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Abstract Hot compression tests in the temperature range

of 900–1150 �C and strain rates varying between 0.001 and

0.5 s-1 were performed on Hastelloy X superalloy in order

to investigate the kinetics of hot deformation. An Arrhe-

nius-type equation was used to characterize the dependence

of the flow stress on deformation temperature and strain

rate. The results showed that dynamic recrystallization

(DRX) as well as metadynamic recrystallization (MDRX)

occurred during hot working. A novel technique has been

developed for calculating the DRX kinetics parameters on

the basis of the Johnson-Mehl-Avrami-Kolmogorov

(JMAK) and isothermal transformation rate equations. The

variation of grain size in the DRX and MDRX regimes

correlated with the standard Zener–Hollomon parameter.

Introduction

Nickel-base superalloys are among the most difficult engi-

neering materials to fabricate via deformation-processing

techniques. The high temperature mechanical properties of

these alloys are highly sensitive to the flow characteristic and

the microstructural changes of the material during hot work-

ing. In hot forming of metals at temperatures above the

recrystallization temperature, the influence of strain rate

becomes increasingly important. The strain rates for industrial

processing [1] are higher than those for either DRX or

superplasticity and give rise to transient regimes like dynamic

recovery and MDRX depending on the temperature [2].

Hastelloy X is a wrought superalloy widely used in gas

turbines as combustors, transition pieces, exhaust-end

components, and so on [3]. Although a number of studies

have focused on the hot deformation behavior of Ni-base

superalloys and various empirical equations for prediction

of grain size have been proposed [4–7], a few reports dealt

with the flow behavior of Hastelloy X [8–11]. Castelli et al.

[8] showed that this alloy exhibits a strong isothermal

strain aging peak at approximately 600 �C promoted by the

combined effects of solute drag and precipitation harden-

ing. Their results clearly revealed that the deformation

behavior of Hastelloy X is thermomechanically path

dependent. The viscoplastic behavior of Hastelloy X was

characterized using the Bodner-Parton unified constitutive

model [9] and a viscoplastic constitutive model was pre-

sented for the estimation of the overall mechanical

response of the polycrystalline alloy [10]. Isothermal cyclic

deformation and the mechanisms contributing to the

observed marked cyclic hardening in Hastelloy X were

investigated by Rowley and Thornton [11].

Despite the studies conducted in the past, in the present

investigation kinetics of high temperature deformation of

Hastelloy X was studied by means of hot compression

experiments and microstructural evaluation. In addition,

the variation of microstructure due to DRX, MDRX, as

well as grain growth was considered.

Experimental procedures

Materials and lubricants

The chemical composition of the starting material used in

this investigation is listed in Table 1. The raw material was

produced by vacuum melting process and it was hot forged
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to remove the casting structure. The microstructure of the

as-received material is shown in Fig. 1 and the average

grain diameter was 95 lm. Cylindrical specimens with a

5-mm diameter and 7.5-mm height were machined out of

the as-received stock.

The choice of lubricant depends on the processing

conditions, the characteristics of the tooling and work

piece, and the operating or interfacial temperature, with the

latter probably having the greatest influence on the lubri-

cant selection [12]. A number of lubricants having high

temperature stability, namely boron nitride, Deltaglaze,

graphite, glass powder, and mica were examined in this

work. The results showed that a combination of glass

powder, graphite, and mica sheet gave the lowest flow

stress values and minimized the barreling of the specimens.

Consequently, a combination of glass powder and mica

sheet at both ends of the specimens together with a layer of

graphite powder at the interface of anvil and mica sheet

was used as lubricant.

Hot compression testing

Compression testing was accomplished in an Instron 8503

computer controlled servo hydraulic testing machine. A

resistance heating split furnace, which was interfaced with

a digital programmer and controller, was used to surround

the CMS1810 superalloy anvils and specimen. A small

hole was drilled at midheight of the specimen for inserting

a thermocouple which is used to measure the actual

temperature of the specimen as well as adiabatic temper-

ature rise if any during testing [13].

Hot compression experiments were conducted at con-

stant true strain rates of 0.001, 0.01, 0.1, and 0.5 s-1 and at

temperatures of 900, 950, 1000, 1050, 1100, and 1150 �C.

Each of the samples was heated to temperature in *5 min,

was held at the deformation temperature for 5 min to

eliminate the thermal gradient, and was then deformed to

total true strain of 0.7. Samples were quenched in water

after hot deformation to capture the microstructure of the

hot deformed material. The time between the end of

deformation and the moment when specimens were quen-

ched in water was 1–3 s.

In each test, the load-stoke data were converted into true

stress–true plastic strain data after making corrections for

friction using the following equation [14]:

P

r
¼ h

4la

� �2

e2la=h � 2la

h
� 1

� �
; ð1Þ

where r is the friction corrected flow stress, P the uncor-

rected flow stress, a and h are instantaneous radius and

height of specimen, and l is the friction coefficient which

was determined according to the amount of barreling for

each specimen [12].

The stress–strain curves at strain rates of 0.1 and 0.5 s-1

and at temperatures of 900–1050 �C were corrected for

deformation heating. Adiabatic temperature rise was

recorded using a transient oscilloscope. Finally, at a given

value of e and T, the softening, Dr, due to measured DT

was calculated, assuming a linear variation of log r with

1/T, and added to the as-measured value of r to obtain the

isothermal value [15].

Microstructure evaluation

It is worth noting that for the determination of grain size,

the specimens were sectioned at midplane parallel to the

compression axis and the cut surface was prepared for

metallographic investigation using conventional tech-

niques. Subsequently, the specimens were etched with

Kalling solution. Grain size of specimens was measured

using the intercept method given in ASTM E112.

An image analysis software, Clemex, was used for

image processing. The software uses the binarization pro-

cessing, that is each pixel has an intensity value ranging

from 0 to 250 and a specific range of pixels are assigned

binary values that the computer can manipulate. The area

fraction of recrystallized grains was calculated by the

combination of automated classification of different grains

based on their size and subsequent manual designation of

recrystallized one.

Table 1 Chemical composition of the material used in this study in

wt%

C Mn Si Cr Mo Ti Al W Co Fe Ni

0.17 0.7 0.35 22.72 8.12 0.176 0.05 0.43 0.99 17.35 Bal.

Fig. 1 Microstructure of the as-received material
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Results and discussion

Stress-strain curve and microstructure

Typical stress–strain curves obtained at 900, 1050, 1100 �C

and at the different strain rates are shown in Figs. 2–5,

respectively. Stress-strain curves at 900 �C and strain rates

of 0.001–0.1 s-1 show flow stress softening. For all the

conditions, the flow stress reached steady state at strains

greater than about 0.3. The stress-strain curve at strain rate

of 0.5 s-1 shows a peak stress followed by a continuous

decrease in the flow stress. Deformation at 900 �C, except

at a strain rate of 0.5 s-1, resulted in a microstructure with

elongated grains, which are typical of dynamic recovery.

One such microstructure is shown in Fig. 6, which corre-

sponds to the specimens deformed at 900 �C and strain

rates of 0.01 and 0.1 s-1.

The flow curves for deformation at 1050 (Fig. 3) and

1100 �C (Fig. 4) show flow softening at each strain rate

investigated, and beyond the critical strain for the peak

stress, the flow stress decreased with increasing strain.

Multiple stress peaks were observed in the flow curves for

deformation at low strain rates which is especially evident

at 1100 �C. At higher strain rates, a single peak stress was

observed especially for 0.5 s-1.

The microstructure of Hastelloy X deformed at 1050 �C

and 0.5 s-1 is shown in Fig. 7, which exhibits typical DRX

features and the near absence of annealing twins. The

microstructures of the specimens deformed at 1100 and

1150 �C with different strain rates of 0.01–0.5 s-1 have

features typical of MDRX. One such microstructure is

shown in Fig. 8, which corresponds to a specimen

deformed at 1150 �C and a strain rate of 0.1 s-1. The

microstructure consisted of equiaxed grains with straight

grain boundaries as well as with annealing twins, which are

similar to those obtained by post deformation recrystalli-

zation. As the rate of MDRX is much faster than of normal

static recrystallization, there is no incipient time period for

the nucleation of recrystallized grains. Furthermore,

although DRX is simply described as a function of strain
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Fig. 2 True stress–true strain curves at 900 �C and different strain

rates
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Fig. 3 True stress–true strain curves at 1050 �C and different strain

rates
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Fig. 4 True stress–true strain curves at 1100 �C and different strain

rates
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rate and temperature, MDRX is rather a function of grain

size and strain. It may be conjectured that MDRX is closely

related to the density of unrecoverd dislocations accumu-

lated within the grains [16].

In the present investigation, in which the Hastelloy X

specimens were deformed to a strain of 0.7 and the

holding time after the end of deformation was about 1 s,

MDRX was observed to have the following feathers.

MDRX was observed at temperatures above 1050 �C and

strain rates greater than 0.001 s-1, as indicated in Fig. 9.

However, only a few percent (*5%) of MDRX grains

were observed at a strain rate of 0.001 s-1 and different

temperatures of 1050–1150 �C. Also, comparison of the

grain size in the specimens deformed at the same strain

rate but with different deformation temperatures (1100

and 1150 �C) indicates that the MDRX grain size

increases with increasing temperature, as shown in

Fig. 9.

Constitutive relation

During high temperature deformation, the relationship

between the steady state flow stress, strain rate, and tem-

perature is generally expressed in the form of a rate

equation given by:

r ¼ B_em exp
mQ

RT

� �
¼ BZm; ð2Þ

where the quantity Z ¼ _e exp Q
RT

� �
is frequently referred to

as the temperature-compensated strain rate or the Zener–

Hollomon parameter, B is a constant, m is the strain rate

sensitivity, and Q is the apparent activation energy for hot

deformation. If Eq. 2 adequately represents the constitutive

behavior of Hastelloy X, then a log–log plot of the flow

stress versus the Zener–Hollomon parameter should yield a

straight line with a slope of m. The value of m is defined

by:

Fig. 6 Microstructure of Hastelloy X specimens deformed at 900 �C

and strain rate of (a) 0.01 s-1and (b) 0.1 s-1

Fig. 7 Microstructure of the sample deformed at temperature of

1050 �C and strain rate of 0.5 s-1

Fig. 8 Microstructure of the sample deformed at temperature of

1150 �C and strain rate of 0.1 s-1
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m ¼ o ln r
o ln _e

����
T ;e

; ð3Þ

and can be calculated from a plot of ln(r) versus ln _eð Þ; as

shown in Fig. 10. It is clear that the value of m changes

from 0.11 at 950 �C to 0.22 at 1150 �C. Furthermore, m

increases with temperature and an abrupt increase occurs at

1000 �C. The phenomenon can be attributed to DRX at

higher temperatures that produces a higher strain rate

sensitivity [17]. From Eq. 2, the activation energy Q, may

be defined by:

Q ¼ R

m

o ln r
o 1=Tð Þ

����
_e;e

; ð4Þ

and is computed from the slopes of the plots shown in

Fig. 11. The mean apparent activation energy for Hastelloy

X was calculated to be 370 kJ/mol, which is comparable to

previously reported values for other superalloys [18].

The apparent activation energy value determined above

was used to calculate the Zener-Hollomon parameter,

which is plotted versus the flow stress in Fig. 12. This plot

shows a good correlation between the flow stress and the

Zener–Hollomon parameter which implies that the flow

stress follows the expected trend with respect to strain rate

and temperature.

Kinetics of recrystallization

Concerning the kinetics of DRX, the fraction of dynamically

recrystallized grains at a strain rate of 0.001 s-1 for different

temperatures was determined, as shown in Fig. 13. The

fraction of recrystallized grains was found to increase with

deformation temperature at a given strain rate.

The kinetics of phase transformation involving nucle-

ation and growth under isothermal conditions can be

described by the JMAK equation:

Fig. 9 Microstructure of the samples deformed at (a) temperature of

1100 �C and strain rate of 0.5 s-1, (b) temperature of 1150 �C and

strain rate of 0.5 s-1
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X tð Þ ¼ 1� exp �Ktnð Þ; ð5Þ

where X is the fraction of the transformation completed at

time t; K is a function of the temperature and in general

depends on both the nucleation rate and the growth rate;

and n is a parameter which reflects the nucleation rate or

the growth morphology. The temperature dependence of K

is usually described as:

K ¼ K0 exp � E

RT

� �
; ð6Þ

where E is the appropriate activation energy and R is the

gas constant. Taking the logarithm of both sides in Eq. 5

and inserting into Eq. 6 gives:

ln ln 1=1� Xð Þð Þ ¼ ln K0 �
E

RT
þ ln tn: ð7Þ

A plot of ln(ln(1/(1-X))) versus 1/T should be

approximately linear with a slope equal to -E/R, as

shown in Fig. 14. The activation energy was calculated

to be 375 kJ/mol for a strain rate of 0.001 s-1, which is

in close agreement the activation energy calculated using

Eq. 4.

The isothermal transformation rate can be easily deter-

mined from Eq. 5 by differentiating with respect to time.

dX

dt
¼ Kntn�1 exp �Ktnð Þ: ð8Þ

Because of the explicit relation between X and t given

by Eq. 5, Eq. 8 can be rewritten equivalently as:

dX

dt
¼ nK1=n 1� Xð Þ ln 1� Xð Þ�1

h i n�1ð Þ=n

: ð9Þ

Equation 9 is sometimes referred to as JMAK

transformation rate equation. Concerning Eq. 6, it is

possible to rewrite Eq. 9 [19]:

dX=dt ¼ nK
1=n
0 exp

�E

Rn

1

T

� �
1� Xð Þ ln 1� Xð Þ�1

h in�1
n

:

ð10Þ

Taking the derivative of Eq. 10 with respect to 1/T,

gives [20]:

d ln dX=dtð Þ
d 1=Tð Þ ¼ � E

nR
þ

d ln 1� Xð Þ ln 1� Xð Þ�1
h in�1

n

� �

d 1=Tð Þ :

ð11Þ

Henderson [19] assumes that the second term on the

right hand side in Eq. 11 is small compared to the first one

and a plot of ln(dX/dt) versus 1/T will approximate a
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straight-line behavior with a slope equal to -E/nR.

Figure 15 shows the variation of ln(dX/dt) versus 1/T

at different strain rates. The n value determined using an

activation energy of 375 kJ/mol is about 1.8.

For isothermal kinetics, when nucleation occurs

heterogeneously at grain boundary edges and early site

saturation assumes, the product phase grows essentially

with cylindrical symmetry around the grain edges and an

exponent of 2 is obtained [21]. However, studies

on recrystallization have reported n values varying from

1 to 3 [22] and support the value of 1.8 determined for

Hastelloy X.

Variation of grain size

It is generally accepted that there is a correlation between

the grain size in the deformed samples and the temperature

and the strain rate at a given strain [2, 16, 23]. The vari-

ations of the grain size versus Z and _e are shown in Figs. 16

and 17, respectively. It is clear that a straight-line rela-

tionship is valid for a specific deformation temperature.

Under ideal situations, it is expected that all of the data

points would lie on a single line within experimental

scatter. The observed deviation is mainly due to post

deformation recrystallization (MDRX) in the material. It is

worth noting that the slope of the line ln(d) versus ln _eð Þ in

the MDRX regime is very small suggesting that the strain

rate has a minor effect on the grain size. Under the con-

ditions of MDRX, it is preferable to model the grain size

evolution by using a dynamic state parameter like strain

rate and a kinetic rate parameter representing the temper-

ature dependence of grain size [2].

Figure 16 indicates that the transition from DRX to

MDRX types of behavior happens over a very narrow

temperature range of 1050–1100 �C. It is interesting to

note that in wrought superalloys solution anneal is per-

formed at temperatures above 1050 �C and dissolves c0 and

carbide phases [24]. Consequently, the phenomenon
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observed can be attributed to the second phases that are still

stable at hot working temperatures around 1050 �C and

prevent MDRX at low temperatures. This also causes the

restriction of the grain boundary migration during DRX

and formation of serrated and wavy-shape grain boundaries

during hot deformation, as shown in Fig. 18.

Conclusions

The study of flow behavior of Hastelloy X superalloy over

the strain rate range of 0.001–0.5 s-1 and the temperature

range of 900–1150 �C leads to the following conclusions.

– The mean hot deformation apparent activation energy

of 370 kJ/mol which was calculated from a plot of ln r
versus 1/T is comparable with the recrystallization

activation energy calculated on the basis of JMAK

equation and a plot of lnln(1/(1 - x)) versus 1/T. Time

exponent of 1.8 was obtained based on a plot of

ln(dx/dt) versus 1/T.

– MDRX occurs in the temperature range 1100–1150 �C

and strain rate range 0.01–0.5 s-1 and results in

microstructures similar to those of annealed material.

– The variation of grain size with the temperature and

strain rate in the DRX and MDRX regimes can be

correlated with Zener–Hollomon parameter. However,

results obtained signify that strain rate has a minor

effect on the MDRX grain size.
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