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Highlights

o TiNi particles are uniformly distributed in the Cu-TiNi
composites.

o The diffusion (CuNi)Ti layer formed.

o There is a semi-coherent relationship between the Cu matrix and
(CuNi)Ti phase.

o The mechanical property of composites increases by increasing
TiNi content.



Abstract

Cu-TiNi composites with TiNi volume percentages of 1%, 5%, 10% and
15% were prepared by vacuum hot pressing and hot extrusion. The
microstructure, thermal and mechanical properties of the composites were
analyzed. The results show that diffusion of elements occurred at the
interface between the Cu matrix and the TiNi particles during the
preparation process, leading to the formation of a (CuNi)Ti diffusion layer.
The TiNi particles are uniformly distributed in the Cu-TiNi composites, with
a well-bonded interface with the Cu matrix. Cu matrix has major <111> +
minor <001> fiber textures after hot extrusion. There is a semi-coherent
relationship between the Cu matrix and the (CuNi)Ti phase, with an
orientation relationship of (111)c.ll(103)c.im and an angle of 18.7° between
the two crystal planes. Both the Vickers hardness and the compressive yield
strength of the Cu-TiNi composites increased with increasing the volume
percentage of the TiNi particles, while the thermal expansion coefficient
showed an opposite trend. The thermal expansion coefficient, Vickers
hardness and compressive yield strength of the Cu-15% TiNi composite are
14.11x10¢ /K, 154.4 Hv and 460.0 MPa, respectively.
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1. Introduction

Copper and its alloys are widely used in the electrical and electronic
industries as electrical contact materials, integrated circuit lead frames,
contact wires for rail transit and electrodes for resistance welding due to
their excellent electrical and thermal properties [1], [2]. The relatively low
strength and hardness of pure copper, however, have limited their
applications as structural materials [3]. Cu-based composites are often
developed for these applications. These composites are usually prepared by
adding reinforcing phases, including short or long fibers, whiskers and
finely dispersed particles, to improve the mechanical properties. The most
common reinforcing materials are ceramics such as SiC and Al.O,. When Cu
matrix composites are used as electronic packaging materials, carbon
materials (such as carbon fibers, diamond particles, carbon nanotubes) and
metals (such as tungsten, molybdenum) are often added as reinforcements to
reduce their thermal expansion coefficients [4], [5], [6], [7].

In recent years, TiNi shape memory alloys have been used as reinforcements
in metal matrices in order to obtain better mechanical and physical
properties, including yield strength, fatigue strength, damping and thermal
expansion properties. Because of their shape memory effect, super elasticity
and high damping properties [8], [9], [10], adding shape memory alloys can
not only improve the mechanical properties but also provide some
functional properties of the metal matrix composites [11]. Li et

al. [12] reported that the Cu-TiNi composites prepared by rolling had a
thermal expansion coefficient of 4x10+ /K, which is much lower than that of
Cu. Aydogmus et al. [13] prepared a Mg-TiNi composite by electric spark
sintering and found that its compressive yield strength and elastic modulus
increased with temperature due to stress introduced by phase change. Ahn et
al. [14] prepared an Al-TiNi composite by an infiltration method and found
its damping capacity to be about 70% of that of the pure TiNi ingot. For
metal matrix composites reinforced with a shape memory alloy and
deformed in the martensite state of the shape memory alloy, increasing
temperature to above the austenite transformation temperature (As) can
induce the phase transformation of the shape memory alloy. The internal
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compressive stress introduced by the associated contraction can significantly
increase the tensile strength and fatigue performance and decrease the
thermal expansion coefficient of the composites [15], [16], [17]. Above the
martensitic transformation start temperature (M), the TiNi shape memory
alloy can be deformed in the form of stress-induced martensitic
transformation rather than slip of dislocations, the dominant deformation
mechanism in traditional metallic materials. Because the critical stress of
austenite to martensite transformation generally increases with increasing
temperature [18], the strength of the TiNi shape memory alloy increases
with increasing temperature due to the increased difficulty of the martensitic
transformation. This feature makes the TiNi shape memory alloy an ideal
reinforcement phase for Cu and Cu alloys.

The interfacial bonding between the metal matrix and the TiNi
reinforcement is critical for the mechanical properties of the composites. A
well-bonded interface can transfer stress more effectively from the matrix to
the TiNi reinforcement. Li et al. [12] discovered a 6 um thick diffusion layer
at the interface in a Cu-TiNi composite prepared by rolling, without
identifying its composition. Thorat et al. [19] also found a second phase
around the TiNi particles in a Mg-TiNi composite, formed by diffusion. Hu
et al. [20] prepared an Al-TiNi; composite by hot isostatic pressing and
found that TiAl,, TiAl and TiNi, phases existed in the multilayer interface.
However, little work has reported to date on the microstructure of the Cu-
TiNi interface in Cu-TiNi composites. Tao Xiao et al. [21] fabricated a
Cu/TiNi composites through electroless deposited and powder metallurgy,
However, the microstructure of Cu matrix and interface between the matrix
and TiNi phase were not discussed, which could be crucial for the thermal
and mechanical properties of the composites. Besides, the influence of the
volume percentage of TiNi on the thermal expansion and mechanical
properties of composites was also not reported.

In this article, Cu-TiNi composites with different TiNi contents were
prepared by vacuum hot pressing sintering and hot extrusion. Compared
with the previous study [21], we simplified the preparation process for Cu-
TiNi composites, without losing the comprehensive properties of the
composite. The microstructure and properties of Cu-TiNi composites,
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especially the orientation relationship between the Cu matrix and the
diffusion layer interface, were characterized and analyzed in details. In
addition, the influence of the volume percentage of TiNi on the
microstructure and properties of the Cu-TiNi composites were also studied.
The results could be expected to understand the effect of TiNi powder on the
mechanical and physical properties of copper based alloy and guide the
production of the composites.

2. Experimental Procedures

The raw materials were a Cu powder (particle size <200 mesh, purity
>99.99%) and a TiNi powder (particle size <200 mesh, purity 99.95%, Ti-Ni
atomic ratio 47:53), as shown in Fig. 1. The Cu and TiNi alloy powders
were mixed with a V-type blender, with the volume percentage of the TiNi
alloy powder being 1%, 5%, 10% or 15%. The powder mixture was cold
pressed into a compact with radius 20 mm and height 30 mm by a YD32-
1500 hydraulic press with a pressure of 50 MPa and a holding time of 2 min.
The compact was heated up at a heating rate of 15°C/min and kept at 900°C
for 1 h in a vacuum hot pressing machine under vacuum of 10+ Pa (The
mechanical pump, Roots pump and diffusion pump of the heat pressing
machine make the vacuum in the furnace reach 10+Pa.). It was hot pressed
under a pressure of 20 MPa and then cooled with furnace. The hot-pressed
Cu-TiNi compact was finally subjected to hot extrusion at 900°C with an
extrusion ratio of 8. The extrusion rate was kept at 4.0 mm/s during the
entire extrusion process. Specimens were cut from the hot-extruded Cu-TiNi
composite samples for subsequent tests.
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The microstructure of the Cu-TiNi composites specimens was observed by a
Leica EC3 metallurgical microscope. Microstructure characterization of the
Cu matrix was conducted by an FEI Helios Nanolab 600i scanning electron
microscope equipped with an Oxfors NordlysMax2 EBSD detector. EBSD
samples were prepared by mechanical grinding and polishing followed by
electrolytic polishing in a solution of phosphoric acid and ethanol (1:1
vol.%). Electrolytic voltage was kept as 2 V. EBSD data were analyzed
through an Oxford instrument HKL technology Channel 5 software. The
microstructure of the interface between the Cu and TiNi phases was
analyzed by a Titan G2 60-300 transmission electron microscope (TEM).
The diffusion in the interface layer was analyzed by a JXA-8230 atom probe
microanalyzer. The phase composition was obtained by a Rigaku D/Max
2500X-ray diffractometer. The TEM samples were prepared by Focused lon
beam (FIB).

The microhardness of the Cu-TiNi composite specimens was measured by
an HMV-2T micro-Vickers hardness tester, with a test load of 2000 g and
the pressure holding time of 10 s. The compressive strength was measured
by an MTS-810 fatigue testing machine. The samples for compressive test
had a diameter of 8 mm and a height of 12 mm. The thermal expansion
coefficient was measured by a thermal dilatometer (DIL 402 C/1/4/7 G).

3. Results and Discussion

3.1. Microstructure of Cu-TiNi composites

The microstructures of the hot-extruded Cu-TiNi composites with different
TiNi volume percentages are shown in Fig. 2. There are no discernible pores
in the Cu-TiNi composites after hot extrusion, although a small number of
TiNi particles show original pore defects (marked by arrows), indicating that
the as-prepared Cu-TiNi composites are dense. The TiNi particles are
uniformly distributed in the Cu matrix, without any obvious agglomeration.
Most TiNi particles remain spherical, showing no significant plastic
deformation.
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Fig. 2. Microstructures of extruded Cu-TiNi composites with different TiNi
volume percentages: (a) 1%; (b) 5%; (c) 10%; (d) 15%.

The SEM image of a typical TiNi particle in the 15 vol% TiNi composite
and its distribution of elements are shown in Fig. 3. A significant contrast
exists between the center and edge of the TiNi particle (Fig. 3a), indicating
different compositions of the two regions. The distribution of elements in
the interface region between the Cu matrix and the TiNi particle (Fig. 3b)
shows that there exists a Cu diffusion layer with a thickness of about 15 um
at the edge of the TiNi particle, which is consistent with the experimental
observations by Li et al. [12]. The following observations can be made in
the diffusion layer: (1) the concentration of Ti remains largely unchanged
and does not vary with the distance from the interface; (2) the concentration
of Cu decreases gradually with the distance from the interface; (3) the
concentration of Ni increases gradually with the distance from the interface.
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Fig. 3. SEM image and element distribution of TiNi particle in Cu-15% TiNi
composite: (a) cross-section; (b) element line analysis of Cu, Ni and Ti.

The concentrations of Cu, Ni and Ti at various spots inside and outside the
TiNi particle shown in Fig. 3(a) are shown in Table 1. In the center of the
TiNi particle, the concentrations of Ti and Ni basically remain the same and
there is a small amount of Cu, which is consistent with the line scan results
in Fig. 3. In the diffusion layer, the Ti concentration remains unchanged
while the Cu and Ni concentrations vary with the distance from the
interface, with Ti accounting for about 1/3 and Cu and Ni totaling about 2/3.
The elemental analysis of the interface region between the Cu matrix and
the TiNi particle shows that the diffusion of Cu atoms during hot pressing
and hot extrusion is the dominant factor for the formation of the diffusion
layer. This result agrees with that reported by Luo et al. [22] in their study
into the diffusion mechanism in the interface region formed in explosive
welding of TiNi shape memory alloy to Cu.

Table 1. Concentrations of elements at various spots inside and outside the
TiNi particle shown in Fig. 3(a).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

Ni (at%) 48.30 41.90 37.80 1.32 1.22 1.14
Ti (at%) 48.40 36.20 35.20 1.43 1.40 1.08
Cu (at%) 3.30 21.90 27.00 97.25 97.38 97.78

Mobhri et al. [23] studied the diffusion of Cu in a TiNi shape memory alloy
with the B2 structure and reported that the diffusion coefficient of Cu in the

Ni-rich TiNi alloy follows the Arrhenius function as follows, with a pre-
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exponential factor of 5.8£1x10 m#/s and an activation energy of
40£4 kJ/mol:

_ —40+4kj/mol
D=58+1x10"1exp (%) m?/s (1)

where R is the molar gas constant and T is thermodynamic temperature.

There are several diffusion mechanisms in B2 (CsCl-type) intermetallic
compounds: six-jump-cycle, triple-defect, anti-structure-bridge and
vacancy-pair [23]. The six-jump-cycle mechanism usually occurs in
compounds with high ordered stoichiometric structures. In compounds with
a stoichiometric B2 structure, vacancies and anti-site defects can also be
combined to form triple defects. When the composition deviates from the
stoichiometric ratio, the anti-site atoms play a main role. For ordered B2
phases with some substitution barriers, anti-site defects can act as a bridge to
establish low-energy sequences to promote vacancy transitions. A bound
pair of vacancies can mediate the diffusion of the two components through
the next-nearest-neighbor jumps [24]. For the Ni-rich TiNi alloy used in this
paper, the dominant diffusion mechanism is likely to be the anti-structure-
bridge mechanism.

The XRD patterns of the Cu-TiNi composites are shown in Fig. 4. The XRD
pattern of the Cu-1% TiNi composite does not show the characteristic peak
of TiNi due to the very low TiNi content. As the volume percentage of TiNi
increases, the characteristic TiNi peak appears and its intensity gradually
increases. Fig. 4(b) shows an enlarged partial view of the XRD pattern of
the Cu-15% TiNi composite. It is noted that, besides the diffraction peaks of
Cu (PDF#04-007-7909) and TiNi (PDF#97-010-5413) phases, the
diffraction peaks of a new phase (CuNi)Ti (PDF#97-062-8583) are also
visible. The (CuNi)Ti phase belongs to the tetragonal crystal system, with
the space group of I4mmm and the lattice constants of a=b=0.312 nm and
¢=0.7965 nm. The composition of the new phase is consistent with the
EPMA results in Fig. 3. It is therefore safe to presume that the diffusion
layer at the edge of the TiNi particle (Eig. 3) is the (CuNi)Ti phase.
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Fig. 4. (a) XRD patterns of Cu-TiNi composites with different TiNi
percentages; (b) detailed pattern for Cu-15% TiNi composite in the range of
20=35°-48°.

The appearance of the new (CuNi)Ti phase is consistent with the work of
F.J.Jetal. [25] who produced the (CuNi)Ti phase through a Cu-TiNi
diffusion couple method. F.J.J et al. fabricated Cu-TiNi diffusion couples by
solid resistance welding and heated the couples in sealed evacuated silica
capsules at different temperatures of 800°C and 870°C for times varying
between 16 h and 900 h. A single-phase layer was developed and its
structure type was found to be Tetr. MoSi,-type with the lattice parameters
a=0.309-0.314 nm, ¢=0.7965-0.800 nm, c/a=2.546-2.584 [25]. The (CuNi)Ti
phase was found to have a fixed structure with a varying composition.

The inverse pole figure (IPF) maps, distribution of grain diameter, IPF
distribution along the extrusion direction (ED) of Cu-15% TiNi composites
were shown in Fig. 5, where the white arrows represent the extrusion
direction. Fig. 5(a) shows the distribution of TiNi powder in composites. It
can be seen from Fig. 5(b) that the Cu matrix grains are elongated along the
extrusion direction, and the grain orientations were mainly <111>
orientation. Fig. 5(c) shows the distribution of Cu matrix grain diameter.
Most of the Cu matrix grain diameter is less than 1 um, and almost all the
grain diameter less than 3 pum. It can be seen from Fig. 5(d) that after hot
extrusion, the Cu matrix has major <111> + minor<001> fiber textures. In
previous study of extrusion of pure Cu, this texture component was
attributed to dynamic recrystallization, and the <111> fiber texture is known
as the ultimate extrusion texture of FCC metals [26], [27], [28], [29].
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Fig. 5. EBSD data of Cu matrix in Cu-15% TiNi composites: (a) SEM image;
(b) IPF map; (c) distribution of grain diameter; (d) IPF distribution along the
extrusion direction (ED).

3.2. Analysis of Cu-TiNi Interface

The TEM images and the selected area electron diffraction patterns of the
composite Cu-15% TiNi are shown in Fig. 6. Fig. 6(a) shows the full image
of the interface region between the Cu matrix and a TiNi particle. There is a
high density of dislocations in the Cu matrix near the interface, a large
number of which are entangled to form a dislocation wall (Fig. 6(b)). The
large number of dislocations can be attributed to large extrusion deformation
and mismatch of the thermal expansion coefficients of Cu and TiNi. The
high density of entangled dislocations can improve the mechanical
properties of the Cu matrix due to work hardening. Area 2 in the Cu matrix
shows small Cu grains (around 400 nm) and no dislocation defects,
suggesting dynamic recrystallization occurred during the extrusion process.
The nano-sized grains can also improve the mechanical properties of the Cu
matrix due to Hall-Petch strengthening. Area 3 at the interface shows the
presence of the Ni,Ti,O phase, which can be inferred by combining the
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electron diffraction pattern shown in Fig. 6(e) and the distributions of
elements shown in Fig. 6(g). Ni.Ti.O is a common oxide in Ti,Ni

alloys [18]. A small amount of Ti,Ni may be formed during the preparation
of TiNi powder [18]. Ni,Ti,0 found in area 3 was likely generated by the
oxidation of Ti.Ni during storage of the TiNi powder. Ni,Ti.O belongs to the
cubic crystal system, FD3m space group, with lattice constant a=1.1328 nm.
It has a large face-centered cubic unit cell and can be regarded as eight cubic
sub-cells. This type of structure can accept a variable number of oxygen
atoms without significantly changing the structure [30]. The selected area
electron diffraction pattern in area 4 confirms the formation of the (CuNi)Ti
phase at the interface, which is consistent with the XRD results. There are
no visible dislocations inside the TiNi particle, suggesting that the TiNi
particles do not undergo large plastic deformation during the hot press
sintering and hot extrusion process.
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Fig. 6. TEM micrographs in interface region between TiNi particle and Cu
matrix (15% TiNi). (a) Full image of interface; (b) Cu matrix; electron
diffraction patterns of selected areas (marked with red circles) indexed as: (c)
Cul-112]inareal; (d)Cu[001]inarea?2; (e) Ni.Ti.O [0-10]in area 3; (f)
(CuNi)Ti [3-3-1] in area 4; (g) distributions of elements in area 3.

The high-resolution transmission electron microscopy (HRTEM) image of
the interface between the Cu matrix and the TiNi particle in the Cu-15%
TiNi composite, and its Fourier transforms are shown in Fig. 7. The
HRTEM image (Fig. 7a) shows that there is a clear interface between the Cu
matrix (light area) and the (CuNi)Ti (dark area), generated by diffusion of
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Cu atoms into TiNi. Its fast Fourier transform (FFT) in Fig. 7(b) shows that
there exists an orientation relationship between Cu and (CuNi)Ti. There is
also an amorphous layer of about 2 nm thickness formed at the Cu/TiNi
interface (Fig. 7¢), which has a direct influence on the strength of the
interfacial bonding [31]. From Fig. 7(d), the inverse fast Fourier transform
(IFFT) of Fig. 7(c), it can be clearly seen that there is a

(112)c.ll(103) coniymi Orientation relationship between the Cu matrix and the
(CuNi)Ti layer. The relationship is a semi-coherent one and the angle
between these two crystal planes is about 18.7°. The degree of lattice
mismatch at the interface can be calculated by the following formula [32]:

6 = 2(d¢y/cosd — d(CuNi)Ti )/(dcy/cosO + dcuniri) ()

where @ is the orientation included angle, dCu and dCuNiTi are the crystal
plane spacing of Cu and (CuNi)Ti, respectively. Given dCu(111) = 0.208 nm
and dCuNiTi(103) = 0.202 nm, according to the standard PDF card, and the
orientation included angle of 18.7°, the degree of lattice mismatch at the
interface is calculated to be 0.025. To maintain the semi-coherent
relationship, edge dislocations periodically appear in the (CuNi)Ti phase at
the interface, as shown in Fig. 7(d).
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Fig. 7. () HRTEM image of Cu/TiNi interface (15% TiNi); (b) FFT; (c)
enlarged image of the marked area; (d) IFFT.

The structural development at the interface can be described as follows. As
temperature rises during the hot pressing sintering process, Cu atoms diffuse
into the TiNi alloy particle, forming a (CuNi)Ti shell around the particle. Cu
further nucleates and grows on the surface of the solid (CuNi)Ti particle. At
the nucleation stage, a layer of Cu atoms is first formed on the (CuNi)Ti
surface. The first crystallized array should have the close-packed crystal
orientation and the first crystallized plane the close-packed crystal plane,
according to the lowest energy principle [33]. For Cu, the close-packed
plane is (111), which is crystallized preferentially. If the interplanar spacing
of the (CuNi)Ti surface is close to that of the Cu (111) crystal plane, Cu will
crystallize on the (CuNi)Ti surface and grows. The interplanar spacing of

15


https://www.sciencedirect.com/science/article/pii/S0925838821041396?via%3Dihub#bib33

the (103) plane of (CuNi)Ti is the closest to the interplanar spacing of Cu
(111) with a difference of only 0.006 nm, hence the

(112)c.ll(103) cuniyri Orientation relationship. Mismatch of the interface is
compensated by edge dislocations, resulting in a semi-coherent interface.

3.3. Effect of TiNi content on properties of Cu-TiNi composites

The effects of TiNi volume percentage on the thermal expansion coefficient
(room temperature - 100°C), hardness and compressive strength of the
composites are shown in Table 2. Increasing volume percentage of TiNi
leads to a significant decrease in the thermal expansion coefficient of the
Cu-TiNi composite (e.g., 14.11x10+ /K for the Cu-15% TiNi composite),
highlighting the role of TiNi alloy particles in enhancing the dimensional
stability of the pure Cu matrix. Given that the thermal expansion coefficient
(room temperature -100 °C) of pure Cu and TiNi are about 16.7%10-

s /K [34] and 13.5x10¢ /K [35], respectively, The decrease of the thermal
expansion coefficients of the Cu-TiNi composites can mainly be attributed
to the restriction of the reinforcement on the matrix through the matrix-
reinforcement interface. Increasing TiNi content increases the Cu-TiNi
interface and therefore the restraint effect. the thermal expansion
coefficients of the composites are well below those predicted by rule of
mixture. It can be attributed to the following two factors: (1) Original pore
defects exist in TiNi particles can be regarded as zero thermal expansion. (2)
<111> fiber texture along the extrusion could lower the thermal expansion
of Cu matrix. Thermal expansion is an elastic dilatation caused by the
thermal forces, which could be related to the elasticity modulus of materials.
For FCC metals, the <111> direction has the maximum value of directional
elasticity modulus and has the lowest expansion correspondingly [36].
Similar phenomenon has also been reported by Tae-Hyuk Lee et al. [37].
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Table 2. Thermal expansion coefficient, hardness and compressive yield
strength of the Cu-TiNi composites.

Volume percentage of TiNi 1% 5% 10% 15%
Thermal expansion coefficient, 10“/K 14.82 14.63 14.43 14.11
Average hardness, Hv 77.5 129.2 147.3 154.4
Compressive yield strength, MPa 194.0 323.1 414.2 460.0

The Vickers hardness of the composites increases significantly with
increasing the volume percentage of TiNi. This is because adding TiNi
particles to the Cu matrix enhances the resistance to local plastic
deformation. The reinforcing particles confine the deformation of the matrix
to a local area by restricting the slip of dislocations, leading to increasing
residual stress and increased hardness of the composites [38]. In addition,
the diffusion of Ti and Ni into the Cu matrix, as shown by the EPMA
results, produces a solid solution strengthening effect. The hardness of the
Cu matrix is increased, thereby increasing the hardness of the composites.

The compressive yield strength of the Cu-TiNi composites increases with
increasing TiNi content, being 194.0, 323.1, 414.2 and 460.0 MPa when 1%,
5%, 10% and 15% of TiNi is added, respectively. TiNi particles hinder the
slip of dislocations during the deformation of the Cu matrix and thus
improve the compressive strength of the composites [39]. Effective
strengthening of the composites requires uniform distribution of the TiNi
particles in the Cu matrix and good interfacial bonding at the Cu-TiNi
interface. The fact that the Cu-TiNi composite specimens did not fracture
and showed good plasticity during compression demonstrates good
interfacial bonding between the TiNi reinforcement and the Cu matrix. More
specifically, the increase in the compressive strength of the composites can
be attributed to the combined effects of load transfer, mismatch of thermal
expansion coefficient and elastic modulus, and solid solution strengthening,
which can be quantitatively evaluated as follows.

Under compression, the load is transferred from the Cu matrix to the TiNi
particles. The TiNi particles will bear a higher proportion of the load than its
volume percentage, due to higher elastic modulus, and limit the deformation
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of the matrix. The contribution of the load transfer effect to strength can be
expressed by [40]:

Aoy = V0, 11 3)

where vp is the volume fraction of the reinforcing particles, om is the yield
strength of the matrix, L and t are the particle sizes parallel to and
perpendicular to the loading direction, respectively, and A is a geometric
constant.

(L + t)Al

When the Cu-TiNi composites are cooled down from the hot extrusion
temperature, stresses will be generated due to the differences in thermal
expansion coefficient and elastic modulus between TiNi and Cu. As a
consequence, a large number of dislocations will be generated around the
TiNi particles. The geometrically necessary dislocation densities produced
by the differences in thermal expansion coefficient and elastic modulus

are [41]:

AAaATvp 6vy
PcTE =

bd,(1 - vy) pem = ”_dzs;g @
where pCTE and pEM are the geometrically necessary dislocation density
due to thermal expansion coefficient and elastic modulus, respectively, A is
a geometric constant, Aa is the difference in thermal expansion

coefficient, AT is the difference between the hot extrusion and room
temperatures, b is Burgers vector (m), d, is particle diameter, ¢ is the
uniform deformation. The contribution of the mismatch strengthening can
be expressed by [42]:

Ao, = @ﬁGb(\/ Pcre + 4/ pEM) (5)

where B is a constant and G is the shear modulus of the Cu matrix.

Ti and Ni diffuse into the Cu matrix and the dissolved elements cause solid
solution strengthening of the Cu matrix. The improvement of strength by
solid solution strengthening can be calculated by:

Ao, =Y G&3/? \/g (6)

where § is the lattice distortion factor of the matrix caused by the solid
solution elements and Xa is the atomic percentage of the solid solution
elements.
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4. Conclusions

(1),

).

3).

Cu-TiNi composites with uniform microstructure and good mechanical
properties were prepared by vacuum hot pressing sintering and hot
extrusion. Diffusion of elements occurred at the interface between the Cu
matrix and the TiNi particles during the preparation process, with the
depth of Cu diffusion to the TiNi particles reaching 15 um, leading to the
formation of a new (CuNi)Ti phase. The Cu matrix has major <111> +
minor <001> fiber textures after hot extrusion.

The TiNi particles are well bonded to the Cu matrix. A semi-coherent
interface form between the copper matrix and the (CuNi)Ti phase, with
the orientation relationship of (111)c.ll(103)cwir and the angle between
the two crystal planes of 18.7°. There are a large number of dislocations
inside the Cu matrix near the interface.

Increasing TiNi content decreased the thermal expansion coefficient and
increased the Vickers hardness and compressive yield strength of the Cu-
TiNi composites. With 15vol% of TiNi, the thermal expansion
coefficient of the composite decreased to 14.11x10+/K, the Vickers
hardness increased to 154.4 Hv, and the compressive yield strength
increased to 460.0 MPa. The increases in the mechanical properties can
be attributed to the combined effects of load transfer, mismatch of thermal
expansion coefficient and elastic modulus, and solid solution
strengthening.
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