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1, Introduction

Most of structural components suffer more or less multiaxial damage
rather than uniaxial damage, but multiaxial low cycle study from. a
viewpoint of developing an appropriate design criterion is a few because of
the cost and difficulty of experiments[1-3]. Historically, there have been
proposed many multiaxial-fétigue criteria which were extensively reviewed
by Garud[4] but there is no systematic research by applying these criteria
to the experimental data in order to find out a proper criterion.

On a criterion used in the practical design of the structural
components which receive multiaxial damage, we have to confirm the safety
of the criterion by applying it to the low cycle fatigue data obtained in
widely ranged multiaxial stress states. Combined push-pull/reversed
torsion fatigue tests havé been frequently made but this type of test
cannot achieve a wide range of multiaxial stress states., The principal
strain ratio which can be covered in the test is between -1 and -0.5,
where the princiﬁal strain ratio is the ratio of the minimum principal
strain to the maximum principal strain. Mueltiaxial fatigue test, which can
cover a more widely ranged principal strain ratio, is needed,

This paper describes a new multiaxial low cycle machine for a
cruciform specimen, and also describes the test results in high temperature

multiaxial low cycle fatigue carried out in the principal strain ratio




between -1 and 1. The material tested was 1Cr-1Mo-1/4V and type 304
austenitic stainless steels, The discussion was made on the effect of

stress multiaxiality on low cycle fatigue life and crack mode.

2,Cruciform Specimen,

The shape‘of the cruciform specimen was determined from the FEM
analysis so that the stress and strain distribuge.uniformly along the gage
length. The shape of the specimen and the finite element mesh are shown in
Figs. 1 and 2, The coordinate system used in this paper is also shown in
Fig.l. The FEM analysis was made for a quarter part of the specimen
considering the symmetry of the stress and strain. The thickness of the
mesh excluding part A is 12 mm and that of part A is gradually reduced from
6 mm to 1 mm. The thickness of the gage length is 1 mm, An isotropic 8-
node element with 3x3 Gaussian points was used. Number of elements and
nodes are respectively 159 and 530. The computer program ADINA was used in
the analysis,

Figure 3 shows the cyclic constitutive stress-strain relation in the
incremental/decremental test{5] at the Mises' strain rate of 0.1%/sec. The
test was carried out in the push-pull and reversed torsion. The cyclic
stress-strain relation is well correlated with the Mises' parameter[5],
The material cénstants-used to the FEM analysis was ; Young's modulus was
2 05 GPa and yield stress was 410 MPa., The stress—strain relation post
yield was approximated by 7 lines.,

Figure 4 shows an example of the stress and strain distribution along
the gage length for 1Cr-1Mo-1/4V steel in biaxial tension, i.e., in thé
$=1 test. In this paper, the principal strain ratio ( ¢) is defined as
the ratio of the minimum principal strain to the maximum principal strain

on the specimen surface, that is, ¢ is defined as ¢ = éx/ Ey in the
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Fig.1 Shape and dimensions of the cruciform specimen together with the
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for the stress and strain analysis.
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Fig.4 Stress and strain distiribution along the gage length in the ¢ =1 test




coordinate system in Fig;l.Figure 4 clearly shows that the variation of
the stress and strain is very swall up to the 5-mm gage length, so the
authors judged that the épecimén geometry shown in Fig.l 1is suitable for
the biaxial low cycle fatigue test.

The specimen used in the study requires the extensometry in two
directions, x and y, The displacement along the gage length was measured
by an originally designed ektensométef which'cén‘measure the displacement
in two directions without interfering each other. The extensometer was
pressed by springs to the specimen thrbugh a‘window of the electric
resistance furnace, The crack of the notched specdimen was monitored with a
microscope through tﬁé other window. The power of the furnace was 3 KVW.

The temperature variation along the gage length was within 5 K.

3. Biaxial Low Cycle Fatigue Apparatus.

The experimental apparatus used in the study is an originally designed
electric~hydraulic servo machine for the-cruciform specimen. Figures 5 and
6 show the general view and control flow of the apparatus., The apparatus
has four actuators and four servo contréilérs to generate a wide range of
biaxial stress states. When conducting strain controlled experiments
using this type of the apparatus, the control which gives no movement of
the specimen Cénter is essential, If we émploy the conventional control,
where the servo system takes the feedback signal from the extensometer, the
unmovement of thé-specimen center may not be guaranteed, The reason is that
the small unbalanced control in a direction; x or y, will disturb the
control of the other direction. Thé system does not reach the stable
state.

In order to achieve the control with no movement of the specimen

center, the apparatus basically controls the stroke of the actuators. In
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the etroke control'.if:the two actuators in'tneropposite position stroke
equally, the unmovenent of the spec1men center is automatlcally guaranteed
However, in that control System straln w1ll reduces or increases by the
cycllc straln hardenlng or softenlng‘of the test material, To keep a
constraln straln amplltude dur1ng ‘the test; straln range is monitored at
each cycle by a computer and the stroke of the actuator is 1ncreased oT
'decreased 1n order to glve a-testlng stralnrrange. This control system
enabled the accurate erperlment w1thout the movement of the spec1men center

for cycllc hardenlng and softenlng materlals l1ke type 304 stalnless and

CrmMo—V steels.%__— B L ‘ “lfi

AﬁtEkﬁérimentalfProcedurefﬁhi3'5"

f; Total straln controlled tests were carrled out for 1Cr-I1Mo-— 1/4V steel

spe‘lmen whlch has a 0.5-mm center notch hole at 823K and SUS 304 stainless

tsteel-smooth spec1men at 923 K in air. The amplltude of the maximumn
-nrlnclpal Straln was flxed and the minimum pr1nc1pal stra1n was changed to
achieve the different principal strain ratio ranging from -1 to 1. The
heat treatment of 1Cr-1Mo-1/4V steel was that; 5hr at 923K, 1%hr at 1288 K,
fan cooled,'38hr at 953 K:and fnrnace cooled. SUS 304 stainless steel
received a.solutlon;treatment at'l373 K. The maximum principal strain rate
was 0.1 %/sec. Tne'tailnre'cycle in the paper was defined as the cycle at

which the tensile stress amplitude normal to the crack decreases to 3/4 of

the maximum value.

5. Experimental Results and Discussion.
5.1 Biaxial Low Cycle Fatigue Life,
Figures 7 (a) and (b) respectively show the fatigue life of 1Cr-1Mo-

1/4V and SUS 304 stainless steels. The maximum principal strain range is
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0.78 Z and 0.5 % for 1Cr-1Mo-1/4V steel, and is 0.7 % for SUS 304 steel.
The crack initiation cycle was defined as the cycle of 0.1 mm crack
extension from the notch hole observed by a microscope. The figures
clearly show that the strain biaxiality affects the low cycle fatigue life.
In the fixed maximum principal strain test, the fatigue life decreases with
increasing the principal strain ratio. The minimum fatigue life takes
place in the principal strain ratio between 0.5 and 1.

The crack initiation life, defined as the 0.1 mm crack extension, has

almost the same dependency as the failure life, and the ratio of the crack °

initiation life to the failure 1life was 0.5 except the ¢ =1 test. The
crack initiation life in that test, i.e., in the equi-biaxial
tension/compression test, the ratio is larger than that in the other test
and is (L9.. This is attributed to the fact that, in that test, the applied
load was much larger than that in the other tests and the material was very
damagéd by the larger applied stress, Since the cracklpropagated through
the damaged material, which presumably results in the larger crack
propagation ratg.

Conventional hiaxial iow cycle tests have been commonly carried out in
the combined push-pull and reversed torsion. The principal strain ratio
achieved by this test is between -1 and -0.5. The test results in Figs.7
(a) and (b) sh&wed that the biaxial low cycle fatigue life decreased with
increasing ¢ in the maximum principal strain controlled test. The minimum
fatigue life yields in the principal strain ration between 0.5 and 1, So;
we have to confirm the safety of the multiaxial low cycle fatigue criterion
By applying it to the multiaxial low cycle fatigue data in the wide range
of the principal strain ratio.

The authors have extensively discussed the applicability of the

multiaxial low cycle fatigue criterion in the previous paper[6], where six



—11—

strain and four stress criteria were examined. The experimental data
fitted to the critéria were obtaiﬁediin the ébﬁbiﬁed push~pull and reversed
torsion. The COD étrain [Tﬁg}iéﬁd I'—plane pafameﬁer[lo,ll] were effective
as a strain criterion and only the @QD‘stress[7—9] was effective as a
stress criterion. The diséussibn onafhe'apblicabiiity of multiaxial
stress/strain criteria is presentedrin this conference by the authors[12],
80 the discussion on it is not presented here to avoid the repetition. The
only point the authors wish to state is that the COD stress and strain can
correlate well the biaxial low cycle fatigue life in the test with the

principal strain ratio between -1 and 1.

5.2 Crack Mode in Biaxial LqQ Cj¢ié.Eétigﬁe{.

The crack propégation‘diréctiogfwas extéﬁ$ively observed on the
specimen after the test. Figure 8 shows the cfack propagation direction on
the specimen surface for lCr~1M0—1/4V and SUS 304 steels. The crack
appears Lo propagate in mode I in all the tesﬁs except the SUS 304 smooth
specimen at ¢ =-1, In that test, small zig-zag cracks, which were mode
IT, 1inked up to‘propagate in mode I.

The crack mode cannot be completely determined without defining the
propagation direction into the specimen. lIn order to determine the crack
mode taking account of the prdpagatioﬁ-diré;tiéﬁ ;ntg the specimen, the
extensive observatioﬁ was.méde.L FiQUre 1 sho%ed.the defipition of the
crack angles § and crack-airéétibn o on the fractufé surfaée, where g is
the angle of the crack surfaée against y-plane and o the angle from x-
plane,

Figure 9 shows the variation of ¢ and o with the propagation of
cracks in the ¢ =0 test for (a) 1Cr-1Mo-1/4V and (b) SUS 304 steels. The

crack initiates at the notch'edges for 1Cr-1Mo-1/V steel and at the point
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where an arrow indicates for SUS 304 steel. The crack initiation point
was confirmed by tﬁegobsérVation of the striation direction. For both the
steels, the crack initiétes on the g=0 plane in the <x=0‘dir¢gtioﬂ;.whiéh
means that the crack initiates on thelnormal plane to the.free surface and
propagates in z-direction. The crack initiated on that plane propagates in
the direction of inéfeasing/decreasing o. At the same time, the crack
plane begins to incline in the direétion of increasing/decreasing o . The
final crack propagation is in the direction of a =90 degree on the §=45
degree plane, of which propagation behavior appears to be stable.

Figure 10 summariZes the plane where the crack propaéated: Thelbroad
line indicates the magimum shear stress plane or the maxiﬁum principal
stress plane. The dashed plane is the plane on which e could finﬁ the
crack., Also Table 1 lists the plane on which the crack propagated. In the
table, El‘indicates’the maximum principal plane, and .eé and 3'are
respectively the second and third principal planes. The éymbol 61’2 shows
that the crack was fduﬁd on bofh the second andtthird‘prinéipal planes,

Ypay tndicates the maximum shear plane. The single asterisk indicates
‘that the crack was‘partly_found on that plane and double asterisks means
that the crack was confirmed:néar the notqh. The similar élaséificatioﬁ'of '
crécks at room température was made by Brown and Miller[13].

The suﬁmary of the crack'plaﬁe is 3
(In the ¢ =-1 test wh%ph cpfrespohds to the reversed torsion test using
hollow-cylindrical gpecimens, we.confirmed both tHe mode T and IT cracks 
The crack tends to pfo@agate in méde I as tﬁe crack 1ength-intreases.

(2)In the test with the principal strain ratio between -0.5 and 0.5, the
crack nucleates in mode T and changes the propagation plane to the maximum

shear stress plane as the crack length- increases, which is typically found
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in the ICr-1Mo-1/4V notched specimen. On the SUS 304 smooth specimen, the
crack nucleates at many places so that the linking may occur bhefore the
complete change in the propagation plane.. However, the inclination is
observed as shown typically in the ¢=0 test,
(3)In the ¢ =1 test, the crack nuCIeéges and propagates on the second and
third principal planes, |

Above consideration shows that, in the test with the principal strain
ratié between -0.5 and 0.5, the crack nucleates normal to the maximum
principal stress plane and tends to propagate on the maximum shear stress
plane for both the notched and smooth specimens. The crack in this
principal strain range can be regarded as a stable crack propagation in the
sense that the crack does not coexist on the different planes, On the
other hand, the crack in the ¢ =-1 test, the crack was foupd on both the
maximum principal stress and shear stress planes. ' The crack propagation
appears to be unstable in this test since the crack sometimes propagates on
the different plane depending on the testing condition,

The authors[6,lﬁ] have found, in the reversed torsion test, using the
SUS 304 hollow cylindrical specimen whichais the same testing condition as
$=-1 test in this paper, that the crack propagated in mode II in the
smooth specimen but in mode I in the notched aqd precracked spécimens. The
diregtion_of the precrack had no effect on the post crack extenéion. In
the smooth specimen, the microcraék was mode I but semimicro and macrocrack
were mode I1. Thus, in this type of test, the specimen only fails by mode
II maéro crack only when the linking proceés of many mode II semimicro
crack is the major fracture process[6]. If a few major crack propagate
stably, the crack always mode I in the ¢ =-1 test[6,14],

In the ¢=1 test, i.e., the equi-biaxial tension/compression test, the

specimen fails by the crack on the second and third maximum principal
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Table 1 Summary of the crack plane.

¢ -1 [-0.9 8 0.5 1

Ele_, * - B
{Cr- lMO‘%fV Tk E1,2] El2 > TEI;ll&I E12 " Tmax| €37 Tmex| 23— %S‘x
] E12 1 . E2 '
SUS304 Tinax Tond E1,27 Tmax Todt Ea.3

X partly observed craock

‘X% crack near 'the notch
(smaller than 0, 1lmm in length)

strain plane. Normal straim on z-plane, i.e., the strain on the plane
parallel to the free surface has the maximum amplitude but there works no
normal stress on that plane. so that the crack'does not nucleate and does
not propagate. ,Therefore, only the strain amplitude is not sufficient

parameter as a biaxial low cycle fracture criterion but also we. have to

take account of the stress component,

6.Conclusions,

{1)High temperature biaxial low cycle fatigue machine, which can perform
the éxperimeﬁts with the principal stresé ratiﬁ'between 1 and i, was
deﬁeldped.

(Z)in the maximum principal straiﬁ controlled test, the biaxial low cycle
fatigue life reduced with incréasing the maximum principal strain ratio.
The minimum life was observed in the principal strain ratio beﬁWeen 0.5 and
1 for 1Cr—1Mo-1/4V and SUS 304 steels,

{3)The crack iﬁitiafed in mode I‘in the p?incipal strain ration between
~0.5 and Odiand.changed.the direction‘té the méximum shear strain piane.
Tﬁe crack on bothrthe maximum principal and sheéf strain plane was found in
the ¢=-1 test. In the ¢=1 test, the crack nucleatéd and propagated on

the second and third principal strain planes.
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