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Creep-rupture properties of a columnar-grained nickel-base superalloy have been evaluated over a wide
temperature range (1033 to 1311 K) and stress levels (80 to 850 MPa). Creep data analyses based on the
conventional approach as well as on a new graphical method—tBeenvelope method (Ref 1)—have been
carried out for creep strain and life estimation purposes. The relation between minimum creep rate of the
alloy with the applied stress obeys simple power law, whereas the rupture data of the alloy fits well to the
Larson-Miller parameter. Also, the Monkman-Grant relation between the minimum creep rate and the
rupture life produces a trend with some degree of scatter in the data. The latter relation in its generalized
form by the B-envelope method exhibited the best correlation with significantly reduced scatter in the

data.

Keywords pB-envelope method, creep, minimum creep rate, data points in the other two regions. At the transition from stage
nickel-base superalloy, rupture life 1to stage 2:

1. Introduction B, 15 =ep, (Eq 2)

1.1 B-Envelope Method and

Recently, a procedure known as fhenvelope method has

been developed to analyze the creep behavior of high-tempera- B, t;, =€, (Eq 3)
ture materials (Ref 1-5). THg&-envelope method has several
advantages over the the® projection method (Ref 6), as de- . . . .
tailed in Ref 1. With this method, the creep strajmnd timet, Where the subscript 12 re_fers to a point at the intersection of the
in the three stages of primary, secondary, and tertiary creep arfrimary ant_JI secondary lines. Th.e tl_migcorresponds to the
enveloped by three straight lines on the log-log scale, as showr?nd. of the f'rSt stage and the beginning of the second stage and
schematically in Fig. 1. The enveloping lines are described byIS given by:

the following equations: o

B,0
= X t1,= O (Eq 4)
g, =B th 12 E’glj
g,=B,t%
Similarly,
and
Boty3= €3 (Eq5)
g5=B5t%s (Eq 1)
Bst33= €53 (Eq 6)

where,, B, andB;are the coefficients. The subscripts 1, 2, and
3 denote the first, second, and third stages of creep deforma-
tion, respectively. The values of the exponeqis,, andxzare, ~ Which leadsto
respectively, 1/3, 1, and 3 for most of the metallic materials. Be-
cause each equation describes the data points in each region —/B,
separately, the coefficient in each region is not affected by the -\ =
3=V By (Eq7)
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andps. Taking the cube of Eq 5 and then dividing by Eq 6 re- crystal blades because these components withstand higher gas

sults in: inlet temperatures compared to their equiaxed counterparts,
thereby resulting in improved turbine efficiency. These com-
B3 ponents generally are produced by the directional solidifica-
—Z=g5, (Eq 8) tion process (Ref 7). Modern gas turbines operate very close to
Bs 0.8 — 0.9,,,, whereT,, is the absolute incipient melting point of

the turbine blade material used. In this temperature range, creep

Now, taking the creep-rupture time and the creep-rupture strain/S ©ne of the primary design considerations for the turbine
ast. ands.. one obtains: blade. The severity of the operating conditions makes it neces-

' r sary for the blade material to exhibit high resistance to creep
3_ deformation and fracture so that the required design lives of the
Bst =& (Eq 9) component can be achieved. The long-time dimensional stabil-
ity and design life estimates of the turbine blade generally are
based on short-time laboratory creep data obtained on the blade
material.

In the present study, the longitudinal creep properties of a
3 ) cast nickel-base superalloy with a columnar grain structure
B 2 €hin were evaluated at 1033, 1143, 1253, and 1311 K at four stress

Noting that the coefficierfi, represents the minimum creep

rate.gn;,, Eq 10 becomes

E: €23= Bs (Eq 10) levels for each test temperature. Creep analyses on the data
were carried out by conventional gie@nvelope methods. The
results obtained are presented in the present paper.

and the latter with Eq 10 results in
. 2 13 2. Experimental
smin Etr = %23 Etr% (Eq 11) p

CM 247 LC is a cast nickel-base superalloy and is the pro-
Thus, the product, . [, is dependent ogyzande, . If £,3and prietary alloy designation of M/s. Cannon Muskegon Corpora-
g, are constant and independent of the stress level or rupturdion, USA, with a nominal chemical composition (wt%) of 8.3
time, then the Monkman-Grant relation would result. However, Cr, 9.3 Co, 9.5 W, 3.2 Ta, 5.5 Al, 0.75Ti, 1.5 Hf, 0.5 Mo, 0.015
in many cases, the creep Straa':a§ andsr decrease with de- Z.r, 0.075C, 0015B, and the balla.ncle Ni. The.allloy IS preCIpIta-
creasing stress level. In such cases (Ref 2), the above relatiofion hardenable with 65 vol% B(AILTi)(y) precipitates in the

correlates well with the minimum creep rate and rupture time. Matrix and commonly is used in columnar grain structures for
turbine blade applications.

Rod samples 12 mm in diameter of the test alloy with a co-
lumnar grain structure were obtained by directional solidifica-
Cast nickel-base superalloys are used extensively for manution. The process details and the heat treatment schedule
facturing turbine blades for aeroengine applications. Modern adopted for production of the alloy are described in Ref 8. The
aeroengines use air-cooled columnar-grained and/or singletod samples were machined into round specimens and used for
creep studies. Creep-rupture studies were carried out at 1033,
35 1143, 1253, and 1311 K at four stress levels at each test tem-
—f:r'i’ﬁ (173 perature. ATS direct-loading creep-testing machines fitted with
e three zone tubular furnaces were used in the study with a tem-
perature stability of2 K. Creep strains on the specimens were
measured to an accuracy(@pm using two linear variable dif-
] ferential transducers fitted to the ends of a rod-in-tube type of
i extensometer mounted on the specimens. Results were re-

1.2 Cast Nickel-Base Superalloys

>to3,803

o

o corded continuously on a strip chart recorder. The recorded raw
] £2=62 data subsequently were converted into engineering creep
] curves.

CREEP STRAIN, %

= SPRAP
3. Results and Discussion
1 * &1:61,(1/3
* The basic creep curves obtained for the alloy at 1003, 1143,
o5 e . S o 1253, and 1311 K and at various stress levels are showp in Fig.
"0 100 1000 10000 2. The temperature range (1033 to 1311 K) over which the
TIME, h creep studies were carried out covered low-, intermediate-, and

high-temperature regimes for the alloy in turbine applications.

Fig. 1 Schematic representation of creep curve indicatingthe A rupture time range of 20 to 2500 h was observed in the

three stages of creep strain and the transition regions study. At 1033 K, the creep curves exhibited a distinct but

It
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shortprimary creep stage and a very limited tertiary stage fortotal rupture time at all the test temperatures and stress levels,
most of the stress levels used. However, secondary stage cregparticularly above 1033 K. The total accumulated creep strain
occurs very early in the deformation at other test temperatureganges from 5% at 1033 K to about 16% at 1311 K, i.e., strain to
and is followed by nonlinear creep strain accumulation with re- fracture increased with increasing temperature for the alloy.
spect to time. The latter occupies a considerable amount of theCreep fracture straim;, has been found to be more dependent
on temperature and to a lesser extent on applied stress.

The minimum creep rate determines the service life of a engi-
neering structure/component. The minimum creep rate can be cor-
related with the applied stress at the test temperatures, as shown in
Fig. 3 on a log-log plot. The relationship observed over the tem-

Table 1 Power law relation between minimum creep rate
and applied stress at various creep test temperatures

Power law equation(a)

Temperature & =AgQ" perature range studied is governed by power law of the form:
’ 'min

K A n

1033 1727x 10749 15.7 €min=A0" (Eq 12)

1143 6.077 10720 5.9

1253 1469x 10719 6.6 . .

1311 4.600x 10-20 7.3 whereA, is a temperature-dependent constanteadhe creep

exponent. The values of the creep exponeatndA, at each test

(@)éinh~*ando in MPa temperature are given in Table 1 and can be used to compute the

o
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Fig. 2 Basic creep curves for the alloy at (a) 1033 K, (b) 1143 K, (c) 1253 K, and (d) 1311 K
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minimum rate at other stress levels. In this stadglues were  whereC,,g is the Monkman-Grant constant, which lies in the
found to be in the range of 16 to 6. Such a high range of creeprange of 0.05 to 0.5 for many metals and alloys. The relation
exponent suggests that dislocation creep may be the mosbbtained for the test alloy is shown in Fig. 5. There appears to
dominant creep mechanism for this alloy. Similarly, the vari- be some degree of scatter in the test data. A log-log least-
ation in rupture time with the applied stress at the test temperasquares fitting to the data points resulted in a slope of —1.18 and
tures is shown in Fig. 4 on a log-log plot. The relation obtained Cy,g equal to 0.08 for the test alloy. Dobes and Millicka (Ref 9)

is of the form: have suggested that the scatter of data in the above relationship
can be minimized by introducing the creep strain at fracture as
a normalizing factor, thus leading to a modified Monkman-

- -n'
t, = A0 (Ba13)  Grantrelation of the form:
whereA, is a temperature-dependent constantranglthe ex- Emin r _ c (Eq 15)
ponent. The values, andn’ for the test alloy are listed in Table g  MMG a

2 for each of the test temperatures. The rupture time can be es-
timated for other stress levels. The values of the expomieint,
the above relation are somewhat lower than those observed fo 10000
the creep exponent. The values are in the range of 14 to 5. Thi
trend in the exponent value follows the same pattern as in the
case of minimum creep rate equation.

Under intergranular creep conditions, it is often observed
that the steady state or minimum creep rafg, and the rup-
ture time t,, can be related by the Monkman-Grant relation:

1 I ]
~
]
oy

N5 5 Bkt 1311K
5.3 5.4 13.8

- 1000

1l

émin Dr = CMG (Eq 14) -

Table 2 Power law relation between rupture life and

. . 100
applied stress at various creep temperatures

Power law equation(a)
Temperature, t=A0™
K Az n’ t=A, 0"
1033 6554x 10%1 13.80 10— : —
1143 3.855«¢ 1016 5.43 50 100 1000

1253 3244x 1014 5.37 o, MPa
1311 1.052 104 5.50 )

-

Fig. 4 Relation between rupture life and applied stress
(a)t, in h ando in MPa
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Fig. 3 Relation between minimum creep rate and applied stress ~ Fig. 5 Monkman-Grant relation
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whereCy,is the modified Monkman-Grant constant. By tak-

ing the creep fracture straig, as that measured over the gage ~ Pa = B30% exp
length, the equation has been computed and the relation be-

tween the normalized strain raég, (/e;) and the rupture time is
shown in Fig. 6 for the alloy along with least-squares fitte

2le
O

ot

m[in[m

(Eq 19)

d The linear relation on a log-log scale clearly indicates that a

power law equation governing the data. However, even on nor-SiMPle power law governs secondary and tertiary stages of
malizing the minimum creep rate data with the fracture strain, creep deformation of this mgkel-base superalloy in the stress
there is no improvement in the data scatter compared to thefNd temperature range §tu_d|ed. The values of the Stress expo-
Monkman-Grant relation, as shown in Fig. 6. The latter was "eNtsP andq and the variation db,, andps, as a function of

also evident on comparison of the correlation coefficient for the {€MPerature in the above equations are given in Table 3. These
fits in Fig. 5 and 6, which were found to be 0.93 and 0.91, re- relations can be used to estimate creep strains at different stress

spectively. Hence, possibly with a factor of safety in design levels and lives at various test temperatures used in the study.

considerations, the Monkman-Grant relation itself can be used

to predict the rupture life of the test alloy for a specified mini-

mum creep rate. 10 -
To predict long-time rupture life using the parametric ap-

proach from short-time rupture data, many parameters are

used, of which the Larson-Miller parametey ) is the sim-

plest and most widely used in the literature. This has been com- 7

puted and shown in Fig. 7 for the test alloy. It is evident that

very good correlation has been obtained between the experi

mental data and the Larson-Miller parameter. Thu thepa-

rameter can be used to predict the long-time rupture life at a

specified temperature and at different stress levels for the alloy.
The creep data on the test alloy were analyzed using-the

envelope method. Figure 8 illustrates the percent creep strair

and time relation at 1143, 1253, and 1311 K, respectively, for

the test alloy. In all of the cases, the primary stage is not dis- 107

tinctly pronounced, whereas the secondary and tertiary stage:

can be represented by two straight lines on a log-log scale. Ir

the log-log least-squares fittings to the experimental data points of

ANAAA 1033K
OQQ0Q 1143K
L Yool 1253K
sokkokk 1371K

10 -2

L el

10 7?

émin/ef )

(a1 iul

(émin/ef) ° J(r1.15:O~6
(Least squares fit)

[ W NEEL]

the basic creep curves, the slopes of the lines were found to be be 107 T T —
tween 0.9 to 1.0 and 2.9 to 3.2 and can be approximated to 1 and: 10 100 ; o 1000 10000
respectively, for the secondary and tertiary stages of creep defor roo
mation for the test alloy. Thus, the second and third stage creep
strains, respectively, obey the equations Fig. 6 Modified Monkman-Grant relation
€= Byt (Eq 16) 1000
1 3@3@3 1033K
1143K
£2= B, t3 Eq17 Tetririoi 1253K
3 I33 ( q ) T *okkkk 1371 1K
The relationships between the coefficifyandB; and the ap- -
plied stress are shown in Fig. 9 and 10. The relations obtainec <
can be given as: Q 1
>
-Q,0 o |
= p
By =Bye0 expEpr (Eq 18)
Table 3 Exponents and coefficients obtained in the 1007
secondary and tertiary stages of creep using tifieenvelope i
method .
50 T T T T T T T T T T T
Lemperature, [32 CORD B, (COJRD 20 95 30 35
p q 0 EXP (=2 0 EXP (- 3
1143 6.3 16.7 9.60% 102! 9.927x 10753 Pu=(T+273)(20+logt)x10
1253 6.2 16.3 %97x 10710 1.857x 10745 ) . . .
1311 6.7 175 1.208 1017 1.975x 1045 Fig. 7 Relation between applied stress and Larson-Miller
parameter
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Also, the relationship between the minimum creep rate and
rupture time obtained with tHeenvelope method was givenin
Eq 13 and the same was computed for data on the test alloy. The
results obtained are shown in Fig. 11 with a least-squares fitted
equation governing the relation. Note that the scatter in data is
reduced significantly compared to the Monkman-Grant rela-
tion or its modification as shown earlier in Fig. 5 and 6. The cor-
relation coefficient for this fit was found to be 0.97 compared to
0.93 and 0.91 for the Monkman-Grant relation and its modified
forms. From Fig. 11, it should be noted that the line passes
nearly through the ordinate 1, thereby illustrating the applica-
bility of Eq 13 to the alloy in the present analysis. Similar re-
sults have been reported (Ref 10) on cold worked AISI 316 N
stainless steel used in nuclear reactor applications.
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Fig. 9 Relation betweefi; and applied stress using the
-envelope method
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Fig. 10 Relation betweefiz and applied stress using the
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Fig. 11 Relation between rupture life and minimum creep rate
using theB-envelope method

4. Conclusions

ment in the scatter of the data was observed in a modified form
of the relation. On parametric analysis of the rupture data, it is
observed that the Larson-Miller parameter fit well to the data
and hence can be used to predict the long-time rupture behavior
from short-time rupture data on the alloy.

Using thep-envelope method, a graphical method of ana-
lyzing creep curves resulted in simple power relations for sec-
ondary and tertiary stages of creep for the test alloy. These
relations can be used to predict the secondary and tertiary creep
behavior of the test alloy over the temperature and stress level
ranges studied.

Also, in the above analysis, the minimum creep rate and rup-
ture life were related through creep strains at the onset of the
tertiary stage and at rupture as given by Eq 11. Reduction in the
scatter of the test data observed using this relation is excellent
compared to the Monkman-Grant relation and its modified
form.
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