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axial fatigue tests on the 316FR stainless steel were performed under proportional and
nonproportional loading, in the latter of which 90° phase difference existed between x and ¥y
directional sivain, at 550°C. T} hrough comparison of the load-strain data between x and ydirec-
tion obtained from the equibiaxial tests, it was confirmed that the biaxal Jatigue tests were suc-

Intreduction

Majority of high-temperature structures and components in power plants are subjected to
biaxial/multiaxial fatigue loading depending on their configurations and operating conditions.
Therefore establishment of a biaxial/multiaxial fatigue life criterion js important for design
and remaining life assessment of actyal components to maintain reliable operation. The au-
thors have been performing tension/compression and torsjon tests under proportional and
nonproportional loading conditions at high-temperature and clucidated fati gue failure mecha-
nism and life property under biaxial loading(1)-(3). However a whole range of biaxial strain
state 1s not covered by the tension-torsion loading. A biaxial fatigue test using a cruciform
specimen is able to cover whole sirain state ranging from torsion to equibiaxial, Although
such a testing machine can be thus effectively used for thestudy on biaxial fatigue, very lim-
ited data is available(4), (5) due to technological difficulty, especially at high-temperature.

In this study, a new high-temperafure biaxial fatigue testing machine using a cruciform speci-
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men is developed and biaxial fatigue tests on 316 stainless steel are performed under propor-
tional and nonproportional loading conditions at 550°C. Cyclic deformation and failure char-
acteristics under biaxial fatigue loading are described, and a new biaxial fatigue criterion is

proposed based on the experimental results.

Development of a high-temperature biaxial fatigue testing machine

Based detailed specification of a high-temperature in-plane biaxial fatigue testing machine
(HTBEM) provided by CRIEPI, the machine was manufactured and installed by MTS Cor-
poration. An outline of the newly developed HBFM is addressed in this section.

Loading and heating equipment

Appearance of a main frame of the HBFM with a heating device and a controller is shown in
Fig.1. The HTBFM consists of four hydraulic servo driven actuators and wedge grips mounted
in a rigid load frame which can maintain high stiffness of the system. Tensile and compres-
sive loads can be applied by two pairs of actuators independently and controlled by digital
control system. The maximum applied load is 100kN. Load ratio and phase correlation can be
arbitrarily chosen. To mount a cruciform specimen, two actuators in x direction and one
actuator in y direction have L shape plates to determine the specimen position on the grips
which allow to mount the specimen easy. In order to maintain specimen center at a fixed
position, the controller adopted the Control Matrix concept which allows each control loop to
be stabilized and optimized. Spccirﬁen center is able to be maintained by minimizing the
differentiation of the LVDT signal between twao actuators in the same axis independently
from another axis. Concept of center control is shown in Fig.2. Movement of the point of
specimen center is less than 2um during cyclic test with strain range of 1%. The specimen can
be heated up to 1000°C by the induction heating device with a heating coil. Temperature
distribution at the control temperature of 550°C is ranging from 548°C to 553°C within the
gage area (15mm diameter in the center of the specimeny} .

Specimen design and sfrain measurement
Important things to consider in the design of a cruciform specimen are to provide uniform

stress strain field in the center of the specimen and to avoid crack initiation at outside of gage
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area due to unpreferable stress concentration. The basic geometry was determined referring to
the study by Sakane and Ghnami(4). The specimen geoﬁetw was designed by a 3-D» elastic-
plastic finite element analysis using the Marc K6 with a 3D 8 nodes-cubic element. Some
improvements were made from pre- determined geometry to increase specimen stiffness and
decrease stress concentration at specimen shoulders. Final specimen geometry is shown in
Fig.3. The specimen has 2.5mm thickness with 15mm diameter gage area in the center and
shoulders with smooth curvature of 25mm radius. Elastic-plastic stress analysis results under
equibiaxial loading condition represented by von Mises stress are shown in Fig.4. It is seen
that almost uniform stress field could be obtained in the gage area and unpreferable stress
concentration at outside of gage area did not occur.

A high-temperature biaxial extensometer(HBE) applied for the cruciform specimen to con-
trol x and y directional strains was also developed. The HBE was manufactured by combining
two separate uniaxial extensometers into one structure. The x and y directional strains can be
controlled independently. Measured noise level at a cyclic condition was lower than 30mV

and interference level by movement of other axis was lower than 0.003%.
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260



Sterss
(MPa)

Ll 2nzeior
22550002
20200102
1802002

15760

13492102
2 1.1232:02
. , B9&6aH
| &702e-01

ERELTI]

J 1M1

I
=t

{a} Miscs equivalent stress distribution

30
Load:59kN
- « GL
0o,
E i LO—O0—0O—0—0
7]
7]
o
20
T
(]
®
2
a
o
L
10 . 1 . ] . I .
-20 -10 0 10 20

Distance from center (mm)

(b) Stress distribution aroud gage regime

Fig.4  Elastic-plastic Stress analysis results of the cruciform specimen

261




Experimental Procedure

A material used in this study was 316 stainless steel specially improved as a fast breeder
component material (316FR). Chemical composition is shown in the-tablel. The feature of
chemical composition of this material is medium nitrogen and low carbon contents which
suppress grainboundary degradation caused by precipitation of chromium carbides. The cru-
ciform specimen shown in Fig.3 was machined from a hot rolled plate with 50mm thickness.

Strain controlled fatigue tests were performed at 550°C under the test conditions shown in
Fig.5. In the proportional loading tests, surface principal strain ratio, ¢ was defined as the
ratio of x directional strain, Ex to y directional strain, €y applied to the specimen. ¢ = -1 (pure
torsion), -0.5 (uiniaxial tension), O(plane strain) and | (equibiaxial tension) with von Mises
strain range of 0.5% and 1.0% were employed. Nonproportional loading tests, in which 90°
phase difference exists between x and y directional strains, were also performed with Mises
strain range of 0.5% and 1.0%. Strain path of the nonproportional loading is shown by broken
line in Fig.5. Strain rate of ali tests was 0.1%/sec for von Mises strain. Fatigue failure life was
defined as the number of cycles when either x or y directional load reduced 5% from its

maximum value. Test conditions and results are summarized in table 2.

Test Results and Discussion

Cyclic deformation property

The 316FR steel shows cyclic hardening behavior at initial stage and then maintains con-
stant load amplitude until rapid decreasing by cracking. Load-strain hysteresis loops obtained
at near mid-life are shown in Fig.6. Coincidence of loops in x-and y-direction in ¢ = I and -1
confirms that the biaxial tests by using the new developed machine are reliably performed. In
the proportional loading tests for the same Mises strain range, y directional peak load is the
largest in-¢ = 0 and smallest in ¢ = -1. In the 90° phase difference nonproportional loading
tests, although the y-directional peak load is almost the same as that in ¢ = 0, the peak load in
x-direction is larger than that in y-direction in spite of the same strain range. In the y direc-

tional loops in proportional loading tests, it can be seen that slope ratio of load to strain both
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Tablet  Chemical composition
wi(%)
C Si P s Ni Cr Co| N
0.008{ 0.53 | 0.85 |0.026 0.004(11.16 | 16.88| 0.07 |0.0754]

Table2 Biaxial fatigue test conditions and results

strain range

Load range Failure

AEm .
X X life Nf
¢ (%) %) Yy (ycles)
’ 1.0 05 05 1128 114.4 4572
05 025 025 836 848 123806
0 10 087 0 1128 798 1420
05 044 0 1015 658 49227
-0.5 1.0 10 052 944 0 3046
y 10 0.87 087 523 572 10256
0.5 044 044 426 452 >170000
Non 1.0 0.87 0.87 1257 1496 816
proportional (.5 0.44 0.44 1042 1109 8630
&y

$=-0.5

£x

A
N g . \\\
Mises Equrvalem .

Strain

Fig.3 Strain path of proportional and nonproportional tests
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at just afler passing minimum strain and at before reaching maximum strain, which are equiva-
lent to the elastic modules and hardening coefficient respectively, became larger with increas-
ing the principal strain ratio. In Fig. 6(e), numbers designated in the strain waveforms of
nonproportional loading, where x directional strain is 90° ahead of y directional strain, are
correspbnding to the numbers in the loops. Shape of the loops is different from that in propor-
tional loading and different between x and y directions. The slope ratic of load to strain is
relatively small when x and y directional strains go to reverse direction such as 1-2 and 3-4
periods, whereas it takes relatively large value when direction of x and y directional strain is
coincident such as 2-3 and 4-1 in the strain waveform. Thus the loops in nonproportional
loading produced incontinuous shapes relating to change in strain going direction between x
and y directional strain.
Failure appearance

Macroscopic appearances of specimen surface and failure surfaces at the middle of speci-
men thickness observed by a scanning electron microscope are shown in Fig.7. Since
maincracks propagated within the gage area, validity of the specimen design was experimen-
tally verified. Macrocracks propagated only in the x-direction in ¢ =0 and -0.5 and both in the
x and y directions in ¢ = 1. The maicrocracks initiated both in the x- direction and the maxi-
mum shear direction, and connected with each other in ¢ = 0. These failury appearances might
be expected based on the applied strain conditions. The maincrack propagated only in the y
direction in the nonproportional loading where the maximum load amplitude occurred in the
x direction. Clear striations indicating that the crack propagated mainly under the Mode I
loading, are observed in all failure specimens both under proportional and nonproportional
toading. In ¢ = 1, a secondary cracks initiated in the normatl direction to the failure surface due
to contribution by x-directional applied strain. Fractography of ¢ = -1 is the failure surface
normal to the y axis. Significant difference of failure surfaces was not identified.
Fatigue life property

Comparison between fatigue failure lives under proportional loading for the same Mises
equivalent strain range is shown in Fig.8. Failure life depends on principal strain ratio show-
ing the shortest life in ¢ = 0 and the longest in ¢ = -1. Correlation between fatigue failure life
and Mises equivalent strain range was shown in Fig.9. Fatigue life data is widely scattered

depending on ¢ and loading mode. Fatigue life under nonproportional loading is shorter than

264




80

oy
A X
3
&
§ 0
o |
-80 . . -80 , .
-0.6 0.0 0.6 -0.6 0.0 0.6
Strain (%) Strain (%)
(@¢-=1 by ¢=0
80
g g
g g
< -
-B0 . -80
-0.6 0.0 0.6 -0.6 0.0 0.6
Strain (%) Strain (%)
©¢=-05 (d o = -1
80
z !
L
5 0
S o
|
-80 sl
-0.6 0.0 0.6

Stralrln {%)
(¢) Nonproportional

Fig.6 Load-strain hysteresis loop in proportional and nonproportional loading

265




oF e
Nonproportional

X L}
20um

Fig.7 Macrocracks on the specimen surface and fractography

266




-
o
@

Z
g
=
© 10 _/
: A *
o A
Q
E 104 Y
o 3 3)
kS o]
1=
_8 103 =1 Strain 0O
g E | range
1O 1.0%

2 102 12 0.5%

-1 -0.5 0 1

Principal strain ratio, ¢

Fig.8  Dependency of biaxial fatigue life on princlpal strain ratio

! unlaxial line l

........ A " é? Q‘!’A

-—h
(=]

[ proportional
10 -1 S
f 1O 1 | [ M _nonproportional

L |® o0
- |A 05| A uniaxial data
- D -1

2 3 4 & 6

10 10 10 10 10
Number of cycles to failure, Nt

Mises equivalent strain range, acm

Y
o
R

Fig.9  Relation between Mises equivalent strain range and biaxial fatigue life

267




that under proportional loading. This means that life prediction for nonproportional loading

by Mises equivalent strain range based on uniaxial data gives unconservative prediction.

New biaxial fatigue life criterion

From the design point of view, development of a biaxial fatigue criterion, which can corre-
late biaxial fatigue life data with uniaxial data, is important to predict failure life of compo-
nents subjected to biaxial stress. The authors performed tens ioxﬂcomﬁ;ession and torsion tests
under proportional and nonproportional loading conditions and fatigue failure criterion , equiva-
lent shear strain range A'Yy, was previously proposed based on experimental results and strain
analysis(2). Biaxial fatigue criterion for proportional loading, where principal strain axis is
fixed during a cycle, and nonproportional loading, where principal strain axis rotates during a

cycle, are cxpressed as follows:

E} u:%—{(ﬂ‘]‘mun)2+ 12.055,,2]”2 {proportional) (1)

au:TIJ (Aymaxi2 + 1.2A8;) (nonproportional } (2)
=1 (L vy? L=y 2

u_q( £y’ 4 12,002 )} (3)

where AYmax is the maximum range of shear strain, AEn is range of normal strain on the
Aymax plane and v is Poisson's ratio. Biaxial fatigue lives both under proportional and
nonproportional loading correlated well with AYu.

In this study, a unified criterion for the whole range of biaxial stress state under proportional
loading is considered. Relationship between failure life and A€y is shown in Fig.10. It is seen
that failure life is not controiled by only the maximum principal strain range but affected by
AEx. Based on the experimental results, fatigue failure life criterion can be drawn on €x- Ey
plane as a diamond shape shown in Fig.11, where v is assumed to be 0.5 and an elliptical
shape drawn by broken line represents the Mises equivalent strain criterion. According to the
new criterion, equivalent normal strain range A€u is simply expressed by:

1+14\vAay i 1+A}:W sig(@)aex )

Ae=

where A is a material constant and determined as 0.38 from Fig.11. Although the new crite-
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rion gives slightly different results in comparison with theprediction by equation(1), it can be
applied to the whole range of biaxial stress state under proportional loading. Previously ob-
tained biaxial fatigue data by tension/compression and torsion tests on 304 stainless steel are
correlated with Aeu in Fig,12. A broken line represents a best fit curve of fatigue data obtained
from uniaxial tests(6). Good correlation can be seen between A€u and fatigue life without
dependence on principal strain ratio.

The failure life under 90° phase difference nonproportional loading was shorter than that in
¢ = 0 in spite of the same AEy. This fact also suggests that AEx should be taken into account for
the criterion of nonproportional loading. Since ¢ varies during a cycle under nonproportional
loading, definition of A€x and its signal were considered based on shape of the new fatigue
criterion and strain path of nonproportional loading in Fig.11. Then A€x was defined as a
range of the maximum strain in the x direction during a cycle, and the sign is positive when ¢
at the maximum strain in y direction is between 0 and 1, and the sig(¢) in equation (4) is
replaced by ¢ when ¢ is smaller than 0. Correlation of biaxial fatigue lives of the 316FR
stainless steel under proportional and nonproportional loading with A€u is shown in Fig.13.
Uniaxial testing data obtained in the CRIEPL is also incorporated. It can be seen that biaxial
fatigue lives correlated well with Au regardless of strain ratio and loading mode. It can be
thus concluded that A€u is a useful criterion to predict fatigue failure life of actual compo-

nents subjected to proportional or nonproportional loading.

Conclusions

A high-temperature biaxial fatigue testing machine(HTBFM) using a cruciform specimen
was developed and biaxial fatigue tests were performed on 316FR stainless steel at 550°C.
The main results obtained in this study are summarized as follows.

1. Biaxial fatigue tests under proportional and nonproportional tests were successfully per-
formed by the HTBFM using a cruciform specimen which was designed by 3D finite element
analysis.

2. It was found that biaxia! fatigue life could not be correlated with Miscs equivalent strain or

principal sirain range which provides fatigue life under nonproportional loading shorter than
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that under proportional loading.
3. Equivalent normal strain range, AEs was proposed as a new biaxial fatigue criterion based
on iso-failure line on the applied principal strain diagram. Biaxial fatigue lives both under

proportional and nonproportional loading correlated well with A€u .
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