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Abstract The mechanical behavior and microstructural evolution during high temperature tensile deformation of recrystallized

Ni3Al polycrystals doped with boron were investigated as functions of initial grain size, tensile strain rate and temperature. In

order to obtain more precise information on the deformation mechanism, tensile specimens were rapidly quenched immediately

after deformation at a cooling rate of more than 2000 Ks−1, and were then observed by transmission electron microscopy (TEM).

Mechanical tests in the range of 923 K to 1012 K were carried out in a vacuum of less than 3 × 10−4 Pa using an Instron-type

machine with various but constant cross head speeds corresponding to the initial strain rates from 1.0 × 10−4 to 3.1 × 10−5s−1.

After heating to deformation temperature, the specimen was kept for more than 1.8 ks before testing. The following results were

obtained: (1) Flow behavior was affected by initial strain size; with decreasing initial grain size, the level of a stress peak in

the true stress-true strain curve decreased, the steady state region was enlarged and elongation increased. (2) On the basis of

TEM observation of rapidly quenched specimens, it was confirmed that dynamic recrystallization certainly occurred on

deformation of fine-grained (3.3 µm) and intermediate-grained (5.0 µm) specimens at an initial strain rate of 3.1 × 10−5s−1 and

at 973 K. (3) There were some dislocation-free grains among the new recrystallized grains. The obtained results suggest that

both dynamic recrystallization and grain boundary sliding are operative during high temperature deformation.
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1. Introduction

Because of a positive temperature dependence of flow

stress, superior corrosion-resistance and relatively low

density, intermetallic compound Ni3Al with the L12 ordered

structure is expected as a high temperature structural

material.1-6) Since Aoki and Izumi7) found a remarkable

enhancement in ductility of Ni3Al polycrystals by doping

with boron, Ni3Al certainly was promoted to an industrial

material. Many investigators have focused on low tem-

perature deformation behavior of B-doped Ni3Al, e.g.

grain size effect, solid solution effect or stoichiometry

effect. Then a lot of data have been accumulated for

understanding of low temperature properties of Ni3Al. On

the other hand, there have been few investigations of high

temperature deformation behavior except for recent work

in which flow stress and microstructural evolution8-12) are

discussed in relation to high temperature deformation

condition. In single phase Ni3Al polycrystals, Kim et al.10)

suggested that dynamic recrystallization played an import-

ant role in superplastic deformation. Gottstein et al.12) also

substantiated that dynamic recrystallization occurred during

steady state deformation. However, their experiments

were not designed such that the specimens were rapidly

quenched immediately after deformation. Hence, there is

the possibility that static recrystallization also occurred in

their samples. To obtain more precise information on

microstructural evolution, rapidly quenched samples should

be used for microstructural observation. The purpose of this

work is to investigate the mechanical behavior of B-doped

Ni3Al polycrystals at high temperatures and to explain the

behavior on the basis of TEM observation of rapidly

quenched specimens.

2. Experimental Procedure

Alloys with the nominal composition of Ni-24 mo1%Al

+ 0.05 mass%B were produced by arc-melting the Ni

(purity 99.95 mass%), the Al (purity 99.998 masss%) and

a master alloy of Ni-B in an argon atmosphere using

non-consumable electrode. Then ingots were homogenized

at 1373 K for 172.8 ks in a vacuum of 3 × 10−
3 Pa. And

then cold rolling with intermediate anneals was done to

1 mm final thickness by about 80% total reduction.

Tensile specimens having gage section of 1 mm × 2 mm ×

16 mm were spark-machined from the cold rolled plates,

and subjected to recrystallization annealing in a vacuum
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of 1 × 10−
3 Pa at various temperatures (1020~1123 K) and

various times to obtain requisite grain sizes. The last re-

crystallization annealing was at least 37 K higher than

test temperature. The grain sizes were determined to be 3.3

to 11.8 µm by the linear intercept method using optical

microscopy (OM). All specimens had homogeneous struc-

ture with equiaxed grains. Test specimens were polished

by fine abrasive paper and then electropolished to remove

the surface layer.

The mechanical tests at 923 K to 1012 K were carried

out in a vacuum of less than 3 × 10−
4 Pa using an Instron-

type machine with various, but constant cross head speeds

corresponding to initial strain rates from 1.0 × 10−
4 to 3.1 ×

10−
5s−1. After heating to deformation temperature, the speci-

men was kept for more than 1.8 ks before testing. 

The specimens for TEM observation were stretched in

a vacuum of less than 3 × 10−
3 Pa using a screw-driven

tensile testing machine which was specially designed for

the observation of deformation microstructure, and were

rapidly quenched with a hydrogen gas immediately after

deformation at the cooling rate of more than 2000 ks−1.

Keeping time at deformation temperature before testing

was 1.2 ks. Samples for TEM observations were prepared

by sectioning, grinding and finally electropolishing at 273 K

in a solution of 70 ml sulfuric acid and 630 ml methanol

at 12V. The accelerating voltage for the TEM observations

was 200 kv.

3. Results

Fig. 1 shows typical true stress-true strain curves for

various grain sizes. For the specimen having large grain

size (d = 11.8 µm), flow stress increases remarkably at the

initial stage of deformation and has a maximum followed

by a rapid decrease. No steady state deformation appears,

which results in small elongation. For the specimens having

intermediate grain size (6.7 ≥ d ≥ 3.6 µm), flow stress de-

creases more slowly after exhibiting a maximum. The ten-

dency becomes distinct with decreasing the initial grain

size. For the specimen having small grain size (3.3 µm),

the flow curve reveals a vague flow stress peak followed

by a steady state deformation region, resulting in large

elongation. 

Fig. 2 shows the initial grain size dependence of elonga-

tion and peak true stress. The result indicates that there is

a relationship between initial grain size and flow behavior;

with decreasing initial grain size, the level of the peak

true stress decreases and elongation increases. The initial

grain size dependence appears significantly at the smaller

grain size region. For the specimen having the initial

grain size 3.3 µm, total elongation of 130% is obtained at

1012 K and at an initial strain rate 5.2 × 10−
5s−1.

Fig. 3 shows the influence of temperature on the true

stress-true strain curve. The result shows that with in-

creasing temperature, the level of peak true stress decreases

and the steady state region appears obviously.

Fig. 1. Initial grain size dependence of true stress-true strain curves

for B-doped Ni3Al deformed at 1012 K and at an initial strain rate

5.2 × 10−5 s−1.

Fig. 2. Initial grain size dependence of the elongation and peak true

stress for B-doped Ni3Al deformed at 1012 K and at an initial

strain rate 5.2 × 10−5 s−1.
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The microstructure of the intermediate-grained specimen

(5.0 µm) quenched immediately after 30% deformation at

973 K and 3.1 × 10−
5s−1 is given in Fig. 4. This figure

clearly reveals a so-called ‘necklace’ structure, consisting

of strained large initial grains surrounded by dynamically

recrystallized small grains. Dynamically recrystallized grains

can be distinguished from original ones because of a large

difference in grain size. A large number of dislocations are

seen within the initial grains. On the other hand, the

microstructure of the dynamically recrystallized grains are

found to be different from grain to grain as Gottstein et

al.12) noted. That is, there exists dislocation free grains as

well as grains with a considerable density of dislocations.

Although Gottstein et al. indicated typical cell structure

inside deformed original grains, in this study we observed

initial grains without a typical cell structure. 

In Fig. 5, the microstructure of the small-grained speci-

men (3.3 µm) subjected to steady state deformation (34%

strain) is given. This figure shows a uniformly recrys-

tallized structure. Therefore, we can not distinguish new

grains produced by dynamic recrystallization from original

ones. The microstructure of the specimen deformed up to

85% over the final stage of steady state deformation,

reveals the similar features to this picture (Fig. 5).

4. Discussion

Kim et al.10) and Gottstein et al.12) have observed steady

state deformation behavior or superplastic behavior in B-

doped Ni3Al polycrystals, and they suggested from TEM

observation that the occurrence of dynamic recrystal-

lization was responsible for ductility at high temperatures.

However, both observations were conducted using speci-

mens which were cooled in the furnace after deformation.

Therefore, as they pointed out, there is the possibility of

so-called ‘static recrystallization’ (that is metadynamic and

classical static recrystallization) occurring during cooling.

Hasegawa et al.13) have indicated that classical static recry-

stallization is perfectly suppressed when pure nickel is

rapidly quenched immediately after deformation at high

temperature, though metadynamic recrystallization (the

growth of dynamic recrystallization nuclei) can not be sup-

pressed. Therefore, a typical necklace structure (Fig. 4)

and small grains with a considerable density of disloca-

Fig. 4. TEM micrograph of the specimen (initial grain size : 5.0 µm)

deformed up to 30% of true strain at 973 K and at an initial strain

rate 3.1 × 10−5 s−1.

Fig. 3. Temperature dependence of true stress-true strain curves for

B-doped Ni3Al (initial grain size : 5.0 µm) deformed at an initial

strain rate 3.1 × 10−5 s−1.

Fig. 5. TEM micrograph of the specimen (initial grain size : 3.3 µm)

deformed up to 34% of true strain at 973 K and at an initial strain

rate 3.1 × 10−5 s−1.
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tions (Fig. 4) are unambiguous indication of dynamic

recrystallization.

It is noticed that there exist some dislocation-free

grains in Figs. 4 and 5. These grains may be explained to

be metadynamically recrystallized grains, as Hasegawa et

al.13) indicated, or dynamically recrystallized grains produced

just before rapid quenching, as Gottstein et al.12) described.

However, because of relatively large number and size of

these grains and because of large decrease in flow stress

after peak stress in comparison with pure metals or con-

ventional alloys, one plausible explanation is that most of

these grains remain undeformed by grain boundary

sliding14,15) of dynamically recrystallized grains although

it is not ruled out that some of them may be produced by

metadynamic recrystallization. Thus, the present results seem

to indicate that both dynamic recrystallization and grain

boundary sliding are operative during high temperature

deformation. Further work is required to determine the

deformation mechanism during steady state flow.

5. Conclusion

The mechanical behavior and microstructural evolution

during high temperature tensile deformation of recrystal-

lized Ni3Al polycrystals doped with boron were investi-

gated. The following results were obtained :

1) Flow behavior was affected by initial strain size;

with decreasing initial grain size, the level of a stress

peak in the true stress-true strain curve decreased, the

steady state region enlarged and elongation increased .

2) On the basis of TEM observation of rapidly quenched

specimens, it was confirmed that dynamic recrystallization

occurred certainly on deformation of fine-grained (3.3 µm)

and intermediate-grained (5.0 µm) specimens at an initial

strain rate of 3.1 × 10−
5s−1 and at 973 K.

3) There existed some dislocation-free grains among

new recrystallized grains.
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