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Estimation of creep crack growth rate in IN-100
based on the Q* parameter concept
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Since the high-strength Ni-based superalloy, cast IN-100, is considered to be brittle at high
temperatures, the stable creep crack growth region is limited. Therefore, technically, it is

very difficult to perform creep tests and there are few experimental results on the creep crack
growth behaviour of this material. We performed creep crack growth tests using Ni-based
superalloy, cast IN-100, and derived the 0* parameter for this material, which characterizes
the creep crack growth rate. Using this Q* parameter, we derived a law for the creep rupture

life of this material. © 7998 Chapman & Hall

1. Introduction
Since the high-stength Ni-based superalloy, cast IN-
100, is considered to be brittle at high temperatures,
the stable creep crack growth region is limited. There-
fore, technically, it is very difficult to perform creep tests
and there are few experimental results on the creep crack
growth behaviour of this material [ 1-3]. For this mater-
ial, the stress intensity factor is considered to be a mech-
anically determinate factor of creep crack growth behav-
iour. However, since detailed experimental results have
not yet been accumulated, a systematic effect of stress
and temperature on creep crack growth behaviour has
not yet been obtained. Therefore, a mechanical test
method was constructed to estimate the creep crack
growth rate for Ni-based superalloy, cast IN-100 [4,
5]. This method was based on that for high-temper-
ature ductile materials such as Cr—Mo-V steel [6].
In this paper, on the basis of this test method, we
performed a creep crack growth test using cast IN-100
and derived the Q* parameter for this material. Using
the Q* parameter, we derived an expression for the
creep fracture life of this material.

cosh (myy/2W)

are shown in Tables I and II, respectively. The cubic y’
phase was observed in the virgin materials [4, 5]. The
test specimens were of the compact tension (CT) type,
as shown in Fig. 1. After individual precision casting,
the test specimens were heat-treated and machined.
The width, W, was usually 50.8 mm and the thick-
nesses, B, were 6.35, 12.7 and 25.4 mm. Fatigue pre-
cracks about 3 mm long were introduced at the tips
of machined notches using an electrohydraulic
fatigue testing machine at room temperature. All
tests were performed using a lever-arm high-temper-
ature creep-testing machine. The experimental
conditons used at Tohoku University are shown in
Table III. Experimental results at Ishikawajima-
Harima Heavy Industries (IHI) and the National
Research Institute of Metals (NRIM) were also in-
cluded to estimate the creep crack growth behaviour
of IN-100.

The crack length was measured by an electrical
potential method and calculated using Johnson’s [7]
formula

2 _
a= s 1 |:cosh (U/Ug) cosh™* {[cosh (ry,/2W)]/[cos (nao/ZW)]}]

2. Materials, specimens and experimental
procedure

The alloy used is the Ni-based superalloy, cast IN-100.

Its chemical composition and mechanical properties

0022-2461 © 1998 Chapman & Hall

M

where a (mm) is the length of the crack, ao (mm) is the
initial crack length, W (mm) is the width of the speci-
men, y, (mm) is the half-length between the terminals,
U (nV) is the electrical potential and U, (uV) is the
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TABLE I Chemical compostition of the material (mass %)

TABLE III Testconditions and symbols (W = 50.8 nm)(Tohoku
University)

Element Amount Element Amount
(mass %) (mass %) B Temperature Load Symbol used
(mm) (°C) (N) in Figs 4,5,9
C 0.15 P 0.003
Si 0.01 S 0.001 6.35 800 6004 A
Mn 0.01 B 0.013 6.35 825 5978 A
Cr 8.51 N 0.0007 6.35 850 6213 A
Mo 298 O 0.0007 12.7 732 17304 O
Ti 477 Mg 0.0022 12.7 732 16117 |
Al 5.68 Pb < 0.0001 254 800 25402 o
Co 1347 Bi < 0.00002 254 825 25558 ©
Fe 0.04 Se < 0.0001 254 825 24 500 >
Zr 0.038 Te < 0.00005 254 825 22720 @
\Y 0.79 Tl < 0.00005 254 850 25642 O
Ni Balance 254 850 24 500 Q
. . . O [S) o |
TABLE II Mechanical properties of the material

Temperature Tensile stress  0.2% proof stress Elongation
QY] (MPa) (MPa) (%)
25 918 781 59
25 1000 787 8.0
732 1026 861 7.3
850 858 605 59

initial voltage. (The thermoelectric potential is ex-
cluded from both U and U,).

To maintain the centring, the specimens were
heated by applying 10% of the test load. The speci-
mens were held at the testing temperature for about
16 h and then loaded immediately with great care to
avoid shock. The load line displacement was meas-
ured to determine creep deformation.

A schematic illustration at the testing machine and
a photograph of the actual testing' machine are
shown in Figs 2 and 3, respectively. Details of the
experimental method were given in our previous pa-

per [6].

3. Experimental results

3.1. Estimation of creep crack growth rate
We adopted the stress intensity factor, K, the
C* parameter [8—12], the load line displacement rate,
5, [7, 14] and the Q* parameter [13-17] as estimation
parameters of the creep crack growth rate {CCGR).
K is given by the following equation, according to

Heating furnace

Weight

Stabilized

Digital
current supply

voltmeter

Figure 2 Schematic illustration of creep-testing machine.

ASTM E-399 [18]:

P 2+a/W

R =gwm (1 —a/ W)

a
(o) o
where
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Figure 1 Geometry and size of CT specimens.
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Figure 3 Lever-arm high-temperature creep-testing machine.

and P (N)is the load, B is the specimen thickness, W is
the specimen width and a is the crack length. C* is
given by [19]

s m PO B
¢ _n-l—le<Y n> 3
where
_2(1+oc)(1+a/W)/(1+0t2)+oz(l—a/W) @
V= A +a/W)+a(—a/W)
b o

Tatd +a/W)(l—a/W)

2a\\? 2a 12 [2q
=|G) +2E) 2 -G) o

where § is the load line displacement rate, n is the
stress-dependent coefficient of creep deformation and
b=W—a.

0* for IN-100 is derived in Section 3.3

3.2. Estimation using C* and &

The CCGRs evaluated in terms of C* and & are shown
in Figs 4 and 5. Although both parameters apparently
characterize the CCGR by a unique band independent
of temperature and applied gross stress, the character-
istics bands occupy only about 10% of the total creep
fracture life, which corresponds to the final fracture
region.
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Figure 4 CCGR  versus C* for IN-100 at 800-850°C.
(W = 50.8 mm). See Table III for explanation of symbols.
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Figure 5 CCGR versus load line displacement rate for IN-100
at 800-850°C. (W = 50.8 mm). See Table 11l for explanation of
symbols.

The creep fracture life mainly consists of the hold
region H, as shown in Fig, 6. This is because for
IN-100 alloys the process of constant CCGR accom-
panied by an accelerated process of CCGR occupies
the main part of the total creep fracture life, as shown
in Fig. 7,1.e. 80% of the total fracture life in this figure.
We define this process as the first region of CCGR
(linear region), which corresponds to the hold region
H in Fig. 6. In this region, the creep elongation rate is
also constant as in Fig. 8. These characteristcs are
different from those of high-temperature creep ductile
materials such as Cr—-Mo-V steel, for which the accel-
erated CCGR occupies the main part of the total
creep fracture life, as shown in Fig. 7. Therefore, it is
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Figure 6 Dual-part behaviour of the relationship between CCGR
and C* for IN-100 (B=254mm; T =875°C; P=24500 N,
NOSG). (@), C* decreasing; (O), C* increasing.
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Figure 7 Creep crack extension curves for IN-100 alloy (QO) and
Cr-Mo-V steel (A)

important to determine the first region of the CCGR
in order to estimate the creep fracture life for such
high-temperature brittle materials.

3.3. Estimation using K

The CCGR was plotted against the stress intensity
factor, as shown in Fig. 9. First, we discuss the CCGR
characteristics for specimens with B = 6.35 mm. These
experiments were performed with the same initial
stress intensity factor. The results show that the
CCGR increases with increasing temperature. Next,
from experimental results for specimens with
B=254mm at 825°C, the CCGR 1is found to
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Figure 8 The relationship between the creep extension curve and
the load line displacement curve (Q), Ag; (A), Ad.
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Figure 9 CCGR versus stress intensity factor for IN-100 at
800-850°C. (W = 50.8 mm). See Table III for explanation of sym-
bols.

increase with increasing initial stress intensity factor,
independent of the applied load.

As described in Section 3.2, the first region of the
CCGR occupies the main part of the creep rupture life
and its rate is constant. Therefore, it is important to
estimate the first region of the CCGR for the initial
stress intensity factor, K;,,.

These results shows that the CCGR of IN-100 is
determined by K;, and the temperature.

3.4. Derivation of the Q* parameter
The concept of the @* parameter is shown in Fig. 10.
Q* was derived to estimate the CCGR based on ther-
mally activated process theory [15-17]. The main
purpose of Q* is for use in estimating the high-temper-
ature mechanical performance of materials and in
predicting creep fracture life.

First, Q* was applied to high-temperature ductile
materials [13-17]. In this work, the derivation of Q*
for high-temperature brittle materials was performed.



(O' parameter concept )

Estimation of CCGR

Prediction of creep
rupture life

Estimation of mechanical
performance of the materials

Characterization
of the materials

Figure 10 The concept and aim of the Q* parameter.
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Figure 11 The relationship for IN-100 between CCGR and the
inverse values of the absolute temperature for the first region.
(W = 50.8 mm). See Table III for explanation of symbols.

The relationship between CCGR in the first region,
CCGR,, and the temperature is shown in Fig. 11.
These results indicate that the CCGR is dominated by
a thermally activated process. Furthermore, CCGR,
is dominated by the initial stress intensity factor, Kj,.
The relationship between CCGR; and K, is shown in
Fig. 12. From these results, CCGR, ie., (da/dt),
(mm h~1)is given by

da) . 0
<E>1 = Ag(B) K3>® EXP< - ﬁ) (6)

where A is a constant, g(B) is a function of the speci-
men thickness, T is the absolute temperature, Q is an
activation energy equal to 1106.4 KJ mol~! and R is
the gas constant.

For specimens with a thickness of 25.4 mm,

da) e vess 1106.4
<dt>1—1.26x10 K exp( ——= ) (7

By taking logarithms of both sides of Equation (7) and
substituting in the gas constant, we obtain

57.79
log (g‘}) = — 559+ <63.8 log K;, — % 103>

dt
®
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Figure 12 The relationship for IN-100 between CCGR and the
initial stress intensity factor for the first region. (W = 50.8 mm). See
Table 111 for explanation of symbols.

TABLE 1V Test conditions and symbols (W = 50.8 mm) (IHT,
NRIM and Tohoku University)

B Temperature Load Symbol used Laboratory
(mm) (°C) N) in Fig. 13

6.35 732 7435 A THI
6.35 825 6472 N

12.7 732 15004 ]

127 800 12503 L ]

127 825 11072 i

127 850 12033 =

12.7 850 12503 =

254 732 30106 [ ]

25.4 800 24614 ©

6.35 850 5657 A NRIM
6.35 850 5419 A

254 850 20367 ®

6.35 800 6004 A Tohoku
6.35 825 5978 A University
6.35 850 6213 A

127 732 17304 ]

12.7 732 116117 O

254 800 25402 Gl

254 825 25558 =

25.4 825 24500 ®

25.4 825 23834 ®

254 850 25642 O

254 850 24500 [

Therefore, Q* for the first region of the CCGR is given
by '

57.79

* = 638 log Kip — ——x 10° )

The experimental results obtained in our three
laboratories (Table IV) under various conditions are
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Figure 13 The relationship between CCGR and the Q* parameter
(W = 50.8 mm). See Table IV for explanation of symbols.

plotted against Q* in Fig. 13. These results show that
Q* can be used to estimate the CCGR of IN-100
accurately in the first region for B > 12.7 mm.

The CCGR of a thin plate specimen (B = 6.35 mm)
is greater than those of specimens with other thick-
nesses (B = 12.7 and 25.4 mm). This is due to the effect
of the microstructure of the thin specimen. As de-
scribed in Section 2, these specimens were fabricated

by individual precision casting followed by heat treat-
ment and machining, The microstructure of the
specimen 6.35 mm thick is different from those of
specimens of other thicknesses (B = 12.7 and 25.4 mm),
as shown in Fig. 14 [4, 5]. This is why the CCGR of
the specimen 6.35 mm thick is different from those of
specimens with other thicknesses.

Therefore, if the microstructures of the materials are
similar, Q* can be used to estimate the CCGR of
IN-100 in the first region for various temperatures,
applied loads and specimen thickness conditions.

3.5. Expression for creep rupture life
based on O*

By integrating Equation 7, we obtain an expression

for the creep fracture life:

J dt = J f eXp/fI%{IRT da (10a)
_a—a QN1
ty = 1 %P <RT> X (10b)

where A is a constant, a; (mm), is the initial crack
length, a; (mm) is the final crack length, n = 63.8 and 1,
(h) is the creep fracture life.

If we define the creep fracture life as the time at
which the value of (a; — a;) takes some specified value,
C, (constant), then we obtain

BUNAN 0
In Kin —; In (7) —; <1n te _ﬁ> (11)

where (1/n) In (C,/A) is a constant. The experimental
relationship between log K;, and (In ¢t — Q/RT)/n is

CT (6.35mm) CT (12.7mm)

CT (25.4mm})

Riser side

Riser side

«— Direction of creep crack growth

Riser side

Figure 14 Microstructures of the specimen 6.35 mm thick and other thick specimens.
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Figure 15 Master curve for the estimation of the creep rupture life
for IN-100.
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shown in Fig. 15. These results show that the experi-
mental results for CCGR at all temperatures, applied
loads and specimen thicknesses can be estimated by
a unique charactéritic curve, and that the creep frac-
ture life is dominated by the temperature and initial
stress intensity factor.

4. Discussion
The CCGR of the specimen 6.35 mm thick is higher

than those of specimens with greater thickness, as.

shown in Fig. 13. However, Equation 11 based on the
Q* parameter can be used to estimate the creep frac-
ture life for all specimens because of the unique char-
acteristic master curve, including that of the speecimen
6.35 mm thick as shown in Fig. 15. This is due to the
following reason.

In this estimation method, we paid particular atten-
tion to the first region in which the CCGR is constant,
since the second region, in which the CCGR increases
non-linearly, does not affect the total creep fracture
life much. However, in cases where the first region has
a high CCGR, such as that of the specimen
6.35 mm thick, the transition time from the first region
to the second region of the CCGR becomes shorter
and the ratio of the fracture life corresponding to the
second region to the total fracture life increases.
Therefore, the effect of the increase in the CCGR in the
first region on the total creep fracture life is cancelled
because of the increase in the effect of the second
region on the total creep fracture life.

The inverse, 1/t;, of the creep fracture life has sim-
ilar characteristics to the CCGR in the first region, as

10

107"

1/t,(h™)

107

107 . L

0.85 0.90 0.95
1000/ T (K™Y

Figure 16 The relationship between the inverse values of the creep
rupture life and the absolute temperature for IN-100.
(W = 50.8 mm). See Table III for explanation of symbols.

shown in Figs 11 and 16. Therefore, it is reasonable to
conclude that this first region of CCGR dominates the
total creep fracture life.

These findings are different from the characteristics
of ductile materials, such as Cr—-Mo-V steel, which are
determined by the second region of CCGR.

In the first region of the CCGR, CCGR and the
displacement rate, dd/dt are constant. Therefore,
when the CCGR is estimated using C*, which is deter-
mined by d 8/d¢, the relationship between the CCGR
and C* in the first region is localized in the hold
region, as shown in Fig. 6. This results in difficulty in
estimating the CCGR using C* in this region.

For In-738 and IN-939, Nazmy and Wuthrich [2]
showed that the CCGR in the acceleration region is
controlled by a thermally activated process and can be
estimated in terms of the stress intensity factor and the
temperature. However, in this work, it is not clear
whether this acceleration region constitutes the main
part of the total creep fracture life or not. Further-
more, the experimental relationship between the
CCGR and the stress intensity factor for various tem-
peratures does not show typical characteristics of
a thermally activated process. Therefore, for these
materials, it is also important to focus on the first
region of the CCGR. For Ni-based superalloys, the
proposed type of Q* parameter can be used to esti-
mate the CCGR in the first region and the total creep
fracture life.

The physical meaning of the activation energy for
the CCGR of this material should be clarified in rela-
tion to the strengthening mechanism due to the cubic
y" precipitated phase structure. However, for this pre-
cipitate-strengthened material, the activation energy
of the CCGR is not always equal to that of the creep
elongation rate of a smooth specimen which is differ-
ent from the case of matrix-strengthened materials,
because the effect of the interaction between the creep
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crack and the y’ phase on the crack growth is dominant
instead of the void formation at the grain boundary.

5. Conclusions

1. For IN-100 alloys, the region of constant CCGR
accompanied by accelerated CCGR constitutes the
main part of the total creep fracture life. The CCGR
is determined by the initial stress intensity factor,
K;,, and the temperature. These properties are char-
acteristics of high-temperature creep brittle mater-
ials and are different from those of high-temperature
creep ductile materials, such as Cr—-Mo-V steel.

2. The Q* parameter in the constant CCGR region
was derived for IN-100. This parameter can be used
as the Q* parameter for high-temperature brittle
materials.

3. By integrating Q*, an expression for the creep frac-
ture life was derived for a cracked IN-100 specimen.

4. For Ni-based superalloys, the proposed Q* para-
meter can be used to estimate the creep crack
growth rate in the first region and the total creep
fracture life.
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