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FATIGUE-CRACK PROPAGATION BEHAVIOR OF INCONEL 600

Lee A. James

ABSTRACT

The techniques of linear-elastic fracture mechanics were employed to
characterize the effects of several parameters upon the fatigue-crack
propagation behavior of Inconel 600, The parameters studied included temp
erature, cyclic frequency, stress ratio, thermal aging, and a limited amount
of testing in a liquid sodium environment.
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HEDL-TME 76-43
FATIGUE-CRACK PROPAGATION
BEHAVIOR OF INCONEL 600

INTRODUCTION
Inconel 600* is a solid-solution-strengthened nickel-base alloy that
is employed in numerous structural applications in the nuclear and petro
chemical industries.

Because of the excellent resistance of this alloy to

oxidation and corrosion many of these applications are at elevated temp
eratures.

Such structural components are subjected to cyclic loading fluc

tuations over their lifetimes, and the potential therefore exists for subcritical extension of cracks or crack-like flaws due to these loadings.
Thus there is a need to know the effect of temperature as well as other
parameters, such as cyclic frequency and long-time thermal aging, upon the
subcritical cracking behavior of this material.
The analysis techniques of linear-elastic fracture mechanics (LEFM)
are enjoying increasing application in the design and analysis of pressure
(2 31
vessel and piping components operating at elevated temperatures' ’ . This
is because these techniques offer a quantitative means of calculating the
in-service subcritical extension of cracks in complex components, based upon
the results of tests conducted upon relatively simple laboratory specimens. A
prerequisite for such analyses is knowledge of the effects of several para
meters duplicating in service conditions upon the subcritical crack extension
behavior.

Hence, the objective of this paper is to characterize the effects

*Inconel 600 is a registered trademark of the International Nickel Company.
However, the general specifications covering this material may be found in
Reference 1.
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of temperature, cyclic frequency, stress ratio, environment, and long-term
thermal aging upon the fatigue-crack propagation behavior of Inconel 600 in
terms of LEFM.
EXPERIMENTAL PROCEDURE
The Inconel 600 used in this study was furnished In the form of
25.4 mm (1 inch) plate which had been annealed 45 minutes at 863°C (1585°F)
and then air cooled.

The material was from heat NX-9929-1A produced by the

Huntington Alloy Products Division of the International Nickel Company using
an air-melt process.

The chemical composition and mechanical properties of

this heat are given in Tables I and II, respectively.

Some partial results on

the effect of temperature upon the fatigue-crack growth behavior of this heat
of material were previously reported in Reference 4.
(5)
The specimens employed were of the ASTM "Compact Specimen" designv
According to this design, the specimens had a nominal width "W" of 50.8 mm
(2 inch), and a nominal thickness of 10,2 mm (0.40 inch).
dimensions and test parameters are listed in Table III.

The specimen
The specimens were

all tested on a feedback-controlled MTS testing machine using load as the
control parameter.
for all tests.

Either sawtooth or sinusoidal loading waveforms were used

With the exception of one test which was conducted in a liquid

sodium environment, all of the tests at elevated temperatures were conducted
in an air-circulating furnace in which the temperature was controlled to with
in ± 1°C (± 2°F).

The apparatus for testing in a sodium environment has been

described in a previous paper
The crack lengths were determined periodically throughout each test
using a travelling microscope (except for the specimen tested in sodium).
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TABLE I
CHEMICAL COMPOSITION
(Percent by Weight)
C - 0.05

Ni = 77,38

Mn = 0.32

Cr = 15,24

Fe = 6.69

A1 =

0.06

Ti =

0.17

Co -

0,07

S - 0.007
Si = 0.28
Cu = 0.01
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TABLE II

MECHANICAL PROPERTIES

SPECIMEN
NUMBER

TEST
TEMP.

0.2** OFFSET
YIELD

ULTIMATE
STRENGTH

T42

24*?C
75°F

243.6 MPa
35,330 psl

651,1 MPa
94,430 psl

31,92*

37.67*

T474

24°C
75°F

239.0 MPa
34,670 psl

648,8 MPa
94,100 psl

34,80*

40,92*

T43

316°C
600°F

193.7 MPa
28,100 psl

612,0 MPa
88.76Q psl

33,85*

144

427°C
800°F

183.5 MPa
26,610 psl

589,8 MPa
85,540 psl

T45

538°C
1000°F

174.1 MPa
25,250 psl

T46

649°C
1200°F

165.6 MPa
24,020 psl

UNIFORM
ELONGATION

TOTAL
'ELONGATION

67,21*

HARDNESS

SITE
SEQUENCE NO.**

RB=78.7

H04785

*

*

H04917

38,00*

61,16*

*

H04786

37,87*

43.11*

58.68*

*

H04787

534,3 MPa
77,500 psl

30,43*

35,37*

58.33*

*

H04788

377,5 MPa
54,750 psl

16,66 X

50.69*

65. 57*

*

H04789

Strain rate = 3 X lO”4 sec"1
* Not deterained.
**

RED. IN
AREA

Identification for data In the HEDL LMFBR Fuel Cladding Information Center

TABLE III

SPECIMEN DIMENSIONS AND TEST PARAMETERS

SPECIMEN
NUMBER

TEST
TEMP.
m

137
136
140
187
141
183
184
185
135
138
139

75
600
600
800
800
800
800
800
1000
1000
1000

179
182
180
186
188
134
178

1000
1000
1000
1000
1000
1200
1200

TEST
FREQ.
(CPM1

STRESS
RATIO

300
40
40
400
40
400
400
400
40
40 •
40

0.050
0.050
0.050
0.05/0.50
0.050
0.050
0.600
0.333
0.050
0,050
0.050

400
400
400
400
0.083
40
40

0.050
0.333
0.500
0,667
0.050
0.050
0.050

TEST
ENVIRON.
Air
t
Air
Sodium
A1 r

f
Ai r

MAX,
LOAD

WIDTH

THICKNESS

Ob)

(in.)

hS.i

1650
1650
1750
1635
1400
1200
1200
1200
1500
1400
1350

2.0000
1.9965
1.9971
2.0016
2.0017
2.0015
2,0030
2.0004
2.0003
2.0005

0.3900
0.3983
0.3993
0.4106
0.3981 •
0.4122
0.4127
0.4126
0.3962
0.4019
0.3982

1200
1200
1250
1300
1550
1400
1200

2.0020
2,0015
2.0016
2.0039
2.0041
2.0012
2.0047

0.4135
0.4127
0.4125
0.4104
0.4115
0.4001
0.4282

1-inch plate annealed 45 minutes at 1585°F (863°C) and air-cooled.

HUH

2.ooor

II D II

MATERIAL
CONDITION
*
it

*

★
*

*
*

*
★

*
Annealed and then aged 18,000
hours at 1000°F.
*

*
*
*
*
it

Annealed and then aged 14,500
hours at 1200°F.

The fatigue-crack growth rate (da/dN) was calculated by dividing each incre- 1
ment of crack extension (Aa) by the numbeV of loading cycles producing that
extension (aN).

The stress intensity factor (K) was calculated based on

the average crack length for each increment, and using the formula given in
Reference 5,
RESULTS AND DISCUSSION
Effect of Temperature
Tests were conducted in an air environment at temperatures of 24°C
(75°F), 316°C (600°F), 427°C (800°F), 538°C (1000°F), and 649°C (1200°F),
and the results are shown in Figures 1-5, respectively, and summarized in
Figure 6.

I he fatigue-crack growth rates are expressed in terms of the

stress intensity factor range (aK), and it will be noted that, at a given
value of aK, crack growth rates generally increase with increasing temper
ature.

This observation is in general agreement with those for other alloys

(e.g. austenitic stainless steels [7,8] or nickel-base alloys [9-12]) that
were tested in an air environment.

It will also be noted that a transition

in the slope of the log(da/dN) vs, log(AK) curves occurs at each of the temp
eratures, and in general, the value of aK at which the slope transition occurs
decreases with decreasing temperature.

Such slope transitions have been noted

in other studies at elevated temperatures (7-14), and as yet, there is no
general explanation for their occurence.

It should be noted that none of the

slope transitions observed in the present study should be considered as a
"threshold" for crack growth since none meet the primary requirement of such
a threshold:

that crack growth is nonexistent at or below the threshold

value of aK.
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STRESS INTENSITY FACTOR RANGE, AK, kg/lmm^2

FATIGUE-CRACK GROWTH RATE, da/dN,

FATIGUE-CRACK GROWTH RATE, da/dN, mm/cycle

inch/cycle
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,-6
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Neg. L-413-3
Figure 1. Fatigue-crack growth behavior of Inconel 600 in an air environment
at room temperature.
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Figure 2. Fatigue-crack growth behavior of Inconel 600 in an air environment
at 600SF (316°C),

s
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Neg. L-413-2
Figure 3. Fatigue-crack growth behavior of Inconel 600 in an air environment
at 800°F (427°C).

STRESS INTENSITY FACTOR RANGE, AK, kg/(mm)3/2

O SPECIMEN 135
□ SPECIMEN 138

SPECIMEN 139 WAS AGED 18,000 HOURS
AT lOOOPF (538°C) PRIOR TO FATIGUE
TESTING.

FATIGUE-CRACK GROWTH RATE, da/dN, mm/cycle

FATIGUE-CRACK GROWTH RATE, da/dN, inch/cycle

A SPECIMEN 139

ANNEALED INCONEL 600
TESTED IN AIR AT lOOCPF (538^0
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1

2
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STRESS INTENSITY FACTOR RANGE, AK, MN/(mf)3/2
Neg. L-413-7
Figure 4. Fatigue-crack growth behavior of Inconel 600 in an air environment
at 1000°F (538°C).
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STRESS INTENSITY FACTOR RANGE, AK, kg/(mmJ3/2

O SPECIMEN 134

*S PEC I MEN 178 WAS AGED 14,500 HOURS
AT 1200PF (64^0 PRIOR TO FATIGUE
TESTING.

ANNEALED INCONEL 600
TESTED IN AIR AT 1200PF (649^0

STRESS INTENSITY FACTOR RANGE, AK, lb/(in)3/2

STRESS INTENSITY FACTOR RANGE, AK, MN/(m/3/2

Neg. L-413-1
Figure 5. Fatigue-crack growth behavior of Inconel 600 in an air environment
at 1200°F (649°C),
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FATIGUE-CRACK GROWTH RATE, da/dN, mm/cycle

FATIGUE-CRACK GROWTH RATE, da/dN, inch/cycle

A SPECIMEN 178

ANNEALED INCONEL 600
TESTED IN AN AIR ENVIRONMENT

* EXCEPT AT ROOM TEMPERATURE

/

i

STRESS INTENSITY FACTOR RANGE, AK, lb/(in)3/2
i I_______________ i_________i______ i____ I
i
i i i I___________
1
101

2
#
3/2

STRESS INTENSITY FACTOR RANGE, AK, MN/Onr^

Neg. L-413-4
Figure 6. The effect of temperature upon the fatigue-crack growth behavior
of Inconel 600 in an air environment.
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FATIGUE-CRACK GROWTH RATE, da/dN, mm/cycle

FATIGUE-CRACK GROWTH RATE, da/dN, inch/cycle

STRESS INTENSITY FACTOR RANGE, AK, kg/(mm)3/2

The fatigue-crack growth rate at a value of aK = 27,5 MN/(m)1,5
(25,000 lb/(in)l’^) increases by a factor of approximately 9,0 between the
temperatures of 24°C (75°F) and 649°C (1200°F),

This is similar to thfe

percentage increase noted for annealed Type 316 stainless steel between the
' same two temperatures at the same frequency and stress ratio (8).
Effect of Cyclic Frequency
Tests were conducted in an air environment at 538°C (1000°F) at cyclic
frequencies of 0.083, 4, 40, and 400 cpm.

The results, shown in Figure 7,

indicate a tendency for crack growth rates to increase with decreasing cyclic
frequency.

The trend toward higher growth rates with decreasing frequency is,

however, rather weak.

1 5
For example, at a value of AK = 22.0 MN/(m) ‘

1 6
(20,000 lb/(in) ‘ ), da/dN increases by only a factor of approximately 2.8
between 400 cpm and 0.083 cpm.

In contrast, precipitation heat-treated

Inconel 718(9) and solution-annealed Type 304 stainless steel (13) tested in
air environments at the same temperature and employing the same loading wave
forms and stress ratios, increased by factors of 4.5 and 5.6, respectively,
between the same cyclic frequencies.
The reason for the reduced frequency dependency of Inconel 600 is not
known, but it could involve an improved resistance to oxidation at elevated
temperature.

Improved crack propagation behavior of Incoloy 800 at elevated

temperatures was attributed to superior oxidation resistance (14), and it has
been shown that greatly reduced frequency dependency at elevated temperature
results when the aggressive air environment is excluded (15).

Hence, it is

possible that Inconel 600, like Incoloy 800, forms a protective oxide layer
at the crack tip which does not easily spall off during the loading fluctuations.
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FATIGUE-CRACK GROWTH RATE, da/dN,
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.-3

,-6

Uf

MNeg. .L-413-6
/no c
Figure 7.

3/2
STRESS INSTENSITY FACTOR RANGE, AK, MN/(m)

The effect of cyclic frequency upon the fatiaue-crack growth behavior
of Inconel 600 in an air environment at 1000°F (538°C).

Effect of Stress Ratio
Experimental investigations of the fatigue-crack propagation behavior
of structural alloys are often, as a matter of convenience, conducted in the
laboratory at a stress ratio (R) close to zero.

However, in actual service

situations the cyclic loadings often have non-zero stress ratios, and it has
been shown (16-22) that the stress ratio can have a significant effect when
the crack growth rate is expressed as a function of the stress intensity
factor range, AK.

An example of this behavior may be seen in Figure 8, where

Inconel 600 was tested in air at 427°C (800°F) over the range 0.05<R<0,60.
It will be noted that, at a given value of AK, the crack growth rates tend to
increase with increasing values of R.
It is obvious from Figure 8 that AK is not the best parameter to use
for structural analyses where the actual component experiences cyclic stress
ratios in service that are markedly different from those employed in the
laboratory to generate data.

In fact, use of aK may, in some cases, yield

(31
results which are nonconservative ' .

A number of empirical relationships

have been proposed (16-22) to account for such stress ratio effects, and in
general, each of the relationships does a satisfactory job of correlating
fatigue-crack growth data at various stress ratios.
The empirical relationship employed in the present paper to account
for the effect of stress ratio is due to Walker (18).

This relationship is

particularly simple and produces a correlation over wide ranges of R that is
equal or superior to that produced by the other relationships (21),

The

Walker relationship employs the "effective stress intensity factor" (Keff)
in place of aK, and the exponent "m" is determined empirically.
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TESTED AT 800°F (42rC)
f- 400 cpm, 0.05<R<0.60
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□

i______ i
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i
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i
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i

i
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101
STRESS INTENSITY FACTOR RANGE, AK, MN/(m)3/2
Neg. L-260-12
Figure 8. The effect of stress ratio upon the fatigue-crack growth behavior
of Inconel 600 in an air environment at 800°F (427°C).
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Eq. (1)

Keff = Kmax<1-R)11'

Figure 9 shows the data of Figure 8 replotted in terms of Ke^, and it
is apparent that the correlation obtained is excellent.

Crack growth rate

data generated over a wide range of stress ratios are now enclosed within a
single scatter band, and are expressed in a form which is easily used in per
forming structural analyses.
Results at 538°C (1000°F) over the range 0.05<R<0.667 are shown in
Figure 10.

Note that the value of the exponent "m" (Eq.l) for the tests at

538°C (1000°F) is 0.7, while the value of m for the tests at 427°c (800°F)
is 0.4.

It has been shown that, for a given material, m is a function of

the temperature but is not dependent upon the test environment (23).

No gen

eral trend of increasing values of m with increasing temperature (or vice
versa) has been noted for a variety of structural materials including ferritic
steels, austenitic steels, and nickel-base alloys (23).

The effective stress

intensity factor relationship of Eq, (1) is entirely empirical, but it is
nevertheless a useful method of accounting for stress ratio effects.
Effect of Sodium Environment
The majority of fatigue tests conducted on Inconel 600 have been in
an air environment, and air represents a relatively aggressive environment at
elevated temperatures (24).

However, because of the use of this alloy in '

liquid-metal fast-breeder reactor designs, a very limited amount of testing
was done in an environment of liquid sodium at 427°C (800°F).

The results,

shown in Figure 11, show that the fatigue-crack growth rates in liquid sodium
are lower than those in an air environment at the same temperature, and this
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O SPECIMEN 179, R - 0.050
A SPECIMEN 182, R - 1333
□ SPECIMEN 180, R - 1500
O SPECIMEN 186, R-1667

FATIGUE-CRACK GROWTH RATE, da/dN, mm/cycle

FATIGUE-CRACK GROWTH RATE, da/dN, Inch/cycle
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TESTED AT IOOcPf (538°C)
f- 400 cpm, 1Q5< R< 1667
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EFFECTIVE STRESS INTENSITY FACTOR, K

[1-R]

Neg. L-260-5
Figure 10. Use of the "effective stress intensity factor" to correlate the
crack growth behavior of Inconel 600 over a range of stress ratios
at 1000°F (538°C).
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Figure 11. Comparison of the fatigue-crack growth behavior of Inconel 600 in
air and liquid sodium environments at 800°F (427°C).
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trend is accentuated at the lower values of

This is in agreement with

previous results for Type 304 stainless steel (6) and Type 316 stainless
steel (25, 26) tested in liquid sodium environments at temperatures of 427°-

600°C (800o-ni2°F).

Tests on Type 304 were also conducted (Reference 6) in

a vacuum and, over the temperature range 4270-538°C (800°-l000°F), it appeared
that liquid sodium and vacuum environments were equally inert in their effect
upon crack growth behavior.
The results shown in Figure 10 for a sodium environment were conducted
as "screening tests," and more extensive tests will be conducted in the future.
Effect of Thermal Aging
Pressure vessel and piping components are often employed at elevated
temperatures for extended periods of time, and it is possible that secondphase particles may be produced due to this long-term thermal aging.

In

order to assess any effect of thermal aging upon fatigue-crack growth behavior,
specimens were aged for 18,000 hours and 14,500 hours at temperatures of
538°C (1000°F) and 649°C (1200°F), respectively.
were then conducted at the aging temperatures.

Fatigue-crack growth tests
The results, shown in Figures

4 and 5, indicate that there was no observable effect of prior thermal aging
upon the crack growth behavior at these temperatures.

A similar result had

been previously observed for precipitation heat-treated Inconel 718 which had
been aged 12,000 hours at 538°C (1000°F) following heat-treating (9) and in
annealed

Hastelloy X-280 (12) aged 4700 hours at 649 °C (1200°F).

Previous

studies on Incoloy 800 (14) and several austenitic stainless steels (27) have
shown a slight tendency for crack growth rates at elevated temperatures to be
reduced relative to those in unaged material, but this trend is not apparent
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in the present results on Inconel 600, nor in the other two nickel-base
alloys.
SUMMARY AND CONCLUSIONS
LEFM methods were employed to characterize the effect of various
parameters upon the fatigue-crack propagation behavior of annealed Inconel 600.
The results may be summarized as follows:
•

In general, fatigue crack growth rates in an air environ
ment increased with increasing temperature over the range
75o-1200°F (24-649°C). This is in agreement with similar
observations on other nickel-base alloys and other alloy
systems. The percentage increase in crack growth rates
over that temperature range is approximately the same as
that noted for annealed Type 316 stainless steel tested
under similar conditions.

•

The effect of cyclic frequency upon crack growth behavior
in an air environment at 1000°F (538°C) was studied over
the range 0.083<f<400 com. Fatigue-crack growth rates
tended to increase slightly with decreasing cyclic frequency,
but the percentage increase was lower than those noted for
annealed Type 304 stainless steel tested under identical
conditions. The reason for the smaller effect of frequency
upon Inconel 600 is not known, but it may be due in part to
the superior oxidation resistance of this alloy.

t

A limited amount of testing in a liquid sodium environment
at 800°F (427°C) showed that fatigue-crack growth rates in
a sodium environment are generally lower than those observed
in an air environment at the same temperature. This is in
agreement with previous observations on austenitic stainless
steel s.
In general, fatigue-crack growth rates increased with increasing
stress ratios at a given value of aK. However, use of the
"effective stress intensity factor" provided a satisfactory
correlation of the data for different stress ratios at test
temperatures of 800°F (427°C) and lOOCTF (538°C).•

•

Long-tige thermal aging (18,000 hours at 1000°F, or 14,500 hours
at 1200°F) prior to fatigue testing did not have an effect upon
the fatigue-crack growth behavior. This is in agreement with
observations on other nickel-base alloys.
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