
WELDABILITY OF Ti-6AL-4V ALLOY 

Effect of hot working temperature on the weldability of 
Ti-6AI-4V alloy 
George Thomas*, Bhanu Pant*, R. Ganesan*, V. Ramachandra* and R. Vasudevan** 

The resulting microstructure and mechanical properties of Ti-6A1-4V alloy depend to a great extent on the temperature at which working is 
carried out. Two components namely 650mm diameter Rings and 650mm diameter Hemispherical Shells have been processed at temperatures 
about 50°C below and 100°C above the beta-transus temperature respectively. These components have been evaluated for their microstructures, 
mechanical 'properties, fracture toughness and weldability. The microstructure of the rings which have been rolled at 950° C reveals the 
presence of equiaxed primary alpha in the matrix of transformed beta. On the other hand, the microstructure in the case of hemispherical shells 
forged at 1100"C, is 100 percent transformed beta. The tensile ductility of the rings is found to be higher than that of the hemispherical shells. 
However, the fracture toughness of hemispherical shells is much superior to the rings. The samples cut from these components are machined 
to 12mm thickness and electron beam welded for their comparative property evaluation. It is seen that the welded samples reflect and retain 
almost the same tensile properties as the parent material except for the impact toughness at the fusion zones. 

INTRODUCTION 

Pure t i tan ium possesses hexagona l c lose packed struc-
ture (hep) at r oom tempera tu re des ignated as "a lpha" 
phase and it al lotropical ly t rans forms to body centered 
cubic s t ructure (bcc) k n o w n as " b e t a " phase at 883°C. 

O n al loying, the e lements depend ing on their solubli ty 
in the respect ive phases, stabi l ise either a lpha or beta. 
Based on the alloy addi t ions, t i tan ium al loys are 
c lassi f ied as a lpha, a lpha-beta and beta al loys. The 
relat ive metal lurgical , mechan ica l and physical proper-
t ies ' for these alloy t ypes are s h o w n in Tab le 1. 

TABLE-1 Property var iat ion wi th alloy types for commercial t i tanium al loys 

A L P H A A L P H A - B E T A B E T A 

T i -5AI -2 .5Sn Ti-6AI-4V T i -5AI -2Sn-2Zr -4Mo-4Cr 

T i -5AI -6Sn-2Zr -1Mo-0 .2S i T i -6AI -6V-2Sn T i -10V-2Fe-3AI 

Ti-8AI-1 Mo-1 V T i -6AI -2Sn-4Zr -6Mo T i -8Mo-8V-2Fe-3AI 

r Alpha+Beta /Be ta T ransus 

f H.T. Flow St ress 

Formabi l i ty ] 
Stra in Rate Sensit iv i ty ] 
Heat Treatabi l i ty ] 
Hardf inabi l i ty ] 
R. T. S t reng th /Toughness . . . ] 

[ H. T. Capabi l i ty 

[ Weldabi l i ty 

[ Alpha Stabi l izat ion 

Beta Stabi l izat ion ] 
Density ] 

[ Modul i i 

H.T. = High Temperature ; R.T. = Room Temperature 

I 1 
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As s e e n f r o m T a b l e 1, a l p h a - b e t a t y p e a l loys offer a 
b a l a n c e of p roper t ies v iz . , m e c h a n i c a l s t reng th , 
duct i l i ty , t o u g h n e s s , fo rmab i l i t y a n d weldab i l i t y . Be-
c a u s e of t he inheren t h i gh spec i f ic s t reng th a n d the 
a b o v e m e n t i o n e d o p t i m u m proper t ies , T i - 6 A 1 - 4 V is 
t he mos t ex tens ive ly ut i l ised al loy for a e r o s p a c e appl i -
ca t ions . 

T h e p r o c e s s i n g t e m p e r a t u r e of T i -6A1 -4V al loy is im-
por tant as it c a n in f l uence t h e resu l t ing m ic ros t ruc -
tu re a n d h e n c e t h e p roper t ies ach ievab le . T h e me-
chan ica l w o r k i n g be low the be ta t r ansus t e m p e r a t u r e 
(993-c) results in a microstructure conta in ing equ iaxed 
pr imary a lpha in a matr ix of t rans fo rmed beta. Work ing 
in t h e b e t a p h a s e reg ion resu l ts in a m ic ros t ruc tu re 
con ta i n i ng comp le te l y t r a n s f o r m e d beta . T h e be ta 
f o r m s o n t h e a l p h a / a l p h a g ra in boundar ies 2 T h u s the 
r o o m t e m p e r a t u r e m ic ros t ruc tu re of t he al loy is de-
c i ded by t h e hot w o r k i n g t empe ra tu re , w h i c h in t u rn 
con t ro ls t h e m e c h a n i c a l p roper t ies to a great ex tent . 
For T i - 6 A 1 - 4 V a l loy, t h e m ic ros t ruc tu re -p rope r t y 
co r re la t ions h a v e b e e n wel l s tud ies 3 4'5 but only l imi ted 
d a t a is ava i lab le on t h e ef fect of hot w o r k i n g t empe ra -
tu re o n the we ldab i l i t y of T i - 6 a 1 - 4 V al loy. H e n c e a 
p r o g r a m m e w a s u n d e r t a k e n to s tudy t h e ef fec t of hot 
w o r k i n g t e m p e r a t u r e o n the m e c h a n i c a l p roper t ies of 
t he s a m p l e s w e l d e d f r o m t h e r ings ro l led at 950°C 
a n d t h e hem isphe r i ca l she l l s f o r g e d at 110CPC 

• Experimental 

T h e requ i r ed T i - 6 A 1 - 4 V bi l lets for t h e 6 5 0 m m d iame-
ter r ings a n d hem isphe r i ca l she l l s w e r e p rocured . 
T h e c h e m i c a l c o m p o s i t i o n a n d t h e m e c h a n i c a l 
p roper t ies of t h e s ta r t ing bi l lets a re g i ven in T a b l e s II & 
III respec t i ve ly . 

T A B L E II. C h e m i c a l C o m p o s i t i o n of t h e 
T i - 6 A 1 - 4 V Bil let 

(In WT %) 

R i n g R o l l i n g 

T i - 6 A 1 - 4 V bi l lets of 3 0 0 m m d i a m e t e r a n d 2 2 5 m m 
leng th w e r e u s e d t o m a k e proof m a c h i n e d r ings of 6 5 0 
m m ou t s i de d iamete r (OD) , 5 9 0 m m ins ide d iamete r 
(ID) a n d 2 6 5 m m height . T h e bi l le ts w e r e init ial ly 
f o r g e d d o w n t o 2 6 0 m m d iame te r a n d 2 9 5 m m leng th 
a t 9 5 0 ° C . Af ter p u n c h i n g , t h e s tock w a s t r ans fe r red to 
t he r ingh ro l l ing mil l a n d ro l led to t h e f inal s ize in 8 
rehea ts . T h e rehea t i ng w a s ca r r i ed ou t at 950°C for 
45 m inu tes . A f te r t h e ro l l ing w a s c o m p l e t e d t h e r ings 
w e r e a n n e a l e d at 730°C for 2 h o u r s f o l l o w e d by air 
coo l ing . T h e r ing ro l l ing o p e r a t i o n is s h o w n in F ig . 1. 
F ig 2 s h o w s t h e p h o t o g r a p h of t h e r ing in t he proof 
m a c h i n e d cond i t ion . 

Fig. 1. The Ring Being Rolled in a 80 ton capacity Rolling Mill 

Fig. 2. Proof Machined Ring Rolled in the "Alpha + Beta " Field 

H e m i s p h e r i c a l She l l F o r g i n g 

Bil let of 3 0 0 m m d iamete r a n d 4 6 5 m m lengh w a s c lose 
d ie f o r g e d at 1100°C to a h e m i s p h e r e of 6 5 0 m m 
ou ts ide d iame te r (OD) a n d 4 0 m m t h i c k n e s s in 8 
rehea ts af ter init ial s o a k i n g at 1100°C for 3 hours . T h e 
s u b s e q u e n t rehea t i ng w a s ca r r i ed out at t h e s a m e 
t e m p e r a t u r e for 4 5 m inu tes . T h e f o r g e d she l l s w e r e 
a n n e a l e d at 730°C for 2 hou rs a n d air coo led . F ig. 3 
s h o w s t h e f o rg ing of t he hem isphe r i ca l she l l o n a 55 
m e t e r - t o n n e h a m m e r . T h e p h o t o g r a p h of t he sho t 
b las ted hem isphe r i ca l shee l is s h o w n in F ig . 4 . 

A 1 V F e C O N H T i 

6.28 3.97 0.052 0.008 0.1442 0.0062 0.0049 Bal 

T A B L E III. A v e r a g e M e c h a n i c a l p r o p e r t i e s of t h e 
T i - 6 A 1 - 4 V Bil let 

Properties Longitudinal Transverse 

UTS (MPa) 916.0 921 

0.2% YS (MPa) 857.5 882 

% Elongation (25mm GL) 16 14 

% Reduction in Area 40 40 

Impact Strength (Joules) 23 23.5 
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Fig. 3. Hemispherical shell being forged in a 55 meter-ton 
hammer 

Evaluation of the Properties 

Standard tensi le (25 m m gauge length; and Charpy-V-
notch impact spec imens were p repared f rom the 
ring, the hemispher ica l shel l and the w e l d e d samples. 
In the case of we lded samples , tens i le samp les 
w e r e made w i th the we ld joint at t he cent re of the 
gauge length. For the impact spec imens, care w a s 
t aken to locate the V -no tch at t he cent re of t he fus ion 
zone (FZ). T h e tens i le tests we re carr ies out at a 
st ra in rate of 4 X 10 2, m i n 1 . T h e f rac tured sur faces 
of the impact spec imens were observed in a scann ing 
e lect ron m ic roscope (SEM) for their sur face topog-
raphy. Fracture tougher test were pe r fo rmed on com-
pact tens ion spec imets of 16 m m th ickness prepaecj 
as per A S T M E-399-87 s tandard f rom the "be ta " proc-
essed rings. T h e spec imens w e r e pre-cracked and 
o p e n e d out in servo hydraul t ic mach ine . A plot of load 
versus crack open ing d isp lacement (COD) obta ined 
f rom XY plotter w a s used to ca lcu la te the f racture 
toughness data. Fig.5 shows the ske tch of the tensi le 
and impact samples prepared f rom the we lded samples 
as wel l as that of the f rac ture t oughness samp le 
prepared f rom the parent mater ia l . Meta l lographic 
samp les we re prepared by adopt ing s tandard proce-
dures. Us ing etchant , microst ructures of the parent 
meta l (PM), heat a f fec ted zone (HAZ) and the fus ion 
zone (FZ) w e r e observed. 

Fig. 4. Hemisherical shell forged in the Beta field 

Electron Beam Welding 

S a m p l e s we re cut f r om both the r ing and the hem-
ispher ical shel l in t h e c i rcumferent ia l d irect ion and 
mach ined t o str ips of 6 0 X 60 X 12 m m size for 
e lect ron b e a m we ld ing (EBW). T h e E B W parameters 
w e r e op t im ised w i th the he lp of t he data6 genera ted 
over a ser ies of bead-on-p la te we lds carr ied out on 
thick T i -6A1 -4V sect ions and a few trial we lds per-
f o r m e d o n 12 m m thick str ips. T h e we lded joints found 
accep tab le as per A S M E Boiler and Pressure Vesse l 
C o d e 7 w e r e se lec ted for eva luat ing the we ld proper-
t ies. T h e op t im ised E B W paramete rs a re g iven in 
Tab le IV. 

TABLE IV. Optimised EBW parameters for 
12mm thick Ti-6A1-4V Alloy 

Acce lera t ing Vo l tage 150 KV 
B e a m Current 6 8 mA 
We ld ing S p e e d 2 4 0 Cms /M in 
B e a m Focus 2 5 m m below sur face 
Work D is tance 1 9 0 m m 
V a c u u m 10-4 Torr 

F i g . 5 

• RESULTS AND DISCUSSIONS 
Mechanical Properties 

T h e ul t imate tensi le s t rengh (UTS), the 0 .2% yield 
s t rength (YS), the percen tage e longat ion (%EL) and 
the Chary -V-no tch impact va lues for samp les f rom 
the ring, the hemispher ica l shell and the EB we lded 
jo ints are summar i sed in Tab le V. 
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TABLE V. Average Mechanical properties of Samples from the 
Ring, Hemispherical Shell and Welded Joints 

RING HEMISPHERE 
PROrcnTltS 

PARENT METAL WELDED PARENT METAL WELDED. 
SAMPLES SAMPLES 

RADIAL HEIGHT RADIAL TRANS-
VERSE 

UTS (Mpa) 950 955 970 911 941 930 
0.2% YS (MPa) 872 867 833 862 862 823 
% Elongation 

(25mm GL) 16.0 16.0 12.5 7.0 6.5 7.0 
Impact Strength 

(Joules) 23.5 23.5 21.8 35.3 39.0 22.5 
Fracture Tough-

ness (MPa/m) 61.0 60.5 85.0* 90.0* 

•Invalidity due to thickness limitation. 

Parent Metal 

T h e U T S and Y S of samp les f rom the r ings as wel l 
as the hemispher ica l shel ls remain a lmost the same. 
However the samp les f rom the ring exhibi t better tensi le 
ducti l i ty and lower toughness as compared to those 
f rom the hemispher ica l shell. Th is d i f ference in their 
propert ies comes f rom the d i f ference in their micros-
t ructures. T h e morpho logy of t he a lpha phase is 
in f luenced by the tempera tu re at wh i ch the compo-
nents have been processed. T h e microst ructure (Fig. 
6) of the r ing p rocessed in the subt ransus tempera tu re 
range reveals the p resence of equ iazed pr imary a lpha 
in a matr ix of t rans fo rmed beta. T h e microst ructure 
(Fig. 7) of the hemispher ica l shell p rocessed entirely 
in the beta f ie ld reveals co lonies of complete ly 
t rans f romed beta ( lamellar alpha). Wh i le the lamellar 
a lpha p romotes toughness , the tensi le ducti l i ty is 
seen to be improved by the equ iazed alpha. The S E M 
f rac tographs (Figs. 8 & 9 ) o f t h e "a lpha+be ta " a n d t h e 
"beta" processed material show a transgrannular dimpled 
appearance wh ich indicates that the f racture mecha-

showing equiaxed primary Alpha in a matrix of transformed Beta 

Fig. 7. Microstructure (320X) of "Beta" processed hemispherical 
shell showing colonies of transformed Beta (Lamellar Alpha) 

2UFM 20KU 74 008 

Fig. 8. Sem fractograph of "Alphe + Beta" processed parent 
metal showing a well defined net work of dimples 

Fig. 9. Sem fractograph of "Beta" processed parent metal 
showing bifurcation of crack 

n ism that is operat ive in both the ins tances is one of 
microvo id nuc leat ion and growth. T h e f rac ture stress 
depends on the ease of vo id nuc leat ion and growth. 

Fig. 6. Microstructure (320X) of "Alpha + Beta"processed ring 
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Accord ing to Monogo l in and others8 9 1 0 the amount of 
ductil i ty ach ievab le in a material depends on the rate of 
vo id growth. Fracture occurs dur ing tensi le straining 
w h e n a cr i t ical-relat ionship is reached between the 
vo id s ize and the f racture stress. Here the vo id is 
cons idered as crack w h e n it reaches critical s ize for 
fracture. T h e vo ids reach a critical size by a process 
involv ing slip at the vo id t ip and or coa lesence with 
vo ids encounte red as the vo ids grow by slip. If the 
vo id growth rate is fast it reaches a critical s ize for 
f racture at a lower strain and hence the ductil ity is 
less. It has been shown in the case of T i -5.2A1-5.5V-
0. 9Fe-0 .5Cu alloy and T i -6a1-4V alloy 10 that the void 
growth rate is slower for the equ iaxed a lpha structure 
than for the "widmanstaten alpha+grain boundary alpha" 
structures. T h e comparat ive ly low ductil ity of the beta 
p rocessed samp le hav ing almost the same yield 
s t rength as the "a lpha+be ta" processed samples may 
also be ascr ibed to the rapid growth rate of vo ids in the 
lamellar structures. 

T h e f ractograph (fig 8) of the samples f rom the "a lpha 
+beta" p rocessed ring shows a wel l def ined network of 
d imples of non-un i form s ize and this may result f rom 
the vary ing distr ibut ion and size of the equiaxed a lpha 
phase, the f ractured sur face of the beta processed 
samp le looks rougher. It is indicat ive of a larger fracture 
sur face area wh ich results in a greater f racture energy 
absorpt ion to ach ieve fai lure. Tab le V shows that the 
samples f rom the hemispher ica l shell have better 
impact and f racture toughness than the smaples f rom 
the ring. T h e S E M f rac tograph of the f ractured sur face 
of the impact samp le prepared f rom the "be ta" 
p rocessed hemispher ica l shell shows extensive crack 
bifurcation. T h e tortuosity of the f ractured path wh ich 
deviates a long the "a lpha" colonies and prior beta 
grain boundar ies is responsib le for the better f racture 
toughness of the "beta" processed hemispherical shell. 
O n a micrroscopic level the crack in the lamellar struc-
ture of the "be ta " p rocessed hemispher ical shell may 
be propagat ing as it does in an equ iaxed structure of 
the "a lpha+be ta" p rocessed ring, but it t ravels a greater 
d is tance d u e to crack branching. T h e extensive bifur-
cat ion of crack gives rise to lower crack growth rates 
and increased total f racture engergy.1 1 '1 2 '3 

Welded Samples 

Tab le V shows that the UTS and Ys of the we lded 
samp les remain a lmost the s a m e as those of their 
respect ive PM. It is seen dur ing tensi le tests that the 
fai lure a lways occurs in the PM region of the we lded 
samples a n d hence the tensi le strengts obta ined 
ref lects mainly the st rength of the PM. T h e micros-
t ructures of the FZ of both the we ldments are identical 
and reveal the presence of the long martensitic needles. 

Fig. 10. Microstructure (320X) of the FZ of the sample welded 
from the "Alphe + Beta" processed ring showing the presence of 

martensitic needles 

(Fig.10) Because of the highly local ised nature of the 
heat input and the high cool ing rates involved with 
the E B W process, t he FZ microst ructures consist 
predominant ly of the long narrow martensi t ic phase. 
Presence of coarse martensi te is repor ted ' 4 even in 
51 m m thick EB we lded Ti-6A1 -4V alloy. T h e presence 
of martensi te in the FZ does not appreciably alter the 
ductility of the we lded samples. Tab le IV shows that 
the samles we lded f rom the "a lpha+beta" processed 
ring retains about 80% of the tensi le ductil ity of the 
parent material . This relatively smal l reduct ion in duc-
tility is due to the fact that the weld- reg ion amounts to 
only a smal l port ion (10%) of the total gauge length (25 
mm). The FZof the samp les is a lso found to retain 
about 95% of the impact toughness of the "alpha+beta" 
processed parent material . 

T h e smaples we lded f rom the beta processed hem-
ispherical shell exhibit a lmost the s a m e ductil ity (7%) 
as the "be ta " p roccessed parent material. Th is indi-
cates that the actual ducti l i ty of the weld- reg ion is 
around that of the "be ta " p rocessed material. How-
ever the FZ of these samples is f ound to retain only 
about 50% of the impact toughness of the "be ta" 
processed parent matreia l and it is a lmost the s a m e as 
that of the "a lpha+be ta" processed parent material. 
Thus w e see that if the tensile ductility of the weldregion 
cor responds near to that the "be ta " p rocessed parent 
material, its FZ impact toughness cor responds more 
or less to thatof the "a lpha+be ta " processed parent 
material . T h e f rac tographs of the f ractured sur faces 
of the impact samples prepared f rom both the 
"a lpha+beta" processed and the beta processed mate-
rial wi th the notch located at the FZ are almost identical 
and atypical one is shown in f i g . 11. T h e f ractopgraph 
reveals a d impled appearence indicating that the 
f racture mechean ism is again one of microvoid coa-
lesence. T h e observat ion of the compari t ively high 
duct i le high toughness martensi te in the FZ of the 
we lded samples is in agreement wi th the h igh energy 
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Fig. 11. Sem fractograph of FZ of sample welded from the "Alphe 
+ Beta" processed ring showing dimpled appearance 

absorb ing character is t ics of the as quenched marten-
site f ound by Margo l in and Mahajan1 0 . 

CONCLUSIONS 

• T h e process ing tempera tu re contro ls the type 
of microst ructure and the propert ies ach ievable in 
T i -6AI -4V alloy. 

• T h e "a lpha+be ta " p rocessed ring possesses better 
ducti l i ty and marginal ly higher tensi le s t rength as 
c o m p a r e d to the beta p rocessed hemispher ica l 
shel l . 

• T h e "be ta " p rocessed hemispher ica l shell shows 
better f racture toughness due to increased tortu-
osity of t he crack path. 

• T h e samp les we lded f rom the "a lpha+beta" proc-
e s s e d ring and the "be ta " p rocessed hemispher i -
cal shel l retain and reflect a lmost the s a m e 
proper t ies as those of the respect ive parent 
mater ia l proprt ies except t he impact toughness at 
t he FZ. 

• EB we ld ing does not s e e m to deter ioraate the 
tens i le ducti l i ty of the parent mater ial . Infact the 
w e l d e d samp les retain a lmost 100% and about 
8 0 % of the tens i le ductil ity o f t h e " b e t a " p rocessed 
and the "a l pha+be ta " p rocessed mater ia l respec-
t ively. 

• T h e mar tens i te present in the FZ microst ructure 
shows h igh energy absorb ing character ist ics. 
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