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MODELING OF TOTAL STRAIN RANGE-LOW CYCLE FATIGUE
FOR AUSTENITIC STAINLESS STEEL
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ABSTRACT

Homologous temperature low cycle fatigue data on type 316 austenitic stainless steel
have been collected and analyzed using fracture mechanics approach. Average
fatigue curves berween 10 and 10° cycles have been produced over the temperature

rang Room Temperature to 766°C (following homologous temperature range of
0.0165, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0,45 and 0.50).

A modified approach for deriving predicted fatigue life curves has been developed in
the present work. The developed approach successfully modeled the fatigue
endurance in terms of total strain range and a family of temperature dependent fatigue
curves has been derived. The data curves have been translated into design curves.
Furtherinore, the derived fatigue curves are then compared with the available fatigue
curves.
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INTRODUCTION

Low cycle fatigue curves in addition to design curves are currently available in
published research work and standard international codes such as ASME code [1-7].
These curves are believed not very well based, particularly in relation to the effect of
temperature. The fatigue and design curves between 427° C and 538° C were
interpolated by linear scaling on the log-log scale since there were no data in between
f2-4]. Fatigue data on austenitic stainless steel were collected and re-analyzed,
however more consistent set of fatigue curves were produced using a multiple linear
regression statistical analysis method [5-7]. Since that time, many more fatigue data
on type 316 steel have become available [8-16]. However, it was considered that an
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adequate database could now be compited which could be treated statistically to give
an acceptable set of fatigue curves.

In this work a relevant fatigue data on type 316 austenitic stainless steel have been
statistically analyzed and a set of teraperature dependent fatigue curves are produced.
The fatigue curves then derived are compared with the available fatigue curves.

OUTLINE OF THE GENERAL APPROACH

The matenal and test conditions used for data selection were such that they should be
approximately s1m1la.r to those relating to ASME Code, [i.e. temperature 24-700° C,
strain rate 1 x 107/sec]. Data were oomplled over {emperature range room temperature
(RT) to 766° C and strain rate range 1 x 107- 1 x 107sec. All the relevant data
meeting these conditions, which were available through experimental work [5-8],
were collected and included in the analysis. Large number of continuous cycling
fatigue results have been collected and analyzed on type 316 steel aver the
temperature  range following homologous temperature range: 0.0165-0.50
(corresponding to RT-766°C) while endurance values ranged from 10 t0 10°.

The available approaches that could be founded yet in this interest are summarized in
the following.

1-Langer Formula

In this method data at a particufar temperature or over a temperature range are
analyzed according to the expression [2]-

=4 N C (1)

Where e is the total strain range {%6), Nris the number of cycles to failure, and Ay, B,
and C, are constants.

To apply this method, data were grouped into the following temperature ranges: RT,
350-427 " C. 450-300°C, 538-570°C, 593-600"C, 625°C and 650 °C. In order to
use Langer equation the constant C,, which is in effect the fatigue limit, has to be pre-
selected. A value of 0 31 was generally used.

The fatigue curves denved using this approach are given in Fig. 1.

The Langer approach was discarded because of the subjectivity associated with the
pre-selection of the value of the constant C,
2-Basquin Formula

In this method the elastic and plastic strain components are analyzed separately and
then added together to armive at the total strain range relationships [3-2]. Thus

Ee:A_’Nfz (2)

where &, is the elastic strain range (%), Nris the number of cycles to failure, Az, and
a; are constants.

& = B N (3)

where &, is the plastic strain range (%), Nr is the number of cycles to failure, B, and
b, are constants.

=&t &

er=A; Nf* + B N (4}
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Thus, this approach utilizes four constants compared with the Langer approach, which
only requires three. As in the Langer approach the data need tobe grouped into
different temperature ranges and the same seven ranges were adopted as those used in
method 1. The fatigue curves derived using this method are shown in Fig. 2 in terms
of total strain range. The curves obtained are very simitar to those given in Fig. 1
using the Langer approach.

3-Multiple Regression Formula

Recent research work [6,7] was carried out using multiple regressicn analysis on
fatigue data on type 316 steel. The cyclic life Ny was selected as the dependent
variable and the independent variables chosen were total strain range &7 in %, and test
temperature T in °C. The following transformations on the independent variables was
employed:

S=log s (er/100)

r=7T./100

By using the terms S and T, all the transformed variables had absolute values between
0 and 10, and this result in a more set of values for regression coefficients obtained. In
addition, they found that the most consistent results were obtained by using the
following transformations for Ny.

N: (logfﬂ M)-f/}
The regression equation used was:
N=A+BS+CS+ DS+ ES'+ FT+ GT +HI + JT +KTS+ LTS +MTS + PTS'  (3)

A special computer program has been developed, however was employed in
conjunction with an Apple Macintosh Computer to evaluate the constants [7]. The
fatigue curves obtained using this method of analysis are shown in Fig. 3.

4-Modified Formula

In this stage, data collected at a particular homologous temperature over a temperature
range of room temperature (RT)to 766°C were analyzed according to the proposed
expression’

gr= 107 [1-(t/tn)]. NyO+ {1-(ttm)"™ (6)
where q = [L-(ttm)["™ !

To perform a satisfactory analysis using this approach it is necessary to havea
reasonable number of data points at each temperature. However to allow this, the data
were grouped into the following homologous temperature range: 0.0165, 0.05, 0.1,
015, 02 025 03, 035 04, 045and0.50. Each set of collected data was treated
statistically using a linear regression analysis, Thereupon, the best-fit values of
temperature dependent fatigue curves were produced. These curves represent the best
fit to the results at a certain temperature ratio. The best-fit fatigue life curves predicted
in this analysis are as shown in Figs 4._ More details are surmmarised in Appendix-A.

The total strain range values that correspond with the number of cycles for different
homeologous temperature ratio are then calculated as shown in Table 1 given in
appendix-B. The modified equation (6} successfully modeled the fatigue endurance in
terms of total strain range and a family of temperature dependent fatigue curves has
been produced as shown in Fig 5
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DISCUSSION

The fatigue curves derived using Langer approach are given in Fig. 1. Although the
shapes of the individual curves obtained are reasonable, and in general, the lowest
temperature curves as expected gave higher endurance than the higher temperature
curves, a completely logical series of curves was not obtained.

The Langer approach was rejected because of the subjectivity associated with the
constant C; that has a pre-selected value of 0.31 for all sets of data, since it is not
logically satjsfactory

The fatigue curves derived using Basquin method are shown in Fig. 2 in terms of total
strain range. The curves obtained are very similar to those given in Fig. 1 using the
Langer approach. The shapes of the curves using this approach are less concave than
when using the Langer approach. Furthermore, in this method it is necessary 1o know
the elastic and plastic strain ranges: it was not possible to use all the test results due to
the deficiency of plastic strain range data in some cases

As before, although the curves are generally in the correct positions with regard to
temperature, some crossovers do occur and hence a completely logical series of
curves is not obtained.

The fatigue curves shown in Fig 3 derived using the multiple regression method of
analysis; it is believed that the fatigue curves derived using this method of aralysis
can form the basis of an acceptable set of curves. The curves were generally found to
be consistent in relation to temperature, i.e. the higher the temperature the lower the
endurance, except for some of the fower temperature curves around 10° cycles.

The comparisons of the data sets with the predicted fatigue curves from equ (&) are
given in Figs 4, which show good correlation between the predicted curves and the
data. It may be seen from these figures that the predicted fatigue lives is generally in
good agreement with test results

Inevitably, scatter in the data was found at each temperature range. However, it may
due to material variability, i.e. cast to cast effects, or to differences in testing
conditions. This latter factor may include specimen shape and size, method of strain
control, degree of axiality and temperature distribution. Surface finish is also likely to
be important, particularty in test strain range. The curves were generalty found to be
consistent in relation to temperature, i.e. the higher the temperature the lower the
endurance.

Observation of the family of curves given inFig. $, indicate that the shapes of the
curves obtained are reasonable. Moreover the lowest temperature curves, as expected
gave higher endurance than the higher temperature curves, and completely logical
series of curves was obtained. In addition, a good correlation between predicted and
actual N values is observed by using this method of analysis.

Comparison of the resulted set of curves given in Fig. 6 using the multiple regression
and the proposed approach indicated that, the curves obtained by using multiple
regressicn are similar to those given by using the present approach. Nevertheless, the
shapes of the curves using multiple regression are less concave than when proposed
approach. Moreover, in multiple regression approach it is necessary to utilize thirteen
constants compared with the proposed approach, this only requires three. Besides, it
is necessary to use an established program that was employed in conjunction with an
Apple Macintosh Computer to evaluate the constants.
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From the foregoing, it is believed that the fatigue curves derived using proposed
approach method of analysis can form the basis of an acceptable set of curves

FATIGUE DESIGN CURVES

The fatigue design curves in ASME Code [1], are given in terms of equivalent strain,
and have been derived by factoring the data curves by two on strain range or by 20 On
cycles.

In accordance with ASME code, curves of effective strain range versus cycles (o
failure were drawn which were factored by two on strain range and 20 on cycles. The
effective strain range versus allowable number of cycles relationship thus derived for
temperatures of RT, 400°C, 475°C, 550°C, 600°C, 625°C and 650°C (approximatcly
corresponding to the temperature intervals quoted in ASME code).

The fatigue design curves derived by the present approach are compared with the
fatigue design curves resulted by using multiple regression approach as shown in
Fig. 7.

Figure 7 shows that the design curves are virtually similar in shape. There is not much
difference in the positions of the curves at low strain ranges, whereas at high strain
ranges. However, derved curves by using present approach would permit a higher
number of allowable c¢ycles than the curves based on the multiple analysis. Taking a
practical strain range level, the number of allowable cycles permitted by the design
curves derived in this work would permit 10° cycles.

It should be noted incidentally that at RT, 400°C, 475°C and 550°C beyond ~10"
cycles, the total strain ranges resulted by using the present and multiple approaches
are different.

CONCLUSIONS

1-A large number of low cycle fatigue data on type 316 austenittc stainless steel have
been collected and analyzed owver the temperature range following homologous
temperature range’ 0.0165-0.50% {corresponding to RT-766°C).

2-A modified approach for derving the predicted fatipue life curves has been
developed in the present work.

3-Applying the modified model presented in this work, fatigue curves between 10 and
10° cycles have been derived over the temperature rang RT-766° C.

4-Four approaches were adopted; namely, Langer model, the Basquin medel, multiple
linear regression model and the present proposed model. The latter successfully
modeled the fatigue endurance in addition to design curves in terms of strain range
following the temperature ranges of RT, 400°C, 475°C, 550°C, 600°C, 625°C and
650°C.

5-The present analysis however has shown a significant effect of temperature in the
ranges of RT, 400°C, 475°C, 550°C, 600°C, 625°C and 650°C as well as at following
homologous temperature range: 0.0165,005,0.1,0.15,02,0.25, 0.3, 0.35,0.4, 0,45
and 0.50 (corresponding to RT, 77°C, 153°C, 230 °C, 306 °C, 383 °C, 460°C, 536°C,
613 °C, 690°C and 766 °C).

6-It is believed that the fatigue curves derived in this work are more soundly based
than those given in other adopted approaches are. Since they relate to a much larger,
data bank and their constants have been determined by a more complicated procedure.
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APPENDIX-A
FORMULATION OF THE PROPOSED EQUATION

The main objective of the present work is to develop an empinical formula describing
the variation of Nrwith two variables: total strain range and homologous temperature
ranging .0.0165 to 0.50 % (RT to 766°C).

At this stage, many trials of selecting a mathematical function have been attempted to
formulate an empirical equation that may satisfy the required condition.

Since the strain value decreases with increasing the homologous temperature, thus the
reasonable representative function for this relation is the monotonic function given as
the following:

Bf=1"(xo) By + &by,

Let y = f(x) isacontinuos value in the range of a <y <b,. The curve sketching of
this function is shown in Fig, a.

F, 160 >0

Fig. a

However, the relationship between the total strain values corresponds with number of
cycles and homologous temperature range values may be represented by applying the
developed formula given as the following:

Er=10" [1-(t/t)]. Nf ™m0 4 11 _(tm)] v (ia)

A large number of low cycle fatigue data resulted from fatigue tests have been
collected and analyzed by using the developed approach.

For the sake of comparison, the present analysis utilized the same collected fatigue
data transformations for statistical evaluation using the available method of analysis.
APPENDIX-B

TOTAL STRAIN VALUES CORRESPONDS WITH NUMBER OF CYCLES AT
HOMOLOGOUS TEMPERATURE

TABLE 1. Relationships between number of cycles to failure and uniaxial sirain range.
___Uniaxial strain range (%)

Ny e e ==,
Cycles | Homologous Temperature range

ra:i‘t’m Vim= | ttm= | vime | Von= | vtme | vim= | vime | vime mm=_\ vtm= | ttm=
Muss 005 | 001 | 0t5 | 02 | 025 | 03 | 035 | 040 | 045 | 0.50

10| 45.95 [ 43.68 | 40.55 | 37.36 | 3399 | 31.37 | 28.55 | 25.76 | 23.09 | 20.53 | 18.02

100 | 10.93 | 1024 | 933 | 84 | 741 | 674 | 60 | 528 | 462 | 3.99 | 34l
[ 1000 | 281 | 261 | 235 | 209 | 182 | 165 | 146 | 127 | L1 | 095 | 0.81

[[10000] 0.93 [ 087 | 08 | 072 | 0.64 | 0359 | 053 | 048 | 0.44 | 039 | 0.35
[ 100000] 0.5 [ 0475 | 045 | 042 | 039 | 037 | 035 | 033 | 0309 | 0.29 | 027 |
(10060000 0.4 ] 0385 | 037 [ 0356 ] 034 | ¢33 [ 0315 03 [D0285 | 027 | 0.25
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Fig.1. Best fit curves from Langer equation.
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