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ABSTRACT. An elastic-plastic micremechanical behavior model written in the finite strains
Jramework is presented. It is shown that the present model is able to reproduce the behavior
Jor BCC materials during simple and complex loading paths. A ductility criterion based on
the elfipticity loss of the elastic-plastic ltangent modulus is infroduced. Qualitative resufts
obtained with this criterion are in good agreement with expected and literature ones.
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1. Introduction

Industrial applications obtained from flat products by forming processes are
widely used in many fields from automotive until acronautics or space without
forgetting electrical goods or packaging. Before making the realization of an
application by forming, it is necessary fo know the ductility limit of the used
material. Experimenta! forming limit diagrams now quantify this limit, But the test
protocols associated are far from making unanimity on their real representativeness,
and have a high cost in terms of time and money. An idea consists in having a
simulation tool able to construct forming limit diagrams numerically.

Much progress have been made in this way for the description of the elastic-
plastic material behavior (Asaro, 1983; Asaro ef af., 1977; Peirce, 1983, Peirce ef
al., 1983; Iwakuma ef al., 1983). Constitutive laws have been developed at the
magroscopic level by using scale transition model like the self-consistent approach
{Berveiller et al., 1979), Krbuner {1977) or Mori-Tanaka (1973) ones.

Further progress need to be made in order to reach the numerical simulation of
forming limit diagrams. The elastic-plastic single crystal behavior have to be better
described by integrating the following points:

— effect of creation and annihilation of dislocations on single crystal hardening
during complex loading path {which oceurs frequently in forming processes),

— effect of the terms linked to single crystal internal stresses and not taken into
account in the small strains framework,

— improve active slip systems determination which costs the most in terms of
calculus time {a combinatory analysis is needed).

Thus, it is necessary to have a ductility criterion representative of reality.
Nowadays many workers are studying the ellipticity loss of the elastic-plastic
operator (Petryk, 2000; Rice, 1976) which can be used as a criterion of the materia)
ductility limit.

in this paper a contribution of the modelling of numerical forming limit diagrams
is presented, An elastic-plastic behavior model written in the finite strain framework
is proposed. It includes the description of the effects of creation and annihilation of
dislocations on hardening. A new active slip system determination allowing a
considerable gain of computing time is proposed. Numerical results of this model
are compared with experiments extracted from literature for different loading paths.
Lastly, the criterion introduced by Rice in 1976 is applied to predict ductility loss.
Qualitative results are given and compared to literature ones.,

2. Single crystal modelling

Single crystal behavior is assumed to be elastic-plastic (time independent) and
plastic strain only due to slip on crystallographic planes. Other modes of
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deformation like twinning or phase fransformation are not faken into account. In the
case of BCC materials, slip systems families are: {1 1 1}<1 10>, {1 11} <t 1 2>,
There are 24 slip systems. In order to present the single crystal model studied here:
slip systems, kinematics and the hardening would be defined. By combining all
those relations the tangent modulus expression would be deduced. If not specified,
Einstein’s convention is used,

2.1, Definifion of a slip system

A slip system is defined by a slip direction # and a normatl to the slip plane 7.
The slip amplitude is noted y . Crystallographic orientation of the single crystal
from the crystal frame is needed. Two tensors for each slip system called Schmid’s
tensors can be infroduced:

: ( )Z
g = _— e 1 N M
Ri = 2 ann;

S8 = ‘l‘c'"l"j —mjn,)‘z

' 1]

RE is the orientation tensor which atlows to pass from the crystal frame to the
slip system g . 5% is an skew tensor used in the calculus of lattice rotation.

2.2, Strain decomposition

The velocity gradient g can be decomposed into a synunetric part & and a skew
one w as:

g=d+w (2]
The tensor w corresponds to the rate of lattice total rotation and & corresponds to

the rate of total lattice strain. w and 4 can also be cut into a plastic and an elastic
part corresponding to lattice ones as:

d=d"+d?
w=w' +wl i3]
With:

af = Rfy*

P QEypf
W) —Sﬁy

[4]
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Where ¥* is the slip rate over the slip system g,

2.3, Active slip systemis determination

For a system, the value of the resolved shear stress and its evolution can be
defined as:

78, = ouR§ 051

r8 A& 13
Ties "GJ_‘fRJj

72, is the resolved shear stress on the slip system £, & is the corotationnai

ns

derivative used for objective derivation.
Gy = Gy — wWyO s — wioy [6]

A slip system is active if the value of the resolved shear stress reaches a critical
vaiue noted 7¢, and if his increment reaches the value of the critical resolved shear

stress 7F one. It will create a non-zero slip rate on this system. This can be written
on the form;

1, <Ttf =29 =0 {7a)
1, =tfmdil <{f = 9F =0 [7b]
18, =r¥and?f =78 = 9% >0 {7¢]

It is important {o note that the critical resolved shear stress is different for each
slip system. Classical method to choose the se( of slip systems which are really
active use the minimization of an energy {Franciosi ef al., 1991; Busso ef al., 2002).
In the proposed model a new criterion inspired from viscoplasticity to determine
active slip systems is introduced (Ben Zineb e¢f af., 2001; Lorrain ef af., 2002). The
relations [7a], [7b] and [7c] are pat into the form {no summation over the indices):

75 = kit (8]
This new formulation altows reducing computing time by a ratio 20 to linstead

of a ciassical approach. The hardening parameter £* is defined by (no summation
over the indices):
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[

EE = gh}""’ (l+ta;ﬂ1(kof,§: ){l + tan]{ k{f;‘ - ]]]](I + ianh(sz,’é, )) {9

Where A% is the seif-hardening parameter defined in the following (Franciosi,
1984). The relation {9] shows that the hardening parameter is composed of 3 terms;

its value would be 1/ ##¢ if the conditions {7¢] is verified and null in all other cases.
Parameters ky, k.4, are numerical parameters which are used to have functions with

the maximum gradient at 0 (in order to represent a threshold). Values taken by the
authors, afier making a numerical analysis of their respective influence, are 1 for
koo ky and 20 for k.

2.4. Slip systems rate
In the case where the slip system g is active {without sumnmation over g ):
kEG RE =+ [10]

In the large strain framework the elasticity law takes a form: rather different than
in the small strains framework (Sidoroff, 1982}

8, =Cpdy —oudy, [11]

Where C is the elastic moduli tensor assumed isotropic. The product of [11]}
by k" R* noted R* is:

o h & h e uh
Ryo; = (Rifcﬁﬂdﬂ - Rﬁ"ﬁdkk}(' [12]

By combining {12] and [10] and using the fact that plastic strain occurs with no
volume change (without summation over 4 ):

P+ Rl ds k" = RYC, ldy - dl K [13]
From: {13] one can deduce:
(5, + K" RIC,RE N = (RIC s - REar iy K" {14]

So the slip rate over the slip system £ :

P = MG RMC o~ 0,80 M [15]
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Where:

\ -1
M g = (5, +£"RIC 4 RE) [16]

2.5, Variables updating

It is necessary to present the way to update ali the problem variables. For the
critical shear stress it is:

8 = H&hyt [t7]

The form of the hardening matrix # has been introduced by (Franctosi, 1984).
This matrix has the mean dislocation density acting on each slip system as iniernal
variable. The hardening matrix has been modified by further works and can be
defined as {Tabourot, 1992; Berbenni, 2002; Paquin ef af., 2001):

2 g k1 LT

gh '
g4 (L—zycp") (18]
a*p

—cis a parameter calculated by minimising the free Gibbs’ energy (Auber,
1998) of a dislocation loop and can be calculated from the Poisson’s ratio:

T -2
a=——"=048 19
16 v-1 (19}
—b is the Burgers vector norm,

—u is the shear modulus,
—p" is the dislocation density on the system #,

— L# is the mean free path of dislocation depending on a parameter g, and:

sl 2] (20

In [18] there are 2 terms; the firsi one depending on the mean free path of
dislocations and representing their creation and the second one, depending on the
critical annihilation distance, representing their annihilation,

— y, is the critical annihilation distance, which is linked to the initial critical
resolved shear stress (Essmann ef al, 1979, Berbenni, 2002). in the case of two
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screw dislocations of opposite sign which annihilate if the stress excess the stress
required for dislocation glide the value of y. is given by [21]

th
y, = 21
27T 4

{21] gives an idea of what can be the critical annihilation distance but not its
exact value.
~ a® is an interaction matrix depending on nine constants {aq..ag ) (Hoc, 1999).

Each constant represent a type of interaction between two slip systems. The nine
parameters of this matrix are assuned to be the same for each material studied in
this paper. This matrix is completely defined in appendix.

The update of dislocation density has to be defined (Tabourot, 1992) without
summation over g :

o 11
o T—
bLss [22]

This formula is constructed on the same way than the hardening matrix.

The single crystal is oriented in the space by three Euler’s angles (Hansen ef al.,
1978). They are noted ¢, ¢,¢, and their evolution are only due to the rate of elastic

rotation (Iwakuma ef af., 1983);

@ =~y — c?stj: (“’fs cos @, +w, sin §o1) [23a]
sing
¢ = —wy cosey + 1w, sin g, {23b}
@ = —L(w,"; cos@, + Wi, sin(p,) f23¢]
sing

2.6. Elastic-Plastic constitutive law
First the link bebween the nominal stress rate and Cauchy’s one is given:

Ny =Gy —wioy —~who, +Tydy —dyoy +wuoy, [24]

By combining with the elasticity law [} 1] and using the fact that trace of d7 is
null, equation [24] gives:
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[:IU = [Cﬁ-ﬂdﬂ _dikakj + ija'h-}"" 1— Cyudﬁ - “';}:U‘j - 15’%0‘5] [25]

By using [4], [15] and {25] and the symmetric properties of the elastic moduli
tensor, one obtains;

. H 1

Ny = [iju 3 (6461, + 8,54, )Umj - 5(5 %00 — 6,101 }’m; ]S’m -

[c,urE 1 S50, + %0, |6, + RIC,uRE N K RAC 0 - 0,00 26
it H 00y 550y, 105, + 8 Cop R i gpr — O30 En [26]

The expression of the elastic-plastic tangent modutus L finally is obtained:

1 1
Liji‘l = [Cijﬂ "5(61'#5.’#; + 5.5?657:! )ij _E(ajkslnr - 6}?55?" )jmi]
e urs vs3o, v 550, )5, + REC 05T R R C,) 0,8, ] [27]
g YOO+ O30 |IO0g, + Ry Lyppivg i by — 00y
Where:

iy = Lyugn {28}

2.7, Computational algoritium

It is now interesting to present how the behavior law is implemented in a
Fortran 77 code. Firsily, the integration scheme chosen is Euler’s one for its simplicity,
The major problem of such an explicit scheme is its dependence on the integration
step. Because the first step is obligatory elastic it can lead to problems in elastic limit
prediction. This is the case when authors want to simulate changing loading path {cf.
page 17). But if the step size remains small Euler’s method can give results without
too large numerical errors. According to this, in the future, authors will make the
integration thanks to the fourth order Runge-Kuita method more robust and reliable. A
first attempt of this could be find in Lorrain ef af. (2003).

The algorithm used can be put on the form:

1. Initialize the problem.
—0=0,L=Ce=0
2. Read all initial parameters.
Teas Vos Bos Por 1008, E, v, 00,b
3. Apply loading step.
g

4, Calculate the Hardening matrix.



BCC Single Crystal Ductility Loss Modelling 143

5. Determine active slip systems.

6. Calculate slip rate. Slip rates can be negative due to a matrix inversion in [15].
Is this case go to 4 by putting slip rate on those systems null.

7. Calculate internal variable increment.
To00£,01,6,62,6

8. Update stress and internal variables.

9. Go to next step.

in this approach, comparatively to more classical ones, all slip systems potentiatly
active are assume active. No energy criterion is applied. In order to check validity of
this model to other, comparative tests have been made from the paper of Nesterova er
al. (2001). Those authors have simulate shear tests thanks to the full constraint Taylor
model by assuming that slip occurs only on {I 1 1}<1 1 0> family. Resuits of the
comparison are listed in table 2, with the slip systems numbering table 1,

Table 1. Slip systems numbering for one family of stip systems

Syst. [ m [ m [Syst. | a ] m [Syst [ a [ m
1 <> qi70] 5 <T11>  [101] 9 <Efi>  [011]
2 <li> 01 <Tu> ot 0 «atis pioe
3 <> (oI <iTi> (o] 11 Tys {10y
4 <Tis  [10] <til>  qel] 12 <t (o]

[ =Y

Table 2. Comparison between active slip systems found by the present model and
literature

Majorstip | Minorslip | Majorslip | Minor slip
Rolling system system system system Residual slip
convention | (Nesterova | {Nesterova | (present (present system
etal.) el al.,) model) model)
(i) (8 2 8 2 1,4,6,7,9,10,12
(InHT0] |10 1 10 | 3,6,8,11,12
(111)f1415) | 10,8 1,2 10,8 1,2 3,5,6,7,12
(st} 6.8 3,11 6.8 3 4,7,9
(00N[100} %’:;:25’6’8’9‘1 None ?’::’25’6‘8‘9’1 None None

Results Table 2 show that, in each case, the predicted major slip systems are the
good ones, and in one case a minor one is not predicted by the model. But in the
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present model other slip systems are also active. They are called residual ones
because their slip rates are at least 100 times smailer than other slip systems ones.
The new law for determining active slip systems is comparable to a elastic-
viscoplastic one where all systems are active but only a few have a slip rate much
iarger than other (Paquin ef a/., 2002). This allows to say that this new determination
of active slip systems can be used instead of classical approaches.

3. Comparison between theory and experintent

Before introducing the behavior model in a scale transition scheme, it is
necessary to validate this modef by comparing numerical results with experimental
ones. Experimental results are extracted from literature but crystalline orientation is
never given by the authors: only two of the three Euler’s angle are given. In these
cases those parameters would be identified on one test and kept constant on the
others. In each series of tests only 7.,y and g,, which influence is independent
from one to the others, have been identified from one figure:

— elastic limit allows to identify critical initial resolved shear siress,

-- the beginning of the loading permits to identify the parameter linked to storage
of dislocations,

— at larger strain the annihilation process has a strong influence, so it is possible
to identify the critical annihilation distance.

Other parameters have classical value usually taken for polycrystalline steels,
For the case of dislocation density, since no information about its value is given, it
have been chosen a classical value for annealed steels. In order to obtain good
results the identification procedure is made by taking as reference each test from
literature, and only the best fit is presented here, Each direction test would be put in
the standard triangle on every figure.

3.1, Tensile tests

The experimental tests are extracted from (Pollnow ef 4/, 1973), on seven
specimens. The material used is an o-iron with a 0.001 weight % in carbon.
Experimental difference between each test is the tensile direction. In order to
validate the model, all parameters would be constant (except for the Euler’s angles).
Table 3 gives crystallographic orientation for each test, It has to be noted that the
first Euler’s angle is taken constant because two angles are sufficient to define a
direction. Figures 2a to 2f are the model’s validation.

— Figure 2a shows a good agreemeni between theory and experiment. Since
elasticity is taken isofropic, the dependence of crystallographic initial orientation en
the elastic limit is only taken into account thanks to crystaliine plasticity. This is not
sufficient to well predict the elastic limit of so elastically anisotropy single crystals.
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In author’s opinion it can explain the discrepancy between experimental and
numerical resulls. It can also be seen that the hardening slope is rather the same
between these two curves,

— Figure 2b shows a badly agreement than for 2a but the stress level is near the
real one. The principal difference is that the hardening is not well caiculated; this
difference seems to be due that the critical initial resolved shear stress which is taken
the same for each slip system family, Introducing a difference between those
families have been experimentally already enlightened (Orlans-Joliet, 1989) and
used by the authors to make a comparison to the work of Rauch {1992), Obtained
results were better than the proposed here {Lorrain er al., 2003).

— Figures 2¢, 2d and 2e show a very good agreement between model and reality

during the entire loading path. The single crystal orientation of these cases is
different than the identifying one, this allows to validate the model.

180 -
160 §
140 +
120
100 |
80
60
40 |
20
0 | e . P 1

0 0,05 0,1 0,15 0.2 0,25

Green-Lagrange strain 11

Cauchy stress 11 (MPa)

Figure 1. Identifying curve jor the tensile ftests. Crysiallographic orientation
is 0°-82°.54°
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p b T . S 1] e s e
[} 0,05 0, 0,13 02 1,25 0 0.0% 01 [AE] 02 0,25
Green-Lagrange strain 1] Green-Lagrange strain El

Figure 2a. Validation for 0°-90°-45° Figure 2b, Validation for (0°-85°-45°
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Figure 2¢, Validation for 0°-83°-62° Figure 21, Validation for 0°-80°-74°

Table 3. Physical parameters for each set of tests

Parameter | Tensile | Shear | Complex | Numerical
Young’s Modulus £ 210000MPu

Poisson’s ratio v 0.3

Bitrgers veclor norm b 251070

Parameter o 048

Initial dislocation density © 10°m2

Initial critical resolved shear stress 7, 20MPg 20MPa 200Pa 100MPa
Mean free path parameter g, 220 220 370 10
Critical annihilation distance y, dnm 2 7nm 0.9nm Snm

— Figures 2f shows a limitation of the model, the theoretical and experimental
results are far from each other. An explanation is that the proposed model is not able
to take into account so strong difference from one test to the other in terms of
hardening slope. Especially if each family of slip systems have the same hardening

In a general way, the obtained results allow to say that the present model, with
the assumptions of isotropic elasticity and the same initial critical resolved shear
stress, is able to predict single crystal behavior which do not have a very strong
elastic and plastic anisotropy.
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3.2, Simple shear tests

The experimental tests are extracted from Keh ef al., 1967 on seven specimens.
They have made shear test with different shear directions. The used material is an o-
iron with a 0.0015 weight% in carbon, ln order to validate the model the same
procedure as in the previous part is adopted. Table 1 gives the identified parameters
from figure 3. Table 4 gives crystaliographic orientation for each test. It has to be
noted that the first Euler’s angle is taken constant because two angles are sufficient
to define a direction. Figures 3a to 3f are the model’s validation.

Table 4, Crystallograplic oriemtation for all numerical tesis

[0 e [vigwe Jo ]9

Figure l @ | L)
2 0° 82° 54° 4 o° a9 45°
3a 0° 90° 45° 5a 0° a° 0°
3b 0° 85° 45° 5h g° 54° 45°
3e 0° 72° 55° 5¢ 0° 86° 45°
3d 0° 59° 45° 5d 0° 82¢ 45°
3e 0° 83° 62° Se 0° 72° 45°
if 0° 80° 4° 57 0° 65° 45°
Figure Path 1 Path 2

M ¢ 2 o' ¢' o'
6 60° 82° 66° 60° 82° 66°
7a 60° 82° 66° 60° 142° 10°
b 60° 82° 66° 60° 52° 102°
Tc 60° 82° 66° 60° 68° 80°
7d 60° 82° 66° 60° 102° 105°

)

Cauchy stress 12 (MPa

P S T R ¥ R = R |
o o o o o o o ©

*+ Experiment |
-—Theary

0 01 0,2 0,3 04 0.5

Green-Lagrange strain 12

Figure 3, Identifving curve for the simple shear tests. Crystallographic orientation

is 0°-90°-45°
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Figure 4f. Validation for 0°-65°-45°

— Figure 4a shows a result far from theoreticat one. The hardening slope is very
overestimated by compare to the real one. In this case the elastic limit is well
estimated so the discrepancy, for the same reason as before, seems to be due to the

initial critical resolved shear stresses.

~ Figures 4b, 4c, 4d, 4e and 4f show very good agreement between theoretical
and experimental tests during the entire loading path, The hardening slope is well
taken into account, and the influence of initial critical shear stress (which is less
marked than tensile tests) is also well calculated.
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In a general way, the obtained results allow to say that the model is able to
predict material behavior for shear tests. Results are better than for tensile test
because the material does not show an anisofropy as strong as before which cannot
been well reproduced because of authers® assumptions.

3.3. Complex shear tests

The experimental tests are exiracted from Keh er a/., 1967 on five specimens.
The tests are complex ones: a shear tesf followed by a shear test in another direction.
The used material is the same as before but not af the same temperature; it explains
why some parameters are different from the previous part. The experimental
difference between each test is the second shear direction. In order to validate the
model the same procedure as in the previous part is adopted. Table 3 gives the
parameters identified from the figure 5. Table 4 gives crystallographic orientation
for each test. Figures 6a to 6d are the model validation. In each figure the first path
direction is represented by a rhomb and the second by a circle.

— Figure 6a shows a result far from theoretical one. The effect due to changing
the loading path is very underestimated by compare with the real one. It can be
explain by several facts: Firstly, for the same reasons as before concerning elastic
limit and critical initial resolved shear stress. Secondly, when a changing of loading
path oceurs, dislocations microstructure created by the first path need to be broken
in order to create a new one, This can have several effects, principally in a transiiory
stage at the second path begiming. Evidence of this can be found in Peeters, 2003.

— Figures 6b, 6¢, and 6d show very good agreement between theoretical and
experimental tests during the entire loading path. The effect of the loading path change
is well reproduced by the model. But the same discrepancies at the beginning of the
second loading can be also observed for the same reasons as figure 6a.

1
(=3

e E.\'perinqéiit-!
{—Theory |

)
2N

& L
L= -1

Cauchy stress 12 (MPa
[ Lat
S &

=

=
1
\
‘
-

0 0.1 0.2 0,3 04

Green-Eagrange strain 12

Figure 5, Identifping ctorve for the complex shear tests. Crystaflographic orientation
is 60°-82°-66°%60°-82°-66°
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In a general way, the obtained results allow to say that the model is able to
predict material behavior for shear complex tests,

4, Ductility loss prediction
4.1. Definition of the ductility loss criterion

The aim of this part is to introduce a ductility loss criterion. Strain
localization is bifurcation issued from a singularity {Petryk, 2000) at the level of the
constitutive law defined by [28].

Many works to model this phenomenon have been made which consider that a
focalization condition is reached when there is ellipticity loss at the level of the
solution (Asare, 1983; Hill er al, 1975; Peirce ef al., 1983), To describe this
condition it is assumed that, during deformation, there is creation of a band on each
part of whom there is not still continuity of fields. The formulaiion is extracted from
the article of Rice (1976) but it can be seen in other forms (Asaro, 1983; Peirce,
1983; Peirce ef al., 1983; Petryk, 2000). Figure 7 shows this model.
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Figure 7. Strain localization modeliling

The field equations have to be satisfied:

div(iT)=0 [29a]
g = grad(v} [29b}]
n=hL:g [29¢]

After the boundary conditions in term of stress or strain, depending on the
simulated loading path, have to been added. It is assumed that no volume forces act
on the system. Then the kinematics conditions of the strain rate jump is:

ey )= 25 -2 =xw, [30]

Where & is the jump magnitude. Also it must have continuity of the normal
forces along the interface created by the localization band:

it =gy, =, b, =0 [31)
By using the behavior faw [29¢] in [30] one has:

Liugnv; = Liugav, [32
Which can be written on the form;

Liuvivik; = (L;jk] - kr}\’f [33]
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When the localization band appears, it can be said that the tangent modulus is the
same on each part of the band:

LF=L =L [34)
By using the relation [34] in {29] one has:
Lygvveky =0 [35]

From the equation [35], two classes of solutions can be extracted: either all the
&, are zero then the magnitude of jumps is null; so there is no bifurcation in this

case. Either at least one of the &, is not null and there is a system of equations which
have an infinity of solutions from {35];

det("jLD—“V‘ ): 0 [36]

4.2, Qualitative resulls of the ductility loss criterion

The aim of this part is to study the qualitative effect of physical parameters on
the ductility toss. To do that, a reference test is made in which parameters (arbitrary
chosen) are listed in Table 2. The crystallographic initial orientation is chosen
thanks to the three Euler’s angles by 0°,90°,0°,

The parameters which influence is studied are:
—critical initial resolved shear stress 7,

—mean fiee path parameter of dislocations g,

— critical annihilation distance y,

The different results obtained are shown figures 8 to 11. In the figures 8,10 and 11
are plotted the values of the minimum determinant value all over the space,
normalized by the value for elasticity, versus the Green-Lagrange strain. The influence
of those parameters would be scen through ftheir capabilities for producing a
tower/higher slope because the value of the determinant is related to the plastic one,

The figure 8 shows that the minimum determinant value decreases strongly at the
beginning of the deformation and than increases untif a local maximun this
corresponds fo a “transitory regime” which is the onset of plasticity. Afier this
maximum it can be seen that the curve is monotonically decreasing until reaching
negative value. By reporting strain corresponding to det{vv Jequal to zero versus
the initial eritical resolved shear stress, figure 9, it can be seen that higher the elastic
limit is, less the ductility is. This can be compared with the work of Lufi, (1991}
who has made molybdenum single crystal tensile tests with different temperatures.
The deformation mechanisms and crystaliographic structure of molybdenum are the
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same than iron. Luft obtains roughly the same influence of the elastic {imit than the
one of the model. If it is assumed that in this test the change in elastic limit has a
stronger influence than change in other physical parameters it validates the
qualitative influence of initial critical resolved shear stress.

Tauc0=50 MPa

I - Tauwcd=200 M
v v Tauc(=500 MPa
.. TaucG=1000 MPa |

Minimum determinant value
=

1] 0,2 04 0,6 02
Green Lagrange strain 14

Figure 8. Mininal normalized value of the deferminant vLv versus strain

§ 8 &8 E%E

Initial eritical resolved shear stress

=3

0 2 04 0.6 0.8
Green Lagrange stean 1 at the localization

Figure 9. Influence of the initial critical resolved shear stress on ductility loss

In figures 10 and 11 are shown influence of two parameters of the hardening
matrix [18], they have a dual influence because one is linked to storage and one to
annihilation of dislocations. The figure 10 shows that the lower the mean free path
of dislocations parameter is, the higher the ductility is; that is in agreement with
reality because the lower this parameter is the more the storage of dislocation (so the
consolidation) is. This argument is only valid for the case of mobile dislocation
which are dominant in BCC single crystals, The figure 11 shows the dual
effect of 10: the less the critical annihilation is the more the ductility is. This is also
in agreement with reality: if the material does not annihilate dislocation it can store
more and more dislocations so the ductility is increased. Those tests have also been
made on other orientations not shown there for the sake of simplicity. But same
resulis have been exhibited while changing crystaliographic orientation,
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Figure 10. Influence of the niean free path parameter on the ductility loss
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Figure 11. Influence of the critical anniliilation distance on the ductility loss

5. Conclusions

In this work several results have been obtained:

— a single crystal elastic-plastic model in finite transformations framework is
proposed. It is able to predict with a good accuracy the behavior of single erystal for
simple and complex loading paths. Model parameters remain the same for one
material and do not vary from a test to the others, which allows to validate the

model,

— a ducitility loss criterion has been introduced. It is able to qualitatively predict
the effect of the parameters of the proposed model. These resulis are also
qualitatively in good agreement with those of literature.

In the so saved room the proposed model seems to be good enough to be used in
a scale fransition scheme in order to simulate polycrystalline behavior and plot

forming Limit diagrams.
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7. Appendix Interaction matrix

The interaction matrix introduced in the hardening matrix needs to be completely
defined. Firstly numbering of slip systems is given in table Al.

Then the interaction matrix is given in Table A2 and value of parameters in
Table A3, As can be seen in table Al and table A2, this interaction matrix is made
of & parameters. Each parameter define the interaction type between two slip
systems. According to Hoc (1998) for BCC crystals two families of systems can be
defined: the first family regrouping the easy slip system and the second difficult
ones. Then depending on the interaction type considered (between two system of
one family coplanar or not, or one of first family with one of the other coplanar or
not} it allows to define nine interaction coefficient. The value of those coefficient
have been obtained thanks to experimental tests {Hoc, 1999) on IF-sieels and their
value are simply reported here,

Table Al. Skip systems mumbering for bvo fumilies

Syst. ! " | n [Syst, [n | " ]Syst. Fn 5 n

1 <111> Q113 9 <t [011] 17 <111> 121
2 <lti> {1011 10 <Ti> [112] 18 <ITI> [211]
3 <> (o1 11 <Tii> [121] 19 <IT1> {116
4 <Hl> Q2] 12 <Tns 211 20 <tT1> [160)
5 <lll> §g2 13 <1Ti> [110] 21 <IT1> (011}
6 <111>  [211] 14 <1T1>  [1o1] 22 <1Ti> [12]
7 <111 [H0] 15 <11 f011] 23 <11it> [112)
8 <Tit> {1011 16 <1T1>  [1i2] 24 <1T1>  [211]
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