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Abstract: The microstructure and resistivity of melt-spun CuCrTi ribbon were studied. The results reveal that the maximal size of the
primary Cr particles in the microstructures is below 100 nm by 0.65%—3.8%Ti (mole fraction) addition and the resistivity of annealed
ribbons of 0.65%—1.3%Ti addition can meet the need of the contact materials used by the medium-voltage vacuum interrupters. By
contrasting the melt-spun microstructures to the annealed microstructures, the primary Cr particles do not grow up quickly in the
annealing process. The X-ray diffraction studies reveal that alloying increases the amount of the solute in Cu and Cr phases and
results in the increase of resistivity. By the thermodynamic analysis, adding Ti to CuCry alloys increases the critical supercooling of
the liquid/solid transformation, which makes the critical radius of nucleation decrease and the rate of nucleation increase. As a result,

the microstructure of CuCr ribbon can be further refined.
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1 Introduction

The contact material based on CuCr alloys
containing 20%—50% Cr has been widely investigated
because it is a dominating contact material used in
medium-voltage vacuum interrupters. It is an important
subject to refine the Cr particles in its microstructure
[1-2]. To improve its microstructure, many special
preparation processes, such as powder sintering[2—3],
molten metal infiltrating[4—5], self-consuming electrode
[6], arc-melting[7] and low-segregation molten-casting
[8] have been used. However the best refining result of
Cr phase is still in micron-scale. The solubility of Cr in
Cu in solid is so low that nearly no available heat
treatment can be used to improve its microstructure. By
the mechanical alloying, the CuCr alloys with nano Cr
particles were recently obtained, and the sample has
some excellent electric properties[9—11]. But the lower
productivity and higher residual gas made it impossible
to be applied widely.

Melt spinning is the most common method of rapid
solidification nowadays. It is capable of refining the
microstructure, extending the solid solubility limits and

forming the metastable phase, etc. A number of
studies[12—18] have been undertaken to investigate the
microstructures of rapidly solidified metals. However, it
has not been well used in the research of refining the
microstructure of CuCr alloys.

The effect of Ti addition on the melt-spun
microstructure of CuCr ribbon was based on the
transmission  electron  microscopy  investigation.
Moreover, the change of the resistivity of alloying ribbon
is paid a special attention because it is an important
property of contacts.

2 Experimental

High-purity (>99.95%) Cu, Cr and Ti were used to
prepare the CuCrTi alloys. The material was arc-melted
employing a non-consumable tungsten electrode.
Subsequently, the material with a mass of 10 g was
inserted into a quartz tube. When the material was heated
by high frequency induction to the required temperature,
the ribbon was prepared by liquid quenching on a single
roller melt spinning under a pressure of 50.5 kPa Ar gas.
The velocity of the cooling roller was 33 m/s, the
calculated cooling rate of ribbon was about 10° K/s
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according to our work[19]. The dimensions of prepared
ribbons were about 3 mm in width and 25—40 um in
thickness. Under this condition, the maximal
undercooling of ribbon is about 400—450 K[13,17].

Some melt-spun ribbon was annealed in a vacuum
furnace at 600 ‘C for 2—16 h. The microstructure was
studied by a Hitachi H-800 transmission electron
microscope(TEM). The foil specimen for TEM was
prepared by a twin-jet thinning device. The lattice
parameters of the Cu and Cr phases in the melt-spun and
annealed ribbons were analyzed by a Rigaku D/max
2400 X-ray diffractometer(XRD). The resistivity of
ribbon was measured by the four point probe method.

3 Results

The microstructure of melt-spun CuCryg ribbon is
shown in Fig.1. The spherical particle marked by an
arrow is a primary Cr particle. The diameter of the
primary Cr particle is about 200 nm. Using melt spinning,
the size of the primary Cr particle in the CuCr
microstructure can be refined from the micron-scale to
nano-scale, which reveals that the microstructure of
CuCr alloys can be markedly refined by increasing
cooling rate of solidification process. The performance
of CuCr contact is mainly affected by the primary Cr
particles in its microstructure[1—11]. The resistivity of
annealed CuCryg ribbons is about 4.53 pQ-cm as shown
in Table 1.

200 nm

Fig.1 Microstructure of melt-spun CuCr,g ribbon (Arrow notes
primary Cr particle)

3.1 CuCrygTiges alloys

Fig.2(a) shows the microstructure of melt-spun
CuCryg3Tig s ribbon. The diameter of the primary Cr
particle marked by an arrow is below 100 nm. When the
ribbon is annealed at 600 °C for 2 h, the diameter of the
primary Cr particle marked by an arrow in Fig.2(b) is
also below 100 nm. The result means that the addition of
Ti to CuCr alloys can preferably refine their melt-spun
microstructure and the microstructure of melt-spun
CuCryg ¢ Tig 65 alloys will not transform obviously in the
latter process. The change of the precipitates in
microstructure is not conspicuous. The X-ray diffraction
study, as shown in Fig.3, reveals that the lattice
parameters of melt-spun and annealed Cu matrix and Cr
phase are increased by Ti addition, seen in Table 1. This
means that alloying increases the amount of the solute in
Cu and Cr phases, which results in the fact that the

(a) " a ‘
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Fig.2 Microstructures of melt-spun CuCryg5Tiges ribbons
(Arrows respectively note primary Cr particles): (a) Melt-spun;
(b) Annealed at 600 C for2 h

Table 1 Lattice parameters and resistivities of melt-spun CuCrTi ribbon

Mole fraction/% Lattice parameter/A Resistivity/(uQ-cm)
. FCC Cu phase BCC Cr phase
Cu Cr Ti Melt-spun Annealed
Melt-spun Annealed Melt-spun Annealed

71.0 29 - 3.6177 3.6116 2.8817 2.879 3 12.77 4.53
69.8 28.8 0.65 3.6179 3.617 2V 2.8842 2.883 1V 14.15 5.03
68.9 28.6 1.3 3.6182 3.6179? 2.886 9 2.883 5% 16.78 6.12
68.4 27.8 3.8 3.6195 3.6182% 2.887 8 2.885 2% 25.29 11.27

1) Annealed at 600 C for 2 h; 2) Annealed at 600 C for 5 h; 3) Annealed at 600 C for 16 h
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Fig.3 X-ray pattern of melt-spun CuCryg ¢Tig 65 ribbons

resistivity of annealed CuCryggTi¢s ribbon is increased
to 5.03 pQ-cm. This value is a little higher than that of
CuCryy ribbons, as shown in Table 1. From Fig.3 and
Table 1, it can be seen that Ti element is dissolved in Cu
matrix and Cr phase.

3.2 CuCryTiy 3 alloys

The microstructures of melt-spun CuCrygTi; 3
ribbon are shown in Fig.4. Most of primary Cr particles
in the microstructure in Fig.4(a) are refined to less than
80 nm. When the ribbon is annealed at 600 ‘C for 5 h,
the Cr particles in Fig.4(b) do not grow up much. The
X-ray diffraction pattern reveals that the lattice
parameters of melt-spun and annealed Cu matrix and Cr

Fig.4 Microstructures of melt-spun CuCryg4Ti;3 ribbons
(Arrows respectively note primary Cr particles): (a) Melt-spun;
(b) Annealed at 600 C for5h

phase are continuously increased with the increase of Ti
content, as shown in Table 1. Its X-ray pattern is similar
to Fig.3. The resistivity of annealed CuCryg¢Ti; 3 ribbons
is about 6.12 pQ-cm.

3.3 CuCry5Tizg alloys

The microstructures of melt-spun and annealed
CuCr,;4Tizg ribbons in Fig.5 are further refined. The
maximal diameter of the primary Cr particles in the
melt-spun and annealed microstructures is smaller than
50 nm. However, the resistivity of annealed CuCr,;gTis¢
ribbon is increased to 11.27 pQ-cm, which may be too
high to be used by the medium-voltage vacuum
interrupters (There is no resistivity standard for the
contact materials in the world).

Fig.5 Microstructures of melt-spun CuCr,;5Tizg ribbons
(Arrows respectively note primary Cr particle): (a) Melt-spun;
(b) Annealed at 600 C for 16 h

4 Discussion

The reason of melt spinning to refine the
microstructure is based on its very high cooling rate,
which has been studied in Refs.[12—18]. The effect of Ti
addition on the microstructure of CuCr alloys will be
discussed below by thermodynamics.

According to regular solution model, the mixing
Gibbs free energy (Gp,) of multi-component alloy system
can be expressed as

Gm=RTix,-1nx,-+zn: iQijx,-xj (1)
i=1

i=1 j=i+l

where x; and x; are the molar fraction of components i
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and j; ©; is the interaction parameters between
components i and j; R is the gas constant (8.31
J/(mol-K)), T is temperature in K.

Using the published data in Refs.[20-22], the
mixing Gibbs free energies of the liquid phases and the
BCC Cr solid phases in CuCr and CuCrTi systems at
1 500 K were calculated by Eqn.(1). Moreover, the
mixing Gibbs free energy differences (AGx) between
homogeneous liquids and the separated liquids in these
systems were also calculated. The result is shown in
Fig.6. It is revealed by the calculation that Ti addition
can obviously decrease the G, and AGp,x of CuCr liquid,
however, the G, of BCC Cr phase is decreased a little.
The critical temperature of the liquid phase separation
[20] to CuCr system is about 1 500 K. The primary Cr
particles in the melt-spun and annealed microstructures
are not from general solidification process, but are
formed in the liquid phase separation process. The liquid
phase separation is bad to refine the microstructure of
alloys.

AG ;=457 J/mol
AG =412 J/mol
AG3=315 J/mol
0 G pe=172J/mol 5

CL%CI‘zq

G /(kJ=mol-1)

0 20 40 60 80 100
x(Cr)/%
Fig.6 Effects of adding Ti on mixing Gibbs free energy (in
liquid and Cr solid) and difference of mixing Gibbs free energy
in liquid (AG,x) of Cu-Cr system at 1 500 K: 1 L-CuCr;
2 L-CuCrTig6s; 3 L-CuCrTiy 3; 4 L-CuCrTisg; 5 Crgec-CuCr; 6
Crgcc-CuCrTig gs5; 7 Crgec-CuCrTi, 35 8 Crgec-CuCrTis g

The decrease of G, in liquid results in the
phenomenon that the liquid phase separation will occur
at lower temperatures and the reduction of AG, will
decrease the driving forces of liquid phase separation.
They will make the liquid phase separation process be
restrained.

Adding Ti to CuCr alloys, the decrease of Gy, in
liquid will make the undercooling liquid more steady and
liquid/solid
transformation lower. The difference between liquidus

the beginning temperature of the

and the actual temperature of undercooling liquid is
enlarged, so the actual undercooling (A7) of liquid

should be increased.
According to the solidification theory[23], we know
that the critical radius of nucleation (#*) is
P 20T,V )
AHAT
where o is the surface energy; T, is the liquidus; ¥ is
the mole volume; AH is the difference of enthalpy
between liquid and solid; AT is the critical supercooling.
By the Eqn.(2), * will be decreased as AT increases,
which results in the increase of the number of nucleus
and the refinement of microstructure.
On the other hand, the rate of nucleation (I)[23] is

D, l6na T2V}
I=B, expl ——5 5 — (3)
LM 3AH?AT?kT

where B, is a coefficient that is decided by the critical
radius of nucleation and the surface energy; Dy is the
diffusivity in liquid; Dyy is the diffusivity in liquid at
melting point; k£ is Boltzmann constant; 7 is the
temperature of supercooling liquid.

By Eqn.(3), the relation between / and AT satisfies
or meets the Gaussian distribution. For melt spinning, as
AT increases, I will be increased, and the microstructure
will be refined.

5 Conclusions

1) Using melt spinning, the size of the primary Cr
particles in the CuCr microstructure can be refined from
the micron-scale to about 200 nm, which reveals that
with the increase of the cooling rate of solidification
process, the microstructure of CuCr alloys can be
markedly refined.

2) The primary Cr particles in the microstructures of
CuCry ribbon can be refined to less than 100 nm by
0.65%—-1.3% Ti addition and its resistivity is not
increased much. Adding 3.8%Ti to CuCryy alloys, the
primary Cr particles in its microstructures can be refined
to less than 80 nm, but the resistivity of its ribbon will be
obviously increased. By contrasting the melt-spun
microstructures to the annealed microstructures, the
primary Cr particles do not grow up quickly in anneal
process.

3) The X-ray diffraction pattern reveals that Ti
addition increases the lattice parameters of melt-spun and
annealed Cu matrix and Cr phase, which means that
alloying increases the amount of the solute in Cu and Cr
phases and results in the increase of resistivity.

4) By the thermodynamic analysis, it reveals that
adding Ti to CuCr alloys can obviously decrease the G,
of liquid. As a result, the critical undercooling of the
liquid/solid transformation is increased, which makes the
critical radius of nucleation decrease and the rate of
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nucleation increase, and the microstructure of CuCr
ribbon can be further refined.
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