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Superplastic deformation and microstructure 
evolution in PM IN-IO0 superalloy 
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M A S A H I R O  KOIWA 
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The superplastic deformation behaviour of PM IN-100 alloys consolidated by hot isostatic 
pressing (HIP) was investigated in compression tests at temperatures between 1323 and 
13-73 K. The microstructural changes were observed using scanning electron microscopy. In 
the high strain rate region, grain refinement occurs due to dynamic recrystallization, resulting 
in the work softening type stress-strain curves. At low strain rates, grain growth occurs during 
deformation corresponding to work hardening. The strain rate sensitivity index, m, reaches a 
maximum value (m = 0.6) at the optimum strain rate which depends on the test temperature. 
The grain size dependence coefficient, p, was determined to be 2.0. The activation energy for 
deformation was 348k j  tool -~. The rate-controlling mechanism of superplasticity in as HIPed 
IN-100 seems to be the grain-boundary sliding controlled by volume diffusion rather than 
grain-boundary diffusion. 

1. Introduction 
Powder-consolidated materials are receiving much 
attention for structural applications at elevated tem- 
peratures. Jet engine parts such as turbine discs can be 
manufactured from nickel-base superalloys by the 
combination of powder metallurgy (PM) and ,super- 
plastic forming techniques. The most famous super- 
plastic forming process is known as "Gatorizing" in 
which PM consolidates are heavily worked by extrud- 
ing at elevated temperatures and then heated at a 
temperature just above the recrystallization tempera- 
ture to obtain fine-grained structure. The materials 
made in this process can be deformed superplastically 
by lower strain rate forging. 

A number of investigations [1-5] on the superplastic 
behaviour of nickel-base superalloys have been 
reported in the literature. Menzies et al. [1, 2] studied 
the superplastic deformation behaviour and micro- 
structural changes in powder-consolidated IN-100. 
Their results showed that the deformation behaviour 
can be divided into three characteristic regions 
depending on strain rates. At low strain rates (Region 
I) the strain rate sensitivity is low and work hardening 
occurs. At intermediate strain rates (Region II) the 
strain rate sensitivity index m is larger than 0.6 and 
work softening is observed. The optimum super- 
plasticity can be attained in this region. At high strain 
rates (Region III) the value of m becomes smaller 
again. They have concluded that in Regions I and II 
the deformation takes place by grain-boundary sliding 
with accommodation by both slip and diffusion. 
Deformation in Region II! produces grain refinement 
accompanied by a marked increase in dislocation den- 
sity and some cavitation. 

The above observations are very significant from a 
technological point of view. Firstly, the larger strain 

rate sensitivity at high strain rates implies a possibility 
of superplastic forming at a high strain rate, which is 
favoured in production. Secondly, the grain refine- 
ment which is usually achieved by pretreatments, may 
be accomplished during the deformation process, 
which is also expected to reduce the production cost. 

Most of the investigations reported on the super- 
plastic deformation in PM IN-100 alloys have been 
done for the as-extruded materials. In this investi- 
gation, we examine the superplastic behaviour of 
PM IN-100 alloys consolidated by hot isostatic press- 
ing (HIP). The optimum conditions of temperature 
and strain rate for superplastic deformation are 
determined and the effect of the structural changes 
during deformation on the superplastic behaviour is 
described. 

2. Experimental procedure 
The alloy used in this study was a powder metallurgy 
nickel-based superalloy IN-100 with composition as 
given in Table I. The powder, under 350 mesh, which 
had been argon atomized, was loaded into stainless 
steel cans, and sealed in a vacuum by electron-beam 
welding. The canned powder was consolidated by hot 
isostatic pressing (HIP) under an argon atmosphere of 
150MPa for 2h at 1373K. 

Specimens for compression tests were machined 
from the compacted rods to 4ram diameter and 
10ram long. All specimens for the mechanical test 
were as hot-pressed materials (as HIPed). Compres- 
sion testing was carried out in vacuum at 1323, 1348 

TABLE I Chemical composition of IN-100 (wt %) 

Ni Cr Mo Co Ti A1 

bal. 12.38 3.53 18.52 4.26 4.90 

4712 0022-2461/90 $03.00 + .12 �9 1990 Chapman and Hall Ltd. 
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Figure 1 True stress - true strain curves at  1348 K. 
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and 1373 K with the initial strain rate ranging from 
8.3 x 10 -s to 4.2 x l0 3sec-1 using an Instron-type 
machine with constant cross-head speed. The speci- 
mens were compressed between TZM (Mo alloy) 
plates. The glass lubricant was used in order to 
decrease the friction of the contact surface. The 
deformed specimens were rapidly cooled to room tem- 
perature to freeze-in the microstructure. 

Microstructure was observed using a scanning 
electron microscope (SEM, Hitachi $450) at 20kV. 
Specimens were polished and etched with a mixture of 
80 ml HCI, 2 ml HNO3, 11 ml water and 16 g FeC13 at 
353K. 

3. Results and discussion 
3.1. Flow behaviour in compression 
Fig. 1 shows the true stress - true strain curves for 
as-HIPed specimens of IN-100 obtained at various 
initial strain rates at 1343 K. Two types of flow 
behaviour, work hardening and work softening, were 
observed. At high strain rates, the flow stress rapidly 
increases to a maximum at a strain of several per cent 
and then gradually decreases with strain, i.e. work 
softening behaviour. In the low strain rate region, the 
flow stress shows a steady state deformation stage 
where flow stress maintains a constant level, and is 
followed by the work hardening stage. 

The strain rate of the transition from work harden- 
ing to work softening depends on test temperature; it 
increases with the increase in temperature. 

3.2. Microstructures after de fo rma t ion  
Fig. 2 is a scanning electron micrograph of as-HIPed 
material (starting material), which essentially consists 
of 7 and 7' phases. The volume fraction of 7' phase is 
about 60%. The dark regions in the micrograph are 7' 
phase. The oxide layers are observed along the bound- 
aries between consolidated powder particles. The 
grain size is not uniform but ranges from ] to 7 pm; the 
average grain size of the starting material is 3 #m. 

Figs 3a and b show the microstructure after defor- 
mation to a strain of 1.2 at a strain rate of 2.5 x 10 . 3  

and 8.3 x 10-Ssec J, respectively. At high strain 
rate (Fig. 3a), the grains become finer during defor- 
mation. The grain size in the initial state has a wide 
distribution, but after large amounts of strain it 

Figure 2 A scanning electron micrograph of the as-HIPed material. 

becomes uniform. This result indicates that dynamic 
recrystallization occurs during superplastic defor- 
mation. The 7' phases within the 7 grains remain fine 
after deformation. The proportion of 7' phases exist- 
ing on the grain boundaries between 7 grains is very 
low, and most of them are inside the 7 grains. At the 
low strain rate (Fig. 3b), the grains are coarsened by 
grain growth during deformation, and especially an 
agglomeration of 7' phases within the 7 grain was 
noted. The amount of 7' phases at grain boundaries 
consequently increases. From Figs 3a and b it can be 
seen that the 7 grain remains equiaxed after defor- 
mation although the grain growth or refinement takes 
place. This means that the deformation mainly occurs 
by grain-boundary sliding. 

In order to visualize clearly the trend of grain-size 
variation after deformation under varying conditions, 
the averge grain sizes after 1.2 strain are indicated in 
Fig. 4, as functions of temperatures and strain rates. 
The region of about 3 #m, which is the same as that for 
the starting material forms a narrow band; with the 
increase in temperature, the range shifts towards 
higher strain rates. Note that in this region, the micro- 
structure does change during deformation, keeping 
the same average grain size but resulting in a more 
uniform grain size distribution, which is attained at a 
relatively small strain of 0.1. In the upper region, the 
grain refinement occurs due to dynamic recrystalliza- 
tion, while in the lower region, the grain coarsening 
Occur s .  

The microstructural changes observed in the pres- 
ent experiment on as-HIPed IN-100 are essentially 
similar to those observed by Menzies et al. [2] for 
as-extruded IN-100. 

3.3 Stress-strain rate relations 
In supcrplastic metals, the flow stress dependence on 
strain rate is usually described by the following 
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Figure 3 Microstructures after a strain of  1.2 deformed at 1348K: (a) ~ = 2.5 x 10-3sec-l;  (b) ~ = 8.3 x 10-Ssec -~. 

empirical expression [6] 

(r = B ~ "  (1) 

where ~r is the flow stress, ~ is the strain rate, B is a 
constant which incorporates the dependence on tem- 
perature and m is the strain rate sensitivity index. 

In order to estimate the magnitude ofm for varying 
conditions, log ~ is plotted as a function of log ~ in 
Fig. 5. The values of a are taken from the stress-strain 
shown in Fig. 1; o- is taken to be the maximum stress 
for work softening-type curves, and the steady state 
stress for work hardening-type. The resulting relations 
are characterized by the sigmoidal curves and divided 
into three regions of flow which are termed Region I 
at low strain rates, Region II at intermediate strain 
rates where the flow behaviour is superplastic, and 
Region III at high strain rates. 
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Figure 4 Grain sizes of  specimens deformed to a strain of  1.2 at 
various strain rates and temperatures. ( � 9  Refined, (zx) unchanged, 
(o)  coarsened. 
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The relationship between the strain rate sensitivity 
index, m, and strain rate, fi, was derived from the 
log cr-log ~ plot in Fig. 5 and the results are shown in 
Fig. 6. The values of m obtained invariably show a 
maximum at some optimum strain rate, decreasing at 
both higher or lower strain rates than the optimum 
one. The values of m vary within 0.3 to 0.6. The 
optimum strain rate in Region II depends on the test 
temperature and shifts towards the higher strain rate 
with increasing temperature. At 1373 K, m is about 0.5 
even in the strain-rate range of 10-2sec -1. These 
results indicate that from the technical point of view, 
the as-HIPed materials of IN-100 should be deformed 
at higher temperatures but below the 7' solvus. If 7' 
phase is dissolved, the superplasticity cannot be 
expected, because grain growth occurs and the micro- 
structures with fine grains are not maintained. 

3.4. Grain-size dependence on strain rate 
Most of investigations [7-11] on the superplastic 
deformation of materials with micrograins suggest 

O._ 

v 

103 

, , , i , i i ,  I i i i i , i , i  l i , l l , l ,  I 

IN-10 0 

', Ill 
I[ ! 1-o- 1323 K 

I 
b 

102 i 1373 K 

- z x  i 

f i I i i i i i ]  i ] I I I I L I 1  I I I i I I I J  

1010-5 1074 10-3 10-2 
(sec -11 

Figure 5 Strain-rate dependence of flow stress in as-HlPed IN-t00. 



0.7 

0,6 

0.5 

04 

0.3 

0.2 

0,1 

010-5 

IN-100 

i f i i i , , , [  i i , ~ , , i  r 

/>K \ 
/ / \  

/" / "''%323, 
i I I i ~ i i i I  

10-4 
, , t i i t l  

10-3 I0 -2 

~: (sec q) 

Figure 6 Variation of  m with strain rate. 

that grain-boundary sliding is the dominant mechan- 
ism in the deformation process. In this case the grain 
size remarkably affects the strain rate or the flow 
stress. The empirical rate equation including the 
grain-size dependence of superplasticity can be given 
by [12] 

wheare k is the Boltzmann constant, T the absolute 
temperature, D the diffusion coefficient, G the shear 
modulus, b the length of the Burgers vector, A a 
structural constant, d the grain size, and p and m are 
constants. The grain-size dependence coefficient p will 
vary between 0 and 3 depending on the deformation 
mechanism; the value ofp for the most typical super- 
plasticity is 2. 

In order to determine the value of p, one naturally 
requires specimens of different grain sizes. As shown 
in Fig. 4, specimens of different grain sizes can be 
prepared by deforming under various temperatures 
and strain rates. Such specimens were further sub- 
jected to deformation at 1232K at a constant initial 
strain rate of 4.1 x 10 4 s e c  1. A schematic illustra- 
tion of this test is given in Fig. 7. The flow stress at 
0.2% strain, %2, was conveniently taken, and plotted 
as a function of the grain size, d, in Fig. 8. The linear 
relation on log-log plot of flow stress against grain 
size indicates that the product ofm andp is a constant 
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Figure 7 A schematic illustration to obtain the grain-size depen- 
dence of flow stress. 

2.1 

g 2.0 
:E 

b 
0 

0 
. J  

1.9 

IN-IO0 

/ ' /  

/ I " / , @ 1  ~ 

1,8 I 
0,3 014 0'.5 0.6 , -  

LOG d (pLm) 

Figure 8 Effect of  average grain size on the flow stress at a strain rate 
of  4.1 x 10-4sec ~. 

as predicted from Equation 2. From Fig. 8, m p =  0.67 
was obtained. 

It is evident from the above results that the value of 
m varies with strain rate, temperature and also micro- 
structure. For the determination of p, it is necessary to 
specify the value of m. Although rn may be estimated 
from Fig. 5, it is not suitable, because those data are 
obtained from the starting materials. Therefore in 
order to determine m for the same deformation con- 
ditions at which the grain-size dependence of flow 
stress was obtained, strain rate change tests were 
carried out for the deformed specimens. The average 
value of m determined from the strain rate change 
test method is 0.34, and consequently the grain-size 
dependence coefficient p has a value of 2.0. This is in 
good agreement with the values reported in the litera- 
ture [12] and is as expected from the existing theor- 
etical models [12] for superplasticity. 

3.5. Activation energies for deformation 
The activation energy, Q, for deformation can be 
determined from relative displacement of log strain 
rate-log flow stress curves in Fig. 5. The value of Q for 
Region II is 348 kJ tool-1. 

The activation energies for superplastic defor- 
mation of IN-100 reported by other investigators and 
the results of the present investigation are given in 
Table II. It should be noted that most of the activation 
energies reported for superplasticity of IN-100 are 
much larger than the present value except the result 
of Torisaka et al. [15]. In general, for micrograin 
superplastic materials, the activation energy for defor- 
mation is the same as that for grain-boundary dif- 
fusion, and the rate-controlling process is considered 

T A B  LE  I I Activation energies for superplastic deformation of 
IN-100 

Q (kJ mol - I )  Grain size (/~m) Reference 

399 1.3 [5] 
412 13 [13] 
350 25 [141 
483 2.7 [1] 
344 3.9 [15l 
348 3 Present investigation 
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to be grain-boundary sliding controlled by grain- 
boundary diffusivity. However, the activation energy 
obtained in this experiment is much higher than that 
of the grain-boundary diffusion, which is usually 
about half the activation energy for lattice diffusion. 
Therefore, the superplastic deformation of the 
as-HIPed materials of IN-100 seems to be controlled 
by the lattice diffusion. 

In complex alloys such as used in the present experi- 
ment, it is not clear the diffusion of which element 
is controlling the flow behaviour. Several activation 
energies for volume diffusion are given in the litera- 
ture: nickel in nickel 285 kJ mol -~ [16]; cobalt in nickel 
269kJmol -~ [17]; chromium in nickel 285kJmol 
[18]; nickel in Ni-Cr 280 to 294kJmol -~ [19]; chrom- 
ium in Ni-Cr 284 to 295kJmo1-1 [19]. The value of 
348 kJ tool- ~ obtained in the experiment is higher than 
the above activation energies, but may be regarded as 
that for volume diffusion. 

From the present results, it can be considered that 
the superplastic deformation of IN-100 is attributed to 
the combined action of grain-boundary sliding and 
deformation of the 7 phase which is softer than the 7' 
phase. The grain-boundary sliding is accommodated 
by dislocation motion in which the rate-controlling 
step is the climb of dislocations in the 7 phase. 

4. Conclusions 
For the as-HIPed materials of IN-100, the super- 
plastic behaviour has been investigated in compres- 
sion tests. The following results were obtained. 

1. The stress-strain behaviour can be classified into 
two types, work softening at high strain rates and 
work hardening at low strain rates. 

2. In the high strain rate region, the grain refinement 
occurs during deformation due to dynamic recrystal- 
lization, resulting in the work softening type stress- 
strain curves. At low strain rates, the grain growth 
occurs during deformation corresponding to work 
hardening. 

3. The strain rate sensitivity index, m, becomes a 
maximum value at the optimum strain rate which 
depends on the test temperature. The maximum value 
of m obtained is 0.6. 

4. The grain-size dependence coefficient, p, is deter- 
mined to be 2.0, which is in good agreement with the 
value expected in superplastic deformation. 

5. The activation energy for deformation is 
348kJmol-~: The rate-controlling mechanism of 
superplasticity in as-HIPed IN-100 seems to be grain- 
boundary sliding controlled by volume diffusion 
rather than grain-boundary diffusion. 
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