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Flow instability criteria in processing map of superalloy GH79
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Abstract: Hot compression tests were conducted on a Gleeble—1500D thermal simulating tester. Based on the deformation behavior
and microstructural evolution of superalloy GH79, different types of instability criteria of PRASAD, GEGEL, MALAS, MURTY
and SEMIATIN were compared, and the physical significance of parameters was analyzed. Meanwhile, the processing maps with
different instability criteria were obtained. It is shown that instability did not occur when average power dissipation rate was larger
than 60% in the temperature range of 900930 °C and 960—1080 °C, corresponding to the strain rate range of 5x10*~1.8x107" 5!
and 5x107*-1.5x10"" 57!, respectively. The two domains are appropriate for the processing deformation of superalloy GH79.
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1 Introduction

GH79 nickel-based high temperature alloy is a
casting high temperature alloy. Its corresponding Russia
brand is DK79, a modification of Russia DI1742. Based
on BI1742 alloy, the contents of Al, Ti, Nb, and Mo are
raised to more than 8.5% and meantime strengthening
elements W and V are added to the as-cast GH79 alloy to
form Ni—Cr—Co solid solution and Ni;(Ti,AL,Nb) type y’
phase. Thus, this alloy possesses higher thermal
strengthening properties and integrative properties, and
long-term working stability and excellent service
performance. Its service temperature is raised from 750
°C of JII742 alloy to 800 °C. At present, such
nickel-based alloy has been used extensively to fabricate
turbine discs of military and civil advanced engines in
Russia [1].

Processing map is a powerful tool in the design and
optimization of metallic forming process. It not only
describes the deformation mechanisms of specific
microstructures in deterministic regions but also
describes the instability flow regions that should be
avoided during forming process. In the meantime,
optimized forming temperature and strain rates can be
obtained by processing map. Therefore, the processing
maps have been used in more than 200 alloys [2—7]. At

present, most researchers only consider one instability
criterion during the determination of working process. It
is shown that the existing criteria for determining the
“safe” and “unsafe” regions during hot working
procedures are different in their theoretical basis, formula
and physical significance, sometimes even contradictory.
Some review articles about the plastic instability criteria
can be found in many literatures. However, there is little
information available about the workability analysis by
combining other instability criterions.

In the present work, based on the concepts of
dynamic material model (DMM) proposed by GEGEL
[8], different instability criteria of PRASAD, GEGEL et
al [9], MALAS and SEETHARAMAN [10], MURTY et
al [11] and SEMIATIN and JONAS [12] are applied to
studying the hot compression deformation of GH79
superalloy and valuable conclusions are derived by
analyzing and comparing above instability criteria.

2 Experimental

The chemical composition (mass fraction, %) of the
GH79 superalloy in this investigation was as follows:
0.061 C, 11.15 Cr, 14.26 Co, 2.41 W, 4.51 Mo, 3.10 Al,
2.75 Ti, 2.75 Nb, 0.61 V, 0.56 Fe, 0.045 Si, 0.002 La,
0.005 Ce, 0.0009 S, 0.005 P and balance Ni. Hot
compression tests were performed on a Gleeble—1500D
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thermal-force simulation testing machine for GH79
superalloy specimen whose dimensions were d8 mmx12
mm. The test temperature was in the range of 900—1150
°C with a temperature interval of 50 °C. The strain rate
was in the range of 5x10 *~10 s ', the heating velocity
was 10 °C/s and holding time was 3 min. Then the
specimens were deformed to a true strain of 0.6 and the
specimens were immediately water-cooled to room
temperature after deformation ended.

The deformed specimens were sectioned parallel to
the compression direction and the cutting surfaces,
polished with emery papers up to 1000”, and cleaned
with acetone to remove grease for microstructure
observation. The metallographic specimens were etched
using a solution of CuSO, (1.5 g) + HCl (40 mL) +
C,HsOH (20 mL). The microstructures of the specimens
were investigated by optical microscopy (OM) using an
OLYMPUS GX51 microscope.

3 Results and discussion

3.1 Processing map theory based on DMM

According to the theory of dissipative structures,
PRASAD [13] believed that the energy of input system,
P, can be divided into dissipative magnitude, G, and
dissipative coordination magnitude, J. Its mathematical
definition is

P:ag:G+J=jjadé+j;’éda (1)

where G is the energy consumed by the plastic
deformation of materials among which a majority of
energy is turned into thermal energy and small amount of
energy is stored in crystal defect energy; J is the energy
dissipated during the microstructure evolution of
material deformation. The proportion of two energies is
determined by the strain rate sensitivity exponent, m, of
forming component under definite stress:

m=0J/0G =¢8do/00¢ =0Inc/0lne 2)

The physical meaning of partition rate of system
energy can be elucidated clearly from the viewpoint of
atomic movement. The dissipation of material energy can
be divided into potential energy and kinetic energy.
Potential energy is related to the relative positions among
atoms. The variation of microstructure will result in the
variation of atomic potential energy and hence
corresponds to the dissipative coordination magnitude, J.
Kinetic energy is related to the movement of atoms, i.e.,
the movement of dislocations. Kinetic energy conversion
is dissipated in the form of thermal energy and hence
corresponds to dissipative magnitude, G. Differential
calculus of dissipative coordination magnitude J is
expressed as:

dJ =do 3)

Presuming that material conforms to constitutive
relationship:

o=Ccé" 6]
Then, J is expressed as:

J= jo odé = m/(m+1)o¢ (5)

When m=1, material is in an ideal linear dissipation
state. Dissipative coordination magnitude J reaches the
maximum value Jy,y, 1.€.,

T = 0E/2 (6)

mq

A dimensionless parameter value # which is the
power dissipation rate can be obtained by Eqgs. (5) and
(6). Its physical meaning is to elucidate the proportion
relation of energy dissipated by microstructure evolution
to linear dissipation energy during material forming. Its
value is:

n=J/J g =2m(m+1) )

The flow stresses at different strain rates and
temperatures with a strain of 0.6 were obtained by
thermal simulation compression test and the power
dissipation map was obtained, as shown in Fig. 1.
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Fig. 1 Power dissipation rate map at different strain rates and
temperatures with a strain of 0.6

It can be seen from Fig. 1 that when hot forming is
performed in region I (temperature of 900—-930 °C and
strain rate of 5x107*-1.8x10"" s, region II
(temperature of 960—1080 °C and strain rate of
5x10%-1.5x10" s'), the mean value of power
dissipation rate of GH79 superalloy is 62%. The
maximum value is 70%.

3.2 Analysis and application of different instability
criteria for GH79 superalloy
3.2.1 GEGEL’s instability criterion
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Based on the second law of thermodynamics,
GEGEL [8] found that flow instability is related to the
temperature sensitivity parameter, s. The definition of s
is as follows:

s=(/T)@Ino/d(1/T))=-0Inc/dInT (8)

Meanwhile, GEGEL used Lyaponov function L(#,s)
and believed that the flow stress curve is up-convex
when stable flow occurs in the material. Flow stress
decreases with increasing temperature. # decreases with
increasing ¢ . s decreases with increasing £ .

0s/0lné=-0(0Ino)/(0InT)0ln¢g))
=—0m/0InT >0=0m/0InT <0 9)

Thus, GEGEL’s instability criterion becomes:
on/dlng>0, om/0InT <0 (10)

The processing map on GEGEL’s instability
criterion of the GH79 superalloy generated at a strain of
0.6 is shown in Fig. 2. The map is clearly classified into
two domains, e.g., the stability deformation domain, and
the instability deformation domain. The latter is shaded
in Fig. 2. GEGEL’s criterion is derived on the basis of
thermodynamics theorem and its theoretical basis is
strict.
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Fig. 2 Processing map of GEGEL’s instability criterion for
GH?79 superalloy

3.2.2 MALAS’s instability criterion

When MALAS and SEETHARAMAN [10]
investigated Ti—49.5Al- 2.5Nb—1.1Mn alloy, they used
Lyaponov function L(#,s) and meantime replaced # with
m. They proposed MALAS’s instability criterion on the
basis of GEGEL'’s criterion:

om/0lng >0, 0om/0InT <0 (11)

The processing map on MALAS’s instability
criterion of the GH79 superalloy generated at the strain
of 0.6 is shown in Fig. 3.

MALAS’s criterion was obtained by replacing #
with m on the basis of GEGEL’s criterion. It can be seen
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Fig. 3 Processing map of MALAS’s instability criterion for
GH79 superalloy

from Fig. 2 and Fig. 3 that the instability domains of
these two instability criteria are basically the same.
However, as compared with the requirements of
GEGEL’s criterion that m value is a constant, MALAS’s
criterion needs not consider m value as a constant.
Therefore, MALAS’s criterion is more expansive than
GEGEL’s criterion.
3.2.3 PRASAD’s instability criterion

At present, when DMM method is used to solve hot
working problem, GEGEL’s and MALAS’s instability
criteria have been rarely used. Many scholars used the
instability criterion established by PRASAD and
SESHACHRYULU [14]. This kind of criterion takes the
extremum principle of irreversible thermodynamics of
large plastic flow and satisfies following relation when
flow instability occurs:

8D/6R < D/R (12)

As dissipation coordination magnitude is relevant to
the microstructure evolution of metallurgical process,
PRASAD et al replaced D with J and got:

8J10é<J/é (13)
olnJ/oné <1 (14)

Taking logarithm on both sides of Eq. (5) and
seeking local derivation for Iné&, one gets:

OlnJ/0né =
Oln[m/(m+1)]/0lng+0Ino/0lné+1 (15)
Integrating Egs. (5), (14) and (15), one gets
PRASAD’s instability criterion:
£(E)=0ln[m/(m+1)]/0lné+m<0 (16)
The processing map on PRASAD’s instability

criterion of the GH79 superalloy generated at the strain
of 0.6 is shown in Fig. 4.
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PRASAD’s criterion is derived carefully by the
maximum entropy generation rate principle and large
plastic deformation, as compared with other criteria, the
scope of instability region is the smallest, as shown in
Fig. 4.
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Fig. 4 Processing map of PRASAD’s instability criterion for
GH?79 superalloy

3.2.4 MURTY s instability criterion

It is believed that m value in Eq. (4) of PRASAD’s
criterion is constant. But MURTY et al [15-20] and
SPIGARELLI et al [21] believed that for pure metal and
alloy with low alloying elements, m could be considered
simply a constant value; while m is not constant for
complex alloy system. Based on this situation, MURTY
et al [15] derived a instability region criterion that is
suitable for any stress and strain rate curve. According to
the definition of J and #:

J=[do= a0 =5-0010¢
=0-0lno/0lné=mo (17)
n=J/Jpy =2J/(c€)=>J/é=nc/2 (18)
and Eq. (13), one gets MURTY ’s instability criterion:
2m<n (19)

The processing map on MURTY’s instability
criterion of the GH79 superalloy generated at the strain
of 0.6 is shown in Fig. 5.

Entire derivation process of MURTY’s criterion
does not involve the problem that whether or not m value
is a constant, and the application scope of this criterion is
the most expansive. However, during calculating # value,
the definition formula of # value must be used to solve
and the calculation process is cockamamie.

3.2.5 SEMIATIN’s instability criterion

SEMIATIN and JONAS [12] put forwards the
relationship of flow softening with material parameter a,
o=—y/m, where v is flow softening rate, y=0(Inc)/ O¢. The
SEMIATIN’s flow localization criterion becomes:
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Fig. 5 Processing map of MURTY’s instability criterion for
GH79 superalloy

a5 (20)

The processing map on SEMIATIN’s instability
criterion of the GH79 superalloy generated at the strain
of 0.6 is shown in Fig. 6.
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Fig. 6 Processing map of SEMIATIN’s instability criterion for
GH?79 superalloy

SEMIATIN’s criterion is an empirical formula
derived on the basis of microstructure observation of
titanium and its alloys. But as compared with other
several criteria, this criterion does not take strict theory
derivation as the basis, thus its scope of application is
restricted greatly.

3.3 Analysis of hot forming properties for GH79
superalloy

The processing map on different instability criteria
of the GH79 superalloy generated at the strain of 0.6 is
shown in Fig. 7.

Five regions of I, I, III, IV and V in Fig. 7 represent
the flow instability domains under five different
instability criteria of GEGEL, MALAS, PRASAD,
MURTY and SEMIATIN, respectively. It can be seen
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from Fig. 7 that the superposition of five flow instability
criteria appears in top left corner and low right corner
domains which are in the temperature range of 900—950
°C over a strain rate range of 1-10 s', and in the
temperature range of 1100—1150 °C over a strain rate
range of 5x107*-5x107 s™', indicating that working
instability phenomenon appears in above forming
domains and should be avoided during practical forming
process. Flow instability phenomenon probably appears
in the instability domains with less superposition of flow
instability criteria. The domains with high power
dissipation rate and no flow instability are appropriate
for the forming.
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Fig. 7 Instability maps through different instability criteria for
GH79 superalloy: —GEGEL; II—MALAS; III—PRASAD;
IV—MURTY; V—SEMIATIN

It can be seen from Fig. 7 that the instability
domains obtained by different instability criteria are
different. Intersection and supplement occur among the
instability domains. Therefore, when hot forming
workability of GH79 superalloy is analyzed, different
instability criteria should be considered integratively.
The instability domains of hot forming can be judged
correctively using integrative criterion.

GEGEL’s criterion is derived on the basis of

thermodynamics theorem and its theoretical basis is strict.

MALAS’s criterion is obtained by replacing # with m on
the basis of GEGEL’s criterion. It can be seen from
Fig. 7 that the instability regions of these two instability
criteria are basically the same. However, as compared
with the requirements of GEGEL’s criterion that m value
is a constant parameter, MALAS’s criterion needs not
consider m value as a constant. Therefore, MALAS’s
criterion is more expensive than GEGEL’s criterion.
PRASAD’s criterion is derived carefully by the
maximum entropy generation rate principle and large
plastic deformation, as compared with other criteria, and
the scope of instability region is the smallest, as shown in
Fig. 7. Entire derivation process of MURTY’s criterion

does not involve the problem that whether or not m value
is a constant, so the application scope of this criterion is
the most expansive. However, during calculating # value,
the definition formula of # value must be used to solve
and the calculation process is cockamamie. SEMIATIN’s
criterion is an empirical formula derived on the basis of
microstructure observation of titanium and its alloys. But
as compared with other several criteria, this criterion
does not take strict theory derivation as the basis, thus its
scope of application is restricted greatly.

The microstructural evolution during deformation is
shown in Fig. 8. Figure 8(a) shows the metallograph at a
temperature of 1150 °C and a strain rate of 107 s ', It
can be seen that obvious cavitations and cracks appear
between phases y and y’, indicating that flow instability
will appear at cavitations and cracks during deformation.
Figure 8(b) shows the metallograph at a temperature of
900 °C and at a strain rate of 10" s, It can be seen that
cavitations and cracks appear at triple junction grain

Fig. 8 Microstructures of deformed specimens in different
domains: (a) £=1073s"!, =1150 °C; (b) £=10""s", =900 °C;
(¢) =10"s"", =1050 °C
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boundaries. The reason is that when deformation
temperature is low and strain rate is high, it is difficult
for grains at grain boundary to slide during deformation.
Thus, stress concentration is formed at triple junction
grain boundary. Dynamic recrystallization cannot
proceed fully at 900 °C, and hence the stress
concentration formed at triple junction grain boundary
cannot be relaxed under high strain rate. Therefore,
cavitations and cracks at triple junction grain boundary
appear under high strain rate and hence flow instability
appears. Figure 8(c) shows the metallograph at a
temperature of 1050 °C and a strain rate of 10" s, It
can be seen that fine equiaxed grains exist and dynamic
recrystallization occurs under this condition. The
progression of dynamic recrystallization relaxes the
stress concentration effectively at triple junction grain
boundary. Thus, GH79 alloy has excellent hot forming
performance under this deformation condition.

4 Conclusions

1) According to power dissipation rate maps
integrating  several different instability criteria,
appropriate forming domains of GH79 superalloy are in
the temperature range of 900—930 °C and strain rate
range of 5x10°*~1.8x10"' s' and in the temperature
range of 980—1030 °C and strain rate range of
5x10*-1.5x10""s"".

2) Flow instability phenomenon appears in low
temperature and high strain rate domain and high
temperature and low strain rate domain for forming
GH79. The reason is that cavitations and cracks appear
due to the stress concentration at triple junction grain
boundary and excessive high temperature. Dynamic
recrystallization takes place in appropriate domains and
relaxes the stress concentration at triple junction grain
boundary. Thus the alloy has excellent forming
performance in this region.

3) Analysis and comparison of different instability
criteria of GH79 superalloy revealed that the instability
domains of this alloy under different instability criteria
are different. The flow instability predicted by
PRASAD’s criterion and MURTY’s criterion are more
effective at high strain rate, which are the preferential
choices in most cases. GEGEL’s criterion and MALAS’s
criterion can predict the flow instability at high
temperature and low strain rate. However, further study
for validation by experiment is required.
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