06La alloy with addition of 0.06wt.%La is increased
to 167.6 HV, representing a significant increase of
38.5% compared to that of the alloy without La
added. When addition of La increased to 0.12 wt.%La,
microhardness of TNXCNS-0.12La alloy reaches max-
imum of 192.8 HV, which is improved by 59.3 % com-
pared with that of the alloy without La added. When
content of La is increased to 0.18 wt.%, microhard-
ness of TNXCNS-0.18La alloy decreases to 183.2 HV,
which is an increase of 51.4% compared with the
La-free alloy. By increasing content of rare earth to
0.24 wt.%La, microhardness of TNXCNS-0.24La alloy
further decreases to 175.8 HV, which is 45.2 % higher
than that of the La-free alloy. Therefore, addition of
rare earth La can increase microhardness TNXCNS-
-zLa alloys.

Both the tensile strength and elongation of the
TNXCNS-zLa alloys exhibits an initial increasing
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trend followed by a subsequent decreasing tendency
with increasing of La content added to the TNXCNS-
-0La alloy, shown in Fig. 4b. Tensile strength of
TNXCNS-0La alloy without addition of La is 408.6
MPa and elongation of the alloy is 3.37 %. Tensile
strength of TNXCNS-0.06La alloy with addition of
0.06wt.%La is increased to 505.2 MPa and the elon-
gation is increased to 4.07 %, which are increased by
23.6 and 20.8 % compared to that of the alloy with-
out rare earth La addition. When La addition into
TNXCNS-0La alloy is increased to 0.12 wt.%, tensile
strength of TNXCNS-0.12La alloy reaches the highest
of 534.4 MPa and elongation of the alloy after fracture
reaches the maximum of 6.14 %, which are increased
by 30.8 and 82.2 % compared to that of the alloy with-
out rare earth La addition.

When La addition into TNXCNS-0La alloy is in-
creased to 0.18 wt.%, tensile strength of TNXCNS-
-0.18La alloy decreases slightly to 526.2 MPa and elon-
gation of the alloy decreases to 5.62 %, which are in-
creased by 28.8 and 66.8 % compared with that of the
alloy without rare earth La addition. When La addi-
tion into TNXCNS-0La alloy is further increased to
0.24 wt.%, tensile strength of TNXCNS-0.24La alloy
further decreases to 485 MPa, and the elongation of
the alloy is decreased to 4.92 %, which are increased
by 18.7 and 46 % compared with that of the alloy
without rare earth La addition. Therefore, TNXCNS-
-0.12La alloy with addition of 0.12wt.%La exhibits the
best comprehensive mechanical properties among the
TNXCNS-zLa alloys.

Mechanical properties of TNXCNS-0La alloys are
affected by different mechanism for addition of rare
earth La. When addition of La into TNXCNS-
OLa alloy is 0.06 wt.%, no secondary phase form in
TNXCNS-0.06La alloy, however, the TNXCNS-0.06La
alloy is obviously refined by addition of 0.06wt.%La,
therefore, the mechanical properties is improved by
grain refining effect and solid solution strengthening
effect. When addition of La into TNXCNS-0La alloy
increases to 0.12wt.%, rare earth La can react with
element Ni and Sn to form LaNiSn phase, which can
act as heterogeneous nucleus of TNXCNS-0.12La al-
loy and refine grains of the alloy by decreasing average
dendrite spacing from 51.1 to 32.3 pm.

The above results is consistent with previous re-
search that mechanical properties of Cu-12.5Ni-5Sn
alloy can be improved by grain refining effect caused
by formation of secondary phase for addition of rare
earth Y [30]. Furthermore, addition of 0.12wt.%La
into TNXCNS-0La alloy can effectively reduce elemen-
tal segregation of Sn and Ni, therefore is benefit for
improvement of mechanical properties.

When addition of La into TNXCNS-0La alloy ex-
ceed 0.12 wt.%, hardness, tensile strength and elonga-
tion of the alloys decrease. The above result can be
attributed to growth of LaNiSn phase caused by ex-

cessive addition of La, which is consistent with the
research that excessive addition of Ti into TNXCNS-
-0La alloy will form coarse NizTi phase and decrease
its mechanical properties. The coarse LaNiSn phase
will decrease the grain refinement effect and decrease
its mechanical properties. However, tensile strength
of TNXCNS-0.24La alloy is still higher than that of
TNXCNS-0La alloy for positive effect of rare earth La
addition.

4. Conclusions

(1) New LaNiSn phase is formed in alloys with La
content of 0.12 wt.%, and the dimensional size of the
new LaNiSn phase increases with increasing of La con-
tent. Dendrite spacing of the alloys is first decreased
and then increased by addition of La, dendrite spacing
of alloy with addition of 0.12wt.%La is the smallest of
32.3 pm.

(2) Element segregation of different areas first de-
crease then increase with increase of La added into the
Cu-15Ni-8Sn-zLa alloys, and the TNXCNS-0.12La al-
loy with addition of 0.12wt.%La is the smallest for the
grain refinement effect and transformation of (« + )
regions from lamellar to granular shape.

(3) Hardness, tensile strength, and ductility of the
alloys exhibits an initial increasing trend followed by
a subsequent decreasing tendency with the gradual in-
crease of La content. The alloy with 0.12wt.%La ad-
dition exhibits the optimal comprehensive mechani-
cal properties, with the hardness, tensile strength and
ductility reaching 192.8 HV, 534.4 MPa, and 6.14 %,
respectively.
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