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Microstructure and propertiesof Cu—Ti—Ni alloys
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Abstract: The effects of Ni addition and aging treatments on the microstructure and properties of a Cu—3Ti alloy were investigated. The mi-
crostructure and precipitation phases were characterized by X-ray diffraction, scanning electron microscopy, and transmission electron mi-
croscopy; the hardness, electrical conductivity, and elastic modulus of the resulting alloys were also tested. The results show that Ni addition
increases the electrical conductivity and elastic modulus, but decreases the hardness of the aged Cu—3Ti alloy. Within the range of the ex-
perimentally investigated parameters, the optimal two-stage aging treatment for the Cu—3Ti—1Ni and Cu—3Ti—5Ni alloy was 300°C for 2 h
and 450°C for 7 h. The hardness, electrical conductivity, and elastic modulus of the Cu—3Ti—1Ni alloy were HV 205, 18.2% IACS, and 146
GPa, respectively, whereas the hardness, electrical conductivity, and elastic modulus of the Cu—-3Ti—5Ni alloy were HV 187, 31.32% IACS,
and 147 GPa, respectively. Microstructural analyses revealed that B’-Ni;Ti and p'-CuyTi precipitate from the Cu matrix during aging of the
Cu—3Ti-5Ni alloy and that some residual NiTi phase remains. The increased electrical conductivity is ascribed to the formation of NiTi,

B'-Ni;Ti, and B'-Cu,Ti phases.
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1. Introduction

Because of their excellent electrical and thermal conduc-
tivity and good corrosion resistance, Cu alloys are widely
used in various electrical connections [1-2]. Among these
Cu alloys, Cu—Be alloy exhibits a good compromise
between mechanical strength and electrical conductivity.
However, the beryllium oxide generated during the process
of manufacturing Cu—Be alloy poses environmental hazards.
Consequently, the development of a suitable material to re-
place Cu—Be alloy is an important research topic. Because
age-hardened Cu-Ti alloy exhibits good mechanical proper-
ties, it is regarded as the most suitable substitute for expen-
sive and toxic Cu—Be alloy. Numerous investigations of the
precipitation strengthening mechanism of Cu-Ti alloys have
been reported in the literatures [3—8]. Nagarjuna et al. [9—12]
reported that age hardening occurs via the formation of a
metastable Cu,Ti phase, whereas overaging causes a phase
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transformation from the metastable and coherent B'-Cu,Ti
phase to the equilibrium and incoherent CusTi phase and,
thus, substantially decreases the strength of Cu-Ti alloy.
However, the presence of solute Ti atoms results in an un-
avoidable decrease in the alloy’s electrical conductivity.
Extensive efforts have been devoted to enhancing the elec-
trical conductivity of binary Cu-Ti alloys by ternary addi-
tions [13—19]. Konno et al. [18] reported that the addition of
Al causes the formation of the AICu,Ti ternary phase and
reduces the solute Ti concentration in the Cu matrix, result-
ing in a decrease of the electrical resistivity. Semboshi and
Konno [19] observed that, because of the formation of TiH,,
the electrical conductivity of Cu—3at%Ti alloy aged at 773
K in a hydrogen atmosphere was increased by three times
compared to that of Cu—3at%Ti alloy aged under vacuum.
Because the addition of Ni to Cu-Ti alloy can form a
Ni;Ti intermetallic compound, its addition decreases the
solubility of Ti in the Cu matrix, reduces electron scattering,
and improves the electrical conductivity of Cu-Ti alloys.
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Thus, the addition of Ni is expected to result in a Cu—Ti—Ni
alloy with a good combination of mechanical strength and
electrical conductivity. In the present work, the effects of Ni
addition and aging treatments on the microstructure and
properties of Cu—Ti alloy were studied. The microstructure
and precipitation phases were characterized by X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), and the hardness,
electrical conductivity, and elastic modulus were tested as
well. The purpose of this work was to clarify the aging be-
havior of ternary Cu-Ti—Ni alloy by structural characteriza-
tion and mechanical and electrical measurements.

2. Experimental

Button ingots with a nominal composition of Cu—3Ti—XNi
(x =0, 1, 5) were prepared by arc-melting in a non-con-
sumable vacuum furnace using 99.9wt% electrolytic copper,
99.9wt% titanium, and 99.9wt% nickel as starting materials.
Each ingot was melted at least four times to guarantee its
homogeneity. The ingots were cut into blocks, which were
then solution-treated at 850°C for 4 h, followed by water
quenching. The blocks were aged at 300°C for 2 h and then
aged at 450°C for 1, 3, 5, 7, or 11 h under an argon atmos-
phere (two-step aging). The specimens for microstructural
examination were prepared by being mechanically polished
and subsequently etched in a solution of 5 g FeCl;, 15 mL
HCI, and 100 mL distilled water. The phase constituents
were characterized by an XRD-7000S X-ray diffractometer.
The morphology and size of the precipitated phases were
characterized using a JSM-6700F field-emission scanning
electron microscope and a JEM-2100HR high-resolution
transmission electron microscope. The specimens used for
TEM observations were cut from the block using a
low-speed Isomet cutting machine and then mechanically
polished to obtain 50 um thick slices. Discs of 3 mm in di-
ameter were punched from these slices and thinned in a
M691 ion milling machine at 4.5 kV. The electrical conduc-
tivity, hardness, and elastic modulus were tested using a
FQR-7501 eddy conductivity gauge, an HV-1000 hardness
testing machine at a load of 100 N and a holding time of 10
s, and an Agilent G200 Nano Indenter, respectively.

3. Resultsand discussion

3.1. Microstructural characterization

3.1.1. X-ray diffraction
Fig. 1 shows the XRD patterns of the as-cast
Cu-3Ti—INi and Cu-3Ti-5Ni alloys. As seen from Fig. 1,
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the NiTi phase and Cu phase coexist in the as-cast
Cu-3Ti-5Ni alloy, whereas only a single Cu phase presents
in the as-cast Cu—3Ti—INi alloy because the small amount
of NiTi phase present in the Cu-3Ti—1Ni alloy was beyond
the limit of detection of the instrument. To better understand
the microstructural evolution clearly, the microstructural
evolution and phase constituents of the aged Cu—-3Ti—5Ni
alloy were investigated. Fig. 2 shows the microstructure of
the as-cast Cu—3Ti—5Ni alloy. It can be seen from Fig. 2 that
the NiTi phase presents in stripes and spherical shape in the
Cu matrix.

Fig. 1. XRD patterns of the Cu-3Ti—xNi alloy: (a) x = 1 and
(b) x =5.

Fig. 2. As-cast microstructure of the Cu—3Ti-5Ni alloy.

3.1.2. SEM analysis

Figs. 3(a)-3(f) show SEM micrographs of the Cu—3Ti—5Ni
alloy specimens after different aging treatments. As shown
in Fig. 3(a), the secondary phase appeared as spot shapes
after the alloy was aged at 300°C for 2 h and 450°C for 1 h.
In the case of the specimen aged at 300°C for 2 h and 450°C
for 3 h, the amount of the spot phase decreased and an acic-
ular phase appeared, as shown in Fig. 3(b). As shown in Fig.
3(c), the amount of the spot phase decrease significantly in
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the specimen aged at 300°C for 2 h and 450°C for 5 h. In the
case of the specimen aged at 300°C for 2 h and 450°C for 7
h, the spot phase disappeared and the acicular phase was
uniformly distributed in the Cu matrix (Fig. 3(d)). However,
the primary NiTi phase became irregular particles in the
specimen aged at 300°C for 2 h and 450°C for 11 h (Fig.
3(e)) compared with the as-cast microstructure (see Fig. 2).
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Fig. 3(f) shows a high-magnification image of the micro-
graph in Fig. 3(e). Irregular particles were clearly distributed
in the Cu matrix. With increasing aging time, a portion of
the NiTi phase decomposed into Ni and Ti atoms, which
dissolved into the Cu matrix, giving rise to a change from
the striped and spherical NiTi phase to irregular particles in
overaged specimens.

Fig. 3. SEM micrographs of the Cu-3Ti-5Ni alloy aged at 300°C for 2 h and then aged at 450°C for different time: (a) 1 h, (b) 3 h,
(©)5h, (d) 7h, and (e) 11 h; (f) micrograph in Fig. 3(€) at high magnification.

3.1.3. TEM analysis

To further determine the phase constituents and mor-
phology of aged Cu—3Ti-5Ni alloy, the Cu—3Ti—5Ni alloy
aged at 300°C for 2 h and 450°C for 7 h was characterized
by XRD and TEM. Fig. 4 presents the XRD pattern of the
aged Cu—3Ti—5Ni alloy. Obviously, B’-NizTi and p'-Cu,Ti

precipitated phases presented after the aging treatment, in
addition to a residual NiTi phase. Figs. 5(a), 5(b), and 5(c)
are a TEM micrograph of Cu-3Ti—5Ni alloy aged at 300°C
for 2 h and 450°C for 7 h, the selected-area diffraction (SAD)
pattern with the electron beam parallel to [112],, and its
schematic, respectively. As evident in Fig. 5(a), the width of
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the acicular phase was approximately 100 nm. From Figs.
5(b) and 5(c), it is determined that the acicular phase is
B'-Ni;Ti, which has a hexagonal structure with lattice pa-
rameters of @ = 0.5092 nm, b = 0.5092 nm, and ¢ = 0.8297
nm.

Fig. 6(a) shows another small, precipitated phase with a
width of approximately 10 nm distributed in the Cu matrix.
Figs. 6(b) and 6(c) show the SAD pattern obtained with the
electron beam parallel to [004], and its schematic, respec-
tively. As evident in Figs. 6(b) and 6(c), the tiny precipitated
phase is B'-CuyTi. Analysis of the SAD pattern indicated
that CusTi has an orthorhombic structure with lattice pa-
rameters of a = 0.453 nm, b = 0.4342 nm, and ¢ = 1.293 nm.
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Fig. 4. XRD pattern of the Cu-3Ti-5Ni alloy aged at 300°C
for 2 h and 450°C for 7 h.

Fig. 5. TEM images of the Cu—3Ti-5Ni alloy aged at 300°C for 2 h and 450°C for 7 h: (a) micrograph, (b) SAD pattern, and (c)

schematic of the SAD pattern.

Fig. 6. TEM images of the Cu—3Ti-5Ni alloy aged at 300°C for 2 h and 450°C for 7 h: (a) micrograph, (b) SAD pattern, and (c)

schematic of the SAD pattern.

The spherical phase in the Cu-3Ti-5Ni alloy aged at
300°C for 2 h and 450°C for 7 h was also analyzed by TEM.
Fig. 7(a) shows that the size of the spherical phase was ap-
proximately 1.6 pm. As evident from the SAD pattern ob-
tained with the electron beam parallel to [003]s and its
schematic, this phase is the residual NiTi phase (see Figs.
7(b) and 7(c)). Analysis of the SAD pattern indicated that
the NiTi phase has a monoclinic structure with lattice pa-
rameters of a = 0.2885 nm, b = 0.4622 nm, and ¢ = 0.412

nm. Notably, annealing twins present in the NiTi phase.
3.2. Physical and electrical properties of Cu-Ti—Ni alloy

3.2.1. Hardness

The variation of hardness with secondary aging time for
the Cu—3Ti—xNi (x = 0, 1, 5) alloys is shown in Fig. 8. The
hardness increased and then decreased with increasing sec-
ondary aging time. After being aged at 300°C for 2 h and
450°C for 7 h, the Cu—3Ti, Cu—3Ti—1Ni, and Cu-3Ti—5Ni
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Fig. 7. TEM images of the Cu-Ti-5Ni alloy aged at 300°C for 2 h and 450°C for 7 h: (a) micrograph, (b) SAD pattern, and

(c) schematic of the SAD pattern.

Fig. 8. Variation of the hardness with secondary aging time
for the Cu-3Ti—xNi (x =0, 1, 5) alloys.

alloys reach their peak hardness of HV 289, HV 205, and
HV 187, respectively. As previously mentioned, the '-Ni;Ti
and B'-CuyTi phases that continuously precipitate from the
supersaturated Cu matrix during the aging process result in
increased hardness. However, excessive aging gives rise to
partial dissolution of the NiTi phase into the Cu matrix and
the phase transformation from the metastable and coherent
B'-CuyTi phase to the equilibrium and incoherent CusTi
phase [15—17], resulting in decreased hardness. The addition
of excessive Ni was also observed to decrease the hardness
of Cu—3Ti alloy.
3.2.2. Electrical conductivity

Fig. 9 shows the variation of electrical conductivity with
secondary aging time for the Cu—3Ti—xNi (X =0, 1, 5) alloys.
The electrical conductivity of the three alloys increased
sharply after they were aged at 300°C for 2 h and 450°C for
1 h and then increased slightly with increasing secondary
aging time. After aging at 300°C for 2 h and 450°C for 7 h,
the Cu—3Ti, Cu—3Ti—1Ni, and Cu—3Ti—5Ni alloys exhibited
electrical conductivities of 15.79% IACS, 18.2% IACS, and
31.32% IACS, respectively. However, the electrical conduc-

tivity decreased when the aging time was excessive. After
aging at 300°C for 2 h and 450°C for 11 h, the electrical
conductivities of the Cu—3Ti—1Ni and Cu-3Ti-5Ni alloys
were 17.2% IACS and 22.97% IACS, respectively.

Fig. 9. Variation of the electrical conductivity with secondary
aging timefor the Cu—3Ti—xNi (x =0, 1, 5) alloys.

The solubility of alloying elements in the Cu matrix is a
dominant factor governing the electrical conductivity of the
alloys. The increased electrical conductivity is attributed to
the precipitation of ’-Ni;Ti and B'-CuyTi from the Cu ma-
trix, which decreases lattice distortion and electron scatter-
ing. Nevertheless, excessive aging promotes partial dissolu-
tion of alloying elements into the Cu matrix, which in-
creases the lattice distortion and the electron scattering, thus
resulting in a decrease of the electrical conductivity.

3.2.3. Elastic modulus

Table 1 lists the elastic modulus of as-cast Cu—3Ti—XNi
x=0, 1, 5) and Cu-3Ti-xXNi (x = 0, 1, 5) alloys aged at
300°C for 2 h and 450°C for 7 h. Compared with the as-cast
Cu-3Ti-xNi (x = 0, 1, 5) alloys, the elastic modulus in-
creased slightly after aging. The possible reason for this in-
crease is that the precipitation of B'-Ni3Ti and B'-Cu,Ti
phases enhanced the strength of the Cu-3Ti—XNi (x =0, 1, 5)
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alloys, giving rise to a slight increase in the elastic modulus.
However, this finding is not consistent with the conventional
viewpoint that, in general, the elastic modulus of metallic
materials is insensitive to microstructure [20-21]. More re-
search is necessary to understand this phenomenon.

Tablel. Elastic modulus of the as-cast and aged Cu—3Ti—xNi

(x=0,1,5)alloys GPa
Alloy Cu-3Ti Cu-3Ti-INi Cu-3Ti-5Ni
As-cast 127 138 140
Aged at 300°C for 2 h
and 450°C for 7 h 135 146 147

4. Conclusions

(1) The microstructure of the as-cast Cu—3Ti—1Ni alloy
and Cu—3Ti—5Ni alloy consisted of NiTi phase and Cu phase.

(2) B’-Ni;Ti and B'-Cu,Ti phases precipitated from the Cu
matrix after an appropriate aging treatment, and the forma-
tion of NiTi, B’-NizTi, and B'-CuyTi resulted in increased
electrical conductivity.

(3) Ni addition enhanced the electrical conductivity but
decreased the hardness of Cu—3Ti alloy.

(4) After a two-step aging treatment at 300°C for 2 h and
450°C for 7 h, the Cu—3Ti—5Ni alloy exhibited good com-
bined properties. The hardness, electrical conductivity, and
elastic modulus of the Cu-3Ti-5Ni alloy were HV 187,
31.32% IACS, and 147 GPa, respectively.
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