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I N T R O D U C T I O N 

T h e a lpha -be ta T i -6A I -4V al loy is 

ex tens i ve l y used for a va r ie ty of 

c o m p o n e n t s not on ly f o r ae ro -

space app l i ca t i ons but a lso in a 

n u m b e r of o the r (e.g. c h e m i c a l , 

m a r i n e , e t c . ) i n d u s t r i e s . L i k e 

other t i t a n i u m a l loys, it d i sp lays 

h igh s t reng th - to -dens i t y rat io and 

e x c e l l e n t c o r r o s i o n r e s i s t a n c e . 

Both fo r cons ide ra t i ons of des ign 

r a t i o n a l i s a t i o n a n d e c o n o m i c s , 

we ld ing is requ i red for f ab r i ca t i ng 

m a n y of the a b o v e c o m p o n e n t s . 

T h o u g h t h e a l l o y T i - 6 A I - 4 V is 

genera l l y c o n s i d e r e d more eas i ly 

we ldab le than o ther t i t an i um al-

loys, t he we ld t h e r m a l cyc le does 

indeed cause d ras t i c m ic ros t ruc -

tura l c h a n g e s wh i ch resul t in poor 

m e c h a n i c a l p r o p e r t i e s , p a r t i c u -

lar ly duc t i l i t y . In t he a s - w e l d e d 

cond i t ion . Th i s is p r imar i l y due to 

two fac to rs , v iz . , a la rge pr ior -

beta g ra in s ize and the f o r m a t i o n 

of t h e m a r t e n s i t i c a l p h a p r i m e 

phase. O b v i o u s l y , the f o rmer is 

p r o m o t e d by l a rge hea t i n p u t s 

and the lat ter by rap id coo l ing . If 

the heat input is r educed for l im-

it ing beta g ra in g row th , the cool -

ing rate wi i l i nc rease resul t ing in 

a g rea te r p e r c e n t a g e of mar ten -

site. T h u s the two p r o b l e m s lead-

ing to low duc t i l i t y can not be 

so l ved s imu l taneous ly by mod i f y -

ing we ld energy input a lone. Pre-

heat ing has s o m e t i m e s been sug-

ges ted , but has rece ived l i t t le at-

ten t ion (1) in v i e w of p rac t ica l d i f -

f i cu l t ies due to the c h e m i c a l re-

ac t iv i ty of t i tan ium. It is, the re fo re 

mo re rat ional to decrease energy 

input dur ing we ld ing and resort to 

a pos t -we ld heat t r ea tmen t that 

wou ld conver t the as -we lded mar-

tens i te to more duct i le products . 

Seve ra l op t ions are ava i l ab le for 

p o s t w e l d h e a t t r e a t m e n t . A 

s t r e s s - r e l i e v i n g and s t a b i l i z i n g 

t r e a t m e n t at a b o u t 6 0 0 ° C has 

been c o m m o n l y used for T i -6AI -

4 V we ldmen ts . Heat t r ea tmen ts at 

t e m p e r a t u r e s h igher than 600°C 

have also been tr ied by o ther in-

v e s t i g a t o r s ( 1 , 2 ) . H o w e v e r , a 

t empera tu re of 76CTC apparent ly 

r e p r e s e n t s t h e m a x i m u m post -

we ld heat t r ea tmen t t empera tu re 

for the major i ty of we lded aero-

space s t ruc tura l c o m p o n e n t s (3) 

It has genera l l y been found that 

t he rma l t rea tmen ts at sti l l h igher 

t e m p e r a t u r e s c lose to but be low 

t h e b e t a - t r a n s u s are o f t e n re-

qu i red before s ign i f icant imp rove -

m e n t s in d u c t i l i t y c a n be 

ach ieved . A n e labora te th ree-s tep 

heat t rea tmen t at 732, 927 and 

732°C has been sugges ted for the 

al loy T i - 6 A I - 6 V - 2 S n (4) and suc-

cess fu l l y t r ied for T i - 6A I -4V (1). 

Neve r t he less it has been subse-

q u e n t l y d e m o n s t r a t e d by 

bases lack (5) that a s ing le -cyc le 

heat t r e a t m e n t , w h i c h e m p l o y s 

on ly the h i g h - t e m p e r a t u r e por t ion 

of the t r i p lex t r e a t m e n t , is equa l ly 

e f f ec t i ve in m o d i f y i n g m ic ros i ruc -

tu re and res to r ing duc t i l i t y . 

T h e present paper dea ls w i th the 

m a c r o s t r u c t u r a l and m i c r o s t r u c -

tura l c h a n g e s in the fus ion zone 

(FZ) in T i - 6A I -4V sheet mater ia l 

as the we ld heat input is a l te red 

by u s i n g v a r i o u s w e l d i n g p ro -

cesses and as the w e l d e d jo in ts 

are sub jec ted to heat t r ea tmen t 

at d i f fe ren t t e m p e r a t u r e s . These 

c h a n g e s a r e s y s t e m a t i c a l l y 

c o r e l a t e d w i t h t h e m e c h a n i c a l 

p r o p e r t i e s , v i z . . h a r d n e s s , 

s t reng th and duct i l i t y . 

E x p e r i m e n t a l d e t a i l s 
M a t e r i a l s 

T h e ma te r ia l used for the invest i -

g a t i o n w a s an a l p h a - b e t a pro-

cessed T i -6A I -4V al loy of 6 m m 

th i ckness w h i c h w a s rece i ved in 

the m i l l - annea led cond i t ion . T h e 

c h e m i c a l c o m p o s i t i o n (weight %) 

w a s as fo l lows : 

INDIAN WELDING JOURNAL, OCTOBER, 1S94 
49 



Al - 6 .01; V - 4.01; C - 0.01, S -

0.0005; Cr - 0 .143; Fe - 0 .125; H 

- 0 .0075; O - 0 .1140; N - 0 .0042; 

Ti - Ba lance. 

Welding 

T h r e e w e l d i n g p r o c e s s e s w e r e 

used :-

* Manua l gas tungs ten-a rc 

w e l d i n g ( M - G T A W ) in a hemi -

s p h e r i c a l ' g l o v e b o x ; of 1.5 

met res d i a m e t e r in wh ich a posi-

t i v e p r e s s u r e o f h i g h - p u r i t y 

(99.95%) argon was ma in ta ined 

* A u t o m a t i c gas tungs ten-

a rc w e l d i n g ( a - G T A W ) u s i n g 

auxi l iary t ra i l ing and back ing gas 

sh ie lds in add i t ion to the to rch 

gas. 

* E l e c t i o n b e a m w e l d i n g 

(EBW) . The weld ing parameters 

are g i ven in detai ls in Table 1. 

Au togenous fu l l -penetrat ion bead-

on-plate welds were made in all 

cases. In G T A W this required two 

passes to be depos i ted one on 

each side. Just pr ior to weld ing 

the base m e t a l c o u p o n s w e r e 

p ick led in a 25 H N 0 3 + 10 HF + 

65 H 2 0 solut ion and degreased 

with acetone. 

Heat Treatment 

The we lded str ips were subjected 

to post-weld heat t reatment at two 

d i f ferent temperatures ; 700°C and 

900°C. The t ime of heat t reat -

ment was three hours wh ich was 

fo l lowed by fu rnace cool ing. 

Ear l ier reports have ind icated that 

a h i g h - t e m p e r a t u r e hea t t rea t -

ment is requ i red for ensur ing ad-

e q u a t e d u c t i l i t y . H o w e v e r , the 

fact that T i -6AI -4V shows a beta-

t ransus of 980°C sets an upper 

l imit for the heat t rea tment . Fur-

thermore , the al loy exh ib i ts super-

plast ic behav iou r at about 950°C 

(1). In the current invest igat ion, 

t he re fo re , pos t -we ld heat t reat -

ment was car r ied out at 900°C to 

d e r i v e t h e e x p e c t e d o p t i m u m 

benef i t in mechan i ca l proper t ies 

and at 700°C to fo l low the struc-

tu ra l c h a n g e s and to see if it 

wou ld suf f ic ient ly impo rve the as 

we lded condi t ion. Al l heat t reat-

men ts were pe r fo rmed in v a c c u m 

TABLE 1 : WELDING PARAMETERS FOR MANUAL GTA, GTA AND ELECTRON-BEAM WELDING OF TI-6AL-4V 

Process Arc/beam Arc/beam Travl Heatinput 
voltage voltage current speed 

(V) (A) (mm/min) (j/m) 

Electron beam 100 X 103 63 X 103 1200 315 
welding 
Automatic GTAW 12 200 300 480 
Manual 14 220 275 672 

Other parameters 
Electron beam welding Vacuum of 10' torr Automic GTA Torch gas flow rate = 71/min 

Trailing gas flow rate = 14 i/min 
Backing gas flow rate = 51/min 

Manual GTAW Torch gas flow rate = 15 l/min 

TABLE 2 : FUSION ZONE TENSILE PROPERTIES OF TI-6AI-4V WELDMENTS 

Process Conditions Yield UTS Elongation 
strength (MPa) (Mpa) (%) 

Electron As-welded 894 1005 9.5 
Beam PWHT at 700oC 884 997 8 
Welding PWHT at 900oC 805 936 12 

Automatic GTAW As-welded 880 975 8 
PWHT at 900°C 784 896 12.5 

Manual GTAW As-welded 873 986 8.5 
PWHT at 700°C 866 965 6.5 
PWHT at 900°C 800 925 12 

Note : (1) All results are an average of 2 tests each 
(2) For compairason, the base metal properties were : 857MPa(Ys), 973MPa(UTS) and 14.5%(elongation). 
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Fig 1 Microstructure of base metal (500 X) Fig : 4 Microstructure of base metal 
water-quenched from beta-phase field (500 X) 

the f u rnace p ressure be ing ma in -

ta ined at 10"5 tor r . 

E v a l u a t i o n 

Meta l l og raph i c i nves t i ga t i on w a s 

carr ied out us ing l ight m ic roscopy . 

The s tudy of mac ros t r uc tu res in 

a lpha-be ta t i t a n i u m a l loys is d i f f i -

cult b e c a u s e so lu te seg rega t i on 

e f fec ts a c o m p a n y i n g so l id i f i ca t ion 

are par t ia l ly m a s k e d by d i f f us ion 

o c c u r r i n g d u r i n g c o o l i n g in the 

be ta -phase f ie ld and by the sub-

sequent so l id -s ta te t r ans fo rma t i on 

(6). In the present s tudy mac ro -

e x a m i n a t i o n w a s car r ied out us-

ing an e t c h a n t c o n t a i n i n g H F 

H N O j and spec ia l add i t i ves . For 

m ic ros t ruc tu ra l s tudy the e tchan t 

w a s a 2 HF + 3 H N O s + 95 H 2 0 

so lu t ion . 

Tens i l e tes t ing w a s c o n d u c t e d us-

ing l o n g i t u d i n a l l y - o r i e n t e d w e l d 

tens i le s p e c i m e n s , i.e. the w e l d 

length a l l i gned a long the load ing 

axis. V i cke rs ha rdness measu re -

men ts we re m a d e ac ross t rans-

verse sec t i ons of w e l d m e n t s in al l 

w e l d e d a n d p o s t - w e l d e d h e a t 

t rea ted cond i t ions us ing a 5 kg 

l oad . T e n s i l e t e s t i n g w a s per -

f o r m e d on an instron mach ine at 

a c ross-head speed of 0 .5 m m / 

m i n . T h e r e s u l t s a re g i v e n in 

Tab le 2 

Results and Discussion 
S t r u c t u r a l C h a n g e s 

T h e base m e t a l m i c r o s t r u c t u r e 

g i v e n in F ig . 1 s h o w s a la rge 

a m o u n t of p r imary a lpha present 

w i th reg ions of t r ans fo rmed beta. 

Dur ing we ld ing , locat ions in the 

hea t -a f fec ted zone are hea ted to 

v a r i o u s s u b - t r a n s u s and supe r -

t ransus t empe ra tu res be fore cool -

ing to room tempera tu re . In the 

fus ion zone, so l id i f i ca t ion as beta 

c rys ta ls is fo l l owed by beta de-

c o m p o s i t i o n w h i c h m a y o c c u r 

ma r t ens i t i ca l l y or by nuc lea t i on 

and growth depend ing on coo l ing 

rate. 

A s - W e l d e d C o n d i t i o n 

T h e mac tos t ruc tu res of the we ld 

me ta l s p roduced by the th ree pro-

cesses are g i v e n in F ig . 2. In all 

cases so l i d i f i ca t i on is seen to oc-

cur in the f o r m of large c o l u m n a r 

beta gra ins , t h o u g h th is is par-

t ia l ly b roken up in the G T A we lds 

because of the use of two passes 

and the consequen t ove r l app ing 

o f b e a d s . T h e m a c r o s t r u c t u r e s 

c lear ly show the inc rease in g ra in 

s ize as the heat input is i nc reased 

p rog ress i ve l y f r o m E B W th rough 

A - G T A W to M - G T A W . 

T h e FZ m ic ros t ruc tu res are seen 

in Fig. 3. T h e rap id coo l ing rate 

in E B W p roduces a f ine ac icu la r 

m ic ros t ruc tu re that is p resumab l y 

ent i re ly mar tens i t i c . For compar i -

son, F igure 4 shows the mic ro -

s t r u c t u r e o f a s p e c i m e n wa te r -

q u e n c h e d f r o m t h e b e t a - p h a s e 

f ie ld , wh i ch is k n o w n to be fu l ly 

m a r t e n s i t i c . It is r e a s o n a b l e to 

p r e s u m e t h a t t he h i gh c o o l i n g 

rate in E B W wou ld m iss the nose 

of the C C 1 d i a g r a m for the al loy 

and thus suppress any d i f f us ion -

based t r ans fo rma t i on . 
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a) Electron beam weld 

b) Automatic GTA weld 

a) Electron beam weld 

b) Automatic GTA weld 

c) Manual GTA.weld 

Fig 2 : Macrostructures of the fusion zone (50X) Fig 3 : Microstructures of the fusion zone as welded condition (50X) 
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As the heat inpu t is i nc reased , 

f i r s t in a u t o m a t i c G T A W a n d 

e v e n m o r e in m a n u a l G T A W , a 

genera l coa rsen ing of the ac icu-

lar i n t r a g r a n u l a r m i c r o s t r u c t u r e 

m a y be o b s e r v e d , F ig . 3. T h e 

need les w h i c h are e x t r e m e l y f i ne 

in e lec t ron b e a m we lds b e c o m e 

s o m e w h a t t h i c k e r a n d l e s s 

s h a r p l y d e f i n e d in G T A w e l d s 

T h i s is p r o b a b l y d u e to t h e 

g rea te r p e r c e n t a g e of the d i f fu -

s i o n a l a l p h a - p h a s e f o r m i n g in 

G T A W . It is o b v i o u s that , as the 

coo l ing rate b e c o m e s sma l l e r in 

G T A W , the d e g r e e of undercoo l -

ing is low and the d r i v ing fo rce 

for beta d e c o m p o s i t i o n is sma l l . 

U n d e r s u c h c i r c u m s t a n c e s , t he 

beta phase in i t ia l ly t r a n s f o r m s by 

nuc lea t ion and g row th in those re-

g ions w h e r e p re fe r red nuc lea t ion 

s i tes ex is t , e.g. , beta g ra in bound-

ar ies. Th i s d i f f us i ona l t r a n s f o r m a -

t ion p recedes the mar tens i t i c re-

ac t ion tha t occu rs subsequen t l y . 

Post-Weld Heat treated 
Condition 

The fus ion zone m ic ros t ruc tu res 

af ter pos t -we ld heat t r ea tmen t at 

700°C are shown in Fig. 5 and 

af ter t r ea tmen t at 900 c C in F ig. 6. 

T h e s e s t r u c t u r e s c a n be e x -

p la ined by c o n s i d e r i n g h o w the 

m e t a s t a b l e c o n s t i t u e n t s of t h e 

we ld me ta l m i c ros t ruc tu res t rans-

f o rm on s u b s e q u e n t heat t reat -

ment . 

Dur ing pos t -we ld heat t r ea tmen t 

two impor tan t reac t ions occur :-

* D e c o m p o s i t i o n of a l pha -p r ime 

mar tens i t e to a lpha and beta 

* P rec ip i ta t i on of a lpha in the 

re ta ined me tas tab le beta. 

T h e t r a n s f o r m a t i o n o f a l p h a -

p r ime has been shown to occur 

by he te rogeneous nuc lea t ion and 

g rowth of the beta phase pr ima-

rily of the mar tens i te plate bound-

ar ies. Th is prec ip i ta t ion reduces 

the concen t ra t i on of beta s tab i l iz -

ers in the supersa tu ra ted mar ten-

s i t e u n t i l i t s c o m p o s i t i o n ap -

p roaches that of equ i l i b r ium a lpha 

at t h e a g i n g t e m p e r a t u r e (7) . 

T h e s e a g i n g p h o n o m e n a s ta r t 

occu r ing e v e n at a t empera tu re 

of a b o u t 5 0 0 ° C and t h e r e f o r e 

cou ld p roceed to a cons iderab le 

deg ree dur ing heat ing to the post-

we ld heat t r ea tmen t t empera tu re . 

Subsequen t ove rag ing du r ing the 

execus ion and at heat t r ea tmen t 

t empe ra tu re p romotes a coarsen-

ing of f avou rab l y - s i zed and ori-

e n t e d a l p h a p l a t e s at t h e ex -

p e n s e s of t h e s m a l l e r , l e s s 

fabourab ly -o r ien ted p la tes (5). 

T h e F Z m i c r o s t r u c t u r e s a f t e r 

p o s t - w e l d h e a t t r e a t m e n t at 

700^C show a ve ry f ine a lpha-

beta s t ruc ture wi th l i tt le ev idence 

of coarsen ing . Howeve r , as the 

p o s t - w e l d hea t t r e a t m e n t t e m -

pera tu re is inc reased to 900°C, 

a p p r e c i a b l e i n t rag ranu la r coars-

en ing occurs wh i le the lath ap-

pea rance is st i l l re ta ined. Fig. 6, 

s h o w s l e n t i c u l a r a l p h a p l a t e s 

dense ly packed in a beta mat r i x 

w i t h no i n d i c a t i o n o f a n y 

g lobu la r i sa t ion . A n impor tan t fea-

ture of the 900°C heat t rea ted mi-

c ros t ruc tu res is the a p p e a r a n c e 

of the a lpha phase at the prior-

beta g ra in boundar ies . Th is is at 

va r i ance wi th an ear l ier invest i -

ga t ion by Borg reen and W i l l son 

(1) in wh i ch G T A - w e l d e d T i -6AI -

4 V sheet d id not s h o w any gra in 

boundary a lpha on pos t -we ld heat 

t r ea tmen t at 900°C. In our inves-

t iga t ion , the 700°C heat t r ea tmen t 

d id not resul t in any d iscern ib le 

g r a i n b o u n d a r y a l p h a , but t h e 

t rea tmen t at 900°C has c lear ly led 

to a lpha p rec ip i ta t ion at the crys-

ta l boundar ies . H o w e v e r , even at 

900°C the a lpha phase is not con-

t i n u o u s a l o n g the g r a i n bound -

ar ies It m a y be inc iden ta l l y noted 

that the pos t -we ld heat t r ea tmen t 

has not c h a n g e d t h e p r io r -be ta 

g ra in s ize. 

It may a lso be seen that the heat 

t r ea tmen t at 90C°C has resu l ted 

in near l y i n d e n t i c a l m i c r o s t r u c -

tu res in all t he t h ree cases e l imi -

nat ing the d i f f e r e n c e s in the as-

w e l d e d c o n d i t i o n c a u s e d by 

changes in we ld i ng heat input . 

Mechanical Properties 

The resul ts of the tens i le tes ts are 

g i v e n in Tab le 2. T h e base me ta l 

has a y ie ld s t reng th of 857 M P a , 

U T S of 973 M P a and tens i le e lon-

ga t ion of 14 .5%. It is seen that 

we ld ing leads to a reduc t ion in fu-

s ion zone duc t i l i t y in all cases, 

wh i le the s t reng th v a l u e s rema in 

subs tan t i a l l y una l t e red . T h e re-

duc t i on in duc t i l i t y is not doub t 

due to the la rge p r io r -be ta gra in 

s i ze (F ig . 2) and t h e p r e d o m i -

n a n t l y a c i c u l a r m i c r o s t r u c t u r e 

(Fig. 3). 

A c o m p a r i s o n of F igu re 2a, 2b 

and 2c revea l s the re la t i ve ly f iner 

m a c r o s t r u c t u r e in t h e c a s e of 

e lec t ron b e a m we ld i ng , but its 

m ic ros t ruc tu re is a lmos t ent i re ly 
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a) Electron beam weld 

b) Automatic GTA weld 

c) Manual GTA weld 

Fig 5 : Microstructures of the fusion zone after post-weld heat 
treatment at 700° C (500 X) 

a) Electron beam weld 

b) Automatic GTA weld 

c) Manual GTA weld 

Fig 6 : Microstructures of the fusion zone after post-weld heat 
treatment at 900° C (500 X) 
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mar tens i t i c . It mus t , howeve r , be 

r e m e m b e r e d tha t , un l ike Fe -C al-

loys, t i t a n i u m - m a r t e n s i t e s are not 

very hard and br i t t le. T h e c o m -

b ined e f fec t of t hese fac to rs re-

s u l t s in m a r g i n a l l y h i g h e r as -

w e l d e d u l t i m a t e a n d y i e l d 

s t reng ths and tens i le e longa t i on 

f o r t h e e lec t ron b e a m we lds . 

The ha rdness d i s t r i bu t ions ac ross 

the d i f f e ren t w e l d m e n t s are plot-

ted in F igs 7, 8 and 9. In agree-

ment w i th the genera l l y re fuced 

we ld m e t a l duc t i l i t y , the ha rdness 

cu rves in the as -we lded cond i t i on 

also show a d is t inc t ha rden ing ef-

fect in the we ld and near heat-

a f fec ted zones . Th is is par t icu lar ly 

t rue in the case of e lec t ron b e a m 

we lds . 

T h e b e n e f i t s of p o s t - w e l d hea t 

t r ea tmen t are not qu i te rea l i sed 

at 700°C. In fact Tab le 2 shows 

that the t r e a t m e n t at 700°C has 

led to a reduc t i on in duc t i l i t y f r o m 

the as -we lded cond i t i on The yie ld 

and u l t ima te tens i le s t reng ths are 

a l s o r e d u c e d b u t o n l y v e r y 

s l ight ly . S im i l a r l y f r o m Figs. 7,8 

and 9 it can be seen that the FZ 

ha rdness has d e c r e a s e d on heat 

t rea t ing at 700°C but not appre-

c iab ly . It is only w h e n the heat 

t r ea tmen t is car r ied out at 900°C 

that tens i le e longa t i ons c lose to 

that of the base me ta l are ob-

t a i n e d . T h i s a c c o m p a n i e d by 

s t r e n g t h r e d u c t i o n to v a l u e s 

s o m e w h a t lower t han in the base 

meta l , it is a lso wo r th not ing that 

the t r e a t m e n t at 900°C has near ly 

e q u a l i s e d the FZ p r o p e r t i e s in 

w e l d m e n t s p roduced by al l th ree 

p rocesses . 

These resul ts cor re la te wel l wi th 

the mic ros t ruc tu ra l observa t ions 

m a d e ear l ier . A l though ev i dence 

dy ing of the process is not easi ly 

obse rvab le in the m ic ros t ruc tu re 

a f t e r hea t t r e a t m e n t at 7 0 0 ° C 

(Fig. 5), its occu rance is d e m o n -

s t ra ted by the t rend shown in the 

m e c h a n i c a l p r o p e r t i e s as t h e y 

change dur ing the heat t rea tmen t 

The hardness cu rves (Figs. 7,9) 

show that a f te r heat t r ea tmen t at 

700° C the harden ing due to ag-

ing is c o m p e n s a t e d at so f ten ing 

due to Coarsen ing e f fec ts t hough 

the lat ter are not as yet p romi -

nent; In o ther words ove rag ing ef-

fec ts just beg in to be apparen t at 

the heat t rea tmen t t empe ra tu re of 

700°C. The fact that the s t ruc ture 

sti l l r ema ins p redominan t l y ac icu-

lar w i th a high aspect rat io is re-

spons ib le for the duct i l i ty con t inu-

ing to be low 

Fur ther overag ing occurs as the 

a lpha p la tes th i cken du r i ng the 

900°C t rea tmen t lead ing to a dis-

t inct d rop in hardness as seen in 

(Figs. 7.9) . Th i s is a c c o m p a n i e d 

by an inc rease in duc t i l i t y and a 

reduc t ion in s t rength . 

T h e m e c h a n i c a l b e h a v i o u r of the 

h i g h - t e m p e r a t u r e h e a t - t r e a t e d 

w e l d m e n t s c a n be e x p l a i n e d in 

t e rms of the g ra in -bounda ry a lpha 

phase present in con junc t i on w i th 

a c o a r s e t r a n s f o r m e d b e t a 

in t ragranu la r m ic ros t ruc tu re , Fig. 

6. P r e c i p i t a t i o n o f t h e a l p h a 

phase at t he p r i o r - be ta bound -

ar ies cou ld not be o b s e r v e d in the 

s p e c i m e n s heat t rea ted at 700°C. 

H o w e v e r , a f t e r t r e a t m e n t at 

900°C a re la t i ve ly th ick , though 

d i scon t i nuous a lpha layer deve l -

ops at the g ra in boundar ies . The 

in t ragranu la r s t ruc tu re a lso con-

sists of coarse a lpha p la tes in a 

beta mat r i x and it is known that 

l i tt le s t rength d i f f e rence ex is ts be-

tween such a coarse t r ans fo rmed-

b e t a s t r u c t u r e a n d t h e g r a i n 

boundary a lpha. In such a condi-

t ion it is reasonab le to expec t that 

s l i p i n i t i a t i n g in t h e r e l a t i v e l y 

w e a k e r g ra in bounda ry a lpha dur-

D i l t a n c e I r o m w e l d c f n l r e ( m m ) 

Fig 7 ; Hardness distribution Across elcetron beam weld 
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ing tens i le l oad ing can be easi ly 

a c c o m o d a t e d in t ragranu lar ly . Th is 

p reven ts s l ip concen t ra t i on at t he 

gra in bounda ry in te r faces and im-

p roves m a c r o s c o p i c w e l d duct i l i t y 

at r educed s t reng th l eve l s (6). 

In genera l , h o w e v e r , it must be 

noted tha t l ame l l a r a lpha micro-

s t ruc tu res (as in as -we lded and 

h e a t - t r e a t e d w e l d m e n t s ) posses 

r e d u c e d d u c t i l i t y in r e l a t i on to 

s t ruc tu res con ta in ing e q u i a x e d al-

pha (as in the base me ta l , F ig. 

1). Th i s is because , in t i t an i um 

a l loys , on a c c o u n t of the i r low 

w o r k - h a r d e n i n g rate, t he g rowth 

of m i c r o v o i d s du r ing tens i le f rac-

tu re is qu i t e rap id ; t he p r ima ry 

c o m p o n e n t of the f rac tu re s t ra in 

is t h u s t h e s t r a i n t o n u c l e a t e 

m i c r o v o i d s . S i n c e v o i d s a r e 

known to nuc lea te on a lpha-be ta 

in te r faces , a h igh aspec t rat io of 

the a lpha phase i nc reases the in-

te r fac ia l area per unit v o l u m e and 

reduces the tens i le f rac tu re s t ra in 

(8). Th i s is the reason why , e v e n 

in t h e h i g h t e m p e r a t u r e hea t -

t r e a t e d w e l d m e n t s , t h e t e n s i l e 

e longa t i on is sti l l not as h igh as 

that exh ib i t ed by the base meta l . 

The s imi lar i ty in mechan i ca l prop-

er t ies in w e l d m e n t s m a d e by al l 

th ree p rocesses a f te r pos t -we ld 

heat t r ea temen t at 900°C is not 

surpr is ing because, as m e n t i o n e d 

ear l ier , the m ic ros t ruc tu res in Fig. 

6 also appear ident ica l . C lear ly , 

w h e n the w e l d m e n t s are held at a 

t e m p e r a t u r e of 900°C, a nea r -

equ i l i b r i um cond i t ion is reached 

for a heat t r e a t m e n t pe r i od of 

th ree hours. 

C O N C L U S I O N S 

(1) T h e a lpha-beta T i - 6A1 -4V al-
loy su f fe rs a drop in fus ion zone 
duct i le ty on account of beta gra in 
g rowth and mar tens i te f o rma t i on 
dur ing we ld ing . 

(2) Despi te a re la t ive ly sma l l e r 
p r i o r - b e t a g r a i n s i z e , e l e c t r o n 
b e a m w e l d m e n t s s h o w on l y a 
marg ina l l y h igher tens i le e longa-
t ion. 

(3) Pos t -we ld heat t r ea tmen t at a 
t e m p e r a t u r e h igh in the a lpha -
beta phase f ie ld is requ i red for 
restor ing adequa te duct i l i ty . 
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