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Abstract: The thermal expansion coefficients of Cu-Zn alloy before and after high pressure treatment were measured by thermal
expansion instrument in the temperature range of 25—700 °C, and the microstructure and phase transformation of the alloy were
examined by optical microscope, X-ray diffractometer (XRD) and differential scanning calorimeter (DSC). Based on the
experimental results, the effects of high pressure treatment on the microstructure and thermal expansion of Cu-Zn alloy were
investigated. The results show that the high pressure treatment can refine the grain and increase the thermal expansion coefficient of
the Cu-Zn alloy, resulting in that the thermal expansion coefficient exhibits a high peak value on the o—T curve, and the peak value

decreases with increasing the pressure.
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1 Introduction

Cu-Zn alloys have been widely applied in many
areas due to their high strength, good plasticity and
excellent corrosion resistance. However, the coarse
grains of the materials limit their further application [1].
So it is very important to refine grain of Cu alloys [2-3].
It is known that high pressure can promote nucleation,
and restrain the grain growth [4—6]. Thus the research on
grain refinement by means of high pressure treatment has
been getting more and more attention [7—8]. At present,
the investigations of pressure effects on metals are
mainly focused on solidification process under high
pressure [9—10]. As is known, microstructures of many
kinds of alloys depend on solid-state phase
transformation, and high pressure heat treatments have
some other advantages, such as
temperature and simple operations. It can be predicted
that high pressure heat treatment may be an effective
way to change the microstructures of alloys and to

relatively low

improve their overall properties. Recently, some results
about the microstructure of Cu alloys improved by high
pressure treatment have been reported [11—12], but few
reports were about the property of Cu alloys after high
pressure heat treatment. In practice application,
especially under the temperature conditions, good
mechanical properties and dimensional stability of
Cu-Zn alloy were required. Therefore, in this study, high
pressure heat treatment was applied to Cu-Zn alloy
during solid-state phase transformation process, and the
microstructure and thermal expansion of Cu-Zn alloy
after high pressure heat treatment were investigated.

2 Experimental

The tested material was an annealed Cu-Zn alloy, its
chemical composition (mass fraction, %) is 63.72 Cu,
36.12 Zn, and 0.16 others. The samples were sealed in a
graphite pipe, sending pressure with the medium of
pyrophyllite. The high pressure experiment was carried
out on a CS-IIB tester with the pressures of 1, 3 and
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5 GPa, respectively, in which the sample was heated up
to 750 °C for 15 min, then the electricity (kept pressure)
was shut off and the sample was cooled to room
temperature (about 25 °C). The samples before and after
high pressure treatment were shaped into the dimensions
of d6 mmx10 mm, and polished with 1 200" metallic
sand papers, then their thermal expansion coefficients in
the temperature range of 25-700 °C were measured
using a DIL402C thermal expansion instrument. The
heating rate was 5 °C/min, precision was 3%, and Al,O4
was used as reference in argon protecting. The a—7 curve
was spontaneously calculated. To investigate the phase
transformation of the Cu-Zn alloy during the heating
process, the thermal analyses were performed using a
STA449C differential scanning calorimeter(DSC), in
which the sample was heated to 700 °C and with a
heating rate of 5 °C/min. The microstructure and phase
composition of the samples were analyzed by Neophot21
optical microscope and D/MAX-rB diffractometer (XRD)
(with a graphite monochromator, and K, radiation).

3 Results and discussion

3.1 Microstructure

Figure 1 shows the microstructures of Cu-Zn alloys
before and after high pressure treatment. It can be seen
that the microstructure of original Cu-Zn alloy is coarse.
After the high pressure heat treatment, fine needle-like
grain with random distribution has been formed in the
alloy, and the number of the fine needle-like grain
increases and then decreases with increasing pressure.
When the pressure is 3 GPa, the maximum fine
needle-like grain with a width range of 3—6 um exists in

the microstructure, and its volume fraction is around
78.68%, indicating that the high pressure treatment can
refine grain; when the pressure is 3 GPa, it exhibits better
effect of grain refinement. XRD analysis (Fig. 2) shows
that the Cu-Zn alloy before and after high pressure
treatment is composed of a phase (Cu solid solution) and
minor S phase (Cu-Zn solid solution), and there are
changes in the intensity of a phase and minor f phase
diffraction peaks. This means that the shape, content,
size, and distribution of the phases can be changed by the
high pressure, but no new phase has been introduced.
Based on the theory of classical crystal nucleation
[13—14], the crystal nucleation rate may be described as
follows:
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Considering the effect of pressure on crystal nucleation,
the following equation may be expressed from Egs. (2)
and (3):
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where G is the nucleation activation energy; AG is the
critical Gibbs free energy; AE is the diffusion activation
energy; o is the surface energy between two phases; AGy
is the Gibbs free energy difference per unit volume
between the new phase and the original phase; AV is the
volume difference between the new phase and the
original phase.
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Fig. 2 XRD patterns of Cu-Zn alloys after different pressure

treatments

Since solid-state phase transformation of Cu-Zn
alloy is the nucleation and growth process of new phase,
it is determined by the atomic diffusion process. From
Eq. (4), it can be concluded that if high pressure causes
AG to decrease, it benefits to the nucleation of new
phases; on the other hand, if high pressure makes the AE
increase, it will prevent forming the crystal cores. Only
when the first term value is greater than the second term
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value in Eq. (4), that is when (0G/0P)7<0, high pressure
can increase the nucleation rate of new phases; on the
contrary, high pressure can decrease the nucleation rate.
Therefore, the nucleation rate of new phase will decrease
at higher pressure or lower pressure, and there is a
propriety pressure for the nucleation rate of new phase
achieves a maximum value, resulting in that the
formative grain size is the smallest. In our experiment,
when pressure is 3 GPa, the effect of grain refinement is
obvious.

3.2 DSC curves

Figure 3 shows the DSC curves of Cu-Zn alloy
before and after high pressure treatment at heating rate of
5 C/min. One endothermic peak at 442—-460 °C is
observed on each DSC curve, and the endothermic peaks
of the samples after 1 GPa and 3 GPa pressure treatments
are higher. It can be concluded from Ref. [15] that the
endothermic peak corresponds to the solid-state phase
transformation (f'—p). It is also seen from Fig. 3 that
there is difference on each DSC curve. Comparatively,
the feature of DSC curve of Cu-Zn alloy after 1 GPa
treatment is similar to that of Cu-Zn alloy after 3 GPa
treatment.
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Fig. 3 DSC curves of Cu-Zn alloys after different pressures treatments with heating rare of 5 °C/min: (a) Original; (b) 1 GPa;

(c) 3 GPa; (d) 5 GPa
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3.3 Thermal expansion coefficients

Figure 4 shows the relationship between the thermal
expansion coefficients of Cu-Zn alloy before and after
pressure treatments and temperature. It can be known
that thermal expansion coefficient of original Cu-Zn
alloy increases with increasing the temperature in the
range of 25—700 °C, whereas the change of thermal
expansion coefficient is flat when temperature above
about 241°C. After high pressure treatment, the thermal
expansion coefficient increases and then decreases with
increasing the heating temperature. When the
temperature increases to a certain value, the thermal
expansion coefficient exhibits a high peak value, and the
peak value decreases with increasing the pressure, as
shown in Table 1. The Cu-Zn alloys after 1 GPa and
3 GPa treatments exhibit a similar thermal expansion
behavior, and the feature of a—T curve of the Cu-Zn
alloy after 5 GPa treatment is close to that of the original
alloy.
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Fig. 4 Relationship between thermal expansion coefficient of

Cu-Zn alloy and treatment temperature

Table 1 Peak value and corresponding temperature of thermal
expansion coefficients of Cu-Zn alloy with different pressure

treatments
Thermal expansion
Pressure/GPa  Temperature/°C . 5ol
coefficient/10 > °C
1 560.81 3.1556
3 535.14 3.0948
5 560.69 2.6038

Figure 4 also indicates that high pressure treatment
can increase thermal expansion coefficient, and it is more
obvious when the temperature is above about 432 °C.
There is no larger difference between the thermal
expansion coefficient of the Cu-Zn alloys after 1 GPa
and 3 GPa treatments, but both are larger than that of the

alloy after 5 GPa treatment, and the maximum difference
appears at the peak value of the thermal expansion
coefficient. After 1 GPa treatment, the highest value of
the thermal expansion coefficient can be obtained at
560.81 °C, its value is 3.155 6x107°°C"", about 52.41%
higher than that of the original Cu-Zn alloy at the same
temperature.

Since thermal expansion of the alloy is the result of
inter-atomic distance increase, the void in the material
can be considered a rigid phase with zero expansion [16],
there is no expansion when it is heated, and the void can
hold part of the inter-atomic distance increase caused by
heating. Thus, reducing the void in the material can
elevate the thermal expansion coefficient. Since high
pressure treatment can increase the density of Cu-Zn
alloy and decrease its residue void, the thermal
expansion coefficient of Cu-Zn alloy increases after high
pressure heat treatment. In general, the void in the
material decreases with increasing pressure. However,
Fig. 4 shows that the thermal expansion coefficient of
Cu-Zn alloy does not linearly increase with increasing
pressure, and high pressure treatment can change the
microstructure of Cu-Zn alloy, indicating that the thermal
expansion coefficient relates to the microstructure
(including the number, size, shape and distribution of the
phase composition). It can be concluded that the thermal
expansion is co-regulated by many factors including
internal void, internal stress, phase transition and
microstructure [17—18]. The effects of thermal expansion
coefficient are complex and the affecting degrees are
different. The experimental results show that larger
thermal expansion coefficient of the Cu-Zn alloy after
1 GPa pressure treatment can be obtained and high
pressure treatment can make thermal expansion
coefficient of Cu-Zn alloy exhibit peak value on the a—T
curve.

4 Conclusions

1) High pressure treatment can refine the grain of
Cu-Zn alloy, the refinement effect increases and then
decreases with increasing pressure. When the pressure
reaches 3 GPa, the refinement is the most remarkable.

2) High pressure treatment can obviously increase
the thermal expansion of Cu-Zn alloy, and also lead to
the thermal expansion coefficient exhibiting peak value
on the a—T curve, the peak value decreases with
increasing the pressure in the range of 1-5 GPa.

3) Thermal expansion coefficient of the Cu-Zn alloy
after 1 GPa treatment reaches a maximum value
(3.155 6x107° °C™") at 560.81 °C, which increases by
52.41% in comparison with original Cu-Zn alloy at the
same temperature.
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