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Effects of high pressure (6GPa) on the solid state phase transformation kinetic parameters of aluminum bronze

during the cooling process are investigated, based on the measurement and calculation of its solid state phase

transformation temperature, duration and activation energy and the observation of its microstructures. The

results show that high pressure treatment can reduce the solid phase transformation temperature and activation

energy in the cooling process and can shorten the phase transformation duration, which is favorable when forming

fine-grained aluminum bronze.

PACS: 62. 50.+p, 64. 60.−i, 64. 70.−p

Aluminum bronze has been widely applied in ship-
ping, machinery and aviation industries owing to its
high strength, good corrosion-resistance and excellent
hot and cold workability. However, the coarse grains
of this material limit its further application.[1] It is
known that high pressure can promote nucleation and
suppress atomic transport, and thus efforts have been
given to gain fine-grained Cu-based alloy by means of a
high pressure treatment.[2,3] So far, the investigations
of pressure effects on metals are mainly focused on
solidification fields,[4−7] while refinement of grains by
means of solidification under high pressure is difficult
to operate. As we know, microstructures of metals are
determined not only by the liquid-solid transforma-
tion near its melting point, but also by the solid-solid
transformation phase in the cooling process. However,
the pressure effects on the solid state transformation
of metals during the cooling process are still unclear.
In this Letter, we investigate the changes of the solid
state phase transformation of aluminum bronze dur-
ing the cooling process after a high pressure treatment
(6 GPa).

High-pressure experiments were performed on a
CS-IIB type six-anvil high-pressure apparatus. Py-
rophyllite was used as the pressure-transmitting
medium. The Cu-11.71Al (wt%) alloy samples were
first sealed into graphite heaters, and were then pres-
surized to 6 GPa and heated to 750∘C for 15 min. Af-
ter the samples were cooled to room temperature, we
released the pressure. The aluminium bronze sam-
ples before and after high pressure treatment were
then subjected to the differential scanning calorime-
try (DSC) measurements (STA449C, Jupiter, Net-
zsch, Germany) with the initial temperature of 700∘C

and the cooling rate of 5∘C/min, 10∘C/min, and
20∘C/min, respectively.

The temperature and the duration of the solid
state phase transformation were measured according
to the DSC curves. The phase transformation acti-
vation energy 𝐸𝑐 of the sample was calculated by the
Kissinger equation[8] ln(𝐵𝑇−2) = −𝐸𝑐(𝑅𝑇 )−1+const.
The phase transformation activation energy 𝐸𝑥 at a
certain stage was calculated by the Doyle method[9]

log𝐵 = log𝐴𝐸[𝑅𝐹 (𝑥)]−1 − 2.315− 0.4567𝐸𝑥(𝑅𝑇 )−1,
where 𝐵 is the heating rate, 𝑅 is the gas constant,
𝑇 is the temperature, 𝑥 is the phase transformation
fraction, 𝐴 is the frequency factor, and 𝐹 (𝑥) is the
phase transformation function. When 𝑥 is a constant,
log𝐴𝐸[𝑅𝐹 (𝑥)]−1 is also a constant. Here 𝑥 is cal-
culated by the equation 𝑥𝑖 = 𝑆𝑖/𝑆, where 𝑆𝑖 is the
area of the exothermic peaks on the DSC curves from
the initial stage to a certain temperature of the phase
transformation, 𝑆 is the total area of the exother-
mic peaks from the initial stage to the end of the
phase transformation. Microstructures of the samples
were observed on the NEOPHOT21-type optical mi-
croscope.

Figure 1 shows the DSC curves of the aluminum
bronze with and without high pressure treatment at
constant cooling rates. One exothermic peak can
be seen clearly on each DSC curve. It can be con-
cluded that this peak corresponds to the solid state
phase transformation 𝛽 → 𝛼 + 𝛾2 during the cooling
process.[10] The initial temperature, the peak temper-
ature, the ending temperature and the transforma-
tion duration of the phase transformation can be de-
duced from the DSC curves at different cooling rates,
as listed in Table 1. It can be seen from Table 1 that
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the initial temperature, the peak temperature, and the
ending temperature of 𝛽 → 𝛼 + 𝛾2 phase transforma-
tion all decrease with an increasing cooling rate and
that the aluminum bronze after high pressure treat-
ment shows a lower phase transformation temperature
and shorter phase transformation duration than that
without high pressure treatment. Taking the cool-

ing rate of 10∘C min for example, the phase trans-
formation peak temperature and the phase transfor-
mation duration of the aluminum bronze after high
pressure treatment is decreased by 5.75∘C and 10.98 s
respectively, compared with that without high pres-
sure treatment.

Table 1. Phase transformation temperature and duration at different cooling rates.

Cooling rate Initial temperature (∘C) Peak temperature (∘C) Ending temperature (∘C) Duration (s)

(∘C/min) 0GPa 6GPa 0GPa 6GPa 0GPa 6GPa 0GPa 6GPa

5 535.18 532.28 523.85 520.59 506.30 506.21 346.56 312.84

10 530.61 527.36 517.51 511.76 494.13 492.71 218.88 207.90

20 526.14 518.81 511.43 504.87 482.29 478.11 131.55 122.10

Fig. 1. DSC curves of the aluminum bronze under various
conditions.

Fig. 2. Plot of ln(𝐵𝑇−2) ∼ 𝑇−1 at DSC peak value at
different heating rates.

According to the phase transformation peak value
at various cooling rates shown in Table 1, a lin-
ear relation of ln(𝐵𝑇−2) and 𝑇−1 was obtained, as
shown in Fig. 2. By calculating its slope according to
the Kissinger equation by the least square method,
(𝐸𝑐/𝑅) is achieved, thus the phase transformation
activation energy of 𝛽 → 𝛼 + 𝛾2 with and with-
out high pressure is obtained, i.e., 428.34 kJ/mol and

592.89 kJ/mol, respectively.
The relation of the phase transformation volume

fraction 𝑥𝑖 and the corresponding temperature (𝑇 ) of
the samples with and without high pressure treatment
can be obtained from the DSC curves, as shown in
Fig. 3. According to Fig. 3, the 𝛽 → 𝛼 + 𝛾2 phase
transformation activation energy can be calculated at
various stages by the Doyle equation and is plotted in
Fig. 4, which shows that the phase transformation ac-
tivation energy is relatively higher at the initial stage,
and then decreases with the increasing volume frac-
tion. Figure 4 also shows that high pressure treat-
ment can reduce the 𝛽 → 𝛼+𝛾2 phase transformation
activation energy.

Fig. 3. Relation between the phase transformation vol-
ume fraction and the temperature at different cooling
rates.

The 𝛽 → 𝛼 + 𝛾2 phase transformation, including
the nucleation and the crystal growth processes, is de-
termined by the atomic diffusion process. The more
defects, such as grain boundaries, vacancies, and dislo-
cations exist, the more new nucleation sites and atom
diffusion paths may generate, thus the easier the phase
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transformation process goes. High pressure treatment
may cause high strain, so as to increase the disloca-
tion density and the interfacial deficiency and mean-
while reduce the critical free energy of nucleation.[11]

Therefore, high pressure treatment is favorable for the
𝛽 → 𝛼 + 𝛾2 solid state phase transformation of alu-
minium bronze during the cooling process, leading to
lower activation energy and a shorter phase transfor-
mation duration.

Fig. 4. Relation between the phase transformation activa-
tion energy and the phase transformation volume fraction.

Fig. 5. Relation between the cooling rate and the Avrami
exponent.

The Avrami exponent 𝑛 is a phase transforma-
tion exponent, which is an important kinetics param-
eter in characterizing the phase transformation be-
havior, such as nucleation and crystal growth. The
Avrami exponent 𝑛 can be calculated by the following
equation[12] 𝑛 = 2.5𝑇 2

𝑝 (∆𝜏FWTH𝐸𝑅−1)−1, wherein
∆𝜏FWTH is the half band width of the exothermic
peak, 𝑇𝑝 is the exothermic peak temperature, 𝐸 is
the phase transformation activation energy, and 𝑅 is
the gas constant. The average Avrami exponent 𝑛
of the aluminum bronze before and after high pres-
sure treatment can be obtained by the above equation
according to the DSC data, as shown in Fig. 5. It
shows that the Avrami exponents 𝑛 in both the cases

are less than 2, indicating that high pressure treat-
ment has little effect on the Avrami exponent, as far
as our experimental conditions are concerned. It can
be concluded from the Avrami exponent 𝑛 shown in
Fig. 5 that[13,14] the 𝛽 → 𝛼+ 𝛾2 phase transformation
of the aluminum bronze both with and without high
pressure treatment obeys the one-dimensional growth
mode characterized by a gradually decreasing nucle-
ation rate and diffusion-controlled crystal growth pro-
cess. Our experimental results indicate that high pres-
sure treatment has little effect on the 𝛽 → 𝛼+𝛾2 phase
transformation mechanism.

Figure 6 shows the microstructures of the alu-
minum bronze under various conditions. All the mi-
crostructures consist of irregular white and black ar-
eas, in which the white are 𝛼 phase and the black
are 𝛽’ and 𝛾2 phases. It can be seen in Fig. 6 that the
grain sizes of the aluminum bronze after high pressure
treatment are smaller than that without high pressure
treatment, whether the samples undergo DSC mea-
surements or not.

100 mm 100 mm

100 mm100 mm

(a) (b)

(d)(c)

Fig. 6. Microstructures of the specimens after different
treatments (cooling rate of DSC measurement 5∘C/min):
(a) original state, (b) after 6GPa treatment, (c) after DSC
measurement of the original state specimen, (d) after DSC
measurement of the 6GPa pressurized specimen.

The fine grain microstructures obtained after high
temperature treatment are mainly attributed to the
increment of the defects, such as the grain bound-
aries and the dislocations, which provides more favor-
able nucleation sites, resulting in a larger nucleation
rate. Meanwhile, the 𝛽 → 𝛼+𝛾2 phase transformation
temperature of the sample drops after high pressure
treatment, which depresses the atomic diffusion rate.
In addition, the high pressure condition shortens the
phase transformation duration, i.e., the growth pro-
cess of the new nucleus is shortened. As a result, fine
grains are formed after high pressure treatment.

In conclusion, the effects of high pressure on
the solid phase transformation kinetic parameters of
aluminium bronze during the cooling process have
been investigated quantificationally via the differen-
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tial scanning calorimetry method. The results show
that high pressure treatment can reduce the temper-
ature and the activation energy and can shorten the
duration of the 𝛽 → 𝛼 + 𝛾2 solid phase transforma-
tion, which is favorable when forming fine-grained alu-
minum bronze. High pressure treatment (6 GPa) does
not change the growth mode of the 𝛽 → 𝛼 + 𝛾2 solid
phase transformation.
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