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How to obtain the desired properties for aircraft application of Ti conTin "’W\F)_

>
alloys: Ti-6Al-4V ﬂ a

Industrial process
(Forging)

Ti-10V-2Fe-3Al
(metastable-0)
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What are the microstructural evolutions during industrial process?

conTin UAA

Tt Ingot > Billet |‘ Billet > Final piece
Solidification B grain |‘ Equiaxed
structure refined Initial pStructure 9 E microstructure
’l Dynamic 'y p D |‘
Recovery Z/7 (Driving force)
\| CDRX |\ g |\
« Static » RX |‘
“ & Partial DDRX - ﬂ
: artia ? g
u ﬂ 24 g a |
‘l Holding /' Deformation ” |‘
Kinking = Globularization (a laths) +
CDRX (equiaxed a) + Il
Substructures formation + few CDRX (B) B
a+ 3
‘l o : 12 variants
‘l (Burgers
Orientation Chimie Paris
Relationship) Kinking (o laths) + ann
Substructures formation +

few CDRX (B) -

. Homogenization 2. Deformation 3. B-Recrystallization™® 4. Deformation** 5. Post-deformation holding** 1';

|I| - * RX + Def steps repeated several times ** Steps repeated several times *** In the case of cooling B-metastable alloys, for a + f it is rather the reverse
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Main objectives conTin U\ 3

0 High complexity in the 3 Approaches
comparison of observed

microstructural phenomena s Bl Microscopic
in the literature VALY Analysis
(PEBSD)

A vast number Different

of possible methods of
microstructures dislocation
of titanium density

alloys estimation

7 - = : Full field

- WY Simulations

Macroscopic
analysis

(Ps)

&

4
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oaches conTin A

0

¢

Crystal Structure
Constitutive models

& =¥(y>)

772 _

v M

l 5-10%¢

Orient'ation l’f
' — gradient y// ////A

P, = GND + SSD density

Psim [m_z]

Statistically
Stored I

Dislocations 1-10%*
T Q

Indirect comparison of the Psim = Str-aln hard.emng
3 dislocation density
¥ approaches <
Pepsp = GND density k> =Y (psim)

» _____ Simulations Conclusions 5
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Presentation roadmap conTin U\

Microscopic
approach:
Microstructural
evolution during
hot deformation
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7 different initial microstructures conTin U\

T (°C) Initial 7 initial Tp - 50°C = 750°C (Ti1023) &
state microstructures 950°C (Ti64)
. Deformed (fixed T and &) £=101¢1
As-received state 4 initial o e
state Water P TET Tt +T=700°C (Ti1023)
QEenChmg (Influence of T and &) +€=10%s"

Ti64 (a + P)
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Double-cone samples and EBSD analysis conTin U’\N\F)_

Several analysis .
adapted or developped 3

° Double-cone samples

8 .
1.3
o 1,20 Analyze foF the different
1o microstructures
09 several
TS strain levels
0.6 . .
=g;§ within 1
o 0.3
] 0.2
FORGE " “'
0.3 0.8 13 [M. Brozovic Gariglio, N. Bozzolo, and
D. Pino Mufoz: Metall. Mater. Trans.

0.03s1)  (0.0657) (0.105) » 05

; Z-] 750°C | 102! LS 750°C | 10%s7 %-
.[0001] ﬁzi0]- | E = O E = 1 3 S[ool] [011]@ | E = E = 1 3>
' ‘ RD (CD)
" i Intragranular misorientations

(60 <10° ) = PEBSD

A
5 pm £ 5p
Ll R ROSE
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PEepsp evolution with increasing deformation (Ti1023 at Tg — 50°C) conTin W\}

e m—




LAGB and HAGB density conTin W\F)_
o] Phase maps + LAGB and HAGB Cumulative analysis of p;acp + PHacB
G AD

I Beta .
" ,\' . Grain Boundary Length (= 0) [um]
o .1 -1 - Alpha > -1 —
L Ti1023_EIB (750°C | 0.1 s!) BERE ~o mctonont peg (= 6)[um™] Grain area [ym?]
LAGB|=— 6=1° } aja
HAGB 6 =10°] B/B
— a/B

1 T T T T T T T T

- tcD =13 . ® L iles
i' " 08 —e—e=0.8]|
] E —e—c=1.3
(=) = ¢
= = 0.6 ]
B o

L\/I

5 0.4‘_ N

N

o] \\\‘\

| | g 0.2(&““; : . : o o - -

1 2 3 4 5 6 7 8 9 0
Misorientation angle [°]

Pce Z1°) = prace + PHacs Prace (210°)
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LAGB and HAGB density for equiaxed Ti1023

CONTiN UAA

AT=N placs

A E=APpilice

‘ 700°C | 107%2s"1 AT 750°C | 107251 A & 750°C | 101571
1.5 T T T T T 1.5 T T T T T T 1.5 T T T T T T T
= - —e—c=0
R e |
g J i ——e=03
e E —e—c=0.8
o —e—e=13
L\,I O'SM 057 0.5F ]
s@ e e e —
Q 0 - 0 - : - . - - - - 0 - t . : . - *
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Misorientation angle [°] Misorientation angle [°]
- B -\:— N S \‘Ll 3 q
tcb e S e A QUL T
o™
-
Il
W
1.5
H|_|
[
g ol
&=
A
(==] 0.5 ]
o m
.3 AR ==
Q 1 2 3 4 5 6 71 8 9 10

Misorientation angle [°]
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Misorientation angle [°]
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LAGB and HAGB density for lamellar Ti1023

CONTiN UAA

700°C | 1072571

AT

750°C | 1072571 A ¢

2.5

9t

1.5

1

0.5

2.5

2+

1.5

1t

750°C | 1071571

—c = ()

—o—c=0.8

=03 |

——c=1.3]

1 2 3 4 5 6 7 8 9 10

Misorientation angle [°]

Misorientation angle [°]
R ¥

pép (20) [wm™']

Misorientation angle [°]
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Misorientation angle [°]

Misorientation angle [°]

AT=N N pZp
A &=No
significant effect

AT=No

significant effect
A &=No
significant effect
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Trends in the microstructural evolution of the a phase (Tz - 50°C | 0.1 conTin U’\N\A_

) uStructures

[ Equiaxed a / Elongated B}

[ Lamellar a / Equiaxed B]

Introduction + Objectives

a Morphology a Texture (local) o TD-IPF at & = 1.3 Pragp In a grains

| :(0001) N {1120} Highly elongated grains

B (0001] L CD _>‘
B (i100] L CD

[ (i210] L CD "-
I Other grmns

0.8

0.6

0.4
0 l_- IIII

A Pracs (formatlon of
substructures) within
grains respecting this

specific developed
orientation

mrd
Pracs (1°>0>10°) [pm™1]

Alignment of elongated a
nodules

~~Width=TD

(0001) {1120

B (0001] L CD
B (i100] L CD
[ [1210] L CD
I Other grains

0.8}

0.6 |

0.4

0 - I I
0 0.3 0.8 1.3

PLaGs (10 > 0> 100) [l.lm_l]

Klnklng, breakage and
alignment of the a laths

» ____ Simulations > ____ Conclusions K]

ehaviors also valid for the Ti64 microstructures




a local texture trend also observed for different T and £ tested conTin U\

Ti1023 | e=0 £ =13 > Ti64 | e=0

(0001) {1120} /(0001) {1120\
A R 637 sig

-~

Local texture (1120) || CD

Axisymmetric
behaviour less
pronounced but also .
valid for other T (0001) | CD
and ¢ tested

Introduction + Objectives Conclusions 14



Orientation dependency of py4¢p in a grains for dlfferent Tand & conTin UAA

tested .

- I“V Y
| 1 - T 1 - T T 1 : . = .
§ 1750°C | 102 s . 700°C | 1028 ~1950°C | 102 s ‘\
g | N | NI [0001] L CD
A " | '- [1100] L CD
S04l 0.4 0.4 [ ][1210] L CD
Z o2 I s |H loal -/ B Other grains
<]
: . s ol Mon Bl |||| "
Q 0 0.3 0.8 1.3 0 0.3 0.8 1.3 0 0.3 0.8 1.3

& & &

A prage (1°=0>10°)

& S

: 1 ‘ , 1 , ~ 1
£ 750°C | 102 &7 700°C | 102 &1 950°C | 102 !
~ 0.8 . .
(=]
N 06 Identification of an
® 0 - . .
Al oa . intrinsic behavior of the
< s I I | I I . a phase
s 0 0 0.3 0.8 1.3 0 0.3 0.8 1.3 0 0.3 0.8 1.3
& & &
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Presentation roadmap conTin U\

Macroscopic
approach:
Rheological
analysis based on
compression tests

+ Comparison with
Microscopic approach
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How to assess the o, & ag

CONTin UA/,

N a phase
fraction

transformation observed

Introduction + Objectives

400
2 min (Sample 1)
350 | 2 min (Sample 2)
——2 min (Average)
200 F ~--10 min (Sample 1)
250 F 0 | T 10 min (Sample 2)
s ——10 min (Average)
E 200 |
—_— 150 ------- 02 ,)nl'n
° “ 010min
100
50 |
0 1 L ] I i \ :

00 0.1 0.2 03 04 05 0.6 0.7 0.8

£macro [']

Rule of Mixtures
(Voigt assumption)

02 min = Ogqfa + 0-,8(1 — fa)
010 min = Oqfa + Uﬁ(l — Ja)

~ constant throughout the
compression

» _____ Conclusions ¥



Stress-strain curves analysis for the 4 initial microstructures conTin UAA
Ti64 | 950°C | O 1s1! T11023 | 750°C | 0. 1S'1

350 i i 350 " " " " T 800 ; T T 800
_— f =1 (Rule of mlxtures) g i f“ =1 (Rule of mixtures) —_— fa =1 (Rule of mlxtures) R f =1 (Rule of mlxtures)
300 - Error margin for o 1300/ Error margin for o ] 700 + Error margin for o 1 700+ Error margin for o
_ fu =0.59 + 0.01 (Experimental) fu =0.55 + 0.01 (Experimental) fa =0.34 + 0.01 (Experimental) — f =0.33 + 0.01 (Experimental)
| ritisiee f,=0.37 £ 0.01 (Experimental) | | @ f, =0.35 & 0.01 (Experimental) 600 - ‘ —— f,=0.24 + 0.01 (Experimental) |1 600 - =0.24 + 0.01 (Experimental)
250 ——f,=0or fﬁ =1 (Rule of mixtures) 250 ——f,=0or f/;= 1 (Rule of mixtures) 1 — f,=0o0r fﬂ =1 (Rule of mixtures) R — f =0or f =1 (Rule of mixtures)
i Error margin for 3 Error margin for g F 500 - Error margin for 3 1 500 Error margin for
o 200 ¢ 1 200+ [
E i E 400 f 1 400
o 150 150 { =
6 ) (\ © 300 | 300
1004 | 100 !7 e e | 00 1 200 )
50 50 1 100 1 100
0 01 02 03 04 0.5 0.6 0.7 0.8 0 01 02 03 04 0.5 0.6 0.7 0.8 0 01 0.2 03 04 05 0.6 0.7 0.8 0 01 02 03 04 0.5 0.6 0.7 0.8
Emacro [_] Emacro [—] Emacro [_] €macro [_]
Softening on the experimental curves (orange and light blue)
—> Related to the
Ah =6 mm 140 140 —
g &macro =0.1s71 —Sample 1 —Sample 1 @
T [°C] < =07 t="Ts 120 o Sample 2 120 o Sample 2 —
macro 900 C —Average 9 5 O C —Average G(p 0-0 + 1I}M(p G‘P b(p pa'
2 : 100 | 100 |
15 min ) .
900/ 950 f======-- [Buzolin et al., International Journal of

Plasticity, 2021 ;
M. Semblanet (PhD thesis), 2014]

Water
Quenching harp and short peak + no flow softening + similar order

(~ 75°Cls) .
of magnitude

00 01 02 03 04 05 0.6 0.7 00 01 02 03 04 05 0.6 0.7
>t True strain True strain
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Comparison between Micro and Macro methods for the Ti1023 (a) conTin U\

Ti1l023 Equiaxed a 800 ————————
750°C (0.15") | ] .
| | — fa =0.34 4+ 0.01 (Experimental) FIOW SOftenlng . a
m0.3 m0.8 m1.3 600 - —— f,=0.24 + 0.01 (Experimental) . .

—_— fu=00rfﬁ= 1 (Rule of mixtures) gralns elongatlon
glglE_,_lﬁ -5500’ Error margin for 8 + a“gnment J_ CD
S Different S 400 + texture
S tEats behaviors ® 300 development to

1E+14 200 Q\"‘”\w————x I B softer
+ f ]
<3 ¢ | . )
s 100 configuration
. o— e e
A . 0 01 02 03 04 05 0.6 0.7 0.8 [Semiatin, MMTA, 2020]
Emacro [_]

I [0001] L CD
Il (1100] L CD
[ ([(1210] L CD
[ Other grain

0.8

0.6 -

Normal of
Basal plane
perpendicular

I n a grains
0 to the 0.2/ | [0001] LCD:
compression IIII V. PLAGB
. . 0" ..—- |
Strong crystallographic texture at € =1.3 axis o 0.3 0.8 L3
[0001] L CD

£
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Confrontation between Micro and Macro methods for the Ti64 (a) conTin U\

2 Ti64 Equiaxed a 350

o -1 —— f, =1 (Rule of mixtures)
% 950 C (0. 1S ) 300 Error margin for «
1E+16 v f,=0.59 + 0.01 (Experimental)
Q;:M I 0.3 0.8 m1.3 I f,=0.37 + 0.01 (Experimental)

250 - ,'"=oo,-[u= 1 (Rule of mixtures)

[ o Error margin for 3
- [ Q & 200 oh
£ I = Very slight
:1E+15 : Almostno N p, T 150 y slig :
Q, i flow softening

100

50\

S N

0 01 02 03 04 05 06 0.7 0.8

Emacro [_]

1E+14

6 o1 —
! I [0001] L CD
@I:D) § gl Il (1100] L CD
g —  |E[iz10] L CD
H o Other grains
, g 3 0.6'- t g
Basal plane A
paralleltothe < o4 .
) Al o grains
compression °,
axis < o2 - [0001] LCD:
Strong texture already observed [0001] L CD < oLmmm IIII IIII ll | A PrLAGB
ate=0.3 < 0 0.3 0.8 1.3

&
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Confrontation between Micro and Macro methods for the Ti1l023 (B)  eonTiniuAy

g Til1023 Equiaxed a 800 : : : : ~ , ,
750°C (0. 1S-1) —— f,, =1 (Rule of mixtures)

700 ¢ E gin for
1E+17 — f"r:ool::;:a; Ol.l(;l(::ixperimental)
| 0.3 m0.8 m1.3 | 600 f,=0.24 + 0.01 (Experimental)
— fu =0or fti =1 (Rule of mixtures)
@I’.\ 1E+16 . Tk 500 Error margin for 3 1 CD RX . 7' po-,
= Different &
) P ) S 400 N average
% 1R behaviors = S
— ® 300 grain size, 1 o
©
1E+14
3t < ¢ 100
72 S— 7y [} 1
’ 0
- 0 01 02 03 04 05 0.6 0.7 0.8
} £

Emacro [_]

10° = Threshold
for the

PEpsp analysis

N PEBSD (0.8 SES 1.3) =

CDRX (LAGB > HAGB)

peF (>0) [um™1]

1 2 3 4 5 6 7 8 9 10
Misorientation angle [°]
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Presentation roadmap conTin U\

Full field
simulation of
two-phase
microstructure
deformation

15t step towards more
realistic simulations
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How to perform crystal plasticity finite element method simulations contin W\F)_

v,,f Representative
Volume
Element
(RVE)

N

Y
5-101°
Trends in the dislocation ‘TE
density estimation from E
simulations - pg;n o
1-10
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Dislocation density analysis and comparison with the EBSD data contin "‘W;}

Ppsim for equiaxed case Psim for lamellar case

: . Orientations
(orientations from 2D EBSD) (orientations from 3D EBSD)

Simulation vs
Experiments
= similar
trends

o grain
orientation
influence

2D EBSD
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Presentation roadmap conTin U\

Conclusions
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Conclusions on the comparison of 3 approaches conTin "M\F)_

3 approaches
to estimate

dislocation

densities 2>
not directly

measured

7000

&

V/l//,a

Introduction + Objectives

/ PEBSD

[m'2]1

1016

1014

/ e Crystallographic texture : (0001) and
(1120) | CD = 7 pracs

CDRX at 7 € 2 HAGB not accounted in
the model + N p; 465 inside the new grains.

0.3 1.3
-
S
,’,,,L . Crystallographic texture : (0001) and

(1120) || CD = softer configuration (flow
softening)

‘=>¢ ) cDprx

o Crystallographic orientation dependency

N CRSS and G values + single grain in
the RVE

0 0.1
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Conclusions on the |crostructural evqutlon of titanium alloys conTin UAA

Identification of an intrinsic behavior of the a phase
Tg—50°CetTp—100°C +102s? et 107 s

Before Morphological Crystallographic The formation of substructures
deformation alignment 1L CD orientation with accompanies the change in
5 ‘ ® Elongation of (1120) || CD and orientation and morphology
Eé Icn equiaxed a Basal Plane " CcD
= ‘ S grains with a (1120) || CD
~ c=1.3 specific : Axisymmetric

@
K25
)
2 PEBSD
N N—
Identification of the influence of the initial microstructure, T and & on the a and B phase evolutions

@ N T+ 2 &(Mostly LAGB) [o N T (Strong effect) ]
@
A P¢p

[ﬂ NT+A s] ~ a No significant effect
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CONTin UAA
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Perspectives CONTIOVUVY
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