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1 . I N o  RO D U CT I ON

A svsteuiat Ic investigat ion is being conducted of  L h t -  c i  f e  t s

cure—earth (RE) addition s to Ti—6A 1—4V. Tu e first p~~ HU ( t O  this Iitventi ~~,t t ion ,

wli ic It is reported h e r e  , is t lie de t e rn  inn  t ion of liii’ in f 1 uL’nce ol d if f crc it

conccnt rat ions of & r h  ium , Vt t r ium , and mis rhmet nl on the ml crust r u e t  ure and

room—temp erature tens Lie propert L’S of  T i — 6 A 1 — O V  suhj i-c Lcd to various

a n n e a l ing procedures .

A n e a r — t e r m  o b j e c t  ive  of this research is to demonst rate that metallic

rare—earth additives can improve the high—temperature fommabi l itv , and

thus r educe  f ab ri ca t i on cos t s , of T i — 6 A l — 4 V  without adversely affecting

the strength and toughness of  tilt a l l o y .  More over , previou s stud ics

of rare—earth additives to ~— Ti
1 3  

form the basis for expectin g that

appr opr iate combinations of rare—earth additives and processing conditions

will he effective for improving other characteristics of Ti— 6A1— 4V , such

as high—temperature strength , corrosion resistance , and low— temperature

formability .

The mechanical and fracture—mechanics properties , as well as the

formability , of most materials are directl y related to the size and distri-

bution of grains , cells , and phases in the polycrystalline aggregate.

Refilling tile po].ycrystalline structure not only improves both the physical

and chemical properties but also assures uniformity throug hout the structure.

Micr ost ru tural refinement in Ti allo\- s is frequent iv achi evL d by repeated

cold—reduction and annealing, hot rolling at moderate temperatures , thermal

cycling at the allotropic temperature , and addition of allo y in g elements.

t~Ii i I c  m o s t  of these processes have been mod erot clv successful they h~ vc

not been proved to be either cost effect ive or dL-s ira h ic Cu r t~clding,

stress—corros ion res istance , or prolonged Ii igh—t cmpc ritur e exposure.

In this investi gation , tile approach is to introduce into Ti—hA l— -tV a

uniform dispersion of fine (<70 nm diam), second—p hase , rare—e arth partic les ,

which are particul arl y effective for refining the alloy m icrostructur e and

retarding grain growth. Specifica l ly , metallic Er , 1, and mischmetal (MN)

were added in small concentrations (0.01—0.2 wt,, ) to Ti— 6A 1— 3V melts.

Mischmetal , which is a mixture of La , Ce , and Nd , wa s  selected as a possibly

lower—cost alternative to Y or Er. All of t he  r a r e — e a r t h  m e t a l s  used arc

1.
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m i s c  ib 1 ’  i n  a I 1 p r o p t i r  I iouio w i t  ‘I’ I i n  t u e  I I quid st  t e .  I r c, in p 1 I C  i f )  I

su l u h i l  i t v  I n  s t i  id  I i  i t  iuii temperatur es. T u e  m a x i t n u n  ; IuI i l i t  i s  i t t

i i , -~~ i o o — i C C I I I: , 1 Y , I. , i , and Ci- l i e  a p p r o x i m a t e l y  I ,

r t - S l w - c t  i v e l v . ‘ihe t u a x i t n u t t i  s o l u h i  I i  leO in ~— l i  , a t  a b u t  l O l l )  ( 1 Y I i

and Ce ar c  appr . x im a t&-lv 0 . 1 , 4 . and 4 w t Z , resp ect l v i ’ !’,. \t risen I e~~~ r - t . ti r& ,

Er  arid V h i v e  neg l i g i b le  s o l u b i l i t v  in Ti , h u L  n p l r : . : i tna t c l v  I s t 7  I i  CL

i s  s o l u b l e .  Ehen added to T i — i l  I ovs in conc entration s les s  t h a n  1 o t  , Er

and V s h o u l d  prec i p i t d t c  as second—p hase d i sp c r s o i ds  as on a l l oy  is  cooled ,

whereas n leto 11 ic MN shou ld  r ema in  in s o l ut i o n . An i m p o r ta n t  pr o c  t i ca l

cons ide r a t i o n  is tile d i f f  i c u l t v  of p revent  ing the  f o r m a t ion of s t a b l e

rare—earth oxides  in l~’1 b e f o r e  i t  is d i s s o l v e d  in m o l t e n  Ti d u r i n g  norm a l

a l l o y — c o s t i n g  p r o c e d u r e s .  Thus , of t he  amount  of I’ll’! added to an a l l o y ,

o n l y  a f r a c t i o n  w i l l  be d i s so lved  and t h e  remainder  w i l l  he in t he  f o r m

o~ ox i d e — p a r t  Ic Ic i n c l u s i o n s .

A recent st u dy ° showed t h a t  Y , > 03
— a d d i t i v e  is a b e t a — g r a i n  r e f i n e r  in

Ti—il11—4 ’: and , acco r d i n g  to one p roduce r , d ec r eases t he cos t  of in got

r e d u c t i o n  by at least H .  However , in c o n t r a s t  to Y and o t h e r  r a r e — e a r t h

m e t a l s , Y~ O 3 
is p r a c t i c a l l y  In s o l u b l e  in mo l t en  Ti a t  t e m p e r a t u r e s  u s u a l ly

ach ieved  in a l loy  p r o d u c t i o n  and remains  as large ( 1— 10 .im) i n c l u s i o n s .

F u r t h e r m o r e , the 1703 p a r t i c l e s  tend to agg lomera te  in T i — 6 A l — 4 V  and can

degrade  t h e  t ens i l e  s t r e n g t h  and f r a c t u r e  toughness , p a r t i c u l a rly  in t he

s h o r t  t r a n s ver s e  d i r e c t  ion .

Tile r e s u l t s  p r e s e n t e d  in t h i s  r e p o r t  show t h a t  m e t a l l i c  r a r e — e a r t h

a d d i t i v e s  e f f e c t i v e l y r e f i n e  the m i c r o s t r u c t u r e  and inc rease  the  d u c t i l i t y

of Ti—bAI— 4V without significantly affecting the r o o m — t e m p e r a t u r e  m e c h a n i c a l

p r o p e r t i e s .  The q u a l i t a t i v e  improvemen t  in f o r m a b i l i t y  observed du r ing  t h e

ho t  r o l l i n g  of small , 5. 3—kg  T i — 6 A 1— 4 V — R E  i n g o t s  s u p p o r t s  t h e  c o n t e n t i o n  t l c ~~t

m e t a l l i c  r a r e — e a r t h  a d d i t i v e s  can r educe  t h e  c o t  of a l l o y  f a b r i c a t i o n .
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*2 .  ALLOY PREPARAT I ONS

2 .  1 I~~~~ t I ’ o~~j~a ra twn

O.l— k~~j~ut ton In g o t s :  For pr e l  i m i n a r y  assessment  of t h e  i n c i t i n g

c h a r a c t e r  i s t  i r s  and the m i c r o s t r u c t u r al  changes e f f e c t e d  by t h e  add i t  ion  of

E r , 1, and MN t o  T i — 6 A 1— 4 V , 0. 1—kg but ton ingots of Ti—6A 1—4V (reference

alloy ), Ti—6A1—4V—l.OEr , Ti—6Al—4V—O.48Y , and Ti—6A1—4V—O .lOMN were prepared

by v a c u u m — a r c — m e l t i n g  t h e  alloys in a water-chilled copper hearth. Each

button was prepared  from a m i x t u r e  of T i — 6 A l — 4 V  and m e t a l l i c  r a r e — e a r t h .  An

a d d i t i o n a l  T i — 6 A l — 4 V — l . O E r  a l loy  was prepared b y add ing  the  a p p r o p r i a t e

quantit y of Al—Er master alloy instead of m e t a l l i c  Er .  The b u t t o n  i ngo t s

confirmed t h a t  the rare—earths refine the microstructure of Ti—6A1—4V and

proved t h e  f e a s i b i l i t y  of u t i l i z i n g  a mas te r  alloy containing rare—earth

m e t a l  f o r  t he  c a s t i n g  of T i— 6 A 1—4V—RE a l loys .

5 . 4 — k g Ingo ts :  F igure  1 is an ou t l i ne  of the  a l loy p r e p a r a t i o n s  and

heat—treatments for most of this study. Fifteen 5.4—kg Ti—6A1—4V ingots with

various rare—earth add i t i ons  were prepared to determine the effects of

varying the c o n c e n t r a t i o n s  of Er , Y , and MN . The nominal composi t ions  of

th e 0.1—k g and 5.4—kg ingots are given in Table 1 together with the form of

t h e  r a r e — e a r t h  addi t ion  fo r  each ingot .  All  of the  5 . 4 — k g ingo t s  were

prepared with the same lots of Ti sponge and Al—V master alloy. The chemical

analyses of tile starting materials are given in Table 2, and the chemical

anal yses of the as—cast ingots are given in Table 3.

Ingot Melting : The ingots were melted in vacuum by the consumable—

electrode arc—melting method . Each 5.4—kg charge consisted of five 76—mm

diam pressed—briquettes of blended Ti—sponge , Al—V master alloy , and Al—RE

master alloy. The briquettes were welded together in tandem to form the

consumable electrode , which was melted into a water—cooled , 120—mm diam ,

copper mold. Each molten ingot was conditioned , inver ted , and melt ed a

second time to achieve compositional homogeneity.

*
Ingots for this investigation were cast , forged , and rolled by Cr uc ibl e

Materials Research Center , Col t Ind ustri es , Inc., Pittsburg h , PA.
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Dou it lc  melt  u ru go t s  Ti 6 A 14 V  R E  1
5.4 kg ;  120 mm (11am

Rcter en ce a l loy  I I 0.10,0.30,0.80,20 wi E u

I j~~ 0.020 O 0 5 0 0b 0 0 3 0 wt V 1 0.010,0.030,0080,O 2O wt MM]

Forge 10 10 °C, 51 mm x 120 mm 1
r~t rol l  1010°C; 20 mm thickness

I Samp le

Hot roll 955°C; 3 mm thickness

I H Sample]

Heat treat 1
I T~~~ 560C 1 I T~~-28°C I Ta + 2 8 °C 1 P~~~~

56°C I
1 5mm 3 0 m m  1 h ~~~4 h  [ 5 m m  1 5 m m  1 r 1 h

WO wa wo wo wo I wo ] I wo I I Wa
I I I I I I I

Sample

T 705°C ,2 h;A C
I WO = water quench

Tests AC = a im cool
GP 77 0 480 38

Figure 1. Outline of alloy preparation s and heat treatments for study of microstructu res and

room- temperature tensile properties of T i -6A1-4 V alloys with erbium , y ttrium , and

mischme ta l addit ions.
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TABLE 1. Ti -6A1.4V.RE INGOT PREPARATIONS

Ingot Nominal Ingot mass Form of
num ber compo sition (kg) r:re -earth

614 Ti-6Al-4 V 0_ i —

615 Ti -6A l-4V-0,1OMM 0. 1 MM granules
616 -1 .OEr 0, 1 Er met al
617 -0,48Y 0.1 V metal
660 -1 ,O Er 0. 1 Al -Er master alloy

14 Ti -6 .15A 1-4.1V 5-4 —

4 11-6,1 5A l-4.1 V-0.020Y 5.4 Al-V master alloy
5 -0.050Y 5.4

15 •0,10Y 5.4
16 -0.30Y 5.4

8 Ti~6.15A l-4 .1V-0.010MM 5.4 Al-MM master alloy
9 -0.030MM 5.4

10 -0.080MM 5,4
11 -0.20MM 5,4
12 -0,20MM 5,4 MM granules
25 Ti~6 , 15A l - 4 1V -0 10Er  5.4 Al-Er master ail oy
26 ~0.30Er 5.4
27 -0.8OEr 5-4
28 -2 OEr 5,4
29 -0,8OEr 5,4 Er metal

0P 17-0410-1
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TABLE 2. CHEMICAL ANALYSIS OF STARTING MATERIALS FOR T i-6A 1-4V -R E
INGOT PREPARATIONS

Material Element Weight percent

I i  ~O m m t ~’ . Mg m usluct ~ l . B umct t ’ l l  T m 998
lu.im i l um ’~~ m m mt r i i t n’ i  140 (niax I C 0.02

Cl 0.09
H 0.002
Fe 0.02
Mg 0.04
Mn 0001
N 0.008
O 0.09
Si 0.004

Al-V master alloy Al 45.9
V 53.8
B 0.0003
Fe 0.28
Mo 0.08
O 0.03
Si 0.32

Al shot Al 99.0 mm
Fe 0.40 max
0 0.10 max
S • 0.25 max

Al-V master alloy (supplied by Al 23.5
Mol yc o rp , Inc., White Plains , NV) V 76,5

C 0.13
Cu 0.12
Fe 0.10
O 1.0
V 0.05

Mischmeta l , 13’mm diam rod Ce 53
(procured as Ceralloy 100X from Gd 2
Ronson Metals Corp., Phoen ix , AR ) Nd 16

Pr 5 C

La and other RE 24
total RE 99.9

Al 0.01
Ca 0.01
Fe 0.05
Mg 0.025
Si 0.01

Erbium (procured from Er 99.9+
Research Chemicals) Ca 0.01

Fe 0.02
Mg 001
Si 0.01
Ta 0.01

OP~7-O4SO - 2

6
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TABLE 3. CHEMICAL ANALYSES OF T i-6A 14V/RARE .EARTH 5.5 kg INGOTS

Rare-earth Chemical comp osition (w t %)
Ingot addition Al V C H Fe N 0- (wt %)

Top Center Bottom

14 None 6.1 3.8 0 029 0.0056 0. 14 0.044 0 .173 0.181 0.177
4 0.02V 5.9 3.7 0.033 0.0050 0.13 0.041 0.160 0.148 0. 159
5 0.05V 5.9 3.8 0.032 0.0054 0.09 0.037 0.160 0. 176 0.155

15 0.1OV 6.2 3.8 0.026 0.0050 0.11 0.040 0. 165 0 .172 0. 171
16 0.30Y 6.3 4.0 0.029 0.0058 0.11 0.040 0.172 0.185 0. 173
8 0.010MM 6.0 3.7 0.025 0.0051 0.19 0.026 0.137 0.143 0. 138
9 0.030MM 6.1 3.7 0.025 0.0046 0.09 0.033 0.191 0. 142 0 .147

10 0.080MM 6.1 3.8 0.026 0.0071 0. 11 0.039 0 .171 0.157 0. 150
11 0.20MM 6.1 3.8 0.023 0.0068 0.07 0.028 0.155 0.162
12 0.20MM 6.3 3.8 0.028 0.0062 0.07 0.038 0.160 0 .157
25 0.lO Er 6. 1 3.9 0.04 7 0.0061 0.09 0.034 0.169 0.158 0.151
26 0.3OEr 6.2 3.9 0.025 0.0055 0.09 0.029 0.142 0.146 0. 140
27 0.8OEr 6.4 3.9 0.036 0.0046 0.08 0.029 0.153 0. 149 0.151
28 2.OEr 6.4 3.9 0.041 0.0044 0.08 0.033 0.164 0.170
29 0.8OEr 6.4 3.9 0.038 0.0056 0.03 0.034 0.158 0.147 0.167

0P77.0480-3

I n g o t — F o r g ing: The f o r g ing and r o l l i n g  reduc t ions  of the ingots are

shown schemat ica l ly in Figure  2. B e f o r e  the  ingots  were forged , a 20—mm

thick slice was cut from the bottom of each ingot for studies of the as—cast

microstructures. In preparation for forging, the ingots were coated with

Metlseel R.A~ 537 . The ingots were heated to 1010°C (1850 °F) and drawn into

octagonal prisms (approximately 180 mm long and 90 mm between parallel sides)

on a 1800—kN (200 ton) press in three steps, with reheating of the ingots

at each step. The octagonal prisms were then upset—forged 30% at 1010°C

( 1850°F). Ti—6A1—4V—2.OEr , Ti—6Al—4V— 0 .2OMN , and Ti—6Al—4V—0.8OMM ingots

exhibited severe cracking during initial forging at 1010°C and were therefore

f o r g ed at 1120°C (2050 °F) for the remaining f org ing steps.

After being upset—forged , the ingots were grit—blasted , ground , and

pickled to remove all cracks from the original sides. The ends were not

ground , but severe end—cracking of the Ti—6A1—4V—0. 20I~’1 ingots necessitated

*
Tradename of Glidden—Durkee Division of SCM Corp., Cleve land , OH.
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c r o i i i m  ing t Im e ends ol these i i t g o t s .  l I m e  i n g o t s  wer e ’ co it d i t  j o mi ed  , ( ( m a te d  I~~ fl i n

~~i t l i  Me t  L O & - L - E  l - tA—53 7 , h e a t e d  t o  10 10 °C (112 (1 °C in the m as..- of i i — 6 A l — ~m V — ( i . _ ~( C N M )

.im rd ..I rawn jUt 0 .1 pp rox I m a t e  I v 51  x 100 x 1 20 mm p 1 at L ’S . Dii r l u g  t h i  s last

I .m r g i m i g  step, t h e  T i — 6 A 1— 4 V — O .  20MM ingots again devel oped severe’ surface

cracks , wIt I cli w e r e  removed by gr  m d  i ng

120 mm 108 mm 
____

— i  t—89 mm — 200 mm

Draw out Upset 30% Draw out

1 

1010°C_- 
“ “  1010°C ~~~~~~~~

_

i00C 

~~~~~ 

1 mm~~~~

1

~~~~

20 mm sample

Sample Hot roll
Cut in 3 sections 51 mm -. 20 mm

1010°C; 7 passes

6P77-0480-39

Figure 2. Forging and rolling steps for 5.4.kg Ti -6A14V-RE ingots.

Ingo t  R o l l i n g :  Til e fo rged , 51— mm t h i c k  p lates were hea ted  to 1010 ° C

(1850° F) and ro l l ed  in seven passes to a t h i c k n e s s  of  20 mm . T h i s  r o l l i n g

r e q u i r e d  2-~+ — 50 s fo r  each p l a t e , and t i m e  shee ts  cooled to approximate ly

800° C (1400 °F) by the t ime of t he  f i n a l  pass .  The T i — 6 A 1 — 4 V — 0 . 2 0 ~~’1 i n get s

deve loped  gross s u r f a c e  t e a r s  d u r i n g  r o l l i n g , h u t  t he  o t h e r  a l ley  c o m p o s i t i o n s

were  f r e e  of c r a c k i n g . A 100—mm long sec t  ion fo r  s h o r t — t r a n s v e r s e  t e n s i le

t e s t  spec imens  was cut  f r o m  t h e  center region of each r o l l ed  p l a t e , and

the  r e m a i n i n g  two pieces of each p l a t e -  were h e . mt e d  to  955° C (1750 ° F) and

ro l l ed  in I iv~ passes  to a f i n a l  t h i c k n e s s  of 3 mm . This  f i n a l  r o l l  i n g

proc e d u r e  r e q u i r e d  1 7— 3 5  s d u r i n g  w h i c h  t i m e  t he  s h e e t s  r e e l e d  t o  , m p p r o x i m a t e l

700° C ( 1300 ° F ) .
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For t he  ‘1’ j — 6 A 1 —4 V  reference , I’ i—6A!—4V- \’, and ‘I i-6A ! -4V -MM in g ot  s , t l i e

t’o I I jug I or . . . .’  b r  each pass  was nm& ’asur e ’d , ari d t im..- r ..-smi !ts a rm - ~ I ’.-et1 i i )

1.1 1) 1..’ - m .  I t i ’r - . m m i s e  t h e  r o l l e r — f o r c e ’ s t r i r  t I m e  s a i l  I p l a i t - s  c m m m m l d  n o t  he - i m m - . m s u r i d

,m..ci’ r .mtelv and , f u r t h e r , b e c a u s e  t h e  t e n m p m - r z u t u r . . .~ d u r i n g  r i m ! !  i n g  w e - r e  no t

umea su red , t h e  r o l l  lug—force data in ‘fable 4 on ly qua ! i t  at  i v e l  V r tm e a s u r e  t h e

hot— forinab ii it v of the a 11 ovs . N e v e r t  he!  ..-ss , t ime t rend towards I ower r i m l  I I tl~
f o r c e s  as the  t e m p e r a t u r e  decreases  is  c l e a r  f . r  t h e  R E — c o n t a i n i n g  i i  I m m y s

compared wit Ii the ’ ref  e re ’nc e a 11ev

Photographs of the edges of 3—mm rol led p l a t e ’ s a re  shown in F i g u r e  3;

t h e s e  p h o t o g r a p h s  show q u a l i t a t i v e ly t h e  r e l a t i v e  c r a c k i n g  d u r i n g  r o l l i n g

f o r  t h e  v a r i o u s  types  and c o n c e n t r a t i o n s  of r a r e — e a r t h  add i t  i ve s .  The

edge—cracking is comparable  in t h e  cases of t he  T i — 6 A l — 4 V  r e f e r e n c e  a l l o y ,

T i — b A 1 — -~V — 0 . 1 0 Y , T i — 6 A 1— 4 V — 0 . 3 0 E r , and T i— 6 A 1 — 4 V — 0 . 0 3 0 M M . For s m a l l e r

r a r e — e a r t h  c o n c e n t r a t i o n s , the  ed ge c r a c k i n g  of the  a l loys  w i t h  RE a d d i t i v e s

is less t h a n  t h a t  of the T i — 6 A l — 4 V  r e f e r e n c e  a l l o y .  The ed ge— c r a c k i n g  in

f i — b A I— -a— 0. 02Y and T i — 6 A 1 — 4 V — 0 . l O E r , in p a r t i c u l a r , was neg l i g i b le .

2 . 2  Heat  T rea tmen t

The rol led shee ts  were each cut  i n t o  60—mm lengths  f o r  annea ls  a t

1 —56 ° C , T . — 2 8 °C , T-+28° C, and T~+56°C , where T~ is the E—transus temperature

for ..-ach alloy. Specimens were annealed at T~—56°C and T~ —28°C f or 15 , 30 ,

60, and 2.m0 mm and at T~+28°C and T~+56°C f or 5, 15 , 30 , and 60 m m .

Following the high—te mperature anneals , the specimens were water—quenched ,

annealed at 705°C for 120 mm , and air—cooled .

The ~—transus temperature of each alloy was determined prior to

annealing by heating samp les in 14 °C increments (6°C in some cases), holding

at temperature for 15 mm , and water—quenching. The samp les were then

polished and metallographically examined for relative amounts of ~ and

transformed—s phases. The C~—transus temperature was designated as the

lowest temperature at which the microstructure is completely transformed—~3

phase. The results are listed in Table 5 and p lotted in Figure 4.
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— R m f m - m  m~m ) Cm id b y
(Ingot 14 1

: TT:::~ i~ul ‘,Tr J)jUi\U1~I~~~~~
-. 
~I,

— 0 1OY l l r r go t  15)

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 0.30Y (Ingot 16)

— OO 1O MM (Ingot 8)

~~ I — 0  030MM (In got 9)
• 0.080MM (In got 10)

- 
‘ ‘ — 0.lO Er (Ingot 25)

~~~~~~~~ 
.

GP77-04R0 -41

Fi gure 3. Photographs of 3.2’mm thick , hot-rolled sheets of Ti-6A l’4 V with rare -earth additives
as indicated.
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TABLE 5. BETA TRANSUS TEMPERATURES OF Ti -6A1-4V-RE ALLOYS

Rare earth added
Ingot numbe r to T i-SAI4V Beta transus tem ps ratur e. T0

(wt %) 1°C)

14 none ’ 1010

4 0.020Y 1010

5 0.050’s’ 988

15 0. 1 OY 988

16 - 0.30Y 988

8 0.010MM 988

9 0.030MM 988

10 0.080MM 988

25 0.lO Er 1004

26 0.3OEr 988

27 .29 0.8OEr 982

Cp77-o’.o-s

1020 I I I I I

1010

\
0

I-
~~~1000 — I —

a T -6Ai-4 V

E 0 ‘(a l loys

a Er a l loys

990 — ~ MM alloy s —
I)

980 i i i  i i i  I I
0.001 0.01 0.1 1.0

Concentration of rare -earth in Ti -6A l-4 V )wt %)
GP7’ -O4IO-40

Figure 4. Ti’6A1-4V beta-transus temperature as fu nction of concentrations of added
Y (0 ) , Er (L. ) , and MM ( a ) .
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I. Ml CR0S’l ’RUC! ’ U RA l~ CHARAC ’!’ER I Z m ’m I  1 i).N S  (II’ H — h A  I — .V— RI. A I . 1 .u Y ~-

t’l j m - rest rmm c L i tr e ’s of A s — C a s t  Al boys

A 20— ant thick slice was cut l r i mlmm t l m m -  hmm tt onm ot  r . i m I m  ~~~~~~~~~ ml I i ’ .’ i n g i t

t m m r  L-hma rac terization of t h e  as—cast m i c r m m s t  r m m r ’ t u r e s .  S pec irn ’.- n s  t or

met .m I ,l og rap ht I c  ex a m i n a t  ion were  p r ep a r e d  I trim t lie ce-n t e-r s m i t  t I m e  2 (J—mni t ii i c k

s Ii ces . F i g u r e s  5 and 6 show the t vp I cal air’ rost rimctur &- s o bse r v e d  in t u .-

Ti— hAl—A’..’ reference - alloy and tIm e’ r m r . - — e , - t r t h  c o n t a i n  ing a l l m ~vs. t he- ~m s — ~ ast

m i c r o s rr u c t u r e  of the  r e f e r e n c e  a l l o y  c o n s i s t s  of l a rge  p r a i n s  w i t h  e ; - : t e m u s i v e

coarse—a formed during e o m m l  ing at t i m . . -  p r i m m r — .- g r a i n  b o u n d a r i e s .  I n  c r. t r . s t

t h e  1— and E r — c o n t a i n i n g  alloys exlt ib i t a more homogeneous structure.

m i s c h m e t a l — c o n t a i n i n g  a l loys  do not  show an~’ p r o n o u n c e d  g r a i n  r e f i n e m e n t

( F i g u r e  h b ) ,  and the  t r a n s f o r m e d  m i c r o s t r u c t u r . .-s in  T i — 6 A 1 — A V - -MN alloys ,~r..-

s i m i l a r  to  t h a t  in the  r e f e r e n ce  a l l oy .  The p r e f e r e n t i a l  r—nu c boot ion at

the  pr ior— ~ g r a i n  boundar ies  observed in the reference- alle y is absent in

t he  Y— and E r — c o n t a i n i n g  a l l o y s , in w h i r -h t h e  i— p h a s e  n u c l e a t e - s  un i erml v .

The g r a i n  s i z e  is c o n s i d e r a b ly  smal icr in t h e  Y— and ~r — c m n t a i n i n g  a l l oy s

than  in the  r e f e r e n c e  a l l o y ,  and the p r i o r — ~ g r a i n  Sj Z c -  s i g n i f i c a n t ly

decreases  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  of ‘I and E r .

I
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Figure 5. Micro struc t ur ” s of as-cast (a) Ti-6A1-4 V reference alloy (Ingot 14) and

(b) Ti -6A1-4V-0.30Y (Ingot 16).
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(b) Ti -6A l-4V-0.O1OMM (Ingot 8) .
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.3 .  2 l )isjm ersoid Ci mar am t & r i s t ics

t~m .. - m m u i t i m r r  m m l  time e l i s l m e r s m m i d s  i n  ~ e’ l -c te-e i  r a r e - — e - a r t i m — m m t  , m i n i m m c  a ]  l m m v u - ,

w e ;  st mmd led by ..‘ l e c t  ron mmm i c r m m s c m l m y  o t  t i m  i n  I m i  Is and  e :-: t r . m c t  i on  r j  I I

f i g u res  7a and 7h a r e - t i m i m i — t o i l  e l m . c t r m m t m  t i m i r - r o g r a p i m s  s l u m m w i ng d i s p i  r -e i d s

i t t  l i — m ~. \ t — s \ — ( ) . 16’t and T I hAI -’m V — l . O E r  a l  i m m v O .  T i t e -  d i s p e - r s m m i d s  ar e -  51 I r i m  m l ,

2 0 — 7 1)  no i n  0 iam m m , and i ncolm e- re-nt w i tI m t I m r -  cia t r ix . i.x, m nm i nation of t m  I 1 s

p r e p a r e d  I rein s..ve ra 1 a I leys revr-a I ed  t h a t  I. me - d c -u s  i t  . of d i s per s o  ids  v. r led

c r m m m S  i d e r a l m  Iv f o r  t h e  sante all m m y  compm s I I ion , .mm1m ~ in  some f o i l s  v e r y  I m w

d i s p e r s e  Hum coma Id he s e e - n .  T h i s  c o u l d  he d u e  I e Ic-IC Im ing m f  t h e  d i sper so  j ds

d u r i n g  r i c e t r o l ’ - t  ic  t h i n n i n g  of  t h e  f o i l s  as wel  I as i n i m m rue~~r - n e u u s  Lu -: i ng

t i m e  r u m r e - — e , m r t l t  add i t  ives d u r i n g  m e l t  ing .

The sma l i  s i z e  and u n i f o r m  d i s t r i b u t i o n  of t h e  Er and ‘m’ d i spe r s o i d s

observed  in T i — 6 A 1 — A V  imp l i es  t h a t  t h e y  p r e ’c i p i t ; m t e d  d u r i n g  c o o l i n g  of th e-

a l l e y . B o t h  Er and Y a r e  s o l u b l e  in a l l  p r o p o r t i o n s  10 m o l t en  Ti , a rid t:io

m i t  i , m l — r e a c t i o n  s tep in t h e  p r e p a r a t i o n  of the  i ngo t s  f o r  t h i s  s t u dy  w~ s the-

0 i s s m ’ l u t  Len of  t i m e  m e t a l l  ic rare—earths in t h e  a l l ey  m e l t s .  B e c a u s e -  t O e -

lc e .IL IVe f r e e — e n e r g ies  of f e m r m a t i o n  of  Er ,~0
3 

a nd Y.~0~~~ mr e -  h i g he r  t h a n  t h o se -

I im m and Al .)03
6
, the dissolved rare-— earth s vi 1. 1 scavenge oxygen  in t i m e

Oe - l t  a n d  t o  a l e s s e r  e x t e n t  s c a ven g e  i n ter st  i t  i al  o xy g e n  d u r i n g  h i g h — t c r n i m e - r ; m —

t u r e - p r o c e s s i ng  m u f  t h e  so l id  a l l oy .  R a r e — - . m r t h  o x i d e s  formed in the  m e - i t  w i l l

form f i n e , s t a b l e -  p a r t i c l e s  b e f o r e  the  a l l o~’ is solidifi ed , and it is quit e

p r o b a b l e  t h a t  many  of t he  observed d i s p e r s ’i d s  are o x i d e  p r e c i p i t a t e s .  The

c o m p o s i t io n s  of  the dispersoids is not a factor in their d i r e c t  i n f l u e nc e

on t h e  a l l ey  b e h a v i o r ;  t h e  i m p o r t a n t  fo e  t o r s  a re  t h e  s m a l l  s ize  of t h e

d i s p e r s e m i d  p a r t i c l e s  t h a t  ar e  f o r m e d f r o m  t i m e  m e t a l l i c  r a r e — e a r t h s  d i s s o l v e d

in t h e  T i — a l l e y  m e l t  and t h e i r  s t ah i l  i t v  a t  the t e m pe r a t u r e s  f o r  w h i c h  the

d i s p e -r s o i d  i n f l u e n c e  is sought for modif ying the alley behavior.

t h e  d i s per s o i d  phase  was ,m i s o  s t u d  led by t r a n s m i s s i o n  e l e c t r o n  m i c r o —

scop ic  e x a m i n a t i o n  of  c a rbon  e x t r a c t i o n  r e p l i c a s  p r e p a r e d  f r o m  ehe a l loy s .

Specim ens were first polished and etched in Kroll ’ s etchant . A carb~~n

f i l m  was  ev a p or a t e d  o n t o  t h e  s u r f a c e  of a s p e c i m e n  and t h e n  f l o a t e d  off h

d i p p i n g  t h e  spec imen in d i l u t e  K r o l l ’ s r e a g e n t .  The rcp l i c u m s  w. .-re c o l l e c te d

en c o pp e r  g r i d s  and  e x a m i n e d  in  t h e  t r a n s m i s s i o n  electron micr os cop e.

*
K r o l  l ’ s m t c i m ; m n t  c o n t a i ns  1— 3  m l . HF and 2 — h  IN0~ in 1000 ml v.l t m - r .
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Figure 7. Thin-foil electron micrographs showing rare-eart h dispersoids in (a) Ti -6Al-4 V -O.16Y
and (b) Ti-6A1-4V-1.OEr.
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l - i p m m r m  ~ i s  tn c - i c - c t  r m m t i  Lii t o ; t . m I I m  m m !  mm rc-p I ic~m u.h win g ti m e  d i . p e t . m I d ~ i l l

I i — h A l — A ’ m ’ — ( l . lil y a i i m  ‘. . Sc i t - c t  ee1 .mrc.i m u t t  r,te t i m m i )  (S~\IJ ) I m , I L t e -r mI ~ wt- Fr

m i t . m  li m e d t rem h i t  I e m . . - mmt r e -p 1 otis m m !  t mc- r I i m s . I m m ’  tl mm mst c mLtmIlioIt iv ~e.e rveut

t m . e i t h e r  i L l c o m ~ - ! e t m  t i i m p  I . I N . m : !  , i u .m r , m c t e r j s t  ~~m m l  - p e l ’~ m r v s t . m i —

1 1 m m . . - p a r t  i d  . m 4 i t i m  ; m r e - t m . - r t c r i i m m t t . i t i m m r  c . , m t  - i m m p i e c r v s t ; i l  —.p o t  p ;m t t  r i m s ;

t i m e  i n s e t  i i pure - b ~cm ~ i I . I - a 1 p a t  t r i m .  l i t  e- r l m i umi mar spume imi g . . ma l e

c m m c m p u t e d  I i ::. sevt- r .mI S A I l  l s m i t e r m m s , mi nd t i m e - s e -  are- 1 i u-; t e-d 1 m m  1 m b  I c - I

w m u m  t i t ~~- i t l t m m j  i . m m m : i r  s p a c i n gs  m 1  m m m m d  ‘i , m 
~~

. ‘c i  l l m m m u g l m  im o m iiet t m m higmw mus

in ! c- Fen c e s c . m u u  I - ’ ti mj d e - , time ’  o b s e r v e d  jut er~ lan -mr sju . m m l imps m s s m h l v  I r e

t h e se - . . t  ~~~~ p a l L  jc i c s .  Howeve r , the  SAl) p a t t e r n s  de n i t  ~ X c I u d e  t i m . .

p tm u-~s i b i  l i t - , that t i l e P i s~m e r s m m i d s  are’ neithe r Y .1 03 nor Y , and .~~ . r~ .

ils t m i t . .  t . m i  l i e  c e m m u p e u n d s  01 . \ I  m u d V .  Even if the port Ic) es Iri tim e r ;  I

I re  I no com i c  l u s i m ’ m m  m : m m m  I . . -  mad e -  as to w h e t h e r  t I m . . -  part i ir s were- ir e-sm _-nt

i n t h e  • m h  a m y  n t , t t r i .—u m s  \ or i S  ‘1 t h a t  cm ~~i di ~~ed d u r i n g  t i m e - re ’p l l e a  1 ’ r m i m u e

and st I I t i m  m u - .
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Figure 8. Electron micrograph of carbon-extraction replica of dispe rsoids in Ti -6A1-4 V-O.30Y;
inset shows electron diffraction pattern of sing le d isperso id.

lb



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
- - --

~
--
~
-— - --- --—-

~
-----

TABLE 6. ELECrRON -OIFFRACTION INTERPLANAR SPACINGS FOR DISPERSOIDS
IN Ti -6A 1-4V-O.30 Y

Yttrium oxide . Yttrium , V Interp lanar spacings of
Y 203 hex. , a ‘ 0.36474 om , dispersoids in Ti-6A l-4V-0.30Y

b.c .c . ,a0=1 .0604 nm c 0.57306 nm (nm)

Inter- - Inter -
Miller planar Miller planar Plate Plate Plate Plate Plate Plateindices d istance , induces distance , 4001 4024 4033 4025 4027 4026

( n m)  ( n m )

0.451 0.455 0. 451 0.456

211 0.434 0.430 0.427 0429

220 0.375 0.358 0.356

310 0.335 0.323

100 0.315 0.314

222 0.306

321 0. 283 002 0.286

101 0 275 0.270

400 0.265 0.261 0.266 0.258 0.261

411 ,330 0.250 0.251 0.250 0.243 0.247

420 0.237

332 0.226 0.227 0.220

422 0 .217 102 0 .212 0.215

510 ,431 0.208 0.203

521 0. 1 94 003 0. 191 0. 194 0. 193

440 0.187

530.433 0. 182 110 0.182

600,442 0. 177 0 .175

611 , 532 0. 172

620 0. 168 0.166

541 0. 164

622 0. 1 60 0. 1 59

631 0. 156 0. 155

GP 7I-0460 - 0
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1 H i m t m m s t  F l i r t UF~’5 ol  I i m m t — W c m r k e d  and  A t i n e m i  I e’d A l  I i ’ m’s

l i m e  i l l ! hme ’n ..’ e’ i t !  e — . i m m t m e m i i i t i g  and c— V annealing t r t - ; m t t t m v t t s  m m  t l m m -  t t m I m  t m —

s t 1 m i ~~t t t c m t I e’ i m : t n ’ges mit a] ioyo h o t — r o t l e d  m m n d e - r  c m i i i  t m m m m d  i t  i i m t i s  s- m s  .s tm iel it ’d .

l ime ’ . i l  i m t v s  c..’ m. ’ r m. - m e t — w o r k e d  m i n d  i m m ’ a t — t r e ’ a t e d  ae’ c - m m r d  in g  t m m  time se l m e d i ml e

out  I ine ’d i n  F i g e m r e ’ I .  Follow i ng time h i gh—te m perature- (me-mi t t re’a trn e-n t 5 , t r i m

mu 1ev ~ I m e e ’ t s  We ’Fe ’ anne -mi led mi t 7b)5°C f eir 2 Ii and air c m m m > l e - d .

:i gure .s C) atid 10 sh ow ti me lm ticrms t ru - tur r- s m m f  a l l oy s  ; m n n e - . m l e ’ d  i n  th is -

V—f j e l d , wuute ’r quenched , mind tim e -n annealed for 2 Ii mi t 705°C. P m ! e r  q u e - n e l m i n g

fronm t i t e ’ V field results in the ’ n e e d l e — l i k e  m a r t en s i t i c  a ’ st r u c - t m m r - , a

n on e q u i  I i h r i u t m m , s u p e r s a t u r a t e d, a structure produced by d i f f u s i o t i l e-ss

transferntation of t h e  V p hase.  U pon a n n e a l i n g  t ime  m a r t e n s  i t  ic s t r u c t u r e  a t

705° C , t h e  a ’ t r a n s f o r m s  to e q u i l i b r i u m  ~~~~~~~~ Thus , t h e  m i c r o s t r u c t u r e s

shown in F i g u r e s  9 and 10 are the transformed—s structures consisting of

a and V p l a t e s .  Gra in  b o u n d a r i e s  o u t l i n i n g  the  p r i o r — V  g r a i n s  c omm he’ S e e - n .

Ind er identical V—annealing conditions~ Y— and E r — c o n t a i n i n g  a l l oy s  e x h i b i t

ml s m a l l e r  p r i o r—: .  gra in s ize  t h a n  t h e  r e f e r e n c e -  a l l o y  and mischmet .m 1—e n—

Iml ining alloys , and this is true for all 3 — a n n e a l i n g  t ime s of the schedule-

shown in F i g u r e  1.
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V

ii ,.. t i time— dc pe’nde’n t V — g r a  i n  g r o w t h  was  stud ic -il m it two t e ’m p e r m u  t m m re s,

I’ + m t m  m i n d  1’ ~+2H °C. lIme ave rmm ge ’ gm - m it t —s iZe ’  m m f  couch - I t i r i e t i  i c -Cl  Il l h m v  was

m - m ’ i m m l m m m t . . -d I r m m t l m  ml stat ist i e m i i  a n m i l v s i s  m m !  m i t  le. m s t 10(1 g r m m i n — s i z c -  m t - m i s u r e ’n m e - n t s .

G r , i  i i i  s i z . .- w as m l m e m l s l m  re- t i  by  t (me’ st u l n ( ! m i  rd I i tie - I r — l i l t . . -  r c - e -pt  mae- t hod . j : i gure-s 11

. i t i d 12 ~ i i m ’ w  t i m e , - — g r a i n  s i z e  •is ml t u t i e ’t  i on  of ant ic -m m 1 i n g  t i m e ’  at  ~I. +S 6e C 1 or

T i — h A l —  3V—I am id l’ j— n Ai— -mV—Er mu I m m i’s; s i m i l a r  r e - s u i t s  w e- re - o h t a i ne ’d b r

m u l m ’ V S  m m t i t i e t l  l e d  m I t  1 +28° C . ‘f l i t  gr ;m in growt h !m m i  lows a relationship of the

I m~~~~ fll P = kt
tm , wh e re I) is the average’ grain size , t is time’ isothermal

,inneal ing t ime ’ , and k mind n are time in v a r i an t s  which dc-pond on t e m p er a t u r e

and m at erial paramet ers. inc reasing amounts of I and Er result in a

sign if i r ’ z m t l t  dee rease of t i m e  grain—growth expom ie-nt , n. A grain refinement

ol  n ru ar lv an m m rd e -r of magnitude is observed in alloys containing the

hi g it e -st eotl centra tions of Er and V . The results clearl y establish that

V and Er not only effectively refine ~ g r a i n s  b u t  also r e t a r d  g r a i n  g r o w t h

at elm -vated temperatures.

the influen ce of rar..’-earth concentration on the r— g rmmin size of alloys

. tn n m i a l . .-d a t  T ,+56° C for 1. h is shown in Figure 13. Of the three rare—earth

- : d d i t i v e s , V and Er are  more effectiv e g r a i n  r e f i n e r s  t han  mi s c h m e t al , w i t h

as litt l e as (1 .05 wt% V or 0 ,1 w t/ Er effecting significant g r a i n  r e f i n e m e n t .

Ti me n e t  g r a i n — r e f i n e m e n t  observed in T i — 6 A l — 4 V — E r  and T i — 6 A 1— 4 V — Y  a l l oys

is a con seq lm e -n ce - ef the influence- of Er and V dispersoids on both recrvstal—

liz ation and grain growth. The influenc e of second—p hase particles on the

formation of recrystallization nuclei depends on the size of the particles.

Fine particles inhibit g r a i n  n u c l e a t i o n  by the-  Z o n e r  d rag 7 they  exer t  on

the’ deformed substructure , but coarse particles stimulate - nucleation by

a c t i n g  as n u c l e a t i o n  s i tes .  R e c r y s t a l l i z a t i o n  is retarded by fine second—

phase  p a r t i c l e s  because  of the drag they exert  on f r e s h l y — f o r m e d  g r a i n

boun d a r i e s .
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Annealing time (mi ii )
GP17-0400.45

Figure 11. Beta grain size as function of annealing time at + 56°C for ( o )  Ti -6A1-4 V reference
alloy, ( e )  Ti -6AI4V-0 020V , ( 0 )  T i-6A 1-4V-0.05Y , and (.) Ti-6A1-4V-O.30V.

10011 I I I I I ,]
C Tm-GAI-4 V

— ,~. Tm-6A 1-4 V -O . lOE m —

100 

~ T m~~ A l 4 V 0 3 0 E~~~

, 

~~~~~~~~~~~~~~~~~~~~~~~~

1 
I I I I

Annealing time ( mm ii)
GP71-0400 .49

Figure 12. Beta grain size as function of annea ling time at + 56°C for (0 )  Ti-6A l-4 V reference
al loy, (~~) Ti-6A 1-4V-0.lOEr , and ( 0 )  Ti -6A14V-O.3OEr .
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0 
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Figure 13. Beta-grain size as function of rare-earth concentra ti on in Ti-6A1-4V-RE alloys annealed
for 1 h at T~j + 560C; ( a )  Ti -6Al-4V reference alloy, (o )  V additive , ( A )  Er additive ,

and ( 0 )  MM additive.

3.~. I n f  l uem e’ of Rare—Earth Add i t  ions en time Beta—Transus Temperature

t i m , -  :— t r m m n s u s  t e m p e r a t u r e s  m t  T i — h A l — 4 V — R E  a l loys  d e t e r m i n e d  at  t h e

‘e c inning ef this inve stigati on we re- discussed in Section 2. Because the

r~r i c r - -mr r mm tm i rt -s ‘f S h e  ‘f the hot—worked and beta—annealed alloys i n d i c a t e d

t~m ; i t n t  m i l l  a l l ey s  w e - r e  i n  t h e  m’ f i e l d  wh en  w a t e r — q u e n c h e d  in accordance

w i t h  I~~Ie  F i g u r e  1 s c h e - d u l e - , t h e  question of t h e  i n f l u e n c e  of r a r e — e a r t h

idd i t  i o ns  i .u t t  t h . . -  — t  r a n a u s  t e m p e r a t u r e  was re- e -x a m i n e d .

The- annealing time ’s (15 ma in) used ~.m ri icr for het a— t ransus temperat ure

,.~c t e .- r n i i n at  i ens we -re- t o e  shm m rt for equilibrium to  he ’ obtained. A second

- f  allo y sample- s was encapsu lat ed in quartz tubes unde r  vacuum ,

ann -til e d - i t  t m ’m p er t u t m u r m -s ci f 98~~, ~~~ 1010 , and 1.020°C for 24 h , and w a t e r

qu -n mm-il . h im - samp les wer e -  m e t a l  l o g r a p h i c m u i  l v  examined  t o  d e t e r m i n e  t h e

re-l o t ive a m o u n t s  of z and transformed— :. phases. Selected al 1ov s a m p l e s  were-

exam i nm- mi by I ra mia mi s-s On— c’ 1 e’c t ron m i c rm )sm - m )py
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h i t  h m i g )I—te - tm m ) me -m . m l u m r e ’ p hi is e’s (m)l Se r Vm -ei jim ~i l m ( j t t l e t 1s a n tic - mi ml m t  d i i  i c r  til

..- m m m l ’ -L i t ( m r , - -; Ire - l i s t e d  it m t i i m i e - 7. t i m e  V— t r . m m l s u m s  t t . t t m l m e r m m t  m i r e -  I m r  - l e t  m , t

t im.. . ul l m m v m ~ i- ~ b e t s -c t i I l ) I U ° C , m m i t l  i (l ~P)
’ C . l I t , - — t  r t u m l s t u s  t m . I mm h mt rm i tm lrt . is

l ’ ’m , ,-r ’ -cl by I mi n d i-; r e’ il t mc e ’ul t rm u t io m us g r e - i t e m  t ) m m m t t  ( 1 . 1  wtZ . M i st i m n m m - t m m l  lii

m m ’ u m , , - m m  t m i t  j m m t m s t i p  10 0. 08 w( ~i il m m, -s too t mu 1 t m r  t l i e  - t r m m m m o m m s  t e - n U m e ’ r m i  l u m m ’  -

Re- t a t l i e  t cm t . i’.m iue~ I i ste-el in Tab I..- ‘m , .1_ il l) I..- 7 it lu l) I i ..-a Iii g ime - r , — t

L e ’t lmp er .m t iur..- s. lime ’ ci i s e’r c - o I I i e y  t u mm y he-  dime ’  t o  t i m e  s h o r t  a n n e - t m  I ing t l ine-s

mi ~~eci he ’ f e r e - , umi e i  a l s o  to  i t l c r e - m m s e a  f t h e ’  exvgm .’n content durit ig m i l l  timimi e - mm l lug .

lime ’ c u t  i c . .  (hoist i o n  of t i m e  re Im i t ive influence ’s of s m a l l  eOflceflt rat jmm ns mmf

d OS0 l i e d  r a r e - — c a  r t i m  m e t a l s , i m ì t e r s t  i t ia 1—m oc~’ge-t , ami d oxy g e -m sc-ave’ng ing

Nv I he cmi re- — c -mu rtiu d ispe - r s m m  i d a  mmc e’cl s t o  he o s m i u m  m e d  c ar e - f u  I l v  in spec i me-na

I e r  wi m ic-hi both ti m e ’ rmmre ’—eart im and t m x i l l e . fl c o n c e n t r a t  ions are we- I 1 char mm c—

t el- ized - lnmms nmuch as t h e  re ’fe -r e ne’ e- mind R E — c o n t a i n i n g  a l l o y s  w e r e  sub I e - c t e d

to id entical t r~- m m t n m e n t s  in  t i m e  p r e sen t  s t u dy , c o n c l u s i o n s  a b o u t  t h e

- m ’m p m i r m m t  i ye’ m t  lu e - t i c c -s m ’ f  t h e  r t m r e — e a r t l - m s  on T e- a r e  v a l i d  -

TABLE 7, HIGH-TEMPERATURE PHASES IN Ti-6A1-4V-RE ALLOYS

Phases observed in water-quenched alloy
Alloy

co mposition Annealed at Annealed at Annealed at Annealed at
985°C 995°C 1010°C 1020°C

Tm-6 A 1-4V a +~l ~~~~ a+~

Ti-6A1-4V-0 .020V c~ + ~3 a + ,3 a +

Ti-6A1-4V-0.050Y a + 3 a + ~3 a + j3

Ti-6Al-4V-O. 1OY a ~ 3 a+ ,3 a +13
T -6A 1-4V-0.30Y a + ~3 a + ~3

T~-6AI-4V-0.010 MM a + ,3 a + a + ~3
Tm- 6A1-4V-0 030 MM a + 1 a + ~ + I-I 3

T~-6AI-4V-U .080 MM ci +J a +~m3 ~~+~3
Tm- 6A1-4V-0.10 Er a + ~.i a + ~3 a + ,3
Ti-6A 1-4V-0.30 Er a + ~i a + ~3 i3

Ti-6A 1-4V-0.80 Er a + ~i ~3
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is SIme)Wfl i i i  Fi gure -s 14 m m timid 141, , wimi ci m ~.t m. ’w time- u m i c u o s i r m i m  t o r e  S (ml tw-

E r — e o m m t a i u i i umg a l l oy s  m i n u t e - t i l e d  . m t  9~ip °(’ tumid s m i L e r  que-n cim ed. Ti m e i l  l m ’ v  s i  t i m

1) . 1 a - Er esh iN its tin ~+, - micro s tr i m - t i m r e ’  ( e m  os i at im ig of p r i u l m m  m c— m m i n d

t r a u m a f e r u e d — . - )  . .\ s i n m i l m i r e t t e e t  i s  seen iii i i — f m A l — (—i. r .m l l ’ \ s l i m ef l e i m e d

I rolm 1010°C (Figur e -s 15m m t u m i d  l 5h )
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Figu re 14. Microstructures of (a) Ti-6AI4V-0 .lOEr and (bI Ti-6Ai-4V -O.8OEr annealed at
995°C, showi ng influence of Er concentrat ion on beta-phase sta bilization.
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Figure 15. Microstructures of (a) Ti ’6A1-4V-0.lO Er and (b) Ti-6AI4V-0.8OEr annealed at 1010°C.

Time- influenc e- of V on b e t a — p h a s e -  a t a b i l i z m u t i o n  at 995°C is s i l o- n in

Fi gmm r m -  In . ~ ftlm in 1 n cre ’ase in V content , the volume fract i on  of  p r i c o m r v—

decre .m se-s . A t  1010°C , time- ollev containing 0.30 st V is completel y ~ p h m u s c - .

t i m ’  d e t m i  u s  m mf typ ical t r a n s f m r nie - d — . - structure- s observed in the’ ml l e s

t mr c - shown In Fl gm u re 17. The’ s t r u m -  t u r e s  shown i n  Fi gu re 17 r e s u l t  I rer

a n n m - i l  ing  mi nd  water quenching f e l  lowed Nv a t a b i l i z m m t i o n  a n n e - m i  ins i n  t he

28
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+ - f l e ’ld  zuuid a i r  m ool h i m , L i  i m m m ) f l l  t e m p t  r i  m i r e .  l i m e  t s m r t e m m s i t e  -, Lr mm , ts r ’-

I m ’r me’d cm i omm qcu e - m m c l i i u i g  fr- )m t li e - tH- f Ic-id d c -em mi immos e s itito I l i u m -  t i c  h - u l m u r  i :

oti a.. i u m g  l i i  t h e t — ,~ f i c  i d .

( a )  ______________

100pm

- ~~~- 
-

GP17-0410.65 (b ) L~~. I
100/i m

Figure 16. Microstructures of (a) Ti -6Al-4 V -O.020Y and (b) Ti -6A1-4 V -O.30Y annealed at
995°C, s howing influence of V concentration on beta-phase stabilization.
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Figure 17. Transmission electron micrographs of beta-annealed (a) Ti-6A I-4 V reference alloy
and (b ) Ti- 6A I-4 V -O.050Y.
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r ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~lii c e ti t  rast to tile ’ iie t~i S  tab 11 iz i rig i i i  I lue’n ce- of I mind Er , m i s c  i m n e- L i i

is  . in m m l p l i : m  a t a b i l  i c r . l ’i m i s  e f f e c t  is illustrated in Figure’ 18 . I n

ma Lscimu t ic ’t a l — e o n  ta in lug al Immy s anne-a led at. e)c)5°c , time volume f roe Li on m l

pr I t o  r v — , ’. is h igher in time’ iii g l e -r omi schumu etal a l l o y .  F ig u re s  19. m and I Yb

S l i m S . .’ mi conmparison of t h e ’ m+ . at rime - L cure ’s o b s e r v e d  in T I — (Al — -+ \— 0 . 050Y and

1 i— o .\ I — A V — t t .  Q80M1~l iIlo\- a anne- m u led at time- same tentperature (955 °C) in the

(a) I I
100 pm

GPIT-0480-67 (b ) I I
100 pm

Figure 18 Micr ostru ctures of (a) T~-6Al4V-0.010MM and (b) Ti-6A1-4 V-O-O8OMM annealed at
955°C, showing influence of mischme tal on alpha-phase stabilization.
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Fi gure 19. Transmiss ion electron micrographs showing equ iaxed alp ha and t ransformed beta i n
alpha-beta annea led (a) Ti-6Al- 4 V-0.05V and (bi T(-6A l-4V-O.O8OMM.
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i ’  Ii i . t h e ’  mmmim- ~ ’ i u n m e ’ t m i  I — c ’ i i n t u  it i  l ug  m u ioy shows mm higher VolutlI e I r m ~ - L  i i m n

m ’t  p t i ma rv - m t h a n  t hue’ V— comm tmi i n  i m i g  mu 1 I t m v  -

‘ i h e ’  m c l i i  l e g r m u p i u i e - s t u d  iL ’S i m i d  i t - m i t e ’ t h a t u n i v  I m i n d  Cr i n  m m m c  - i m t  r ot  i m m n s

g r - - . i 1 - r  t i m i mi () . l w t Z  l owe - r t h e  - - — t r m i m m sus  t e m m m p e - r m u t u r e -  of  ‘I’i—6A 1— -SV ; m ia c -imm e’ t t i l

u p  t m ~ 0 . 1) 8  a t  does not s i g n  i t  l e m u n t  I v  m i I t e r  t i m e ’  b e ’ t m u — t r m u n s u s  t c u n p e ’ r a t u i r m -  -

t i m e  obst -rve’d tnt luence of  V on ( s—ph as e-  s t a h i l  i zat  ion and ci t’ll’l on c—p hase

s t a b  i 1 i z a t  ion  is in mugreement with time p hase d i a g r a m s  oh ‘I l— I , 1’ i — C e , and

I j— 1,mu m u i mm y s. The phase d i a g r a m s  show mu decrease i n  V — t r a n s u s  t e m p e r a t u r e

m cf Ti with i n c r e a s i n g  V cone-entrat ion and tin increase in beta—transus

tefllj), ratUre f o r  Ti—Ce and T i — L a  a l l o y s 4 .
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I ‘ t r m t m m y v m  r ae  ‘fc ’o~~j i e  P r m p e - r t  ie s

ihue ’ u’e’emn— t ~-nmpe rm u I lure ’ t e’t l  a i Ic’ preipc’r I Lea of t lie’ ‘I’ i—6A 1 — ‘4\’— R l  - I I I m i s  i mm

time - shier t —  t r , m m m s v . . - r a e ’ (S I )  t imid  I c i n g — I ratmave ’rse - ( LI ’ ) d i re- c - t i o n S  We -  r m -  fl m e -is t u re-ti

to  eie t~ ’ r mmm i um ~- t h e ’ i n f l c u e ’n c - c- of r a r e - — e ’ m u r t h  add i t  ~ V c-S  oh t h e ’  t e - u m s i l e  p r i m - u  t i e s

hu m t im.. - t m . u m m s v e -r se ’ dir e - ti i> n s m m f  r - l m m t  ive l y t h i c k  s h e e t s .  A l 0 0—mn i  l o n g

Slies t a . i s  e t m i  I r im um u time - c e n t e r  of em icli mu iov p late whm e- n it had be ’e-n i m u t — r e l  l c d

I ’  a 2(1—miutt tim i e kmt ~-ss m u m -ccm rd ing  te l t i m e  F i gu re 1 sc lue- du i t -  , mund t en s  ii e- spec i n e -r m s

u..’ m r c  p r e - p m u r c ’d I r ,mm iu t i l e ’Se - sheets. Figure- 20 shows the  or i e n t a t  ion of tens ile

5p~-e I tileris re i ,ut iv e - to time r~m L 1  ing direct iom i - Time LT tensile specimens we -r e

mae-h m e d  t i c t i l e ’ f iu i a l cm m nf i g u r a t  ion  f r e im  t I m e a l l oy  sh e e t s  as i l l u s t r a t e d  in

F i g ur ~’ d h a  - Fe p r o v i d e ’  f o r  g r i p p  i n g  time ’ ST t e n s i l e  spec imens  in th c-  t e s t

i n s t r u m e n t , T i — N A I — 4 \ ’  en d — t a b s  were e l e c t r o n — b e a m  welded  to  t I m e  ST s p e c i m e n s

( F i g m u r m -  d l i i ) - The weld  zone was examined  b y op t  ic al microscopy , w h i c h  s i m c m w e d

t i m e ’ Imt mi r—aff e- c - t c-d zone to he confined to time end t a b s .  F i g u r e ’  2 1c shows

time m imic -rest r u e - lu r e  of  the  w e- id  r e g i o n  of a ST s p e c i m e n ;  t h e  m i c r o s t r u c tu r e -

~fl t i l m ~ g i m m ge’ s e - C t  i c i r i  was not  a f f e c t e d  b y  t h e  w e l d i n g .

.,o<’ ~
- emC~’ .,~~

~~ ,#“

\\\c~~ ~~~~~~
m?sO

~I \~~~.-.. ~ -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Shor t - t ransverse
tensi le  spec imen

Long -transverse
tensile specimen

007 7- 0410 - 09

Figure 20. Orientation of tensile specimens relative to rolling direct ion in 20-mm thick
Ti -6A1 4 V-RE plates.
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(a) long-transverse specimen , (b) short-transverse specimen with welde d tabs ,
and (c ) microstructure of weld reg ion of short-transverse specimen ,
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‘ l i i i -  I’ - u msi ic spec ime’tms w e-r e - p c i  is h ue- d w i t h i  d 40—gm - it pm ipm- r to 1 ‘ -mm ’’ V s m i r t  t i e ’

irr t - g u u i i t ’ i t  he ’s. ‘t h e’ g i m m g e - Si _ m t  i on  m l  c’ , u c l i  te’ mm a i l t s p - b i n - m i s  w i - - M .) I  ;—: ~~~~

i _ I  nm uu u .  ‘ t h u . . - s p c - m - i t m t o m m m - ~ We ’re ’ t e - - c t e ’ d  i i i  m i t t  i . m : - m i m i l  t , - i m — , h m m i m  - i t  a a t r u n  ‘ - t m -  m m t

l l . 0 l ) u / n t u m m t m  y i e l d  a m m d  0. ( > 2 / n t i mm I r m mm mm y i e ’ld  t i m  t rmm m - t t j r e - .

‘t i m e ’ t . .’ m m s i  ic ’ p r op e r t i e s  of t h e  a l l o y s  i i i  t i m e  l o n g — t r a n s v e r s e -  mind  s h i r t —

r m i n s v e ’ r i- c - d i r e c t  ions a re  l i s t e d  iii lab 1 e 8. B e m t i t  I lie y he-  I d s t r e - s  tum i d

im t t  imi t ate tensi ie—stre’ss are- lowe’r in time- s i m e m r t — t r a n s v e r s c -  d i  ren t ion  t hu mi n

in the ’ l e n g — t r m u n s v e r a e - d i rec t  ion fo r  m u l l  a l loy s  Inc  lud  i n g  t h e ’  T i — 6 A b  — -‘~~
\ ‘

r e f e r e n c e - .  A s l i g h t  decrease’ in st r e ’n g t h m  w i t h  r a r e — e a r t l m  a d d i  t i m m n a  i s

cmhservc ’d in t h e  ST and LI directions , and ductili ty is a f f e c t e d  l i t t l e  N’ ;

small concentrmmtions of V and E r .  A l l c m v m -  c o n t a i n i n g  0.021 , 0 . O S Y , and 0 . l i - : r

e’x li jb jt excellent ductilit -..- witim little loss in strength. l ime ducti li t ’ ;

of  time alloys decreases significantl y with mischm etal additions.

TABLE 8. ROOM-TEMPERATURE TENSILE PROPERTIES OF HOT-ROLLED (1010°C)
Ti-6A1-4V-RE ALLOYS IN THE SHORT-TRANSVERSE (ST) AND LONG-
TRANSVERSE (LT ) DIRECTIONS -

Yield stress Ultimate
Elastic at 0.2% tensile Uniform Total

Ingot Alloy modulus offset stre ss elongation elongation
number composition (GPa ) (MPa) (MPa ) (%) (%)

ST LT ST LT ST LT ST LI ST LT

14 T -6A 1-4V 80 109 903 1010 1057 1 1 1 7  4. 4 5.0 21 .3 20,8

4 Tm - 6A t - 4V - 0 020Y 98 108 852 985 994 1082 4.8 4.7 23. 1 25,0
5 Ti 6Ab -4V -0.05 0Y 88 11 1 850 961 1005 1056 4.6 5.0 20,2 23.8

15 T i - 6A 1-4V -0 , 10Y 99 886 1022 4.3 11 .4
16 Tm 6A l - 4V 0. 30Y 95 820 980 3.5 7,6

8 T m-6A 1’4V - 0. O1O MM 101 109 820 912 982 1004 4 .8 4 .3 165 19.2
9 T m- 6A t - 4V -O O3OMM 88 119 819 962 986 1051 5.0 4 ,2 14 ,2 20. 1

10 T -6A l -4V -O O8OMM 103 844 1002 4,5 11.5
11 Tm -6A l-4V -0 .2O MM 86 852 1011 3 4 11.5
12 T m-6 At - 4V-0,2O MM 99 870 1033 3, 1 6.7

25 Tm-6 A 1- 4V -O lO Er 104 11 1 906 982 1018 1062 4.3 4 .7 13.2 21.6
26 Tm- 6At 4V-0 3OEr 103 108 824 985 978 1 060 41 4.0 15.7 20,9
27 Tm 6At-4V08OE r 98 835 960 3.7 9.8
29 Tm 6A t -4V 0 8OE r 99 821 952 4.2 7 2

CPu 0400 0
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~2 I , c c u m ~~i mmci m mii :I~ -1t~~h , I ,e- ,I’ r m m l m e - r , t i c - s

A de t  m l h l e e1 at ~ueh y c m l  t hue- mime-t itan ict i 1 tm r ep e - rt h e - s  c m l  1’ i_ 6 A 1_ !m V _ E h -  m l  I m m v s

us I uimmct ietls 01 antic-mu I jog t e-hi m perit lur e-s mind t h o me ’  i n  t i m e ’  s i n g ) e - — h m h u t u a c -  I i - i d

am m ci tim e ’ t w m m — p im ,u a e- m l — - l i e - i d  was mur mu di e’ . lime ’ . 1 1 1  m m v s  we re ’ a n t m e ~mi I ed m i t  ‘F + j ( m
C ,

I’ .+.~S C , t — 28°C , tumid I — 5 6°C; m u I m m y  s l u t - c - t a  61 )—mm I c i n g  mind  3—turn t h j m ’k w c-r m -
m m ‘ ‘

me - u t  ire -mute -el it i t ime ~ t i c -Id for 5, 15 , 30 , and 60 nu in mind in the- ‘+~ f i e l d

I or  Ii , 31), 60 , munch 241) mmm i ii timid We ’r e ’ w a t e r  ( l U e ’n c h u e d .  T i m e -  sh u e ’ e ’ts we’re-

ammh usequent l~ munne-m i  led m i t 705°C f or 2 h and m I r cooled to  room t e m p e r a t u r e - .

Smun tp he ’s were- gri t ii l a s t e d  a f t e r  lie-a t I r e - m u t n u e - o t  mind a c i d — p i c k l e d  0 .2  mm per

s id e- to  remove’ oxygen—contamina ted  m etm u l - Tensile- spec imena 50 mm long

h y i ng m u ‘3 x 6 mm r e d u c e d — t u r e a  g m ui l g e ’ ace - I  I on • w i t i m  tens ii e- m i x e s para llel to

me ’ r o l l  ing  ci i r e - c t  ion , we-re  m a c h i n e d  f r o m  t i m e  h e a t — t r c - m u t e d  sheets. Tens j i m -

t i_ -at s wi_ -re pe rfcm rnmed at a strain rmite of 0 . 0 1 / m m .

Time te ’ns l i e  p r o p e ’r t  i c ’s of  the a l l oy s  a f t e ’r v a r i o u s  a n n e a l i n g  t r e a t m e n t s

m ire listed in Tables A l— A2 8 in  Append ix A. Sem it i c of  the- general trends ,ure

smimmn urized beleiw.

Time -  v h e - i l l  s t re s s , l u l l  ima t c- t e n s i l e — s t r e s s , and u n i t o r r u  e ’ l o n g m i t i o n  f i r

~ e - l e - e t e d  m m l l o y s  a n n e - t i l e d  a t  d i f f c ’r e n t  t e m p e r a t u r e s  a re  p l o t t e d  in F i g u r e ’ 2 2 .

F i m e  ,- — m i m m n e a l e d  a l  lev s  e - x h m i h j t  h i g h e r  y i e l d  s t resses  and u l t i m a t e  t e m i s i  le-

s t  r e - m a e ’s and l owe r d u c t  i l i t y  t I t a n  t h e  c— ~ a n n e a l e d  a l l o y s , b u t  a c h a n g e ’  in

t h e  .- — a n n e a l i n g  t e mp e r at u r e  doe -s n o t  s i g n i f i c a n t ly a l t e r  t h e  m e c h a n i c a l

;m repe - rt h e ’S. l i m e - i n f  lu en c e -  of  anneal lug t ime on the propert ies of m:_minn e -a l ed

m l  1 m m v ~ i s  sbme m w n in  Tab  I e s  A d l — A 2 ~ in A p p e n d i x  A .  W i t h  t h e  e x c ep t  in n  of

a 1 l c c v s  a n n e - m u  l ed  f - c r  ~m a i n , wim ic’im mire’ no t  r e p r e s e n t a t i v e  of - - — a n n e - a 1 e’d mm 1 lovs

h~~.. ’ m m i i s . . - t i m e -  3 — a i i m  a n n e - m u l i r i g  t [me i s  too s i m o r t  f o r  a t t a i n m e n t  of e q u i l i b r i u m ,

t h i _ - i l l m m v s  d o  m t  s i m m i w  a ny  a i g n i l  i - m i t t  varim ition cit  v i e - I d  s t r e s s  and u l t  i n m m t e

ten sil e - stre ss with time- n t ime-  — f i ~ - 1 d .  ‘l i r e-  y i e l d  s t r e s s  of ; — a n n e - m i l e ’cm

m l i m c y ~ i a m m . . ’ i r l v  i n d e p e n d e n t  o l  c r i e r — :  -c r m u i n  s iz e - , as is sh own in  F i g c m r c  23.

h o w e v e r , as Seen I rom F i g u r e -  .~2 , d u c t  i i  i t v  is i n v e r s e - l v  r e l a t e d  to p r i e r — .-

, : r t u m n  SlZe’ .

In  t ime-  c a se -  m t  ,- — ,umm nea l ed i l l ov s , t i m e  s t i r t i n g  m i c r c m s t r u c - t m m r e -  i s

tr .i n s fm ’rae-d— .- C i n s i s t i n g  m i f  p l a t e - — l i k e - m+ . ’ - Allo ys quenched from t h e - -

l e i l d  and sm m h s e q u e n t l v  s t ah i l  L i m i t  ion annealed m m t  705 ° C e x h i b i t  l a mr~~e-r

‘ r i  m ’ r — ,- g r . l  in s iz e s  I m r  l c m n g e r — d c u r m i t [m m  annemi l a b u t  have e’~~se ’flt  i al  lv  no

d it t  e r e - n i  e j im tIm e- morphology and a I Z c -  o f  L’t — b ~ p l m i t  c ’S - T i m e ’  v i e ’1 d s t  re - a s

i n  s m u c b m  m i t  l e m v s  i s  p r o b m u b  l v  gove rned by m d  i v i d c u m i  1 p l a t e  t h  i m -kness rather

than t h e ’  gr ;i  in a lz e ’  bee -moo se -  t ime  s l i p  l e ’n g t h m  i s  l i m i t e d  by t I m e  i n d i v i d u a l

p I - mt t -~~.
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Figure 22. Room-temperature mechanica l properties of (a) Ti -6A1-4 V reference alloy. (b)
T i-6A1-4V-O.020Y , and (c ) Ti-6A 1-4V-0.lO Er annealed at T~ + 28°C and T~ + 56°C
for 60 mm and at T~ — 28°C and T~ — 56°C for 180 m m .
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Figu re 23. Dependence of yield stress on beta-grain size for (0) Ti-6AI-4 V reference alloy,
(o) Ti-6A14V-O .020Y. and I~~) Ti-6A1-4V -O.1 OEr.

\~ h 1 e -n t h e  a l l oy s  are annealed in the c+~- field , the properties are

m a r k e d l y  a l t e re d  b y a change  in a n n e a l i n g  t e m p e r a t u r e .  In gene ra l , a

lowe r ‘— : annca l i n g  t e m p e r a t u r e  r e s u lt s  in a lower y i e l d  s t r e s s  and u l t i m a t e

tensile- stress and a slig htly higher ductilit y (Figure 22). No systematic

trend ccl time ’ €-ffe’ c t~ of annealing time on strength and ductilit y of a— B

a n n e a l e d  a l l o y s  is embs erv ed . The  va lues  r epo r t ed  in T a b l e s  A 13— A20 show

c o n s i d e r a b le  sc - o t t e r , w h i c h  can be exp la ined by r andom v a r i mi t i o n s  of the

v o l u m e - - i r m i c t i o n  of t r a n s f o r m e d - 2 - . This  was c o n f i r m e d  by a d e t a i l e d  m i c r o —

s t r u ct u r a l  examination of several c— ,3, annealed alloys , whmich showed that

t h e ’  e xp e c t e d  v o l u m e  f r a c t i o n  of t r a n s f o r m e d — - - d id not  va ry  sy s t e m a t i c a l ly

w i t h  t e m p e r a t u r e  and t ime of o— ~ a n n e a l i n g . The observed r a n d o m  v a r i a t i o n s

in t h e  am u -m m j n t s  of a and transformed—~- phases are believed to be due to

small diff erences in the m ill p rocessing of thc ’ different alloys. A

co r relation be tween the y ield stress and volume fraction of transforme -d— $

was observed fo r  
~~~~~~~ annealed alloys. Figure 24 shows the stress—strain

- mmrv c- s of three alloys with varying amounts of t r a n s f o r m e d — 2 .  F i g u r e  23b
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c m i m e c s ~ ( l i e  I i t t e . i r  v a u ’ i , m t  h o u m  01 ~‘ic’l d stres~- wit i u t h e- m m n u m m u m i t  i i i  t r , u m m m -m l m m r m e - 1 — $ , ,

m , l m icim is ~‘xpi _ -ct ~ -d it m situp h e  rc mi e -  u l  m r m i x t u r c s  is i n v o k e d  t i m  e x h i l t i u n  time-

m L ’ t . ’ t ’ t t m , m L  1 , 1  be - i u . t v h , m r  m l  ~
—

~~
‘ - m i u i m m c - , u l e - e i m u l l c m v s .  l i e -  n m h c r m m s l  r m u u - t m m r c -  m m t

m u m m m m , - m  l~ -d m l  l c m y - m  e - m i m i s i a t i - m  m i t  p r  u n t i e - v  equi axed— c g r a i n s  mind  W i d m m i m i s t a t t m - n

t r , m i u s f ~ c r rum ~-d — ~- . ‘ l i m e  \ L i d  s t e - i _ as cml  s c u c h u  a l l o y s  i s  g o v e r n e d  by smjmrme f m m r m  m i t

s u m j i e ’ r 1 m m c s h  m m iii c it tim e  I 1 m w  st t m 5 — m i t  c ’ q u i m i xed~~i and t h i e c c m m p m m a  [t e ’  t l w

a t  ri _ - a s  m c f t r mimm a t m e-m et - c l — ;  - A I i u m e - a r  e x t rm upo lmit ion  of t i m e -  p l e m t  i n  F i g m u r e -  2 - .t

1c m 100 t r m u n m s t c i r u r m e -d —i - - give’s mu v i e - i d  s t r e s s  h m i g i u i _- r t h u a n  t i u t i t  o b s e r v e d

e-x p e -r im c ’ r m t m u l  l v , w i m i c i u  imp l i c ’s t h u a t  tIm e v i e — i d  stress must depart free a

l i n e a r  be -i tm i v j~mr f o r  t r m m u m s f o r r r i e - e l — ;  vo lumes  > 6W; - Time - r u l e -  m i t ’ mixtures is

mu a impl  i f i e d  approx iur m ,u t iou  tel time F l  ow s t r e s s  f c m r  the’ comp i cx transfc m rme d—:

st r u c t u r e , and mu mere ’  r i g o r o u s  t r e - m i t m e m m t  shou ld  t ake  i n t o  a c c ou n t  the-

grain a inca of t i m e  e amid t r , o m  -L or r r i e - d — , and t h e  r e l a t i v e  s ize- s of a and B

p l a t e s  in t r i o s  f o r n m e d — ,~- .
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Figure 24. Effec t of volume percent of transformed beta on the stress-strain characteristic of
alpha-be ta annealed Ti-6A1-4V; (a) stress-strain characteristics for 20, 45, and 60 vol %
transformed beta and (b) dependence of yield stress on vol % transfor med beta ,
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Fègure 25 . Yield-stress and uniform elongation of beta-annealed T i-6A 1 -4 V-RE alloys as functions
of concentrat ions of (a) V . (b) Er , and (c ) MM.

The  i n f  l i m e - l i m e -  i t  rare—earth additive - s on the v ie -id str ess and uni form

ei - ’n~;,ut ion ot u — B -  annemuled alloys is shown in Fi gure 26 , in w h i c h  t i r e -  d a t a

p o i n t s  a r e  t h e  m u v e ’ r m m g e -  value- a for a l l  a n n e a l  l u g  t i m e s l i s t e d  in T a h l c ’~

‘c i  3— A 2 O .  I n  ti re ’ r— ,~ msnn eale- ch a I I civa , t h e  rare-—earth m l  l i m e - n e - c  is  d e p e n d e n t
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tOe .ullova , uimmme - . uic ’el ~ t t i m e ’  l o w e r  — v  t empe - r m u t m u rc , t h e  reducti on m m f  y i e l d
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Fi gure 26, Yield stre s s and uniform elongation of alpha-beta annealed Ti -6A l-4V -RE allo ys as
funct ions of concentrations of (a) V . (b) Er , and (c C MM.

l’he r e s u l  t s~~~r m -  se- n i ed  in F i g u re ’ s 2 i  and 26 show that when the micro—

s t r u c:u r e  is  p r e d o m i n a n t l y t r a n s f o r m e d — ; , t he  y ield s t ress  is c o n t r o l l e d  by

the Widmans t~i tten ~+ , - s t r u c t u r e - . Time r a r e — e a r t h  a d d i t i ve -s do n ot  c o n t r i b u t e

any s t r e n g t h e n i n g  because  of t he  ov e r r i d i n g  i n f l u e n c e  of t ime transformed—-

s t r u c t u r e.  The s l i gh t  r e d u c t i o n  in s t r e n g t i m  observed in r a r e — e a r t h — c o n t m i n i n g

a l l o y s  is  l i k e l y  due t o  a l m m w e ’r in t e r s t i t i a l  oxygen c o n t e n t  of t i m e  T i — b A i — - o \ — R F
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i i  ) c ’~~~t-t~~ t i m i _  m i m e  c ’ . i t t hs  be- c , t m u ~~e ’ c m l  t h u e - i r  g t  m m l i  r m u t t  i t m i t v  I or c :-: ,i’ e l i  c - m u

S m i V c i l ’ e m i r E c i t  t lie ci I S I - i c i  l v e c i  (mxvge’n I r m m m l m  t h e -  i l  1ev I : u . m t  r I :-: - As ( I t ,  viii m m - . ,

i • c t ( iefl c ’ I  c i  u ! r r m r \ - — u i t ;  joe - u ; m , c ’eI by  : m n m m c - ; i l i r m m mit I r i— ; I c - I ; I e - r i t i u c - s ,

a t r e ’ m m p t i l c - i m i u m g  h u t  L i e - t I c - m l  t Ime - ‘m ’ m i u u e h  I r m u d e l i t  ive a is , v I m l e t i I  t h i . m t  t - i m ~~t i I V

c c c m l c e m r a , m t d ’ a  t i m e ’ m m x v g - i m — s c a v c m m p i m m g  c - I  I c c l  - T I m e ’  ‘ l i — h A 1 — - * \ ’ —~-F- T m m 1 l m m v a  u n d e r

- m l  I , u i m i i _ - , i  I l u g  c i c i t c i  i t  [ O i l S , ) u c m w e ’ v er , c x l i  i h i  t m a i g u m  i t  i c - m i n t  1 ;. I - ‘ - i - u ’  at r e n g t h

h . u u m  t i m e -  e-e ’ I c ’ rc ’ m mm e ~m I I m i v .

- m - - +  l n fl ue- n ce- i o A n u i e m m l i u i  Ie ’1 o1 e- rm u tur e- anci (1ioij p~ j~m it e- n T c -ur sj l c - P r o m r t i I

iIc ’c m m m a e  u ; m e ’ t m m l h e t ’, r m m p i m i c  e - x m u n m i n a t  i o u m a  m m i  t i m e  m l ll —minr m m - ; il ed al l cm ya re--~’ e -mu Ic - I

t i m m u t  [ m e l t  ; m l  I sh i cu c ’ 1tfle’ ns h e - i d l i e - e u  m u n n e u l e d  in t i m e -  I c - i d  mis  a p e - c - i t  he ’d ,

ae I e m  t e c h  m m l i  ov c e u m m p i m a  i t  i c i l i a i s t ’ re re— - u n  n e c  I ed i m u .ic  c m i  r u  - ne - c-  is’ I t t i m e  i-i c i m c - mi o le

a i m o w u r  in  Fi g u r e ’ 27. The- ceumpo sit io n s of tIme a l l o \ - s , t m m r n i - m m l i m u g t e - e - m p c - r m i t u r e - ~ - ,

~m u ud i _ m i m i l  jim -c rm mte ’s wi_ -re ’ s e - i c - i_ ted t o  s t u dy  t i l e c o m b i n e d  m t  l u e ’ u m u m - s  o l  r a r e — c - m n

m m d i i  L i v e -a am i d v a r i ou s  m c d i  f i c ’ m u t i u in a  c l t  t r m u n m a f c m r n m e ’ d — ;  a nd  u+ ;  m i c r o s t r l m c t m m r e  e
i_ se- t h i _ ’ m e c h , m u u i c a l  p r e p e ’r t  I c ’ s. Tim e h me ’,mt t r m - m mt rmm e -umta shown in Fic -i_ mre 2 7  r i

(1) cli (fe-re -nt t’~’pc ’a of I rans fm - reme ’d—u, ( 2 )  m c m r p holog i cal  d i f f  -ces ‘ -in o and
mi n i_ I (3 )  d i f f e r e n c e -s i i i  t ime  r c - l m s t i V e ’  v o l um e m _ f r a c .t ‘ons of a ,.~ ,- . In

, u d d i t  ion , t I m e  l m i w — t e ’mpe - r m u t u r c  m c g i n g  t r e a t m e n t  can  p o s s i b ly  p r o d u c e -  e i t h e r

—d cl — r a n ge -—m i n e -r ed r ep  ions of Ti mind Al atoms or Ti
3

A 1 ( ~) pr e-c ip i t - mte’ s

10 t i l e ’ alloy matrix .

Time  r , i c i e m — t c m i m e r a t u r e c  L m ’ flS i l e  properties of time - a l l oy s  s u b j e c t e d  t u ’

t l i i _  F i g u r e -  27 he-at t r c ’ i t r m r e n t s  a re  l i s t e d  in T a b l e  Y . B e c a u s e  t h e  pr ’pe-rt l e a

r e -s u i t  from cc im h i i n e d  e ’ f f e - c t s  m f  comp le x T i — 6 A l — ~m V m i c r o s t r u c t u r e s  and t O e -

r. m re ’—c- m uu t h  dispersciids , tIme t e n s  I l u — p r o p e r t y  c h a ng e - s  c a n n o t  in most  cm i se s

Fe -  a t t r i b u t e d  L i  s p e c i f i c  v : mr i a b l e s .  The m i c r o s t r u c t u r e s  p r i o r  to t he  l i e - m t

r - ,m tm e-nta s i m u i w u r  in F i g u r e  27 were not C h i c ’ a m i n e -  f o r  all the alloys: con—

aequent lv , thi_ - tensile pr ip e- rt ’ change-s to be’ discussed in this Se c t  tOri 3lSi)

re - fi t - c t t m i  mu ce ’rt tmin e - :-: t c-ul t the pm ior history c i f  the a l l ey s .
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c ei t it m u j o s ,u I m i ghi d e n s i t y  of i t m t e - r m i m s l — d i a l o m - m u t  t u t u  s u b s t r u c t u r e - a , ;u m m d  t i m e -

p r i e r — , - gr ~u i t u  , a1;- :e has  umem s i g u m i f i c m u m i t  c - l I e - c t  - F u m r  e . X m m l , u l m i e , t h e -  I i — 6 A 1 - - 3 V — h .  l O i l r

mu l e m v , m m l  t i m e t u g h t i t  I m m u s  mu t i u m e -r  Ii r i c m r — F  gr ru i im s i z e -  t h a n  t l m - n c - I  c - r i - m I c e -  m u l  b y

( F i g iu r e  2 8 ) .  doe s m m c l  e’ x l m i b i t  l i m e  i u m c - r e m , u m - m e - e I  y i e l d  s t re s s  c- -; I i m - c t c - d  I rmmm i m t l i e -

Hmi  11 — P e -  t c-h re - i mut  i cmosh m i l-c be’ tween v le  Id a t  r e s s  a mmd gra  i n  s h  Z e -  . h owe ver  , a
f i n e r  g r m u i m m  s i z e - i m u m p m u r t s  mu h u i g l u e - r d u e - t i  1 i t v .  ( I t  t ime-  t i - c r c - c ’  r m m r c ’ — e - ; m r t h

midd it ives , nuisc ’hmnm etal conaidc-rablv reduce -a time v i c - I d  a t r e a a  mit - c d u l  t i m ;mtc-

te’mms 1 le atrc ss \‘ improve- s t i m e  d u c t i l i t y  bu t  dc- c reases time -  strength a l l  p i t  I

m u n c h  l - r  i mp r o v e s  t h e -  u l t i m a t e  t e n s i l e - — a t r i _ -a s  and d u e - t i 1 i t~~.

-\ 1 l ee - s  q u e u e - h u e d  f r c m n m  t i m e  1$ field and agc- d a t  570 °C h a v e -  h i gh er at re-ngths

titan q t u e - - m c ’ i m & ’ d  H — r u n n e m i  l e d  a l l oy s  wi t im t h e  e x c e p t i o n  of  ‘ f i — 6 A l — 4 V — 0 .  30Y . Lie

i n c r e - , mmsc -d st r e n g t h - c  r e su l  Cs f r o m  t h e  d e c o m p o s i t i o n  of m a r t e n s  i te  i n t o  e+;m

ti m , - ~—p 1m m tse -’ nu c  l~ ates as s m a l l  p r e c i p i t a t e s  ( F i g u r e -  29)  mmnd a c t s  as a

p r em - i p i  t a t  i - - n — s t r e n g t i m e n i n g  p h a se ;  L:ons c ’ m ~m u e ’ n t l y ,  t i m e  I c - I d  s t r e s s  i s  j n c r e m m s e - d .

The-- u l t i m a t e  t e u m s i l e  s t r e s s , however , is not  i n c r e a s e d .

A i r  c u c c i l i m i g  and f u r n a c e  coo l ing  of ti - ce a l lo\ ’s f r o m  t h e  B field resiul t

in sIi ght 1~- lower s t r e n g t h  and h ighe r  d u c t i l i ty , ch a r a c t e r i s t i c  of t he

W i d m a n s r ~i t r e ’n u + ; structure - of the alloys. The r— mi nne ’m ul ed r a r e — c - m i r t h —

1- o n t a i n i n g  a l l oy s  e x h i b i t  a s i g n i f i c a n t ly  h i g h e r  d u c t i l i ty  t i - can t i m e  re - u  c r c  I c e -

a l l o y s  in t h e  a i r — c o o l e d  and f u r n a c e — c o o l e d  c o n d i t i o n s .  Ti-ce improved

du c t i l i ty  is a t t r i b u t e d  to ti -ce - f i n e r  c o l o ny  s i ze  in { i — r i A l — d V — R E  a l l oy s

than i t-u the - reference alloy (compare Figures 30a and 30b) .  Thus , in  t i l e

,~— , umi n eoa1ed  a l l oy s , t h e  y i e ld  s t r e s s  am - c d u l t i n u a t e  t e n s i l e  s t r e s s  a r c  r c . I - m t e - J

t m _ i t i l e  individua l p la te- size’s , whereas ductil itr- is re-l ate- el to c m c m l o n v  s i z e - .
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Figure 28. Microstructures of beta -annealed and water-quenched (a) Ti -6Al-4 V reference allo y and
(b) Ti -6A1-4V-O.lOEr (heat treatment A , Figure 14).
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(b) Ti-6Al- 4V-0.05Y (heat treatment C , Fi gure 14 ).
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t o  p r m c c i u c - e - ci i ft c - r e n t  v o l  t umne-  I r m u c t  ion s  c m l  c p it as c- . ! f c - t a — m u t m m m e - m i l e - c l  m u l  l m m y a ,

I i m r m m a ~-~ - c c  h e e l  um id smmbs e -m i i m c -n t I V  m i l l i e m t  h e-tI 1 m m t I m e  c V  I ic-i d , e-xhm ih it ti me - -

PI at  e’— I 1k t ’ m +c- rum orp hu e I ogv mis a h m c m w m m  1 mm I-’ i g u r e  3 1 - Time- re- h a t  i y e -  I ze-  i-c and

m imi mu u nts ill a and V depend cmi t ime -  i t — i- m i n u t e - a l  i m - c g  t e n t p t m r a t u r e -  . De p end  ing m n

C i t e ’ e i u m  1 i up  r a t e  fr o m  time- , e — ~-~ au nc mu I lu g  t enipera t lure- , t hu e - Ii igh— C c IIl p c- rat urc-
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m u I i c c y s  b t . m v e -  l ower  yield stresse s, lowe r ult i n m a t e  t e n s i le  s t re s ses , and

h m i g h m c - r d u c t  i l i t y  ( T a b l e  9) t i - can  - ‘ — m m u m n e m u l e d  a l l o y s .  A l l o y s  w a t e r — q u e n c h e d

f r o m  t i m e ’  c — v -  f i e l d  e x h i b i t  h i g h e r  d u c t i l i t y  t h an  the air—cooled and furnace--

coole d al lcivs , whereas the yiel.d stress  and u l t i m a te  t e n s i l e-  st r c .-ss mi re- l i m i t

si gnif i e-an tly altered by varying tIme coo l in g rates. Ti-ce hig h est duct i l i t - --

values are-- obtained for the alloys quenched from the lower temperat m u re in

the - m— - field. Thus , ti-c e microstructure conducive to high ductilit y is

tha t conta ining a Imigh volume—fraction of ~ and retained B. Possible re- ,mau u na

for the decrease of ductility with slower cooling—rate are (1) mu c uumi raer

~— i~ mit-rest rue -Cure and (2) possible - precip itat ion of tm~ d u r i n g  c m i i i  in g .

TI-ce effect of rare—earth additives on the ductility is prominent in

the ~
_ ,m annealed alloys. The ducti lity is increased considerabl y with time

addition of ‘t’ and Er. The influence of annealing temperature and cooli n g

rate on the ductility of the alloys is shown in Figure 32. Water—quenched

alloys show a strong dependence of ductilit y on annealing temperature- , hut

the ductility of air—cooled alloys does not vary significantl y with changes

in annealing temperatures. In the- furnace—cooled alloys , enl v tile’

Y—containing alloys show a dependence of d u c t i l i t y  on annealing temperature.

The increased ductility of Ti— 6Al—4V—0 050Y and Ti—6A1—4V—0 .30Y furnace- —

cooled f r o m  1020° C results from the finer colony size in these alloys

(Figure 33). Under all conditions of annealing temperature and cooling

rate ’ , the  r a r e — e a r t h — b e a r i n g  a l loys  e x h i b i t  h i g h e r  d u c t i l i t y  than t i m e

r e f e r e n c e  a l l o y .

The v mir i a t i o n  of ultimate tensile stress with annealing temperature

and cooling rate is shown in Figure 34. Onl y the water—quencimed ~m llov s

show a s t r o n g  dependenc e -  of u l t i m a t e  tensile stress on annealing te-m p e ra tiu r -, -
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Figure 31, Mic rostructures of alpha beta annea led and air-cooled (a) Ti.6A1-4V reference

alloy and (b) Ti -6A1-4 V-O.050Y (heat treatment I, Figure 14).
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Figure 32. Total elongation of Ti -6Al-4 V-RE alloys annealed at 770 , 870, and 1020°C; ( D )

Ti -6AI-4V reference a l l o y , ( O)T i -6A l - 4V -0~050Y , ( s ) T i - 6A l - 4 V-O.3OY , ( 0 )
Ti-6A 1-4V-O.lOEr , and ( A )  Ti -6Al-4 V -O-O3OMM ; (a) water quenched . (b) air cooled ,
and (c ) fur nace cooled.
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Figure 33. Microstructures of beta-annealed and fu rnace -cooled (a ) Ti -6A 1-4 V reference alloy,
(b) Tj -6Al- 4V ’ O,OSOV . and (c ) Ti- 6AI4V-0 30Y (heat treatment D, Figure 14)
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Figure 34. Ultimate tensile strength of Ti -6A l-4V -RE alloys annealed at 770 . 870 , and 1020°C;
( 0 )  T i-6A l-4 V reference alloy, ( 0 )  T i -6A l-4 V -O.050Y , ( . 1  T m- 6A l-4 V -0,30V , ( A )

Ti -6A 1-4V-0 lOE r . and ( 0 )  T i -6A l-4 V -O,O3OMM; (a ) water quenched , (b ) air co oled ,
an d (c ) furnace cooled.
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sc m r f m m c e -s o f  re - I  c - r e - t i c - c ’ m i l  i m m y  m ind [ i — O ,-\I-— -~cV—I), 10 Cr , r e - a ; ’ e - u I iV e- h ’c , w h m i c b m  y e n

~- ‘ - j u I l i c - j l e ’ cI , e - m u t e - r — q e m e u m c i m e - d, c — V an i m e -a Ie - d  a t  705°C t m r  2 Ii , and m u i r  c o c u l e d

tel  room t e m p e r a  lu r e ’ - T ime mi c r o ot  ruc ture c re- suit ing from this t re- u I l::e ’ it

con s  m a t  s 01 t im e I i m m e — s e ’ale m+: s t r u c t u r e-  s i t m u i l a r  t i m  that m - m l l u i l e -’fl i n  i- igure 18.

Time dimple - frm uctur e observe- el in the m-i l lo v a  shows t h m u t  the- fracture occurred

by c I m u a s i c ~u 1 vo id  nucleation , growth -c , and t - oa i c - a c e - n e c  p r  ess - Time

dimple - a iZe ’ c-i i n  time : — m m n n e ’ m u l c-d r e f e r e n c e -  a l l o y  range-  f r o m  (1. 1 h-n. N 0. 5

and Ch i c ’ plate w idt hu in t i m e  n u t e - r e s t r u c t u r e  ( F i g u re-  18) var ies ~r ’::. II .2

to  2 un .  A l a r g e  nun i he -r  o f  d imp le-s smaller in s i z e  t i - can  t h e  c— ~ p lat c: w i d t h

I c e - r e  u m h s e ’ r y m -c i . The d i m p l e -  sl ; :e ’  in t h m e -  T i — C A I — - c V O .  1 11Cr ah l o ’ ;  ( F L - m i r e -  3~~h )

is smaller thmm i n in tl i -c re-’fere ’u mce ’ ~lloy . The’ disp er suiids mire -  d i s t  r i h u m  ‘ -~l

imomo gc-nue )l us Iv , as t h e  r i gh i t — h a n d  p 1 1 c u r  Ic re cgr ,m ph ium Fi gure 3 lb s h i m s a .

A c o m p a r i s o n  of t h e -  f r a c t u r e -  a p p e a r a n ce - s  of :~— a n n e a l e d  m mnd c — , ann e-mu led

I lovs is given i u  F i g u r e s  36a and 36b , w h i c h  a r e ’ f r a ct e gr ~ip l u a  of

T i — 6 A I — - + V — O . l O E r .  F l u e  g e n e r a l  Ir lc  t o g r a p h i c  f e a t  or e - s  , m r e -  s i m i l m u r  in a l l

a l l oy s  ti -cat had corresponding lie - _ ut t r e a t m e n t s .  It - c  t im e’ - — ann e - m i l e d  c u - f l d  i t  ion ,

time a l lu i v a sii uus ’ un i f~mr nm dimp le’s : i l r c u l c g i m c i u t t  t i l e -  [ r , i~~t u r e -  s m m r f , m e ’ e- , b u t  t i e

f r a c t o g r a p i m i c  f e - a t i u r~-s i t  m — m ~ a n n e a l e d  a i i o v s  u u n s i s t  o f  a fl ui X tcu u- e- of dimp le

w h i c h  r e - au !  C u ru in r u n s  u u r u n e - e l — - , and face -Cs , wh i c h m  m i r e -  p r o d u ce d  by 1 — p l u m i s e  .

Th e-i d is h c m c m t t l c c n  s o l i s tr u c t u r e s  in d e f o r m e d  spe c imens  u~ i t im  d i f f e r e n t

type -s o f flu e - r u s t  r u c : t u r e -~ we- re m-:- : m imin e d to c m i u r c ’ l a t c - m i c r e - i t r u c t u r e  and

substructur e-’ w i t h  at r e - ng ti m and ductilit y . Figure- a 37a and 37b show tne - -

d i s l m m c a t i o n  stubstruc - tmure- s in lWm i m 1 lovs h a v i n g m m i r t e n s i t i c  f l h i c r u -~ t ru  t o r e - s .

wh ich w e - -r e - - produc ed hI- —annealing am -cd w a t e r — q u e n c h i n g .  T h i s  h e , u t  t t- e- ’j t i r e n t

pr o d u u - c - s  a f i n e  m ’ m a r t  c - n s i t e - w i t h  e x t e n s i v e ’ i n t e r n a l  sub structemre. Because —

t he  m i t  im u l d is I , i c , u L  ion de ’ns i  tv is lmm rg c - in times t - spec mmens and time mean

-i l  i p— I c n g t  im is smmm 1 1 , tim e mu imws w c i r k — b m a r d e - n  r u p  Id i v ;  st  re-as co n c en t r ~u t ion s

build up earl y in  t i m e  d e f o r m a t i o n  p r o c e s s , munch sue-i-c m i l loys t he-refu re ’ I r u e - C u r e ’

i ll

Lcccc- cc~~~~~ i1~~±~~T 11’1~ ~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _



— -cc- -- -- - - cc ~~~~~~~ - — c c - - - —  — -- -— — - -  -- _ _~~

II t e l  sun ~m l  I c , u u n u t . O  c m l  p i ~ u t i c  s t u m u i u u .  1)~~u - m i l l  time al I m u v i - ;  g i J e t i  -i - —~ i u 1 l l e ,~c I

cr— m i mi - li e - lu 1 1 -  - m l .  ‘ I  ( m m - m t  t u e - o i :- -~ u t  -\ I f l  I ’ h g~u u c -  27) e- :’ :)uib it h i g h

ci it i li ~~i t - t e - - u i - u  m I e- - a t  u i - m g [ Ii m m u md 1 mm ~ dime - I i i  i t  v ( 1 m m  L- 1) )

~~e 

-
4

- 

cc

(a) L -

1 Jim

-C

$ ~.a - 
~~

‘ :~1 w ~

- - ~ 
____

-
- 

-
-J _

~~~ -~ d~~- - -

1 pm

(h i

do’ “‘~ / 9
Figure 35. Frac tograph s of beta-annealed alloys tested in tensio n at room temperature .

(a) T i -6A l- 4V reference alloy and (h I Ti -6A 1-4V -0, 10 Er.
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Figure 37. Deformati on s uhs t r e uc tu r es at 3- I  strain in beta-annealed and water-quenche d

(a) Ti -6A l-4 V referenc e alloy and (b) T i- 6A l-4 V -O . lOE r )heat treatmen t A , Fi g u r e  14 ).
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i p c m t i  b e i n g  m m e - c -d i  m i t  -~— r  C e ’m i m pe- r m u t m m u c - o , t ime ’ t m m ; u r t e - n s i t  i c  ‘ ‘ di’ m i l I c  I~ u u i I  h i ’ ,

t lie mu te - I c ’ . l  C l O m i  it - ce - I I u ’ u u d e ’ I I t c i t  V h um m - Si tutu I t m i m m e c m t u s  lv , c ‘ ;u p ~m rc  i c c  i i  -~ I i i  -

e q u t  I I i l - c m - Et im u t  e ’ i l t t I j i i i S  I t  i c c u m  of  - e - .  ‘ lime- d h al m i m i C  i o n  m t - r m i t i g ’ - u u m e - t u t  i n  a dc- I o t i:-

a l  l u c y  ( m , u e ’  h n g  time - I ,  nupc ’r ~ -d i u m a r t e - r m s i t i c - st r u e - - t u r c - 15 a b i m m w t m  i n  1-’ i g m i r m -  lh; uc - t ; m

prt ’m - i p i t m t e --s e x h i b i t ing i r i t i g e -  c o t m t r a s t  i-mum - c be S e c - n  mit s c - y e - r d  p i ; u u - es l i i i -

s l i p i c ’ l u I u  hi se’c’nms to  h -ce- I Lim ited ti) t i m e  i n d i v i d u a l  ~ ~ l aCe - -~ u s  se-c- n I m m

b u cw c - el d i a l  c c c ’ m u t  i o n  sc-g t umc -mmts w it lilt - c t im e- p 1 mu t c’S am id lae k c f  al ip e’ont i m imi it v

am - r, .-ms t hi  c - h cmummdmu r Ic’S - Time m m l i c cc ’ s possess ing time- tempe- red tutor tens it e-

st rum - Cut m c ’ e x i t  h i m  it mu it ighm st r e n g t h  because -  of t i - ce I~ p r ec i p i t a t  i o n  strengi lIe-iui u ug

t i l t - c t  mum - cd C h i c -  suum m iil si l l) l erm gtb u governed by t I m e - -  f i n e  s c a l e -  u— p lates; C l u e -

d u i ~~t ii i t v , hc mwe - v m ’ r . is low.

Fi giur e-- L sh ows di sio cm mt ion s u b s t r u c t u r e in an c— , annealed alloy .

h - x t e - n s  i v e -- s l i p  act  ivi t v in grm u ins resiults in mu t a n g l e d  d i s l o c a t i o n

structure - in time ‘a phase. Time tra n sformed— n grains exhibit extensive-

twinning. Figures 40a and 40b show details of dislocation activit y in -Im.

p l u m b - , and Figure-s 40c and 40d mire ’ d a r k — f i e l d  m i c r o g r a p hi s sh o w i n g  d i s l o c a t i o n

a c t iv it y in Clu e V phwi se’. Time hig h er ductilit y observed in the m—~ a n n e a l e d

0 1  l m ~v s  is c o n s i s te nt  with tim e extensive slip activity in th e- -0 alloys see-n

in Fi gure-s 39 and 40.

The influence of dispersoids on dislocation movement during t he -’ i n i t i a l

stage’s of deformation is shown in Figure 41. Dislocations overc ome - the

d i sp e - r s e d — p h ias e pa r t i c l e s  b y the  Orowan bypass
9 

and H i r s m : h  c r o s s— s l i p 10

nmechmmnism s . Figure -~1 shows the formation c-cf Orowan loops and prism atic

loops around the dispersoids in time initial stages of d e f o r m a t i o n .  The

formation of these loops is governed by the size and spacing of t h e

dispe -rsoid s . The dislocati on arrangement in a heavil y de formed 1_~m annealed —

Ti— 6A1—cV — U.OIO Y alloy is shown in Figure 42. The dislocation structure

consi3ts of tangled dislocations in the ~m. phase. The dominant effect of

the dispersoids is to homogenize the slip amid refine the stuhatructure

formed during deformation. Consequently the presence of dispersoids result s

in  an incr e-~used ductility in all ‘a—s annealed alloys (Table Y).
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Figure 38. Deformation substructure m m 3% stra in in beta- an nm- ,mle d , water-quenched , and aged
Tm-6A l-4 V (heat t r c , i i r ) 1 c ~n t  8, Figure 14 ) .  
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Figure 39, Dislocation substructure i t - c  alpha-beta annealed (heat treatment E , Figure 14)

Ti -6A l-4 V deformed in tens ion at room temperature.
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Figure 40, Dislocation activity in (a b) alpha phase and (c ,d) beta phase of alpha-beta annealed
(heat treatment E , Figure 14) Ti’6A1’4 V deformed in tension at room temperature .
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Figure 41. Formation of Orow a n and prismatic loops at disperso ids during the initial deformation
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- . - - - - - ‘ -

~

-

~

-
--—- - —  - - c c -

- cc ------ ~~q , ~ ,_~ —~~~~~~~~~~ , 
-.



cc -
~ cccc ~~~~~~~ cc -y  cc cccccc~~cccc~~~~ cccc ~~~ cc ~~c c - ’ cc_ , c c  -cc - -

cc

-

- 
‘

- - 
- - :‘- - /~

-
~

‘
.‘cc

• - -
~~ 

2i~
- 

~~~~

- 

-

~~~~~~

- 
-

- 
- _p -

II - -

- ;~~~~

- 
-

GP11 1480 me-

I 
~
-nhi

Figure 42, Dislocation substr ucture in alpha-beta annealed (h eat treatment E , Figure 14)

T~- 6Al-4 V -O,050Y deformed in tension at room tem perature.
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6. ( m I N g L E S  I ( I N S

- - m i m i  I t  lOU c m l  s m m umu I i  e - o l i c c f l  t rmu t i (mm -cs (— I S-I 2 ) ‘ u I mulc t mi I I I c ’ Y c m r I ,  r i c

l i — h A l — m V  r e - - s u I t s  l i - c  m m u n i l c c r m t m  d i s p m ’ r s i o m  of s n i m u l l  ( ‘  7( 1 mint d ia mtm ) s e - c i m n d — j i l i m m ’ -~-

I re-c- I p i t m l t c -s h um time ’ al b c -  mm i tuix. Both Er and Y e l  f e e t  g rain—re - fi n c - u :i e -nt am i d

n I l e - C o s t  r u e -- C  mu rmul lm ott toge ’m ie - i t v  iu i m m s — c m u s t  T l — 6 A 1 — -’u V L um d r e t a r d  ~- r ; u i n ( - r u . w t l m

dur lug - i nmme -a i ing cit t em p ec r a t u r m s abo v e t h e  ~— C  r m u r u s m u a  t c-mp e- rm ut ure - -

Tlmt - ’ m u dd it ion of smmu 11 e - c,mu me - ent rmut ions of ml s ch m e ta l  t c m  T i — h A  l~~- ’4V re-s It

in a d ispe ’rs ion of  p a r t i c l e - s  t i mm u t p robab l y a r e o x i d e - a  and alu rtuinid e-s . Al t

m i s c - h m e - t a l  p rod iuces  g r a i n — r e f i n e m e n t , i t  Ia less ti-can ti -cat c ’ f (  ce - ted by Er or 1.

Ytt rium and erbium , in c o n c e n t  ra t  ions > 0 . 1 wtX , si i ghmt iv lowe- r

C h u m  ~— t r m m n s u s  t e m p e r a t u r e  of Ti - 6 A 1— 4 V , h u t  t n i s i - t m m e t a i  in m i n c e - n t  r mu t ions

~ 0. ((5 icC doe--s not s igu -c if icamm t lv mu I t e r  t i - c e -  :— t r m m n s m u s  C e - ’ n l ; u e - - r m m t u m r c ’. Y t  t r  I m um

and erbium act as V—phase atahi lizers , and m i s ch m e t a l  is an m — p h i m u s e  a t a h i  l i z e - r

in Tj— fiAi— .IiV.

Tl~e rolling pressures r e q u i r e d  fo r  h o t — r o l l i n g  T i — 6 A l — 4 V — Y  and T 1 — 6 A l — I mV—

>IN al lmcvs are-- less than those- r e q u i r e d  fo r  s t a n d a r d  T i — 6 A 1 — 4 V .  ( R o l l i n g

pressur e-s we ’ re-- n o t  measured for Ti— 6A 1—4V—Er alloys.) Ed ge—crackin :; durin g

r e -u i I i u i g  f c r  V con c e n t r a t i o n s  ~ 0 . 0 5  w t %  and Er c o n c e n t r a t i o n s  ~ 0 .1 wt ~ is

less titan for standard Ti—6Al— 4V.

The’ transverse - tensile properties of Ti— 6Al—~uV are not adversely

affected by V and Er concen trations ~0.1 wtV . Alloys containing 0.02—0.05

wt% V dir 0.1 wt Er exhibit excellent transverse ductility and no appreciable

l oss in strength ,

Yttrium and erbium , by their refinement of - — g r a i n s  and r e t a r d a t i o n  of

- —grain growth , improve the ductilit y of s—annealed Ti—6A1 -ImV. A good

comb ination of high strength and ductility of :—mmt ine-’aled alloys is obtained

for V mind Er c om c e n t ra t i o n s  ~ 0. 1 wt%. Mis i-lmm etal si g n i f i u - mu i t lv r e d u c e s

t he y i e l d  stress of Ti— EiAl— 4V.

For c-L -; a n n e a l e d  alloys , t h e  y i e l d  s t r e s s  i nc rea se s  l i n e a r ly  w i t h

volume fraction o f  tra rmsf ornu e-d—: . Er  and V im c re - muse - - ti -cc’ duct i 1 it \ hut

sli ghtl y lower the y ield stress of cc—s annea l ed  ‘ r i — h u \ i - ~~\’ . TI -ce v i e - i d  s t r e s s

cC Ti—6A 1— .mV— Y and T i — 6 A 1 — 4 V — [r  m m l l o y s  is m o r e - -  f e m u r  1 ~ e q u a l  C c c  t lm m m t of

s t a n d a r d  T i — 6 A 1 — 4 V  for larger volume—frac tions of e-qu im ix c-d— m , fm c r which

second—phase disp e rsion strengthening is a s i g n i f i c m u n t  f m u c t o r .
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i - c u t  i l l  m u l l u m c - u l  i m ’u u ; e-o mmditiomms mund e- ’ c m c m l  i u m g  r a t e - a , l ’ i — ( m A l — V V — Y  and

I I — m c A i — -m \’— i r  ii 1 1 c c - s ium cm cnu p murh s om i with stmundmurd l ’ i — 6 A I — -~V e - x h m i h i t  u d u e t  h i  i t y

e ’t m l t o t l m e - t i t e ’ m i t  c u l t  i u u g  I r c m t u u  s l i p l m c m u u m o g e - u m  i z m t t i c n l  by C ( m e  r c u r c ’ — c - o r t i m  d 1~~~1ie - i s c u l d . ~ -

l ’lue s I 1gb re - clue C ie mrm e m t ’ V ic ’id st re-as in T i — I m A  l— -~V—Y and 
-r i — h A  I — ‘iV

m ul lc c\ ’ ~~ is l I k e - I cc e-aus t ’ei hi m lowe r i n t e - r a t i t i a l — c m x y g e ’ n  c-om i e-e- nt r at i o n s  in t i m e - - s e -

i 1 1 c c \ 5  l i c c OUSC ’ c i t  o x v g i - m — s c - a v - ’ng im ig by the rmire -— eart bu di a p e - r a m )  i ds . T i m is

e m ’ I c e - C c o m m  he -’ u u c ’ m u t  ra I ized Cm ’,’ mu cH u st  i ng  t h e c ixV g e - fl m ’on ti-tm t i m f  t i m e -  s t a r t  j u g

fllLi t e r i a I -

i)e-sired comb imiation a of micro structurm ul re - -f inenment , high room—temperature

st r e n g t h , and im Lghi ductilit y can be achieved h\ - a p p r o p r i a t e ’  h e a t — t r e a t m e n t

of T i — h .- \ b — 4 V— 0 .  0~~V , Ti— 6A 1—4 V—0 . ()5Y , and T i — 6 A l — 4 V — 0 .  l E r .  Time g r a i n — r e - - f m e —

m e-nt mund  g r a i n — g r o w t i m  suppress  ion by small c o n cen t r a t  ions of Y and Er are ’

m ’xpecte ’d tic significantly improve time high—temp erature formability and creep

hc ’i m mi v ic ir c - c f Tl—hA l—4V. Time fracture toug l-cness mind high—tempe -ratur e properties

c f  r m m r m - - e ’ m m r t i m — m o d i f  led Ti—6A l— ~m\’ will be i n v e s t i g a t e d  as t h e  n e x t  phase of

t h i s  p r o g r a m .
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u\e - l c i I C  ho c us  ( m u m  t i m e ’ C r u  1 m m  R e f  inc-ti m e - mi t cd l I , hum i- m i m i B o i u n d m u r  u s  i u

d l  l u g  l I e -  i i l ~~ N o L m - u ’  l u l O  , e- - d .  by  J .  I . .  C m i  I t er  J . hi. K m  .a thr ci u i k , m ind

1). -\ .  K c m c d ford (Clmm itors i’e ub l . D i v. , Ila tcim i Rougm ’, I_A , 1975), p. ‘39.

3. B. B. Roth , c c l .  F. O ’Ne m ul , mund R . J. Lederic lu , Grci in Ref inc-me- nt in

l i — E r  A l  b o y s , 1mm P r o c .  i L e -- c t r on  N i c r V  o v u m . A m . ,  ed . b’~ C~ J.

Are’e-n eal ux , (Cim mitors Pubi. Div. , Baton Rouge-, LA , 1974), p. 522-

Sumn mmu ri e --a of plmm ise diagrams for the Ce—Ti , Er— t i , La—T i , and T i — V

b inmir v s\-stettus mire - given 1 m m : R . P. Elliot , C o n s t i t u t i o n _ of B i n : m r c c

Allo y s, Firs t Se-~p~j~ !uue ’nt (McGraw—Hill , N e - - v  York , NY , 1965) ; F. A.

Sh m u n k , Const itution of B i n a r y  Allo ys , Seco ui d ,_~~~pjL e n ue~~t ( M e - C r a w — H i l l

New Y e - i r k , N .  V . ,  1 9 6 9 ) .

5. N. J. Buczek , G. S. Hall , S. R. Se-og le , and H .  B.  B o m b e r g e r , G r a i n

R e f i n e - f l u e n t  u u f  Titaniumu u A l l oy s , AFML— TR—74—255 , No ve - nne - ’r 1974,

-c . K.  A.  E s c u u m e -- i dnc - r , J r .  , N.  K i p p e t i l m i u ru , and 0. D .  M e - M a s t e r s , 1 h e - r m o —

e - he - n i  1st ry  o f  t he :  Rare E m u r t h s  , Re--port IS—RIC— 6, Rare Earth I n f o r m a L  Ion

Center , Iowa State - L’niv ., Anie -’s , IA , 1973.

7.  C.  S. S m i t i t , G r a i n s , Pl um us e --s , mi nd In t e --rf ae -- e-s : An l n t e -r p r e t a t i o n  of

M i c r u ’~~ l rue -tore -, T r , u u u s .  .- \ I M E  175 , 15 (le-L 5) -

cL ( .  Kelsch , C . L~~tzering, K. C~iziu i g lu , and K .  B u n k , D e f o r m a t i o n

C h a ra c t e r  h a t ic _-s of A-c e- Horde--ned Ti— 6Al-4V , Met . Trans. 8A , 169 (1977) .

~i • E. Or , :a ,uti , in S’ , -~ ,j -- o s i u m  on I n t e r n a l  Stresae -s in Me --ta is and A l l m vs

( l f l~~L h t ~~ t c  c c l  N c -t ,ul ~~, Cond emn , l c -~5) , p. VSi

10. P.  B. H i r s c h , H e  l l l t e r p r c - t m i t i o m i  of ti-ce - Sli p Pmitteru i in Terms of

Di sbo e - at ion Mc ivc ra i i t s , J .  I n s t  - Ne ’tmul s SCm , 7 ( 1 9 5 7 ) .
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A I ’ h m i N h ) L X  A.  RooN t— i’i-2-I I ’i- : RA ’r L ’RE I l - :N S [L E  i m R O b ’ E R l I E S  OF - i 6A l 4V R i’~ A L I , OYS

Tab i e -s A t — A28  list t I m e - ’  r o m m n i t e - i i l p e r ;u t m i r e  t m - i m s h l c -  p r o j l c - r C  ic-s  I mur C h m ~-

T h ime - \  l— - , V r i - f e - r e - t u e - c- , ‘I i ” hA  I -Yi’ V  , 1’ C 6Al”4V ’— h~r , mi nd ‘I i — 6 A 1 — 4 V — N M  cl loys t b u , it

w e r e -  ea s t , I c c  rg e-’d , rc i  l i e d  , mind mum - cm - ce-a led in  cue -  ce )rdatme --e- w 3 th t hue se-lied u Ic

s h u c c s u m  i n  Figure ’ 1. E m i c h u  c m f  F ;u b l e s  A i — u’c 12 l i s t s  t i m e - ’  r r e - m p e - r t i e - - s  c m f  mc s i n g l e -

a l l oy  com p o s i t i o n  sub j e e t e i l  to  fo u r  d i l ’ f c - r e n t  Imeat  t r e a t m e n t s .  l m i b i c - s

1 3 A ~I8 l i s t  time same~ data mus ‘l’able-s A l — A l  2 , b u t  c-cue - l i  01 Tabl e-s A1 3 A28

l ists t I m e -- prope -rt ic- s for a give-mi b-ce -m it tre -mitment of all tim e a 1 b y  ccmmpositi ofls.

As m d  he - muted in Figure 1 , each ~- — m m t i n e - m u  I and a—g a n n e a l  was f ol  loved b y

mu 2 — l u  m u n n c’m t I m u t  705 O~
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TABLE Al .  ROOM-TEMPERATURE TENSILE PROPERTIES OF Tu -6A l-4V REFERENCE ALLOY

Annealing ~ ‘
temperature .

~~ 
e-~ 
.2

~‘ 
‘E ~~~~~ ~~~~~ E~=~~ ~~~~~ mv -~~~~~~

~~~~~Q. ~~~~~~~ ~~~~~~~ ~~~~~ ‘E~~~~ ~~~~~<~~~,E wE 9  ~~
-
~~~~~~--- ~~

-
~~~~~ _- ~~~~~~~ ~~~~~~ ‘—t ~-

15 136 965 1005 860 5,5 14 4

30 1 42 1010 1050 870 4,9 14 2
T, 56°C 954°C

60 118 950 1030 885 47 12,0

180 138 970 1055 930 4 6 10,2

15 129 970 1050 915 3,7 10,0

30 126 1020 1085 930 51 14.9
T .~ - 28°C = 982°C

60 131 950 1025 910 4.8 12,3

180 120 985 1060 970 3.8 9,2

5 138 1045 1125 990 2,5 12,0

15 150 1 085 1165 1105 2.4 92
• 28°C = 1038°C

30 147 ~085 1040 1110 2.2 72

60 138 1070 1155 1140 1,9 3.2

5 130 1020 1105 990 3.8 12,1

15 141 1 090 1170 1155 2.6 5.8
• 56°C 1066°C

30 170 1090 1145 1120 3,2 7 8

60 128 1105 1165 1160 24 48

- ,e- r~~ 48~ 
c cc
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TABLE A2. ROOM-TEMPERATUR E TENSILE PROPERTIES OF Ti-6A1-4 V -O.020 Y

Annea ling
temperature -

~~ ~ -2 ‘

~~.~ 
-
~~ ~~~~~ -v ” 1 m~ E~~~~ ~~ cc’~~ O~~~

~~~~~~ ~~~~~~~ ~~~~~O. ~~~~~~
~~~~~~~~~~ w E - ..-. > — .  

~~~~~~~~~~ u.t~~~ ~~~~~~~~—

15 137 945 985 840 50 13,0

30 1 34 950 990 835 5 ,(J 12,5
T 1 56°C = 954°C

60 1 58 885 975 950 5,9 13,8

180 125 920 995 855 3.9 10,4

15 140 965 1010 835 4.3 12,1

30 128 970 1040 925 3.7 8.3
T , 28°C = 982°C

60 142 970 1040 930 3,8 8,3

180 121 1005 1075 915 3.3 10.8

5 148 990 1060 940 3.6 10,9

15 154 1040 1110 1 000 3,4 9,9
T~ + 28°C = 1038°C

30 128 1000 1055 945 4,5 11 .1

60 150 1030 1090 1000 3.0 9.2

5 144 1035 1090 980 4,0 10.3

15 158 1015 1095 1040 3.8 9.9
T , * 56°C = 1066°C

30 170 1035 1105 1065 3,8 9,4

60 150 1070 1130 1015 3.6 8,4

G P77-04e0
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TABLE A3. ROOM TEMPERATURE TENSILE PROPERTIES OF Ti 6A -, -u.OSO Y

Anneal ing
temperature .

~~ .2 , ~~
~~~~~~~~ E-=~ o 

~~~~
~~E E  ~~~~~~~~~~ !°~~ ~~~~~~ ~~~ ‘E~~~~ t~~~< -

~~~~
_- w E —  >-~~~~~ --- ~~~~~~~~— u.~~~~~

,... ~~~~~~~~~~

15 1 2-I 825 905 /80 4.4 ¶33

30 178 860 945 780 5,8 14.6
T~ 56mm C g32 cm C

60 150 885 935 845 6.1 15.2

180 126 160 950 825 3,7 8,5

15 127 855 960 805 5.1 11 ,2

30 134 905 980 815 5,1 1 2,2
T~ 28°C 960°C

60 138 905 995 865 5.0 11,5

180 136 930 1005 870 4,4 10,4

5 3,8 10,5

15 152 1025 1085 950 3.0 9,0
- 28°C 1016°C

30 165 980 1095 975 4,1 1 1 1

60 165 990 1090 975 4,4 1 1 4

5 154 1000 1070 930 4,5 12,3

15 138 1005 1070 940 4.1 12, 1
T — 5 C C  1044 C

30 150 1045 1100 970 4.0 11 , 7

60 128 975 1050 895 3,4 12.2

GP O4~~O - c 2
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TABLE A4, ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti -6A l-4V -O.1OY

Annea ling g
temperature j  0 .2

-
~~ ~~~~ ~~ “1~~ E=~~ ~~~~ -2~~

~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~

15 129 870 940 760 6.0 13.5

30 135 920 980 815 5.] 1 2.7
T
~i 

56°C = 932°C
60’ 135 910 1 000 840 5.3 13.7

180 125 900 975 810 4.8 13.3

15 126 880 965 820 5.2 12.3

30 147 990 1030 865 5.1 12,4
T ( — 28°C = 960°C

60 142 930 1015 890 5,1 13.8

180 130 920 1010 880 3.9 10.9

5 148 960 1060 940 3.3 10.0

15 124 1030 1 090 980 3.9 10.4
T2 28°C = 1016°C

30 135 1030 1115 1005 4.3 11 .3

60 158 1025 1110 1010 3.3 9,2

5 148 1020 1090 955 3.9 12,0

15 136 1005 1070 925 3.8 13.0
T m  4 56°C - 1 044°C

30 151 1015 1075 955 3,7 10.6

60 142 1030 1100 975 4.0 11 _ S

~~P7 7 - O 4 8 O- i 3
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TABLE A5, ROOM-TEMPERATURE TENSILE PDI i PERTIES OF T i- 6A 1-4V -0 .30Y

Anneal i ng
temperature j  o .2 , ~~ ~,

t~I ~~ ~~~~~~~~~~~ ~
‘H ~~

15 140 900 940 790 5.7 13.2

30 139 885 950 810 6.0 13.0
I - 56°C 932°C

60 124 935 965 830 6.0 13,4

180 136 905 970 835 4,8 10,0

15 128 930 965 825 3.5 10,5

30 142 1000 1040 900 4,9 123
Tm( — 28°C = 960°C

60 135 960 1045 900 49 12,5

180 142 1000 1060 945 4. 7 11 .3

5 143 1010 1080 950 3.8 11.5

15 156 104 5 1105 960 3,4 9.8
T3 + 28°C = 1016°C

30 168 1045 1120 960 3.9 11, 1

60 142 1090 1145 1020 3.6 10.6

5 148 1030 1105 965 3,4 1r.2

15 150 1020 11 15 970 4.3 12.5

T~ 
- = 56°C = 1044°C

30 162 1050 1120 960 4,2 14,2

60 140 1035 1100 970 2.8 8.5

GPII 0480 ii
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TABLE A6 , ROOM-TEMPERATURE TENSILE PROPERTIES OF T i-6A 1-4V-OO1OMM

Annea ling
temperature .

~~ ~~ 
2 ‘

~~ 
—

— 
—~~~~~~ ~o i cv ~~~~~~ ~~~~~~~~— o n .  - — — s. ~‘ Q _ c

~-L~ ~~~E 9  >~~i~~~~ ~~~~~~~

15 123 845 920 795 6. 1 12 , 9

30 126 905 945 800 6.8 14 .4

- 56°C 932°C
60 128 855 940 810 5.8 12,0

180 145 875 950 825 5,4 11.0

15 133 870 935 815 5.7 11.7

30 128 90S 970 830 6,1 12,5

T~ - 28°C = 960°C
60 150 900 995 875 4 . 7 9,8

180 126 955 1020 895 4.7 10.8

5 150 945 1030 945 3 Cm 9, 1

15 144 1030 1095 1040 3,3 8,2

T3 + 28°C 1016°C
30 134 1030 1090 990 3.2 8.3

60 144 1020 1080 1005 2.9 7.3

5 159 970 1065 965 4.0 10.7

15 158 1005 1075 1035 3.8 8.3

T m  + 56°C = 1 044°C
30 156 1010 1060 1020 3.3 8,0

60 147 995 10]5 1020 3.0 8.8

GP 77-04I0-l~
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TABLE A7. ROOM-TEMPERATURE T ENSILE PROPERTIES OF T ,-6A I-4V-0 .O3OM M

Annealing
temperature .

~~ ~~ 
.2 ! ‘

~~
‘~ E—~~ ~‘ —~~~~,

~~ 4 8 C  — ‘;
~~~ ~~~~~ ~~~~~~~

,
~ -u ~~~~ ~~~~~~~~ ~~~~~~~~ :~~

-
~~~~ ~~~~~~~~~~~

15 128 840 900 770 4.8 1 2. 9

30 134 915  950 815  5,9 12.9

S61
~C 932°C

60 142 890 930 780 6,2  1 4 , 1

180 127 815  925 8 1 5  6. 1 1 2 , 8

15 1 2 7  855 940 820 5. 1 10.8

30 140 845 950 840 6.3 12,3
- 28°C 960°C

60 13] 920 980 830 5.8 13.3

180 123 900 960 865 5. 7 1 2 . 2

5 141 985 1 055 1000 5.0 9.5

15 150 1015 1055 990 3.8 9,1
T

~l 
+ 28°C = 1016°C

30 146 1040 1090 1030 4.1 9,1

60 136 985 1050 995 2.1 5.3

5 134 1015 1085 980 3.0 8.8

15 1 5Cm 1025 1 080 1040 4.3 9~5
T~ 56°C 1044°C

30 129 1005 1070 1030 3,3 8.0

60 141 1025 1070 1045 3.3 6,3

7 Cm
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TABLE A8. ROOM-TEMPERATURE TENSILE PROPERTIES OF T i-6A 1-4V -0.O8OMM

Annealing g
temperature 

~ ~ .2 . -

h11 ~~ ~~~~~~~~~~~ ~H I

15 137 890 930 825 6.4 13,3

30 147 925 970 935 6.8 14.2
T13 

cc 56°C 932°C
60 132 925 970 870 6.1 12,8

180 133 870 955 855 6.3 13.8

15 133 920 970 845 5.6 13.5

30 124 950 1000 885 5 1  11.6
T11 - 28°C 960°C

60 119 890 985 910 6.0 1 3 1

180 143 915 990 890 5.4 11,9

5 120 1015 1070 1035 3.5 7 . 7

15 153 1005 1090 1050 3.0 6.8
T13 28°C = 1016 °C

30 150 1035 1105 1055 4.3 9.9

60 154 1050 1110 1095 4.2 9.4

5 144 1020 1090 1030 3.8 8.]

‘iS 141 1020 1085 1050 3, 7 8.3
• 56°C = 1 044°C

30 158 1020 1085 1055 3,9 8,6

60 142 1000 1055 1045 3.3 6.6

GP77-0480-  I I
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TABLE A9. ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti -6A 1-4V -O.l OEr

Annealing 
w 0

temperature 
~ ~ .2 ~e -._ — ~~ 

‘
~~

~c i ~~ E=~~ ~~~~~~ eø

~~~~~~

15 139 930 995 815 55 16,1

30 168 950 1010 830 5.2 14.8
T~ 56°C 948°C

60 154 915 1025 830 4 .9 14.8

180 145 955 1005 835 4.4 13.0

15 133 985 1030 830 4 .3 12.8

30 130 1010 1060 850 4.2 13.8
T3 - - 28°C = 976°C

60 147 1030 1085 865 4.1 15 .2

180 140 1020 1080 860 3.5 14.0

5 135 1015 1075 925 3.4 11 .8

15 138 1060 1125 1000 3.7 11.0
+ 28°C = 1032°C

30 132 1055 1115 995 3.5 9.6

60 134 1045 1120 1015 3.5 9.9

5 149 1020 1105 970 3.7 11.2

15 138 1045 1105 985 3.7 10.7
+ 56°C = 1060°C

30 142 1080 1150 1020 3.3 11.4

60 143 1055 1125 1095 4,2 8.6

G017-04 10-1S
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TABLE A lO. ROOM-TEMPE RATURE TENSILE PROPERTIES OF T i-6A14V-O,3OEr

C CAnnealing ! o 9 2temperature m~ ~~ 
.2 4, —4, — .~~~~ E = c ~ 

O~~~~
~~~~~~~~~. t c ~~~ ~~~~~ Q.- ‘,~~~o. ~~~~~~~~~~~ •~~ g-.-

15 103 870 910 760 5.1 14.0

30 106 860 915 735 5.5 15 .7
T~ 56°C 926°C

60 102 850 900 740 4.7 13.6

180 113 885 935 810 4.7 12.1

15 109 965 1020 820 4.3 12.2

30 108 960 1015 840 4.6 13.3
28°C = 954°C

60 103 940 1 000 825 4.6 13.4

180 107 985 1040 — 2.6

5 132 1005 1075 910 3.5 12.2

15 132 1005 1075 925 3.3 10.5
T .- c 28°C - 1010°C

30 135 1015 1105 960 3.5 12.0

60 130 975 1040 870 3.8 11 .9

5 132 955 1040 880 3,7 10.8

15 138 975 1045 895 3.5 10.6
T + 56°C = 1038°C

30 142 985 1070 930 3.5 10.2

60 165 1005 1095 950 3~7 12. 1

GPI7-0480- 19
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TABLE A l l .  ROOM-TEMPERATURE TENSILE PROPERTIES OF T i -6A I-4V-0 .8OEr (INGOT 27)

Annealing Ci ,, 4,
temperature .

~~ ~ .2 
—

— -~~ ~~~~~ E~=~~ ~~~~

15 144 855 965 760 4.9 13.2

30
T 56mtm C 926°C

60 13 1 865 925 780 4.9 12. 1

180 125 840 900 765 5.1 12.6

15 133 955 1005 825 4.8 12.0

30
T~ 28°C 954°C

60 129 935 985 860 4.0 8.6

180 139 935 995 850 3.2 9,2

5

15 135 970 1050 910 4.3 10.8

T - 28°C = 1010°C
4)

30

60 165 980 1080 930 3.8 10.2

5 139 965 1055 925 4.5 10.7

15
T~ 56°C = 1038°C

30 146 960 1045 910 3,6 10.5

60 14] 945 1010 875 3.1 9.6

GPO7-0480 20
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TABLE A 12. ROOM-TEMPERATURE TENSILE PROPERTIES OF T i-6AI-4V-0.BO Er (INGOT 29)

Annealing 
— 4,temperature u .2

o~~~~~ ~~~~ ~~~~
c~~-u ~~~~~~ ~~~~~~~~~~~ ~~~~~~~~ L~~~~~~

15 129 875 905 720 5.9 14.2

30 138 880 910 755 5.6 13.6
T~ - 56°C = 926°C

60 150 890 915 780 5.4 11 .7

180 123 885 920 795 5.0 11 .8

15 140 970 1015 860 3.9 10.3

30 140 930 980 840 4.6 11 .7
T :  - 28°C = 954°C

60 142 ¶8i5 1015 870 3.8 10.2

180 14 4 )  970 1020 905 4 .2 11 .4

5 1- 1 K 980 1060 96O 3.6 10.4

15 1-1-1 1000 1070 955 3.9 10.3
T 1~ 28°C = 10 1 0°C

30 147 1010 1080 970 3.4 9.7

60 164 1000 1095 940 4 1 11.8

5 158 955 1065 940 4.2 11 .3

15 140 1015 1085 1035 3. 7 9.2
T
~3 + 56°C = 038°C

30 148 1030 1070 970 3.4 8.7

60 150 1040 1110 990 3.2 9.7

0P77-04S0 -2 1
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TABLE A 13, ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti - 6A 1-4V RE
ALLOYS ANNEALED A T T 0 —  56°C FOR 15 mm

C C
Alloy E ~~~ E ~ .~com pos ition ~~ u -~~ “ ~~

- 4, — ‘~ --

~~~~~~~ ~~~~~~~ ‘v e~4 c~ E C ~~ ~~~~~ 
001

~~~E c c 0 ~~~~~~ ~~~~~ E o 1  ~~o~ ;
~~~~~~~~~~~~~~~ ~~E 9  >.~~~~~~_ ~~~~~~~~~~~ u ~~~~~~~~~~~ ~

-
~~~~~~~--

Ti-6A1-4V 954 136 965 1005 860 5.5 14 4

Ti-6A1-4V-0,020Y 954 137 945 985 840 5.0 130

T--6A1-4V-0.050Y 932 124 825 905 780 4 4 9 3

Tj-6AI-4V-0,1OY 932 129 870 940 760 6.0 13 5

Ti-6A1-4V-0.30Y 932 140 900 940 790 57 132

Ti-6A1-4V-0.O1OMM 932 123 845 920 795 6.1 12.9

Ti-6A1 -4V-O O3OMM 932 128 840 900 770 4,8 12.9

Ti-6A1-4V-O O8OMM 932 13] 890 930 825 6.4 13 3

Ti - 6A 1-4V -OlO Er 948 139 930 995 815 5,5 16.1

Ti -6A 1-4V -O,3OEr 926 103 870 910 760 5 1 14.0

T i-6A I-4V -O 8OEr 926 144 855 965 760 4.9 13,2
(Ingot 27)

T i- 6A 1-4V-0.8OEr 926 129 875 905 720 5.9 14 2
( Ingot 29)

GP7 O 0480 - 22

TABLE A 14 , ROOM-TEMPERATURE TENSILE PROPERTIES OF T i -6A 1-4V -RE
ALLOYS ANNEALED AT T0 — 56°C FOR 30 mm

4;
C C

Alloy 
~ ~‘ ~ 4, 4, E .2 .2

compos ition j  ~ u .2 — - —w & I~~~. ~~~~~~~~~~ 
~~~C’~~~~ E~~~’~ ~~~~~~

18 
‘ C

Ti -6A1-4V 954 142 1010 1050 870 4.9 14.2

Ti -6A1-4V-0 020Y 954 134 950 990 835 5,0 12.5

Ti-6A1-4V-0.050Y 932 128 860 945 780 5.8 14 .6

Ti -6A 1-4V -0.1OY 932 135 920 980 815 5.7 12.7

Ti -6A1-4V-0 30Y 932 139 885 950 810 6.0 13.0

Ti-6A 1-4V-O O1OMM 932 126 905 945 800 6.8 14 , 4

Ti-6A1-4V-0.O3OMM 932 134 915 950 815 5.9 12.9

Ti-6A1-4V-0.O8OMM 932 147 925 970 935 6.8 14 .2

Ti-6A1-4V-OiOEr 948 168 950 1010 830 5.2 14.8

Ti -6A 1-4V-0,3OEr 926 106 860 915 735 5.5 15.7

Ti -6A 1-4V -0 .8OEr 926
(Ingo t 27)

Ti -6A1-4V-O 8OEr 926 138 880 910 755 5.6 13.6
(Ingo t 29)

0P71-O SO-23
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TABLE A lS ROOM TEMPE RATURE TENSILE PROPERTIES  OF T m - 6A1 4V RE
ALLOYS ANNEALED AT T 1~ -- 56°C FOR 60 mm

0; 4, C C
Alloy ~c 3 ~ -,, E ~composit ion -

~~ 2 1~ . 
—

~~~~~~~~~ 1 - -.~ ~~~~~~~ 
tN~~~ E~~~ c~ ~~~~~

~~E~~~o ~~~~0. ~~~~O~~~ - ~~~~~~~~~~ ~~~~~ E o ~~ ~~o ;~<~~~— 2 .  ~~ E9 >- i~~~ ~~~~ -~~~ -~- ~~~~~~~~ ~ -~z-. ~
-

~~~~~ ---
Ti-6A1-4V 954 118 950 1030 885 4 7 12.0

T i- 6A I-4V-0 .0 20Y 954 158 885 975 950 59 13,8

Ti- 6Al-4V- 0.050Y 932 150 885 935 845 6,1 152

Ti-6AI-4V-0.1OY 932 135 910 1000 840 5.3 13.7

Ti-6A I-4V-0 .30Y 932 124 935 965 830 6.0 13 4
Ti -6A I-4V-0 ,O1O MM 932 128 855 940 810 5.8 12.0

Ti-6AI-4V-0.O3OMM 932 142 890 930 780 6.2 14.1

Tu-6A1-4V-0.O8OMM 932 1 32 925 970 870 6 1 1 2 8

T i-6AI- 4V -0 . lO Er 948 154 975 1025 830 4,9 14.8

Ti-6A1-4V-0.3OEr 926 102 850 900 740 4 7 13 6

T i-6A 1-4V -0 .BOE r 926 13 1 865 925 780 4 9  12. 1
(Ingo t 27)

Ti -6A l- 4V -O 8OEr 926 150 890 915 780 5 4  11. 7
) l ngot 29)

6P77 - 0480 21

TABLE A 16 ROOM-TEMPERATURE TENSILE PROPERTIES OF T m- 6A I- 4 V-RE
ALLOYS ANNEALED AT T c3 — 56°C FOR 180 mm

07 4, C C
Alloy ~ o w E - ~ 

-
~~composition -

~~ ~~ u .2 =‘ ~~ 4, — — — ~~- —
~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~ E - ~~’o ~~~~~~~~ ~~~C

_ _ _ _ _ _  _ _ _ _  ~L~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

T i-6A I-4V 954 138 970 1055 930 4 .6 10 2

T i- 6A I-4V -0 .020Y 954 125 920 995 855 3.9 1 0 4

T m- 6A I-4V -0.0 50Y 932 136 860 950 825 3.7 8 5

T i-6A I-4V-0 ,1OV 932 125 900 975 810 4 .8 13.3

T m- 6A I-4V-0 .30Y 932 136 905 970 835 4.8 10.0

Ti -6A1- 4V-0 .O1OMM 932 145 875 950 825 5.4 11.0

T i- 6A l-4V -0.O3OMM 932 127 815 925 815 6.1 12,8

Ti-6A l-4V-0.O8OMM 932 133 870 955 855 6.3 13,8

Tm -6AI- 4V -0. lO Er 948 145 955 1005 835 4 4 13.0

Ti -6A l-4V -0 .30E r 926 113 885 935 810 4 .7 12 .1

T i-6A l-4V -0 ,8OEr 926 125 840 900 /65 5 1 12.6
( Ingot 27)

Ti-6AI-4V-0.8O Er 926 123 885 920 795 5.0 11 8
) Inq o t 29)

GO ” 048O 2 .
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cc cc cc -~~~~~~
- -  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~ -- cc— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE A1 7 . ROOM-TEMPERATURE TENSILE PROPERTIES OF T m -6A l - 4V - RE
AL LOYS ANNEALED AT T.1 — 28°C FOR 15 mm

- 4,4, — —4, C C
Alloy ,,, ~ o 4, E 2

composition -
~~ ~ .2 — cv 

—

T I-6A I-4V 982 129 970 1050 915 3.7 100

Tu-6A I-4V-0.020Y 982 140 965 1010 835 4 3 12 1

Tm - 6AI-4V-0.050Y 960 127 855 960 805 5 1  11 2

Ti-6AI-4V-0.1OY 960 126 880 965 820 52 123

Ti-6A1-4V-0.30Y 960 128 930 965 825 3.5 13 5

Ti-6AI-4V-O O1OMM 960 133 870 935 815 5.7 11 ,7

Tm- 6AI-4V-O O3OMM 960 127 855 940 820 5.1 108

Ti-6AI-4V-0 .O8OMM 960 133 920 970 845 5.6 135

Ti-6AI-4V-0.lOE r 976 133 985 1030 830 43 12,8

Ti-6A I-4V-0 .3OEr 954 109 965 1020 820 4,3 12,2

Ti-6A1-4V-0 ,8OE r 954 133 955 1005 825 4.8 12.0
(Ing ot 27)

Ti-6A1-4V-0 .8OEr 954 140 970 1015 860 3.9 10.3
)lngot 29)

GO 77 - 0460 - 26

TABLE A 18. ROOM-TEMPERATURE TENSILE PROPERTIES OF T i-6A I-4V-RE
ALLOYS ANNEALED AT T1~ — 28°C FOR 30 mm

U 4, CAl loy C ~ 4, 4, E .2 .2
compos it ion j  - c—u u .2 

— 8~ ... — 
—

~~~~~~~~~1 -.-- ‘
~~~~~~~cv ~0

(
~
Ii cv E~~~m ~~~~~~~~ -2~~’

~ i~a ~~
Ti-6AI-4V 982 126 1020 1085 930 5.1 14.9

Ti-6A 1-4V-0.020Y 982 128 970 1040 925 3.7 8.3
Ti -6A 1-4V-0,050Y 960 134 905 980 815 5.1 12.2
Ti -6A l-4V-0,1OY 960 147 990 1030 865 5.1 12.4

T i-6A 1-4V -0 30Y 960 142 1000 1040 900 4.9 12.3

Ti-6A1-4V-0.O1OMM 960 128 905 970 830 6.1 12.5

Ti-6Al -4V-0 .O3OMM 960 140 845 950 840 6,3 12.3

Ti -6A 1-4V-O O8OMM 960 124 950 1000 885 5,1 11.6

Ti-6AI-4V-OiO Er 976 130 1010 1060 850 4.2 13.8

Ti -6A I-4V -0 ,3O Er 954 108 960 1015 840 4 .6 13.3

Tm -6A I-4V - 0,8OEr 954
(Ingo t 27)

T i-6A I-4V-O SQEr 954 140 930 980 840 4 ,6 1 1 . 7
( Ingot 29)

GP77-0410- 27
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T A B L E A 19 . ROOM-TEMPERATURE TENSILE PROPERTIES OF Tm 6AI 4V RE
ALLOYS ANNEALED AT T~ — 28°C FOR 60 mm

07 4, -
C C

Al loy ~ o E ~composition -
~~ — c--u ~ 2 — 4-~ — 

cv — - 
—

~~~~~~~~~~~ ~~~~~~~ -o~~~~cv E c v  ~~~~~~ cv C

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  
~~~~~~ L ~~~~~~

T m- 6A I-4V 982 131 950 1025 910 4 8 12,3

Tm -6A 1-4V-0.0 20V 982 142 970 1040 930 3.8 8 3
Tm -6A 1-4V-0 .050Y 960 138 905 995 865 5.0 11.5

Ti-6A1-4V-0.1OY 960 142 930 1015 890 5.1 13.8

Ti -6A 1-4V -O,30Y 960 135 960 104 5 900 4.9 12 5

T i-6A1-4V -0 .O1OMM 960 150 900 995 875 4 . 7 9.8
Ti-6A l-4V-0,O3OMM 960 137 920 980 830 5.8 13.3

T i-6A l-~ V-0M80MM 960 119 980 985 910 6.0 13.1

Ti -6A I-4V- 0 . lO Er 976 147 1030 1 085 865 4 1 15.2

Ti-6A 1 4V -O 3OEr 954 103 940 1000 825 4.6 13.4

Ti -6A 1-4V -0 ,8OEr 954 129 935 985 860 4.0 86
(Ing ot 27)

Ti-6A1-4V-0.SO Er 954 142 965 1015 870 3,8 10.2
(Ingot 29)

GP 77-04 50 25

TABLE A20 . ROOM-TEMPERATURE TENSILE PROPERTIES OF T i- 6A 1-4 V-RE
ALLOYS A N N E A L E D  AT T~ — 28°C FOR 180 mm

- 4,
4) — — t0

4) C C
Alloy - ~~ o E - ~ 

-
~~compos ition ~ c- m.) .2 — ~

- 
— 4, — — —

~~ ~-ll ~!i~ _ _ _ _ _ _ _ _

Ti -6A l-4V 982 120 985 1060 970 3.8 9.2

T i-6A1-4V-0,020Y 982 121 1 005 1075 915 3.3 10,8

Ti -6A 1-4V-O,050Y 960 136 930 1005 870 4 4 104

— Ti-6A1-4V-0,1OY 960 130 920 1010 880 3.9 109

Ti -6A I-4V-0 .30Y 960 142 1000 1060 945 4.7 11 3

Ti -6A1-4V-0,O1OMM 960 126 955 1020 895 4~7 10 8

Ti-6A1-4V-0.O3OMM 960 123 900 960 865 5 7 1?

Ti-6Al-4V-0.O8OMM 960 143 915 990 890 5 4 1

Tm -6A 1-4V -0 , lO Er 976 140 1 020 1080 860 3 5  ‘ 4

Ti-6A 1-4V-0 .3OEr 954 107 985 1040

Tm- 6A 1-4V-0,8O Er 954 139 935 995 850
(Ing ot 27)

T i-6A1-4V-0.8O Er 954 140 970 1020
(Ingot 29)

K
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TABLE A21. ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti-6AI-4 V- RE
ALLOYS ANNEALED AT T~ + 28°C FOR 5 mm

‘SI, —
—~~~ C CAlloy 

~ —o ! 0 .2 .2
c~mp~sition j  2

~~~~~~~ •v ” ,, E~~~~ —— iv iv

~E’~ 1o~ ~~~~ ~~~~ .... C~~~
2. ~ E9 > ~~~~ ~~~~~~~~-. ii- ~~~ — ~~t~

_

Ti-6A1-4V 1038 138 1045 1125 990 2.5 12.0
Ti-6A1-4V-0.020V 1038 148 990 1060 940 3.6 10.9
Ti-6A1-4V-0.050Y 1016 3.8 10.5
Ti-6A1-4V-0.1OY 1016 148 960 1060 940 3.3 10.0
Ti-6A1-4V-0 30Y 1016 143 1010 1080 950 38  1 1 5
Ti-6A1-4V-O.O1OMM 1016 150 945 1(130 945 3.9 9 1
Ti-6A1-4V-O.O3OMM 1016 141 985 1055 1000 5.0 9 5

Ti-6A1-4V-O.O8OMM 1016 120 1015 1070 1035 3.5 7.7
Ti-6A1-4V-O.lOEr 1032 135 1015 1075 925 3.4 11.8
Ti-6A1-4V-0.30Er 1016 132 1005 1075 910 3.5 12.2
Ti-6A1-4V-O.8OEr 1010

(Ingot 27)
Ti-6A1-4V-O.8OEr 1010 148 980 1060 960 3.6 10.4

(Ingot 29)

GP77 04$O 30

TABLE A22. ROOM-TEMPERATUR E TENSILE PROPERTIES OF Ti-6A 1-4V-RE
ALLOYS ANNEALE D AT T~ + 28°C FOR 15 mm

‘S

C c
Alloy .E ~ ° ° E ~composition j  ~

~~~~~~~ ~~~~ Eo ~~ ~~~~~< 3 i ~~2. ~~~~~ ~~~~~ u.~~~
_. 

~~t_  I - i v~~~

Ti-6A1-4V 1038 150 1085 1165 1105 2.4 9.2

Ti-6A1-4V-O.020V 1038 154 1040 1110 1000 3.4 9.9

Ti-6A1•4V-O.050Y 1016 152 1025 1085 950 3.0 9.0

Ti-6A1-4V-O.1OV 1016 124 1030 1090 980 3.9 10.4

Ti-6A1-4V-O.30Y 1016 156 1045 1105 960 3.4 9.8

Ti-6A1-4V-0.O1OMM 1016 144 1030 1095 1040 3.3 8.2

Ti-6A1-4V-O.O3OMM 1016 150 1015 1055 990 3.8 9.1

Ti-6A1-4V-0.O8OMM 1016 153 1005 1090 1050 3.0 6.8

Ti-6A1-4V-0.lOEr 1032 138 1060 1125 1000 3.7 11.0

Ti-6A1-4V-O.3OEr 1016 132 1005 1075 925 3.3 10.5

Ti-6A1-4V-O.8OEr 1010 135 970 1050 910 4.3 10.8
(Ingot 27)

Ti-6A1-4V-0.8OEr 1010 144 1000 1070 955 3.9 10.3
(Ingot 29)

GP77-O4IO 31
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TABL E A23. ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti-6A1-4 V-RE
ALLOYS ANNEALED AT T~ + 28°C FOR 30 men

-
4’ C C

Alloy c ~ — ~ ° 4, 4’ E .2 .9
composition ~~~ .~~ -~~ ~~~ - .~~ - ~, -~~ ~~ ~~,

€ E~~~~ 
1~~~° j °~~ ~~~~ ~~~~ ~~~~~~~~~ ~~~~~ u.~~~~-... ~~~~Z-

Ti-6AI-4V 1038 147 1085 1040 1110 2.2 7.2
TI-6A1-4V-0.020Y 1038 128 1000 1055 945 4.5 11.1
Ti-6A1-4V-0.050Y 1016 165 980 1095 975 4 .1 11. 1
Ti-6A1-4V-0.1OY 1016 135 1030 1115 1005 4.3 11.3
Ti-6A1-4V-0.30Y 1016 168 1045 1120 960 3.9 111
Ti-6A1-4V-0.O1OMM 1016 134 1030 1090 990 3.2 8.3
Ti-6A1-4V-O.O3OMM 1016 146 1040 1090 1030 4.1 9.1
Ti-6A1-4V-0.O8OMM 1016 150 1035 1105 1055 4.3 9.9
Ti-SAI-4V-0.lOEr 1032 132 1055 1115 995 3.5 9.6
Ti-6Al-4V-0.3OEr 1016 135 1015 1105 960 3.5 12.0
Ti-6A1-4V-0.8OEr 1010

(Ingot 27)
Ti-6A1-4V-0.8OEr 1010 147 1010 1080 970 3.4 9.7

(Ingot 29)

GP77-0440 32

TABLE A24. ROOM-TEMPERATURE TENSILE PROPER TIES OF Ti-6AI-4V-RE
ALLOYS ANNEA LED AT T~ + 28°C FOR 60 mm

45

C C
O!j C 0 — ~ 0 4’ E .2 .2

composition j  u 2 iv —

~~~~~~~ ~~~~~~~ ‘S iv .2
~~~~~~ ~~~~~~~
~~~~~ >~~~~~ ~~~~~~~~~~~ .~~~~~~~~ ~~~~~~~~~~~

Ti-6A1-4V 1038 138 1070 1155 1140 1.9 3.2
Ti-6A1-4V-O.020Y 1038 150 1030 1090 1000 3.0 9.2
Ti-6A1-4V-O.050Y 1016 165 990 1090 975 4.4 1L4
Ti-6A1-4V•O.1OY 1016 158 1025 1110 1010 3.3 9.2
Tm-6A1-4V-O.30Y 1016 142 1090 1145 1020 3.6 10.6
Ti-6A1-4V-O.OIOMM 1016 144 1020 1080 1005 2.9 7.3
Ti-6AI-4V-O.O3OMM 1016 136 985 1050 995 2.1 5.3
Ti-6A1-4V-0.O8OMM 1016 154 1050 1110 1095 4.2 9.4
T,-6A1-4V-O.lOEr 1032 134 1045 1120 1015 3.5 9.9
Ti-6A1-4V-O.3OEr 1016 130 975 1040 870 3.8 11.9
Ti-6A1-4V-O.8OEr 1010 165 980 1080 930 3.8 10.2

(Ingot 27)
Tj-6A$ 4V 0.8OEr 1010 164 1000 1095 940 4.1 11.8

(Ingot 29)

OPfl-04S0-33
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TABLE A25. ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti-6A1-4V-RE
ALLOYS ANNEALED AT T~ + 56°C FOR 5 mm

Alloy ~~ ~~~ - E .2
composition ~ ~ 2 - iv ~ ~ ‘

~ °~
+- .  ~~~iv ~~~~~. i v  E-; sv u_ rn 

~~ c
~~E~~~’) ~~~~~~ .e~~ ~~~~~~~ ~~~~~~ Eo ~~ o O ~~~2. ~ ~~ ~~— u. ~~~. ~~i-. -.

Ti-6A1-4V 1066 130 1020 1105 990 3.8 12. 1
Ti-6A1-4V-0.020Y 1066 144 1035 1090 980 4.0 10.3
Ti-6A1-4V-0.050Y 1044 154 1000 1070 930 4.5 12.3

Ti-6A1-4V-O.1OY 1044 148 1020 1090 955 3.9 12.0
Ti-6A1-4V-0.30Y 1044 148 1030 1105 965 3.4 10.2

Tm-6Al-4V-0.O1OMM 1044 159 970 1065 965 4.0 10.7
Tm-6A1-4V-O O3OMM 1044 134 1015 1085 980 3.0 8.8
Ti-6A1-4V-0.O8OMM 1044 144 1020 1090 1030 3.8 8.7
Ti-6A14V-0.lOEr 1060 140 1020 1105 970 37  11.2
Ti-6A1-4V-0.3OEr 1044 132 955 1010 880 3.7 10.8

Ti-6A1-4V-O.BOEr 1038 139 965 1055 925 4.5 107
(Ingot 27)

Tm-6AI-4V-0.8OEr 1038 158 955 1065 940 4.2 11.3
(Ingot 29)

F GP17-0410-34

TABLE A26. ROOM.TEMPERATURE TENSILE PROPERTIES OF Ti-6Al-4V-RE
ALLOYS ANNEALED AT T~ + 56°C FOR 15 mm

4 —
c C

Alloy ~ — ~ 0 .2 .2
composition ~ ,., 2 ~~ — —

~~~~~ E~= r n  ~~~~~ ~~~C
~~E~~~Q ~~~~~0. ~~~~~~~ ~~~~~~~ ~~~~~~ E o ~~~ ~~~o

~~~~~~~ ~~~~ >~~5 ~~~~ i&.~~~~~ ~~~~~~~

Ti-6A1-4V 1066 141 1090 1170 1155 2.6 5.8

Ti-6A1-4V-0.020Y 1066 158 1015 1095 1040 3.8 9.9

Ti-6AI•4V-0.050Y 1044 138 1005 1070 940 4. 1 12.1
Ti-6AI-4V-0.1OY 1044 136 1005 1070 925 3.8 13.0
Ti-6A1-4V-0.30Y 1044 150 1020 1115 970 4.3 125
Ti-6A1-4V-O.O1OMM 1044 158 1005 1075 1035 3.8 8.3
Ti-6AI-4V-0.O3OMM 1044 150 1025 1080 1040 4.3 9.5
Ti-6A1-4V-O.O8OMM 1044 141 1020 1085 1050 37  8.3
Ti-6A1-4V-O.lOEr 1060 138 1045 1105 985 3.7 103
Ti-6A1-4V-O.30E, 1044 138 975 1045 895 3.5 10.6
Ti-6AI-4V-O.BOEr 1038

(Ingot 27)
Ti-6A1-4V-0.8OEr 1038 140 1015 1085 1035 3.7 9.2

(Ingot 29)

QPT7-04$ O-3S
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TABLE A27. ROOM-TEMPERATURE TENSILE PROPERTIES OF Ti-6AI-4V-RE
ALLOYS ANNEALED AT T0 + 56°C FOR 30 mm

‘S- Si —E — .~ —
C CAlloy C ~ o — ~ 0 4) 0 .2iv * — h. C ~~composition ~~ ~ 

.2 — iv 4, — — — I
~~~~~~~ ~~~iv E = i v  ~~~~~~~ 

o~~~.+ ‘S iv — . 
~~~ CC E  U ~~~~~~~ .! 0 

~~~C Eo
~~~~~ >-~~~~ ~~~~~ ~~~~~

Ti-6A1-4V 1066 170 1090 1145 1120 3.2 7.8
Tm-6A1-4V.0.020Y 1066 170 1035 1105 1065 3.8 9.4
Tm-6A1-4V.0 050Y 1044 150 1045 1100 970 4.0 11.7
Ti-6A1-4V-O.1OV 1044 151 1015 1075 955 3.7 10.6
Tm-6Al-4V-O.30V 1044 162 1050 1120 960 4.2 14.2
Ti-6A1.4V-O.O1OMM 1044 156 1010 1060 1020 33 8.0
Tu-6A1•4V-O.O3OMM 1044 129 1005 1070 1030 3.3 8.0
Ti-6Al-4V-O.O8OMM 1044 158 1020 1085 1055 39 8.6
Ti-6A1-4V-0.lOEr 1060 142 1080 1150 1020 33 11.4
Ti-6A1•4V-0.3OEr 1044 142 985 1070 930 3.5 10.2
Ti-6A1-4V-O.8OEr 1038 146 960 1045 910 3.6 10.5

(Ingot 27)
Ti-6AI-4V-O.80Er 1038 148 1030 1070 970 3.4 8.7

(Ingot 29)

GP11.0410- 36

TABLE A28. ROOM-TEMPERATUR E TENSILE PROPERTI ES OF Ti-6A1-4V-RE
ALLOYS ANNEALE D AT Tj~ + 56°C FOR 60 mm

iv.

C CAlloy ~~ — ~ 4, E .2 .9
- .  — 4-composition ~~ — 

~, 
2 — ~~ — iv 4) — I,

~~~~~~~~~~~ 
.o ni. i v  Ely  ~~y 

~~~ C

Tm-6Al-4V 1066 128 1105 1165 1160 2.4 4.8
Ti-6A1•4V-O.020Y 1066 150 1070 1130 1015 3.6 8.4
Tm.6A1-4V-O.050Y 1044 128 975 1050 895 3.4 12.2
Ti-6A1-4V.O.1OY 1044 142 1030 1100 975 4.0 11.5
Tm-6Al-4V-O.30V 1044 140 1035 1100 970 2.8 8.5
Ti-6A1-4V-O.O1OMM 1044 147 995 1075 1020 3.0 8.8
Tm.6A1-4V.0.O3OMM 1044 141 1025 1070 1045 33 6.3
Ti-6A1-4V-O.O8OMM 1044 142 1000 1055 1045 3.3 6.6
Ti-6A14V-O.lOEr 1060 143 1055 1125 1095 4.2 8.6
Ti-6A1-4V-O.30Er 1044 165 1005 1095 950 3.7 12.1
Ti-6AI-4V-O.8OEr 1038 147 945 1010 875 3.1 9.6

(Ingot 27)
Ti-6A1•4V.O.80Er 1038 150 1040 1110 990 3.2 9.7

(Ingot 29)

OPT1-0440-37
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