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MULTTAXTAL LOW-CYCLE FATIGUE OF TYPE 304 STAINLESS STEEL

J. J. Blass
Oak Ridge National Laboratory

5. Y. Zamrik
The Pennsylvania State University

ABSTRACT

Tubular specimens of type 304 stainless steel were
subjected to simultaneous push-pull and alternating twist
at room temperature, 538°C (1000°F), and 649°C (1200°F).
8ix ratios of shear straim to axial strain were employed.
Tests with a step change in strain range were performed,
as well as constant strain range tests. 1In the step
tests, high-low and low~high sequences of straining and
several ratios of applied cycles to estimated cycles to
failure were employed. Data correlations based on the
method of least squares were developed to aid in the
interpretation of trends. The results indicate that a
failure criterion based on the shear and normal strains on
the plane of maximum shear strain would be more effective
than those based on equivalent strain and other tradi-~
tional measures. The results also indicate that multi-
axial loading is not significantly different from uniaxial
loading with regard to the effectiveness of a linear
cumulative damage law.

INTRODUCTION

Examples of current structural design methods may be found in Case
1592-7 of the ASME Boiler and Pressure Vessel Code® whick contains rules
for elevated temperature design of nuclear power plant components. For
fatigue, the rules are based on a definition of equivalent strain range,
a linear cumulative damage law, and curves or tabular data relating
total strain range to design allowable cycles. This report examines
these methods in light of a limited amount of test data® for type 304
stainless steel at room and elevated temperatures. The data were
obtained from completely reversed combined extension and twist experi~

ments on tubular specimens with the ratic of twist to extension held



constant in each experiment. The experiments were conducted in the
second author'’s laboratory at Pennsylvania State University as a part of
Oak Ridge National Laboratory's High~Temperature Sitructural Design

Program.

SPECTMENS, MATERIAL, AND TEST METHODS

The tubular test specimens,” which had a wall thickuess of 1.5 mm
(0.060 in.), an outside diameter to wall thickness ratio of about 8, and
an effective gage length of about 28 mm (1.1 in.), were made from 25 um
(1 in.) hot rolled bar of the well characterized®’* U.S. Energy Research
and Development Adninistration (ERDA) reference heat (9T2796) of type
304 stainless steel. They were annealed at 1093°C (2000°F) for 30 min
in argon, after machining and honing. The experiments were conducted in
a horizontal hydraulic testing machine capable of independent electronic
servocontrol of axial force and torsional moment or of axial and tor-
sional relative displacements.

Because of the difficulties associated with dynamic multiaxial
strain measurements at elevated temperature, the electrical outputs of
LVDT and RVDT#* displacement transducers mounted on the wachine's linear
and rotary hydraulic actuators were used for indirect control of axial
strain and engineering shear strain over the reduced section of the
specimen. These tramsducers were calibrated at room temperature under
monotonic loading against high-elongation electrical resistance strain
gage rosettes bonded to the outside surface of the reduced section of
the specimen. Results of several calibration runs showed a high degree
of repeatability. Additional checks were made to verify that the
relationship between the outputs of the actuator mounted transducers and
the motion of the specimen grips was velatively insensitive to axial
load, torque, and temperature.

In these experiments a common 0.42 Hz (25 cpm) sinusoidal signal

was used as input to both axial and torsional control systems so that

*Linear variable differential transformer and rotary variable
differential transformer.



the ratio, R, of engineering shear strain to axial strain was held con-
stant in each test, Because of the sinusoidal wave form the strain rate
varied continuously in each cycle. The average equivalent strain rate,
defined as twice the product of equivalent strain range and frequency,

varied from 0.0029 to 0.052 sec * (a factor of 18) depending oun strain

range,

In the elevated temperature tests each specimen was heated inter-
nally by means of a silicon carbide resistance heating element in the
form of a 6.4 mm (0.25 in.) diameter rod, 171 mm (6.75 in.) long, with a
central heated length of approximately 44 mm (1.75 in.). The element
was positioned along the axis of the specimen so as to equalize the
temperatures at both ends of the reduced section and was free to expand
and contract. Two chromel-alumel thermocouples, spot welded to the
cutside surface of the specimen, were used for automatic temperature

control.

TEST RESULTS AND CORRELATIONS

The results of 84 constant strain range experiments at room tem—
perature, 538°C (1000°F), and 649°C (1200°F), with the ratio, R, of
engineering shear strain to axial strain equal to 0, 1/2, 1, 2, 5, and
o, are listed in Table 1. The results of 45 experiments conducted under
a sequence of two constant strain ranges at the same temperatures, and
with R =0, 1/2, 1, and 2, are listed in Table 2.

For the purpose of accurate interpolation among data points and to
aid in the interpretation of data trends, the total strain range vs
cycles to failure data of Table 1 were modeled by a two-term power law,
"after the uniaxial observations of Basquin,’® Coffin,®’” Manson,®’® and
Morrow.'® For pure tension, R = 0, this relationship takes the form

a a
Aez = asN, oy auN, 2, (1

where Aez is the axial strain range. For pure torsion, R = =, Asz in
Eq. (1) was replaced by the engineering shear strain range, AYSZ' For

other values of R, Egq. (1) was used in conjunction with Ayez = R Ae?.

s



Table 1. Constant strain range multiaxial fatigue tests of
annealed type 304 stainless steel (heat 9T2798%)

R = Ayez/Aez
G i/2 1 2 5 o

AEZ (%) Nf (Cycles) Aez (%) Nf (Cycles) Aez #) Nf (Cycles) Aez (%) Nf (Cycles) Aez (%) Nf (Cycles) Ayez (%) Nf (Cycles)

{Room Temperature]

3.70 239 2.00 1,075 2.00 1,160 1.00 2,484 1.00 1,100 10.80 425
2.80 700 1.00 2,780

2.00 1,268 1.50 1,700 .80 4,100 0.75 4,300 .32 3,130
1.40 2,000 0.60 6,000

1.00 3,170 0.50 11,550 0.50 6,900 2.84 7,715
0.90 3,728

0.60 9,765 2.16 12,655
0.55 12,050

[538°C (1000°F) |

3,00 172 1.60 680 1.20 835 1.00 1,008 4.32 1,000
1.56 608 1.20 1,187 1,00 955 .69 2,425 3.60 1,438
0.75 2,426 0.70 2,200 0.80 1,698 0.50 3,333 2.00 4,850
0.50 5,750 .60 2,873 0.60 3,178 0.40 7,047 1.58 7,800
0.40 &,733 0.40 5,398 0.30 10,050 0.30 11,068 1.08 17,600
0.35 12,411

[649°C (1200°F) ]
2.70 75 1,20 110 0.72 100 0.75 400 0.50 215 7.20 230
3.00 145 0.90 152 0.50 593
2.00 175 1.50 150 1.304 200 0.60 809 0.20 6,200 4.32 585
1.80 230 .60 700 0.50 830
1.10 563 0.80 164 0.70 865 0.40 2,612 2.16 2,060
1.00 600 0.4 1,121 9.30 4,045
1.00 630 0.60 1,074 0.40 2,390 0.28 7,800 1.44 5,234
0.70 1,510 0.25 12,800
0.50 5,552 0.50 2,452




Table 2.

Multiaxial fatigue tests with a step change in strain range
annealed type 304 stainless steel (heat 97T2796)

[Room Temperature]

[538°C (1000°F)]

R = Ay ,Aa 2 R = Ay Z/Aez 1 2
? 1.00 0.50 AEZ (% 1.304 0.652 1.00 0.50 0.50 1.00
(cvcles) 2659 7471 N "(cycles) 683 2404 935 3795 3795 935
(cycles) 2237 11842 NE (cycles) 614 2371 1037 3295 3295 1037
Ty Nz oy nz n; Tz ny 1P
{cycles) (cycles) {cycles) {cycles) {cycles) {cycles) {cycles) {cycles)
278 12500 70 2195 100 2960 668 915
556 7040 210 1542 300 2100 1336 750
1112 5038 280 1220 400 1730 2004 586
1668 2962 420 650 600 970 2672 380
2224 760 630 30 700 525
900 100
[649°C (1200°F)}
R = Ay /As 0 i/2 1 2
he ? 1.50 0.75 1.442 0.721 1.304 0.652 1.00 0.50 0.50 1.00
Ne (LYLleS) 311 1473 66,3 615 39.0 511 175 1148 1148 175
Nf (cycles) 215 844 79.8 665 160 772 266 1238 1238 266
ny Nz Ny Nz Tty 193 0Ny nz iy N2
(cycles) {cycles) {cycles) (cycles) (cycles) {cycles) {cycles) (cycles) (cycles) {cycles)
46 682 10 590 20 686 30 1385 200 50
20 500 60 487 60 728
112 415 40 330 100 265 120 492 400 220
. 60 135 140 77 188 241
168 110 80 20 160 30 210 110 700 144
240 48
224 15 270 20 800 100

NOTE: This table lists the numbers of cycles, n, and n,, for which each of two values of axial strain range, Aa , WETE apDLLed
Two values of the corresponnlng number

in combination with the engineering shear strain range defined by the ratio R.
of cycles to failure, N_, under constant strain vange conditions are shown,
to the constant strain range data of Table 1 and the second from Eg.

the method of least sgquares.

The first was calculated from Eg.
{7y fitted to the n; vs m, data of this table by

(1) fitted



The exponents a, and a, (both negative) were taken to depend on tempera-
ture, and the coefficients a; and a, (both positive) were taken to

depend on temperature and the ratio R.

The fitting was done to log-log coordinates, just as such data are
usually plotted, using a least squares criterion of fit. Mathematically
this means that the values of the elements of the array a = (al, ey

az+2m) were chosen to minimize, at each temperature, the unexplained

variation
n,
m - a a2\ 12
= — 1
V(a) = jzl ig] [log he, log(al+2jNi + aZ+2jNi )12, (2)

where nj is the number of data points, Aei vs Ni’ for the jth value of R
and m is the number of R values. The short computer program written to
accomplish this fitting process made use of a general purpose subroutine?
for finding the minimum of the sum of squares of M functions in N vari-
ables by means of a finite difference Levenberg-Marquardt'® algorithm.
The above fitting process was alsc carried out with the exponents
a; and a» in Eq. (1) taken to be independent of temperature. In this
case each value of j in Eq. (2) refers to a particular combination of
temperature and R ratio and m to the total number of such combinatiouns.
The values of the parameters in the above models are given in Table

3, together with values of the scatter factor, which is defined by

S.F. = antilog Jvmin/(nd - na) s

m

where V ., dis the wminimum value of V in Eq. (2), n, = z n,, the total
min d j=1 J

number of data points used in the fit, and n = 2+2m, the number of

independent parameters. The significance of the above scatter factor is
that for data which have a logarithmic normal distribution, 68% of the
data can be expected to lie within this (multiplication or division)
factor of the expected value of the dependent variable (here taken to be
the axial or engineering shear strain range).

The strain range vs cycles to failure data of Table 1 are plotted

in Figs. 14 to log~log coordinates. The solid-line curves in each



Tabie 3. Parameters in two-term power law [Eq. (1), with strain range in percent] representation of
multiaxial low-cycle fatigue of annealed type 304 stainless steel (heat 9T2796)

Room temperature 538°C (1000°F) 649°C (1200°F)
Exponents
—0.42105 —0.67411 —0.37216 -0, 68808 —0.26687 —0.75222

R = AYBZ/AEZ Coefficients
0 20.486 88.634 8.529 59,783 3.763 51.456
1/2 11.222 153.890 0.033 146.291 3.786 4,832
i 0.169 226.315 5.716 71,349 3.435 0.177
2 0.300 201.330 7.125 48,836 2.818 14.040
5 1.945 7.719
0 99.445 197.850 30.851 229,425 9,389 301.875

Scatter factors
1.107 1.050 1.216
Temperature-independent exponents
~{.32825 -0.,68220

R = AYSZ/ASZ Coefficients
o 8.862 107.49%96 5.388 66,266 5.998 30.636
1/2 5.421 159.401 0.242 144,250 5.906 0.035
1 0.566 229,126 3.607 74.907 5.009 0.094
2 0.779 202.860 4.623 52,353 5.134 0.004
5 3.506 0.001
co 46,818 198.067 20.653 229,607 7.272 290.786

Scatter factor
1.162
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figure represent the first model described above, with exponents depend-
ent on temperature, and the dashed-line curves represent the second
model, with exponents independent of temperature. The same scale is
used for all figures, and the curves are extended to the boundaries,
although they should not be regarded as accurate beyond the range of the

data on which they are based.

The two-term power law form of Eq. (1) was also used by McAfee'?® to

model the Code Case 1592-~7 strain range, e_ = A , vs design allowable

t €equiv
number of cycles, Nd’ curves for type 304 stainless steel. The parameter
values for the 38°C (100°F) curve and the 538°C (1000°F) o 649°C (1200°F)
curve, at cyclic strain rates equal to or greater than 0.001 secml, which he
obtained by means of least squares fits to log-log coordinates, are given in
Table 4.

The Code design curves were comstructed!® by reducing curves fitted
to available uniaxial low-cycle fatigue data'® *° by a factor of 2 onm
total strain range or a factor of 20 on life, whichever results in a
lower value of strain range. A reconstruction of the oviginal (unreduced)
fatigue curves in the form of Eq. (1) was obtained as follows. In
Table T-1420-1A of Ref. 1 for the first seven entries at each temperature,
with 10 < N, < 10%, N

d .
with 4 x 10° < N

q vas multiplied by 20. For the last five entries,

d < 10°, e, = Agequiv was multiplied by 2. The two-
term power law of Eq. (1) was fitted to ihe transformed table entries in
the manner described previously, with expomnents taken Lo be both dependent
on and independent of temperature. The resulting parameier values are
given in Table 4.

Strizak®' has also used the form of Eq. (1) to model uniaxial low-
cycle fatigue data from five sources'®’?? ?® for type 304 stainless
steel at 21°C (70°F), 538°C (1000°F) to 566°C (1050°F), and 649°C (1200°F)
with a strain rate of 0.004 sec™'. The parameter values which he obtained
are also given in Table 4.

Diercks and Raske®® have collected low-cycle fatigue data for type
304 stainless steel at elevated temperatures from 10 sources (Refs. 19,
20, 22, 25, 27-32). Included in this listing are the previously unpublished
results®® of three tests each at 538°C (1000°F) and 650°C (1202°F) of

specimens from the reference heat 9T2796. These specimens were solution



Table 4,

Parameters in Eq.

(1), with strain range in percent, for uniaxial
low-cycle fatigue of type 304 stainless steel

Temperature Scatter
a; az as aq
°n °op Factor
Code Case 1592-7 38 100 —0.11694 —0.49671 0.8733 13,2130 1.014
Fatigue Design Curves'? 538-649  1000-1200 —0.12629 —0.58757 0.6105 9.8404 1.021
Code Curves Shifted* 38 100 —0.03258 ~-0.49894 0.4939 64.3311 1.029
538-649 1000~1200 —0.06032 —0.60270 0.4788 67.5449 1.022
Code Curves Shifted* 38 100 0.7516 89.0054
—0.05555 —0.,55565 1.038
538~649 1000-1200 0.4194 50.5178
Average Data®? 21 70 —0.303 —0.403 5.0 24,7
538-566 1000-1050 —0.149 —0.515 1,18 46.77
649 1200 —0.151 =0, 506 1.04 36.31

*Up by a factor of 2 or to the right by

of strain range.

a factor of 20, whichever results in a larger value

€T
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annealed and aged 1000 hours at 593°C (1100°F), and tested at a constant

strain rate of 0.004 sec !

(slightly greater than the minimum average
equivalent strain rate of the present tests). These results are given

in Table 5.

Table 5. Uniaxial low-cycle fatigue data®® for the reference heat
(912796) of type 304 stainless steel, annealed and
aged 1000 hr at 593°C (1100°F)

Aez Nf AEE AEE éz AEE F equiv
(%) (cycles) (%) (%) sec t de_ ¢ The,
[538°C (1000°F)]

2.01 1100 1.57 0.44  0.004 0.219 0.914 0.971
0.99 4951 0.66 0.33  0.004 0.333 0.870 0.957
0.64 15416 0.39 0.25 0.0043 0.391 0.847 0.949
[650°C (1202°F)]

1.98 722 1.59 0.39  0.004 0.197 0.926 0.975
0.99 2604 0.68 0.31  0.004 0.313 0.883 0.961
0.49 25771 0.27 0.22  0.0039 0.449 0.832 0.944

The pure tension or R = 0 data of Table 1 are plotted in Fig. 5 for
all three temperatures employed in this investigation. Also shown are
the available 538°C (1L000°F) and 650°C (1202°F) data?® from Argonne
National Laboratory for the reference heat in the aged condition,
including data for slower strain rates than those listed in Table 5.

The three solid-line curves in Fig. 5 represent fits to the present
data. The three curves drawn with alternating long and short dashes are

21

average in the sense that they represent fits to data from several

sources.'®’?? ?° The two remaining dashed-line curves are reconstruc-
tions of the average fatigue curves which served as the basis for the
Code design curves. The lower of these two curves is based primarily on

649°C (1200°F) data, but the then available 538°C (1000°F) data were not
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Fig. 5. Uniaxial low-cycle fatigue tests on annealed type 304
stainless steel (heat 9T2796) at room temperature, 538°C (1000°F), and
649°C (1200°F). Constant strain rate data®® at 538°C (1000°F) and 650°C
(1202°F) from Argonne National Laboratory [(same heat, aged 1000 hr at
593°C (1100°F)] is also shown. In each of the present tests, the
average strain rate in sec ' was equal to the strain range in percent
divided by 120.

sufficiently different to require separate treatment.'® All eight
curves were generated using Eq. (1) with the temperature-dependent
. exponents and coefficients listed in Tables 3 and 4.

The two sets of dashed (or average) curves in Fig. 5 agree reason-
ably well, except perhaps at low numbers of cycles. The ANL data®® for
both temperatures at 0.004 sec * strain rate lie for the most part
slightly above the corresponding average curves. The remaining ANL data
at 538°C (1000°F), except for the three points nearest to 20,000 cycles,
are in agreement with the usual observation that lowering the strain

rate lowers the number of cycles to failure at elevated temperature.



16

The present data and fitted curves lie for the most part well below
the corresponding average curves, despite the effect that the higher
average equivalent strain rates at the higher strain ranges should have
on the elevated temperature results. The reason for this difference is
not known, however there is no reason valid comparisons cannot be made,
based on the present data, between results of tests at different ratios

of engineering shear strain to axial strain.

EQUIVALENT STRAIN RANGE

In cylindrical coordinates the equivalent total strain range of
Ref. 1 is given by
2 2 2 2
= -— —_ — +- —_ c
3 {(Aer Aee) + (AeG Aez) ; (AEZ A r)

> .
equiv

(3)
+ 2 Ty 7 + by )7+ oy, 02107

This form is related to the engineering shear strain range on the
octahedral plane (the plane for which the angle between its normal and
each of the three principal strain range directions is the same) by
£ = V2. f S i lasticit heor is
equiv AYoct/ An analagous form, used in plasticity t Vs
usually restricted to the plastic portion of the strain increments.
In the present experiments A and A zero and Ae_ and A
pre P s Ay o and Ay  were ze 2 Yoy

were measured indirectly. The two remaining strain range components

were taken to be

- - e 1 W N o
Aer = AEG = ~vAeZ 2(Aez Aez) = 5 Aez Fe .

- ; . ; e . . ,
where v is Poisson's ratio, Ae  is the elastic portiom of the total
Y4

axial strain range Aez, and

_ _ . e
Fo= 1= (1-2v) (Ael/be )

is a factor that accounis for the effect of elastic strain. Equation
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(3) becomes

V2. 1 2 2, 3 20 1/2
B¢ uiv T 3 [2(1 +5F ) e )+ E(Ayez)] . (4)

For a pure torsion test Ac . o= Ay /Y3 and for a pure tension test
1 equiv Oz

he 0= g-(1 4+ = F ) Ae . As Ae 1increases, the ratio Ase/As
equiv 3 2 e 7 z z z

rangez from 1 to O, Fe from 2v to 1, and Aeequiv/Aez for pure tension
from §(1 + v) to 1.

For type 304 stainless steel, the minimum value of Aaequiv/Aaz for
pure tension is 0.84 at 38°C (100°F), 0.87 at 538°C (1000°F), and 0.88
at 649°C (1200°F), based on values of Poisson's ratio reported in Ref.
33. Taking Fe = 1lor v= %—(incompressible material) will result in
Aeequiv being overestimated by at most 19% for type 304 stainless steel,
with the error decreasing as temperature, Aaz, and AYQz increase. For
pure torsion, the error is zero. 1In constructing the Code Case 1592-7

&
% the above error was

fatigue design curves directly from uniaxial data,
evidehtly absorbed in the relatively large factors of safety employed.
Some idea of how quickly the ratio Ae . /Ae_ for pure tension
equiv z
approaches unity as A57 increases can be obtained by studying the avail-

able uniaxial low-cycle fatigue data®® for which both the total strain

range and the plastic strain range are given. The calculated values of
gequiv/Agz given in Table 5 seem fairly typical. The lowest value
calculated, 0.944, for a total strain range of 0.49%Z at 650°C (1202°F),
represents an error of 6%, while the highest,k0.975, for a total strain
range of 1.987 at the same temperature, represents an error of 3%.

In Figs. 6, 7, and 8 the data of Tables 1 and 5 are plotted as
equivalent strain range [from Eg. (4) with Fe = 1] vs cycles to failure
for each of the three temperatures employed in this investigation. Also
" shown are the curves for R = 0, 2, and =, generated using Eq. (1) with
the temperature-dependent exponents and coefficients of Table 3. Each
of Figs. 6, 7, and 8 also contains the appropriate equivalent strain
range vs design allowable cycles curve (designated CC in the figure)
from Ref. 1 and a curve (designated CCS in the figure) obtained by
shifting the Code design curve up by a factor of 2 or to the right by a

factor of 20, whichever results in a larger value of strain range. The
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Fig. 6. Equivalent strain range vs cycles to failure in wmultiaxial
low-cycle fatigue tests on annealed type 304 stainless steel (heat
9T2796) at room temperature.

CCS curves are thus representative of the uniaxial data on which the
Code design curves are based.'” The CC and CCS curves were generated
using Eq. (1) with the temperature-dependent exponents and coefficients
given in Table 4. The CC and CCS curves for 538°C (1000°F) are identi-
cal to the curves for 649°C (1.200°F), although there are now data avail-
able which indicate they should not be.?®

. Several observations can be made regarding Figs. 6, 7, and 8.
Firstly, equivalent strain range is not very effective in bringing these
low-cycle fatigue data from several multiaxial strain states into coinci-
dence with a common curve. At each temperature, the pure torsion data
lie considerably above the pure tension data. The fitted curves also
reflect this. Evaluation of the corresponding equations at Nf = 1000
cycles shows that the ratio of equivalent strain range for pure torsion

to equivalent strain range for pure tension is 2.15 at room temperature,
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Fig. 7. Equivalent strain range vs cycles to failure in multiaxial
low-cycle fatigue tests on annealed type 304 stainless steel (heat
972796) at 538°C (1000°F). Uniaxial data®® from Argonne National
Laboratory at a constant strain rate of 0.004 sec ! on the same heat in
the aged condition is also shown. '

2.14 at 538°C (1000°F), and 2.07 at 649°C (1200°F). Similar remarks

apply to maximum engineering shear strain range, {(Ae; — Aes), and maxi-
mum normal strain range, Ae,, based on the incompressible equations for
the ordered principal strain ranges, Ae: > Aez > Aes, which for combined

- tension and torsion are given by

1 .3
bey = 7 be + ‘/(*4-A82)2 + (-;H\yez)2 .

1
Agp = *-Eﬂez , and (5)

I PO (= IN 1 2
Aey = 4A€z %QéAez) + (ZAYGZ) .
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Fig. 8. Eguivalent strain range vs cycles Lo failure in multiaxial
low-cycle fatigue tests on annealed type 304 stainless steel (heat
9T2796) at 649°C (1200°F). Uniaxial data®® from Argonne National
Laboratory at 650°C (1202°F) and a constant strain rate of 0.004 sec !
on the same heat in the aged condition is also shown.

If maximum engineering shear strain vange and maximum normal strain
range were plotted vs cycles, figures very similar to Figs. 6, 7, and 8
would result, with relatively small vertical translations of the data
points and curves on the log-log coordinates., At 1000 cycles the ratio
of maximum shear strain range for pure torsion to maximum shear strain
range for pure tension is 2.49 at room temperature, 2.48 at 538°C
(1000°F), and 2.39 at 649°C (1200°F). At 1000 cycles the ratio of
maximum normal strain range for pure torsion to maximum normal strain
range for pure tension is 1.86 at voom temperature and at 538°C (1000°F),
and 1.79 at 649°C (1200°F).

Secondly, the pure tension data, R = 0, in Figs. 6, 7, and 8 lie

consistently below the CCS curves, while the uniaxial ANL data®’® im
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Figs. 7 and 8 lie consistently above. One might reasonably infer from
this that all of the present data are lower than average for some
unknown reason. There does not seem to be any reason however, to sup-
pose that the apparent influence of multiaxiality has been magnified as
a result,

Thirdly, the curves fitted to the present data in Figs. 6 and 7
show less curvature than the CC and CCS curves. If extended far enough
beyond the data, these curves will cross the CC or Code design curves at
relatiVely high numbers of cycles, as demonstrated in the figures. This
is apparently due to the limited range of fatigue lives in the present
data. Not counting the single test at room temperature with R = 5, the
ratioc of maximum to minimum cycles for a given test condition ranges
from 2.8 for the tests at room temperature with R = 2 to 74 for the
tests at 649°C (1200°F) with R = 0, The longest test was 17,600 cycles
te failure at 538°C (1000°F) with R = « and Ayez = 1.08%. 1In addition
to lack of curvature, limited range and a limited number of data points
permit experimental scatter to have a large influence on the slope of a
fitted curve, as is apparvently the case for R = 2 in Fig. 6.

Fourthly, there iz an inconsistency between the results in Figs. 6
and 7 and the results in Fig. 8. At room temperature and at 538°C
(1000°F) the pure tension or R = 0 curve comes close to being a lower
bound for all of the multiaxial data. It would follow from this that
the Code design curves are based on the worst case as far as multi-
axiality is concerned. At 649°C (1200°F) however, most of the multi-
axial data lie below the R = 0 curve. Unfortunately, there is also
considerable scatter present in the data for R = %-and R =1 at this
temperature, making interpretation of the results more difficult. 1In
fact one of the data points for R = 1 (100 cycles) lies below the Code
design curve, although the fitted equivalent strain range curve for this
ratio does not cross the design curve in the range of the data. (The

nearest crossing is at 42 cycles.)
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PLANE OF MAXIMUM SHEAR STRAIN

Brown and Miller®" examined multiaxial low and high-cycle fatigue
data for many materials and test conditions at room temperature and con-
cluded that the physical quantities which govern fatigue life are the
shear and normal strains acting on the plane of maximum shear strain. A
similar conclusion in terms of stresses was reached earlier by Findley®?®
for high-cyecle fatigue. Recent work of Kanazawa and Brown®® involving
out-cf-phase combined axial and torsional loading lends further support
to this approach. Figures 9, 10, and 11 are plots of normal strain

range, Aems = %{Ael + Aes), vs one~half the engineering shear strain

ORNL—DWG 7613226
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Fig. 9. Constant life contours of normal strain range vs shear
strain range on the plane of maximum shear strain for type 304 stainless
steel (heat 9T2796) at room temperature.
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Fig. 10. Constant life contours of normal strain range vs shear
strain range on the plane of maximum shear strain for type 304 stainless
steel (heat 9T2796) at 538°C (1000°F).

range, %ﬂyms = %(Asl — Aes), on the plane of maximum shear strain range,

for 4 values of the number of cycles to failure, Nf, covering approxi-
mately the range of the present data at room temperature, 538°C (1000°F),

and 649°C (1200°F) respectively. For combined tension and torsion,

1
Aems = 4Aez , and
i - ..:’.). z l 2
ZAYmS - /QAASZ) + (ZAYSZ) 3

from Eq. (5). The calculations were based on Eq. (1) with the param~
eters from Table 3 (exponents depending on temperature and coefficients

depending on temperature and the ratio, R, of engineering shear strain
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Fig. 11. Constant life contours of normal strain range vs shear
strain range on the plane of maximum shear strain for type 304 stainless
steel (heat 9T2796) at 649°C (1200°F).

to axial strain). The dashed lines in Figs. 9, 10, and 11 connect
points with the same value of R, and the solid lines connect points with
the same value of Nf. Note that the values of Nf chosen for 649°C
(1200°F) are different from the values chosen for room temperature and
538°C (1000°F). The counstant life contours in Fig. 9 are quite smooth,
unlike those in Figs. 10 and 11. In any case, the shapes are accurate
reflections of the fits to the data, and are therefore subject to the
same problems: limited range and limited number of data points, experi-
mental scatter, and apparent inconsistencies as discussed in the pre-
vious section. Figures 9, 10, and 11 nevertheless suggest that an
effective method of design for multiaxial low-cycle fatigue could be

based on the shear and normal strains acting on the plane of maximum

shear strain. The type of problem envisioned would reduce to the
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determination of the coordinates in AEmS vs ZAYms space of the point of
intersection of a given radial line with a given constant life contour.
If adequate multiaxial data are available to generate reasonably smooth
contours, no matter what their shape, linear interpolation between known
points on a contour could be uséd. For example, suppose that the ratio
of Aems to %ﬂyms is 0.0958 and the values of Aems and %ﬂyms expected to
cause failure in 1100 cycles at room temperature are needed. For com-
bined tension and torsion, this corresponds to the single test in Table

1 at R = 5. The equation of the straight line approximating this

portion of the 1100 cycle room temperature contour is

1
Aems = —0.369(§Ayms) 4+ 1.29 ,

with strain ranges in percent. Intersection with the radial line defined
by the above ratio occurs at Aems = 0,2657% and %Ayms = 2.77%. For
combined tension and torsion with R = 5, this corresponds to an axial
strain range, Asz, of 1.06%. 1In the test reférred to above, Asz was
1.00%.

Another possibility is suggested by the shape of the constant life

contours in Figs. 9 and 10, namely that they might be approximated by a

single straight line connecting the pure tension result with the pure

torsion result. The equation for this line is

Ay

e (in, 1 o _
AEms N (ZAYO 'ZAYms)/(zAso 3 (6)

where Aeo and Ayo are the strain ranges in pure tension and pure torsion,

respectively, and depend on N_. in accordance with Eq. (1). For combined

£
- tension and torsion Eq. (6) reduces to

Ag

Ae = Aeo/[(»’g—%- Rz—é)--9~+ 1] .
Z 27 Ay
o}

4

where R = Ayez/Agz'
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CUMULATIVE DAMAGE

For the 45 multiaxial, low-cycle fatigue tests listed in Table 2
which were conducted under a sequence of two constant strain ranges, the
linear cumulative damage rule (after Palmgren,>’ Langer,'® and Minor®®)

employed in Ref. 1 reduces to

n, , Dz _
N, + N, 1, (7

where n; and np, are the numbers of cycles applied at the first and
second strain ranges respectively, and N, and N, are estimates of the

number of cycles to failure N_ for the corresponding single strain range

f
conditions. Note that im all but two cases the strain range sequence
was high-low. Two sets of Nf estimates are given in Tabie 2. The first
is based on the solution of Eq. (1) (with exponents depeuding on tem~
perature and coefficients depending on temperature and R ratio) for the
applied multiaxial strain ranges. With these estimates, the second life
fraction, ny/N,, is plotted against the first, n,/N,, in Fig. 12, along
with the straight line representing Eq. (7). Many of the data sets in
this figure, while remarkably linear in themselves, do not conform to
the straight line shown. The most striking example of this is the
series of tests at 649°C (1200°F) under a high-low sequence of straining
with K = 1. One possibility is that the estimates of Nf based on the
constant strain range tests at 649°C (1200°F) are unreliable. If so,
this is another example of the apparent lack of comnsistency pointed out
earlier in the constant strain range, multiaxial data at this temperature.
To explore this possibility further, a second set of Nf estimates
as given in Table 2 were made by fitting straight lines to the n, vs n;
data in the high~low tests by the method of least sgquares. For the two
cases in which a low-high sequence was used, the 1-2 sequence designa-
tions were interchanged and the data were incorporated into the cor-
responding high-low data sets in order to have common estimates of Nf
for the same straining and temperature conditions. The resulting best-

fit life fractions are plotted in Fig. 13.
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Fig. 12. Two-part multiaxial cumulative damage tests on type 304
stainless steel (heat 9T2796) at room temperature, 538°C (1000°F), and
649°C (1200°F), with engineering shear strain to axial strain ratios of
0, 1/2, 1, and 2, and with high~to-low and low-to-~high strain range
sequences.

The improved agreement with Eq. (7) of the data in Fig. 13 as
compared with that in Fig. 12 is both obvious and expected, but there
remains considerable question as to how meaningful these results are.

It is reassuring to note that most of the data points which lie signifdi-
cantly above the straight line in Fig. 13 are from tests in which a low-
high sequence of straining was followed while all points below the line
are from high-low tests. This distinction, which is not as clear in
Fig. 12, conforms to the sequence effect usually reported®? in such

tests.
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Fig. 13. ‘1Iwo-part multiaxial cumulative damage data of Fig. 12
with Nf values chosen from fit to linear cumulative damage law.

Despite the unorthodox treatment of the data plotted in Fig. 13 it
may be more faithful to the underlying wmultiaxial cumulative damage
behavior of this material than is Fig. 12. Hopefully, additional data
will becowme available as more attention is focused on multiaxial low-

cycle fatigue.
SUMMARY AND CONCLUSIONS

Current fatigue design methods are based on: (1) a definition
of equivalent strain range, (2) a linear cumulative damage rule, and (3)
a temperature and material dependent relationship between equivalent
strain range and allowable cycles of straining. The results presented

here are relevent to an assessment of the effectiveness of each of these
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basic elements, but are specific to type 304 stainless steel. With
regard to (1), these results show that the current definition of equiva-
lent strain range is not a very effective criterion for accounting for
the influence of wultiaxial loading on fatigue. The same observation
applies to two other traditional measures, the maximum shear strain
range and the maximum principal strain range. However, the results at
room temperature and 538°C (1000°F) indicate that on an equivalent
strain basis uniaxial stressing is the most detrimental fatigue loading
condition of those investigated. Since the relationship in (3) above is
based on this condition, current methods might therefore be characterized
as conservative with respect to multiaxiality. The results at 649°C
(1200°F) do not support this position, but do not themselves constitute
a convincing counter example.

Concerning (2), these results do not indicate that multiaxial
loading is significantly different from uniaxial loading with regard to
the effectiveness of a linear cumulative damage rule.

These results also indicate that a fatigue failure criterion based
on the shear and normal}strains acting on the plane of maximum shear
strain would be more effective than criteria based on the cther measures
considered. Additional multiaxial testing, especially at elevated

temperatures, is needed to guide further development of such a criterion.
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