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Abstract: Hot deformation behavior and microstructure evolution of hot isostatically pressed FGH96 P/M superalloy were studied
using isothermal compression tests. The tests were performed on a Gleeble—1500 simulator in a temperature range of 1000—1150 °C
and strain rate of 0.001-1.0 s ', respectively. By regression analysis of the stress—strain data, the constitutive equation for FGH96
superalloy was developed in the form of hyperbolic sine function with hot activation energy of 693.21 kJ/mol. By investigating the
deformation microstructure, it is found that partial and full dynamical recrystallization occurs in specimens deformed below and
above 1100 °C, respectively, and dynamical recrystallization (DRX) happens more readily with decreasing strain rate and increasing
deformation temperature. Finally, equations representing the kinetics of DRX and grain size evolution were established.

Key words: FGH96 superalloy; hot compressive deformation; constitutive equation; microstructure evolution; dynamical

recrystallization

1 Introduction

FGHOY6 is a kind of nickle-based P/M superalloy
designed by the principle of damage tolerance [1, 2]. It is
mainly used in the construction of turbine disks because
of its excellent properties at elevated temperature, such
as good tensile and creep properties, good -crack
resistance and microstructure stability up to 700 °C [3, 4].
Turbine disks made from FGH96 superalloy are usually
forged into shape by isothermal forging (ITF) or
superplastic forging [5, 6]. However, this kind of
superalloy is rather difficult to deform due to its poor
work ability [7, 8]. Hence, investigation on the
deformation behavior and microstructural evolution is
necessary so that the processing parameters can be
optimized and the microstructure can be controlled.

Several works regarding to the above two aspects
have been carried out [9—11]. LIU et al [9] studied the
hot deformation behavior of hot isostatically pressed
(HIPed) FGH96 at 1070-1170 °C and 5x107*-0.2 s by
means of isothermal compression tests. LIU et al [10] did
the similar work at 1000—1100 °C and 0.001-0.1 s/,
while WANG et al [11] did research at 1050—1100 °C
and (0.001-0.1) s'. These tests were carried out in
relatively narrow temperature or strain rate range and

few kinetics of dynamic recrystallization for HIPed
FGHO96 was given. Hence, more studies are still needed.

In the present work, a set of compression tests were
performed in the temperature range of 1000—1150 °C
and strain rate of 0.001-1.0 s™'. From the experimental
result, hot deformation behavior and microstructure
evolution for HIPed FGH96 superalloy were modeled,
which can give indispensable information for numerical
simulation and optimizing the actual hot working
processes.

2 Experimental

The nickle-based P/M superalloy FGH96 was
produced by plasma rotation electronic pole (PREP)
technology, followed by hot isostatic pressing. The
chemical composition of the experimental material
FGH96 is listed in Table 1. Cylindrical compression
specimens with dimensions of d8 mmx12 mm were
machined from HIPed bars. Thermo-mechanical
simulation tests were conducted on a Gleeble—1500
simulator. All the specimens were first heated to the
deformation temperature at a heating rate of 20 °C/s, and
then isothermally compressed to a degree that true strain
is equal to 1, in the temperature range of 1000—1150 °C
and strain rate of 0.001-1.0 s™'. Once the compression
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Table 1 Chemical composition of FGH96 superalloy (mass constitutive equations proposed by RICHARDSON et al

fraction, %) [12]:
Cr Co W Mo Ti 0
155165 125-135 3842 3842 3539 Zﬁem[ﬁ}ﬂc) ()
Nb Al C Ni
0.6-1.0 2.0-2.4  0.02-0.05 Bal. where Z is the Zener-Hollomon parameter; & is the
strain rate; R is the universal gas constant; 7 is the
test ended, the specimens were quenched in water to temperatl.lre; A. is .the material constan.t; Ouer 15 Fhe
retain the high-temperature microstructure. Then they deformation activation energy; and F{(o) is the function
were sectioned and prepared for conventional of flow stress which can be written as [13]:
microstructural observation. The grain size of the Fi(0)= A" )
deformed specimens was measured using linear intercept
method. F,(0) = 4, exp(fo) 3)
. . F (o) = A(sinh(ac,))" 4
3 Results and discussion ) ») @

where A, 4>, A, ny, n, f and a(a=n/f}) are material

3.1 Flow stress constants; o, is the peak flow stress. The power
A set of stress—strain curves obtained from the relationship Eq.(2) and the exponential relationship Eq.(3)
experiment are shown in Fig. 1. It is observed that the are suitable for low stress level (00<0.8) and high stress
flow stress increases rapidly to a peak in the initial stage level (00>0.8), respectively. Regarding the wide
of compression and decreases slowly to some extent as variation of flow stress in FGH96 superalloy in the
the deformation exceeds the peak strain. Finally, it goes present study, “hyperbolic-sine” Eq. (4) which is suitable
into a steady-state region, which shows equilibrium for all the stress level is employed to model the
between hardening and work softening. constitutive equation.
Generally, plastic deformation is considered a By combining Eq. (1) with Eq. (4) and taking
thermally activated process and it can be described by natural logarithm of the combination, the following
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(a) ()
< <
2 100 200
2 2
o o
E 50 Z 100
Il Il 1 1 1 Il 1 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
True strain True strain
480 560
(©) (d
360 420
< [+
a9 o
2 P2
& 240 8 280
o o
= =
= =
120 140
1150
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
True strain True strain

Fig. 1 True stress—true strain curves of FGH96 superalloy during hot compression deformation: (a) £=0.001s'; (b) £=0.01s";
(¢) 6=0.1s"(d) £=1.0s"
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equation can be obtained:

Qdef

Ing+ T =InA+nlin(sinh(@o,)) %)

In Eq. (5), n represents the slope of In(sinh(ac,))
versus Ing, as shown in Fig. 2(a). As a material
constant, it is independent on temperature. Hence, an
appropriate value for a is required and an iterative
scheme is adopted to achieve this, namely, different
value for a is generated until »n values under different
deformation conditions approximately reach the same
value[14]. It is calculated that for the value of ¢=0.004, n
is almost independent on temperature and its mean value
is equal to 4.14.

Figure 2(b) shows the dependence of peak stress on
temperature. By utilizing the linear relationship between
natural logarithm of ¢ versus 1/7, the deformation
activation energy Oy.r is determined to be 693.21 kJ/mol.
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Fig. 2 Dependence of peak stress on strain rate (a) and
temperature (b)

Table 2 summarizes all the calculated constants in
Eq. (5). By substituting the values into Eq. (1), the
equation for peak deformation stress as a function of Z is
as follows:

0,=227sinh '(2.40x10 2)"** (6)

Table 2 Measured constants for FGH96 superalloy

Qued/(KT-mol ) a/MPa! n In(4/s ™)

693.21 0.004 4.14 60.20

3.2 Microstructure observation

Figure 3 shows the typical optical micrograph of
HIPed FGH96 superalloy before deformation. In the
specimens, round previous particle boundaries (PPBs)
can be seen, along which no DRX grains appear. This
indicates that the powder particles with diameter of
50—100 pm are hardly deformed during the HIP process.
Inside the particles, there is quite a lot of primary y’, and
the morphology of grains is difficult to distinguish.

After deformation, microstructures recorded in the
central region of the specimens are observed. Figure 4
shows the microstructure of FGH96 superalloy deformed
at lower temperature and the compression axis is vertical.
It can be seen that a large amount of y’ still exists in the
microstructure; PPBs are redistributed due to
deformation and are difficult to distinguish. However, by
the local distribution of y', it can be noticed that previous
particles (marked by the arrows) are elongated along the
direction perpendicular to the compression axis. At
higher magnifications, some new grains are observed.
These grains mainly appear along the PPBs and only a
small fraction can be found. The appearance of these new
small grains indicates the occurrence of partial
dynamical recrystallization (DRX).

When the deformation temperature exceeds 1100 °C,
most y" has been dissolved and new recrystallized grains
are ubiquitous (Fig. 5), which means that DRX has taken
place almost completely. Therefore, it is concluded that
the deformation temperature strongly affects the DRX
behavior of FGH96 superalloy and DRX is more readily
to happen at higher temperatures. Similarly, the DRX
grain size is also affected by deformation temperature
and strain rate. The metallographic observation indicates
that in the full DRX region, grain size increases with
increasing deformation temperature and decreasing strain
rate. More details about the effect of deformation



temperature and strain rate on microstructural evolution
mechanism are needed to study in further investigations.
3.2.1 Kinetics of dynamic recrystallization

DRX is a time-dependent process. Isothermal DRX
kinetics measured in hot working experiments is usually
described by the Avrami equation [15, 16]:

XU Wei, et al/Trans. Nonferrous Met. Soc. China 22(2012) 66—71 69
Fig. 5 Microstructures of FGH96 deformed at 1150 °C: (a) ¢=0.001s";(b) £=0.01s";(c) £=0.1s";(d) £=1.0s"
X gyn =1—exp[—1n2(t/t0'5)2] (@)

where Xyy,is the dynamically recrystallized fraction, # is
the time after the start of DRX and #y5 is the time for
50% recrystallization which is expressed as:

to5=A&" exp(Q/T) (8)
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where 4, b and Q are constant.

The following method is employed to achieve fs
under each deformation condition. First, the softening
fraction is given as [17]:

p

ol -o

Xdyn = P dx (9)
o —o;

where osdx is the steady flow stress obtained from the

stress—strain curves.

Through Eq. (9), the stress for 50% recrystallization
can be calculated. Then, the corresponding strain can be
obtained from the stress—strain curves and divided by
strain rate to get time for 50% recrystallization. Figures 6
and 7 show the variation of f,s with respect to
temperature and strain rate, respectively.

When fys is available, its dependence on
deformation condition ( &, 1/7) can be gained by
multiple linear regressions. The result with an R-square
value of about 0.98 is given as

tos =4.57x107 "% exp(6.36 x10° / T) (10)

3.2.2 Dynamically recrystallized grain size
As mentioned above, the dynamically recrystallized
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Fig. 6 Relationship between #,s and strain rate at different
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Fig. 7 Relationship between #,5 and temperature at different
strain rate

grain size is dependent on temperature as well as strain
rate, and this dependence can be described by only one Z
parameter. The larger the Z is, the more the energy is
stored due to deformation. Correspondingly, the driving
force for DRX grows large and the refinement of
dynamically recrystallized grain size becomes easy. The
dependence of dynamically recrystallized grain size on Z
can be written as [18]:

Dy =CZ 7™ (11)

where C and np are the experimental constants.

In all fully recrystallized specimens, dynamically
recrystallized grain size under each deformation
condition is collected by quantitative metallography
method. The natural logarithm of Dgy, versus that of Z
for the specimens deformed at 1100 and 1150 °C with
strain rate from 0.001 to 1.0 s™' is plotted in Fig. 8. By
linear fitting, the relationship between the two
parameters is determined as:

Ln Dygyy=—0.22In Z+15.21 (12)

4.5

4.0

3.5F

In(Dgy/um)

3.0r

2.5

2.0 1 1 |
50 52 54 56 58 60 62

In(Z/s™")

Fig. 8 Relationship between Dy, and Z
4 Conclusions

1) The flow stress behavior of FGH96 superalloy is
temperature- and strain rate-sensitive. As the temperature
and strain rate decrease, the peak stress decreases. The
logarithm of peak stress shows good linearity with that of
strain rate or the inverse temperature. By regression
analysis, activation energy Qq.r and stress exponent # for
FGHO6 superalloy are determined to be 693.21 kJ/mol
and 4.14, respectively.

2) The occurrence of partial or full DRX behavior
can be observed below or above 1100 °C, respectively.
The fraction of DRX is determined by the Avarami
equation.

3) The dependence of grain size on the deformation
condition can be described by only one parameter Z.
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