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MECHANICAL PROPERTIES OF METASTABLE MATERIALS CONTAINING STRONG DISORDER
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Copper alloys exhibit a positive thermal expansion effect, which is undesirable
to materials as in service, while TiNi composite materials exhibit negative
thermal expansion. In this study, we fabricated a new high-density Cu/TiNi
composite with low thermal expansion through electroless deposition and
powder metallurgy. Mixed powders of 15% electroless deposited Cu-TiNi
composite powders, and 85% prepared Cu powders were cold extruded, vac-
uum hot press heat-treated, and hot compressed at 900°C for 2 h. The coeffi-
cients of thermal expansion of the Cu/TiNi composite at 100°C, 200°C, and
300°C were 13.99 x 10"%K, 17.28 x 10 %K, and 17.72 x 10 %/K, respec-
tively. The fabricated Cu/TiNi composite materials showed good air-tightness
and negative thermal expansion, so have bright prospects in lead frames and

other electrical and electronic applications.

INTRODUCTION

The ideal electronic packaging materials should
have the following properties: low density, high
thermal conductivity, adjustable thermal expansion
coefficient, high compactness, and non-leakage.
SiCy/Al, Cu/Mo, and Cu/W alloys have been used
to make electronic packaging materials.' The
thermal conductivity and expansion coefficient are
controllable by changing the content of W in the Cu/
W alloy,* and the content of Mo in the Cu/Mo alloy.’
However, the interface bonding strength of Cu/Mo
and Cuw/W packaging materials is low since the Mo
and W are insoluble with Cu.® Besides, the residual
carbon impurity in the Cu/Mo and Cuw/W materials
leads to cavities and decreases the thermal conduc-
tivity.” Copper and carbon are immiscible in the
melt. Thus, cavities formed and severely affected
the thermal conductivity and air-tightness of Cu/Mo
and Cu/W materials. Moreover, the content of Mo
and W should be high enough to obtain a low
thermal expansion coefficient. The densities of Cuw/
Mo and Cu/W materials are high because of the high
densities of Mo and W, limiting their application.

(Published online December 6, 2019)

There is an effective method of fabricating low
expansion coefficient materials through stacking Cu
matrix and negative thermal expansion materi-
als.®? Adjusting the volume fraction of the negative
expansion materials (NTEM) in the composites
would give the thermal expansion coefficient. The
air-tightness loss of the Cw/NTEM composites is
small.’® The common NTEMs are ZrW,Og, Zr,
(WO,) (POy)s, ZrV50,, and other compounds, which
are difficult to process and deform.'~'® However,
these negative thermal expansion materials will
diffuse, and interfacial reactions with Cu result in
loss of the negative thermal expansion materials.
Verdon et al. cold compressed the mixed powders of
67 vol.% Cu and 33 vol.% ZrW,0g at a pressure of
300 MPa, and then hot compressed at a pressure of
103 MPa at 600°C with a dwell time of 3 h. Unex-
pectedly, the ZrWy0g has been composited and
transferred to WO3 and other multivariate com-
pounds. Then the expansion coefficient of the mate-
rials is increased.'*

Recent investigations have proved that the TiNi
shape memory alloys present a thermal expansion
of approximately — 21 to — 8 x 1075°C."> After
pretreatment of TiNi alloy with different processes,
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the coefficient of thermal expansion in the range of
25-100°C was approximately — 8 to — 21 x 1075/
°C. A small number of TiNi materials could decrease
the thermal expansion coefficient of Cw/TiNi com-
posites, and high  air-tightness can be
approached.’®!” Hot roll bonding is a method of
bonding a heat-treated Cu plate and a TiNi plate
into one composite plate through rolling. The inter-
face strength of the Cu/TiNi composite plate is low
or missing because of interface oxidization. The
shape of the Cuw/TiNi composite plate is difficult to
control due to the difference in the deformation
resistances from the Cu plate and the TiNi plate.
The use of powder metallurgy to fabricate a uniform
Cw/TiNi composite could avoid the above problem.
However, high residual stress was detected on the
samples directly after sintering and cooling down to
room temperature because of the vast difference in
the thermal expansion coefficients of Cu powders
and TiNi powders. The residual thermal stress
stored in the composite will lead to cracking, and a
decrease in air-tightness.

An electroless copper depositing technology was
employed to enhance the surface of the TiNi pow-
ders, and improve the bonding strength. Then hot
extrusion was used to fabricate Cu/TiNi composites
with low density, high gas tightness, and low
thermal expansion coefficient.

EXPERIMENTAL PROCEDURES

The chemical composition of the studied shape
memory alloy powders was Ti-53.40 at %Ni, with a
powder size of 10—-50 um. The electroless deposition
solution included an inorganic solution containing
Cu®*, glyoxylic acid, a reductant, and a conditioning
agent. The Cu-based inorganic solution included
CuSO,, EDTA and KOH. CuSO4 provided the
copper ions. The EDTA is a reductant; acetaldehyde
was employed to stabilize the surface of the Cu
powders.'® The inhibitor of reducing agent is KOH.
The dipyridyl was employed to maintain the pH
value at 10. The procedure for depositing Cu on the
TiNi powder was as follows: firstly, the TiNi pow-
ders were transferred into a solution with water and
CuSO0y solution. The mixed solution contained TiNi,
and the CuSO, was warmed at 40°C for 15 min.
KOH, dipyridyl, and acetaldehyde were added into
the warmed solution one after another, then the
solution was stirred for 10 min. The temperatures
for electroless depositing were 50°C, 60°C, 70°C,
and 80°C, respectively. The reaction for depositing
Cu on the surface of the TiNi powders finished in
30 min, and the color of the solution had completely
changed by the end. The TiNi powders coated with
Cu were dried at 80°C, and then they were annealed
in a hydrogen annealing furnace. A lab blender was
used to mix 15% Cu-TiNi composite powder and
85% Cu powder. The powders were cold extruded at
first, then hot compressed in a vacuum hot pressing
furnace at 900°C for 2 h, with an extrusion ratio of
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Fig. 1. Experimental procedure for the thermal compression
process. (1) Heating to 700°C with a heating rate of 10°C/min; (2)
heating to 950°C with a heating rate of 7.5°C/min; (3) loading on the
Cu and Cu-TiNi powders at 950°C with a pressure of 20 MPa, the
loading started at 700°C; (4) dwelling at 950°C for 60 min; (5)
offloading; (6) extruded samples were cooled with hot compression
equipment.

10:1. Figure 1 shows the experimental procedure of
the thermal compression process, and the as-re-
ceived extruded samples had dimensions of ¢
30 x 20 mm. A DIL 402 thermal dilatometer was
employed to measure the thermal expansion coeffi-
cient of the extruded sample at designed environ-
ment temperatures of 25-300°C. The gas tightness
of the machined extruded sample was measured
with an air-tightness tester. The TiNi powders with
Cu shells and the extruded samples were mounted,
polished, and characterized using a Leica C.E.
optical microscope, a Sirion 200 scanning electron
microscope, and a Genesis 60S EDX. An x-ray
diffraction test was employed to determine the
phases in the as-received Cu and TiNi powders,
the Cu-TiNi composite powders, and the extruded
Cu/TiNi sample.

RESULTS AND DISCUSSION
Electroless Deposition Process

Figure 2 shows photomicrographs of as-received
TiNi powders and Cu powders. The TiNi powders
were spherical with an average radius of 10 um,
while the as-received Cu powders had irregular
morphology. Figure 3 shows the microstructure of
the surface of the TiNi powders after deposition of
copper at different temperatures. The total volume
of the mixture solution was 0.1 L, which included a
solution with a concentration of 0.05 mol/L. Cu?*,
1.5 mL glyoxylic acid with a concentration of 9 mol/
L, and 4.5 mL of KOH solution with a concentration
of 10 mol/L. After deposition at 50°C, the Cu layer is
nonuniform: only parts of the surface had Cu
deposited on them (Fig. 3a). The Cu layer became
more uniform and denser as the layer treatment
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Fig. 3. Microstructure of the surface of the TiNi powders after coating with copper at different temperatures. (a) 50°C; (b) 60°C; (c) 70°C; (d)
80°C.
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temperature was increased to 60°C and 70°C, as
shown in Fig. 3b and c. Oxygen was detected in the
Cu layer when the deposition treatment tempera-
ture was increased to 80°C, as shown in Fig. 3d.
Figure 4 shows the surface of the TiNi powders
after depositing the copper layer in a mixture
solution with different dipyridyl concentrations
(20—40 mg/L). The coated Cu layer is much denser
and more uniform than the previous ones, as shown
in Fig. 4c. Figure 5 gives the microstructure and
element line analysis of the TiNi powders coated at
a dipyridyl concentration of 30 mg/L. The section
view of the powder presents a core-shell structure,
with a Cu shell and TiNi core. After the addition of
pyridine, the Cu layer is closer and more uniform.
For a single particle, the matrix phase is light gray
and the Cu layer is white. Cu is evenly distributed
on the surface of the TiNi powder. The thickness of
the deposition layer is about 2 um.

TiNi-Cu/Cu Composites

We analyzed the microstructure of TiNi-Cu/Cu
composites after the molding process. The Cu/TiNi
composite powders were mixed with pure Cu pow-
der at a volume ratio of 15:85. The actual weight
ratio was Weo:Wrni = 25:1. The x-ray diffraction
patterns of the mixed as-received Cu and com-
pressed Cu/TiNi powders are shown in Fig. 6. After
cold extrusion and vacuum hot pressing at 900°C for
2 h, the mixed powders were coated with a pure
copper belt. Thermal extrusion was carried out at
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900°C, with an extrusion ratio of 10:1. The
microstructure of the thermal compressed sample
and the element distribution in TiNi powders coated
with Cu are shown in Fig. 7. The TiNi powders were
distributed in the Cu matrix. Figure 7b shows the
elemental line distribution of the alloy after vacuum
hot pressing at 900°C for 2 h, while the balls of Cu/
TiNi composites are ellipsoid. The interface element
line in Fig. 7b shows that there are some diffused Ti
and Ni elements in the copper layer that coats the
Cu/TiNi composite powder. Typical SEM images of
pressurized bar cross-sections show that Cw/TiNi
composite particles still maintain their nuclear/
shell structure. The composite powder has promoted
the combination of Cu/TiNi composite particles and
copper matrix after vacuum hot pressing and hot
extrusion (Fig. 7b). The distribution of elemental
lines in Fig. 7c indicates that there is a significant
diffusion of Ti and Ni elements in the copper coating
layer of the Cu/TiNi composite powders.

Air-Tightness and Thermal Expansion Coeffi-
cient

After hot extrusion, the sample’s leakage rates
were measured. The atmospheric pressure was
3.6 x 10 ® Pa in the initial state, and it is only
26.3 x 1076 Pa after 1500 h, as shown in Fig. 8a.
The compressed sample shows good air-tightness.
Figure 8b shows the thermal expansivity variation
with the temperature. The coefficient of thermal

Fig. 5. Microstructure and element distribution of TiNi powders coated at a dipyridyl concentration of 30 mg/L. (a) cross-section; (b) element line

analysis of Ti, Ni, and Cu.
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expansion (CTE) of Cu is 17.79 x 10~ %K, while the
fabricated Cu/TiNi composite showed low thermal
expansion. The CTEs of the CwTiNi composite are

13.99 x 107 %K, 17.28 x 10 %K, and 17.72 x 10™9
K at 100°C, 200°C, and 300°C, respectively.

The thermal expansion behavior, caused by the
change in atomic thermal vibration in the lattice, is
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Fig. 6. X-ray diffraction pattern of the mixed as-received Cu (a) and mixed Cu/TiNi powders (b).
‘(a) ; | (b) o] .r-.-.K~~ v (C) - VEIems‘nl W% At
R [R5 b &8 e ! > . TiK 4278 |47.91
i R s ‘ } G ik 544 [aam
£ ' wey e . z llcuk  [281 [238
’ . X » - . .
fos S : Ni K A
- ‘ e : . @ : T *.
o @ Loy : {
p [}
i : : %
’ . ) ot % 3 .
. o [} P . . - - o 4 .
o - 50m = Cuk Rl g LogTm

Fig. 7. Microstructure of the thermal compressed sample and the element distribution in TiNi powder coated with Cu. (a) Powder distribution; (b)
element line analysis of Ti, Ni, and Cu in Cu/TiNi compressed samples; (c) element distribution of the core of TiNi powders coated with Cu.
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due to temperature rise. It occurs during heating,
and the B19° — B2 phase change occurs when the
temperature reaches the austenite transition tem-
perature in TiNi alloy. The austenite phase volume
is smaller than the martensite phase in TiNi alloy.
The composite material exhibits good volume
shrinkage at the macroscopic level. As the austenite
transition and temperature A; is reached, the
material no longer causes volume shrinkage, due
to the phase change. The samples go back to positive
thermal expansion. At this time, the B2 phase
content in the TiNi alloy reaches its maximum. The
volume expansion caused by the conventional ther-
mal vibration of atoms in the lattice is smaller than
the volume shrinkage caused by phase change. The
volume shrinkage is still visible at the macroscopic
level. The material appears to undergo normal
thermal expansion when the temperature continues
to rise. This leads to the end temperature for the
NTEM behavior of the shrinking material, which
lags behind the end temperature of the austenitic
phase change. Another reason is the effect of the
heat treatment process on the negative thermal
expansion of TiNi alloy. Without enough stress
aging treatment, the fraction of precipitated TisNi,
is small. An active internal stress field formed, the
specimen occurs normal thermal expansion and
contraction. The samples are treated with aging
under the applied constraint stress. The TisNiy
phase is greatly precipitated, forming a valid inter-
nal stress field so that the TiNi alloy produces
negative thermal expansion behavior.'??° The con-
straint temperature and time have a more signifi-
cant influence on the negative thermal expansion
behavior of TiNi alloy, and the effect of the con-
strained stress is relatively small.

CONCLUSION

New high-density Cu/TiNi composites with high
air-tightness and low thermal expansion have been
fabricated through Cu deposition and powder met-
allurgy. TiNi powders coated with a dipyridyl
concentration of 30 mg/L and drying at 80°C show
proper welding properties between the Cu deposi-
tion layer and the TiNi matrix. The Cu/TiNi com-
posite materials were created by cold extrusion,
vacuum hot pressing heat-treatment, and were hot-
compressed at 900°C for 2 h. The CTEs of the Cu/
TiNi composite at 100°C, 200°C, and 300°C were
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13.99 x 107 %K, 17.28 x 10%K, and 17.72 x 10~%
K, respectively. The fabricated Cu/TiNi composites
showed good air-tightness and low thermal
expansion.
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