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ABSTRACT

The large deformation dynamic response of tantalum has been studied over recent years using
crystal plasticity based models. These models represent the morphological features of the
microstructure and track the effect of crystallographic orientation on the plastic deformation
response of the material. The large deformation shear response of tantalum has been examined
using crystal plasticity finite element (CPFE) tools to track the evolution of the microstructure
for the imposed dynamic loading profile. With this technique, the microstructure is represented
explicitly under two-dimensional axi-symmetric conditions and so grain to grain mechanical
interactions are represented. A model for the dynamic single crystal response of the material is
presented and the process by which material parameters evaluated is described. Simulations of
forced shear experiments are presented and results compared with experimental
load/deformation, crystallographic texture, and quantitative metallographic analysis of the
deformed shear section. This CPFE technique was also used to motivate a statistically based
stochastic Taylor model where a statistical distribution in the driving velocity gradient is
employed. In a Taylor model of a polycrystalline material, a velocity gradient is imposed on
each grain of the aggregate and the aggregate stress response is the numerical average response
of all the grains. Within the Taylor treatment, grain to grain interactions are not accounted for.
A similar single crystal model was used in the Taylor model and numerical results are compared
against results of Taylor anvil experiments (shape and crystallographic texture of the deformed
sample). The talk is concluded by a discussion of where improvements need to be made in the
polycrystal modeling representation of large deformation and damage processes in
polycrystalline metallic materials. Some brief examples of these future directions are presented.
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Outline
» Motivation and challenge
* Macro-scale experiments
+ Continuum isotropic constitutive model
— Anisotropic MTS
« Thermo-viscoplastic single crystal model
— Thermally activated slip
» Embedded polycrystal forced shear simulations
» Comparison to experimental results
» Summary & comments
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Explosively Loaded Sample Demonstrates Ductile Damage
and Failure Physics T. Mason

Explosively Loaded Tantalum Experiment
6 nm thick PETN Beneath Sample - Center Detonated

Challenge of linking microstructure to

performance
Ta Plate Impact

Cu Plane Strain Compression
Undeformed e=-15

*» The ductile failure process generally involves
localization, porosity initiation, porosity
growth, and coalescence dominated by
localized deformation.

+ These events occur at the length scale of the

2 “Void sheets” are forming along grain boundaries in sample e single crystal.
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Forced shear experiments i | ] Nurpencal model with boundary conditions

+  Axisymmetric, Split-Hopkinson { ¢ Axisymmetric, 3 node linear

Top-to-botiom loading, 10-25 m/s 147

+ Tantalum plate, resicual texture
(Chen & Gray, 1996; Maudlin et
al., 1999), grain size 42 pm
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N elements for shear zone
= : = = Adiabatic
» Embedded 1091 grain
polycrystal region
* 40 um grain size
¢ ~7 um element size
o =] * Rate-dependent isotropic
continuum regions
= Frictionless contact surfaces
i at comners
ABAQUS - implicit used but
dynamic displacement rate
applied
3 crystallographic
realizations

T —




Voronoi Tessellated
4 1091 Grains il

Layered Subdivision EHJ

Localization - Ta

« Dynamic response of the SHPB system is not represented

« Piecewise linear velocity profile applied uniformly to the top surface

« Top surface stress response is weighted average of top row of elements

Velocity profile at -100 °C Predicted response at -100 °C
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Shear zone single crystal model
Asaro & Ruce (1977), Acharya & Beaudom (2040),

Kothan & Anand (199%), Busso et al. (2000), Kocks (1976)
Kaldindi ¢t al (1992), Bronkhorst et al. (1992), Anand (1998)

Stress
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Texture
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Shear zone single crystal model
Asaro & Ruce (1977), Acharya & Beandom (2000),

Kothan & Anand (1998). Busso et al (2000), Kocks (1976)
Kabdmdi e al (1992). Bronkhorst et al (1992), Anand (1998)
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Material Parameter Evaluation
512 Elements/Grains

Single crystal model - Ta

Single crystal model - Ta

Material Parameter Evaluation

Single Crystal Model
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Texture . {200}
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Experimental load-displacement response is

over-predicted

 Although the loading rate
difference is described,
overall the model over-
predicts the magnitude of
load required to deform the
sample.

» This is believed to be caused
primarily by 2D
representation.

* The single crystal model
could also be inadequate to
well represent this level of
detail.
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| Realization |

Mises Stress, MPa
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Localization - Ta

Realization 1 Polycrystal

Portion of the shear zone
isolated for closer examination.

Statistics of material state
* von Mises stress
* Plastic strain
« Temperature
« Plastic strain rate

Comparison to measurement
+ Crystallographic texture
« Strain profile by
metallography
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Measurement of Granular Aspect Ratio Ross

Grain morphology (aspect ratio) was
measured along lines parallel to shear
zone b

Grain Aspect Ratio
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3 Differing Crystallographic Realizations
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Region of equivalent plastic
strain extraction
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Shear zone region interrogation by nano-indentation

* Hysitron triboindenter — Berkovich pyramidal tip
10 measurement zone width — 4 micron step
Penetration depth — 200 nm

Loading/unloading rate — 10 nm/s

Hold time - 10's

[ NISH

Shear zone interrogation by nano-indentation

inside
ﬂ fi
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§ ‘/ 1
Hardness values arc averaged 2 =
over the |0 measurements at a -,E i
common distance from the shear B e
Zone center = zero position s /N/

A. Ross, G. Swadener
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Summary & comments

« Damage and failure in polycrystalline metallic materials is
strongly deﬁendenl upon microstructural details — modem
lower length scale tools are necessary to assist in our learning
about these complex physical processes. This can then
properly motivate the development of physically based higher
length scale models for use in applications.
In general, we do not have the ability to adequately represent
the topology of polycrystalline microstructures — this 1s
especially true in 3D. Sub-granular initial state is also a
concern.
* The modeling results compare OK with experimental
measurements. Comments are:

— Stress response is consistently over-predicied.

~ Texture prediction clearly shows 2D defonnation gradient.

— Shear zone strain profile is well predicied.

- Due o tessellation limitations, triangular elements were required.
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Tophat Experiments

Results from tophat experiments performed at 25 C

0 e e )

Top Saurfnes B

- Tt 1138

-

=

E
< =
Tep Surface Strese. M

Velezity, kmise

LA ipa NISA

Localization - Ta

* Dynamic response of the SHPB system is not represented
* Piecewise linear velocity profile applied uniformly to the top surface
« Top surface stress response is weighted average of top row of clements

Velocity profile at -100 “C Predicted response at -100 °C
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Dol Tuatabum
Tophar Secple 11856

“Top Surface Velosity, ks
Top Surtice Stress. MPs
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Top Surfisce Diplacement. mm
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Localization Low density mesh shown

o vebory

EPIC
46,000 clements

comsset 4, =0.2

FE code EPIC - explicit
Axisymmetric and adiabatic
46,000 triangular elements
2000 shear section elements

Contact friction surfaces in
two comers

Velocity profile applied to
top surface

Rigid and frictionless base

2,000 gage section clemenls

* Stress response at top surface

compared to experiments
ol diad (T tmmlens
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Continuum Model

Addessio asd Johsson. 1993; Maudin o al, 1999

Masos, 1599, 2004

Stress
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Localization - Ta

« Predicted responses for sample 1356 and 1357 experiments performed at 25 °C

pREs, i i
Topios o 1 b
wl ol "r‘ﬁ e
= | :
A
| HE A
a0 [\n \ oo M .II
g iy
1 DD Taatutnm
i Topin bomnie D7

T,

Tap Surtace Stress, MPa
¥ ¥

Top Surface Stress, MPs
5

] 2
. 40 e
n | 4 o 048 mm
P ¥ .

T

Top Surface Displacement, nim

LAAN. IaTE

NS4

Continuum Model — Sample 1357
Time = 40 micro-sec.
Porosity

e ET

l [-

AR 1000

» Conlact friction significant in top comer
» Damage plays no role
+ Shear band does not form
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Shear Band — 316 SS
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Shear Band — 316SS

Displacement (d)
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Localization
* Shear and normal stress defined relative to shear zone line
E * Stress in shear zone is quite uniform
" « Shear zone line angle changes from 77.2°to 75.8°

Sumuianon 1357

2 Element Zones 1 - 10
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Localization

* Shear zone was bisected to form separated “hat” and “brim” pieces - frictionless contact
» There is a resi to d: due to the of the outer ring,

Two-piece, frictionless model r
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Realization 2

Realization 3

Mises Stress, MPa Temp., K

[P ISA NISA
Localization - Ta Localization - Ta
Continuum Experimental Realization 2 Polycrystal Continuum Experimental Realization 3 Polycrystal
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Extraction of material point information — 3 realizations
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More examination
of information is required 2
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Length distribution is
over-predicted but relative
magnitude is first order
accurate

Single measurement
distribution
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Extraction of material point information — 3 realizations
: . r ! 21 linear regions
Originial comer point | ——— . 21 linear regions | Original comer point | __ “hardness”
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Stochastic Mean-field Polycrystal
Plasticity Methods

Dissertation Defense
Michael Tonks

Department of Mechanical Science and Engineering
University of Itlinois at Urbana-Champaign
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Polycrystal Plasticity

+ Crystal structure influences macro-scale
deformation

Raabe and Roters, 2004

Polycrystal Plasticity

» Single crystal plasticity —

— Occurs primarily by — A FF

shearing along slip planes — T
— Crystal rotates as it N
deforms m =
* Polycrystal plasticity il ‘5
— Crystals rotate towards - ij:' p = _"

preferred orientations ',
determined by the crystal

leu4

£
L/\o-sAlamos l./;; aasizpcture and loading Tantalumspecimen compressedto
S Arnag et RS £=-2.0 b
iy L e e e R PR S —p—r—————ry R NISA

Single Crystal Model

Plastic deformation due
to siip along slip planes

=Y ¥Ken

Dislocation generation
and pile-up accounted
for by increasing slip
resistance with a

hardening law Dislocation motion

defined by a flow rule

=3 )
Crystal reorientation ‘
obtained from kinematics

2
Los Alamos
e S PP NYSA

Crystal Plasticity Finite Element Method
(CPFEM)

» Models a polycrystal aggregate of N crystals

. Each crystal represented by one or more

A anmée 3
Sl $models crystal
interactions Single crystal

— Includes topology model
« Disadvantages:.
- Too expensive for large
numbers of crystals

Los Alamos

[P S ——— P NYSA

Mean-Field Polycrystal Plasticity
Models

 Also models a polycrystal aggregate of N

crystals
Single crystal
model

%

Z

8.

P
l‘T =S wr

T

T
Te.

N crystals with A slip
o systems
Los Alamos

e e T PR T

Fully Constrained Model (FCM)

» Crystals follow Taylor hypothesis: L¢ = L

« Upper-bound model. ensures comnatibility
Single crystal
model

A

N crystals with A slip
systems

Tl TG s BSA
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No-Constraints Model (NCM)

« Homogeneous stress state: T¢ =T

« Lower-honund model ensnres stress
Single crystal

equ i model
_LE
L @2; —i
St

=

N crystals with A slip

-

Multi-Grain Relaxed Constraint
Models (RCM)

+ Ave(L¢) =L for compatible groups of 2 or 8
crystals

N crystals M slip

Pl systems A systems
Los Alamos bopfuamos
ChasiebandBanwon FRe] [FYrT INISE, em——2 S d999) Grumbach et 2004 NISA

Visco-Plastic Self-Consistent (VPSC)
Model
» Treats each grain as an ellipsoidal inclusion in

an average homogeneous effective medium
Single crystal
( model

=,

N crystals with M slip

Modeling Macro-scale Polycrystalline
Bodies
» Micro-structure driven yield surface

— Mean-field aggregate model used to gene jeld
surface for a macro-scale phenomenologic
plasticity analysis |

= ()

=y systems ~
Los Alamos - Los Alamos
chehonsohmand: Fomii1993) [PET—— YSA haifork and MawdHin (1956), Tin Houtiget alkh995), Maudiineral. (2003)  parss

Modeling Macro-scale Polycrystalline
Bodies
« Embedded mean-field aggregate model

— Mean-field aggregate model t each matenial
point to predict the material b or

i%u;:s
=

eT— NISA

Improving L¢ Approximation Methods

+ Accuracy of mean-field model depends on the
method used to approximate L¢

« L¢ can not be easily obtained experimentally

 An idealization can be garnered with the
CPFEM

12



Stochastic Method Motivation

* CPFEM analysis by Sarma and Dawson (1996)

rmakdigtribution with
« Plain strain compression
- copper cubic aggregate
» 1000 crystals
1 element/crystal

» Random and simulated
initial textures

Stochastic Methods
+ Treat D¢ as a normally distributed random
tensor
. ] Single crystal

(2 ~,
LosAlamos " LosAlamos
Brmirand B son (6 [URp— INISA W&kaﬂlﬂ) AS&

Presentation Summary

» Purpose: To establish the validity of stochastic

models for approximating L¢ and to develop
two such models.

CPFEM ABAQUS UMAT

Ao f R (19777, A

yor A Bemsdnin (2089),

. sﬁrgslgle crystal model

T CW)[E - AW 0

L, = FF
C(F | = Cy+ MIB') !
. F - FF, - = [ &/
* QOutline E-lEE oy (= foem |- (!
: # Myn
— Planar polycrystal Hardening Ly
— 3-D CPFEM analysis AL = (Rimg RY) T
— 3-D Stochastic method formulation, calibration LI =il p o
. . w1 \ T Adiabatic Heating
and validation k el R AR () &
1 bF=— %
Lod Aisrrd — Tantalum Taylor impact specimen analysis Lok Alam pep
e nnrinsTons -t yroTke NoSA oo 12607 T rmA

I. Preferred Orientations in Planar
CPFEM Model
Polycrystals
+ Material parameters from Bronkhorst et al.
ol
Lo Alamos Lok Amos
ot ey NiSA o e oo o T T NOSA
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Texture Evolution

e FCM analyses show textures either evolve
towards preferred orientations or oscillate
— Depends on the magnitude of the applied spin.

—Truei_ ani. itals

« Purpose: Investigatetexture evolution in planar polycrystal with 2 slip
systems using stochastic Taylor model (STM)} and CPFEM

Single Crystal Kinematics
 F=RF
LC = F(- Fr -1 _ R: Rr"I' +R" L; R("I'
Li=FiF, ' =3 4 by 7 nj
D= R°D;R"
o _ Rc Rl;/r + R(w;:’ R('T

Orientation evolution
R =W R —R" W,

Lis Alarnds Los Alamos
Prestil eral=¢199% Fromw- and Dawsony 1896), Kumar (1996) NOSE e —r————— [E—— NISZ
Orientation Change for a Crystal ¢ The Kuramoto Model
. st —sing | Mo « Models the phase change of coupled oscillators C""‘{lﬁf,’;,f;:‘,’
: e e I T - Siousoidal coupling: 6, = w; — K siné; ,.X\: i
WY

AV s 2esed T 2 @ N w20 #))

o= Qe d A (Fosin 204 4 ) 4 A s 2 4 #)

«Crystal reorientation equation

B = MT o2 — ATSI20) A= sec2)

"Texture at time ¢

e = AA l‘~|'..||r’-v-'.'||| '[- A HAT +i“\r,..u.:a||] ]
7=t ; B (Adir T

L”\A' Fe= JRTITA -0

05 Alamos

A R e R TR

- If K r = |w|system approaches stable point
= If K p < |w|System drifts
« Similar to planar polycrystal texture evolulion

T
Q(

- 4« -0+ ,\*r'\ B2 — A &in267)
n>i \ /(\
= aee 24
- g s W o o oo W o o e
. Q=43T=l 0=15T=0, - —*u. = 62 __ I
Las’Al;ndA 0 andA=1 andA =12 \/F‘-W Vm
_m' i i s S L [P PYSA

CPFEM Analysis of the Planar
Polycrystal
« Planar polycrystal with N =900 crystale

FCM

\.

CPFEM

. N EE—
303 G4t 584 Tz 503 O7s 185 221008 071 18» 224
Q=-13r=1, Q=21r=0 Q=-r=0,
y andA =0 andA =1 andA =12
LosAlamos

.

[ ——— PP NYSE

Crystal Orientation Spatial Distribution

I
00s G4 08s 123

141 L T I and A =0

- NSA
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Crystal Orientation Spatial Distribution

Q= = [=Doaond Nz L2

=21

~
—

Los Alamos 205 074 158 223

T ——T———ET o NISA

Statistical Behavior of L¢

. Distrib)‘ﬁf\n nf Lc

Wl CPFEM Data
A [ — Normal distribution
) o

¥ r'll m(l\‘l’l‘/= 2.3

.::\Standardgeviatiogis ovj{ ti\me

":_/,-i_' =
IR ~
! ( € >1l'l o and \ 1 Q@ & [ vl A 1.2
VAl
Los Alamos
el o R S NS

Planar STM Formulation

» Treat D¢ as normally distributed random tensor
Stnchactie Tay]or Madel (QTM)

() B - Wi =0 M
. fr(x) Tana Saely) = ﬂ_n e :s
3 1 e
o ¥NT M y
P(A > 0 SSHIRE a_iS_constaMedium Low
QG—O.IS @c-o.ls ©c=0.l2
N=-13,T=1, Q=211=0 Q= =0,
f,w andA=0 andA=1 andA =12
Los Alamos
o P B FRAF NISA

Texture Evolution Comparison

CPFEM F
i P PV
H 1 ./ _//
IO
N
NS

M
®)
o

9);

e n—r— [ouy? .

Q=-13T=1, (=11 =D, N==I=0,
7, adA=0 andA =1 andA=1.2
Los Alamos

Yot o Nt el it L e BOLEA

@

Effect of Standard Deviation

PA > 79

o f o\ Ag—
f 1 ¥
. 1o o 2 4
Tiuw T (5
Q 1).T = i = Fe=lland A= )2
-
L
Los Alamas
ey p———pe—Troa—y prp— NYSA

Planar Polycrystal Analysis
Conclusions
 There s a link between polycrystal texture

evolution and the synchronization of coupled
oscillators

* The STM and the CPFEM predict that the
texture converges to a steady-state distribution

» The STM is more accurate than the FCM and
nearly as simple

Los Alamos

e T T — NISA
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I1. 3-D CPFEM analysis

~
Los Alamos

o y———ra— [ —— NYS2

CPFEM Analysis Summary

» Tantalum polycrystal with 1000 cubic g ‘
— 24 slip systems: {110} <l11>and {112} <

L N Y

-~ o~ PR .
(’ Ny n o ML T ID)) " LU [E ]
1 i 1
Li=| o ALY ' -} Li=| -2 @ i i L:=|n 4% q =
u Lo n ¢ =100 ]
S N N
\ Yy 3.2
{ " | | \ W24
[ ! W -
£\ » R L 18

- YN TN o 08

ol N ~ _n
V! P Tuntalum plate texture analyzed in Bronkhorst
!{?5.‘\'5.";;3”0 initial textures ,, ;; 5007

i = 4 VL T — NiSA

Convergence Study

* Investigate sen<™"-~ =772 to number

elements per cr

Deform polycry s with random
initial te ure B

éi*adwnt —for

e g
L VoL L) " (;H(R"'f.n: ol
04_| 1
5‘02-: 1
°| |_1 J =1 g e o oy
1% 206 M3 o
£ 5-‘ e u- per CTYRLD l|
Los Alamos
R ————rrTEeeT [T INSSA

-|‘-‘--‘—7. . \
n(.{—_._;._kk‘v 1Re- )

1

PDFs of DC and W"

* Approximately follow _?' M
n(\rma‘ rjlstrlhnhr\ng |

-0 0 400
_ z
v
A{ﬂm ‘m A;ﬁﬂﬂm
T b ]
Aﬁﬂ{t&h_ ms Im
- Lt 8
Los Alamos "
2502008, [,,and plale initial texiure
[ S ———DS T [ReT—— NISA

Reason for Normal Distribution

« The L¢ experienced by an element in a

CPEEM-analysis is determined by the

— Crystal orientation
— Material parameters

— Applied boundary conditions
— Interactions between neighboring crystals/elements

» Distribution shape is due to the crystal

interactions
o,
Los Alamos
Sy o et L [rapE—— NISA

Covariance Tensors

+ Normal distributions are defined by 2"-order
ITup = DSOrymy. = W order covariance tensors
- X and

o CBv yX®-m i my]cylated according to

Su %:IW' —pwe) W e

2 07:2 EDC
_ Vi Swe
* We determine the six eigenvalues  of
w,ﬂm;he three elgenvalues of

P T p——y rp— NYSA
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Eigenvalues of Covariance Tensors Eigenvalues of Covariance Tensors
- L, L, )
55‘-5 =k =t exm" ) —=ef g 10’ — - =N
i F
i a 06 a6l
=4 =R o= =2 = 0 -l
: & N |
& AT
. . - - e
500 & % 500 1000 % 500 1000 -
Time (us) - Time {us) Time (=) it Time (ps) ~
Random initial texture Plate initial texture Random initial texture Plate initial texture
w0 | o 2w
L. a [ I ~ L= o 0 L
w00 rm-n_i [._os'_Alg_r_nqs W
= FITSA T ey e e IIEA
Eigenvalues of Covariance Tensors D¢ Covariance Tensor
. 1T TR TR Piate
« L. 1 Has one zero | e P
Jr X 10 —_— = eigenvalue, | o e | texture
g3l g3 « P = ﬁlﬁcient Jigipey = 1r(Dg) = —4.1 % 1071 Dy
7, o 2, - tr(D) = tr(D)pg Dy = 1.5 107 [ Dy
&l & eigentensor ®,=1/3 I @ @ o | Random
st i i e i Li=l w ws o | inital
0 = 00 1000 v 500 ° U0 100  tedure
fedie &5 T (1) i i .. — (D 47510 D4
_ WD = Dyl = —4.7 % 10 D,
Random initiat texture Plate initial texture Crys.tal mterac.tlons . B " . i
0 0w dominated by isochoric D 1 = 29 % 1074 |D,
s [n v o ‘i ~  plastic strain
Los Alames . pE LosAlamed stals experience the
[ S ————=r—— T = nNYSA \Wnu.—amkn um&e ; o NS

Dependence of L¢ on Crystal
Orientations

» Random igitial texture 1 3 r ‘
; P \ .

CPFEM Analysis Conclusions

» D¢ and W¢ follow a normal distribution due to
the crystal interactions.
» Their mean tensors are equal to the

corresponding applied values and their
tr(D) ~ tr(D)ensors change with time

+ Tr(Dc) = tr(D)

* Reinfluences D¢

Los Alamos

e A A e TSR
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III. 3-D Stochastic Polycrystal Plasticity

Methods
Los Alamos
[ e —r— [IP— NSE

Obtaining L¢ with Stochastic Variation

» The CPFEM analysis results show that L¢
follows a tensor normal distribution

» Engler (2002) and Ma et al. (2004) varied D¢
according to a normal distribution and
obtained an improved description of the
polycrystal behavior
— Hypothesis: Improvement is due to statistically

representing the crystal interactions

-~

3
- Los Alamos

i o o B R NYSA

Stochastic Mean-Field Polycrystal
Methods

» Each D¢ is treated as a normally distributed
random tensor D¢’, tr(D¢) ml;(m,' and We=W

“°"m_nw—.L = 04 3uiDI1+ “r@_T.
s .
{D.’m—‘ﬁ""lﬁ =D DI We—s —~Te
Tor
1o~ DY

B

Single Crystal Model
+ Kinematics
F = FF, = RIUF, =R (I + ¢)F, ||« 1
D = RVRARDR L RCWRT W R

W' = RRY=RWR'+ReDR' -RD R - #R' e —edR T’

R’ W"R’+R‘[ Wi — €' D+ D 4 ‘;, ¢ ‘m";]

_ A M )
L= 4byen; D, = Y 'mp W.o= Y 4a
wm

e Dyl . R "1.. ; I

f;’,g;g},ﬂ;“"“‘m“" T o 2 (R7ER — REAW = 0IR) 4 AW e — AU — )} ©
L3 o T':Q:H!')m'}-:"
Los Alamos Lothlamos
Bmglor BOO i B O m NiSA o o A e NISA
) Deviatoric Symmetric Random
State Variables
Tensors

Ri = expt W AHR] 4 enp

—1

(_\\f;,fg, D+ Dye, + 5iée = os )) m)

|

(

. gﬁvmh’lﬂoxf-- estmnsine heio(5770)

S o
_ PSS S/ Ay R, (—)
s

v
= LN e

1
c G _ymcul i{cinperature gc

LosAlamos

HoteiattI99pcherprand B 2008, Kocks (1976) NIGA

« Since is D¢’ is deviatoric and symmetric, it is
5
reds’ = vi-p”by pv = 3" g vior d°’

i=1

s+ The Ac/ npuariance matrix s sy Vs = e oo o

Ipr = (Eg ), VisV Vo = el ey
th ZZ Sendented” T VAT
LSRR
- V, = el
v2
A
\ vi o L a)
Lo;Alamos v, - l;' o




Distribution of D¢’
. TLA DNMNLC A€/ A
forlD = = \/ ';;l;ﬂ.,' .z_;‘.D‘_ “xp ( *1, fe ) Eé_‘ o — UD«":)

5

Spr =Y ol ® k@

Assigning the Covariance Tensor

» We simplify the assignment of the D¢’
covariance by assuming it is isotropic

e TEyw = 20,,Ince 1s defined by a smgle

B =1 pEor =20.8 - Zoiln T SA=LA+A"
« Uy = Z > @i 2aposition ‘;9
_ o2
_det Tpe H It — where
* We also assume is constant with time
. !:Qs,l_xlamos
- e INTSA Do ot Ao iy L A VT NYSA
Standard Normal Tensor Stochastic Taylor Model (STM)
» The random tensor N' is defined by the random . The randogn tensor. DC' is defined by
vector n' Ho =0 =1 o =20, __U -
) . . “Hpe =D’
and covariance matrix _
- @) = V2 +d(1) pr=3Ev,
- ):d = The realizations are calculated from
. A reanzition of the randoms?, = 35,1 . s
TR = ~-RTDVR 4 FrLL AR AR Z (mj+ 6'q) ~ qaes’) = 0

transformed into the reallzatlon of the vector
d¢’ according to

S =

LosAla
%mh&l)icwaname_msmmpwr

Somiemony Lom A s Gty L0 o

2l
[
]

* Crystal residual eguation eolved with Newton-
€ = € FHSN = s ot fan| ¥
- Raphson i & /A /

Los Alamos 5 645 (06 40+ wDAM L

STM Schematic

STM Serxsmwty to Varlance Value

1o
1,3
38 \

|

= = Randominitial i b il iyl T il
i 1
- ] lexture [PPSR PSP e P ROET R
Step Calculate e N
(- through T =
Generate N time, Az : =
realizations nc E
of S i T Wi I
" T ] = 0 v I i = wa i 04
J S -
o Cakulate — Update = \
| 4 ni|T from Update Tlow stress 1
#) e Viee” ) A~ rDUg'S ~ single —+ crystal [ with =;
c) rystal ofientation | | hardening . ogs ! VI R, ! 4o b
i model - law -
7 ~ =
N 7y
Los Alamos Los Alamos
Rt bl 1 ! 7 i W
[ ———r—-T ey T TOSA [ - LA s ) NISA

h . i %
Ep—— £00ei - T we00q » 311 LD\ IN
75
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No-Constraints Model (NCM)

« Ensures stress equilibrium by assuming T¢ =T
* Solyes, forRD ﬂnd T' Wlth a sg':irse non-linear

£ 40 = It
Torms
S¢ i L g
R -D - Z' D0 1T} = _L”H:IR 'T'R

1

» The D¢ predicted by the NCM describe, to a
;s.gae&ee, the influence of R¢ on D¢’

e R e NISA

Stochastic No-Constraints Method
(SNCM)

» Theerndnm vagaae N g defined by
o —2(7,,5—3(7 I
g =D’ +0,AD" AD? = DY - D'
where

d"m = V27,0 + pg(t)
1S calculated with the NLM

» The T¢ are calculated from the resultant L€ in

-, the same manner as in the STM.
LosAlamos

P p—r———— PR, NS '*'

SNCM Schematic

, =
| Slep |
— through |
|Generate ¥ time, & | el
realizations nc = LT
o - 1
i | Caleutate D
with the NCM |
+
AD” - D" - D
g = D .aD" _1 1
T | calculate | Update
' | tronp | | T from Update | flow stress
L TR <~ prgeif = oryst‘gh = single = crystal 1 with
crystal orientation | hardening
. e moded — law
Los Alamos
[ —r—— Ty LALE P NS

SNCM Sensitivity to a

oo I —— Y 1 5y o O 1
A‘ I A 4 “. %: ra = (LSO

Gl we ot '
L, with random initial texture
iy A n

s
- . i3 07 (03D
1 ie
- : - 1 - !"\'
. 5
w, = I a, = Tl ’, °
L, with random initial texture

il‘l '\l ']
- - ’ t RN EN S B
h i
M

1., with plate initial texture

e e e NIGA

Experimental Calibration and

Validation
= Upset forgings of P/M and
rolled Tantalum cylinders
» Powder metallurgy (P/M)

— Random initial texture

— Three cylinders loaded to ¢

=-0.5,e=-1.0,ande = - m ,
2.0, respectively !:’ 3 '
» As-rolled bar e

~ — Two cylinders loaded to £ =
LosAlame) and £ = -2.0

Tomant i o o i Sty L o SR PP NISA

Calibration and Validation of STM and
SNCM

- Calibration: Determinat .3 h of andato
match measured P/M textures

* Validation: Comparisons of predicted textures
to the as-rolled bar textures

« We also predict the texture using the FCM and
VPSC to provide bench marks
— In the VPSC simulation, the rotation of each
crystal is coupled with the ratio of one neighbor
LosAlarnqstal chosen randomly

R e e T e
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Calibration Using P/M Forging Results

Sele  Experiment STM SNCM VPSC FCM
i} i i 1 il 11
R A 4 4 A
5 40 A 4

I I ; r.

) I 4 o of o off i o

" T A T h o h

i =(011D])?  a,=0.2
rere— [T— MNISA

Validation with As-rolled Bar Forging

Reanlte
2 e=-10 u

T o gy w o g <
: - 0 \ 1
» 3 o 4 1]
£ L s i
g ; *‘%u R f i
€ iy 10 :
: 4 £, 4
g4 ) . | ;
& » = *
v I
£ 0 P ! — A T
=20 & T e=-20 ¥
A A
; of - NED
2, @ TN,
- Los Alamos g £ k)
s e e e LR T NYSA

1 11 Sedle
£ e=-10 ‘ (mid)

M *
. ]

Computational Expense

» STM less accurate than SNCM and VPSC but

Stochastic Model Conclusions

* The STM is more accurate than the FCM and

more effiient ST ; only slightly more computationally expensive.
Y ‘bﬂq_‘th ‘ * The SNCM is more accurate than the STM but
"bqﬂ | three times more computationally expensive
( H
— As accurate as the VPSC
VPSC SNCM
m } [ i [
ﬁibtr ultiple Dﬂch"‘ 4 | |E3q
‘ Lh- terations Ebﬁq_t
Los“'ar"los Tow Lok Alamos
[ v P —, o NS Py r——r———ry PP NYSA
IV. Tantalum Taylor Specimen
Y p Taylor Impact Test

Analysis

y
3
Los Alamos

i e e i T e BT

« A cylindrical specimen is fired at hardened
steel anvil at a high velocity

« Plastic strain rates range from 104 s to 0 s!

*+ A large range of textures occurs along the
Test Aeparalus Test Samples

anarima

Los Alamos

Tavtor (1 998 157Gy Lo p———
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Summary of Taylor Specimen Study

» We compare the responses of two tantalum
Taylor impact specimens
— Powder metallurgy specimen (P/M) specimen with
equiaxed crystals and a random initial texture
— Round-ciffj *= =T sanare rnllPd IR("QR\ specimen with
an asymuf +» s .'- s | crystals (30:1
ratio) ( )( (N I\( . )

! IJI

con

. TthDF measuredusmz XEV dlff‘r_a,cuon

Discrete Representation of Initial
Textures

P/M texture RCSR texture

1000 weighted orientations are
extracted
~
-y
- Los Alamos
Hoeks (199w Librei i INISA

Experiment Details

+ Specimens are 30 caliber and 2.0 in long

» Deformed using Helium-gas driven gun at
LANL

¢ Impact in medium vacuum (1.3 KPa or 10
Torr)

* Projectiles recovered after the test

Finite Element (FE) Simulation

= Specimens represented with 3-D mesh of
5,620 nodes and 23,328 tetrahedral elements
 Impact simulated with EPIC-06
- Explicit time stepping scheme
— Lagrangian kinematic description

¢ Initial ve” rtlmlng s We noerima nan ||.:v'_|-\:a tramnaat intarfana friction
system and EEE——— S E s
—P/M sp

. ~RCSR A

Los Alamos Los Alamos

ot Lo M Mot Gt L A [PuT— NYSA e —r—r——r—y [Ty NISA

Material Model

Spherical Component ' DeviatoricComponent
(L)1 . L'y = Lit) — Sir{L())1

Mie-Griineison

Initial Orientation Assignment

Deterministic gy Random

Q— Most accurate — Spatial variation of

texture =} 1 texure

representation m

g
&
=3
120 w@]_ 2 %
Nerystais « Random assignment retards the texture evolution.
it = TILE) + p (:“,.u,” ) I + The retardation effect increases with decreasing ¥
T by /‘
Los Alamos Los Alarmos
bt ek Rasiess={I967), Walsh el (1557  NsA Foundeinarale (T3 <rves ppveT. NISA
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Determining the Value of N

Sensitivity of the Model Accuracy to N

. - P/M Speci
« Computational cost is high Specmen .
— 23,328%N non-linear crystal solutions are ] z L:\
conducted at each time step E0N S \\\_\
. 0.02]; € osl +
— 23,328%28xN state variables are stored o ; S 4 _
. . n___Zo0_ 400 __AO0AOA 1000 00 400 _AON 800 1000
« Investigate sensitivity of material model to N e = 200is 8 good compromise yand
. computationalexpense
~ One time step, d¢= 10 us 01
. - — Dtermodni stic
— Average of 10 STM simulations w u B - Ragndian
« Ev"r = = " ror and ODF error pompared |'
o= JIFRG) - fRY)[ AR entations , 4 e
g TRy dR:
Los Matos
e e v NiSA e . NIGA

Simulation Details

» Both specimen impacts are simulated with the
measured initial velncities for 110 us
Tog ho
« The model parameters  and  vary for the
P/M and RCSR specimens
— No data available to determine values
- Weikteepmme the valuesResfitpagrthe predicted
deTe T 0075 GPaross secTn, = 0-05 GPaimens to
thep, = 3.5 Gpales hy = 3.5 GPa

Recovered Specimens

P/M specimen RCSR specimen

Magor Profile Minor profile Footprut

Los Alamos

P - [T NISA

Predicted P/M Specimen Deformation

Predicted RCSR Specimen
Deformation

Deterministic Assignment Random Assignment

— Experiment ==
40 A0
== Simulation
e 6 o
P = =
3 iy R iz \
i | i ,
ahy / L 4
| i Eae
s 0 & - -3 0 3 & 5 0o s 6 3 & 13
> 2 — Experiment
y y
Los Alamos -Los Alamos -~ Simulation
eSS ——— - e INISA [ —v—r—pr— [YE—— NYSA
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Predicted RCSR Specimen
Deformatj

Random assignment, N6
texture evolution

andom assignment

40 40
s A
K b
5 Pt
. 0
"
19

¥ 5 0 5 8 3
— Experiment
- - Simulation

LA, (SR N“Sa
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Axinl poaithan (1um)

R(
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- Ry Vi ——
L

w

Axial postion (mm}

p
LosA!arnos oy v

o 5 10 15
Axial position {mm

RC

«  Deterministic assigament

=

]
&

Tiextyre Evolution

5 w15 20
Axinl peasition (mm}

—— Dwtorministic
i T8 BT
18 2
Axial positica {nm)

- = -
> g . % N £ - [,
Los Alamos 'k Tt ~1 Y ‘-I-' \ LosAlamos ™= I
i — T =W A\ / e
A
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FCM vs. STM

» We repeat the P/M specimen simulation using
the FCM

. The STM provides a 16 2% increase in

& —-—sr.\l

=== FC \4
ol |
Q 0 15 20
Axial position (mm) i al psition (mom)
/".
Los Alamos
ey e PV

Effect of Initial Texture on Specimen
Deformation

« Initial texture affects the shape of the footprint

but not the ﬁeneral sha{ge of the lateral cross-
SR specimen

. ﬁ l .
/‘. J Maper Profile Mo profile Footpnat
Los Alamos
e TR NISA

Local Minimum in the Texture
Evolution

s Wy local minimun in 4 e o RIYNaR AL
17 I H
=R
. [ | |

Simulations using random selection

x e 1
5 10 15 20
Axial position [mm)

i

A e FpeT— NYSA

RCSR Specimen Texture Evolution

+ The RCSR specimen ) /E
texture is resistant to /47T ¥
evolution
— Resistance is not

captured by our material
model

+ Resistance may be due
to elongated crystals

. (30:1 ratio) 17 o

Los Ala@ey/stals can’t rotate due Nt N\

M“'Wcﬁmmty LALE NYSA

Taylor Impact Analysis Conclusions

» The initial texture influences the deformed
footprint, but not the deformed lateral cross-
section

» The RCSR specimen resists evolution due to
its elongated crystal morphology

+ Our FE simulations accurately predict the P/M
specimen behavior

» They do not accurately predict the RCSR

Losmpﬂelmen behavior because they do not
s—accountfor the elongated morphology  warsa

V. Future Work

+ Analyze the convergence towards steady-state
ODFs in more complex polycrystals
— Conduct analyses similar to Kumar and Dawson
(1996) and Kumar (1996) using the STM rather
than the FCM )
» Verify CPFEM results wim realistic crystal
shapes and non-uniform crystal sizes

» Develop relationship between  and the

polycrystal material parameters and applied
oadmg

__«Inuestlyh:;thre*textuxrcvo’rutron—remstance:ar

noann
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Questions?

/-\‘l
- Los Alamos
e rre— NOSE

The ODF of the Planar Polycrystal

« Orientation Distribution Function (ODF)

F Random Initial
M- xm=2 am-n Tin
o (0) =17
& Jgeld) = fo i I, A 1,|r'1 A, T AT Y ek i
st a0 F = 14
= =0
ST™ - &, .
o for i) :/ / o (008 v A1 fre () faolu) | Qe o0 oo, 00| di oy
LasAlamos
presral e P prroeT - IB N NISS

Symmetric Random Variables

+ A symmetric random tensor X can be
repreﬁellte@(asf‘élp ran(!‘omvec@)Fx—fP eites e

Skew-Symmetric Random Variables

+ A skew-symmetric random tensor Y can be
rerrEtvey -y, 6! randc® -

— (e ey —eq eyl
78 ey 2
V2

E;j=8;0 e E——,_c. Loy ey ey) G; = —(e e e e
- R - Vi3
Ei=cirey Ey= ;ae. Cerde, ) Gy - I-.,(v e — ¢ e)
V2 V32
1 ATS [ M 1 A § kL
B = <7 ,:’l [ E, = =% l:"-' — ) (R = i) By = 57 “Z] Yo = Z: Yo =~ y) 0 (Yo = fhy)
- The 2z orgder pean tglia apd 4'-order covariance — N LI covarian
orgler e rapd ¢ py = Ym)G = 530,64 G i
o =1 km )Y
LosmarASI‘SOf of x are and Los Alant€ISOr OI y are ‘ anu
i e e . OSA e e e aiwioms " oA

Eigenvalue Differences From CPFEM
Random initial lexlureAna1y81§leasured initial texture

b

1 ;. o B o
Los Alamos

oty o A s Sy LU M

Powder Metallurgy (P/M) Specimen

+ 30 caliber (7.62 mm diameter) and 50.8 mm

- Tes e v e s e
for if) — -
.}’-— = = —-.-—
e -@-
s00ee ses e

Press at 345 Mpa

Sinter at 2400°C Press at 1600°C and
for1 hr. 207 MPa for 2 hr.

+ Crystals are relatively equiaxed with a random

- Initial texture
LosAlamos

P —r—r——r— -
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Round-Corner Square Rolled (RCSR)
Specimen
» @@l caliber (7.62 mm diameter) and 50.8

L

Round-comer

Tantalum ingot 4-Platen Forge Square Roll Swage

o

w 1 110 1
. Asymmeth N{ .y "p;/’ O = orystals

(30:1ratio)  1ut 7 A~

2 wit
Loz mos
S - A NYSA

Micro-Structure Driven Yield Surface

« Maudlin et al. (2003) investigate
the RCSR specimen by
generating a yield surface
— Use the FCM with 1000 crystals

» Found strong coupling between - .
the normal and shear stresses

* Mixed-mode coupling producesal__._ I D:
shearing deformation in the :

~,Cross-section
Los Alamos

Operstm Lo e Vo Gty L b R Py — FYAGEY

3-D Images of RCSR Specimen

3-D Measurements of RCSR Radial
Cross-section

Ta-Navy Rod —

Vo

Los Alamos o . ) :

ey e TSA

b

Deterministic vs. Random Assignment

« Differences are not sufficient to recommend

Delf[rﬁlimmthﬂd

RandomAssignment

— Experiment Texture evolution

- - Simutation

e i D AT [PTT— NYSA

Mesh Convergence Study

* P/M Specimen with N =20

& 3000
20000 __ ——
= 1009
o 18 1.4 1.2 1
Mininu layer beight {un)
15 .y
£ 4
+05
=% 14 [FB
a) Blulssnim layer beight {xm)
Los Alarmos
[P ————— [pur—
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CPFEM Analyses Conclusions

o

+ D¢ and We¢ follow normal
distributions in planar and 3-D \

nalvarmoctale L

tr(D) =~ tr(D) - "
* Since the elastic strain is N oy

small, tr(D¢)=tr(D) A4 '.

Pra_ S

» The crystal orientations R¢
m%%éméﬂﬁ@% amw&[lm é‘i‘ﬁ!ﬁ“c crystal shapes and non-
corresponding to the non-zero

-~ D components
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Stochastic Models for Approximating
Le
» D¢ sampled from tensor normal distributions

< D¢ is defined by a single, constant variance
and a wpe = D'nsor  pp =D’ + 0. AD”
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Stochastic Models Accuracy

Planar Polycrystal Taylor Impact Specimen
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3 D Tanlalum Compressmn Experiments
Experiment:  STM v SNCM 31 FCM
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» Future Work: Develop relationship stween
. and the polycrystal material parameters and
eApplied loading.
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Planar Polycrystal Analysis

* There s a link between texture Qv

evolution and the behavior of
coupled oscillators as predicted by

the Kuramoto model (

+ STM and CPFEM predict that the .
planar polycrystal texture always S
converges to a steady-state ODF ré’i\

+ Future Work: Analyze the ) )

Lf;onvergence towards steady-state | —
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Tantalum Taylor Specimen Impact

Study
- RCSR
« Initial texture of
specimen affects the
footprint but not the
lateral cross-section
« RCSR specimen is e
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resistant to texture
evolution possibly due
to its crystal morphology
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Future Work for RCSR Tantalum Taylor
Specimen

+ Conduct experiments on RCSR
samples at various strain rates.

+ Simulate the deformation of an
RCSR polycrystal using the
CPFEM to validate our
assumption that the elongated
crystals resist rotation.

+ Develop a mean-field polycrystal

~ plasticity model that accounts for
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