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Abstract: The dimensional change, residual stress, grain orientation difference, dislocation density, and dislocation distribution of
beryllium after different hot isostatic pressing treatments were analyzed by laser length meter, Raman spectrometer, nanoindentation
meter, electron backscattered diffractometer, and transmission electron microscope, and the influence of thermal-cold cycling
treatment on the dimensional stability of beryllium was analyzed. Results show that the size of the hot isostatic pressed beryllium
tends to be stable after 6 cycles of thermal-cold cycling treatment from —100 °C to 150 °C, and it has good dimensional stability. The
dimensional stabilization mechanism of beryllium is mainly the homogenization of dislocations within the grain and the
homogenization of orientation difference caused by micro-plastic deformation.
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Due to its low density, high elastic modulus, and high
specific strength, beryllium becomes a key material for the

=1 High requirements have

inertial navigation instruments
been proposed for the dimensional stability of beryllium,
because the slight dimensional change may damage the
accuracy of inertial navigation””. Therefore, it is impera-
tive to explore an effective method to improve the dimen-
sional stability of beryllium. Researches present that the
dimensional stability is decisively affected by microstructure
and residual stress®”. The thermal-cold cycling (TCC)
treatment involves the alternate cycle of cold treatment below
0 °C and heat treatment at 100-500 °C, which is considered as
an effective way to improve dimensional stability®'”. TCC
treatment imposes cyclic stress on the material, leading to
dislocation movement and phase transformation and
improving the dimensional stability™". The effects of TCC
treatment on the microstructure and residual stress of
beryllium are rarely reported. Therefore, the effect induced by
TCC treatment on dimensional stability of beryllium after hot
isostatic pressing (HIP) was investigated, and the dimensional

stabilization mechanisms were also studied in this research.
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1 Experiment

The commercial HIPed beryllium was used as the raw
material, and the composition is listed in Table 1. The
beryllium of control group was aged at 300 °C for 30 d,
denoted as Control Be. Both Control Be and HIPed beryllium
(HIP Be) samples were subjected to different TCC treatments
to evaluate the dimensional stability. Three commonly used
TCC treatments were selected: heating at 150 °C for 1 h and
then cooling at =60, —100, and —196 °C for 1 h, so they were
denoted as TCC/150/-60, TCC/150/-100, and TCC/150/-196,
respectively. The number of TCC cycles was 0—10"""?. After
TCC treatments, the dimensional changes during the heat
preservation process at 150 °C for 100 h were recorded to
evaluate the dimensional stability. Dimensional changes
during long-term low-temperature insulation can effectively
reflect the dimensional stability after TCC treatments. TCC
treatments and heat preservation at 150 °C for 100 h were
conducted by a low-temperature thermostat and vacuum
drying oven. Dimensional changes, residual stress, micro-
structure, and dislocation morphologies were characterized by
laser length meter, Raman spectrometer, nanoindentation
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Table 1 Composition of HIP Be (wt%)

Be Al Fe Si BeO Other
99.1 0.02 0.06 0.02 0.9 Bal.

meter, electron backscattered diffractometer (EBSD), and

transmission electron microscope (TEM)!".

2 Results and Discussion

2.1 Dimensional changes of HIP Be during and after TCC
treatments

Fig. la shows the dimensional changes of Control Be and
HIP Be after different TCC treatments, where L is the current
length and L, is the initial length. The dimensional shrinkages
of HIP Be samples occur after different TCC treatments. It is
reported that the lower the cold treatment temperature of TCC
treatment, the slighter the cumulative dimensional changes. It
can be seen that the dimension of HIP Be after 6 cycles of
TCC/150/-100 treatment is Dbasically stabilized. The
dimensions of HIP Be after 10 cycles of TCC/150/-60 and
TCC/150/-196 treatments continue to change. It can be
observed that the dimensional changes of Control Be after 10
cycles of TCC/150/-60 and TCC/150/-100 treatments are
slight. During TCC/150/-196 treatment, the dimensional
change of Control Be is similar to that of HIP Be.

Fig. 1b shows the dimensional changes of beryllium before
(initial) and after TCC treatments followed by reheating at
150 °C for 100 h. Initial Control Be and HIP Be were also
reheated at 150 °C for 100 h for comparison. The dimensional
shrinkage of HIP Be after TCC/150/-100 treatment followed
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Fig.1 Dimensional changes of different beryllium samples during
TCC treatments (a) and before and after TCC treatments
followed by reheating at 150 °C for 100 h (b)

by reheating is significantly smaller than of HIP Be after
TCC/150/-60 and TCC/150/-196 treatments followed by
reheating. The dimensional shrinkage of HIP Be after TCC/
150/~ 100 treatment followed by reheating is only 1.2x107,
which is in a stable state. Compared with that of initial
Control Be, the dimensional changes of Control Be after TCC/
150/-60 and TCC/150/-196 treatments followed by reheating
are slightly smaller, and that of Control Be after TCC/150/
—-196 treatment followed by reheating is larger. It is clear that
the TCC/150/-100 treatment is a suitable dimensional
stabilization method for HIP Be processing.

2.2 Residual stress of HIP Be after different TCC

treatments

Fig. 2 shows the residual stress of HIP Be before (initial)
and after different TCC treatments. As shown in Fig. 2a,
compared with that of the stress-free beryllium (455 cm™)",
the Raman shift of HIP Be is 459.6 cm™, indicating the
existence of residual compressive stress. During TCC
treatment, cyclic stress is applied through the impact of
temperature cycle to eliminate the original compressive stress
and to achieve residual stress relaxation. After TCC/150/-60
and TCC/150/- 196 treatments, the Raman shifts of HIP Be
move to 459 and 460.5 cm™, respectively. The Raman shift
change of HIP Be is small, which indicates that the external
stress provided by TCC cannot effectively eliminate the
original residual stress. After TCC/150/-100 treatment, the
Raman shift of HIP Be moves to 456.8 cm™, suggesting that
the stress provided by the cold and thermal cycles is
appropriate and thereby achieving the stress removal effect.

As shown in Fig. 2b, the residual compressive stress of
initial HIP Be is 120 MPa. After TCC/150/-100 treatment, the
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Fig.2 Raman spectra (a) and residual stress (b) of HIP Be samples
after different TCC treatments



2720 Ren Penghe et al. / Rare Metal Materials and Engineering, 2024, 53(10):2718-2722

residual stress of HIP Be decreases significantly. Therefore,
TCC/150/-100 treatment can effectively eliminate the residual
stress of HIP Be.

2.3 Misorientation and dislocation of HIP Be after

different TCC treatments

Fig. 3a — 3d show the misorientations of HIP Be after
different TCC treatments. The misorientations of HIP Be are
multiplex, including 58% substructured grains, 22% deformed
grains, and 20% recrystallized grains, as shown in Fig.3a and
3e. The deformed grains almost disappear after different TCC
treatments. Recrystallized grains are still retained in HIP Be
after TCC/150/-60 and TCC/150/-196 treatments, as shown
in Fig.3b and 3d, respectively. The misorientations of HIP Be
after TCC/150/-100 treatment are basically composed of
substructured grains, as shown in Fig.3c. The changes in grain
misorientations after TCC treatments are caused by
coordinated micro-plastic deformation and grain rotation,

which leads to dimensional shrinkage. After TCC/150/-100

treatment, the misorientations are homogeneous. Therefore,
the stress and strain become difficult to transfer between
grains, resulting in the improvement of dimensional stability.
The dislocation densities of HIP Be are shown in Fig.4a—4d.
It can be seen that the dislocation density of initial HIP Be is
inhomogeneous, as shown in Fig. 4a. After TCC/150/-60
treatment, the change in dislocation density is small and the
distribution uniformity improves, as shown in Fig. 4b.
Compared to that of the initial HIP Be, lower dislocation
density can be observed after TCC/150/-100 treatment, as
shown in Fig. 4c. The dislocation density slightly increases
after TCC/150/-196 treatment, as shown in Fig. 4d. The
changes in dislocations during TCC treatment may lead to
micro-plastic deformation and residual stress relaxation.
2.4 Dislocation morphology of HIP Be after different TCC
treatments

Fig.5 shows TEM morphologies of HIP Be before and after
different TCC treatments. The HIP Be is composed of
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Fig.3 Misorientations (a—d) and misorientation distributions (e—h) of HIP Be before (a, ¢) and after TCC/150/-60 treatment (b, f), TCC/150/-100

treatment (c, g), and TCC/150/-196 treatment (d, h)
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Fig.4 Dislocation densities (a—d) and average angle distributions (e—h) of HIP Be before (a, e) and after TCC/150/-60 treatment (b, f), TCC/150/

-100 treatment (c, g), and TCC/150/-196 treatment (d, h)
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Fig.5 TEM morphologies of HIP Be before (a—b) and after cold cycling (c, e, g) and thermal cycling (d, f, h) of TCC/150/-60 treatment (c—d),

TCC/150/-100 treatment (e—f), and TCC/150/-196 treatment (g—h)

beryllium grains with uneven sizes and nano-BeO distributed
discontinuously along the grain boundary. The grain
boundaries are relatively straight and the angles of grain
boundaries are small, as shown in Fig. 5a. There are some
dislocation lines in the small-sized grains'”, as shown in
Fig.5b. The changes in dislocations of HIP Be after TCC/150/
—60 treatment are not obvious, as shown in Fig.5¢—5d. During
TCC/150/-100 treatment, it can be observed that the number
of dislocations in HIP Be increases after cold cycling and
decreases after thermal cycling. The grain boundaries also
become smooth, as shown in Fig. Se — 5f. The dislocation
entanglement of HIP Be after cold cycling at =196 ° C is
obvious, so as the remaining dislocations after thermal cycling
at 150 °C, as shown in Fig.5g and 5Sh, respectively. In TCC
treatment, the dislocations are generated during the cold
cycling, and then they are decreased during the thermal
cycling, resulting in the continuous annihilation of the original
dislocations in HIP Be. After several cycles, a stable
dislocation state with minimum micro-stress and macro-stress
is generated. It is clear that the dislocations can be effectively
regulated by TCC/150/-100 treatment.

3 Conclusions

1) The dimensional shrinkages are increased with the
decrease in the cold cycling temperature of TCC treatment.
The dimensional shrinkage of HIP Be after TCC/150/- 100
treatment followed by reheating is only 1.2x107, which is in a
stable state. Therefore, TCC/150/-100 treatment is a suitable
dimensional stabilization method for HIP Be.

2) Residual compressive stress exists in HIP Be, which
decreases significantly after TCC/150/-100 treatment.

3) After TCC treatment, the
homogeneous and the distribution uniformity improves, which

misorientations  are

makes it difficult to transfer the stress and strain through the
grains, therefore increasing the deformation resistance.
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