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RECRYSTALLIZATION BEHAVIORS OF ALLOY
IC10 AT ELEVATED TEMPERATURE
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Abstract: To investigate recrystallization behaviors of the alloy IC10, tensile experiments are conducted over a
wide range of strain rates (107'—107?s~ ") at 900 °C by using a material testing system (MTS809). Experimen-
tal results show that: (1) The flow stress is sensitive to the strain rate while the stress-strain curve at various
strain rates exhibit the similar features; (2) The flow stress, the critical stress and the critical strain increase with
strain rates. And the mechanisms of these properties are studied based on the examinations of transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM). In order to study the flow features of IC10, a

new phenomenological constitutive model is developed. The effectiveness of the model is verified by extensive ex-

periments on IC10.
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INTRODUCTION

In recent years, ordered Ni;Al based inter-
metallic compounds have been intensively studied
as the potential high temperature structural mate-
rials in the aerospace applications, e. g. , turbine
engine components. Such materials have the fea-
high yield

strength, fairly good ductility from room temper-

tures of high specific modules,
ature to elevated temperature, high incipient
melting temperature, excellent oxidation resis-
tance, and high creep resistance over a wide range
of temperatures. Alloy IC10 is a newly developed
Ni;Al based superalloy, which can be used as ad-
vanced aero-engine van materials at service tem-
perature that is 1 373 K,

Extensive studies are made for the applica-
tions of alloy IC10. And various constitutive
models are developed to describe the strain hard-
ening behaviors at different temperatures and

[2-6]

strain rates But the studies about the recrys-

tallization behaviors of alloy IC10 at elevated tem-
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peratures are still rare.

The evolution of the microstructure under
high temperatures involves strain hardening, dy-
namic recovery, recrystallization, and grain
growth, all of which are highly related to temper-
ature and strain rate. In particular, recrystal-
lization leads to the local elimination of a large
number of dislocations and is generally associated
with a decrease in the average grain size. Al-
though state-variable based constitutive equations
for materials undergoing hot work are successful
in describing strain hardening and dynamic recov-
ery, the limited work are performed in addressing
dynamic recrystallization within a continuum
framework.

In this paper, the recrystallization and the
fracture behaviors of IC10 are investigated based
on experiments, and a new phenomenological
constitutive model is developed to describe the re-
crystallization behaviors. The effectiveness of the

model is also verified by the extensive experi-

ments on IC10.
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1 EXPERIMENTAL PROCEDUR-
ES AND RESULTS

1.1 Experimental procedures

Ni;Al based alloy IC10, supplied by the
AVIC1 Beijing Institute of Aeronautical Materi-
als, is a directional solidification material in [ 001 ]
orientation with its nominal composition (in
weight): 0. 07%—0.12%C, 11.5%—12.5%Co,
6.5%—7.5%Cr, 5.6%—6.2%Al, 4. 8% —
5.2%W, 1.0%—2.0%Mo, 6.5%—7.5%Ta,
1.3%—1. 7%Hf, 0.01%—0.02% B, and Bal.
Ni. The alloy is prepared by vacuum induction
furnace and followed by casting to ingots. The
column tensile specimens with dimension of ®10
mm X 50 mm are machined from the bars.

To investigate recrystallizational behaviors of
IC10, tensile experiments are carried out at four
different strain rates (10°%, 107°, 5X 10", and
107" s ') under the temperature of 900 °C, which
is attained with a high-intensity quartz lamp in a
radiant-heating furnace (MTS653 furnace). All
tests are conducted with MTS809 system, a com-
puter-controlled, servo-hydraulic tensile torsion
machine. All the specimens are strained to frac-
ture and then cooled in the air to room tempera-
ture. The experimental data are gathered with the
signal automatism gather system of MTS809.

To characterize fracture behaviors of 1C10,
the deformed specimens are observed by scanning
electron microscopy (SEM ) examinations on a
JSM-5600LLV SEM. The transmission electron
microscopy (TEM) examinations are operated to
describe the deformation mechanisms. For TEM
examinations, slices parallel and vertical to the
tensile axis are cut from specimens by spark ero-
sion. The foils are prepared by using twin-jet
electropolishing and examined on a JEM-2010

analytical transmission electron microscope.
1.2 Experimental results

The stress-strain(c-¢) curves recorded at dif-
ferent strain rates (10 %,10 *,5X 10 *, and 10 *
s~ ') under 900 °C are shown in Fig. 1. As shown

in Fig. 1, the flow stress is sensitive to the strain

rate. But the stress-strain curve at every stain
rate exhibits similar features: firstly the flow
stress positively increases with the strain before
the critical strain, and then the softening happens
after the critical strain, which is the typical dy-
namic recrystallization curve. A close comparison
among these curves at different strain rates re-
veals that the flow stress, the critical stress and

the critical strain increase with strain rates.
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Fig. 1 o-e curves at 900 °C

Fig. 2 shows one of the typical bright-field
images of dislocation structures in foils from spec-
imens deformed to fracture at 900 °C. As shown
in Fig. 2, the dislocations have a tendency to form
either edge or screw segments on the cube plane
so that almost regular square nets of dislocations
can be observed. A great number of dislocation
nets lead to the formation of the slipbands at
phase boundaries. During the formation process,
a lot of dislocations are annihilated, thus leading
to the decrease of dislocation density and the soft-
ening effect of material. It is known that the dis-
location greatly multiply in the process of defor-
mation. And the multiplication can lead to the

hardening effect of material. At the beginning of

Fig. 2 Bright-field image
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deformation, the multiplication rate is greater
than the annihilation rate, and the hardening ef-
fect dominates. When the dislocation density
achieves a critical value, the multiplication rate is
equal to the annihilation rate, and the flow stress
gets saturation. After that, the softening effect
can colltrol the deformation if the multiplication
rate is less than the annihilation rate. That is the
mechanism of recrystallization behavior of met-
als.

Fig. 3 is one of the typical SEM images of
fracture surface of alloy IC10 at 900 °C, and
shows that the fracture is the dimple fracture

character mixed with a few of intergranular.

Temperature: 900°C, strain rate: 0.001/s

Fig.3 SEM image

2 DEVELOPMENT OF CONSTI-
TUTIVE EQUATION

A new constitutive model is proposed for de-
scribing the recrystallization behaviors as follow-
ing formulations

ch — K (e, — )" e<e
c=o0, — K(Ae)" =
1«& — K (e —e)" e>¢
(D
where o is the stress, K(K,;,K,.) and n(n;,.n.) are
the parameters. The subscripts (h and s) refer to
strain hardening part before the critical strain e.,
and softening part after the critical strain €., re-
spectively. o. is the critical stress at the strain of
&. Aeis equal to |e.—e].

As seen from Eq. (1), the formulation o=
o.— K, (e, — &)™ is used to describe the strain
hardening part, and the equation 6 =0.— K, (e—

e.)"sis the softening part.

Normally, the feature of the stress-strain
curve is determined by the parameters (K and ),
which are assumed to be constants at a decided
experiment condition and vary with the mechani-
cal properties, such as yield stress o, ,, critical
stress/strain (o./e.), fracture stress o¢, and elon-
gation &. The variation rules are discussed in the
following section.

When € is equal to ¢ (g is a random point in
the curve), Eq. (1) follows that

o, = 0. — K(Ag)" (2
From Eq. (2), we obtain

o, — o
K = Ze 71
(Ag)”

&)
When ¢ is equal to €, ,, the stress is the yield

stress o0, ,, we obtain

0o, = 0. — K (Ag, )" = 0, — K, (e, — €, ,)™

@)
When ¢ is equal to &, the stress is the broken

strength or. Eq. (1) follows that
op = 0. — K, (Aep)™ = 0. — K. (& — €)™ (5)
When ¢, is less than e., and let Eq. (4) di-

vide Eq. (2), we obtain
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b | AV
n

Ag,

(6

When €, is greater than €., and let Eq. (5)
divide Eq. (2), we obtain

UC — Ul
S
Ag,
When Ae=Ae;=1%, in order to describe the

P,

n, =
In

hardening part, the following equations are ob-

tained from Egs. (3,6).

K, = 0. — 0, cc "CAe 0.2 (8)
0.2
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As Ae=Ae;=1%, when describing the soft-
ening part, the following equations are obtained
from Egs. (3,7).
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As seen in Eqgs. (8-11), the variation of the

c

an

n, =

parameters K and n at different conditions can be
described by the mechanical properties, such as
critical stress o., yield stress o,,, fracture
strength o7, Ag,, and Ag. The relationships be-
tween the parameters (K and »n) and the mechani-

cal properties follow that
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T Inae) |, o
(13)

The subscripts (1 and 2) in the two equa-
tions refer to the different experiment conditions.

Then, the constitutive equation can be ob-

tained
Ag, ,
o, K., N .
[ 0. — 50.2)
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The subscript letter "r” in the equation refers

to the reference conditions.

3 APPLICATION,COMPARISONS
AND DISCUSSION

In this section, the effectiveness of the newly

developed model is verified by the extensive ex-

periments on 1C10.

The reference stress-strain curve is the one
measured at the condition of 900 °C with strain
rate é=10?s"'. The parameters (K and n) are
obtained by fitting the reference curve using
Eq. (1). The fitted parameters are listed in Table
1.

Table 1 Values of parameters K and n

Parameter K. Nir K N

Value  38.586 59 2.098 56 1.262 25 2.646 89

Fig. 4 shows the comparison of the experi-
mental and the fitted data, and illustrates that the

model fits in the experimental data well.
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Fig. 4 Comparison of fitted and experimental data at

900 °C with ¢=10 *s"!

Then, the constitutive equations of IC10 fol-

low that
(Gc — 0'0.2)
Ag, ,
o. 38.586 59 105.752 7
In((acfzro_z)))
(e, — ey ot Lo ¢
o= , (15
0. — Op
AE{
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The values of the mechanical properties mea-
sured with the tensile experiments are listed in

Table 2.

Table 2  Values of mechanical properties (measured by
tensile experiments)
e/s! 0o../MPa o./MPa e/% oi/MPa &/%
102
(reference  853.150 1 129.320 2.611 972.296 9.755
state)
10°° 840. 650 1 013.000 1.378 643.263 12.945
5x10" 855.232  943.247 0.726 618.160 11.815
10 785.270  785.270 0.000 425.176 13.821
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Fig. 5 Comparison of predicted and experimental data

at 900 °C

The constitutive equation predicting a new
curve can be obtained on the basis of the mechani-
cal properties (listed in Table 2) and Eq. (15).

Fig. 5 shows the comparisons between the
data predicted by the new model and the experi-
ment. The predicted data fit well with the experi-
ment, which indicates that the new model is feasi-
ble to describe recrystallization behaviors of alloy

IC10.

4 CONCLUSIONS

(1) Based on the tensile experiments, the

flow behaviors of IC10 at 900 °C are studied. Ex-

periments show that the dynamic recrystal-
lizationis the domination phenomena and the flow
stress is sensitive to the strain rate.

(2) Based on the TEM and SEM experi-
ments, the deformation and the fracture mecha-
nisms are studied. Experiments show: the mecha-
nism of recrystallization behavior is that the dislo-
cations have a tendency to form almost regular
square nets at phase boundaries; and the fracture
mechanism is the dimple fracture mixed with a
few of intergranular.

(3) A new model is developed and used to
describe the recrystallization behaviors of alloy
IC10. The predicted data fit well with the experi-

ments.
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