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Abstract. The prediction of fatigue in materials and structures is usu-
ally based on experimental Wohler curves, relating the number of cycles
to failure to the amplitude of the applied cyclic loading. Those curves
show some scattering due notably to the variability of the microstruc-
ture. Predicting fatigue lifetime can thus be seen as a statistical problem
that depends on microstructural descriptors. This paper paves the way
to a probabilistic approach for quantitatively linking crystallographic
and morphological texture data to fatigue lifetime prediction. In more
detail, a simplified mesoscopic model is constructed for calculating the
evolution of an elastic-plastic polycrystal with a prescribed texture. That
model is limited to high cycle fatigue, corresponding to cyclic loadings
of sufficiently low amplitude for plasticity to be mainly confined to few
well-separated grains. The model obtained takes details of the texture
into account, i.e. the distribution, shape and orientation of the individual
grains. It relies on analytical formula and is mesh-free. A comparison with
full-field finite element simulation shows that the proposed model leads
to satisfactory results in regard to its complexity. In the case of cyclic
loading, we show that the model presented leads to a direct method
for calculating the asymptotic values of the plastic slips (and cumulated
plastic slips) reached in each grain when the number of cycles grows to
infinity. We show how that direct approach can be used for upscaling a lo-
cal failure criterion to the mesoscopic scale and performing probabilistic
analysis.

Keywords: High cycle fatigue - Mesoscopic model - Crystal plasticity-
Incremental energy minimization - Direct method.

1 Introduction

It is commonly accepted that fatigue in polycrystals is related to plastic mech-
anisms occurring at the grain scale. Plastic flow initiates in few critical grains
having the least favorable orientations with respect to the applied loading. For
small loading amplitudes, plasticity remains confined in those grains but persis-
tent slip bands may appear after a large number of cycles, leading to the possible
initiation of a crack. Based on that interpretation, the fatigue life of a polycrystal
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could in principle be predicted from the elastic-plastic evolution of its constitu-
tive grains. Some work in that direction can notably be found in [1] using full-field
simulations. For such problems, direct methods bypassing the incremental sim-
ulation over a large number of cycles are of interest. A possible approach is to
use shakedown theory. In classical plasticity, Melan and Koiter theorems deliver
bounds on the set of loadings for which there is elastic shakedown, i.e. the plas-
tic dissipation is bounded on the time interval [0, +00). In more intuitive terms,
shakedown means that the medium behaves elastically in the large time limit.
Those theorems have been extended to several types of nonlinear behaviors [17—
19,24, 8,20, 21] and can be used to bound the shakedown domain of a polycrystal
with a given microstructure. Since shakedown is beneficial for fatigue, loadings
within the shakedown domain are expected to correspond to high-cycle fatigue.
A recent illustration of that approach can be found in [15]. However, although
shakedown is a requisite for high-cycle fatigue, it does not guarantee an infinite
lifetime. Indeed, the number of cycles to failure depends on the asymptotic state
of stress reached in the polycrystal, which shakedown theory only provides lim-
ited information about. Sects 2—4 of this paper report on a simplified numerical
method for a fast evaluation of the plastic slips in elastic-plastic 2D polycrystals.
That method is based on incremental variational principles, which have proved
to be a fruitful approach in many applications [9,10, 2, 16, 26,22, 25]. Starting
from elastic-plastic constitutive equations detailed in Sect. 2, the incremental
evolution problem is turned into an energy minimization problem over the space
of admissible displacement fields and plastic slip fields (Sect. 3). An approxi-
mate solution can be obtained by restricting the minimization to a well-chosen
finite dimensional subspace, in the spirit of Galerkin’s methods. In the present
case, we restrict the energy minimization to plastic strain fields that are uniform
per grain. For an isotropic elasticity tensor, the incremental problem reduces to
a linear complementarity problem. That problem can further be simplified by
neglecting the elastic interaction between plastifying grains and assuming that
only one plastic slip system is activated in each grain. Such assumptions are ex-
pected to be representative of small loadings corresponding to high-cycle fatigue.
In that case, the incremental problem can be solved analytically as detailed in
Sect. 4. The increment of plastic slip in grain j is obtained as an explicit function
of the material parameters, loading parameters and a localization tensor 87 that
is entirely determined from the geometry of the grain and the elastic moduli.
For an ellipsoidal grain, the tensor 87 corresponds to the Eshelby tensor [5,14].
The validity of the model presented is briefly discussed in Sect. 5 by comparison
with full-field finite element simulations. The approach presented allows one to
estimate the step-by-step evolution of plastic slips for a given loading history. In
Sect. 6 we focus on cyclic loadings and show that the approach presented leads to
a direct method for calculating the asymptotic values taken by the state variables
in each grain as the number of cycles grows to infinity. That method is direct
in the sense that it gives the asymptotic state without resorting to step-by-step
calculation. The direct approach of Sect. 6 is used in Sect. 7 for upscaling a local
(microscopic) fatigue criterion to the mesoscopic scale of a polycrystal: starting
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from a crack initiation criterion at the grain level, we use the asymptotic for-
mulas of the shakedown state to express the fatigue criterion at the mesoscopic
level. The mathematical structure of the obtained fatigue criterion is compared
with well-established fatigue criteria (Dang Van, Crossland, Sines). In Sect. 8
we show how the model presented can be used in a probabilistic setting.

2 Constitutive laws

2.1 Single crystal

First consider a single crystal modeled in the framework of crystalline plasticity
at small strains: considering N slip systems (n;,¢;)1<;<n, the local strain € is
decomposed as

N
e:C’_lza—i—Z%T? (1)
i=1
where
1
T = §(ni®ti+ti®ni) (2)

and (v;,m4, t;) are respectively the plastic slip, the normal to the slip plane and
the slip direction for slip system i. In (1), o is the stress and C'is the elasticity
tensor (assumed to be isotropic in the following). We recall that the strain e
is related to the displacement u by the relation € = (Vu + VTu)/2. Adopting
the framework of generalized standard materials [6], the plasticity flow rule is
determined from the free energy ¥ and the dissipation potential @, which are
respectively chosen as

1 N N 1 N
U= LY ) Ot le— Y nrh) 4 e YA 3)
=1 =1 =1
N
b= Z (7 +E&ma) |l (4)
=1

where

t
- / 5alde
0

is the accumulated plastic slip, 7. > 0 is the critical shear stress, {x > 0 is the
linear hardening modulus and £ > 0 is the isotropic hardening modulus. The
flow rule reads as

=71.+&n; if 4, >0
= —T. — &N if9; <0 (5)
€ [~Te = &miyTe +Emi] if i =0
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2.2 Polycrystal

Now consider a polycrystalline Representative Volume Element (RVE) consti-
tuted of M grains occupying the disjoint subdomains 2',---, 2. The crys-
talline orientation in grain j is characterized by a rotation R’ relative to the
reference crystal, so that the constitutive equations in grain j are obtained by
replacing 70 with 77 = TR/7VR’ in (1) and (5), i.e. for € 27 we have the
relations

N
e=C'io+) il (6)
i=1
. =T +&n; if 4; > 0,
o7 —Exvi =T —&mi if 45 < 0, (7)

€ [_Tc - gniv’rc + 5772] if ’Y’L =0.

We note than in the more general situation where the elasticity tensor C' is
not isotropic, the term C' in (6) should be replaced with a rotated elasticity
tensor depending on R?. The RVE is submitted to traction force &(t) - n on its
boundary, where & (t) can be interpreted as the mesoscopic stress at time ¢t. We
consider a proportional loading of the form

a(t) = f(t)oo (®)

where o is independent of time. Assuming quasistatic evolutions, the stress
field needs to satisfy the equilibrium equations

dive=0in 2,0 -n =06 -non Jf2 9)

where 2 = Uj”ilﬁj is the domain occupied by the RVE. To simplify the presen-
tation, the same critical shear stress 7. and hardening moduli are used for all
the grains.

3 Incremental energy minimization

For solving the evolution problem defined by Egs (6), (7) and (9), a common
approach is to resort to time-discretization: the evolution is calculated in a time
marching approach, using an incremental problem for estimating the state vari-
able (&, 0,7;,n;) at time t°+ ¢ (6t > 0), assuming their values (€%, %72, 7?) to
be known. Adopting the backward Euler scheme, the corresponding incremental
problem reads as

dive =0in 2,0 -n =6 -n on 912

N
e=C"': 0'—1—2%7-2 in
=1 (10)
=T +&n; if i > 77 ‘

—Te — &M if v <oy in £,

o T —Exvid =
€ [—7e — &miTe + &) iy =AY
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with n; = 7% + |75 —7?]. A variational formulation is attached to the incremental
problem (10). Setting v = (y1,- - ,Yn), it can be verified indeed that the dis-
placement field u and plastic slips field 4 in (10) are solution to the minimization

problem
&nﬁfy F (11)

where
F:Z/ Wd9+2/(7c+fn?+§§ \%fv?\)lwfvfldﬂf/ (6-n)-udS
o —Ja Ple;

and W7 is the free energy in grain j, defined by replacing T? with T; in (3).
Observing that [,,(6.n).udS = [, : edf2, we can rewrite F' as

M 1 N - N - 1 N
F:Z/ f(s—Z%—'rg):C:(E—Zvrr{)d()—i—ffx/ nyfdﬁ
o2 i=1 im1 2 i

n 1 )
Y [ e e+ g6 b=t —flae - [ o:ed0
=1

In general, problem (10) or (11) needs to be solved numerically, using e.g. the
finite element method. Following [23], we note that problem (11) is mathemati-
cally equivalent to a linear complementarity problem. Dedicated numerical algo-
rithms are available for such problems [3]. In the following we introduce a series
of simplifying assumptions that allow us to solve (10) in a semi-analytical form.
Those assumptions are expected to be relevant for small loadings corresponding
to the regime of high-cycle fatigue.

4 Simplified problem

4.1 Piecewise-constant plastic slips

We restrict the minimization in (11) to plastic slips that are uniform in each
grain. That assumption notably allows one to make some progress on the min-
imization of (11) with respect to w. For a given + (uniform per grain), observe
indeed that

N N
. 1 1
mfF:f&x/ > pd2 + ) /(Tc+£n?+ff i = W) v — 171d2
u 2 25 i=17 2
1L ,
+§§ | C T+ W

Jj=1

where

M
1 )
W:inff/sthedQ—g / e:C:77dR2— | &:edf? (12)
u 2o el Q
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and 77 = Ef\il ;7). Let x7 be the characteristic function of 27, i.e. x/(x) =1
. : JiTs- - . . [t . .

lfb:f € 27 and x’(x) = 0 otherwise. Setting 7(x) =C~" : 6 +>_; x/(z)77 , we
obtain

1
W:inf*/EZCZEdQ—/EZC:TdQ. (13)
u 2 Q 0

The solution ©* to the minimization problem (13) satisfies the stationarity con-
dition
/e*:C:edQ:/T:CzadQ (14)
I?) o)

for any compatible strain field e. Using (14) with € = &* gives fQ e* . C:
e*d2 = [, 7:C :e*df2 so that

Wz—l/T:C:s*dQ. (15)
2J)a

Choosing € = [,(e* — 7)d2 in (14) gives [,e*d2 = [,Td2 = |2|C™" :
-+, |27]77 so that

/TZCIE*dQZ&Z/E*dQ—I-ZTjZCZ(/ e*dQ)
(9] 0 X foXi

J

:\Q|&:C_1:6'—|—Z|Qj|6':7'j+2‘rj:0: (/ s*dQ).
i i >

(16)
Note that u* is a solution to the linear elasticity problem
o*=C:(e"—79)in (Y,
* * T, *
e 7£Vu .—i-V u*)/2, (17)
dive* =0 in 2,
o*-n =0 -non dfl.
The superposition principle implies that
6*2071:5'4—26]- (18)

J

where &’ is the strain field corresponding to the solution of the single inclusion
problem (defined for any given j =1,--- | M)

o=C: (el —17)in 7,

oc=C:&lin 2— (),

el = (Vul + V7Tud) /2, (19)
dive =0 in {2,

o-n=0on Jdf.

Problem (19) is linear in 77 so that &’(x) can be written as

el(x) =87 (x): 1/ (20)
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where the fourth-order tensor S’ does not depend on 77 and is entirely deter-
mined from {2, 7 and C. It follows that

/ e*dn = || (C_l :a’—i—ZSjk:Tk) (21)
i -

where
1

A
1927] J s

Sk (x)d. (22)
For j # k, the tensor S’ ¥ in (22) captures the elastic interaction between grains
j and k. The norm of that tensor is expected to decrease with the distance
between grains j and k. Substituting (21) in (16) we finally arrive at

Lo c s T L ilri . - gk - ok
W:—§|Q|0'.C .0'—2j:|QJ|U.TJ—JZk:§\QJ\T].C.SJ cTh (23)

Dropping the constant term |2|& : C~' : /2, minimization problem (11) thus
reduces to

M Mo 4 LM
inf~y —Z\Qﬂ&m‘]— Z §|(23|7']:C:S]k:Tk+§Z\QJ\TJ :C 7!
Jj=1 Jik=1 Jj=1

N N
1 1
+58x /Q PRLEDD /Q(TC + &} + 5€ i =7 Db — 77142,
=1 i=1
(24)

4.2 Critical grains

Consider an initial state (¢ = 0) in which v = 0. In the general case of a non-
proportional loading, several slip systems may be successively activated in each
grain depending on the direction of & (¢). However, for a proportional loading as
considered in (8), only one slip system is expected to be activated in each grain
(at least for small loading level f(¢)). That slip system I(j) corresponds to the
maximum resolved shear stress in each grain, i.e.
I(5) = argmax; <; <y |0'0 s

Assuming that only slip system I(j) is activated in grain j and denoting by
47 (resp. /) the corresponding plastic slip (resp. cumulated plastic slip), (24)
becomes

. o I | R
1gyf—Z|QJ|a.TJ—Z§|QJ\TJ.C’.SJ T +§Z|QJ|T].C.TJ
J gk J
1 M o M _ 1 _ _ _ _ (25)
+56x D17+ 31927172 + 5 [ = 0D =47
j=1

Jj=1
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where 770 and 790 are the plastic slip and the accumulated plastic slip in grain
j at time t°. The updated critical shear stress 70 in (25) is defined by 70 =
Te 4+ &m0, All the grains remains elastic if the loading level f(¢) in (8) is such
that |f(t)o? : 'TJI(].)| < 7. for all j, i.e. the elastic limit is

Tc

- ’
sup; [0 : Tl(j)|

For loading levels slightly above that elastic limit, plastic flow is expected to be
limited to few critical grains characterized by the highest value of the resolved
shear stress |o? : T]I(j)|. Without loss of generality, we can assume that those
critical grains are grains 1,---,m. We assume that the critical grains are far
away from one another, so that their elastic interaction is negligible. In that
case, (24) reduces to

ipyf —Z|Q-7|6' o —Z§|QJ|TJ :C 8V T+ §Z|()J|7-J .C 7
L Fl = (26)
[ I TP L e
38 DI+ S 120D + 1€ Y PO )
Jj=1 j=1

where we recall that 77 = ~7 ‘r;(j). Setting
. . VAN S| j,0
of =77 C:(I=87) 7y, 8 =077, + 677, (27)

and _ ‘
a’ :O‘]+§+§Xa

the local optimality condition in (26) reads as

(el ity =
B —alyl =70 if 47 > 490
=70 if 77 < 490
which yields ‘ ' o
73,0 if |B] _ djfy]70| < Tg’
gl -0
i J — §I~3:0 0
~ = ﬁj&j ) if p7 —ady?? > 1), (28)
FTe e i i
T < if B —adyd0 < 70,
for j = 1,--- ,m. The aforementioned assumptions thus allow one to obtain
a closed form solution to the incremental problem of elastic-plastic evolutions
in a polycrystal. We can observe in (28) that the plastic slips !, --- ,7™ are

determined independently from one another, i.e. there is no coupling between the
plastifying grains. This results from the fact that the elastic interaction between
grains has been neglected. Apart from loading and material parameters, the
plastic slip in (28) depend on the shape and the crystalline orientation of the
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grain through the scalars o/ and 47 in (27). In more detail, the tensor S%7 is
determined from the shape of grain j whereas the crystalline orientation plays a
role through the selection of the active slip system I(j) and the corresponding

: J
strain 75, ..
I(4)

5 Illustration

5.1 Mesoscopic model construction

A 2D polycrystalline RVE of 500 grains is generated randomly using Neper -a
generation and meshing software package based on the Voronoi-Laguerre tessel-
lation. The obtained tessellation is shown in Fig. 1a. The implementation of the
formula (28) requires the evaluation of the fourth-order tensor S for each grain.
Note that problem (19) defining the tensor S is formally similar to Eshelby’s
inclusion problem. However, the irregularity of the grain geometries ruins any
hope of solving (19) analytically. Rather than evaluating S? numerically (which
could be done using finite element calculations), we choose to approximate each
grain into an ellipsoid, as shown in Fig. 1b . That strategy allows Eshelby’s ex-
plicit solution [5,14] to be used for §7. The approximation of each grain into
an ellipsoid can be performed using the maximum volume inscribed ellipsoid
optimization algorithm in Matlab [27] as well as a modeling system for convex
optimizations (CVX Matlab package).

Fig.1: (a) A 500-grain tessellation generated by Neper and (b) its approximated
geometry in Matlab.

Regarding slip systems, the face-centered cubic lattive (FCC) is one of the
most common crystalline structures in metals (Fig. 2a). In that case, there are 12
slip systems defined according to the Thompson tetrahedron. In the 2D setting
considered in this paper, we use 6 slip systems defined according to an equilateral
triangle shown in Fig. 2b. The inclination angle ©; shown in Fig. 2b is the Euler
angle describing the crystallographic orientation of grain j. The vectors (n;, t;)
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defining the 6 slip systems in the reference single crystal take the form

= () .

t = (Cos(mi‘m) , where m; € {—1,1} (29)

sin(m;o;)

At this point, all the ingredients are in place for using the simplified model

Fig.2: (a) The FCC crystalline structure. (b) Slip system in grain j of a 2D
polycrystal.

presented in Sect. 4: In a first stage, the active slip system and the best fitting
ellipsoid are calculated in each grain, which allows one to evaluate the parameters
(a7, 37) in (27). Subsequently, the plastic slip in each grain is updated at each
time step via formula (28).

5.2 Finite element model construction

In order to validate the solution procedure presented in Sect. 4, Finite Element
(FE) simulations have been performed in Freefem++ [7], importing the tessel-
lation shown in Fig. 1la into a 1 x 1 square domain that was finely meshed. That
unit square was embedded into a coarsely meshed 2 x 2 square serving as an
elastic matrix for reducing border effects (Fig. 4a). Material and loading param-
eters are reported in Table 1. The tensor o0 is set to (u; ® uz + us ® u1)/2
(pure shear). The plastic slip at each Gauss point is calculating using Lemke’s
algorithm [3] for solving the linear complementarity problem arising from (11).
In Fig. 4a are shown the plastic slips as calculated by the finite element method
after the first half-cycle. An average plastic slip per grain has been extracted
from the FE simulations and compared with the results obtained from the for-
mula (28). The relative error between those two values has been calculated for
each grain and is shown in Fig. 4b as a function of the average plastic slip com-
puted in Freefem++. The average relative error is 4.46% (4.28% when restricted
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E v fe fm ¢/p e
(GPa) (MPa) (MPa) (MPa™!) |(MPa)
210 0.3 101 0 1615.38  |100

Table 1: Material and loading parameters

to the critical grains with the highest plastic slips as shown in Fig. 4b) with a
maximum of approximately 13% (7% when restricted to critical grains). A finer
meshing density reduces the average error on critical grains to 3.79%. That er-
ror is partly due to the nonuniformity of the plastic slip within each grain, the
elastic interaction between plastifying grains and the irregularity of the grain
geometries, all of which are not taken into account in the simplified method.

IsoValue

14
12
10
v Critical grains
28
4 v ..
¥ g s *
[ : 4
2 . ¢ .
0 .
0 0.5 1 15 2ﬂ’p 25 3 35 4
! %10
(a) FE results for the plastic slip field (b) Model error as a function of the
in the polycrystal plastic slip (FE value)

Fig. 3: Validation of the mesoscopic model.

6 Direct approach for cyclic loadings

The simplified method presented in Sect. 4 allows one to estimate the step-by-
step evolution of plastic slips for a given loading history. In this Section, we
consider a cyclic loading and are interested in the asymptotic state reached by
the polycrystal as the number of cycles grows to infinity. As detailed in the
following, we show that asymptotic values of the plastic slips (and cumulated
plastic slips) in each grain can be obtained directly, i.e without carrying out
step-by-step calculations. Since there is no coupling between grains in (28), we
first note that critical grains can studied independently from one another. Hence,
from now on we simplify the notations by dropping the superscript j in (28) and
consider a single critical grain. The active slip system is denoted by (n,t). We
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have
V0 B <
-T2 . s
y={ —z i’ > (30)
0
P47 it ay0 <10
&
where
a=1:C:(I-8):7, B=6:T7+&", (31)
and

1
T:i(t®n+n®t), a=a+&+Ex.

We consider a cyclic loading of the form (8) where f(t) alternates between a
minimum value f,;» and a maximum value f,,..,. To fix ideas, we assume that
f(0) = f(T) = fmin and f(T/2) = fmaee where T is the period of the loading.
The function f is monotonically increasing (resp. decreasing) on the time interval
[0,7/2] (resp. [T/2,T]) and the plastic slip v is expected to have a similar be-
havior. This motivates calculating the evolution of v by solving the incremental
problem (28) on each of the half-cycles [nT,nT +T/2] and [nT +T'/2, (n+1)T].
We denote by vy (resp. 7,1 1) the value of v at time nT" (resp nT" + T'/2). Sim-
ilarly we denote by 7., (resp. 7., +%) the value of the updated critical shear
stress 7. at time nT (resp nT + T'/2). We obtain

Yo i B — Al < T

1= ,6 1 — T 32
T I g > em (#2)

where 6n+% = fmaxo'o T+ 57”7 and

’Yn+% if |6n+1 - dfynJr%‘ < Tc,nJr%
Yn+1 =94 Bnt1 + Ten+tl . - (33)
& if Bpy1 — Vgl < Tentl
where Bn11 = fmino® @ T+ {Vn41- Formulas (32) and (33) give a recurrence
relation for calculating the sequence of plastic slips 1,72, -. Let us consider
the case where shakedown occurs, i.e. the plastic slip converge towards a time-
independent value v, as time tends to infinity. Taking the limit n — oo in
(32)-(33) and assuming plastic flow on each half-cycle, we obtain the relations

_ fmaa:a'o T+ ffYoo — Te,00

e (34)

[0
_ fmmao T+ €Yo + Teyoo
ES a

o0

where Teoo = Te + Moo and e = Z(|’7n+1 - ’Yn+%| + h’nJr% — Ynl) is the

n—
asymptotic value of the cumulated plastic slip. It follows that

0. fma;c + fm'm 0. Tfmaac — fmin (35)

’YOO:U 2(0(+£X) ’ 7—C,OO:o- . 2



A direct method for cyclic plasticity in polycrystals 13

from which we obtain the value of 7., as

1 max — Jmin
7(f [ 0 ) (36)

770025 5 o T — T,

The obtained expressions for 7., and 7., can be rewritten in a more compact

fashion as
m

nt nt
oo — y Tloo — 37
Yo = e ¢ (37)
where
O-Z%: fmaw;'fmzno_[):T’o_?Lt: fmam;fmzna_():T (38)

are respectively the mean value and the amplitude of the resolved macroscopic
stress f(t)o® : 7. Formula (37) shows that there is a simple relation between
the loading parameters and the plastic state variables in the shakedown state.
However, there are some restrictions on the loading parameters for that formula
to apply. We have indeed

o0 oo
ool = 1D (1 =Yg 1)+ Oz =) € D Mintt = Yo 4 |+ s =l = 700
n=0 n=0

which implies that (37) holds only if

ot < Ot —

at+éx — &
When the loading parameters (o7, 02,) do not satisfy that condition, shakedown
is found to occur after a finite number of cycles. There is no direct formula for
estimating the shakedown state in that case.

Expressions (37) for the asymptotic state are verified through a comparison
with a step-by-step simulation of a 100-grain randomly generated tessellation
submitted to a cyclic shear. In Fig. 4a is shown the plastic slip vy as a function
of N, as calculated from (30). The cumulated slip 7. is shown in Fig. 4b. Those
values correspond to the grain that plastifies first in the tessellation. The material
and loading parameters used are reported in Table 2. The values v and 7
given by (37) are shown as red lines in Fig. 4. As expected, (Yn¢, ne) converge
towards Yoo and e as N, — 0o. For N, > 1.1 109, the relative difference between
YNe and 7o is smaller than 1% .

Tc

(39)

E v fe fm ¢ o
(GPa) (MPa) (MPa) (MPa™!) |(MPa)
210 0.3 101 50 5.1072 90

Table 2: Material and loading parameters

Formulas (37) gives a direct approach for estimating the asymptotic state in
each grain of the polycrystal. This is valuable for fatigue analysis and proba-
bilistic studies, as illustrated in the next Sections.
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Fig.4: Asymptotic state in a critical grain.

7 Mesoscopic fatigue criterion

Experimental observations show that fatigue cracks usually appear in persistent
slip bands inside critical grains. Motivated by such observations, we consider
that a fatigue crack may initiate in a given critical grain if X > b where

X = Sltlp Ont(t) + a0 (t) (40)

and (a,b) are (positive) material parameters. In (40), o,:(¢t) and o,,(t) are
defined as
ont(t) =m-o(t)-t, opt)=n-o(t) n

where n is the normal to the active slip plane, t is the direction of the slip and
o(t) is the local stress in the shakedown state. Correspondingly, fatigue life is
infinite if

X <b. (41)
A condition similar to (41) is considered in Dang Van’s fatigue criterion [4] and is
also related to damage indicators proposed by [13]. In the original construction
of Dang Van’s fatigue criterion, the purely elastic stress in critical grains is
approximated using Lin-Taylor’s approximation and the stabilized plastic strain
is estimated using a heuristic ansatz. The approach presented allows one to
improve on those assumptions. In more detail, when shakedown is reached in a
critical grain, the local stress takes the form

o(t)=0(t) —7C: (I =8):T.

Recalling that C' is isotropic (with Lame coefficients (A, 1)) and noting that
n -t =0, we have

Tnt(t) = f(£)on; = Yoott, Tun(t) = f(t)op, — Yoot (42)
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where « is defined as in (31) and

—a' =Ar(S:T)+2umen: S:T. (43)

Y. n. Using expression (37)

In (42), we have set 00, =n -0’ -tand o), =n-o
for v, yields

m

Jnt(t) + aUnn(t) = f(t)(arozt + aJ?Ln) - (a + aa/) [0 j’an ’

The value of f(t) reaching the maximum of the expression above is either f,q.
O fmin, depending on the sign of 0, + ac? . Setting

mo_ fma:c"’fmin 0 a _ fmaac_fmin 0 (44)

Unn 2 nn?’ nn 2 nn’

we arrive at X = sup{X, X_} where
O.m
Xy =0" +ao™ + (0%, +acl,) — (a+ aa/) —"1—. 45
L = (08 +ao) = (a-+ ao') 22 (45)
In the case £x = 0 (which we consider in the following), the expression above
simplifies as

/

Xy =aol’ £ (0% 4+ acl,) — a%am. (46)

7.1 Influence of the grain shape

The quantity X = sup{X;, X_} drives the fatigue life of critical grains. For
a given loading, X depends on the shape of critical grains through the ratio
o /oo where « and o are defined in (31) and (43) respectively. That ratio can
be interpreted as a geometric amplification factor of the mean resolved shear
stress o, Evaluating o'/« requires evaluating the tensor S introduced in (20),
which can only be done numerically in general. A notable exception is the case
of ellipsoidal grains, for which S coincides with the Eshelby tensor. Let 7 < 1 be
the aspect ratio of the ellipsoidal grain and let  be the angle between the long
axis of the grain and the direction n of the slip plane. Some calculations based
on the expression of the Eshelby tensor leads to

—a’  2(1—7)(1+7r+4 (1 —r)cos2x)sin2x
a (14+7)2—(1—r)2cosdz '

(47)

Interestingly, the ratio —a’/« is found to be independent of the elastic moduli.
It is plotted in Fig. 5(left) as a function of the angle x, for several values of the
aspect ratio r. In the limit case r = 1 (circular inclusion), ¢’/ is equal to 0. In
the limit case » = 0 (flat grains), we obtain —a’//a = cotanx which may take
any value in R depending on the angle x. We have in particular —a//a = 400
when z = 0, i.e. when the normal to slip plane is parallel to the (flat) grain.
More generally, for a given aspect ratio 7, it can easily be seen that —a'/« is
m—periodic and covers an interval of the form [—M (r), M (r)] as x varies between
0 and 7. The function M (r) is plotted in Fig. 5(right) and can be interpreted as
a maximum amplification factor of o] in the fatigue life indicator X.
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Fig.5: Geometric amplification factor capturing the influence of the grain shape
(orientation x, aspect ratio r) on the fatigue indicator.

7.2 Influence of the crystalline orientation

For a given aspect ratio r, we consider the worst situation where the angle x
gives the largest value of |o//«| in which case

Xi = aUZln + (Jfrltt + G,O'gn) + CLM(T”U%'

Let (w1, us) be eigenvectors of 0, so that 0¥ = \ju; ® u; + Aaus ® us with
A1 < Ag. The orientation € of the active slip system depends on the crystalline
orientation and can be parameterized by the angle 6 such that n = cosfu; +
sin Qus and t = — sin Quq + cos fus. We have

Xy =a(fm™+ N2+ (A1 — Xa)(cos 0)2) + f4 (A2 — Ap) sinf cos 0 48
+aM (r)|f™|(A2 — A1)| sin 6 cos 0] (48)

where
fm: fmax+fmin fa: fmaw_fmin.
2 ’ 2
The most critical value of X is obtained by maximization with respect to 6.
That maximization can be performed in closed form (details omitted) yielding

I e X)WV MO+ @7+ R

sup Xy =a(f™+[)

A similar calculation gives

sup X = a( "= ) 2122 4L O M)V @M P+ (7 R
Hence, if
m a A+ A 1
a7 1222 4 L g )V M + (7 E 2 < b (49)
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then a critical grain of aspect ratio r satisfies the infinite lifetime condition,
whatever its geometric or crystalline orientation. Now consider a polycrystal
made of ellipsoidal grains with varying aspect ratios in a given interval [rg,r1].
Observing that the left-hand side of (49) is increasing with M (r) and noting
from Fig. 5(right) that M is decreasing with r, we obtain that the condition

. ;/\2+%(A2—>\1)\/(f“ + al (ro)|f7)? +a*(f™ £ f4)? < b (50)

a(f"+f)

ensures that all critical grains satisfy the infinite lifetime condition, whatever
their orientation (both geometric and crystalline) and whatever the exact value of
their aspect ratios. Condition (50) can thus be interpreted as an infinite lifetime
condition for the polycrystal. It is expected to be representative of polycrystals
that contains many grains covering almost all possible orientations. In that case,
there is indeed a high probability that there exists a critical grain close to the
worst orientation, thus achieving the value max X in (50). For a RVE with few
grains or a with special texture, condition (50) is expected to be conservative.
More details on such issues are provided in Sect. 8.

In condition (50), the only parameters related to the shape of the grains is
the scalar M (rp). The most favorable situation corresponds to circular inclusions
(ro = 1), in which case M (rg) = 0 and (50) reduces to

# + %(/\2 AV +a(frEf2<b (51

a(f™ = f*)
Eq. (51) is expressed only in terms of macroscopic loading parameters. It can
be interpreted as an upscaled version of the local expression (41) used in indi-
vidual grains. It is interesting to compare (50) with 2D versions of widely used
macroscopic fatigue criteria such as Crossland’s, Sines’ or Dang Van’s criterion.
For the loading considered, the infinite lifetime condition obtained from a 2D
version of Dang Van’s criterion takes the form

A+ 1
%+§(A2—Al)fagb. (52)

a(f™ £ f%)
There is a close resemblance between (52) and (50), especially in the case of
circular grains. In particular, the term in 22422 is the same. Condition (51) can
be observed to be more conservative than (52) because the multiplying factor
of % is larger. The infinite lifetime condition obtained from Crossland’s and
Sines’ criteria in 2D read respectively as

AL+ A AL+ A 1
a(f" IS A [T (e = M) < (53)
AL+ A 1
afm%+§(xg—h)f“gb (54)

which differ from (52) by the term in (A; + A2)/2 capturing the influence of the
hydrostatic stress. In Dang Van’s, Crossland’s and Sines’ criterion, the term in
(A2 — A1)/2 (capturing the influence of the deviatoric stress) is the same.
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8 Probabilistic aspects

8.1 Survival function for a critical grain of random orientation

The direct expressions (37) for the asymptotic state are well suited to a proba-
bilistic analysis of fatigue. This Section elaborates on this point for the simplest
case of a zero-mean loading (i.e f™ = 0) and circular grains. In that case, we
have from (48)

X, =-X_=af*Oa+ (M1 — A2)(cos0)?) + f*(Aa — A1) sinf cos 6 (55)

where we recall that 6 is the orientation of the active slip system. The angle 6
depends on the crystalline orientation © in the critical grain, as shown in Fig. 6
for the case of the 6 slip systems listed in (29). In that case, it can be calculated
that 0 = ©—7/3if 0 < O < 7/6 (modulo 7/2),0 = O if 7/6 < O < 7/3 (modulo
7/2),0 = O+ 7/3if /3 < O < 7/2 (modulo 7/2). Setting ¢ = arctan(1/a),

241
2.2

S

1.6+
141

12| 7

ul R

0.6
0.4
02l

ol
—0.2

704 .
I I I I
0 02 04 06 08

1‘ 1.‘2 114 1‘.(} 1.‘8 2
e/
Fig. 6: Angle 0 of the active slip system as a function of the crystalline orientation

O.

some straightforward manipulations lead to

X AL+ A A=A
f—::a 1; 2+\/1+a2%y (56)

where
y = cos(20 + ). (57)
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Provided that 7/6 < ¢ < /3 (which corresponds to a in the range [1/+/3,v/3)]),
it can be verified that y takes values in [—y2, —y1] U [y1, y2] where

= cos(i = 2), = cos( = 3.

If now @ is seen as a random variable with a prescribed probability density, then

relations (56) and (57) allow one to calculate the probability densities of y and

X = max(Xy, X_). In the particular case where © is uniformly distributed on

[0, 27], it can be calculated that the variable y has a probability density p given
by

3 1
ply) = § 27 /1 -2
0 otherwise.

The probability density p in (58) is shown in Fig. 7 (red curve). To validate

0.10
0.09
0.08
0.07
0.06
= 005
0.04
0.03
0.02

0.01

0.00

Fig. 7: Probability density p of y = cos20 + ¢ (red curve). The vertical dashed
lines show the support of p. The histogram shows the probability density approx-
imated from a sample of 1000000 randomly generated crystalline orientations.

expression (58), the values of y corresponding to 1000000 randomly generated
crystalline orientations have been calculated. The results, shown as a normalized
histogram in Fig. 7, are in good agreement with (58).

The probability density of X can be obtained from (58) and relation (55).
Of particular interest is the survival function for X, defined as the probability
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that X < b when f® is prescribed. That quantity is denoted by S(f*) in the
following. It can be interpreted as the probability of infinite lifetime for a critical
grain of random orientation when submitted to a loading amplitude f¢. Eq. (56)
shows that the condition X < b is equivalent to

1 b 1 b
—(A- V<y< —(A+ —
where ) \ ) )
A:a%, B=V1+a 2 (59)
It follows that
Ato/1®
S =1,.,,. Py (60)
B

Using expression (58) for p, there is no substantial difficulty in evaluating the
integral in (60). The result depends on the loading mode o in (8) through
the parameters (A4, B) in (59). Both those parameters depend indeed on the
eigenvalues (A1, \2) of o¥. Let us consider the case of pure shear, i.e. 00 =
(u1 @ ug +us @uy)/2. In that case we have A =0, B = /1 + a? and we obtain

b
yl\/l —|—a2

S(f") = 1 + §(aurcsi (L) — 1) if L < UL —
2 fovi+a? wmb_ T ypV1+a?

1 if fo < ———=
YoV 1+ a?

o

if fo 2

3

(61)
The survival function given by (61) is plotted in Fig. 8 for the case a = 0.7. For
any given k in [0, 1], we denote by f the maximum loading amplitude f* such
that S(f*) = k. It can be verified from (61) that the median survival loading
[, (i-e. the loading f¢ corresponding to a survival probability of 50%) is equal
to b. The value f{, o, (corresponding to a guaranteed infinite lifetime) is equal

to b/yav1 4+ a2, with yo ~ 0.996 for the case a = 0.7 depicted in Fig. 8. It is
interesting to compare that value with the maximum value f2 .., corresponding
to an infinite lifetime according to the mesoscopic fatigue criterion (50). For the
loading under consideration, we obtain from (50) that f%. ., = b/v1+ a? which
is slightly smaller that f{;,s. The reason is that Eq. (50) was derived by allowing
the orientation 6 of the active slip system to take any value in [0, 27], which is
actually not the case as shown in Fig. 6. However, the relative difference between
Jioos and f1r,.s, is really small in the case @ = 0.7 (this can be verified to remain
true for any value of a in [0, 1]).

8.2 Survival function for a RVE with M critical grains

Consider now a RVE containing M critical grains and submitted to a given
macroscopic loading (f™, f¢, o). The RVE survives (i.e. has an infinite time) is



A direct method for cyclic plasticity in polycrystals 21

1.2

0.9}

0.8}

0.7+

0.6

S(f)

0.4

0.3}

0.2

0.1

| | | | |
0 02 04 06 08 1 12 14 16 18 2 22 24

VT

Fig. 8: Survival function for a critical grain of random orientation. Case f™ = 0,
ol = (u1 X Uo + U2 ®U1)/2, a=0.7.

all its critical grains do. If the crystalline orientations in the critical grains are
statically independent variables, the survival function S,,.s, of the RVE is

Smeso = SA/I (62)

In (62) it is assumed implicitly that all the critical grains have the same survival
function S, which is notably the case if f™ = 0 and the grains are circular. For
a shear loading with zero-mean value (0% = (u; ® ug +us ® u1)/2, f™ = 0), it
follows from (61) and (62) that the loading amplitude fg,, corresponding to a
50% probability of survical for the RVE is

b 1
VI+aZsin(yp + Z(2w — 1))

(63)

The value f£,, given by (63) is plotted in Fig. 9 as a function of the number M

of critical grains. It can be verified that fg, converges towards b/y2v'1 + a? ~

0 eso 88 M — o0o. This means that the mesoscopic criterion (50) is a good fatigue
indicator for RVE with many critical grains. In fact, 20 critical grains is enough
for the relative difference between fg,, and fJ, ., to be smaller than 1%. By
contrast, for a RVE with a small number (<10) of critical grains, fg,, may be
significantly larger than f,..,. Such a situation may occur for structures with
large stress gradients. In that case, the stress field varies rapidly in space, which
imposes the RVE to be small, consequently reducing the potential number of
critical grains. This in accordance with the experimental observation that fatigue
limits generally increase in the presence of local stress gradients [12, 11].
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Fig. 9: Median loading amplitude fS, for a RVE with M critical grains. Case
fm=0,0"=(u; @us +us@u1)/2, a=0.7.

9 Concluding remarks

In this paper we have presented a simplified method for calculating the elastic-
plastic evolutions of polycrystals submitted to loadings of relatively low am-
plitude. The comparison with full-field FE simulations shows that the method
presented is relatively accurate, at least in situations where plastifying grains
are relatively far away from each other. The main advantage of the proposed
approach lies in its numerically efficiency as it relies on analytical formula. In
the case of cyclic loadings, the proposed approach leads to a direct method for
estimating the asymptotic state. The proposed approach could be extended in
several ways. For instance, more advanced hardening laws could be considered.
The accuracy of the method could also be improved by taking the elastic inter-
action between critical grains into account, which is the topic of ongoing work.
An other important issue is the extension to the 3D setting. In that regard, we
note that the simplified model of Sect. 4 and the analytical formula of Sect. 6 for
the shakedown state can be directly extended to 3D. However, the construction
of the mesoscopic fatigue criterion in Sect. 7 as well as the probabilistic analysis
in Sect. 8 should be revisited and involve more complex calculations.
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