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The objective of this chapter is to give a description of the most efficient
algorithms for the numerical implementation of crystal plasticity models
in finite element codes. Of course, this approach requires a large amount of
equations, which are provided in great detail. The specific notations used
are grouped in a special section at the end of the chapter.

17.1 General form for the constitutive equations

17.1.1 Variables describing constitutive equations

The eventual programming of material characteristics within a finite
element code will ideally respect the physical and mathematical founda-
tions in form. Proper representation naturally leads to a complete interface
between the global code design and the local (material). Essentially, this
representation entails defining the appropriate variables used to charac-
terize a material behavior [452]. These variables are listed below:

Input variables viy. They are primary imposed problem variables over
which the behavior is integrated. These variables are computed at the
element level using the problem degrees of freedom. In standard me-
chanics, they usually correspond to strains (the measure will depend
on the problem formulation).

Output variables voyr. These variables are the direct result of the time
integration of the constitutive equations which are then used to com-
pute the internal forces at the elementary level. In standard mechanics,
they usually correspond to stresses (the measure will depend on the
problem formulation).

Internal/Integrated variables vj,. These variables represent quantities
used to describe the material state. They often are expressed as ther-
modynamic state variables [510,818]. These variables need to be time
integrated.

Auxiliary variables v,ux. They encode interesting information which
does not directly define the material state. They are functions of vin
but do not need to be time integrated.

External Parameters EP. These parameters are quantities which are user-
defined (prescribed) for the calculation but which influence the be-
havior. They, e.g., correspond to temperature for a purely mechanical
simulation.

Material coefficients CO. These coefficients are used to define the con-
stitutive behavior. Simple examples are elastic moduli, yield stress,
hardening modulus, etc. They can depend on other quantities so that

CO = CO (Vin, Vaux, EP) . (17.1)
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The class of behavior is thus characterized by the in—out variable types
viN/vout. In “standard” mechanics they will correspond to small de-
formation strain tensor / Cauchy stress (¢/g), Green-Lagrange strain /
second Piola—Kirchhoff stress (E/S), deformation gradient / first Piola—
Kirchhoff stress (F/II), Hencky’s logarithmic strain / work conjugate

stress [943] (H = } log (F”F) /T), etc. One has

pé:g=poé:t=poE:S=poF : [I=poH :T, (17.2)
where 7 is the Kirchhoff stress tensor and p/pg = detF.
When using implicit simulation codes, it is also required to compute the
“consistent” tangent matrix which can be formally expressed as

[K]= ——9UT (17.3)

where Avoyr and Avpy represent the increments of output/input vari-
ables over a finite time increment A¢. In “standard” mechanics, [ K] corre-
sponds to a fourth-order tensor.

17.1.2 Integration methods
17.1.2.1 Explicit integration

The evolution of integrated variables vjy, is usually expressed as a set of
differential equations

Vin = V(Vin, t, EP, CO, Vaux)- (17.4)

When considering this equation, one must indeed take into account that
EP, depends on time, cO on vin, EP, and vaux, and vaux on vin. This can lead
to some complex formulation, and it is important to keep track of the de-
pendencies. Eq. (17.4) can therefore be rewritten in a more simple form
as

Vin = V(Vin, 1). (17.5)

Eq. (17.5) can be integrated using well-known numerical techniques. De-
scribing these methods is indeed out of the scope of this text. Efficient
methods such as the Runge-Kutta methods are, for instance, described in
[180], and efficient implementations are now available. The main draw-
back of this method is that it does not provide a “consistent” tangent
matrix [K] so that specific developments are necessary to compute it. Note
that a perturbation method can be used, but this tends to be very time-
consuming as many integrations must be performed, possibly inaccurate
and strongly dependent on the selected perturbation.
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17.1.2.2 Implicit integration
Eq. (17.5) can be time integrated as

Avin =Vl 1)) At, (17.6)
where At is the time step and 6 is a parameter such that 0 <8 < 1. The
notation x? refers to the value of x at time 1° + 6 Ar where 1° is the time at
the beginning of the time step (so that x” is the value of x at the beginning
of the time step and x? = x% + 6 Ax). For 6 = 0, Eq. (17.6) corresponds to the
simple forward Euler integration scheme which is known to be unstable.
Stability is obtained provided 6 > 1/2. Eq. (17.6) is then rewritten as

Avin =V (@2, 4 0 Avin, 1° + 0 An) A, (17.7)

so that it becomes obvious that this equation must be solved for the un-
known value Avy,. The equation can be reformulated as

Rin = Avin — V), + 6 Avin, 1° + 0 Ar) At =0, (17.8)

where Rj, is the residual vector. Time integrating equation (17.4) becomes
equivalent to solving (17.8). This equation is usually highly nonlinear and
must be solved using, for instance, an iterative Newton—-Raphson scheme.
This requires the evaluation of the Jacobian matrix [J] associated to (17.8),
which is formally expressed as

R; R; ~ R;
am =[1]—Atam 8vm :[1]_9At8m

Jl= : .
[ ] 8Avin 0vin 0 8Avin avin 0

(17.9)

The evaluation of [ /] can be complex (see examples below). A perturbation
technique can be used, but will possibly suffer from the drawbacks that
have already been outlined above.

17.1.3 Consistent tangent matrix

Using the evaluation of the Jacobian matrix [J] it becomes possible to
compute the consistent tangent matrix at a relatively low cost. Eq. (17.8)
was solved for fixed values of the input variables viN. To evaluate the
infinitesimal variation of the integrated variables (§ Avin) caused by an in-
finitesimal variation of the input variables (8 Aviy), one must express that
the residual must remain equal to 0. So that

ORjin ORin
T oA Vin O0AVIN

~8AvNn =[J] - 8 Avin + [L]; - Avn =0,

(17.10)
where the subscript s denotes that the quantities are evaluated for Avj, so-
lution of Eq. (17.8) for the prescribed Avyy. Note that [J] is a square matrix
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which can be inverted; [L] is usually not square. For the above equation,
the following stiffness matrix can be evaluated:

0Av,

_ = -1 .
o=~ LI L. (17.11)

[Klin =
The output variables voyt are, however, usually not a subset of vi,. They
are rather expressed explicitly as functions of vj, and vy so that

O0AvouT O0AvouT
JZYOUT s A ZZP0UT |
Ao SN A

0Avoyt = 0Avour
= [Klin ) -84 17.1
< aAUIN aAUin [ ]m) SAvN, ( 3)

8 AvouTt = S Avin (17.12)

which leads to the final expression of the consistent stiffness matrix,
namely

(K= dAvour _ 0Avour | 0Avour
- dAvN - O0AVIN 0Avj,

Examples of these derivations will be given below in the case of the imple-
mentation of the constitutive equations for single crystals.

(K. (17.14)

17.2 A small strain constitutive model for single crystals

In the realm of elasto-plasticity of single crystals, it is commonly admit-
ted that elastic deformations are related to the stretching of interatomic
bonds, while plastic deformations are due to the gliding of linear defects
in the crystal lattice called dislocations. Dislocation glide occurs prefer-
entially on particular planes, which are denoted by unit normal n%, and
in particular directions, oriented by unit vector m®. The type of slip sys-
tems (plane/direction) vary upon the kind of crystal lattice (body-centered
cubic, face-centered cubic, hexagonal compact, etc.) considered. A con-
venient way to model plastic deformations in crystals consist in decom-
posing the overall plastic strain tensor into a sum of shear mechanisms
over the slip systems. The motion of a dislocation induces indeed an irre-
versible shear strain. Locally, for each slip system, the amount of plastic
shear strain can be quantified by a scalar value noted y*. In addition, in
order to represent the population of dislocations in the crystal, a scalar dis-
location density per slip system p® is defined. It corresponds to the length
of dislocation line per unit volume for a given systems and thus has a
unit of m/m?3, i.e., m~2. Since dislocation densities are for most crystals in
the range 10°~10' m~2, it is numerically more convenient to manipulate
dimensionless dislocation densities defined as r® = eb?p?. The scalar b de-
notes the norm of the Burgers vector, while ¢ is a nonphysical parameter
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used in order to scale dimensionless dislocation densities to numerical val-
ues that are close to the typical order of magnitudes encountered for strain
measures. Typically, € = 10° can be used. Within a small strain framework,
such a model for the elasto-plasticity of single crystals yields the following
sets of input, output, and internal variables:

i {e), vout:{a},  vin:{e® y%, r%}, (17.15)

where ¢ denotes the elastic strain tensor. Any increment of the elastic
strain tensor is linearly related to an increment of the Cauchy stress tensor
g,

Ag =C: Ag?, (17.16)

where C denotes the fourth-order elasticity tensor. From a numerical point

of view, it means that computing the unique output variable is a mere
postprocessing of one of the integration procedure result, namely Ag®. As
discussed earlier, plastic deformation in crystals is accounted for by a set
of shear mechanisms acting on several slip systems. The driving force on a
given slip plane in a given slip direction is called the resolved shear stress
7% and is related to the symmetric Schmid tensor N¥ as follows:

1
t=g:Ny,  Ny=;m*®n®+n*@m®. (17.17)

Within the small-strain setting considered in this section, an additive split
of the strain tensor increment into elastic and plastic parts can be assumed.
In light of the plastic deformation mode described above, the plastic incre-
ment can in turn be decomposed into a sum of shear modes increments
over each slip system. It comes to

N
A o
A§=A§8+A«2”=A£“+ZTV(@“ ®n%+n” ®m®), (17.18)

a=1

where N denotes the total number of slip systems. Now, the amount of
plastic slip increment over each slip system relies on mainly two aspects.
First of all, it depends upon the resistance to dislocation glide, i.e., the
stress barrier to overcome in order to put dislocations into motion. Such
a barrier is called the critical resolved shear stress . Following [463], a
form of the critical resolved shear is assumed as

(17.19)

where the first term 7§ is a material parameter that varies upon tempera-
ture. The second term models the hardening related to forest dislocations.



17.2 A small strain constitutive model for single crystals 479

Dislocation motion in a given slip system can indeed be hindered by dis-
locations lying in the same or others systems. Such impediments depend
upon the nature of the junction or dipoles that two dislocations can form
and are characterized by the magnitude of the coefficients involved in the
interaction matrix a*“. The second aspects on which relies the amount of
plastic increment on a given slip system is the resolved shear stress 7* act-
ing on its slip plane and in its direction of dislocation glide; t* needs to be
large enough in order to overcome the aforementioned barrier . In other
words, the yield locus for a given slip system follows Schmid’s law and is
given by

=% -2 (17.20)

Because of the symmetries existing in crystal lattices, slip systems are
mostly not unique and hence crystal plasticity inherits a multisurface yield
domain by construction. It is well known that such a surface can have
sharp edges and even corners. Therefore, if one assumes an associated
flow rule, such that the plastic strain rate develops perpendicularly to the
yield locus, indeterminacy of the plastic strain rate arises at edges and
corners since the normal is not uniquely defined. In rate-independent crys-
tal plasticity, the ill-posed problem of determining the set of active slip
systems and associated slip rates was addressed in various manner. Nu-
merical methods involving generalized or pseudoinverses [944,1624], or
augmented Lagrangian formulations [1279] were proposed. Alternatively,
[458] developed a rate-independent formulation of crystal plasticity based
on a smooth elastic-plastic transition which involves a rate-independent
overstress. Another possible alternative to overcome slip indeterminacy
commonly encountered in the literature consists in smoothing out corners
and edges by using viscoplastic flow rules in order to determine active
systems and slip rates [174]. The latter option is adopted in what follows.
Using a Norton-type viscous flow rule, the plastic slip increment is there-
fore written as

Ay =sign () Arioac). o =(L ) (17.21)
0

where yp and n are viscosity material parameters. The induced viscous
overstress is indeed equal to t(Ay®/(Atyo)V/" = w8 (7* /y0)!/". Using
large values for both parameters allows pushing such a rate-dependent
model towards a quasi-rate-independent limit. However, from a numeri-
cal point of view, increasing these parameters without precaution renders
the set of differential equations overly stiff and prevents from the pos-
sibility of using large time steps. Finally, in order to close the system of
equations, evolution equations for the dislocation densities »“ need to
be defined. These evolutionary laws are based on two main phenomena,
namely storage and recovery of dislocations [1407,734]. Storage occurs
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by pinning of dislocations after they have glided over a certain mean
free path, controlled by the dimensionless material parameter «. Recovery
takes place by annihilation of screw dislocations thanks to cross-slip. The
dimensionless material parameter G. characterizes the distance at which
annihilation can occur. The increment of dislocation density is related to
the plastic slip increment on the same slip system and dislocation densi-
ties on all slip systems as follows:

Ar® = | AyY| (17.22)

where b*" denotes another interaction matrix characterizing dislocation
storage.

Over a time increment, we recall that the unknowns to be determined
are the increments of integrated variables, namely As®, Ay*, and Ar®. The
set of nonlinear differential equations defined in Egs. (17.18), (17.21), and
(17.22) can be recast in a set of residuals Rj, as follows:

Ree =Ag®+ Ag? — Ag,

Ry« =Ay* —sign (t%) Atyo®(f%),

N (17.23)
X:b‘)‘ﬁr/S —G.r*
B=1

R =Ar" —|Ay°|| L

In order to solve Rj, =0 by Newton’s method, the Jacobian matrix of
Eq. (17.23) can be calculated as follows:
8R£e 6R£e 8R£e
0Age  0AyP  OArP
ORin _ ORy«  OR,«  ORye

Jl= = , 17.24
L1 0Avin 0Ag® 8A]/ﬁ OArP ( )
OR,« OR,« OR,«
0Ag® (’)Ayﬂ OArP
° Rie
Rie = Age + Agp — Ag, (17.25)
OR.e OR,e 5 OR.e
= =1, —N=N y —N=07 1726
0Ag¢ X oAybk OArp ( )
[ ] Ryct

Rye = Ay® —sign (t%) Atpp@(f*), (17.27)
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ORe o0 Of* 0% o

= _sion (%) Ay a . 17.2
ane = S8 (7)Ao g S o TAee (17.28)
A 3 o n—1
—_ ’;’O”<f—a> N“: C, (17.29)
(T())n To ~
ORya
A" Sup (17.30)
OR,a , 0B 9f o1
__ A 17.31
pars = S () A A (17.31)
_1
. At)'/on<f°‘>”_laua“’3 Al ’
=sign (7% a““rt ; 17.32
g (7)o > X_; (17.32)
o R«
1 N
Rpa = Ar® — | Ay®| [ = | Y 0%rP — G |, (17.33)
K
B=1
ORya
=0, 17.34
5Ae (17.34)
ORya
P = —sign (Ay®) ( Zb"‘”r” Ger ) (17.35)
u=1
IR« pef (X o
=805 — |AY?| | =— bt ) — Gedag | - 17.
AP ’3""2,((; r) Gcdap (17.36)

Following Eq. (17.14), the consistent tangent matrix can finally be com-
puted. As voutr =g, uNy =¢, and ¢ = C : g, one has with block-matrix

notations:
dAvour _ 0Avour _ _ ORin _%
8AvIN _07 8Avin _< g [O] >’ [L]S_(?AUIN B [O] ’
(17.37)
which leads to
_dAvOUT dAG C 0 -1 _1
(K1= R = A = ( ‘[]).[]]X JE- (17.38)
1
=( Cl 0] ).t (=], 17.39
(elo)o (L) o
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where [J];! can be expressed as a block matrix

V171 = (17.40)

so that the consistent tangent matrix can be more simply expressed as a
product of fourth-order tensors

[K]1=C:Le. (17.41)

17.3 A finite-strain constitutive model for single crystals

The constitutive model of elasto-plasticity in single crystals presented
at small strains in the previous section is extended to finite strains in this
section. The physical foundations are essentially unchanged and, as a con-
sequence, attention is drawn to the numerical implications of the chosen
finite-strain framework. The latter is based on the multiplicative decom-
position of the deformation gradient F into an elastic part E and a plastic
part P [814,901]. The sets of input, output, and internal variables are re-
spectively chosen as

i {EY, vout {1}, vine i {E, y*,r%). (17.42)

Compared to previous section, ¢ is replaced by F, and accordingly its
work-conjugate ¢ is replaced by the first Piola—Kirchhoff stress II. It is
recalled that I7 is connected to the Cauchy stress tensor through

II=detFo -FT. (17.43)

The elastic small strain tensor ¢° is replaced by E. It can already be noted
that the stress and strain measures considered in this formulation are no
longer necessarily symmetric. According to the multiplicative decomposi-
tion of F, elastic and plastic velocity gradients L and L? can be introduced
as follows:

F=E-P, L=F-F'=L‘+E-L”-E, (17.44)
N

L'=E-E', L/=P-P'=) y‘m“®n" (17.45)
a=1

The velocity gradient split is to be put in parallel with its small-strain coun-
terpart in Eq. (17.18). The major difference here is the asymmetric character
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of the plastic velocity gradient. At this point, the thermodynamical back-
bone of the present model, that is eluded for conciseness, motivates intro-
ducing the elastic Green-Lagrange strain measure Ef;, , the elastic second

Piola-Kirchhoff stress measure II¢, and the Mandel stress measure I1 as

1
e _ T f_
Eg. =5 (E'-E-1). (17.46)
J =detF=detE-P=detEdetP=J,J,, (17.47)
o=JE"'.g-E"=7"E".5-P, (17.48)
o¥ =g’ -E-II°. (17.49)

The state law equation (17.16) is replaced at finite strains by

AII° =C: AE,, (17.50)

while II¢ is power-conjugate to the elastic Green-Lagrange strain rate
and [TV is power-conjugate to the plastic velocity gradient P - P~!. There-
fore the driving forces for plastic slip activity, namely the resolved shear
stresses t%, are defined as follows:

™ =1M . N*, N* =m® @ n*, (17.51)

where N* corresponds to the asymmetric Schmid tensor. It is worth noting
that, although the definitions of resolved shear stresses are slightly gener-
alized in Eq. (17.51) compared to (17.17), the formalism setup for crystal
plasticity at small strains remains valid at finite strains. In other words,
Egs. (17.19), (17.20), (17.21), and (17.22) stay unchanged. From Eqs. (17.44)
and (17.45), and straightforward algebraic manipulations, one obtains the
only formally modified residual equation, namely that related to the incre-
mental elastic-plastic split,

N
Rp=AE—AF-F'-E—E- (ZAy"‘N”‘) =0. (17.52)
a=1

Since only the first residual equation is formally modified in Eq. (17.23),
only the terms in the first row and first column of the Jacobian matrix [J]
are affected:
ORg ORg ORg
OAE | 0AyB  OArk
R‘ o o o
_ ORin _ aRy 3Ry aRy 7 (17.53)
0Av;, OAE | 0AyP  OArp
ORye | ORy«  ORye
OAE | 0AyP  OArp
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[ ) Rg
N
Rg=AE—AF-F'-E+E- (Z AJ/“‘N“>, (17.54)
ORg ’
Sag =1~ (AF- F—1)®1+1® ZA)/“N"‘ , (17.55)
ORg p ORy 17.56
=E- — = =0; .
OAyP = N, OArp % ( )
° Rya
Rye = Ay® —sign (t%) Arpo@(f©), (17.57)
OR,a o of oz« oUM oC  OE
_ A ~ 17.58
oaE = S () AT S o ac i oE oapr (7Y
C°=E"-E (17.59)
Lce _
o _ a[ge | (S '« Dﬂ =AIr") + 1(Ce®1) :C (17.60)
dCe - oCe TR oy =N :
o =1®E" + E'®1, OF =1 17.61
OE - ®E" +E'® 9AE=Y (17.61)
OR,« Aty a\n= 1 _
MVE ==% T’Z)O”<f_a> <1®He+ ~(C°®1): C):(1®ET+ET@1);
~ 0
(17.62)
[ ) cht
Rye = Ar®% — |Ay® |( Zbaﬁrﬁ —Ger ) (17.63)
ORy«
= 17.64
9AE (17.64)

The derivatives which intervene in the consistent tangent matrix are

then calculated as follows:

0AvouT B 8A1] : 0A (JQ' -E_T)
OAVIN a OAF a OAF

(17.65)
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=J@-FNHRF +J@al: (-F'®F ), (17.66)
dAvout OAIl
= 0 17.67
9Avin ( a8 |10 ) (17.67)
OAI_0A(Jg ETT) _ | op). 042 17.68
GAE- ap — —/AFh:giE (17.68)
15,
o5 =~ (€I ENQET 4+ 18 B

e

o EeE): 2 o [E-II9)91]: 18D, (17.69)
;€SB o+ I [(E- I1@1] : (13D, :

oI oI OEy,

= : 17.7
OE " OB, OE (1770
O _¢ (17.71)
aEE;L - T T
—~= = —(1QE E'®1 17.72
OE ;A®E" +E' @), ( )
ORE
OR; ~
[Lly==——=| 0AF |, (17.73)
O0AVIN =
[0]
ORE
£ T g-T Ty. -1 of-T
5AF - 19 (E" ") + (AFQE"): (F'9F ). (17.74)

17.4 Applications to a single-crystal turbine blade and a
cylinder under torsion

The crystal elasto-plasticity model at finite strain presented in Sec-
tion 17.3 is implemented in the finite element software Z-set [103,1]. The
model is applied to predict the behavior of a single-crystal turbine blade
and a single-crystal cylinder under torsion.

17.4.1 Single-crystal turbine blade

An interesting industrial application of the finite element implementa-
tion of crystal plasticity constitutive equations is, for instance, the compu-
tation of the behavior of a nickel-based superalloy single-crystal turbine
blade. In service, such turbine blades are submitted to important centrifu-
gal forces induced by the fast rotation (~ 20000 RPM) of the turbine disk
they are attached to. In addition, during a single flight their operating
temperature can vary over three orders of magnitude. For sake of sim-
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TABLE 17.1 Numerical values of material parameters used for the simulation of a
nickel-based superalloy single-crystal turbine blade.

Cn C12 Cy 70 n Y0 n G, K
(GPa) | (GPa) | (GPa) | (MPa) | (—) ™) | (GPa) =) (—)

204 125 112 235 15 200 65.6 10.4 42.8

rg a a as a as ag b;;u b1t
5.38e-5 0.124 0.124 0.07 0.625 0.137 0.122 1 0

plicity, we consider here a constant and uniform temperature and focus
on the mechanical behavior of the blade as the rotation rate » of the tur-
bine linearly and indefinitely increases. Of course, such a loading history
is unrealistic for nominal in-service conditions and is rather to be seen as a
demonstration of the capabilities of the finite element model. Cubic elastic-
ity moduli, critical resolved shear stress, and viscoplastic flow parameters
identified at 650°C on the nickel-based superalloy DS200 by [293] are used.
Octahedral slip systems families {110}(111) are considered. Instead of the
phenomenological kinematic hardening law used in [293] based on the
work of [936], the dislocation-based isotropic hardening law presented in
Section 17.2 is used. The material parameters are presented in Table 17.1. A
fictional turbine blade geometry is meshed with 191147 linear tetrahedral
elements reduced integrated with one Gauss point. The crystal is oriented
such that the crystal directions triplet ([100] — [010] — [001]) coincide with
the orthogonal basis vectors triplet (X1, X2, X3).

The simulated von Mises equivalent stress field and cumulated plas-
tic slip field are shown in Fig. 17.1 at an angular velocity » = 30000 RPM.
To reach this velocity, a linear ramping was used with @ =31.9 RPM/s.
Highly loaded zones are located at notches present in the foot and at the
junction between the foot and the body of the turbine blade as expected.
Stress concentrations are also visible in the vicinity of cooling holes. In-
terestingly, the most plastically deformed region lies a little above the
junction between the foot and the body of the turbine blade. This region
concentrating most of plastic slip spreads across the whole cross-section
orthogonal to the radial direction of the turbine X3. In particular, the high-
est levels of plastic deformations are located in the vicinity of cooling holes
nearest to the turbine blade foot.

17.4.2 Single-crystal cylinder under torsion

The authors of [1026,457] investigated experimentally and numerically
the behavior of single-crystal wires in torsion. They showed the existence
of plastic slip gradients along the radius of wires, as well as along their
circumference. The latter gradient is due to the anisotropic activation of
slip systems. As already pointed out by [1026], the presence of circum-
ferential strain gradients, visible in experiments, could not be predicted



17.4 Applications to a single-crystal turbine blade and a cylinder under torsion 487

Oeq Ycum

6e+02 9e+02 1.2e+03 1.5e+03

ANy
S
S
5
¥4

RS
23

L
g

(@) (b)

FIGURE 17.1 Simulated (a) von Mises stress and (b) cumulated plastic slip contours in a
single crystal turbine blade.

by any quadratic yield criterion, such as, e.g., Hill’s criterion. On the con-
trary, by computing analytically maximum Schmid factor maps, it appears
clearly that Schmid’s criterion predicts that some regions will yield earlier
than others. As an example, octahedral slip systems families {110}(111)
are considered. Four different orientations of the crystal in the cylinder
are chosen such that the crystal directions triplets ([100] — [010] — [001]),
([001] — [110] — [110]), ([110] — [112] — [111]), and ([121] — [210] — [125])
respectively coincide with the orthogonal basis vectors triplet (X1, X2, X3).
These crystal orientations are later denoted (100), (110), (111), and (125),
respectively. The cylinder axis is aligned with Xs. Fig. 17.2 displays the
maximum Schmid factor maps in the cross-section of these cylinders. Sec-
tors of maximum Schmid factor are indeed visible. Therefore, plastic slip
will preferentially be activated in such zones and lead to circumferential
plastic strain gradients. It should be noted that in a torsion test, the applied
torsion stress 7y, increases linearly with the radial position from the center
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FIGURE 17.2 Maximum Schmid factor maps in the cross-section of single crystal cylin-
ders with the middle axis respectively initially aligned with (100), (110), (111), and (125)
crystal directions.

TABLE 17.2 Numerical values of material parameters for the simulation of stainless
steel single crystal cylinders in torsion.

Cn C12 Cy T n Y0 " G, K
(GPa) | (GPa) | (GPa) | (MPa) (=) sh GPa) (=) (=)
199 136 105 88 20 10% 65.6 10.4 428
g a a az ay as ag bg;u bt

5.38e-5 0.124 0.124 0.07 0.625 0.137 0.122 1 0

of the cylinder. As a consequence, a radial gradient of plastic activity is
also to be expected.

The dislocation density based crystal plasticity model presented above
is applied to pursue investigation of the behavior of single crystal cylin-
ders under torsion. A single crystal cylinder of length L and radius Ry is
put under torsion by prescribing nil displacements to its bottom face and a
rotation rate to its upper face. In cylindrical coordinates, the displacement
boundary conditions are written as

ur(r,0,z=0)=0, (17.75)
ug(r,0,z=0)=0, ug(r,0,z="Lo)=r8, (17.76)
uz(r,0,z=0)=0. (17.77)

The rotation rate 6 is taken as 27 x 107 s~!. Material parameters rele-
vant for face-centered cubic (FCC) austenitic stainless steel single crystals
with octahedral slips systems were used and are listed in Table 17.2. Cylin-
ders are meshed with 12800 quadratic elements reduced integrated with 8
Gauss points.

The fields of cumulated plastic slip obtained with these four orienta-
tions are plotted in Fig. 17.3 on the outer surface in (a)-(d) and in the
middle cross-section at z = Ly/2 in (e)—(h). The fields are plotted on the
deformed mesh for a 6 = 90° rotation of the top face with respect to the
initial configuration. A characteristic patterning of plastic slip can indeed
be observed. First of all, a radial gradient of plastic strain is obtained as
expected. Additionally, plastic strains are also heterogeneous on the cir-
cumference of the single crystal cylinders because of the heterogeneity of
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FIGURE 17.3 Simulated cumulated plastic slip contours on the outer surface (a)—(d) and
in the middle cross-section (e)-(h) of single crystal cylinders at § = 90°, with the middle axis
respectively initially aligned with (100), (110), (111), and (125) crystal directions and material

parameters presented in Table 17.2.

the maximum Schmid factor depicted in Fig. 17.2. “Soft zones” concentrate
most of plastic slip, while “hard zones” remain almost completely elastic.
The number and intensity of such zones varies with the orientation of the
crystal in the cylinder. For orientations (100) and (110), four “soft zones”
of equal plastic intensity and four “hard zones” are clearly visible. For
the (111) orientation, six zones of each kind and of equal intensities can
be observed. The (125) orientation displays a more complex pattern. It is
composed of two wide and intensely deformed “soft areas” and two ad-
ditional “soft zones” which seem to be splitting in two narrower regions.

Four “hard zones” are visible for this orientation.
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FIGURE 17.4 Simulated torque vs. shear strain curves for single crystal cylinders with the
middle axis respectively initially aligned with (100), (110), (111), and (125) crystal directions
and material parameters presented in Table 17.2.

In Fig. 17.4, we plotted the shear stress 2M /7 R} against the shear strain
6Ro/Lo, where M is the applied torque, for the four different crystal ori-
entations. The hardest response is obtained with the (100) orientation, for
which the maximum Schmid factor maps in Fig. 17.2 display the lowest
maximum values (< 1/+4/3). The second hardest response corresponds to
the (125) orientation for which it was shown in Fig. 17.2 that the maximum
Schmid factor in the cross section does not exceed 0.85. Furthermore, (110)
and (111) orientations display similar apparent yield stresses. These two
orientations have indeed a maximum value of the maximum Schmid fac-
tors in the cylinder cross-section equal to 1. The (111) orientation appears
to be a little softer than the (110) orientation because its average maxi-
mum Schmid factor value is the largest. Therefore the plastic slip field is
the most heterogeneous for this orientation as seen in Fig. 17.3.

17.5 Extensions of constitutive equations: a reduced
micromorphic model for single crystals

Conventional elasto-plasticity is known to be size-independent. Such
an assumption is realistic when the size of the medium can be considered
large with respect to the characteristic length of deformation mechanisms.
However, it is hence unsuited in order to predict size effects arising at
small scales. Nonlocal models that naturally introduce material length
scales are therefore proficient extensions of conventional theories. They
mainly resort on integral or gradient enhancements of conventional con-
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stitutive equations. For example, among gradient-type formulations, the
micromorphic approach [455] can be followed in order to extend the con-
stitutive model for single crystals presented above. In this section, the
finite element implementation of a reduced micromorphic single-crystal
model at finite strains based on a scalar nonlocal variable is presented.
Following [1588], a possible choice of nonlocal variable in the context of
crystal plasticity is the cumulated plastic slip ycym defined as

t N
peun= [ D171t (17.78)
a=1

Its micromorphic counterpart, denoted y,, is called microslip. The latter
is considered as an additional degree of freedom, on par with displace-
ment degrees of freedom, as well as an input variable of the material
behavior. Furthermore, the gradient of microslip K, = Grad y, is equally
treated as an input variable. The generalized stresses, which are work con-
jugates of y, and K,, are respectively denoted by S and M. Just as the
first Piola—Kirchhoff stress, they are output variables of the constitutive
model. In addition to the conventional internal variables, the cumulated
plastic slip ycum is treated as an additional variable to be integrated. To
summarize, the following sets of input, output, and internal variables are
considered:

UIN : {E’ )/)(1 KX}’ UOUT : {Ijv Sv M}s Uin : {E» Va, rO(’ chm}~ (1779)

The thermodynamical derivation of the present model is detailed in
[844,1274]. It is based, first, on enrichment of the principle of virtual
power to higher-order contributions [509]. From this generalization,
one obtains a supplementary equilibrium equation and, for instance,
Neumann boundary condition for any subdomain D of the material
body

vXeD,

0
M —M-no  Yxeob, (17.80)

where M is a generalized traction scalar, power conjugate to y,, and ng
the outward normal unit vector in the initial configuration. Solving the
weak form of Eq. (17.80), together with the conventional equilibrium equa-
tion and boundary condition (Div([) =0 and T = II - ny, in the absence
of body forces), by finite elements can be done by following the proce-
dure described in [844]. The second ingredient is a enhanced free energy
potential ¥ accounting for nonlocal contributions. Assuming a quadratic
nonlocal potential, the conventional state law in Eq. (17.50) is comple-
mented by two additional state laws for the generalized stresses S and
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M,

AS = —Hy (AYeum — Ayy)s (17.81)
AM = AAK,, (17.82)

where H, and A are higher-order elasticity moduli; H, is a penalization
parameter which usually takes large values in order to enforce quasiequal-
ity between y, and ycum; A has the units of MPa-mm? and therefore bears
the material characteristic length. The major outcome of the gradient-
enhanced free energy potential is the modification of the residual me-
chanical dissipation, which now involves higher-order terms. It ensures
an extension of the yield criteria in Eq. (17.20) and, equally, of the plastic
flow rules in Eq. (17.21) as follows:

fr =1t = @& = )=t = (& + HyYeum — ) (17.83)
Ay® =sign (t%) Aty @(f7), ()= <T—’;> : (17.84)
0

The generalized scalar stress S, depending on its sign, acts locally as an
additional hardening or softening contribution. By combining Egs. (17.80)
and (17.82), we obtain § = Div (AGrad y,). Therefore, locally, a positive
curvature of y, induces softening; conversely, a locally negative curvature
of y, introduces additional hardening. Increments of cumulated plastic
slip must satisfy Eq. (17.78), which gives

N
AYeum = Z |Ay®]. (17.85)

a=1

The set of residual equations for the reduced micromorphic single-crystal
model at finite strains become

N
R‘E:AE_AE.E%_E_E. (ZA)/“N“),
a=1
Rye = Ay® —sign (t%) Atyod(f3),

N
| (17.86)
Rya = Ar® — | Ay°| | = ﬁ§_1: b*Prf — Gr® |,

N
Rycum = AVCum - Z |Ay0(|

a=1

It is remarkable how corresponding residuals in Eq. (17.86) are similar
to their conventional counterparts; Rg and R« are indeed completely un-
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changed, while R, « is only slightly modified, and the straightforward term
Ry, is added. The Jacobian matrix [J] can accordingly be computed with-
out much difficulty, since only the last row and column need to be given,
while other terms remain formally unchanged given that f“ is replaced

by f,:

OAE OAyB  OArB | OAyeum
aRya (9Rya aRya 6Rym
Ri B P cum
[J]= ORin _ O0AE 0Ay OAr 0AY, (17.87)
0Avint OR OR ORya ORa
OAE  0AyB  OArP | 0Ayeum
aRme 8Rycum 6Rchm 8Rycum
8AE 8Ay/3 8Arﬁ 8Aycum
After straightforward derivations, one obtains
Ok 17.88
£ _o .
OAYcum ' ( )
ORy« op* Of< Atyon | f n-l
— _qj a A X — i o X H ,
Sy - SN () A =i () T <r;;‘ > x
(17.89)
OR,«
=0, 17.90
O eum (1790
cum = O’ 17'91
e (17.91)
aRVCum _ : B
9AyP - —sign (Ay ) , (17.92)
OR,,
cum - O’ 17.93
OArP ( )
OR,,
—rm =, 17.94
O eun (1799

Since additional input and output variables are considered, the con-
sistent tangent operator incorporates the following additional deriva-
tives:
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8AUOUT
[ )
5‘AvIN
0AlL_ Eq. (17.66 oAl =0 0Al =0
oaF ~SeeEa- (760 Fa =0 7k, ="
OAS OAS OAS
=2 o, —H, — _y, 17.95
OAF oAy, — Y DAK, (17.95)
OAM o, dAM o, dAM A
OAF Ay, DAK,
aAUOUT
O0AViy
OAIl e (1768 OAIl  0AI oAIl
aag PO 55 =0 98 =0 Ay, "
0AS _ 0AS _,  0As o 0As
OAE OAyB 7 0ArE T T 0AYeum
0AM _ OAM _ - 0AM_ - 0AM _
OAE OAyB " OArB T OAYeum
(17.96)
(L], = 2Kin
() =
S AN
ORg — ORE ORg
— = . (17.74), = =0, ~_ =0,
9AF ~see Ba- (779, 57 94K,
OR,« OR,« . Atypn OR,«
= 07 =— ¢ ) = Oa
OAF 0Ay, & () @@yt DAK,
R« R, a R«
ORye _ 0. ORye _ 0. ) _o.
DAF Ay, IAK,
6Rchm _ aRVCum =0 aRVCum =0
OAF 7 Ay, 0AK,

(17.97)



