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Near B-Ti alloys...
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In-service microstructure : complex and multi-scale*

Primary o, Secondary o
nodules Precipitation

Fracture surface in Ti-5553

*M.R. Chini et al. (2016) in Proceedings of the 13th World [N. Clément, 2010]
Conference on Titanium 3



Our purpose

To evaluate the role of the elastic anisotropy on both the
overall mechanical behavior and the local behavior

1. First, considering a 100% equiaxed B microstructure

—

B elastic anisotropy 1) Uniaxial, multiaxial and reversible loading, Bauschinger stress

crystallographic B texture | 2) Incompatibility stresses and slip activity

=

2. Then, considering an equiaxed nodular microstructure a-f

Based on:

An affine Elasto-Viscoplastic Self-Consistent model (EVPSC)
- Elasto-viscoplastic coupling (Translated fields)
- Non linear viscoplastic flow rule (affine approximation)



Outline

1)

Which Elastic Constants describe at best

the B-phase elastic behavior ?

2)

3)

4)

Our affine EVPSC model
to capture the elasto-viscoplastic transition

The macroscopic elasto-viscoplastic and the local

behaviors in a 100% [3-Ti alloy:

- B elastic anisotropy
- crystallographic (3 texture

The tensile elasto-viscoplastic behavior, slip activities and

local plastic strain in nodular microstructure a-3 5



Literature reports A coeff. ranging from 1.4 to 8.3

for the B phase

C (GPa) _
References A* Ti alloy Method
Cl1 C12 C44
Fréour et al. (2005) | 174 116 41 14 Ti17 Xray diffraction +
inverse SC
Fréour et al. (2011) | 167 115 44 17 Ti17 Xray diffraction
+inverse SC
Nejezchlebova et al. Single crystal | Ultrasound+Hill
(2016) 138 102.2 42.5 2.37 LCB model
Martin et al. (2012) | 100 70 36 24 | Til7-Ti5553 A o
experiments
Petry etal. (1991) | 134 110 36 3 Pure FUlSly
dispersion
Brandes et al. (1992) | 134 110 55 4.6 Pure ?
Fisher & Dever (1970)| 99 85 33.6 4.8 Pure ?
Line focus
Kim et al. (2009) 135 113 54.9 5 Ti6-2-4-2 acoustic
microscopy
Resonant
Ledbetter et al. (2004)| 97.7 82.7 37.5 5 Pure ultrasound
spectroscopy
Raghunathan et al. , Xray diffraction
(2007) 140 128 50 8.3 Ti10-2-3 inverse SC

$A=_—"2%
Cll_C12




Only 3 sets of elastic constants give the B-Ti Young Modulus

(Lhadi et al, 2018 Int. J. Plast.)

. ective Young’s
References A* Ti alloy Method g**
Cl1 C12 C44 modulus (GPa)
Fréour et al. (2005) | 174 116 41 14 Ti17 Xray diffraction + 98.6
inverse SC
Fréour etal. (2011) | 167 115 44 17 Ti17 Xray diffraction 98.4
+inverse SC
Nejezchlebova et al. Single crystal | Ultrasound+Hill
(2016) 138 102.2 425 2.37 e model 83.8
Martin et al. (2012) | 100 70 3 | 2.4 | Ti17-Ti5553 S T 69.4
experlments
Phonon
Petry et al. (1991) 134 110 36 3 Pure dispersion 66.0
Brandes et al. (1992) 134 110 55 4.6 Pure 85.8
Fisher & Dever (1970) 99 85 33.6 4.8 Pure 52.8
Line focus
Kim et al. (2009) 135 113 54.9 5 Ti6-2-4-2 acoustic 83.7
microscopy
Resonant
Ledbetter et al. (2004)| 97.7 82.7 37.5 5 Pure ultrasound 57.5
spectroscopy
Raghunathan et al. , Xray diffraction
o 140 128 50 8.3 Ti10-2-3 P 67.2

**Polycristal: spherical grains and
random texture

Effective Young's modulus of Ti-17 : 68 GPa

(A. Settefrati, 2012)




These 3 sets of elastic constants give large differences in :

-Extreme E_, . variations : E _;50- VS E 4115

- Anisotropy coefficients : A

140 9

B Grain <100> H Grain<111> - g
120

100
80
60
40

20

Single cristal Young ‘s Modulus : E<hkl> GPa

MARTIN et al. PETRY et al. RAGHUNATHAN et al.
*Set 1: *Set 2: *Set 3:



1)

Outline

Which Elastic Constants describe at best

the B-phase elastic behavior ?

2)

Our affine EVPSC model to capture the elasto-

viscoplastic transition

— Mareau and Berbenni (2015) Int. J. Plast.
— Lhadi et al. (2018) Int. J. Plast.

3)

4)

The macroscopic elasto-viscoplastic and the local

behaviors in a 100% [3-Ti alloy:

- B elastic anisotropy
- crystallographic (3 texture

The tensile elasto-viscoplastic behavior, slip activities and

local plastic strain in nodular microstructure o-g 9




Real material

- @ r " ' Effective behavior
s . Scale z
b — transition
. I —
a I E
Equivalent Homogeneous -
RVE Medium
.. eff .
Elasticity 6=C:g& | ~—  X=C" :E quiteeasy
Elasto-viscoplasticity
€E=$:0+mM:0 ! — = (ifficult

» Inhomogeneous material and linear (or linearized) behavior

» Space-Time coupling due to different time derivation orders

Non conventional solution: Translated fields



Field equations for elasto-viscoplastic behavior

E —
¢=¢"+yg(9) EC=s8:0
~ with: 4 ~
—d vo =0 vp _
~ £ =g(o)
divo =0 C
e =V°u | N
~ Viscoplasticity:
@d — E . T non linear function of stress

Need to be approximated
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Viscoplastic flow rule - affine linearization

(Masson et al. 2000)

gvP Tangent modulus

Extrapolated back
strain rate

1 L

£P* ~ mt:o+1

Good description of the overall response of heterogeneous
materials : close to FFT calculations

*-Mareau and Berbenni (2015) Int. J. Plast.
-Berbenni et al. (2015) Comptes Ren. Méca. 12



Viscoplastic flow rule - affine linearization

800

' ) ) ! ! i t 'SC-TF-AFF
(E=0.02and n=10) : SC-TF-SEC e

Equivalent stress (MPa)

i : ! A o

: : i ; : |
400 | I3 1 | § | | I |
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

Equivalent strain

Good description of the overall response of heterogeneous
materials : close to FFT calculations

*-Mareau and Berbenni (2015) Int. J. Plast.
-Berbenni et al. (2015) Comptes Ren. Méca. 13



Integral equation for elasto-viscoplastic behavior

g§=E—TCx(6c:&%) —I'Pt x (6by: £P — by:1)) + (I'“: C — I'Be: B,) * P

Using the translated field method, the interaction law for 1-site
self-consistent model writes:

6=c:A": (Se: 3+ E”p'e) —Cc: &P +c: AL Fft: (bt: n + Bt: Ne)
+c: AC:T¢: (6c: EYP + ¢: AC: ((£7P) — E”p'e))
—c: AC: I"ft: (Sbt: gP — p,: AB:: (Mf: Y+ N¢— (é‘”p)))
+¢: AC: (I€:ce — I}t BE): (7P — AB: (£7P))
— c: A% (r¢: ce — r®. Be): (ABt: r;t: (b, — B: Ne))

Application for :
- FCC crystalline material (Mareau and Berbenni, 2015 Int. J. Plast.)
- Near 3-Ti alloys (Lhadi et al, 2018 Int. J. Plast.)

- Pure o-TI (Amouzou et al, 2016 Int. J. Plast.) 14




Outline

1) Which Elastic Constants describe at best
the B-phase elastic behavior ?
2) Our affine EVPSC model
to capture the elastic-viscoplastic transition

3) The macroscopic elasto-viscoplastic and the local

behaviors in a 100% equiaxed B-Ti:
- [3 elastic anisotropy : A=2.4,3 and 8.3

- crystallographic (3 texture :

Random or (60% <111> and 40% <100>)
close to as observed for forged B-Ti phase

4) The tensile elasto-viscoplastic behavior, slip activities and

local plastic strain in nodular microstructure a-3 e




Single-crystal viscoplastic law of B-phase

= Slip rate*

= Kinematic hardening

» |sotropic hardening

yS

S —

X°= Cc°U

r° =1+ sz he.p"
r

(15— xS —r5)"

K

S

n° = sign(t® — x5)

@ =’

— da®)[y?]

p" = (1 —bpH)I|y"|

* Méric et al. (1991), Méric & Cailletaud (1991)

Neglected in tensile test

simulations

Fitted parameters from experiments a 100% 3 Ti-17 (from literature**) l l
n K(MPa.s'/™) tc(MPa) c(MPa) d Q
{110} <111> 20 300 113 200 0 0
{112} <111> 20 300 113 200 0 0
{123} <111> 20 300 123 400 0 0

** PhD Thesis of Martin G. (2012) Ecole Nationale Supérieure des Mines de Paris




Effect of elastic anisotropy on the
macroscopic elastic-viscoplastic behavior

£=2x10"4%s"1

£§=2x103s"1
1000

1000
900

Y15 (MPa)
X:(MPa)

e Experimental data: Ti-17 100% beta- isotropic texture and spherical
grains [A. Settefrati, 2012, T. Duval, 2013, G. Martin, 2012]

Heat treatment at 920°C-15 min + Quenching

K a8




Effect of elastic anisotropy on Incompatibility

250

200

Stresses: grains <111>g and <100>4//TD

£=2x103s"1

0.02

Grain <111>;

0.04

E33

—A=2.4
—A=3
—A=8.3

0.06

0.08

0.1

033-X33 (MPa)

-50

-100

-150

-200

-250

-300

-350

0.02

0.04

_ ——A=2.4
Grain <100>, A=3
——A=8.3
0.06 0.08 0.1
Es3

Lhadi S., Berbenni S., Gey N., Richeton T., Germain L., 2018. Micromechanical modeling of the effect of elastic and plastic
anisotropies on the mechanical behavior of 3-Ti alloys. International Journal of Plasticity. 109 (2018) 88-107.
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Incompatibility stresses affect plastic strain of grain
<100> for A=8.3

Grain <100>

0.25
- = A=]
0.2 —A=2.4
.E e A =3
g 0.15 — A=8.3
w
8]
E 0.1
8 °
o
0.05
Plastic strain
0 starts at 0.05

0 0.05 0.1 0.15 0.2
Macroscopic strain

19



Anisotropic elasticity VS isotropic elasticity (A=1)

Ceff(E,V)

Ceff( E,V)

300
Grains <111>
Q00 - 200
-'r—'\- B i a - -
a 800 2 s Sl W ———
= o 100 ’
v 0 p ] -
(%) [7,] 1]
@ 600 | P ) I
IE 500 t ¢ Experiments ; SS L 00 0.1 0.15 oj2
& 400 ‘: == =A=1 S0 |\ omm——— T e e o
b E=
g 300 : ——A=2.4 i
é 200 o — A3 g -200
9
c
100 E A=8.3 = oo Grains <100>
0e
0 0.05 0.1 0.15 0.2
400

Macroscopic strain . .
MaCI'OSCOPIC strain

20
Lhadi S., Berbenni S., Gey N., RichetonT., Germain L., 2018. International Journal of Plasticity. 109 (2018) 88-107.



Anisotropic elasticity VS isotropic elasticity (A=1) (2)

Relative activity of a B-phase slip family:

ng
Zg:l

s=p fg| Vil

b =
P>

—— {110}

s=1fg| V|

{110} <111>

{112} <111>

{123} <111>

A=24

——{112}

1

0.8

e 0.6
0.4

0.2

n

Slip rate
N s vl
K
«— 12 syst.
<«— 12 syst.
«— 24 syst.
A=1

—— {110} ——{112} ——-{123}

1

0.8

0.6

0.4

0.2

0

{112} <111> slip systems are predominant at the onset of plasticity when elastic

Lhadi et al. MATERIALS 2018,

11(7), 1227

anisotropy
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Influence of 3 elastic anisotropy on the Bauschinger

stress
. . . . 1000
Cyclic tension-compression loading
simulations are performed at an applied c00
strain rate of 2 x 1073571 _
with strain amplitude of -/+ 5% g .
A 2
-------------------------------------- ‘A N-SOO
g Xz 1000
< 0.
- —-=-A=1
500
450

Bauschinger stress (MPa)

(A=1) (A=2.4) (A=3) (A=8.3) 22



Influence of elastic anisotropy on the multiaxial

plastic yielding- random texture

+A=1 A=2.4 +A=3 4 A=83
1000
EvPe = 0.2% bl
oo v o+
o+ 4
W +
500 a +
N o
n++ +
o4 + 0
44
0 + &
at +a
+
»t + “
e
+ a
» +
-500 + %
' + + ‘
+ &
+ N
2 ot No texture
2 2 *
-1000
-1000 500 0 500 1000
2. (MPa)

23



Influence of elastic anisotropy on the multi
plastic yielding- B-forged texture

A=1 _
1500 1500 Aﬁ
EvP¢ = 0.2% EVP¢ = 0.2%
1000 1000 rw /
A
A‘AAAA “A ﬁzzAAA VA
~ 500 4A AA /= 500 A /i A
& 2 s & 2 n
4 A Al / AA
0 4 0 N
A / A
= o - a A
M 500 Aa ‘Aﬁ"" A 500 % / QAAZ
Dan ppih /{AAAAﬁﬁ
AAA
-1000 -1000 /
-1500 -1500 /
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
_ 2. (MPa) 2. (MPa)
A With texture a No texture A With texture A No texture

3.00

2.50

2.00

0.50
max = 8.87

Tex. ldx = 10.25

Stereographic (111) and (100) pole figures illustrating the B-forged crystallographic texture. The Texture Index measu

axial

1 2,523

ring

the degree of anisotropy of the texture (Bunge, 1982) is 10.25. These pole figures were generated using the ATEX- 24

software (Beausir and Fundenberger, 2018).



1)

2)

3)

Outline

Which Elastic Constants describe at best

the B-phase elastic behavior ?
Our affine EVPSC model to capture the elasto-viscoplastic

transition

The macroscopic elasto-viscoplastic and the local

behaviors in a 100% [3-Ti alloy:

4)

The tensile elasto-viscoplastic behavior, slip activities

and local plastic strain in nodular microstructure a-f§

25




Nodular microstructure of Ti-1023

Nodular Microstructure

(13-14% Nodul_es + 8_7% B-phase quantified by Millimeter large prior B grains
Xray Diffraction (O. Perroud)) - |

Random texture

f7.6 mm 60.00 pmy
15.00 kV 0.0° BSD,

hexagonale pseudo-compacte cubique centree



Selection from the literature of EC of the a-phase

Author

C11

C33

C44

C12

C13

Material

Anisotropy coef. (A)

2 X (C444Cs5 + Cgp)

~ Cy1+Cyy +C33 —Cyp — Cy3— Cyg

27



Young modulus of a-single crystal in function of

200

180

160

100

80

60

¢ Martin (2012)

@ Kim et al. (2009)t

-90 -80

-70

-60

-50 -40

angle 6

W Hearmon (1979)

@ Raghunathan et al. (2007)

e Kim et al. (2009)

¢ %o
0‘ ‘0
¢ L 2
&
L 2 L 2
* L 4
L 2
22
AA‘...‘AA
atel et
alES 00000 ,8m4,
!o o! A
9" eoe * Vs
vg0°? ©0o,0
™ .3
30 20 -10 0 10 20 30 40
Angle 6°C

50

60

A Brandes & Brook (1992)++

70 80 90

a;
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Elastic constants of a-single crystal used in the

200

180

160

140

E(GPa)

120

100

80

60

model

W Hearmon (1979)

Na(c-axis//TD)

D

90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90

Angle 6°C

el T me—-Na(c-axis LTD)
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Macroscopic tensile behavior of Ti-1023 (nodular
microstructure)

——LE 20(2*10-3s-1) ovraie MPa

——LE 10 (2*10-4s-1) ovraie MPa

1100 ——LE 15(2*10-5s-1) ovraie MPa 1100
1000 1000
I 900
800
- 700
B~ 600
E%; 500
W 400
300
200
100
0

0

slip family

{110}

{112}

Dimensions : L=20mm ; D= 6mm e

——sigma 2*%10-3s-1
—sigma 2*%10-4s-1
—sigma 2*¥10-5s-1

Nodular Microstructure
(15% Nodules a + 85% B-phase)
Random texture-equiaxed grains

2 4 6 8 10
E;3(%)

-Phas

o (MPa) c° (MPa)

n
20 113 200
20 113 200
20 3 400
30

T Experiments realized in ENIM-LEMS3 with the collaboration of Dr. Julien Capelle



Effect of ng on the macroscopic tensile behavior of
Ti-1023

2x103s1 2x104s1 2x10-5s-1
1000 1000 1000
e ———) —
800 800 800
—_— —_—
o o
00 Eeoo E 600
00 model 53400 £ 400
— experiments
200 200 200
0 0 0
0 2 4 6 8 0 2 4 6 8 0 2 4 6
E(%) E(%) E(%0)
Slip family n K(MPa.s1/m) | rg(MPa) [ c*(MPa) | Slip family n K(MPa.s/m) rS (MPa) c$(MPa)
Basal 90 270 215t |O© {110} gp | 300 70 200
Prismatic 90 270 350 0 {112} 80 300 70 200
Pyramidal <a> 90 270 435 0 {123} 80 300 80 400
Pyramidal <c+a> | 90 270 620 0

T Based on observations of T. Duval (PhD Thesis, ENSMA, 2013) 31



Effect of ng on the sl?p activity for a fully B-equiaxed
microstructure

With nB:SO With nB:ZO

—{110} —{112} —{123} "\
{110}  —={112}  —=-{123)

1
0.8

0.8
. 0.6
e o
0.4 \—\ 0.4
0.2 [:,/ 0.2

0

0 0.02 0.04 0.06 0.08 0.1 0
E 0 2 4 6 8 10 12

E33(%)

When ng increases, {123} slip family becomes less of priority
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Slip activity of Ti-1023 (nodular micro. with 15%a)

1.2 0.2
—{110} '
1.1
—{112}

1 {123} 0.15
0.9 ——basal —
08 —— prismatic 3 0.1 |eSS than 0.1 5

' pyramidal<a> W
07 —— pyramidal <c+a> 0.05

e os
0.5 0
04 0 0.02 0.04 0.06 0.08 0.1
0.3 - EP
0.2 -(\/’/7 ——basal
0.1 1.2 —— prismatic
1 —— pyramidal<a>
0
0 0.02 0.04 0.06 0.08 0.1 08 ——pyramidal <c+a>
Ep .
e, 0.6
0.4
n
o' = =52 : _——
na |-Y | 0 0.02 0.04 0.06 0.08 0.1
= g E



033-233(MPa)

400

300

200

100

-100

-200

Plastic strain in a nodules (c¢//TD and ¢ L_TD)

0.12

0.1

0.08

@ 0.06

0.04

0.02

B grains
400
<111> = 300
// B g 200
=~ 100
m
W o
o@ma 0.06 0.08 0.12 m
<100>B b -100
-200
E33
—<100>B — —<111>B
_ N (cL DT)
_ N, (c// DT)
0.02 0.04 0.06 0.08 0.1 0.12

a nodules

_— Ng(c//DT)

N, (c L DT)
0.02 0.04 0.06 0.08 0.1 0.12
E33
Slip family ro(MPa)
Basal 215
Prismatic 350
Pyramidal <a> 435
Pyramidal <c+a> 620
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a-phase anisotropic elasticity VS isotropic elasticity
(A=1)

CEalISO

——alphaiso ——aLC a//C
- - —alpha & beta aniso

1200

1000 0.06

.E 0.05
800 g 0.04
E 3 0.03
S 6w ™ 002
— 1]
h"ﬁ o 001
400 0
200 E
0 CE a ANISO
0 2 4 6 8 10
E3; (%) 0.06 — —a(C)(TD) ——«a(C)//(TD)
:0.05
) '©0.0s o
Nodular Microstructure a P
0.03
(15% Nodules a + 85% B-phase) = Pyl
. . v
Random texture-equiaxed grains &0 i
o
0.01 7
e
0 Z
0 0.02 0.04 0.06 0.08 0.1
E33 35



Influence of texture on the slip activity of a-phase

1200

1000

800

3:3(MPa)

400

200

——Random texture = ——Shear texture

Cube texture

E33(%)

Nodular Microstructure
(15% Nodules a + 85% B-phase)
equiaxed grains

0.15

——Random texture
——Shear texture

Cube texture

W

2 4 6 8 10 12

Es;(%)

Cube texture is favorable to a-phase slip activity
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An advanced micromechanical model (EVPSC) is applied to near B-Ti alloys:
Macroscopic behavior is not discriminant to evaluate the effect of the B elastic anisotropy.

Influence of elastic anisotropy (A) on incompatibility stresses: different local behaviors
between <100>; and <111>; //TD.

Incompatibility stresses of all a nodules are positive no matter what orientation has the
nodule/TD.

a nodules with axis ¢//TD: orientation is unfavorable to activation of slip systems.

Cube texture is favorable to a-phase slip activity.

Consolidate the model results through an experimental campaign
— Evaluate slip activity of a nodules by microscopy coupled to EBSD

— Measure stress by phase field (in situ characterization, synchrotron) : Postdoc Ravi,
start in March 2019 (IRT funding)
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