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Use of

y=-TiAl + o,-Ti;Al Alloys

in High-Temperature

Structural Applications



Favorable High-Temperature Properties:
Excellent Creep Resistance
‘Excellent Oxidation Resistance
‘Light Weight

Limitations to Applications:

Low Ambient-Temperature Ductility

‘Low Ambient-Temperature Fracture
Toughness (K,.< 30 MPaVm)
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Materials Constitutive Model, cont’d.

Multiplicative Decomposition of Deformation Gradient

FC=FF"" | detF°>0

Stress vs. Strain Relationship

Stress and Strain Definitions

T =(det F)F'TF"




Materials Constitutive Model, cont’d.

Elasticity Tensor for y-TiAl Phase

Six Independent Non-Zero Components

C1=Cy C33, Cyy, C13=Cy3, C44=Css, Coe

Elasticity Tensor for o,-Ti;Al Phase

Six Different (Five Independent) Non-Zero
Components

C1=C, C33, Cyp, C53=C3, C44=Cs;;
Cec=0.5(C,4-C;,)




Materials Constitutive Model, cont’d.

Definition of Slip Plane Normal and Slip Direction Components

Fora{h k I} <u v w> slip system in y-TiAl

nioniynisy=thia’ kia’ 1) a /o’ kia? 11 a” |

<myg,, Mgy ,, My, >=<ua’,va’,wa’ >/‘< ua’ ,va’,wa’ >|.

For a {h k m I} <u v z w> slip system in o,,-Ti Al

(ne ndy,nl, Yy =, —(k+2h)/3,1/(c® | a*?)(/
.~ Gk +20) /3,11 10

<My, Mg o, M3 >=< 3V/2,—\/§(M+V/2), w(c® /a®) >/

‘< 3v/2,—x6(u +v/2), w(c® /a®?) >‘.




Materials Constitutive Model, cont’d.

Evolution Equation for Plastic Deformation Gradient

Resolved Shear Stress




Materials Constitutive Model, cont’d.

Shear Resistance Evolution Equation

Hardening Rate Matrix

Self Hardening Rate




Materials Constitutive Model, cont’d.

Latent Hardening Rate

if @ and £ are coplanar slip systems

otherwise

Coplanar Slip Systems in the Two Phases

y - TiAl Phase : One {111}<110],two {111}<011], one {I11}[112]slip systems
a, — T1,Al Phase : Three basal <a > -slip systems :(0001)[11 20], (0001)[ 2110],

(0001)[1 210]



Determination of
Crystal-Plasticity
Parameters for

y=TTAl and o,-Ti;Al

Single Crystals




Crystallographic
Parameters for
Five y-TiAl
Single-Crystal

Orientations
Used in the Work
of Kawabata et
al.

Results

Orientation of
Compression

AXis

Slip Systems _
with Maximum | Magnitude of

Initial Schmid Schmid Factor
Factor
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B2
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Four <110]{111} *
_ ~0.409
Four <101]{111}




Results Cont’d.
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Results Cont’d.

Reference 5 i
Shearing Rate 2998
Sensitivity
-

Crystal-
Plasticity

Parameters for
the y-TiAl
Single Crystals

This Work

Latent
This Work

Hardening
Parameter

Table Cont’d. *



Results Cont’d.

Self-Hardening I 1} 172<119) I
Bxponent (o]
11} 1/2<11
Initial Slip I } /o< O]
Resistance I .
11} 1/2<110
Self-Hardening I }l72< I
Parameter I.
11} 1/2<110
Saturation Slip II

Resistance {111y <101]

This Work

14.3

This Work

This Work

This Work




v-TiAl Single
Crystals

Predicted
Curves

Results Cont’d.

Orientation
of the
Loading Axis

Uniaxial Stress, MPa
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Results

Crystallographic Parameters for the o,-Ti;Al Single Crystals
Used in the Work of Inui et al.

®=0=0,0<0<90"

Single-Crystal Orientation Magnitude of Schmid Factor

Orientation of | o\ 1l(0001) <1120 >‘ [aTo0)<1120>] a2 <TT26>
Compression 0
Axis Angle, Basal Slip Prismatic Slip Pyramidal Slip

[0001] 0 0 0.4494

“ 0.3321
1121] 0.3995

0.4494




Results Cont’d.
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Results Cont’d.

Crystal-
Plasticity
Parameters for
the o,-Ti,Al = B
2 3 Reference _ .
. Shearing Rate 7o 0.001 s1 This Work
Single Crystals
Sensitivity
Latent
Hardening 1.4 N/A
Parameter

Table Cont’d. ¥

This Work



Self-Hardening
Exponent

1100} <1120

{
{121} <1D6

This Work

Initial Slip Resistance

{1100} <1120

{
1R1} <1D6

This Work

Self-Hardening
Parameter

1100, <1207
o]
[0 o]
oo 1o
1o <ioe]

{1100} <120
0001} <1 DO>

{121} <1 D6

This Work

Saturation Slip
Resistance

11100} <1 20

|{0001} <1 1‘20>|

{11} <1 D6

This Work
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Determination of
Crystal-Plasticity
Parameters for
Polysynthetically-Twinned
y=TiAl + o,-Ti;Al

Single Crystals




Results Cont’d.

Slip System Symbol Slip Type
. [110](111) I
. l S1 Soft Mode

(111

ll Soft Mode
- [orua]

v-TiAl +

Single
Crystals

Table Cont’d. *



Results Cont’d.

[110](111)

[101](111)

v-TiAl +

[011](111)

H1 Hard Mode

Single
Crystals

[101](111)

[110](111)

[011](111)




v-TiAl +
Single

Crystals

Curve
Fitting

Results Cont’d.
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v-TiAl +
Single

Crystals

Results Cont’d.
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Integration

of the

Material State




Integration of Material State

(a) Compute Fr-1(7)

Fe(t)=F(@)F" (¢)

E*(t) = %{Fe(t)TFe(t) 1|

() =T"(1)-Sy



Integration of Material State, Cont’d.

F’ (r)=F" (t){[ — > Ay (DS }

(b) Compute Cauchy Stress T(r)
F*(r)=F(0)F" (2)

1

E*(r)=={F*(t) F*(r)-1|
2




Integration of Material State, Cont’d.

T (r)=C\E (1)

T(r)=det(F" (7)) F' ()T (t)F"(z)"

(c) Update Slip Resistances s?(t)

s“(2) =5 () + Y K7 (DAY (¢)
p



FE Modeling of
Deformation and Fracture

in Polycrystalline

v=TIAl + o,-Ti;Al

Single Crystals




Cohesive-Zone

Formulation of

Colony-Boundary and

Lamellar-Interface

Potentials




Schematic:
v—TiAl/y-TiAl
(y1/y2) bicrystal used
for determination of

the (11 l)yl/(l | 1)y2
lamellar interfacial
potential.

y= I_m_] v 1

)—— x=[0T1],

2400 atoms

V2
" i

y=[111],,

x=[011},,




Equilibrium
Configuration:

[111],/[111],
Lamellar Interface

Projections

[011],/011],

[111],/[111],

Dislocations
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Variation of Interface Potential for
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Relationship Between Interface Potential Function @
and U , U,, and U, for all y-TiAl/y-TiAl Lamellar
Interfaces and Colony Boundaries Analyzed




Decohesion Potential Parameters for one
v-TiAl/ y-TiAl Lamellar Interface and one
colony boundary

Parameter (111),, /(111) , (001) ,/(011) ,

Lamellar Boundary Lamellar Boundary

TTT /[111] [001],,/[011],,

m

Table Cont’d ¥




Table Cont’d 4
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Interface

Elements

Reference
Configuration

Nodes: 1=4 & 2=3

E s-n coordinate

Internal —

O~ Nodes

Internal
O~ Nodes




Interface Element Formulation
T e 4

Ul =U,-U,)cosd—(U;-U,)sin0

Ul=U,-U,)sin0—(U; -U,)cosb

U, =(U,-U;)cos&—(U;-U;)sin0

Ul =U,-U,)cosd—(U;-U,)sin0



Interface Element Formulation
Cont’d;

Normal and Tangential Components of Interface Displacements:

U,(n) =N, (77)USA + Ny (U)Uf

U,(n)=N,mU; +N,(mU,

Virtual Work Equation:

[[soLzrpan=3 Y F U}

I=n.s N=A4.B



Interface Element Formulation
Cont’d;

Perturbation of Interface Potential:

_ 0. U@y st v (]




Interface Element Formulation
Cont’d;

Residual Nodal Forces in Global Coordinate System:

=F"cos@—F/ sin@
=F"sin@—-F"cos 6
>=F’cos@—F"sin@
=F’sin@—F" cos 0

_ DD OR. OoF" oU)

N M k
I=n.sN=A.B j=n.sM =A4.B a}7] 6l]J a(]1




Finite Element

Formulation and

Results
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Polycrystalline
Aggregate of
27 Lamellar Reference

Colonies , Configuration
With 3 Lamellar
Colonies Each

Having 2 Lamellar
Boundaries
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Results

Equivalent
Plastic
Strain

SOV 5E VaLUE
-: -6.26E-04
+1.00E-03

+4 . BO0E-03
+8.00E-03

+1 . 24E-02
+1.62E-02

-_ +2.00E-02
+¢ . 43E-07




Results Contd.

Lattice \\H
Rotation
e=0.015

anvi4 VALUE
-: -1.39E+00
-9.00E-01
-4.70E-01
-4 .00E-02

+Z.90E-01
+2 . 20E-01

-_ +1 . 25400
+1 . 75E+00




Results Contd.

Hydrostatic
Stress
¢=0.015

SOVl5S VALUE
-: -8 .25E+07
-8 .00E+07

-1 . 00E+0&
+7 . 20E+07

+1.48E+08
+2 . 24E+08

-_ +3.00E4+08
+1 . 60E+08




Results Contd.

Equivalent
Stress
e=0.015

SDVa VALURE
-: +5.192+07
+1 .00E4+08

+1 . 52E+08
+2 .04E4+08

+2 . 56E+08
+3.08E+08

-_ +Z.00E4+08
+4 . 09E+08




Equivalent
Plastic
Strain

Results Contd.

SOV5S VALUE
-: -5.90E-04
+1.00E-0Z

+7 . B0E-03
+1.46E-02

+2.14E-02
+2 BZE-02

-_ +32.50E-02
+5.57TE-02




Results Contd.

Lattice
Rotation

aovil4 VALUE
. 29E+00
OoE-01
LZO0E-01L
elE-01
L14E+00
LABEEHO0
LEOE4+00

LOYE+00




Results Contd.

Hydrostatic
Stress

aoVls VALUE
-: -9 .43E+07
-2 .00E+07

-4 .00E+0&
+7 . 20E+07

+1.48E+08
+2 . 24E+08

-_ +32.004+08
+5 . 22E+08




Results Contd.

Equivalent
Stress

VALUE
+1 . 90E+07

+1.00E+0%
+1 . 52E+0%
+¢ . 04E+08
+2 . 56E+0%
+3.08E+08
+3.e0E+08

+4 . 39E+08




Results Contd.

Hydrostatic
Stress

VALUE
-9_43E+07

-2 32TE+0Q7T
+1.69E+07
+1.13E+03
+1.33E+03
+2_ BYE+02
+3.29E+03
+3.00E+032

+5_21E+03




Results Contd.

Hydrostatic
Stress
£=0.0319

VALUE
-89 12+07
-1_2E+07
+G. 49E+07
+1.22E+02

t+2_01E+D02

+2. TE+08
+3.47E+08
+4. 20E+08

+5.14E+02




Results Contd.

Around 3-Colony — No Lamellar
Junction £=0.023 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

Around 3-Colony — No Lamellar
Junction £=0.030 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

Around 3-Colony — No Lamellar
Junction £=0.0319 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

Around 3-Colony — With Lamellar
Junction £=0.0230 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

Around 3-Colony — With Lamellar
Junction £=0.030 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

Around 3-Colony — With Lamellar
Junction £=0.0319 Interfaces

Equivalent Plastic Strain Hydrostatic Stress




Results Contd.

With Lamellae
Lamellae #2
With
Lamellae #1

3 — Colony
Aggregate
1 2 3 4 :

Normal Strain in y Direction, %

Normal Stress

Vs Normal
Strain

®
=
=.-..
Q
l;
<
@
o
-]
-
”
=
»
4 2]
3
Bt
R
7))
g
o
=
Z




Conclusions




Conclusions

 Crystal Plasticity can reasonably well account for deformation behavior
of y-TiAl and a,-Ti;Al Single Crystals as well as y-TiAl + o,-Ti;Al
Polysynthetically-Twinned Single Crystals.

» Deformation Behavior in Polysynthetically Twinned Single and
Polycrystalline y-TiAl + o,-Ti;Al alloys is Dominated by Soft-Mode Slip in
y-TiAl and Hard-Mode Slip in a,-Ti;Al.

* Plastic Flow Incompatibilities Near Some Three-Colony Junctions Gives
Rise to Tensile Hydrostatic Stresses and Inter-Colony Fracture.

* Presence of Interlamellar Boundaries in Colonies Leads to Delocalization
of Fracture and in Turn, to a Higher Damage Resistance of the Material.

* Good Agreement With Experiments Relative to the Role of lamellar and
Colony Boundaries on Fracture Toughness and Initiation of Fracture.
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