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Abstract: The effect of aging treatment on the microstructure and the properties of Cu-3Ti-3Ni alloy was studied. The
microstructure and the precipitated phase were characterized by X-ray diffractometer, scanning electron microscope and
transmission electron microscope, and hardness, electrical conductivity and elastic modulus were measured as well. The results show
that a number of NisTi and S-Cu,Ti phases precipitate from the Cu matrix after aging treatment. With the increase of secondary
aging time, partial alloying elements dissolve into the Cu matrix, and the metastable Cu,sTi phase transforms into incoherent
equilibrium CusTi phase. The enhanced electrical conductivity is ascribed to the decrease of Ti solubility in the Cu matrix by the
formation of the NisTi and p"-CusTi precipitates. After an appropriate aging treatment of Cu-3Ti-3Ni alloy, the NisTi and coherent
metastable #-Cu4Ti phases precipitate completely, giving rise to the increase of hardness. Aging treatment has no obvious effect on
the elastic modulus of Cu-3Ti-3Ni alloy. In the scope of the experiments, the optimal two-step aging treatment parameter for
Cu-3Ti-3Ni alloy is to age at 300 <C for 2 h followed by aging at 450 <C for 7 h. The HV hardness, the electrical conductivity and
elastic modulus are 1.83 GPa, 31.34 %IACS (International Annealed Copper Standard) and 148.62 GPa, respectively.
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Age-hardened Cu-based alloys are indispensable for the
electrical connection, high strength springs, electrical contacts,
and corrosion and wear resistant materials™, and among
them, the Cu-Be alloys exhibit a good combination of
electrical conductivity and mechanical properties. However,
the anti-stress relaxation property of Cu-Be alloys is poor as
used at elevated temperaturest”. Moreover, Cu-Be alloys are
highly sensitive to heat treatment process, giving rise to
unstable performances. Furthermore, their toxicity brings
about the environmental and health hazards as well.
Subsequently, it is of great significance to develop a
substituent for Cu-Be alloys. Since Cu-Ti alloys have high
strength, hardness and elasticity, good wear resistance,
corrosion resistance, workability and weldability as well as
high-temperature performance, they have potential as
substitutes for Cu-Be alloys. So far, numerous researches on
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the strengthening mechanism of Cu-Ti alloys have revealed
that age hardening takes place by introducing finely dispersed
Cu,Ti particles through heat treatments, but overaging causes
the phase transformation from metastable p-Cu,Ti to
incoherent equilibrium Cu,Ti phase, significantly decreasing
the strength of Cu-Ti alloys®®*®. In comparison with Cu-Be
alloys, Cu-Ti alloys have lower electrical conductivity due to
the much larger contribution of solute Ti atoms to the
electrical resistivity compared to Be atoms™®™!. It is desired to
improve the electrical conductivity of Cu-Ti alloys without
deteriorating mechanical strength. Therefore, some attempts
have been made to improve the electrical conductivity of
binary Cu-Ti alloys by reducing solute Ti atoms in the copper
matrix™*. Konno et al.*? reported that the electrical
conductivity of Cu-3 at%Ti alloy with 4 at%Al addition is 6
times larger than that without Al addition, whereas the peak
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HV hardness decreases from 2.80 GPa to 1.80 GPa. Semboshi
et al.™ revealed that the electrical conductivity of Cu-1 at%Ti
alloy by aging in a hydrogen (H,) atmosphere increased by
140% compared to that of the same alloy aged in a vacuum.
The high electrical conductivity is attributed to the formation
of TiH,, which can efficiently remove the Ti solutes from the
Cu matrix. However, the hardness of Cu-1 at%Ti alloy drops
more rapidly upon aging in the hydrogen atmosphere in
comparison to the vacuum aging treatment due to the
formation of the brittle TiH, phase. Markandeya et al.*”
reported that Cd addition decreases the electrical conductivity
of Cu-3Ti alloy though the yield strength and tensile strength
increase considerably.

Generally, copper base alloys with good comprehensive
properties are solution treated by quenching and subsequent
ageing. A number of nano-sized precipitates can be formed in
copper matrix through these processes; as a result that the
alloy is strengthened and its electrical conductivity is
increased. As Ni has a strong affinity with Ti to form Ni;Ti
intermetallic compound which has high melting point, it has a
large tendency to push Ti atoms out of copper matrix,
decreasing the solid solubility of Ti in the Cu matrix, and thus,
it is favorable for the improvement of the properties of Cu-Ti
alloys. So far, no literatures have been reported on the effect
of Ni addition on the mechanical properties and the
microstructure of Cu-Ti alloy. In the present work, the effects
of Ni addition and heat treatment on the microstructure and
the properties of Cu-3Ti alloy were studied. The
microstructure and the phase constituents were characterized
by X-ray diffractometer (XRD), scanning electron microscope
(SEM) and transmission electron microscope (TEM), and the
electrical conductivity, the hardness and the elastic modulus
were measured as well. The purpose of the present study is to
examine the effect of Ni addition on the electrical and
mechanical properties of Cu-3Ti alloy, and to shed a light on
the aging behavior of Cu-3Ti-3Ni alloy and phase transfor-
mation by structural characterization using TEM.

1 Experiment

Button ingots of Cu-3Ti-3Ni alloy were prepared from
purity 99.9 wt% electrolytic copper, purity 99.9 wt% titanium
and purity 99.9 wt% nickel by arc-melting in an argon
atmosphere. Each ingot was melted at least four times to
guarantee its homogeneity. The ingots were cut into blocks,
and then solution treated at 850 <C for 4 h in a SK-G10123K
tube furnace, followed by water quenching. Immediately after
guenching, the samples were aged at 300 <C for 2 h, followed
by aging at 450 <C for 1, 3, 5, 7 and 11 h in an argon
atmosphere (two-step aging). After mechanical polishing, the
samples were etched in a solution of 5 g FeCls, 15 mL HCI
and 100 mL distilled water. The phase constituents were
determined by a DSADVANCE X-ray diffractometer operating
at 40 kV and 40 mA, Cu-Ka radiation, 1=0.154 06 nm, and

microstructure was examined by a JEOL JSM-6700F field
emission scanning electron microscope (SEM). The specimens
used for TEM observation were cut from the block using an
IsoMet 1000 cutting machine and then mechanically polished
to obtain 50 um thick slices. Discs with 3 mm diameter were
punched out of these slices and thinned in a M691 ion milling
at 4.5 kV. TEM studies were carried out using a JEM-2100HR
high resolution transmission electron microscope (HRTEM)
with operation voltage of 200 kV. The electrical conductivity
was tested in a FQR-7501 eddy conductivity gauge. Hardness
measurements were carried out using a HV-1000 Vickers
hardness tester under an applied load of 98 N and a holding
time of 10 s. The average hardness was obtained from five
indentations. The elastic modulus was determined by a G200
Agilent nano indenter, and its value was the average of five
measurements.

2 Results and Discussion

2.1 Microstructural characterization

X-ray diffraction analysis was performed to detect phase
constituents of as-cast Cu-3Ti-3Ni alloy, and the XRD pattern
is shown in Fig.1. According to the X-ray diffraction analysis,
as-cast Cu-3Ti-3Ni alloy consists of NiTi phase and Cu matrix.
Fig.2 is the microstructure of as-cast Cu-3Ti-3Ni alloy. It can
be seen that NiTi phase is uniformly distributed in the Cu
matrix.

Fig.3a~Fig.3e show the microstructures of Cu-3Ti-3Ni
alloy after various aging treatments. As seen from Fig.3a, the
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Fig.1 XRD pattern of as-cast Cu-3Ti-3Ni alloy

Fig.2 Microstructure of as-cast Cu-3Ti-3Ni alloy
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Fig.3 SEM images of Cu-3Ti-3Ni alloy aged at 300 <C for 2 h and 450 <C for different time: (a) 1 h, (b) 3h, (c)5h, (d) 7 h, and (e) 11 h

secondary phase presents platelet-like and spherical shape
after two-step aging at 300 <C for 2 h and 450 <C for 1 h.
After two-step aging at 300 <C for 2 h and 450 <C for 3 h, the
amount of spherical phase decreases, as shown Fig.3b. As
seen from Fig.3c, the amount of the spherical phase decreases
sharply after two-step aging at 300 <C for 2 h and 450 <C for 5
h. After two-step aging at 300 <C for 2 h and 450 <C for 7 h,
the spherical phases disappear and the platelet-like phases are
distributed uniformly in the Cu matrix (Fig.3d). However,
prolonged aging gives rise to the partial dissolution of alloying
elements into the Cu matrix and thus some spherical phases
increase, as seen in Fig.3e. Fig.4 is an enlarged view of Fig.3e,
where the continuous platelet-like phase become discon-
tinuous. In addition, some continuous NiTi phase becomes
discontinuous completely.
2.2 TEM observation

In order to determine the precipitated phases of the aged
Cu-3Ti-3Ni alloy, two specimens after two-step aging at 300
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Fig.4 SEM image of Cu-3Ti-3Ni alloy aged at 300 <C for 2 h and
450 <C for 11 h (enlarged view of Fig.3e)

<C for 2 h and 450 <C for 7 h, and 300 <C for 2 h and 450 <
for 11 h were characterized by TEM.

Fig.5a is a low-magnification bright-field BF TEM image
of the Cu-3Ti-3Ni alloy aged at 300 <C for 2 h and 450 <C for
7 h. As indicated by black arrows in Fig.5a, the platelet-like
phase is 1.5 pm in length and 200 nm in width. Fig.5b~Fig.5d
are a high-magnification bright field image (BF), a selected
area diffraction (SAD) pattern and its schematic diagram,
respectively. As demonstrated from Fig.5¢ and Fig.5d, the tiny
precipitated phase is NisTi with a hexagonal structure of
structure parameters: a = 0.5092 nm, b=0.5092 nm, ¢ =0.8297
nm.

Fig.6a is the low-magnification BF image of the same
specimen. Apart from the Ni;Ti precipitates, it is noticed that
there are continuous fine precipitates with a length of
approximate 100 nm. The corresponding SAD pattern and its
schematic diagram are shown in Fig.6b and Fig.6c,
respectively. It can be identified that the ordered, metastable
and coherent pA-Cu,Ti precipitate has formed with an
orthorhombic structure of structure parameters: a = 0.4530 nm,
b=0.4342 nm, c=1.2930 nm.

Fig.7 is the TEM images of Cu-3Ti-3Ni alloy aged at
300 <C for 2 h and 450 <C for 11 h. Obviously, Fig.7a shows
another tiny precipitated phase distributed in the Cu matrix for
the same specimen. Fig.7b and Fig.7c are a corresponding
SAD pattern and its schematic diagram, respectively. The
analysis of SAD pattern indicates that the incoherent fine
precipitated phase is CusTi having an orthorhombic structure
with structure parameters: a = 0.545 nm, b= 0.442 nm, c=
0.430 nm as indicated by the black arrow in Fig.7a. It suggests
that prolonged aging promotes the phase transformation
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Fig.5 TEM images of Cu-3Ti-3Ni alloy aged at 300 <C for 2 h and 450 <C for 7 h: (a) low magnification image, (b) BF-TEM image, (c) SAD
pattern, and (d) schematic diagram
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Fig.6 TEM images of Cu-3Ti-3Ni alloy aged at 300 <C for 2 h and 450 <C for 7 h: (a) low magnification image, (b) SAD pattern, and
(c) schematic diagram
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Fig.7 TEM images of Cu-3Ti-3Ni alloy aged at 300 <€ for 2 h and 450 <C for 11 h: (a) low magnification image, (b) SAD pattern, and
(c) schematic diagram

from Cu,Ti phase to CusTi one. This finding is in good Fig.8 shows the variation of hardness and electrical
accordance with the result reported by Markandeya et al.l**. conductivity with secondary aging time for Cu-3Ti-3Ni alloy.
2.3 Hardness and electrical conductivity of Cu-3Ti-3Ni It is evident that the hardness increases and then slightly

alloy decreases with the increase of secondary aging time. At 7 h,
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Fig.8  Variation of hardness and electrical conductivity with
secondary aging time for Cu-3Ti-3Ni alloy

Cu-3Ti-3Ni alloy reaches its peak HV hardness of 1.83 GPa.
This change is closely related to the formation of precipitated
phases. At the early stage of aging, the secondary Ni,Ti and
p-Cu,Ti phase continuously precipitate from supersaturated
Cu matrix. Moreover, g-Cu,Ti phase is coherent with the Cu
matrix™. Thus, the hardness increases progressively till it
reaches the peak value. However, further aging gives rise to
the partial dissolution of alloying elements into the Cu matrix
(see Fig.3e), and the phase transformation from B-Cu,Ti to
incoherent equilibrium Cu,Ti (see Fig.7), thus reducing the
hardness after aging for above 7 h.

As shown in Fig.8, the electrical conductivity of
Cu-3Ti-3Ni alloy rises sharply after two-step aging at 300 <C
for 2 h and 450 <C for 1 h, and then increases slightly with
prolonging of secondary aging time. The electrical conduc-
tivity can reach up to 31.34 %IACS after aging at 300 <C for 2
h and 450 <C for 7 h. However, there is a slight decrease in the
electrical conductivity if secondary aging time is above 7 h.
After secondary aging at 450 <C for 11 h, the electrical
conductivity of Cu-3Ti-3Ni alloy decreases by 0.29%
compared with that of the alloy aged at 450 <C for 7 h. This
can be explained as follows. Though electrical conductivity is
sensitive to a number of microstructural factors including
vacancy concentration, solute concentration in the matrix,
precipitate size and precipitate volume fraction, the electrical
conductivity primarily depends on the solubility of alloying
elements in the Cu matrix™®*®. At the initial stage of
secondary aging, Ti and Ni have large supersaturated
concentrations in the Cu matrix, so there exist large
precipitation kinetics and formation rates of precipitates.
Eventually, these solute atoms in the Cu matrix will be greatly
reduced by the precipitation of the second phases during aging,
which decrease lattice distortion and electron scattering
remarkably, increase the electrical conductivity sharply.
However, the contents of Ti and Ni elements in the Cu matrix
reduce progressively with further aging, and the amount of
precipitates decrease correspondingly. Hence, no obvious
change occurs for the electrical conductivity. The tiny

Table 1 Elastic moduli of Cu-3Ti-3Ni alloy after various aging
treatments

Elastic modulus/

Aging treatment Standard deviation

GPa
300 T for 2 /450 T for 1 h 147.76 3.34
300 T for 2 h/450 T for 3 h 147.95 1.89
300 T for 2 h/450 T for5h 148.65 3.19
300 T for 2 h/450 T for 7 h 148.62 1.56
300 T for 2 h/450 T for 11 h 150.04 4.35

fluctuation for secondary aging at 450 <C for 11 h is probably
due to the partial dissolution of alloying elements into the Cu
matrix after longer aging time.
2.4 Elastic modulus of Cu-3Ti-3Ni alloy

The elastic moduli of Cu-3Ti-3Ni alloy after two-step aging
at 300 <C for 2 h and 450 <C for 1, 3, 5, 7 and 11 h are listed
in Table 1. It is seen that the elastic modulus of Cu-3Ti-3Ni
alloy after various aging treatments almost keeps constant in
the range of the error. It is indicated that aging treatment has
no remarkable effect on the elastic modulus of Cu-3Ti-3Ni
alloy. This is in good agreement with the conventional
viewpoint™? Generally, it is believed that the elastic
modulus of the metallic materials is insensitive to
microstructure, alloying elements, heat treatment and cold
deformation.

3 Conclusions

1) Ni addition reduces the solute Ti content in the copper
matrix, increasing the electrical conductivity.

2) An appropriate aging promotes the precipitation of NisTi
and g-Cu,Ti phase, which are beneficial for improving both
the electrical conductivity and hardness.

3) Prolonged aging brings about the partial dissolution of
alloying elements into the Cu matrix and phase transformation
from the metastable Cu,Ti phase to incoherent equilibrium
CusTi phase, resulting in the decrease of hardness.

4) Aging treatment has no remarkable effect on the elastic
modulus of Cu-3Ti-3Ni alloy.

5) In the scope of experiments, Cu-3Ti-3Ni alloy has good
combined properties after two-step aging treatment at 300 <C
for 2 h and 450 <C for 7 h. The HV hardness, the electrical
conductivity and the elastic modulus reach 1.83 GPa,
31.34 %IACS and 148.62 GPa, respectively.
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RIRALIERT Cu-3Ti-3Ni & &HLR 5 M aERY 2N

X T, THREE Y, R S, AREVE Y, kbeart
(1. VTR, BRI P44 710048)
(2. HHE K, WAFIT VIC 3220)

BT T B AL RS Cu-3Ti-3Ni A& 4R 5 M RE IR0 SR X IR AT 5 (XRD) 134 HL 7~ R AU (SEM) K B 4 Hi 7 U BE(TEM)
%t Cu-3Ti-3Ni A& AHLRNT MAHBEAT T 3RAE, FEx HAEE ., SRR EYHT TR, 4512 Cu-3Ti-3Ni &4 b3 5T
H NigTi & p-CuaTi Ml BEFE WL TR MIZEK, G E&InRFET Cu ik, ESMTRE A-CulTi MM RELRIFE CusTi MIFEA.,
NisTi A2 g-CusTi ABRIHT A T Ti PR, SEFHREAE. KEE NN ZUAbF, Cu-3Ti-3Ni &4 H 1T NisTi A KES: 1T
Fas p-CusTi ABMTH e 4, SFEEERE A=, (HI UG FIT & &R R R A K. (EARSSIG YT Y, Cu-3Ti-3Ni & 4 i bt 2 3 T
2 300 CHIZL 2 h G4 ¥, BEJE 450 ‘CHFRL 7 h Jv4 . Cu-3Ti-3Ni &4 HV AFRE . 5l R Stk AR i 43 51 /2 1.83 GPa. 31.34 % IACS
(1 B3 K A britE) K 148.62 GPa.
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