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Introduction
Aerospace industry

S5 Motivation of the
research

Chemical and
power industries

high flexibility (low modulus)
excellent corrosion and fatigue
resistance

high strength to weight ratio at
low to moderate temperatures

Applications and features
Medical industry Of TA6V

Recreationakuse

Defense

high strength to'weight ratio,

d biocompatibility,
good biocompatibility good ballistic/impact capability

excellent corrosion and fatigue
resistance
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Introduction

Single Point Incremental Forming for skull implant

Conventional Computer Numerical
Control (CNC) milling machine
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Why is so important to determine and
to model the mechanical behavior of
metals and alloys?

» Design and optimization of manufacturing
processes of metals with permanent shape
deformation

e.g. sheet pile

» Estructural integrity of components

FBO Engine test



How to determine the mechanical
behavior of metals and alloys?

» Mechanical tests:
Tensile tests
Compression tests
Biaxial tests

Shear, plane strain

Etc.



How to model the mechanical behavior
of Ti64 alloy or other metals?

Matematical formulations

— ~

Phenomenological Physically based
laws |
aAWsS
» Based on macroscopic » Based on micromechanics:

observations: load Slip systems, nucleation,

: viod growth, grain growth,
stress, strain, 5 5 5

etc.

displacement fields
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Modeling of mechanical behavior of

materials by using Finite |

4 )

Material input
data from
experiments

Young moduli
Poisson coefficients
Stress strain curves

Lankfords (anisotropy)
Initial yield points
Strain fields (DIC)

Etc.

a I
Characterization
of mathematical

models
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Simulations
from Finite
Element
Software
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Introduction
State of the art: experimental observations

» Temperature dependent
1600 I T y T [

1400

233 K N

600 f Symbol: Experiments |
Solid Line: Correlations with KHL model
X Dotted Line: Correlations with JC model
Chain Line: Correlations with JC model (Unoptimized)
400 | 1 | 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

EP

9 Khan et al., 2004.



Introduction
State of the art: experimental observations

» Strain rate dependent
1600 I T I | [

1400 -
b
1200 -
© |
= 1000 - N
b
800
600 Symbol: Experiments
[ Solid Line: Correlations with KHL model |
Dotted Line: Correlations with JC model
Chain Line: Correlations with JC model (Unoptimized)
400 | | | | |

0 0.05 0.1 0.15 0.2 0.25 0.3

E.F'

10 Khan et al., 2004,



Introduction
State of the art: experimental observations

» Anisotropic hardening

1200 ey
Tension Compression

800 bt ............................. R il

o [MPa]

400 Lhiuc o ........................... .............. i 3

7 0 | RO SR, e TAGV - RDI

’ (Japan)
0 0.05 0.1 0.15

» 11 G. Gilles et al., 2011



Introduction
State of the art: experimental observations

» Tension/compression asymmetry (yielding)

L e ——

mpression |

1200 Lcsiciicia

: Tension

o [MPa]

600 Ll , ............................. . .
' Strength differential (SD) effect

200 fl. o TA6V - TD}-

(Japan)

L] I ]
0.0S 0.1 0.15

12 G. Gilles et al., 2011



Introduction
State of the art: experimental observations

» Plastic anisotropy

Notched tensile specimen

Initial Final
cross-section cross-section

>




Introduction
State of the art: constitutive modeling

» The macroscopic orthotropic yield criterion CPB06
F=(Z|-k%) +(Z|-kZ ) +(=|-k=,)

k takes into account the strength differential effect (SD)

a is the degree of homogeneity
21, 22,23 are the principal values of the tensor X2 =C: S

C is a fourth—order orthotropic tensor that accounts for the plastic anisotropy

S is the deviator of the Cauchy stress tensor |[C¢n ¢, G5 0 0 0
ClZ CZZ C23 O O
Cl3 C23 C33 O O
0 0 0 C, 0
0 0 0 0 C,
0 0 0 0 0 Cy

0
0
C=
0
CPBO06 Implemented in the Lagamine 0
code by G. Gilles

14 *Cazacu et al., 2006



Introduction

» ldentification of the constitutive model

1. Anisotropic elasto-plastic model

Yield criterion?

Orthotropic CPB06 characterized at several plastic work
levels, temperatures and at 10-3 s

Hardening law?

Directional hardening: interpolation between the several
yield surfaces of CPB06

Experimental tests required for the identification:
Tension LD (several temperatures), TD and ST directions
Compression LD (several temperatures), TD and ST directions
Plane strain LD direction (plane LD-ST) 8T
Shear strain ST direction (plane LD-ST) T _

TD
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» Method for full range constant strain rate test
» Experimental results

» Validation of the method

» Effect of the strain rate variations on the

mechanical behavior of TIGAI4V
» Conclusions and perspectives

16



Experimental developments
Implementation of tests at constant strain rate

» Machine vs specimen deformation durinf compression test

3.5 . 1

o Cross head Xgr

Displacement - mm

200

SCHENCK Hydropuls 400 kN press



Experimental developments
Implementation of tests at constant strain rate

» Tests at constant die speed (former method at MSM lab)
Xl

X

Ramp

-E -

)

£

3| X

4 gl

2

) Imposed
B displacement

Time (O |

\
|
= Xep
Deformation of the specimen
(Unknown)
+

Deflection of the machine




Experimental developments
Implementation of tests at constant strain rate

» Deflection of the machine (test without specimen)
X

ma

Ramp

)k;na ;‘(

Load

250

! | ! I
200—————4—————{—————+—————+—— i ]
I | I
! I ! |
150 ————~ :—————ﬂ—————T—— —+—————f —————
I | I

100

Load kN

50

i ] | ! |
QJ 0.2 0.4 0.6 0.8 1 1.2

> 19 Displcement X,,, - mm



Experimental developments
Implementation of tests at constant strain rate

» Computation of the deformation of the specimen

0 . ; |
FQ £ | |
| I R A i ——
L-q

]
—
\____\

Deformation of the
specimen is computed
X,, known :

|
l |
l |
| I . .
3550 -200 -150 -100 -50 0
Load [kN]
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Experimental developments
Implementation of tests at constant strain rate

» Strain vs time computation

test at constant die speed + machine
deflection forgotten

1.17x104 51

H+X (¢)\e
g(t)zln 0 eP( ) R e s Rt
H, £ i
. . © I
H 0 =1nitial helght _E’ A | I stpain_rate_ is-notconstant- - - - _.
£
Strain evolution on thef

el
specimen Is computed: e N
from X, known

S
)

Averag
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Experimental developments
Implementation of tests at constant strain rate

» Atthe Time ¢ the machine deflection (X* ) is known

(for test at constant die speed)

3.5

w

e
[3)

N

|Displacement| - mm
—
- o

0.5f

0 50 t* 100 150 200
Time [s]
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|Displacement| - mm

Experimental developments
Implementation of tests at constant strain rate

» So we can compute the deformation of the specimen (X))

(for test at constant die speed)
3.5

w

||

e
[3)

XepTestl (t) = Xngestl (t) B Xma (t)

N

-
a0

—
T

0.5f

0 50 * 100 150 200



Experimental developments
Implementation of tests at constant strain rate

» Also, theoretically we know (X

ep Theoretica ;) for constant strain rate

(for a test at constant strain rate)

3.5

3

3F

e
[3)

Xep(t): Ho(exp(ét)—l)

|Displacement| - mm

—

o N

Q

QS

g

8'

]

—
T

0.5f

200
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Experimental developments
Implementation of tests at constant strain rate

» Globlal displacement X, 7., ; is computed

(for the second test at constant strain rate)

3.5

|Displacement| - mm
— N
o N W

—
T

0.5f




Experimental developments

Implementation of tests at constant strain rate

» Comparison constant and non-constant strain rate tests

-0.1

Average strain (logarithmic)
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» Comparison constant and non-constant strain rate tests

Compression - 400 °C

0.75¢
-©-Constant strain rate test
0.7  —Constant die speed test
0.65F
0.6F

1.2x102 s

Stress - GPa
o
(&1
(4,1

2x107% g7t

180

Logarithmic strain
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Experimental developments
Implementation of tests at constant strain rate
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Compression - 600 °C
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Logarithmic strain

1100
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Experimental developments

Implementation of tests at constant strain rate

» Important for strain hardening rate

20 . :
© Compression 400°C
all ! :
O : :
D) 15F - I P ——— = === === = <
e .
© o &= constant
=% — £=nonconstant(ramp)
= 10 ---4-3R----t---m - —— - - - - - -
GJ 1 1
-O 1 1
— I 1
© [ [
S| WL, \ G I
k= ! !
© : I
- 1
(D | |
0 [
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Validation of the method
Digital Image Correlation setup

» Basic concept: DIC is measurement technique for full field non-
contacting deformation and strain

Step #1: spray paint to the Step #2: calibration of Step #3: record
object (speckle pattern) the cameras images of the event
Clltlon ]

target Loadlng

Results: strain/displacement field

31




Validation of the method
Digital Image Correlation setup

» 3D-DIC systems configuration

/ 4 ~ .-\ <0
Moy " ‘
Mg Crogg heaq >
Testing | 13
_ sample
- ' i
J i 2 y 5 T . % — o
L] *

v e
Ccp Camera system 1 o

CCD camera system_'Z

™
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Validation of the method
Strain field by DIC measurements

» Accurate displacement measurements and strain field computations reached

, s 25 07 218 Axial log. strain

0
8 4.5
fnm1 -0.034
25 -0.068
0.5 -0.1
0.14
-3.25
0.17
£) -0.2
0.24
0.27

10 z0.01
Isometric view - -

&
B =0.01 : |
g -
|
|

'I‘ 13.26 t0.03 Front wiew

____________________________________ i

Dimensions in mm




Experimental results at RT
Compression test for plastic anisotropy characterization

4
575 29 sl 1 eZZ - Hencky
0
. 8 -4.5
barreling N ol H -0.034
[l
L 0,068 N
) =
05 | -0.1 £
Erm
et
0.14 “
-3.25 o
x_
0.17 a
-7

Strain distributigh\\

ot dasheding | Why axial ,, strain is not

2] 1 . homogeneous ?

&, Friction effect?

X ; Plastic anisotropy? both ?




Why experimental axial €, strain is not
homogeneous in compression tests?

» Numerical investigations of compression tests
1.  Computation of Coulomb friction coefficient

STI One-eight of the specimen
+ VM ™ (D is modeled
6 - 2 o CPBOG fon Jy-0 WP BT N g0 bsod
% - Exp. A \ “Contactelements ]
4F----- 1 ';;_4-__ 4F---- 1y - - - z o =
oy + +
1 0% + 1 -
£ 2 ! %.'5 - y) uﬂ;% | o it
alaiateies 5 S RF & BN EEEEES Y SEE 8 e e R 2 g 9 0
c 0% c .
2 of-----i-0-H 2 01§
0 1] e T |
2 CF 8 o
> A~ | » 1stInverse modeling of compression for
4booe L S Y i computation of ¢=0.08
r ! » lteration fitting = Load + barreling
o105 11 %5 55 & » VM identified with compression

TD direction mm LD direction - mm

» Verification with CPB06(4)
barreling is more sensitive to

35 friction than to anisotropy



Axial logarithmic strain €,

Why experimental axial ¢, strain is not
homogeneous in compression tests?

» Numerical investigations of compression tests
-0.05

-0.06 fv

36

CPBO06 or VM (no friction)
| |

20 40

Angle (°)

ST

horizontal
" centerline

TD

FEMCOMP LD



Axial logarithmic strain €,

-0.05
-0.06 |
-0.07 }
-0.08

-0.09

Why experimental axial ¢, strain is not
homogeneous in compression tests?

» Numerical investigations of compression tests

o
—

CPBO06 or VM (no friction)
| |

011 0 20 40

Angle (°)

37

Material Including  Characteristic of
friction strain distribution

|sotropic iYes — Inhomogeneous
No —— Homogeneous
Anisotropic iYes — > Inhomogeneous
No ——> Homogeneous

VM (Isotropic)

Friction in compression tests
influences the homogeneity
of the axial strain field




Why experimental axial ¢, strain is not
homogeneous in compression tests?

» Numerical investigations of compression tests with friction

-0.06

Axial logarithmic strain
o o6 o ; o
O - =
(o)) S N - oo

| |
| |
A [ T/ T T T T
|
| |
-0.18 ' '

~ CPB06 (Strongly anisotropic sheet) - - -

Friction enhances the visualization of
the plastic anisotropy through the
axial strain field in compression tests

CPB06 (Anisotropic)

0 20/ 40

Angle (°)

38

60

Compression sheet

(stack)

Material Characteristic of strain
distribution

Isotropic  —> Weakly inhomogeneous

Anisotropic — Weakly inhomogeneous
(different shape than

isotropic)

Strongly
anisotropic Strongly inhomogeneous

sheet




Validation of the method

» Two ways of computing the strain:
DIC or volume conservation (Eq. 1)

0.15 . '
© Measured by DIC : . T l’
M « Computed with Eq.1 | . o @
£ : . .o
T : : o :
S 0Af--------- SEETEPELE 1-0------- A- 1
2 ! . ° !
c : o :
IE | 6 I |
® , 8 I I
c 1 & I [
@ 0.05f--------- § """ i o
£ °o '
= . H,+X_(t)
3 ® ' Eq. 1>¢&lt :l 0 ep
I R e e e
o : ; ;
m [ ' [
0 50 100 150
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Validation of the method

» Two ways of computing the strain:
DIC or volume conservation (Eq. 1)

1400

1000

1200} - - - +

800f - -1

—— Stress from DIC

- = = Stress from volume conservation |-+

600} | - -

Axial stress - MPa

400H- - -

ZOOJ -----

0

0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14

40

Logarithmic axial strain

Difference caused by barreling of
the sample (friction)
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Conclusions and perspectives

» Method for compression and tension tests at constant strain
rates using testing machine without PID control

» Validation by two method, Volume conservation and DIC
measurements at RT by measuring the full strain field of the
sample during testing

» Effect of the strain rate variations on the mechanical behavior
of TiAI4V
Mainly initial yield point

Stress hardening rate

» Axial strain sensitivity to the plastic anisotropy proposed for
inverse identification

42



