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Abstract: Based on the calculation of phase diagrams (CALPHAD) approach and vacuum arc melting technology, the

Cu,(Feo.64Ni0.32C00.04)100-:(x=30, 45, 60, wt%) series alloys were designed and prepared. The effects of annealing process on

microstructures, thermal conductivity (TC) and coefficient of thermal expansion (CTE) were investigated for these prepared

alloys. The result shows that the Cu-FessNi3»Coy isotropic polycrystalline alloys present two separate fcc phases (fcc Cu-rich

phase and fcc (Fe, Ni, Co)-rich phase) microstructures after annealing at 600 and 800 °C. After annealing at 600 °C for 50 h,
the CTE of the alloys ranges from 6.88x10° to 12.36x10° K™ and TC varies from 22.91 to 56.13 W+(m‘K)™. The TC are
significantly higher than that of Invar alloy, and the CTE of Cuso(Feo.64Nio.32C00.04)70 and Cuas(Feo.64Nio32C00.04)s5 alloys can

well match with that of semiconductor in electronic packaging.
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With the rapid development towards high-integration and
miniaturization in electronics industry, there is an increasing
requirement of electronic packaging materials with high per-
formance' . Electronic packaging materials are widely used
in electronic devices to protect and support integrated circuits
and other components'*. There are several principles for these
packaging materials as follows: Firstly, these materials should
have high thermal conductivity (TC) to deliver the heat. Sec-
ondly, they should own a low coefficient of thermal expansion
(CTE) about 4x10° ~8x10° K'"*! to match the ceramic sub-
strates and semiconductors (like Al,Os;, AIN, Si and GaAs).
Finally, they should possess some other properties such as low
densities, good mechanical performance and low costs!.

Conventional metallic electronic packaging materials such
as Cu, AI"! Invar™, Kovar™ and super Invar’®, have been
widely used. However, these materials are still have some
negative attributes'” ', To be specific, Cu and Al have high
TC but their CTE are about four and five times larger than
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those of the semiconductor Si. It can induce high thermal
stress in the electronic devices. Since the volume of magne-
tostriction counteracts the amount of thermal expansion at
room temperature!' " ', Invar and near-Invar alloys show very
low, zero, or even negative in CTE, but their TC are low un-
fortunately™ .

It is easy to consider that the Cu/Invar composites are good
choice to meet new packaging materials requirements. There
are many ways to prepare the Cu/Invar composites, such as
multi-layer laminating, extruding, powder metallurgy and
casting!"” """ Cu/Mo/Cu and Cu/Invar/Cu'®'*"® are kinds of
composites prepared by rolling or casting. Its middle layer is
Invar alloy or Mo plate and both sides were covered with pure
Cu. These materials combine high TC of Cu with low CTE of
Invar alloy. However, these composites still have the short-
comings of material anisotropy and low interfacial bonding

1.1 prepared
L1

strength, which limited its application. Wu et a

Cu/Invar composites by power metallurgy. Stolk et a made
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a nanocrystalline Cu/Invar composite by a novel solu-
tion-based synthesis technique and later sinter method. How-
ever, the Cu/Invar interface interdiffusion and holes in sintered
samples are caused by the nearly no solid solubility of Fe, Co
and Cu, which have adverse effects on the TC and CTE prop-
erties of Cu/Invar alloys.

Based on the calculation of phase diagrams (CALPHAD)
method?” and vacuum arc meltingm], several Cu-FegNisCo,
alloys with different Cu contents were designed and synthe-
sized. The Cu-FegNi;;Coy isotropic alloys present two sepa-
rate fcc phases (fcc Cu-rich phase and fcc (Fe, Ni, Co)-rich
phase) microstructures. In this study, the effects of annealing
process and Cu contents on microstructures and thermophysi-
cal properties of the prepared alloys were investigated and
discussed.

1 Experimental

1.1 Alloy design

Calculation phase diagrams method””, as an effective tool
of multi-component alloy design, is widely used in the design
and development of new materials'"*'**. For example, it can
predict miscibility gaps, calculate liquids curves, vertical sec-
tion diagram and the volume fraction of two liquid phases.
Based on the thermodynamics database of the Cu-based alloys
constructed by our group®> *!, the Cu-Fe-Ni-Co quaternary
phase diagram was calculated as shown in Fig.1. A large two
fce phases (fce-(Cu) plus fec-(Fe, Ni, Co)) equilibrium region
constituted the main feature in the system. It is noteworthy
that the solid solubility of two fcc phases decreases with the
decreasing temperature, which may be useful for further an
three alloys of Cu,(Fegs4Nig3,C00.04)100.x (x=30, 45, 60, wt%)
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Fig.1  Calculated vertical section phase diagram of Cu-Fegs-
NisCoy25 261

nealing process. Using the two fcc phases equilibrium region,
were thus designed and named as alloys Cu30, Cu45 and
Cu60, respectively. In this study, all mentioned chemical
compositions are given in the form of mass ratio (wt%).
1.2 Materials and heat-treatments

As raw materials, high purity electrolytic copper (99.9
wt%), iron (99.7 wt%), nickel (99.9 wt%) and cobalt (99.9
wt%) were used. Three casting-ingots of Cu30 Cu45, and
Cu60 alloys were prepared from above pure metals by
arc-melting. In order to ensure compositional homogeneity,
each button about 30 g was remelted at least five times. To
eliminate the composition segregation and internal stress of
the ingots, homogenization treatment at 1000 °C for 24 h fol-
lowed by ice-water quenching was carried out. Subsequently,
samples cut from ingots were annealed at 600 and 800 °C for
various durations, and then quenched into ice-water.
1.3 Microstructures and crystal structure

Microstructural observation and composition measurement of
each phase were carried out by electron probe microanalyzer
(EPMA, JXA-8100, JEOL, Japan) with a 20 kV accelerating
voltage and 1.0x10™® A probe current. Crystal structure analysis
was identified by Panalytical X'pert PRO X-ray diffractometer
using Cu Ka radiation with a 40 kV voltage and 40 mA current.
The data were collected in the range of 26 from 20° to 100° at a
step size of 0.0167°.
1.4 Thermophysical properties

All studied specimens for TC and CTE properties testing
were cut by a wire-cutting machine. The sample size for CTE
testing is 3 mm in diameter and 5 mm in height while that for
TC testing is 12.7 mm in diameter and 2 mm in thickness.

CTE were measured by thermal mechanical analysis
(TMA) and the average linear expansion coefficient a is

calculated as follows!'"):

1 AL

L a ey
Where L,, AL and Ar are the original length of the sample
at room temperature, absolute length variation of specimen with
the change of temperatures and test temperature range, respec-
tively. The testing temperature ranges from 30 °C to 300 °C at a
heating rate of 5 °C'min”". Archimedes method was employed to
measure the density of the samples. TC was tested using
LFA447 laser thermal conductivity analyzer and the TC (1) was
calculated as follows!""!:

A=apC, 2)
where a, p and Cpare the thermal diffusion coefficient, density,
specific heat capacity at constant pressure, respectively.

2 Results and Discussion

2.1 Microstructures and thermophysical properties of
Cu30 alloy
Fig.2a shows the microstructures of Cu30 alloy quenched at
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Fig.2 Microstructures of Cu30 alloy quenched at 1000 °C (a) and then annealed at 600 °C for different time: (b) 2 h, (¢) 10 h, (d) 50 h, and

(e) 100 h

1000 °C. Fig.2b~2e and Fig.3a~3d depict the microstructures
of the Cu30 alloy with different annealing time at 600 and
800 °C, respectively. The white phase is referred as Cu-rich
phase and the black matrix one belongs to (Fe, Ni, Co)-rich
phase. Microstructures observations (Fig.2 and Fig.3) are
consistent with the thermodynamic calculation result (Fig.1).
From the Fig.2e and Fig.3d, it can be seen that Cu-rich phase
grows and becomes coarse gradually at the grain boundary
with the increase of annealing time.

Phase composition of Cu30 alloy annealed at 600 and 800
°C for different time are summarized in Table 1. From Table
1, it is found that the mass ratio of Fe, Ni and Co is approxi-
mately (65.68:30.16:4.16~65.97:29.82:4.21) in the (Fe, Ni,
Co)-rich phase, which are close to Fe, Ni and Co mass per-
centage of 64:32:4 in super-Invar alloy.

In this study, in order to determine the phase structure of
Cu30 alloy, the X-ray diffraction analysis of the quenched and
annealed samples at different temperatures were tested, as
shown in Fig.4. XRD results suggest that there are only fcc-(Cu)
and fce-(Fe, Ni, Co) diffraction peaks of Cu30 alloy. The posi-
tions of diffraction peaks of 600 °C annealed samples have no
obvious changed compared with those annealed at 800 °C. Due
to the extremely small difference in lattice parameter between
fce-Cu and fee-(Fe, Ni, Co), all corresponding diffraction peaks
are basically overlapped, as shown in Fig.4a. The results of
XRD analysis further proves that Cu30 alloy presents two fcc
phases microstructures.

Fig.5a~5b plots the annealing-time independently for CTE

and TC of the Cu30 alloy at 600 and 800 °C, respectively. All
related CTE and TC data are given in Table 2. From the figures
above, it implies that both CTE and TC values of the samples
annealed at 600 °C are better than those of annealed at 800 °C.
With the increase of annealing time from2 to 50 h, the CTE
curves show a decreasing trend and TC curves show an in-
creasing trend. However, after annealing for 50 h, the changes
of TC and CTE are not obvious.

As is known to all, the CTE of Cu is very high (about
17%10°® K")[4], so the CTE of Cu-FeyNis,Co, is mainly de-
cided by the (Fe, Ni, Co)-rich phase. However, the CTE is
very sensitive to the composition in Invar alloy systems!®,
which means that the purer the (Fe, Ni, Co)-rich phase, the
lower the CTE in Cu-FegNi3Co, alloys is. With the increase
of annealing time, Cu atoms in the (Fe, Ni, Co)-rich phase are
separated out constantly, thus causing a quick decreasing trend
in CTE. Similarly, the much slower trend after 50 h in CTE
should be attributed to the upcoming phase equilibrium state,
which implies the finish of separating Cu process.

The TC of super-Invar alloy is very poor, about 13
W-(m-K)'"> 7 It is easy to understand that the TC of
Cu-FegNis,Co, alloys strongly depends on Cu content, which
is accomplished by the movement of electrons™. When Cu
content is very low (like Cu30 alloy in our case), it is hard to
form a continuous net structure as an unobstructed thermal
conduction channel, resulting in a low TC. Similar to the case
of CTE transition, the Cu-rich phase precipitates from matrix
and then grows and becomes coarse gradually at the grain
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Fig.3 Microstructures of Cu30 alloy quenched at 1000 °C and then annealed at 800 °C for different time: (a) 2 h, (b) 10 h, (c) 50 h, and (d) 100 h

Table 1 Phase composition of Cu30 alloy annealed at 600 and 800 °C for different time in the range from 2 and 100 h

(Fe, Ni, Co)-rich phase, content/wt%

Cu-rich phase, content/wt%

7/°C t/h
Cu Fe Ni Co Cu Fe Ni Co
2 18.69 53.58 24.24 3.49 81.63 9.39 8.38 0.60
10 18.62 53.61 24.32 3.45 82.04 9.14 8.23 0.59
000 50 18.62 53.60 24.43 3.35 82.20 8.95 8.26 0.59
100 18.59 53.62 24.44 3.35 82.21 9.01 8.18 0.60
2 19.24 53.04 24.36 3.36 81.81 9.31 8.26 0.62
10 19.21 53.11 24.26 3.42 82.15 9.04 8.19 0.62
800 50 19.06 53.28 24.27 3.39 82.33 8.95 8.11 0.61
100 18.96 53.46 24.17 341 82.59 8.83 8.01 0.57

boundary with the increase of annealing time (Fig.2 and Fig.3).

Besides, the (Fe, Ni, Co)-rich phase precipitates from Cu-rich
phase, increasing the purity of Cu-rich phase. These two as-
pects promote the electron movement, resulting in a quick as-
cend in TC. Based on the above discussion, 50 h is considered
to be the best time of heat treatment.
2.2 Microstructures and thermophysical properties of
Cu45 and Cu60 alloys

The optimized parameter was adopted in Cu45 and Cu60 al-
loys for further study of the effects of Cu content on thermo-
physical properties. Fig.6a~6¢ and Fig.7a~7c depict the micro-
structures of Cu45 and Cu60 alloys quenched at 1000 °C and
then annealed at 600 and 800 °C for 50 h, respectively.

Fig.6a~6c¢c suggests that the black phase ((Fe, Ni, Co)-rich) is
the matrix, whereas in Fig.7a~7c, the white phase (Cu-rich) be-
comes the matrix. Fig.8 shows the XRD patterns of the Cu45
and Cu60 alloys quenched at 1000 °C and annealed at 600 °C
for 50 h. It indicates that there are only fcc-(Cu) and fec-(Fe, Ni,
Co) diffraction peaks of Cu45 and Cu60 alloys. The fcc-(Cu)
and fec-(Fe, Ni, Co) diffraction peaks of Cu45 and Cu60 alloys
are basically overlapped as shown in Fig.8a, which are the same
as the Cu30 alloy. The results of XRD analysis further prove
that Cu45 and Cu60 alloys also show two fcc phases micro-
structures.

Fig.9 depicts the TC and CTE variation with an increasing Cu
contents in Cu-FeyNi;Co, alloys at the formerly optimized
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Fig.5 CTE and TC curves of Cu30 alloy annealed at 600 °C (a) and
800 °C (b) for different time in the range from 2 to 100 h

annealing-process (600 °C/800 °C for 50 h). All related TC and
CTE data are summarized in Table 3 and Table 4, respectively.
From Fig.9, it can be seen obviously that both TC and CTE
have the similarl increasing trend. The TC of the samples an-

Wang Cuiping et al. / Rare Metal Materials and Engineering, 2019, 48(7): 2122-2129

nealed at 600 °C are much greater than those of samples an-
nealed at 800 °C. Compared with the TC of the samples, the
CTE values of the samples annealed at different temperatures
are close to each other. The higher temperature improves the
solubility of Cu atoms in (Fe, Ni, Co)-rich phase (Fig.1 and Ta-
ble 1), which increase the free electron scattering and decrease
the Cu content, and this two aspects impedes the movement of
electrons. Therefore, the TC of the samples annealed at 600 °C
is higher than those of samples annealed at 800 °C. At the same
time, the higher solubility of Cu atoms in (Fe, Ni, Co)-rich
phase, reduces the purity of (Fe, Ni, Co)-rich phase, so the CTE
of the samples annealed at 600 °C are better than those annealed
at 800 °C. In general, annealing at low temperature is beneficial
to the thermophysical properties of the alloys.

The TC of Cu45 and Cu60 alloys annealed at 600 °C for 50 h
are 41.53 and 56.13 W-(m'K)™, respectively, which can be used
as heat sink materials. However, the TC of Cu30 alloy is only
22.91 W-(m'K)', which might be attributable to the low Cu
contents. From Fig.6 and Fig.7, it is found that when the Cu
contents increases up to 45 wt% and 60 wt%, the Cu-rich phase
of the alloys forms a continuous net structure gradually. The
continuous Cu net structure provides a transfer channel for elec-
trons, so the TC of the alloys are significantly improved. When
the Cu content is 30 wt% (Fig.2 and Fig.3), the (Fe, Ni, Co)-rich
component is continuous, and the Cu-rich phase isolates in the
(Fe, Ni, Co)-rich matrix, so the TC of Cu30 alloy is lower than
that of Cu45 and Cu60 alloys. The CTE of Cu30 and Cu45 al-
loys after annealing at 600 °C for 50 h are 6.88x10° and
8.72x10° K, respectively, which may match with semicon-
ductor materials in electronic packaging. However, the CTE of
Cu60 alloy is up to 12.36x10° K, which may be due to that
Invar effect is gradually weakened with the increase of Cu con-
tent in Cu-FegNi3,Coy alloys.

2.3 Calculation and prediction
Cu-FegNi;;Coy alloys

There are two models commonly used for the prediction of
CTE in two-phase alloys, which are rule of mixtures (ROM)
and Turner formula™. The ROM gives the thermal expansion a
of a composite as follows:

a=al +al, 3)

of CTE in

The Turner formula gives the thermal expansion a of a compos-
ite as follows:
_aVE +a)VE, 4)
ViE +T,E,

where a; and a,, V; and V5, E| and E, are the thermal expan-
sion coefficients (17x10° K™ for Cu and 0.5x10° K™ for su-
per-Invar), volume fractions, and elastic modulus (110 GPa for
Cu and 145 GPa for super-Invar ) of phases 1 and 2 in a com-
posite, respectively.

The experimental CTE values and those calculation and pre-
dicted are given in Table 4. It indicates that CTE values de-
crease with the increase of (Fe, Ni, Co)-rich contents, and the
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Table 2 Measured values of CTE and TC in Cu30 alloy annealed at different temperatures for different time

Annealing time/h

Thermophysical properties Temperature/°C

2 4 10 20 50 100
o 600 7.49 7.41 7.20 7.17 6.88 6.87

CTE/X10°K
800 7.55 7.37 7.22 7.21 6.91 6.87
0 600 21.80 22.49 22.83 23.09 2291 22.89

TC/W-(m'K)
800 18.14 18.61 19.24 20.16 20.46 20.35

Fig.7 Microstructures of Cu60 alloys quenched at 1000 °C (a) and then annealed at 600 (b) and 800 °C (c) for 50 h
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Table 3 TC of Cux(Fe0,64Ni0,32C00,04)100_x(x=30, 45, 60, Wto/o) al-
loys with different heat
[W-m-K)"|

treatment processes

800 °C an- 600 °C an-

Sample Cast 1000 °C quenched nealed for nealed for
50h 50h
Cu30 18.52 18.23 20.46 2291
Cud5 25.67 24.41 33.92 41.53
Cu60 47.32 43.35 48.67 56.13

alloys annealed at 600 °C for 50 h have the smallest CTE values.

CTE of the quenched specimens are slightly higher than those
of the ingots, which may be related to the internal stress within
the quenched specimens.

Fig.10 shows the CTE of the present Cu30, Cu45 and Cu60
alloys annealed at 600 °C for 50 h and those CTE fitting curves
by calculation and prediction. It suggests that, those fitting
curves are deviated from the actually measured values. Com-
pared with Turner’s model, average CTE values of the present
composites are close to the values predicted by ROM. Two rea-
sons may account for the experimental CTE values higher than
those predicted by Turner’s model. On the one hand, Invar ef-
fect are very sensitive to the composition of the alloy, only
when the mass percentage of Fe:Ni:Co is infinitely close to
64:32:4, can super-Invar alloy maintain very low CTE values"”.
However, from Fig.1, it can be found that there is a certain
amounts of solid solubility of Cu in (Fe, Ni, Co)-rich phase or
Fe, Ni and Co in Cu-rich phase. Besides, deviations of the Fe,
Ni and Co ratios from above values, results in a significant in-

crease in the CTE of the alloys. On the other hand, Turner’s
model assumes that there is only equilibrium of internal stress
existing between the Cu-rich phase and (Fe, Ni, Co)-rich

[28,30] . .
phase”™™". However, in the process of preparing
Cu-FegNi3,Coy alloys, the complex internal stress will be pro-
duced when alloys are cooled from high temperatures, and the
calculation and prediction CTE results are often much smaller

than the experiment CTE values.
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Fig.10 CTE curves of the present Cu(Feo64Nig32C00.04)100-(x=30,
45, 60, wt%) composites annealed at 600 °C for 50 h com-
pared with those CTE fitting curves by calculation and pre-
diction

Table 4 Experimental CTE of the calculated and predicted of Cu.(Fe.4Nio32C00.04)100-+(x=30, 45, 60, wt%) alloys (X 10°¢ K'l)

Sample Cast 1000 °C quenched 800 °C annealed for 50 h 600 °C annealed for 50 h ROM model Turner’s model
Cu30 7.65 7.68 6.91 6.88 5.15 4.29
Cud5 9.60 10.29 8.99 8.72 7.57 6.48
Cu60 14.04 14.15 12.93 12.36 10.05 8.93

3 Conclusions

1) All the prepared Cu-FeyNisCo, alloys present two
separate fcc phases (fcc Cu-rich phase and fcc (Fe, Ni,
Co)-rich phase) microstructures.

2) The optimized annealing process, 600 °C for 50 h, is ob-
tained from the studied Cu30 alloy, which has a CTE of
6.88x10° K" and a TC 0f 22.91 W-(m'K)™".

3) Among the three alloys, the Cu45 alloy at 600 °C an-
nealed for 50 h has fine comprehensive properties with a CTE
of 8.72x10° K" and a TC of 41.53 W-(m‘K)". It not only can
be used for heat sink applications, but also match the CTE of
the semiconductor material in electronic packaging.
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