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A Part [ accompanying paper clearly showed that for a given level of strain range (Ac¢), the number of
cycles required to achieve crack initiation is significantly lower in biaxial thermal fatigue than in uniaxial
isothermal fatigue.

Such discrepancy does not come from a thermal effect, as it is emphasized by a comparison between
the uniaxial data, coming either from thermomechanical fatigue tests, or from isothermal low cycle fati-
gue tests. A detrimental effect of multiaxial loading on fatigue life is noticed in many cases as reported in
the literature.

In this frame, the goal of this paper is to propose criteria in order to take into account the reduction of
fatigue life resulting from the multiaxiality. Among all the examined multiaxial criteria, a criterion based
on strain proposed by Zamrik, and a new criterion based on energy proposed by “Ecole Polytechnique”
give the best estimations. Furthermore, application of the Zamrik’s criterion using the RCC-MR method
is very promising for the design engineer. Indeed, these two criteria exhibit a notable potential, since they
are well adapted to all the available thermal fatigue experimental data, despite significant differences
between approaches and processes developed by both accessible facilities.

However, such investigation must be continued with achievement of additional thermal fatigue tests

(for higher number of cycles...), and isothermal biaxial fatigue tests.

1. Introduction

Thermal fatigue sometimes takes place in the cooling lines of
nuclear reactor components. To estimate crack initiation damage,
uniaxial isothermal fatigue curves are used [1].

The Part [ accompanying paper clearly showed that for identical
levels of strain, the number of cycles required to achieve crack ini-
tiation is significantly lower in thermal fatigue (ThF) than in uniax-
ial isothermal fatigue (LCF). This result is obtained using two
distinct facilities (FAT3D and SPLASH). Only a weak thermal effect
would be also evidenced for our used test conditions. So, a thermal
effect would not seem to be at origin of such discrepancy. Never-
theless, to reach a definitive conclusion, a comparison with ther-

* Corresponding author. Tel.: +33 1 69 08 31 02; fax: +33 1 69 08 87 84.
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momechanical fatigue “out of phase” tests (TMF OP) [2] is first
made in the Section 2. Such comparison is useful since the TMF
specimens are submitted to both uniaxial loading and temperature
variation.

However, in actual components, thermal gradients (AT) induce
biaxial mechanical loadings. In this context, the issue of a potential
influence of the triaxiality factor on fatigue damage can be raised.
In this respect, a current goal is to propose multiaxial criteria that
are able to estimate crack initiation for austenitic stainless steels
(AISI class 300) under thermal fatigue loading.

In this framework, main characteristics of thermal fatigue load-
ing are detailed in the Section 3. So as to help with the selection of
multiaxial criteria, the Section 4 deals with the investigation of the
main existing criteria in the available literature. Some selected
criteria were applied to CEA thermal fatigue tests in the Section
5. Since the establishment of a criterion usable by the design
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Fig. 1. Equivalent strain range as a function of the number of cycles to fatigue life
obtained on both “out of phase” thermomechanical fatigue and isothermal low
cycle fatigue tests. TMF specimens (open symbols) are tested for 90-165 °C, LCF
specimens (full symbols) are tested for 90 and 165 °C, they are taken from two 304L
steel fabrications (B and C). Equation corresponds to a 165 °C LCF data fitting for
Aége < 1.2%, scatter band is estimated considering a log-normal scattering for fatigue
life. These results are taken from the N. Haddar’s PhD (Pr. L. Remy), Ecole Nationale
Supérieure des Mines de Paris.

engineer is the goal of this work, only those of the criteria easy to
use on industrial components are tested. Finally, a simplified first
approach to thermal fatigue is proposed in the Section 6.

2. Comparison between low cycle fatigue, thermomechanical
fatigue and biaxial thermal fatigue

Regarding the mechanical and thermal loading evolutions, the
SPLASH and the FAT3D thermal fatigue tests (ThF tests) are compa-
rable to the thermomechanical fatigue “out of phase” (TMF OP)
tests. As for TMF OP, the SPLASH and FAT3D specimens are loaded
in tension when temperature attains its minimum value (see
Fig. 10 and 12, Part I).

Some TMF OP tests were performed on 304L steel at “Ecole
Nationale Supérieure des Mines” under the direction of the Pr L.
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Fig. 2. Equivalent strain range as a function of the number of cycles to fatigue life
obtained on one thermomechanical fatigue “out of phase” test, on isothermal low
cycle fatigue, and on SPLASH biaxial thermal fatigue tests. TMF specimen (open
square) is tested for 90-165 °C, LCF specimens (full symbols) are tested for 165 and
320 °C, TF SPLASH (open circle) correspond to 170-320 °C temperature range in
surface. All the specimens are taken from the same plate as used for SPLASH tests
(A).
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Fig. 3. Fatigue life comparison between low cycle fatigue, thermo-mechanical
fatigue and biaxial thermal fatigue. Horizontal bars are linked to scattering on LCF
data for identical strain range The dotted lines represent scatter band.

Remy. The temperature variation used in these tests was generally
90-165 °C [3,4]. However, one additional test was performed for
170-320 °C, which corresponds to the temperature variation for
most of the SPLASH tests.

Fig. 1 compares equivalent strain range as a function of the
number of cycles issued from TMF tested for 90—165 °C and LCF
at 90 or 165 °C. The solid line curve represents the LCF life at
165 °C. Clearly, all the TMF points are included in the LCF scatter
band (dotted curves). Results corresponding to a strain range high-
er than 1.2% are not taken into account, since biaxial thermal fati-
gue tests are only performed for Ae. < 0.8%.

Results obtained on specimens taken only from the same plate
as used for SPLASH tests are gathered in Fig. 2. Regarding fatigue
life for identical level of strain, we can observe:

(1) For LCF, a very slight effect of temperature between the low-
est (165 °C) and the highest temperature (320 °C), generally
used on the SPLASH cycle (170-320 °C).

(2) No difference between the one TMF OP data (open square)
and the LCF data. (full symbols).

(3) In contrast, all the SPLASH biaxial thermal fatigue data (open
circle) are significantly below to both TMF OP—-LCF data.

In Fig. 3, the bisecting line represents the LCF life. In such way,
TMF and ThF data are compared with LCF data for a given level of
strain range (Ac¢). Such comparison confirms plainly the previous
trend.

In conclusion, for present conditions and for a strain range be-
low 1%, we can reasonably consider that a specific thermal effect
is negligible. Such result comes probably from the moderate tem-
perature variations used in SPLASH tests. When temperature varia-
tions are significantly larger, the TMF could be more damaging
than LCF, as it was shown in many investigations [5]. However, a
very interesting literature investigation made by Sehitoglu [6] re-
lates that for 304L steel, the TMF OP life is similar to the isothermal
fatigue life at maximum temperature of the cycle, when tempera-
ture varies between 200 and 750 °C and plastic strain range is low-
er than 0.5% [7]. Let us remark that such evolution is not confirmed
for the TMF “in-phase” with identical temperature variation and
plastic strain. In that case, the fatigue life is significantly shorter
(by nearly a factor of four), since a grain boundary sliding occurs.
Furthermore, the same author [7] also relates that the TMF OP in
similar conditions is more damaging than the isothermal fatigue
for carbon steel.



Although comparable TMF OP tests were not performed on 316L
steel, such conclusion can be reasonably extended to FAT3D tests.
Yet the used strain range is always below 0.8%. The 304, 316 steels
have nearly similar chemical composition and metallurgical
behaviour.

In consequence, we investigate now only about a detrimental
multiaxiality effect. In this frame, the main characteristics of ther-
mal fatigue loading are first presented.

3. Main characteristics of thermal fatigue loadings

Concerning crack initiation under thermal fatigue, one focuses
on surface for two reasons. First, cracking generally appears first
on the surface under fatigue. Second, stresses are maximal on the
surface under thermal fatigue.

During thermal shock, most of the wall remains at the initial
temperature, except for a thin surface layer (defined by the 1 and
2 directions), which undergoes a temperature variation AT. The
surface layer tends to expand in all directions by a quantity aAT,
but this is prevented by the rigidity of the rest of the wall. Conse-
quently, it is compensated by a deformation of the material in this
layer. For a free wall submitted to a very local cyclic thermal shock,
strain ranges are given by

A&y = Agy = aAT (1)

As a result, mechanical loading is perfectly equibiaxial on the
surface. Fig. 4 compares strain and stress fields resulting from ther-
mal fatigue on the surface, to strain and stress fields resulting from
classical fully-reversed torsion and push-pull tests. Relations be-
tween stresses and strains refer to Hooke’s modified equations
[8]. The modified Poisson’s value v ranges between 0.3 for elasticity
and 0.5 for full plasticity.

When loading is perfectly equibiaxial, all directions 1 and 2 lo-
cated on the surface are the principal axis, and maximal shearing
planes are oriented at 45° to the surface. Such a mechanical state
explains the completely isotropic character of the crack network
formation in thermal fatigue. When plasticity is significant, com-
pressive and tensile parts become equal. This is generally the case

Applied Stress

Maximum Shear
Stress Planes

for austenitic stainless steels where plasticity may occur even for
low loading.

The structural effect can obviously modify the mechanical state,
for instance when stiffness is significantly lower along the surface
(case of a narrow plate). Recall that the ratio of the principal stres-
ses is not 1, but 0.7-0.76 for the SPLASH specimen.

4. Multiaxial high cycle fatigue criterion

Many multiaxial criteria only concern endurance limit. In this
case, for the mechanical quantity used by the criterion, the task
is to quantify the amount of shift resulting from multiaxiality itself.
However, some of these criteria are also suitable to the limited life
regime. Multiaxial criteria formulated in stresses, in strains, and in
energy will be presented in successive sequence. Prior to that, the
two main factors contributing to crack initiation mechanisms are
briefly exposed.

In the HCF regime, investigation of the crack initiation is partic-
ularly important, since this stage (as several grain-size length
cracks) could correspond to more than 90% of the total component
life [9].

4.1. Two main factors for the crack initiation mechanisms

The shearing stress is the first main factor leading to a fatigue
damage development [9-11]. Regarding the shearing stress itself,
a difficulty may arise from the choice of the critical plane. One
can consider either the maximum shearing stress plane corre-
sponding to Ty, Or the octahedral shearing plane corresponding
to Toe. For an elementary defined volume, two shearing stress
planes and eight octahedral stress planes can be exhibited. Crack
initiation in the octahedral planes seems to be the most probable.
However, in practical instances, crack initiations have been ob-
served in the both cases depending on the material itself.

The octahedral stress amplitude is given by [12,13]

V) =1/(1/2)g - @
= (1/2)Max Max (o (t1)) - (0 (to)) (2a)
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Fig. 4. Comparison of strain and stress fields for classical alternated (or fully-reversed) torsion and push-pull tests with a free wall submitted to a thermal fatigue loading.



The maximum shearing stress Tresca Tmax iS given by

0> = 2Tmax = Sup (|0 — 0} (2b)
l#]

The hydrostatic stress is the second main factor leading to fati-
gue damage. An increase in the hydrostatic stress leads to a change
in the crack initiation mechanisms themselves. Low hydrostatic
stresses lead to the development of shallow cracks that propagate
parallel to the surface (Type A damage), whereas high hydrostatic
stresses lead instead to development of stair displacements on the
surface and to deeper and more damaging cracks (Type B damage).
An increase in the hydrostatic stress leads also to an increase in the
pressure on the crack lips, impeding crack closure during unload-
ing (see Figs. 19 and 20 of Part I). The interesting quantities calcu-
lated for a cycle are the mean value, the amplitude, and the
maximal value of the hydrostaticstress

O an = {rrtleaTxTr(a(t))B + n[leiTnTr(O'(t))/3} /2
ot = [rrtleaTx Tr(a(t))/3 + minTr(a(t)) /3} /2 (3)

H _ ~H H
O max = Omean + Ol

4.2. Multiaxial criteria based on stress

4.2.1. General remarks

According to the explanation given before, multiaxial criteria
based on stress are naturally based on shearing and hydrostatic
stresses. They are generally applied for the purpose of estimating
the endurance limit, assuming an elastic shakedown. However,
austenitic stainless steels have the face centred cubic structure
(FCC). Such crystallographic structure promotes a very easy dislo-
cation slipping. As a result, cyclic plasticity can be observed in
the endurance domain, even for low yield stresses and very high
number of cycles. Although these criteria do not seem well adapted
to our case, some of them have been selected, since they are widely
used in industry.

Three categories can be discriminated: a first category includes
empirical relations obtained from different stress state tests, a sec-
ond category includes criteria based on global equivalent values, a
third refers to critical plane approaches.

4.2.1.1. First category: Criterion based on empirical relations. Gough
and Pollard were the first to propose a relation obtained from a
large number of torsion-bending fatigue tests [13,14]. The relation
includes loading characteristics, such as X, which is the bending
stress amplitude, and T,, which is the torsion stress amplitude. It
depends on the endurance limit for alternated bending ¢f ; and
on the endurance limit for alternated torsion o}, ,

(T2/(050)") + (22/(05.)7) =1 (4)

4.2.1.2. Second category: criteria based on global equivalent values
e Von Mises and Tresca

The first set of criteria is purely based on an equivalent cyclic
stress deduced by applying either Von Mises equivalent formula-
tion, or Tresca equivalent stress. Although they were often used,
they do not seem to be well adapted, since the hydrostatic stress
effect is not included.

e Sines’ Criterion [13]

For cyclic torsion tests, Sines remarks that endurance limit (7p)
does not significantly change when a static stress is superposed.

The proposed criterion takes into account the amplitude of octahe-
dral shearing stress /(J,),, and of the mean hydrostatic stress on
cycle gt

Gsines = 1/ Uz ) + V3| V3(t0/G00) — 1| Olhean < To (5)

where opg is the endurance limit for repeated tension.

To deduce op_, from apg, a Goodman'’s relation can be often ap-
plied. Generally, we also have [18]: op_; = KUTS with 0.4 < k < 0.6
where UTS is the ultimate tensile strength. Finally, Sines’ criterion
is given by

\/ 3(.]2)alt + 3k0]:man < Op-1 (5b>

e Crossland’s criterion [15,17-19]

For the hydrostatic stress, the maximum value during the cycle
is considered instead of the mean value. For the endurance limit,
alternated tension is considered in place of repeated tension

Ocrossland = \/ UZ)alt + \/g\‘\/g(TD*T /O-D*T) - 1J O-gax < Tp-1 (6)

4.2.1.3. Third category: criteria based on stress and on critical plane
approaches
e Dang Van’s criterion [15,20]

The most usual criterion based on a critical plane approach was
proposed by Dang Van in 1973. An elastic shakedown response at
the grain scale itself is a required condition to avoid a crack initia-
tion after a high number of cycles. Starting from external loading, a
cyclic macroscopic response Gmacro(t) is determined when the cycle
becomes stabilized. A cyclic mesoscopic response Gmeso(t) is then
deduced. As assumed before, the mesoscopic response Gmeso(t)
must verify the plasticity criteria at each time: vii, vt ¢ T,

Tmeso (1L, £) + Q07 (1) < b @)

a and b are material parameters, Tmeso(fi,t) and o'l (t) are the
shearing and the hydrostatic mesoscopic stresses as a function of
time, respectively.

For a periodic macroscopic loading and an elastic shakedown, it

is proposed

vteT, ol (t)=all (b

meso macro

Calculation of Tpeso(M, t) is not evident for the general case.
However, for alternated proportional loadings, shearing mesoscop-
ic stresses and shearing macroscopic stresses are equal. Eq. (7) can
be also expressed as

Mﬁax [Mtax [rmeso(ﬁ,t)]] + Max {(tl a”(t)] <b

The material constants a and b may be calculated from two very
usual cycling loading as fully-reversed torsion and push-pull test.

Papadopoulos [21] extends this criterion. At the mesocopic
scale, it uses a kinematic and isotropic behaviour with a Von Mises
plasticity criterion.

e Matake’s criterion [22]

The critical plane is the highest shearing stress plane. The nor-
mal stress to that critical plane is considered in place of the hydro-
static stress

Taiter + 1(Un.cr < A (8)

where 7,4, is the amplitude of the critical shearing stress and o, ¢
is the normal stress to the critical plane.



That criterion has a form that is equivalent to the one proposed
previously by Findley [23]. But, in that case, the critical plane cor-
responds to the maximum of the combination of both shearing
stress and hydrostatic stress: max{t, + koy}.

e Mc Diarmid’s criterion [24]

As observed on specimens, Type A and Type B of cracks are con-
sidered (see Fig. 19 of Part I). Damage mechanisms strongly depend
on loading, since only Type A cracks appear under torsion, whereas
both Types A and B appear under tension, and only Type B appear
with perfect equibiaxial loading.

The critical plane is the highest shearing stress plane and the
criterion is expressed by

Taer + (5% /2UTS) 0nr < 75, (9)

Shearing stress limit 75 _; or 75 _, is used whether critical plane
conducts to a Type A or a Type B crack.

4.3. Multiaxial criteria based on strain

4.3.1. General remarks

Strain approaches are less numerous than stress approaches. As
constant strain-amplitude control tests are generally performed in
the low cycle regime, life predictions start from the Manson-Cof-
fin-Basquin curve established for push-pull tests [25-27]
A& /2 = A&®/2 + AeP /2 = (ot /E) (2Nf)b + &(2Np)* (10a)

In the case of multiaxial loadings, the term Ag'/2 is changed by
Aé, /2, the strain amplitude that is normal to the critical plane

Aén/2 = (0}/E) (2N¢)® + &;(2Ny)© (10b)

This approach is particularly well adapted to LCF. It cannot pre-
dict an endurance limit. In spite of this, such strain approaches
could be interesting in our case, since an elastic shakedown is
not observed even at the endurance limit level for austenitic stain-
less steels.

Two categories can be discriminated: a first category includes
criteria based on the sum of elastic and plastic equivalent strains
modified by introducing a triaxiality factor TF, and a second one re-
fers to critical plane approaches.

Note that all the criteria presented here are established only
from traction-torsion path loadings, whereas thermal fatigue cor-
responds to (or is close to) a perfect equibiaxial state.

4.3.1.1. First category: criteria including a triaxiality factor. The triax-
iality factor TF [28] represents the ratio between the first stress
tensor invariant and the Von Mises equivalent stress

TF =11/0¢q' =Tr(0)/0¢" =30m/0¢q’ (1)

e Manson-Halford’s criterion [29]

The Von Mises equivalent strain is partitioned in an elastic part and
a plastic part. The elastic part is unchanged, whereas the plastic
part is modified by introducing a coefficient MF depending on

the triaxiality factor so that
Ageq = Agg, + A€l with  A”el, = MFAel, (12)
MF = TF when TF > 1 and MF = 1/(2 — TF) for TF < 1

A perfect equibiaxial loading clearly increases the damage by
amplifying the equivalent strain, since MF = 2.

e Zamrik’s criterion [29]

Push-pull tests and fully reversed torsion tests are represented
by a nearly bilinear evolution in a log-log diagram (Fig. 5): the two
slopes correspond to the elastic and plastic regions.

The modelling is based on two hypotheses:

(1) The fatigue transition depends only on TF, it corresponds to
the intersection of the elastic and plastic strain life lines
(2N, 2Ny). The fatigue transition cycles (N cycles = 2N;)
are given by
(2N)jia = 07E/¢¢ and (2No)grn, = (3/2(1 4 ve)) (t4/7%G)

jal — Torsion
By dividing these two expressions, the parameter Z is deduced

Z = (2Nttorsion)orsion/ (2Neaxial i = (3/2(1 +Ve)) (TiEyt/ 07 Gef)

For elastic strain amplitude, it proposes thus a relationship,
which takes into account of TF

Aes, =7 (0} /E)(2Np)

(2) The evolutions versus TF are identical for the equivalent
plastic strain amplitude under low cycle multiaxial fatigue,
and the ductility as a reduction of section under monotonic
loading. Regarding ductility, Majoine [30] shows a correla-
tion expressed as: 2!~ ™" when 0 < TF < 6. Therefore, evolu-
tion under multiaxial fatigue is given by

AR, (TF) = (A" ™)g; with A4 ~ 2

In the general case, equivalent total strain is then given by
Aely = (27 )AL, + (AT 1) AeR, (13)

For 316L austenitic stainless steel tested at 621 °C, values are:
Z=1.42 and A = 2 [29]. Zamrik’s criterion also provides a good esti-
mation for traction and torsion of Haynes 188 alloy (cobalt base)
tested at 760 °C.

4.3.1.2. Second category: Criteria based on strain and on critical plane
approaches
e Kandil, Brown and Miller’s criterion [31]

They propose a formulation derived from physical mechanisms
of strain development and cracking propagation. It is assumed that

Equivalent strain amplitude

Transition

1 2Nta 2Ny

Reversals to failure 2N¢

Fig. 5. Methodology of the Zamrik’s criterion. Lines D1 and D3 represent push-pull
tests, axial loading: D1 and D3 are plastic and elastic, respectively. Lines D2 and D4
represent repeated, torsion: D2 and D4 are plastic and elastic repectively.



maximum shearing strain is the factor leading to plasticity process
and crack initiation

EKBM = Vmax T S£n =C (14)

where Pmax = Vmean T ’y:lltax and yg‘ll;zx = (1/2) I}’Dlg%( rﬂe.l?((‘g(tl) - 8([’0))
is the amplitude of the maximum strain shearing strain for the cycle

t and the chosen critical plane, ¢, is the normal strain to the shear-
ing plane, S is a material parameter.

e Socie’s criterion [32]

The formulation is derived from the KBM’s criterion, with an addi-
tional term depending on principal normal stress

Esocie = Vmax T &b + (Tnmean/E) = C (15)
where 0 mean = (Onmax + Onmin)/2 is taken in the critical plane

e Fatemi and Socie’s criterion [33]

The proposed relation is again derived from the KBM'’s crite-
rion. However, the normal strain is changed by a stress ratio as
follows:

Tmax(1 + (kag®/ay)) = C (16)

Such a criterion has been successfully applied to a low alloy car-
bon steel and for Inconel 718 under traction torsion loading in and
out of phase.

4.4. Multiaxial criteria based on energy

4.4.1. Criterion deduced from the amount of plastic distortion strain
energy [34,35]

This criterion has been successfully applied in some areas such
as the automotive industry [41]. However, it is not adapted to
many other cases, since it is completely independent of the triaxi-
ality factor. It is given by

<or/ o_d:spdt> (17)
cycle =

4.4.2. Criteria based on shape change and volume change energy

Criteria based on energy are often a combination of volume
change energy (hydrostatic part) and of shape change energy
(deviatoric part). Strain energy under cyclic loading Wyic can be
classified into two kinds [34]: variable and static (or mean) strain
energy terms, AW and Wyean as:

AW, = g : gdt

cycle — =

chclic =AW + Wmean
The total variable strain energy per cycle AW is given by
AW = AW} + AWS + AW"

AWICJl is the amount of plastic distortion strain energy (or plastic
work).

e Park and Nelson’s criterion [34,36]

Two terms related to the triaxiality factor for stress state are
introduced here. A first term is the tiaxiality factor calculated for
mean stress. A second term is the triaxiality factor calculated for
stress amplitude. They are, respectively given by

TFm = (01 + Ou + Ow) /0y and  TF,
= (014 Ou+0m), /0% (18)

where ay, oy, oy are principal stresses and the subscripts “m” and
“a” refer to mean stress and stress amplitude. In the event of non-

proportional loadings, the denominator becomes: ((3/8)As,ij2),

As;; are the components of the deviator stress amplitude.New terms
W¢ and W, are calculated as a function of Tey and Tes. The effective
total strain energy density must be independent from the loading
path:

W; = W, + W, with W, =2°T™w¢ and w; =24Twg
(19)

e The term k; can be determined from two tests performed with
different triaxiality factors, such as alternated traction and alter-
nated perfect biaxial traction.

e The term k; can be determined from evaluations of W for uni-
axial tests performed with different mean stresses, such as fully-
reversed tension (R = —1) and repeated tension (R = 0), using for
instance a Goodman'’s relationship.

It was also applied successfully for bending, combined bending,
torsion and perfect biaxial tests with some phase shift values for
mild steel and Inconel 718 [34].

e Criterion proposed by “Ecole Polytechnique” PhD S. Amiable [37-
39]:

Some difficulties could arise from the determination of param-
eters k; and k, with the Park and Nelson’s criterion [34]. In this
framework, a new criterion based on strain energy density has
been proposed by [37-39]. The stress triaxiality is effectively tak-
ing into account, but without introducing the triaxiality factor TF
explicitly. The fatigue parameter is simply defined from the
amount of plastic distortion strain energy and the maximum value
of the hydrostatic stress during the stabilized cycle
W =W, + ad™ (20)

max

o is a material parameter without dimension, and ¢il,, = max atl(t).
It can be identified from two tests performed for different triaxiality
stress states. Note that such a criterion is compatible with an endur-
ance limit, since, f01:k fully-reversed traction:

When N — oo, W — aGp _ 1/3 where op_; is the endurance lim-

it for R=—1.
4.4.3. Criteria based on stress and strain on a critical plane
e Smith, Watson, Topper’s criterion (SWT) [40]:
Such a criterion was defined from the highest principal stresses
and strains. Thus, it is not adapted to the cases where propagation

occurs by a shearing process. Moreover, this criterion does not take
the mean stress into account

WSWT = G?aXASmaX (21)

e Liu’s criterion based on virtual strain energy [41]

Such a criterion is derived from the previous one. A virtual
strain energy, AW, is defined as the product of A¢ and Ac as

AW = AG - A¢ = EAé, - (Ag, + Ate) (22)



where Ao = EAce.

The equation has a similar form as the one proposed by Smith,
Watson, Topper [40]. However, a clear distinction is introduced
with the process damage mode. In tensile damage mode (mode
I), the criterion is the same as with SWT. In shearing damage mode
(mode II), the terms AW, and AW, are calculated from shearing
stresses and strains.

e Glinka’s criterion [42]:

It is proposed to add up strain energy for the normal direction
and for the shearing direction taken in the critical plane. For axes
1 and 2 taken on the critical plane, we have

W = (A712/2)(A012/2) + (A& /2)(AG22/2) (23)

e Varvani-Farahani’s criterion [43]:

No empirical parameters would be introduced using this crite-
rion. It is only based on material parameters deduced from classical
fatigue tests, such as cyclic traction torsion, bending. Mean stress
effect is specifically included

powe 4 (1080

W =
! ol I nyl
g Tt Ys

ArmaxA(%) (24)

with " the mean stress in the normal direction to the critical
plane, Atnax and Aymay the maximum variations of the shearing
stress and strain.

4.4.4. Remark on criteria based on strain energy

The physical basis of such criteria is not well established. The
stocked energy, which contributes effectively to the damaging pro-
cess, only accounts for a small part of the applied mechanical en-
ergy. The major portion does not contribute to damage and is
dissipated by a significant material heating. Consequently, criteria
based on strain energy would require analysing a quantity, which
is actually ten to twenty times larger than the one truly relevant
to the damage process. Therefore, such a difficulty could be over-
come with an amplification factor independent of loading.

4.5. Socie’s proposition for criteria based on critical plane

Regarding multiaxial fatigue life criteria, criteria based on stres-
ses are mainly adapted to the HCF regime, whereas criteria based
on strains are mainly adapted to the LCF regime. In this manner,
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criteria derived from mechanical macroscopic quantities, such as
strains or stresses, would not appear to be able to cover all the do-
mains. However, other criteria based on strain energy consider-
ations could overcome this difficulty [37-39], [40,41]. Yet the
physical pertinence of a single criterion is not easy to justify. In
reality, damage mechanisms are very strongly dependent on the
fatigue domain being investigated. In the LCF domain, a general-
ized micro-cracking occurs as early as the beginning of the lifetime.
Damage evolution over the lifetime mainly corresponds to crack
propagation of existing cracks. It is the multiaxialty effect on crack
propagation itself that is required. On the contrary, in the HCF do-
main, more than 90% of the total lifetime may correspond to crack-
ing initiation itself (Fig. 6). Therefore, knowledge of the
multiaxiality effects on persistent slip band, intrusions—extrusions,
and micro-cracking creation and evolution is needed in the HCF
domain.

Moreover, it is crucial to underline that damage mechanisms
also depend strongly on the microstructure of the material as
was shown for 304L stainless steel and Inconel 718 on Fig. 6 [44].

In consequence, Socie [44], proposes to discriminate three
zones (Fig. 6):

e Afirst region A, where shearing mechanisms are dominant. Note
that such a region is completely absent for 304L stainless steel,
whereas it is very large for Inconel 718. Socie proposes the
Fatemi’s criterion (Eq. (16)) [33].

e Asecond region B, where cracking is still initiated with shearing
mechanisms. However, a large part of fatigue life corresponds to
cracking propagation in a plane, which is perpendicular to the
highest principal strain and stress. The SWT criterion is pro-
posed (Eq. (21)), [40].

e A third region C, which corresponds to high cycle fatigue, where
cracking initiation concerns a very large part of fatigue life. The
Mc Diarmid’s criterion is proposed (Eq. (9)), [24].

The development of such modelling seems too complex in our
case, where the goal is to define a criterion that is easy to use for
finite-element calculations and for industrial applications.

5. Application to SPLASH and FAT3D thermal fatigue tests
5.1. Preliminary observations

This paragraph deals only with applications to SPLASH and
FAT3D tests. Some multiaxial criteria based on stress, on strain,
and on energy will be applied successively. The preliminary obser-
vations are:
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Fig. 6. Fatigue damage mechanism as a function of fatigue life and ratio number of cycles to fatigue life: zones corresponding, respectively to crack nucleation, shear crack
growth tensile crack growth 304L austenitic stainless steel (left) and Inconel 718 (right) tested under fully reversed traction.



(i) For identical fatigue life, strain range response is nearly com-
parable for both 316L steel (FAT3D) and 304L steel (SPLASH),
when its value is lower than 0.6% (see Appendix A for more
details on LCF). Among the thermal fatigue campaigns, only
one FAT3D test corresponds to a higher strain range
(FAT3D-1 ~ 0.8%). In contrast, stabilized stress data show
that 304L steel has a more ductile behaviour.

(ii) Regarding triaxiality factor, all the SPLASH tests corres4pond
to TF = 1.95, values of TF for FAT3D are 1.96, 1.94 and 1.86
for test n arel, 2, and 3, respectively.

In order to investigate adequacy of each criterion, a reference
curve is built by applying criterion to the uniaxial LCF data. Such
curve represents the “equivalent loading” as a function of the fati-
gue life: it should characterize the fatigue toughness of material at
all the triaxiality factors. So, the application of criterion to multiax-
ial fatigue data should give values close to this reference curve. The
biaxial thermal fatigue data are thus compared with that one, and
the deviation factor is then calculated. A large negative deviation
(e.g. lower than —20%) means an unconservative fatigue life esti-
mation (abscissa of the fatigue graph).

5.2. Multiaxial criteria based on stress

Generally, they are based on fully reversed torsion data. Regard-
ing austenitic stainless steels, we use the relation between torsion
and fully reversed tension proposed by [45]

Tp = 0.6670D,1 (25&)
As proposed by [18], we use also
op_1 = 0.5UTS (25b)

where UTS is the ultimate tensile strength for monotonic tensile
loading.

Von Mises, Sines, Crossland and Dang Van'’s criteria are consid-
ered (Egs. (2a), (5a), (5b), and (7)) [16,19,20] (Figs. 7a and b). They
are applied with the stabilized stress determined at half-life.

As expected, Von Mises equivalent stress does not provide con-
venient estimations (Fig. 7a and b): thermal fatigue values are of-
ten far below LCF values. Exactly same trend is found with both
Crossland and Sines’ criteria, however deviations from low cycle
fatigue curves become significantly lower. Once again, thermal fa-
tigue appears more damaging for a same level of stress. The esti-
mations deduced from Dang Van’s criterion on FAT3D are mainly
higher than LCF (Fig. 7b).

5.3. Multiaxial criteria based on strain

As exposed in Part I, an approach based on equivalent strain
does not give good estimations (see Fig. 16 of Part I).

Manson-Halford and Zamrik’s criteria [26,29] give more con-
venient estimations (Figs. 8a and b). Among the two, Zamrik’s
criterion would seem to be the best, since ThF SPLASH data are
closer than LCF304L data, particularly for the highest number
of cycles (AT =125 °C), where deviation is only about 10%. Devi-
ation is larger in FAT3D, but in this case Zamrik’s criterion leads
ever to an equivalent strain overestimate, and to a conservative
estimation of fatigue life. This latter result was longer verified
by [46,47].

5.4. Multiaxial criteria based on energy

Applied criteria are criterion based on amount of plastic dis-
tortion strain energy [35], Park and Nelson’s criterion [34] and
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Fig. 7a. Criterion based on Von Mises equivalent stress. Scatter band is calculated
for LCF tests.

Amiable’s criterion (“Ecole Polytechnique”) [37-39] (Figs. 9a, b
and c).

A criterion based on plastic distortion strain energy is also
unsuitable [35] (Fig. 9c). All SPLASH data are below 304L LCF data.
An improvement can be observed by applying the Park and Nel-
son’s criterion [34] with k; =1 and k; ~ 1,18 (Eq. (19)) (Fig. 9a).
However, it does not appear to be well adapted. The criterion pro-
posed by S. Amiable (Eq. (20)) for SPLASH gives the best estima-
tions for the both facilities (Figs. 9b and c). The value of « is also
determined from traction-torsion tests [49] including thirteen
loading paths (See Appendix B). We obtain: o =0.007. As for the
Zamrik’s criterion, a larger deviation is observed on FAT3D, but it
is mainly positive yet.

6. Proposition of a new criterion

The objective is to propose a suitable multiaxial fatigue crite-
rion that is easy to use for design purposes and is also able to give
good estimations. In this framework, the selected criterion is
Zamrik’s. It is derived from Von Mises equivalent elastic strain
Agg, and equivalent plastic strain ranges Ag%,. In the perfect equ-
ibiaxial case

(TF = 2), the relation is : A"g;, = 1.42A&5, + 2Ael, (26)

In this case, an extension of the RCC-MR method [50] could be
considered for applying such a criterion. The value of A, could be
calculated after an elastic calculation, using the K, coefficient (see
Appendix A of Part I). A table giving directly Aceq as a function of
A&y, is proposed for the 316L steel (A3.15.591). Thereafter, values
of Agg, and A&g, are simply deduced. However, for 304L steel, a
complete calculation of K, coefficients must be performed (see Ta-
ble 9 of Part I).

Applying the Zamrik’s criterion, Fig. 10 exhibits an accept-
able agreement between the estimations using loadings
(A"&,) issued from the RCC-MR methodology (full square),
and the estimations deduced from finite element calculations
using an elasto-plastic law (full circle). Furthermore, it con-
firms the good agreement between LCF and ThF data (full
and cross symbols), as previously observed in Figs. 8a and b.
On the contrary, the present analysis, where the stress triaxial-
ity is not taken into account, gives an important discrepancy
between LCF and ThF.
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7. Discussion

e Some limitations to the use of such criterion

Such criterion is verified only for pure thermal fatigue loading,
proportional loading, and nearly perfect biaxial loadings. However,
superimposing a mean static stress to thermal fatigue loading dur-
ing cycling is possible (as pressure). A significant detrimental effect
of a positive mean stress has been exhibited by [46]. In this frame-

work, the available multiaxial fatigue criterion would have to be
able to take additional stresses into account. This is not the case
for the Zamrik’s criterion, since the triaxiality factor TF does not
explicitly depend on mean value. However, this could be possible

with the criterion proposed by Amiable, since
W= WP + OCO-gax = WP + Oc(O-gean + O-a}:llt) (27)

In any event, specific tests performed with mean stress are
needed to elaborate, or to extend the validity of criteria.
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e Carrying out additional tests is a necessity

Establishing a “universal multiaxial criterion” is clearly unat-
tainable. One can instead established criteria that are close to our
material and loading path conditions: perfect equibiaxial loading
for AISI Type 300 austenitic stainless steels. In that framework, per-
forming thermal fatigue tests is a necessity. However, the number
of cycles achievable does not seem to be sufficient with the present
facilities, when compared with in-service conditions. The building
of a new high-frequency facility would be an additional resource.
Existing high-frequency facilities use either powerful-pulsed lasers
[51-53], or electron beam heating [54].

Temperature measurements in the thickness may lead to some
imprecision. So, a proposition is to perform also cyclic isothermal
perfect biaxial tests using a special bi-traction device [55], such
as the ASTREE device of “Ecole Normale Supérieure de Cachan”
[56]. Let us observe that another simple tensile device is used for
repeated perfect biaxial tests with the help of a special mounting
adaptation [57].
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e Problem related to the short crack propagation

Another question deals with the short crack propagation, be-
cause definition of the experimental crack initiation depends
exclusively on the observation method. In many cases, a part of
propagation can be thus included. The propagation stage is proba-
bly very limited in the case of the ThF SPLASH tests, where initia-
tion refers to a 100-200-pum crack length. However, impact of
the short crack propagation stage becomes assuredly more impor-
tant for the ThF FAT3D tests and also for the in-service components,
where initiation refers to a 1-2-mm crack length. Besides, in the
case of the isothermal reference LCF tests, Nos (number of cycles
with 25% load drop) corresponds roughly to a 2-3-mm crack
length.

As exposed already in Section 4.1 and in Section 7 of the Part I
accompanying paper, it is clearly shown that a biaxial loading fa-
vours the initiation stage itself. Nevertheless, such result is strictly
correct in principle, if only “microstructurally short cracks” (as
cracks smaller than the grain size) are considered without no prop-
agation. An opposite tendency is emphasized for the short crack
propagation stage itself: in fact, a biaxial loading leads to a dra-
matic reduction of the size of the crack tip plastic zone, and of
the crack tip opening displacement, which in turn would lead to
a significantly lower crack propagation rate [58,59]. In conse-
quence, the multiaxial loading effect on the experimental crack ini-
tiation (including some propagation) could be unobvious.

However, all the performed tests have been shown that for a
given level of strain range (Ag), biaxial ThF data are below both
uniaxial LCF and TMF data (see Figs. 1-3 and Section 2). Such evo-
lution probably arises from a major importance of the purely
crack initiation stage (“microstructurally short cracks”) compared
to the short crack propagation stage. Moreover, let us note also
that all the presented multiaxial criteria have been generally also
built from fatigue data including also some short crack
propagation.

e Other related problems with respect to thermal fatigue in nuclear
components

Regarding crack initiation itself, a first question deals with the
surface condition. It is well known that surface roughness may be
an important parameter, since machining striations can promote
initiation. Residual stresses arising from machining can also pro-
mote (tension stresses), or delay (compressive stresses) initiation.
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In this framework, some investigations were carried out [60]. The
interest of the shot peening process is also questioned [61].

Another problem is related to the damage summation, since in-
service components are submitted to variable loadings during
their life (such as variable amplitude, mean level, frequency, ...).
From this perspective, first random fatigue tests have been per-
formed at CEA with loadings that were as representative as possi-
ble. The objective was to verify the validity (or not) of the Miner’s
rule [62].

Although it was not investigated now in the CEA thermal fati-
gue programme, the environmental effect is also a damage param-
eter. The oxygen content for component water-cooling is very low.
In this respect, results obtained on laboratory facilities would have
to be conservative.

The detail investigations of RHRS components clearly show
that crack propagation is also a significant problem [1], [63].
On these components, a network of thermal fatigue cracks is
generally observed, with a crack propagation of up to 2.5 mm
in depth. In this respect, the conditions for a potential crack ar-
rest are now being investigated. Thermal loading frequency
would be a very crucial parameter. Simple thermomechanical
calculations show that high frequency loadings lead to a very se-
vere attenuation of mechanical loading with depth [64]. On the
contrary, low frequency thermal loadings (~0.1 Hz) may lead
to a weak attenuation. Therefore, thermal fatigue investigations
require an improvement in the knowledge of thermal loadings
and hydrothermal conditions, which occur in components. In
pursuit of this objective, the CEA thermal fatigue programme in-
cludes tests on representative structure, such as RHRS of PWR
(FATHER programme) [65].

8. Conclusion

1. The discrepancy between both SPLASH and FAT3D thermal
fatigue and low cycle fatigue data does not come from a ther-
mal effect. A literature investigation shows that multiaxial
loadings may have a detrimental effect on fatigue life. Multiax-
ial criteria based on stresses, on strains, and on energy are
proposed.

2. Criteria based on stress are not adapted as cyclic plasticity
occurs in the endurance domain for austenitic stainless steels.
The Zamrik’s strain criterion proposed by [47,48] and the
energy criterion proposed by “Ecole Polytechnique” [37-39]
provide the best estimations.
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The Zamrik’s strain criterion is derived from Von Mises equiv- W' =W, +0.007¢" _ with W, = / o &td and 0"
alent elastic strain range Agg, and equivalent plastic strain range -
Atk = max at(t).
* TF-1 TF-1 . M
Aely = (1427 ) Aeg, + (2" 1) AR, with TF = 3040y

The energy fatigue parameter is simply defined from the dissi- 3. These two criteria are well adapted to both SPLASH and FAT3D

pated energy Wp, and the maximum value of the hydrostatic stress tests, despite significant differences between experimental pro-
ot during the stabilized cycle cesses and approaches developed on both facilities:

cycle
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e the SPLASH specimen is a “2D specimen”, since thermal fati-
gue results from an in-thickness temperature variation in a
free plate. Crack initiation corresponds to the first crack
length corresponding to one to two grain sizes.

e the FAT3D specimen is a “3D specimen”, and consequently
more representative of in-service components. An approach
based on structural mechanics integrity is adopted to define
crack initiation (1-2-mm length).

4. The Zamrik’s criterion using the RCC-MR method is already
quite promising, since elastic and plastic parts can be simply
deduced from an elastic calculation and the amplifying factor
K,. However, some adaptations must still be made, since an
endurance limit cannot be estimated.
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Appendix A. Comparison between 304L and 316L steels LCF
properties used for SPLASH and FAT3D data investigations,
respectively

In Fig. Al, strain range is represented as a function of the
number of cycles for both 316L and 304L steels. Evolutions are
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Fig. A1. Comparison between Type 304L and 316L steels used for SPLASH and
FAT3D, respectively - strain variation as a function of number of cycles for LCF tests.
304L LCF tests correspond to 165 and 320 °C, 316L LCF tests corresponds to Nf/2 at
room temperature as justified in Fig. 5 Part I.
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and 320 °C, 316L LCF tests corresponds to N¢/2 at room temperature as justified in
Fig. 5 Part L.

comparable with both 316L and 304L steels when strain range is
less than 0.6%.

Regarding stabilized stress, which corresponds to stress reached
at half-life, a significant difference is observed between the two
steels (Fig. A2). Type 304L steel appears to have a more ductile
behaviour.

Appendix B. Details on the parameter « used in the criterion
proposed by S. Amiable (“Ecole Polytechnique)

Traction-torsion tests performed by Itoh [49] are used to deter-
mine the parameter o. Fig. B1 presents the traction-torsion loading
paths. Fig. B2 highlights the good agreement between data issued
from SPLASH, Itoh and push-pull tests.
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Fig. B1. Traction-torsion tests performed by Itoh [49] with 13 loading paths.
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Fig. B2. Criion based on energy proposed in S. Amiable’s PhD Thesis. Value of
o =0.007 is determined from push-pull tests, traction-torsion tests performed by
Itoh [49] and SPLASH thermal fatigue tests.
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