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Gamma Alloy Technology:
Fundamentals and Development

Young-Won Kim
UES-Materials & Processes
Dayton, OH, USA

Fundamentals
Processing
Microstructural Evolution
Structure/Property Relationships
Designing Microstructures
Component-Specific Alloy Design
Forming and Application
Summary and Future Direction

(April 1996)




Fundamentals

Phase Relations and Transformations
Microstructural Evolution
Deformation Mechanism

Alloying Effects
Deformation and Fracture Behavior

Environmental Resistance




Alpha Decomposition

At Very Slow Cooling Rate

At Intermediate Cooling Rates

Lamellar Structure Formation

Stacking Fault Mechanism
Gamma Precipitation and Growth

Ordering

No Compositional Changes Involved
Compositional Changes Involved

Effects of Composition and Cooling Rate

At Fast Cooling Rates

Widmanstétten Structures
Massively-Transformed Gamma
Formation of o.o Phase
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Transformations of Alpha Phase in Ti-xAl

1 000 E + 14 ¥ l 0 LR I L T I 1] i LN r LSRR ' 1 + L ‘ 13 1] L3 [ ) 1 i E

- CR=30°C/min .

. - a/o+y 1
©

= 100F ~

g » /a2 02/02+y. ]

g I W ) -

2 I o ]
©
-

c 10f E

L - ﬁQ:z” ]

1 1] 2 L ' M 1 1 ' 11 1 ' L] 1 ] , ! 1 ' ] 1 ' i 1 ] l : 1 i
36 38 40 42 44 46 48 50 52
x Al (at%)

N P T

B e

LTSGR

SPUTLE . S,




Sl

-

uiw/D.0014

uiw/D.¢
—_—

P8]00) V1 pue paziusbowoH

- IVEY

1L

T A R R T N RIS AT




o

o

uiw/9.08

Buloedg .ejje

uiw/g, 20

(IVZy-11)
we sa ajey Buijoon

g
———————— uiig-nz

NIL/3Z 043 T-1820-11




P
s

Lamellar Spacing (pm)

1500

o

tllIIIIIIIrlllllllrxilllxrrlrllllrlll
t

B

1400

1300

1200

1100

Formation Temp (°C)

1000

LI BN B B L JN B BN LN LB B |

FL >: Lo

Ti-42A

lllll'llllllllllllll'LlllllllllllL

PR ENTSET TN U YN TN Y VN N VAN SN VN Y DAY S WU N G NN U U BN U RO

900 Lit.L
0

10 20 30 40 50 60 70 80

Cooling Rate (°C/min)

Cooling Rate (R) vs Lamellar Spacing (A)

100 4 1 05 ©o02 0.1 (Y"(‘:/min)'
16 e T + ]
: P TI-47A1) ]
12 F E
A= CtR-IIZ j
O-'...... T‘43A‘} --------------- —-:l
e
0 1 2 3
{R(°C/min)}"

Kf i~ (c‘,cﬂ

K{'V«'\ < G




Ti-47AL: CoOLED AT 30°C/MIN
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Processing Routes for Gamma Alloys

JCim (90-56)
IM PM Casting
Alloy Ingot Alloy Powder .
y (Elemental Powder) Afrloy Casting
l H
HIP Consolidate Strip 'NNS
Homogenize HP/HIP Casting | o
| | g
Billet | |NNS HIP

Machine Form to
to NNS NNS
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Microstructural
Evolution and Control

Principle
Phase Relation and Transformation

In Practice

Formation/Growth Kinetics, Distribution and
Morphology Depend on Starting Microstructural
and Compositional Conditions.

Controlling Factors

Temperature and Time
Heating Rate, Cooling Rate, and Scheme
Aging Method and Condition

Starting Material

Cast Product

Ingot Wrought-Processed Material

PM Processed Material

Material Processed by Other Processes



. (Do) amyersduag 153,
A 11 01 6 8 L 9
T T T T T or-0l 0001 008 009 (1,114 00T 0 I
’ sonoury AN D D ERN B B B mm 09 T
Suwog | o1 - SRR
i €T 601 . B
ANIT-1VST-IL oy os SO
| ANS-IVST-LL 1s01 oy o A ,
2 < i} NSV SZ-IL | = ;
Q & oot g ¥
(5]
B 101 m o B R 9,
K Z -
01 W m.. 81 -1021 W
5 N 4 _ E
IVreL g w 1-€-01-6Z-1L, . o
IVOS-1L m. 'M, N Lot M.
I tveed L & OTO-AT-IVEH-1L 5
= .
o (44
- sopoury 1+01 o9t
Bujunog 2oy, ~ |
i 1 1 1 1 I I 1 «01 9ZH 1 1 1 1 ] | (] 1 081
009 00L 008 006 OOIT OQOCEI (40) 0081 0ob1 0001 009 00z B
(Do) armeradwog, 7




~
oA Type 1 %oA. ¥

Mi: Nb, Ta, W
Mil: V,Cr
Milt: Mn

Q.
L ] L) -
i 2 30 0 . 50 60
,. ——= Al (at %)
~ Ti f T T T T T T I \ Al
N 1] 20 40 60 30 100
Al (at%)
X
X «% . Type I1 N oo
Type 111 ou/. \ ype & .@04
m » ype SRS .
m 1o
.
. _ _
i - 20

Al (at %)




Processing

Ingot Preparation
Methods: ISM; PAM; VAR; VAR-Skull
Size Limitations (?)
Compositional/Microstructural Issues

NNS Casting
Investment vs. Permanent-Mold

[ssues: Refinement; Porosity/Hip-Cycle
Thin-Section Casting

Wrought Processing
Primary: Conversion; Mill Production
Secondary: Forming, Rolling, etc.
Heat-Treatment Cycles
Joining; Machining

Other Processes




Processing Routes for Gamma Alloys

IM

Alloy Ingot

HIP
Homogenize

JCim (3055

_PM Casting
Alloy Powder ]
(Elemental Powder) A!on Casting
l H
Consolidate Strip 'NNS
HP/HIP Casting | L—r
| i :
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Machine
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Microstructure Control
in Castings

Standard Alloys

Ti-47Al-(1-2)Cr-(2-4)(Nb,Ta,W)-(0-0.2)Si

As-Cast Microstructures
Non-uniform; Lamellar Base

Controlled Microstructures

Refining and Uniformization
Practical: Casting Duplex
Desired: NL; Refined FL

Boride-Containing Alloys

XD Gamma Alloys
Ti-(45, 47)Al-4(Cr,Mn)-2Nb-0.8TiB2
TMT-Type Microstructures

Others: IHI; GKSS

Inoculation by Borides
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Microstructure Control
in Wrought Alloys

Standard Alloys

Ti-47Al-(0-3)(Cr,Mn,V)-(0-6) (Nb,Ta,Mo,W)
As-Processed Microstructures
Fine Mixture of Gamma and Alpha-2

Heat Treatments Yield
Standard Microstructures

Standard Microstructures

Types
Near-Gamma (NG)
Duplex (DP)
Nearly-Lamellar (NL)
Fully-Lamellar (FL)

Inverse El/K1c Relationship
Difficulties in Designing
Effort on Fundamental Understanding

Designed Microstructures
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Lamellar Structures : Light-to-Gray Areas

Alloy G1 : Forged + (a+y) Treated + Air Cooled




Microstructures of Gamma Alloys
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Cooling Condition Effect on RFL of Alloy K5
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Structure/Property Relationships

General Mechanical Behavior

Tensile

Fracture Toughness
Creep

Fatigue; FCG,

Inverse Ductility/FT Relationship

Deformation and Fracture Behavior
Tensile Loading
Cyclic Loading
Creep Loading

Damage Tolerance and Life Prediction

Microstructure Optimization
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Observed on Electropolished

RT Tensile Deformation/Strain-Accomodation
Surfaces of Alloy K5 RFL Specimens a
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BSE Image of RT Tensile Deformation/Strain-Accomodation near GB's
on Surfaces of Alloy K5 RFL Specimens at 6/£=528 MPa/1.21% (o
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RT Tensile Transgranular Fracture of FL Gamma Alloys:
(a) Overall, (b) Interlamellar and Translamellar, (c,d)
Translamellar Cleavage with Interlamellar Deformation
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Fully-Lamellar

RT Tensile Fracture Features of TiAl alloys in FL
and Duplex Microstructural Conditions
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Grain-Size//Yield-Stress Relations in TiAl

Grain Size, d (pm)
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Corrected Hall-Petch Relation in FL TiAl
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Tensile Fracture of FL Alloy G5 at 750°C
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Tensile Deformation and Fracture of a Duplex Alloy K5
at 800°C in Air
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Temperature Effect on Fracture Mode
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Effect of Strain Rate on BDT in Alloy K5

Duplex

RFL
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Dependence of Flow Stress on Strain-Rate and Temperature

Stress (MPa)

1 1 3 1 1 1 1 ——— Y.S. at 1043.‘ -
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Duplex K5
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Factors Controlling Tensile
Properties

Microstructure

Types: Duplex vs. FL

Features

Grain Size and Morphology
GB Morphology
Lamellar Spacing (LS)

o/y Ratio (o2 vol%)
Uniformity

Composition
o2/y Ratio; LS

Cleavage Strength

Interfacial Bond Strength
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Stress

Stress

~11 DP; GS~30 yum

] @ ®)
. Tensile Curve Tensile Curve
B © (@
1 Near-Tip Near-Tip
Plasticity Plasticity
0 0.1 0.2 ' (;_1
Strain Strain

General Tensile Yielding vs. Near-Crack-Tip Plasticity at Kic
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Plastic Deformation and Microcking Around the Advancing Crack Tip in

a FL Alloy G1 CT Specimen under

a Monotonic Tension Loading at RT
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T-Cracks Involving
Delamination, and Both
Inter- and Trans-lamellar
Slip/Twinning
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100!|ll|l|||||
[ Ti-47A1-2.6Nb-2(Cr + V) )

— Lamellar Microstructure
B 800°C : 0.0042 mm/sec
g0l - == . —

- Vacuum

K, MPa\m

0.5 1.0 1.5 2.0
CRACK EXTENSION, mm

Effect of displacement rate on the K-resistance curves of the G1L
alloy at 800°C.

e R Y S e P I ST B AT e




Fracture Process in Lamellar TiAl Alloys at 800°C

36 MPaym
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Air Under

in

pecimen Crept at 800°C to 18.7%
(138-173-207-242-285 MPa) Step Stress Conditions

Alloy K5 RFL S
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Stress (MPa)

1000 1200 1400 1600 1800  (°F)

i i I i 1
0.2% YS of Strongest {130
1000 Superalloys
Disc Rims. 4120
800 Ivs
----.._~.. _go N
600 |- Stress-Rupture of 2
Wrought Superalloys ‘;
- 7]
Blade Roots. 2
400 | Y8 {60 @
"""""" cTetees TRW-1900
200 - Blade Airfois 30
Rupture Stress
Nozzle Vane T
0 ] ] ] i i Suleduduiuluit
600 700 800 900 1000 1100

Temperature (°C)
Turbine Blade and Vane Operating Temperatures,Yield

Stresses (YS), 1000-h RuptureStresses (RS) for Superalloys

T I R A R I T A




wdg q (y) swy

0st 00L 0s 0
— T —r———1—; 0
- Pazip|xoaid
= Js
- paujyoep-sy -0t %
D
o |
- 4SS —~
h/u
-~ - 0¢
1Y/edN8EL/D.0.8
(WTigoe) 149 )i
...._...._....mN
S Aojly jo daauy

daai) uo Jahe] 07|y Jo 19047




Creep Strain (%)
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O tandamentai spots
© Lle spots
@ TBAIC spots

" .;_‘
7
(v : >
Y K, 200n

\ &
Figure 8 Dark field electron micrograph showing the bypassing dislocations in (Tiy 49Aly 51)99.5
Cy.5 aged at 1073 K for 3.6x10° s (100h/over aged) and deformed to 3% at 873 K. The disloca-

tion loops surrounding needles can be seen.
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| Age temperature: 1073 K
« 8001 1
o
=
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£
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N
o
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Aging Time, t/s

Figure 2 Effects of the deviation from the stoi-
chiometry on the variation of compressive
yield strength of  (Tip.s1Aly.49)09.5Co.s)
(Tig.50Al.50)99.5Co.5 and (Tip 49Aly 51)99.5

C,_s during aging at 1073 K.
1000 . ; . l ‘ ] /
[
a
z =
5 800 g (Tiost Al .49) 99.5C0s 1073 K, 36 ks aged
g & (TigsoAloso) 99.5Cos 1073 K,36 ks aged}This work
b7 0 (Tio.as Alos1) 99.5C0.s 1073 K, 3.6 ks aged
T 600 4 o 50TI-47.5A1-2.5Cr M.A.Morris (1994)
° o 4STI45AI-10Nb
= o 2ATI48AM 8Nb}e.cnen et al. (1993)
3 s+ 52TI-48Al S.C.Huang and D.S.Shih (1991) —
@ aoof 1 & 52T1-48A1 G.Chen et al. (1993)
2 = 52TI48Al M.A.Morris (1994)
g- 8 48TI-52A1 Y.G.Zhang et al. (1991)
= 48TI-52A! : —
Q S.C.Huang and D.S.Shih (1991
O a00f 1o agTisan) SCHuang ih (1991)
c\°
N
o]
0 L 1 1 1 l; 1

200 400 600 800 1000 1200 1400
Temperature / K

Figure 3 Temperature dependence of compressive yield strength of (Tij 51 Al 49)99 sCp s and
1073 k for 3.6x10° s (1 h). Data for binary and ternary TiAl are also included.
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Om=430MPa; G =22310 Om=330MPa; Cf=72x108

Fatigue Deformation and Fracture of FL Alloy K5 at
800°C and R=0.1in Air  (UTS =500 MPa)
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Om/UTS=430/500 MPa ; ¢;=2,310 om/UTS=330/500 MPa ; Ci=7.2x1086

Fatigue Fracture of Alloy K5 in Various Conditions
at 800°C and R = 0.1 in Air
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Om = 625 MPa / Ct = 1629 Cm =575MPa/c;i=1.36 x 108

Fatigue Fracture of a Duplex Alloy K5 at 600°C in Air
(R=0.1; UTS =583 MPa)
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Effect of Frequency on HCF
(at 800°C)

High Stress Regime (Gmax>0y)

Frequency-dependent (need investigation)
High-rate deformation

Low Stress Regime (Gmax>Gy)

Frequency-independent
Time-dependent
Creep deformation important

Creep Fatigue

Suggested at Low Stresses
Mean Stress: Gavg = (Gmax + Omin)/2
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Figure 10. Crack-size dependence of the threshold stress range below which
specimen failure will not occur in the alloy K5 in the (a) duplex and (b) lamellar
conditions.
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Fatigue Behavior
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Alloy Design

Alloy Selection
Microstructural Optimization

Considerations

Mechanical Data and Behavior
Damage-Tolerance & Life-Prediction
Microstructural Controllability

Derive Optimum Microstructures
Devise Process & Treatment Schemes

Chemistry Modification

Promote Desired Microstructures
Improve Mechanical Behavior
Enhance Environmental Resistance

Design of Microstructures

Property Requirements

Dimensional Considerations
Component-Specific Microstructures
Scaled-up Process Development




Designed Microstructures

Refined FL (RFL)

Alloy Modification
Innovative Heat Treatments

TMT Lamellar (TMTL)

Boron Addition
Heat Treatments

TMP Lamellar (TMPL)

Extrusion
Forging
Aging

**Aligned Lamellar**

Directionally Solidified (DS)
Directionally Worked : DELM; DFLM

Other Types: Under Exploration

Chemistry Modification

(Standard: NG, DP, NL and FL)
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Optimized

Microstructural Features
(Wrought Alloys) |

Lamellar Structure Base
Grain Size: 50-400 pm

GB Morphology

Slip Transmission
Bond Strength

Lamellar Spacing <2um

Strength; Strain-to-Failure
Toughness; Creep

o, Volume Fraction: 5-30 %

Strength; Ductility; Toughness
Anisotropy

Texture Consideration

Duplex Microstructures (?)

PR




RFL vs. TMTL Microstructures
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TMT Lamellar Microstructures

Wrought Processed Alloys
: 0.05-0

Boron Additions
Advantages/Disadvantages

HW plus Alpha Treatment
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i-47Al-0.24B

Ti-47A1-0.10B

Ti-47Al-0.05B

Forged and TMT-Lamellar Treated (1370°C/1h/FC/1000°C/AC)
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Longitudinal

A TMP Microstructure in a 4822 Extrusion

Transverse
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Flow Curves of Lamellar Alloys
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Strength (MPa)
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Yield Stress (MPa)

GS/LS/YS Relations in TiAl FL Alloys
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A Discrete Lamellar Structure in Alloy K5
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- Component Forming
(Wrought Processing)

Turbine Engine Components
Blades

Alloy/Microstructures
Mill product + Machining

Impression Forging to NNS
Isothermal
Hot-Die Forming

Heat Treatment

Disks

Mill Product + Machining

Impression Forging to NNS
Isothermal
Hot-Die Forming

Heat Treatment

Engine Valves

Automotive Engines
Aircraft Engines
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Automotive Valve Forming

Cast Valve

Casting
Hipping
Passenger Car

Wrought Valve

lsothermal Forging

Production Die Extrusion/Forging
Preconditioning: IM; PM
High Rate Extrusion of Preforms
High Rate Head Forging
Microstructure Control

Head/Stem Joining
High Performance



2cm

Partial Extrusion

1st Step

Preform

Wrought Gamma Engine Valve
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Applications

Aircraft Gas Turbine Engines

Automotive Engines

Land-Based Gas Turbine Engines

Others
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Summary and Future

Continuous Alloy Exploration/Design
Casting vs Wrough Alloys
Continuous Search for Fundamentals
Process Development
Component-Specific Alloy Design
Search for Application Areas
Understand Practicality

Collaboration/Exchange



