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1. INTRODUCTION

A sys temat ic  invest igation is being conducted of the e f f e c t s  of rare—

ear th  (RE) addi t ions  to Ti—6Al—4V.  In the f i r s t  phase of this  inves t iga t ion1

the inf luence  of d i f f e r e n t  concentra t ions  of erbium , y t t r i u m , and mischmetal

on the m i c r o st Lu c t u r e  and room—tempera ture  tensile propert ies  of Ti—6Al—4V

subj ected to various annealing procedures was determined.  In Phase I , 0.1

wt% Er and 0 . 0 2 — 0 .0 5  wt% Y in Ti— bAl—4V were determined to be e f f e c t i v e  for

grain ref inement  and to not adversely a f f e c t  the room—temperature  tensile

proper t ies .  In Phase II , which is reported here , Ti—6A 1—4V wi th  these Er

and Y concentrat ions was more intensively characterized wi th  respect to

e f f e c t s  of d i f f e r e n t  annealing procedures on room— t emperature tensile and

f rac tu re—toughness  character is t ics  and crystal lographic t ex tu re  development.

For d i rec t  comparison of the e f fe c t s  of Y 2O 3, one ingot wi th  0.038 wt% Y 2O3
was prepared wi th  the same alloy chemistry as the Er— and Y—modif ied  Ti—6A l—4V .

Phase III alloys have been prepared for p lane—strain  f r ac tu re  toughness ,

creep , and hi gh—temperature deformation studies , and these results  will be

presented in a subsequent repor t .

A recent s tudy 2 showed that  Y 2O3
—addit ive is a be ta—grain  r e f ine r  in

Ti—6A1—4V and sign ifican tly improves ingot forgeabili ty .  When Y 203 
powder is

added to Ti—6A l—4V , it remains as large (1—10 lim) inclusions , which tend to

agglomerate in Ti—6Al—4V and can degrade the tensile s t rength  and f r ac tu re

toughness , par t icular ly in the shor t—transverse  direct ion.  Previous s tudies3 5

of ra re—ear th  additives to a—Ti showed that  metall ic Y and Er dissolve in the

molten Ti and precip i t a t e  as f ine and uniformly—dis t r ibu ted  par t ic les, which

e f f e c t i v e ly r e f ine  the micros t ructure  of T i .  A near—term object ive of this

research is to demonstrate that  a uni form , fine dispersion of meta l l ic  rare—

ear th  addi t ives  in Ti—6Al—4V can improve the hig h—tempera ture  f o r m a b i l i t y ,

and thus reduce fabr ica t ion costs , of the alloy without  adversely a f f e c t i n g

s t r e n g t h  and toughness.

The resul ts  presented in this report  show that  the room—temperature

tensi le  proper t ies  and p lane—stra in  and plane—stress  f r a c t u r e — t o u g hness of

Ti—6A l—4V are not adversely a f f e c t e d  by 0.10 wt% Er and 0 .02—0.05  wt% Y

addi t ions . The e f f e c t s  of Y 203 
additive on the propert ies  of Ti—6A l—4V are

q u a l i t a t i v e l y  similar to but  less pronounced than the e f f e c t s  of me ta l l i c—Y

add i t ive .



*2. ALLOY PREPA RATION S

2 .1  Ingot  Mel t ing,  Forging and Rol l ing of Phase II  T i — 6 A 1 — 4 V — R E  Al loys

Five  14—kg ingots were cast w i t h  the nominal  composi t ions  T i— 6A 1—4 V ,

Ti—6A 1—4V—O. lOEr , Ti—6Al—4V—O.020Y , Ti—6Al—4V--O.O5OY , and Ti—6Al—4V—O .038Y2
O
3
.

The a l loy w i t h  0.038 wt% Y 2 O3 
was prepared to ob ta in  data  fo r  d i rec t ly

comparing the relative effects of adding Y in the metallic and oxide t o r r n r .

The same raw mater ia l s  were used for  the Phase II alloys as fo r  Phase I. The

charge f or each alloy was blended and pressed into twelve 76—nm diam

briquettes. The Ti—RE master alloy was broken into small p ieces , wrapped in

Ti foil , and inser ted be tween the br iquettes , which were then welded together

to form a single—pole electrode . In the case of Y
2
0
3 

add itive , the Y2
O
3

powder was tumbled with the Ti—sponge used to make the briquettes. The

electrode was consumably melted into a 100—mn diam , water—cooled , copper mold ,

and the resultant ingot was inverted and renielted into a 143—mm diam , water-

cooled , copper mold.

For the earlier , Phase— I alloys, the rare—earths were added to the

consumable electrodes either in the elemental form or as 75A1—25RE master

alloys. The Al—RE master alloys had undesired inclusions , and therefore for

the Phase— I l  alloys , 75Ti—25RE master  a l loys were used . The Ti—RE mas te r

alloys , which  were prepared at the Naval Research Laboratories by levitation

melt ing in vacuum , had the hypoeutect ic  m i c r o s t r u c t u r e s  shown in Figure 1 and

showed no evidence of inclusions or oxidat ion of the r a r e — e a r t h s .

Each ingot was coated with Metlseel RA—537 to minimize  oxida t ion  dur ing

forg ing . The ingots were heated to 1095 °C , upse t - fo rged  30% , and drawn out

to 136—mm width  and thickness. The ingots were then  reheated to 1095° C ,

drawn out to 114—mm width and thickness , again reheated to 1095° C , and drawn

out to 114—mm wid th  and 51—mm thickness.  All ingots forged well wi th  l i t t l e

cracking or void format ion .

*
Ingots for this investigation were cast , forged , and rolled by Crucible

Materials Research Center , Col t Indus tries , Inc. , Pitt sburgh , PA.

tTradename of Glidden—Durkee Division of SCM Corp., Clev ela nd , OH. 
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The a l loys  were rolled according to the schedule shown In Figure 2.

The d i f f e r e n t  rol l ing schedules were designed to obtain qua l i t a t i ve  hot—

f o r m a b i l i t y  data in the form of rolling pressures required , but the p lates

were too small to obtain s igni f icant  roll ing—pressure data .

Double vacuum -arc -melt 14-kg ingots; upset and draw-out forge at 1095°C

Ti-6Al-4 V (reference) Ti-6Al-4V-0.O1 OEr Ti-6Al-4V-0.020Y Ti.6Al.4V-O.050Y Ti-6Ah4V 0.038Y203

I I I I
Cut into 2 sections

A l B
I I

I I
Isothermally, unidirectionally roll at 870°C Isothermally, unidirectionally roll at 870°C

to 26 mm thickness in 5 passes; same to 26 mm thickness in 5 passes;
thickness reduction each pass same % reduction each pass

Continuously roll from 940°C to 13 mm Continuously roll from 1025°C to 13 mm
thickness in 4 passes thickness in 4 passes

Cut into 2 sections 1 Cut into 2 sections[ A-I A-U B-I B-U

Continuously roll Continuously roll
from 940°C to 3.2 mm from 1025°C to 3•2 mm

thickness in 4 passes thickness in 4 passes

GP7SOS35~1S

Figure 2. Rolling schedu le for Phase - Il T i-6A l-4V-RE alloys

2 . 2  Chemical Analyses of the Alloys

The chemical analyses performed by the  Crucible Materials Research

Center  (CMRC) are summarized in Table 1. Samples for  analysis were cut f rom

the 13—mm th ick  plates  and are representa t ive  of mater ia l  at the m i d — h e i g h t s

of the orig inal ingots .  The p r inc ipal alloy ing elements and i n t e r s t i t i a l

impuri t ies  are wi th in  the expected ranges.  CMRC did not anal yze for  E r .  The

~~~~~~~~~~~~~~~~~~~~~~~
-.- - • - • • - • -~~~~~~~• • • • •~~~~~~~~~~~- - -- •. .-~~~~~~~~~~



Y concentration in the reference alloy is < 10 ppm. The alloys to which Y

was added had 0.013 wt% and 0.052 wt% V. The Y
2O3

—containing alloy has 0.012

wt% Y, which is about half the concentration corresponding to the addition of

0.038 wt% Y
2
0
3 

to the starting material.

TABLE 1. CHEMICAL ANALYSES OF PHASE- lI Ti-6A1-4V-RE ALLOYS PERFORMED BY
CRUCIBLE MATERIALS RESEARCH CENTER

Rare earth Chemical analysis
Alloy addition (

~~ %)
code (wt% ) Al V Fe C N 0 H V

31 None 6.0 4.1 0.08 0.028 0.016 0.118 0.0054 < 0.001
32 0•lOEr 6.1 4.1 0.08 0.030 0.017 0.120 0.0067 —

33 0.020Y 6.1 4.1 0.06 0.026 0.016 0.125 0.0058 0.013
34 0.050Y 6.1 4.1 0.08 0.029 0.020 0.135 0.0060 0.052
36 0•038Y203 6.1 4.1 0.08 0.026 0.016 0.126 0.0062 0.012

GP7•0135.2

Samples cut from different regions of the 13—mm and 3.2—mm plates were
*submitted for Er and Y analyses to the United States Testing Company (USTC)

and the results are summarized in Table 2. The analyses were performed by

x—ray fluorescence spectroscopy of the rare—earths precipated as oxides in

the case of USTC and precipitated as fluorides by CMRC. Measurements by

CMR C on ten standards containing 0.0010 wt% Y gave an average concentration

of 0.00075 wt% Y with a standard deviation of 0.00016 wt% Y, and measurements

on ten standards containing 0.0040 wt% Y gave an average concentration of

0.0033 wt% Y with a standard deviation of 0.00056 wt%. The CMRC analytical
method gives too low a value by up to 40%, although the method Is reproducible

to within ± 20%. USTC performed no analyses on standards, but they claim

their method is accurate to within ± 5%~
The USTC analyses give Y and Er concentrations significantly lower than

the nominal compositions and those reported by CMRC and indicate that  the

rare—earth concentration varies from region to region in a single alloy plate.

Because of the analysis of errors on measurements of standards by CMRC ,

greater confidence may be placed on their Y determinations. It is probable

that the rare—earth concentrations are approximately half the nominal

concentrations used to describe the alloys in this report.

*Uflited States Testing Company, Inc., 1415 Park Avenue , Hoboken , N. J. 07030.5
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2 . 3  Heat Treatment  of the Alloy~
The var ious ly processed p lates were heat t rea ted  according to the

schedules shown in Table 3.

TABLE 2. CHEMICAL ANALYSES OF PHASE- Il Ti-6A1- 4V -RE ALLOYS PERFORMED BY
UNITED STATES TESTING COMPANY , INC.

Nominal Specimen Concentration of REAlloy composition no. (wt%)

1 0.059

32 Ti-6A 1-4V-0,l0Er

4 0.064

1 < 0.0025
2 <0.0025

33 Ti-6A 1-4V-0.02Y 3 0.004
4 0.007
5 0.0125

1 0.005
34 Ti-6A 1-4V-O .05V 2 0.007

3 0.022

36 Ti-6A 1-4V-0 .038Y 203

GP1I-0635-3

TABLE 3. HEAT TREATMENT SCHEDULES FOR PHASE- Il Ti -6A I-4V-RE ALLOYS

Heat treatment Schedule

Recrystallization anneal 930°C for 4 h; furnace-cool to 700°C;
air-cool to 25°C

Beta anneal 1040°C for 0.5 h; air cool to 25°C;
re-anneal at 700°C for 2 h; air-cool
to 25°C

Solution treat and age 955°C for 2 h; water-quench; age at
550°C for 4 h; air-cool to 25°C

Solution treat and overage 955°C for 2 h; water-quench; age at
710°C for 4 h , air-coo l to 25°C

cx-Ø solution treat and age 955°C for 2 h; air-cool to 25°C;
annea l at 7 10°C for 4 h; air-cool
to 25°C

OPT S-0133 4



3. MICROSTRUCTURAL CHARACTERIZATION

The microstructures of the Phase—Il reference alloy and rare—earth

conta in ing  alloys processed according to schedules A and B are shown in

Figures 3 and 4. The alloys processed per schedule A are character ized by

a heavily—worked , unrecrys ta llized , two—p hase mic ros t ruc tu re .  The Er and V

addi t ions  have no s igni f icant  e f f e c t  on the micros t ruc ture .  Schedule B

involved extensive rolling above the be ta—transus  temperature , which mainta ins

a large volume—frac t ion  of the s—phase during the rolling process.

Consequently ,  the micr os t ruc tu re  of the alloys processed according to schedule

B consists of f ine—scale  t ransform ed—s.  The rare—earth—bear ing alloys have

a f iner  colony size than the reference alloy (Figure 4 a— 4 c ) .

Figures 5a—5d are electron micrographs of the reference alloy and the

ra re—ear th—conta in ing  alloys processed according to schedule A and subsequently

recrys ta l l iza t ion—annealed .  The Er— and Y—bear ing alloys contain small

dispersoids  in the size range 10—100 nm; however , the number of dispersoids in

the thin fo i l s  was much lower than expected from the nominal r a re—ear th

concentrations in the alloys .

The micros t ruc tures  of the Phase—Il alloys a f t e r  the d i f f e r e n t  heat

t rea tments  were as expected from the resul ts  for  Phase—I alloys1. The

principal  e f f e c t  of the ra re—ear ths  is to reduce the colony and grain sizes

of beta—annealed alloy , as is shown in Figures 6 and 7. There is no

signif icant e f f e c t  of the ra re—ear ths  on the micros t ructures  of the alloys

a f t e r  recrys ta l l iza t ion—anneal ing and so lu t ion—trea t—and—ag ing. The alloys

rolled per schedule B exhib i t  elongated al p ha grains a f t e r  recrys ta l l iza t ion

annealing (Figures 7a and 7b) .

In addi t ion to being given the conventional heat t rea tments  as indicated

In Table 3, the alloys were subj ected to 1.0 h anneals at 600°, 700°, 800°,

900° , and 1000°C and water—quenched to de termine  their  r ec rys ta l l i za t ion

behavior .  The temperature for  rapid recrys ta l l iza t ion  of the al loys is from

800 ° to 900 °C. Whereas the al loys annealed at 800° C were only p a r t i a l ly

recrysta l l ized, the alloys annealed at 900 °C exhibi ted a com p letely

rec rys ta l l i zed, two—phase mi c ro s t r u c t u r e  cons is t ing  of g r a in s  of p r i m a r y

equiaxed—alpha and transformed—beta. The grain sizes in the  a l l o y s  annealed

at 900°C are 5—10 pm. The recrystallization temperature and the recrystallized

ct+~ microstructure of Ti—6Al—4V are unaffected by the rare—earth additions.
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4. CRYSTALLOGRAPHIC TEXTURE

The cry stallographic textures of the hot—rolled , beta—annealed ,

recry stallization annealed , and solution—treat—and—overaged Ti—6A1—4V—RE

alloys were determined by x—ray pole—figure goniometry. The texture

developmen t in the alloys was studied by analyzing (0002) and (1010) pole
figures of the 3.2—mm thick sheets.

The maj or tex tur e componen ts in the alloys proce ssed per sched ule A are
near—basal and near—transverse—basal (Figure 8). The deformation texture is

unaffected by the rare—earth additions. Beta annealing results in a loss

of transverse—basal texture components and the development of a basal texture—

component (Figure 9). Annealing in the ct+~ field increases the sharpness of
the near—transverse—basal texture components in the Y— and Y

2
O
3
—containing

alloys (Figures 10 and 11).

Alloys rolled per schedule B exhibit stronger basal texture components

(F igure 12), and annealing in the cz-i-~ f ield sharpens the basal texture
(Figure 13).

13
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Figure 8. Texture development in alloys processed per schedule A; (a) Ti -6Al-4V reference alloy,
(b) T i-6AI-4V-O.lEr . (c) Ti-6A l-4V-0.05Y . and (d) Ti -6A1-4V-O.038Y 2O3:
(0002) pole fi gures are shown
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Figure 12. Texture development in alloys processed per schedule B; (a) Ti -6A l-4V-0.05Y and
(b) Ti -6A1-4V-0.038Y 203: (1010) pole figures are shown
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Figure 13. Effect of recrystallization annealing on texture of alloys processed as per schedule B;
(a) Ti -6A1-4V-0.05Y and (b) Ti-6A l-4V-0.038Y 203: (1010) pole figures are shown
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5. ROOM-TEMPERATURE TENSILE PROPERTIES

The room— temperature mechanical properties of the Phase—Il Ti—6A1—4V—RE

alloys were completely characterized for each of the conventional annealing

treatments. Longitudinal and transverse tensile specimen blanks were

machined from 13—mm thick plates processed according to the schedules A and B

defined in Fi gure 2 , encapsula ted in quar tz tubes under vacuum , and annealed

in accordance with the schedules shown in Table 3. Tensile specimens with

8.0 x 6.0 x 3.1—mm gauge sections were machined from the blanks . The room—

temperature tensile—properties data for the Phase—Il alloys are shown in

Figures 14—23 and listed in Tables Al—A6 of Appendix A.

Although for the Phase—I alloys a slight lowering of yield stress and

ul t imate  tensile stress was observed in rare—earth—containing alloys, the

Phase— Il alloys showed no s ignif icant  e f f e c t  on s t rength by the Er and Y

additions . This absence of an effect on strength may be attributable to

smaller than nominal RE concentrations in the Phase—Il alloys , but additional

chemical analyses must be performed to substantiate such a conclusion. There

were slight dif ferences  in the tensile propert ies  between the Phase—I and

Phase—Il alloys, which may be due to small chemistry differences. For

example, the Phase—Il alloys had less total oxygen and nitrogen (~ 0.13 wt%

0 and 0.02 wt% N in Phase—Il alloys compared wi th  0.16 wt% 0 and 0.03 wt% N

in Phase—I alloys), and the A l :V ra t io  was slightly lower in the Phase II

alloys.

For both the Phase—I and Phase—Il alloys, the slight yield—stress

differences between the reference alloy and alloys containing 0.10 wt% Er

and up to 0.05 wt% V are not significant .

Phase—I and Phase—Il alloys with RE additions had slightly higher

ductility than the reference alloy for the s—annealed , solution—treat—and—aged ,

and solution—treat—and—overaged conditions.
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Alloy compositions Orientation
A Ti- 6Al-4V = Rolled from 940°c; L direction
B T1 6AI 4V O.02Y D Rolled from 940°C; T direction
C - Ti-6A 1-4V-0 05Y = Rolled from 1025°C; Ldirection

= Ti:6A1:4V:O:038Y 203 
= Rolled from 1025°C; 1 direction
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GP7O-O 63S-~ 3

Figure 14. Yield stress of hot-rolled and unannealed Ti-6A l-4V- RE alloys

Alloy compositions Orientation
A Ti -6A1-4V Roiled from 940°C; L direction
B Ti 6A1 4V 0.02Y Rolled from 940°C; 1 di rection
C = Ti-6A 1-4V-0 05Y Rolled from 1025°C; L direction
D = Ti-6A1-4V-0 ,lOEr
E = T i-6A 1-4V-0 038Y 203 

Rolled from 1025 C; T direction

1000

(50. -

a,

~~ 600 -

0

400 -

a,

0 - -  
A B C ~~~~~~~~ D j

GP7S-05 3S-24

Figure 15. Yield stress of beta-annealed Ti-6Al-4V-RE alloys
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Alloy compositions Orientation

A = Ti -6A1-4V Rolled from 940°C; L direction
B — Ti-6A l-4V-0 02Y - Rolled from 940°C; 1 direction
C = Ti-6A1-4V-0 05Y Roll ed f rom 1025°C; Ldirection

= Ti .6A1.4V:O:038Y 203 
= Rolled from 1025°C; T direction
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Fi gure 16. Yield stress of recrystallization annealed Ti -6A l-4V-RE alloys

Alloy compos itions Orientation
A = Ti-6A1-4V = Rolled from 940°C; L direction
B = Ti.6A1.4V 0.02Y = Rolled from 940°C; 1 direction
C = Ti-6A1-4V-0.05V r l  o - -

0 - Ti-6Al-4V-0. lOEr 
s—_i = Rolled from 1025 C; L direct ,on

E - Ti-6A1-4V-0.038Y 203 
‘===

~ 
= Rol led from 1025°C; T direction
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FI gure 17. Yield stress of so luti on -treat -and -over aged Ti -6A 1-4V -RE alloys
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Alloy co mpositions Orientation
A = Ti-6A1-4V Rolled from 940°C; L direction
B Ti .6A1.4V 0.02Y Rolled from 940°C; 1 direction
C Ti -6A1-4V-0.05Y = Rolled from 1025°C; L direction

= T1 6A1:4V:O.038Y 203 
= Roll ed from 1025°C; T direction
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Figure 18. Yield stress of o - j ~ annealed and aged Ti -6A l-4V-RE alloys

Alloy compositions Orientation

A = Ti -6A1-4V = Rolled f rom 940°C; L direction
B = Ti -6Al-4V-0.02Y = Rolled f rom 940°C; T direction
C = T,-6Al-4V-0.05Y 

= Rolled from 1025°C; Ldirec tion0 = Ti-6A1-4V-0. l0Er .- - -.
E = Ti-6A l-4V-0.038Y 203 

= Rolled from 1025 C; T direction

20 I

~~~~ ii U, UT 11
GP1S-0635 25

Figure 19. Total elongation of hot-rolled and unannea led T i -6A l-4V -RE alloys



Alloy compositions Orientation
A = Ti -6Al-4V Rolled from 940°C; L direction
B = Ti 6Al 4V.0.02Y = Roll ed from 940°C; T direction
C = Ti-6Al-4V-0.05Y 

= Rolled from 1025°C; Ldirecti o n
O = Ti-6Al-4V-OlO Er - -

E = ‘ri -6A1-4v-0.038Y 203 
= Rolled from 1025 C; I direction

20 I I I I

~: i 2_ 1f lui 1  

~j iOGP1a-0635-29

Figure 20. Total elongation of beta-annealed Ti -6A 1-4V-RE alloys

Alloy compositions Orienta tion
A = Ti-6A1-4V Rolled from 940°C; L direction
B = Ti -6A1-4V-0.02Y = Rolled from 940°C; 1 direction
C Ti-6A1-4V-0.05Y I 1  o - -

- i_..._i Rolled from 1025 C; L direction
0 = T,-6Al-4V-Q .l0Er
E = Ti-8A1-4V-0 038V 203 ‘=== = Rolled from 1025 C; I direction

l i2

~hI~~flfl _ _

0P7 1-0535-30

Figure 21. Total elongation of recrystallization annealed Ti -6A l-4V-RE alloys
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Alloy compositions Orientation
A = Ti-6A1-4V = Rolled from 940°C; L direction
B = Ti 6AI.4V.0.02Y = Rolled from 940°C; T direction
C = Ti -6A1-4V-0 05Y 

El = Rolled from 1025°C; L direction

E = Ti~6Al :4V:O.O38V 2O3 
= Roll ed from 1 025°C; 1 direction

20 I I I

16 -

~~~1 2 -

‘~gj 1 WI1iI1i11~1
GPOS-0e35-31

Figure 22. Total elongation of solution-t reat-and-overaged Ti-6A 1-4V-RE alloys

I
Alloy co mpositions Orientation
A = Ti - 6A1-4V El = Rolled from 940°C; L direction
B Ti ’ 6A1 4V 0 02Y = Rolled from 940°C; 1 direction
C = Ti -6A1-4V-0.05Y o -

- = Rolled from 1025 C, Ldirect ion
0 = Ti -6A1-4V-0. l OEr
E = Ti-6A1-4V-0.038Y 203 

= Rolled from 1025 C; T direction

20 I I 1

i~~~~~~~~~~~~~~~~flfl Jj flfl
GP1I-0525-32

Figure 23. Total elongation of o- f ~ annealed and aged Ti-6A1-4 V-RE alloys
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6. FRACTURE TOUGHNESS

The f r a c t u r e  toughness (K
Q

) values of the  alloys were determined from

three—point—loaded slow—bend tests of Charpy V—notched and fatigue—precracked

specimens. The specimens were tested after the following heat treatments:

(1) beta anneal at 1040°C for 0.5 h, air cool to room temperature , stabiliza-

tion anneal at 700° C for 2 h , and air cool to room temperature ; (2) recrystal-

liza tion anneal at 930° C for 4 h, cool at 55°C/h to 700°C, and air cool to room

temperature ; and (3) solution—anneal at 955°C for 2 h , wa ter quench , age at

710°C for 4 h, and air cool to room temperature . The room—temperature K
Q

values of the Phase—Il alloys are shown in Figures 24—29 and listed in

Tables A7—A9 of Appendix A.

The solution—treat—and—aged alloys have lower K
Q 
values than the beta—

annealed and recrystal l izat ion—annealed alloys. There are no significant

di f fe rences  between the K
Q 

values of the reference alloy and the ra re—ear th —

containing alloys in the recrystallization—annealed and solution—treat—and—aged

conditions; the differences are within the experimental scatter—band

characteristic of the test technique. In the beta—annealed condition , the

Er— and V—con taining alloys have slightly lower frac ture toughness than the

reference alloy. The reduced fracture toughness is a consequence of smaller

pr ior—beta—grain size rather than the presence of the rare—earth dispersoids. 
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Alloy compositions Orientation
A - Ti-6Al-4V T-L
B - Ti-6Al-4V-0.02V El L-T
C - Ti-6A1-4V-0.05Y I $
0 Ti-6Al-4V-0.lOEr 

-

E Ti -6A 1-4V-0,038Y 203
200 — 

I I I

- 160

160 -

- 120

~~120 - c
- 80

0P78-0635-33

Figure 24, Fracture toughness (K Q) of beta-annealed Ti -6A 1-4V -RE alloys processed according
to schedule B

Alloy compositions Orientation

A = Ti-6A1-4V T-L
B = Ti -6Al-4V-0,02Y El L-T
C = Ti-6A1-4V-0.05Y 

El 1-S
D Ti-6Al-4V-0.lOEr
E = Ti .6A l-4V-0 038Y 203 t

200 I I I I

— 160

160

120 - 

- 120

-80~~~080

‘~:t rj i
, 
Ii~ 1 1ji~~:

GP1S-0535-34

Figure 25, Fracture toughness (K Q) of beta-annealed Ti -6A 1-4V- RE alloys processed according
to schedule A
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Alloy compositions Orientation
A = Ti-6A1-4V T-L
B Ti-6Al-4V-0.02Y El L-T
C = Ti -6A1-4V-0.05V I0 = Ti -6A l-4V-OlO Er -$

E = Ti -6Al-4V-0.038Y 203

200 I I I I

- 160
160 -

- 120
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~~~12o - — 
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£

GP1S-0535-35

Figure 26. Fracture toug hness (K Q) of recrystalliza tion-annealed Ti -6A 1-4V-RE alloys processed
according to schedule B

Alloy compositions Orientation
A = Ti-6Al-4V T-L
B = Ti -6Al-4V-0 02Y El L-T
C = Ti -6A1-4V-0 .05Y 

El I-S0 = Ti-6Al-4V-0. l OEr
E Ti-6A 1-4V-0.038V 203

200 1 I I 1

- 160

160 -

- 120
L~~ 12o - 

-__ I ~Ir GP YI-05 35-Se

Figure 27. Fracture toughness (K0) of recrystallization-annealed Ti -6A1-4 V-RE alloys processed
according to schedule A
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Alloy compositions Orientation
A = Ti-6A 1-4V T- L
B = T i-6A1-4V-0 02Y El r
C = Ti-6A1-4V-0,05Y
0 = Ti-6A l-4V-OlO Er
E = Ti-6A 1-4V-0 038Y 203

200 I I I
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160 -
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OP1S-0635-31

Fi gure 28. Fracture toughness (K Q) of solution -tr eat-and-overaged T i- 6A 1-4V -RE alloys processed
according to schedule B

Alloy compositions Orientation
A = Ti-6Al-4V T-L

B = Ti-6A1-4V-0 02Y El L-T
C = Ti-6Al-4V-O OSV 

E 1  I-S
0 = Ti-6Al-4V-0lOEr

E = Ti-6A1-4V-0 038Y 203

200 I I I

— 160

160 -

— 120

~~~120 

- 8 0
0 8 0 -

: ri ~ GP7S-0e35- 31

Figure 29. Fracture toughness (K Q) of solution-treat -and -overaged Ti -6A1-4 V-RE alloy processed
according to schedule A
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7. PLANE—STRESS FRACTURE TOUGHNESS

The f r a c t u r e  toug hness , KQ~ under p lane—stress  condi t ions  was measured

on cen te r—cracked  tension specimens of the Phase—Il  Ti — 6Al—4V—RE al loys

subjected to various heat treatments. The 3.1 x 76 x 203 mm sheet specimens

were tested for susceptibility to crack growth in the transverse direction

under loading in the  longi tudinal , or rolling direct ion .

At present there is no standard method for plane—stress fracture—toughness

t es t ing . For the test  method chosen for  the  present invest igat ion, cracks

are initiated by fatigue on both sides of a notched hole in the center of

the  specimen , the specimen is then pulled in tension and the ha l f—crack  length

is recorded as a func t ion  of app lied tensile load . Figure 30 shows the

specimen geometry and test se t—up . The stress in t ens i ty ,  fu l l—sec t ion  stress ,

and h a l f — c r a c k  length  for  the given sample geomet ry are rela ted in accordance

wi th  the expression

(1)

where a is the full—section stress (load divided by total cross—sectional

a r e a ) ,  a is the ha l f—crack  length , and Z = sec(iia/w) is the f i n i t e — w i d t h

cor rec t ion  f ac to r .  The p lane—stress  f r ac tu re—toughness  is def ined as that

value of K for which crack growth becomes unstable. Because under plane—

stress , significant crack growth occurs before instability, the instantaneous ,

rather than the initial , half—crack length must be used . For each alloy

heat treatment , there is a unique rela tionship,  called the crack—growth—

resistance curve , between crack length and the applied stress—intensity factor.

Instability arises when the stress intensity at the crack tip,  def ined by
Equation (1), increases more rapidly than the material response as given by

the crack—growth—resistance curve . The following equation , developed by

Forman 6 and modified to account for the finite specimen width , rela tes the

instantaneous half—crack length to the app lied load and cra ck opening as

measured by a vertical—d isp lacement gauge :

CiTE
aZ= , (2)

2 a ln (sine + i~
2

y.s. \sin~ — 1,

wh ere C is the ver tical displacement as measured by a crack—opening—disp lace— 

~~~~~~~~--~~~~~~~ -~~~~~-
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- . . -;

meat gauge, E ts the elastic modulus of the material , a is the y ield
y .s .

streng th of the ma terial , and ~3 = ( i i / 2 ) ( cj / o  ).  The crack—growth—resistance

curve is obtained by using E quation (2)  to calcula te  a h a l f — c r a c k  length fo r

a given load and crack—opening, and then employing Equation (1) to calculate

the stress intensity associated with this half—crack length and applied load .

The fracture toughness value is obtained by locating the point of tangency

between the crack—growth—resistance curve and an applied— stress—intensity

curv e o f the appropria te value of app lied load , as shown schematically in

Figure 31.

~~~~~~~~~~76mm

201m 
~~~~~

in ho le

~~~~~~~~~~~~~~~~~~~~~~~~~~~ pen ingdispIacement

0P71 .0535 50

Figure 30, Specimen geomet ry and mounting of crack-opening-displacement gauge for
measurement of plane-stress fr acture-toug hness
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Experiments crack-Woe~tfl resistance P
4— — Applied stres s-inlensity for dufteren t loads 
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0
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Figure 31. Schematic representation of plane-stress fracture-toug hness determination

The frac ture toughness values de termined by this method for the alloys ,
rolling schedules , and hea t trea tmen ts of this stud y are shown in Figures
32—34 and listed in Table AlO of Appendix A. The beta—annealed alloys

generally have the highest fracture toughness. There are no significant

differences be tween the K
Q 
values of the reference alloy and the rare—earth

containing alloys in the recrystallization—annealed and solution—treat—and—

aged condition. However, in the beta—annealed condition , rare—earth—con-

taining alloys have a sl igh tly higher frac ture toughness than the referenc e
alloy in contrast with the result of slow—bend , plane—strain tests on the

same alloys described in Section 6.

Li . . . ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- _ -

~~~~~~~~

-

~~~

_.

~~

---- -- .

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



Alloy compositions Processing

A Ti-6A1-4V El = Rolled from 940°C
B = Ti 6A1 4V 0 02Y El - Rolled from 1025°C
C = Ti -6A1-4V-0.05Y
0 = Ti -6A l-4V -OlO Er
E = Ti -6A 1-4V -0 038Y 203

200 I I I

- 160

160 - 
— - —

— .. - 
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— - 120
I~~ 120

— - ou -~~0 8 0

4 0 —  - 4 0

0 — — -  — —  _ _ _ _  - -  _ _ _ _  — -  — - — 0
A l  B I C  I D I E

GP7S-0635-39

Fi gure 32. Plane-stress fracture toug hness of beta -annea’ed Ti -6A 1-4V -RE alloys

Alloy compositions
A = Tu -6A 1-4V
B = Ti-6A1-4V-0 02Y
C = Ti-6Al-4V-0,05Y
o = Ti-6A1-4V-0,lOEr
E = Tu-6Al-4V-0.038Y 203

200 I I

- 160
160 -

— — 
— 

- 120
LE 12O - — — 

—

Ic
(0
a-
— - ou -~~080 -

40 - 
- 40

0 — —  — _ _ _ _ _  — _ _ _ _ _  — — — 0
A l  B I C  I D I E

S P75-0535-SO

Figure 33. Plane-stress fracture toughness of recrystallization -annealed Ti -6A l-4V- RE all oys
processed according to schedule A 



Alloy compositions Processing
A = Ti-6Al-4V El - Rolled f r o m  940°C
B = Ti-6A14V 0.02V El - Rolled from 1025°C
C = Ii-6Al-4V-O OSY
D Ti - 6A l-4V -Ol 0E r
E = Ti -6A l-4V -O 038V 203

200 I I I I

— 160

160 -

— — - — 120

1~~ 12o - ç
- 8 0~~~080 - ..-,

40 - 
- 40

0 — — - -  — —  _ _ _ _ _  - _ _ _ _  — -  _ _ _ _  — — 0
A l  B I C  D I E

OP7S-063S-41

Figure34 . Plane-stress fracture toughness of solution-treat-and -overaged Ti -6A l-4V-RE alloys

33



8. HIGH—TEMPERATURE DEFORMATION OF PHASE—lI Ti—6A1—4V—RE ALLOYS

Tensile and compression tests from 700° to 950°C were performed on
Phase—IT Ti—6A1—4V--RE alloys to determine temperatures and strain rates to

be used for the next phase of this stud y.

8.1 High—Temperature Tensile Tests

The high—temperature tensile tests were performed on samples heated in

air to the desired temperature in a three—zone quartz—lamp furnace. The

test samples were heated to the desired temperature at the rate of 100°C/s.

and the tensile tests were conducted at initial strain rates of 0.01 s
_i

— land O. l s -

Figures 35a and 35b show the photographs of two sets of Ti—6Al—4V—RE

alloys deformed 40% in tension at 870°C at an initial strain rate of 0.1 s
_i

.

The set of Y— and Er—containing alloys shown in Figure :;5a had uniform

elongation without necking , whereas the Ti—6Al— 4V reference alloy exhibited

significant necking. When the tests were repeated on the set of Ti— 6Al—4V—RE

alloys shown in Figure 35b , the Er—containing alloy also exhibited necking ,

poss ibly because the sample contained little Er as a result of a non—uniform

Er—distribution in the rolled plate. However , minute inhomogeneities on

specimen surfaces can cause premature necking in the high—temperature tensile

tests , and although the results of the above tests are indicative , they are

not conclusive .

The details of the cz+L3 microstructure of the Ti—6A1—4V specimen deformed

at 800 °C at a strain rate of 0.1 s~~ are shown in Figure 36. The deformation

structure consists of Widmanstdtten c~—13 plates with high aspect—ratios. An

important feature of the deformed structures is the presence of the “interface

phase”, shown in the dark—field micrograph in Figure 36d. Extensive

disloca t ion ac tiv ity can be seen in the alpha phase .
The effects of temperature and strain rate on the substructure are shown

in Figures 37a—37d . The undeformed specimens consist of fine , equiaxed ,

primary al pha and grain—boundary beta. The specimens deformed at 800°C and

850°C and subsequently cooled at a fast rate consist of primary alpha and
Widmanst~itten n—13 plates. The morphology of the a—13 plates reflects the

deforma tion history of the ~ phase at the test temperature. Whereas there

is only one dominant orientation of ~ plates in the specimens at 800°C, the

34
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specimens deformed at 850°C consist of ~ pla tes of at least two d i f f e ren t

orientations. The interface phase in specimens deformed at 800° C is wider
—l —1for the slow strain rate of 0.01 s than for 0.1 s . The ct—s morphology

is a consequence of both thermal history and deformation history of the

specimens.

I, 
~ I.

A Ti-6Al-4V reference alloy A B C 0 E
B Ti-6Al-4V-Oi Er
C Ti-6Al-4V-0 02Y
D Ti-6A1.4V-0.05Y
E Ti-6A1-4V-0.038Y 203

~~~~~~ 
A’.. I

_ I
A B C D E

OP 7I-OS 3 S-~~

Figure 35. Photographs of two sets of Ti -6A l-4V-RE alloys processed per schedule B and deformed
40% in tension at 870°C at a strain rate of 0.1 s~’
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~. :
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i i  i 2pm i i i t
___________________ I SP7S-05 35-43

Figure 36. Details of e -$ micros t ructure observed in Ti -6Al-4V specimens deformed at 800°C at a
strain rate of 0.1 5 1; (a) bright-field electron micrograp h. (b) selected-area diffraction
pattern . (C) dark-field electron micrograph with e reflection , and (d) dark-field
electron micrograph of the interface phase
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Figure 37. Effects of temperature and strain-rate on deformation substructure of Ti -6A1-4V
specimens deformed in tension; (a) undeformed. (b) T = 800°C. 001 s-i ,
(C) T = 800°C. ~ = 0.1 s 1 and (d) I = 856°C. = 0.01 s~~

8.2 High—Temperature Compression Test

Compression tests were performed on cy lindrical specimens of 8.9—mm diam

and 12—mm height using 60—mm d iam stainless—steel compression rams. The

sample and the flat faces of the rams were coated with several thin layers
*of Forinkote T—50 to provide 1uhr i~.,it.ion and inhibit oxidation. The specimens

*
Tradename of E/M Lubricant , Inc., N. Hollywood , CA 91605.
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were heated to the desired temperature in a three—zone , resistance—wound , split

furnace and maintained at temperature for 10 minutes before compression was

begun. Compression tests were conducted on mill—annealed and beta—annealed

spec imens at 700°, 800°, 850° and 900°C at a strain rate of 0.05 s 1
. The

deforma tion—load and ram—displacement were recorded by an x—y plotter , and

the true—stress/true—strain curves were constructed from the data.

The true—stress/true—strain curves at various temperatures for the

mill—annealed and beta—annealed specimens are shown in Figures 38—43. The

600 I I I I 1 I

- 
Ti-6A1-4V-0.038Y203

Ti -6A1 -4 V-reference

450 

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

300 -

a,

I-

150 -

0 1 I I I I

0 025 0.50 0.75 1.00
T rue stra in

Figur e 38. True-stress as a function of true-strain for beta-annealed Ti-6A l-4V-RE alloys
deformed at 700°C at an initial strain rate of 0.05 ~ 

- 1

L - -  _ _  

_



stress—strain curves are strongly influenced by in it ial micros truc tu re and

tes t tempera ture , bu t they are no t signif ican tly altered by the rare—earth

add it ions because of the simi lari ty of micros tr uctures of the r e fe r ence

alloy and the Er— and Y—containing alloys in the heat—treated conditions.

While the stress—strain curves of beta—annealed and mill—annealed specimens

are similar at 800°C, the differences between the stress—strain characteristics

of mill—annealed and 13—annealed specimens are more pronounced at higher

temperatures. The princ ipal difference is the lower values of flow stress

of mill—annealed specimens compared with those of beta—annealed specimens.

A grea ter degree of ini tial sof tening is observed in beta—annealed specimens

than in mill—annealed specimens. The flow stress increases with decreasing

temperature .

450 I

7—Ti-6Al-4V-0.05Y

300- -
Ti-6A1-4V-0. lEr

a.

150 
~~~~~~~~~~~~A l4V- referenc ~~~~~~~~~~~~~~

Ti-6A1-4 V -0.038Y 203 -

0 I I I I I I
0 0.25 0,50 0.75 1.00

True strain

Figure 39. True-stress as a function of true-strain for beta-annealed T i-6A1-4V-RE alloys deformed
at 850°C at an initial Strain-rate of 005 s t
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True s tra In GP7I-0e35-47

Figure 40. True-stress as a function of true-strain for beta-annealed Ti -6A 1-4V-R E alloys deformed
at 900°C at an initial strain rate of 0,05 ~~i
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Figure 41. True-stress as a function of true-strain for mill-annealed T i-6A l-4V-RE alloys deformed
at 700°C at an initial strain rate of 0.05 s i
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Figure 42, True-stress as a function of true-strain for mill-annealed Ti -6A 1-4V -RE alloys deformed
at 800°C at an initial strain rate of 005 s 1
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Figur .43. Tru .-strss s ass function of true-strai n for mill-annealed Ti -6Al-4V-RE allo ys deformed
a! 850 C at an initi•l strain rate of 0.05 s 1



8.3 High—Temperature Deformation Substructures

The microstructures of beta—annealed specimens deformed at a strain rate

of 0.05 s
1 
at different temperatures are shown in Figures 44a—44d . At 700°C ,

extensive dislocation activity in the a phase , continuity of slip across the

13 phase , and absence of polygonization result in profuse shearing of the 13
phase. At 800°C and above , dynam ic recovery occurs as evidenced by hexagonal
networks of .1islocations in the a phase and nearly—straight elongated ct—13

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
j ’

~ . €. 
- 

~~ ..

(a) I 2Mm~~~~ (b)

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

- S 
S.

- 
. 

7 

-

— .

~~~~ ~~~5
_ - 

~~~~~~u”~t~
,’~~~” - -

~~~~ -~~#L i~~~~~~~ ~~~ 4’

(c) I 1 pm j (dl o~n-os~s-si
Figur. 44 Etf.ct of temperature on deformation substructures of beta-annealed Ti -6A l-4V

specimens deformed in compression at an initia l strain rate of 0.05 5 1; (a) 700°C .
(b) 800°C. (c) 850 C, and (d) 900°C



plates. The influence of strain rate on the deformation substructure of

beta—annealed specimens deformed at 700°C is shown in Figure 45. At the

slower strain rate of 0.001 s
1
, both dynamic recovery and recrystallization

occur as evidenced by the absence of shearing of the 13 phase and the formation

of small , equiaxed , alpha grains
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Figure 45. Effect of strain rate on deformation substructure of beta-annealed Ti-6A 1-4V specimens
deformed in compression at 700°C; (a) strain rate = 0.001 s 1 and (b) strain
rate = 0.05 ~~i

4

___ _ _ _ _ _ _ _
~~~~~

_ _
~~~~~

._



The deformation substructures produced in mill—annealed specimens at

700°C, 800°C, and 850°C are shown in Figures 46a—46c. The deformation

substructure produced at 700°C is characterized by a high dislocation density

in the a phase without any dynamic recovery and recrystallization. At 800°C

and 850°C, dynamic recovery and recrystallization occur continuously,

resulting in fine equiaxed—alpha and grain—boundary beta (Figures 46b and 46c).

Because at these temperatures, grain boundary sliding also contributes to

deformation, the finer grain size in mill—annealed alloy results in reduced

flow stresses.
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9. CONCLUS1ONS

Conclusions based upon the study thus far of the Phase—Il Ti—6A1—4V—RE

alloys are qualified by the uncertainty of the rare—earth concentrations ,

which probably were about half the nominal values, and by the rare—earths not

being uniformly dispersed . Additional chemical analyses and the study in

progress of the Phase—Ill alloys should remove these ambiguities.

The addition of 0.02 wt% Y, 0.05 wt% Y, and 0.1 wt% Er to Ti—ôAl—4V

results in microstructural refinement similar to that observed in Phase I

alloys. The grain—refinement effect of Y
2
0
3 

is similar to , but less

pronounced than , that of metallic Y.

The room—temperature tensile properties of Ti—6Al—4V are not significantl\

al tered by Er and Y additions . The tensile results are similar to those for

Phase—I alloys.

Plane—strain and plane—stress fracture toughness of Ti—6Al—4V are not

adversely a f f ec ted by Er and Y additions.

The crystallographic texture developed during rolling of Ti—6A1—4V is

unaf fec ted by rare—earth additives. Annealing in the ct+13 field results in

an increase In the sharpness of the near—transverse—basal texture compone .its

in the Y— and Y
2
0
3
—containing alloys.

The uniform elongation of Ti—6A1—4V during high— temperature deformation

is increased by Y and Er additions. The high— temperature compressive stress-

strain characteristics of variously processed and heat—treated Ti—6Al—4V are

not altered by Y and Er additions.
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APPENDIX A: ROOM—TEMPERATURE TENSILE PROPERTIES AND FRACTURE

TOUGHNESS OF PHASE— Il Ti— 6Al—4V—RE ALLOYS

Tables Al—A6 list the room—temperature tensile properties of the

Ti— 6Al—4V reference , Ti—6Al—4V—0.lEr , Ti—6Al—4V—O.02Y , Ti—6Al—4V—0.05Y , and

Ti—bAl—4V—0.038Y203 alloys prepared for the Phase—It study. Each of Tables

Al—A6 is for a different heat treatment. Tables A7—A9 list the fracture

toughness values determ ined by three—point slow—bend testing of fatigue—

pre cracked Charpy V—notched specimens subjected to three different heat

treatments. Table AlO lists the plane—stress fracture—toughness values

for the alloys.

TABLE Al. ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE-Il Ti-6AI-4V-RE ALLOYS
IN THE LONGITUDINAL (1) AND TRANSVERSE (1) DIRECTIONS; HOT-ROLLED
AND UNANNEALED . AS R E C E I V E D

Yield stress at Ultimate tensile Uniform Total
Alloy Processing 0.2% offset stress elongation elongation

composition condition (MPa) (MPa) (%) (%)
L T I T L T L T

A 930 998 960 1028 5.6 3.8 11.6 10.3
Ti-6A1-4V

B — 923 — 975 — 2.9 — 11.1

A 998 910 1028 975 4.8 4. 5 11.8 12.6
Ti-6A1-4V-0.02Y

B 870 960 945 1005 5.5 45  13.5 13.5

A 938 1005 975 1020 4.8 4.0 14.5 11.8Ti-6AI-4V-0 05Y
B 900 923 960 1012 5.3 4.1 13.7 12.7

A 900 960 930 1013 6.3 3.8 14.3 12.6Ti-6Al-4V-0.lOEr
B 870 930 938 997 5.5 4.0 13.0 13.4

Ti-6A1-4V-0.038Y203 
A 953 990 983 1043 5.8 5.1 15.8 13.2
B 870 953 908 998 5.1 3.8 12.2 12.8

Processing condition: A = continuously roll ed from 26 mm to 13 mm thickness from s.so°c
B = continuously rolled from 26 mm to 13mm thIckness from 1025°C
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TABLE A2, ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE- Il Ti -6A 1-4V -RE ALLOYS
IN THE LONGITUDINAL (I) AND TRANSVERSE (T) DIRECTIONS;
RECRYSTALLIZATION ANNEALED

Yield stress at Ultimate tensile Uniform Total
Alloy Processing 0.2% offset stress elongation elongation

composition condition (MPa) (MPa) (%) (%)

L T L T L T L T

A — 848 — 894 — 8.2 — 16.3
Ti-6AI-4V

B 765 758 855 848 7.3 4.0 16.2 108

A 780 863 855 938 57 8.0 120 16.2
Ti-6A1-4V-0.02Y B 780 780 855 863 6.2 4.3 16.0 160

A 870 855 938 930 7.2 7.2 15.4 14.1
Ti-6A1-4V-0.05Y

B 833 745 915 878 7.2 4.5 162 15.8

A 758 862 833 910 6.0 7.2 153 14,8
Ti-6A1-4V-0. lOEr B 788 780 870 870 7.2 4.2 163 149

Ti-6A 1-4V-0.038Y 203 
A 855 870 923 953 6.9 8.1 162 162
B 795 780 880 870 5.9 4.0 16.1 14.4

Processing conthtion: A = continuously rolled from 26 mm to 13mm thickness from 940°C 
GPTI-0635-6

B continuous ly rolled from 26 mm to 13mm thickness from 1025°C

TABLE A3 , ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE-Il Ti -6A 1-4V -RE ALL OYS
IN THE LONGITUDINAL (I) AND TRANSVERSE (T) DIRECTIONS; BETA
A N N E A L E D

Yield stress at Ultimate tensile Uniform Total
Alloy Proce ssing 0.2% offset stress elong ation elongation

composition condition (MPa) (MPa) (%) (%)
L T I T I T L T

A 870 855 920 923 3.3 3.6 8.5 7.7Ti-6A1-4V
B 840 863 923 915 39 3,1 101 9.2

A 877 848 953 930 5.3 39 1 2.0 8.8Ti-6Al-4V-0 02Y
B 840 848 923 930 5,1 4 5  12.6 13.3

A 863 855 953 947 4,4 4,9 itS 11.0I i-6Al-4V-0.05Y
B 840 863 930 953 54  5.4 14.5 13,9

A 840 — 915 — 4.8 — 12,8 —Ti-6A1 -4 V-0. 10 Er
B 848 863 938 945 53 5.1 13.5 14.2

A 885 855 960 945 5.4 4.3 11.0 9.3Ti-6A1-4V-0 038Y203 B 877 885 945 945 4.9 3,8 14.0 11.2

Process ing Condition: A = continuou sly rolled from 26 mm to 13 mm thickness fro m 940°C 
GP1I-5535.1

B continuously rolled fr o m 26 mm to 13mm thickn ess from 1025°C
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TABLE A4 . ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE-Il Ti -6A1-4V-RE ALLOYS
IN THE LONGITUDINAL (L) AND TRANSVERSE (T) DIRECTIONS;
SOLUTI ON-TREAT-AND-AGED

Yield stress at Ultimate tensile Uniform Total
Alloy Processing 0.2% offset stress elongation elongation

composition condition (MPa) (MPa) (%) (%)
I T L T L T I T

A 1020 1072 1110 1178 2.4 1.8 5.0 3.8
Ti-6A1-4V B 1080 — 1163 — 2.4 — 4.6 —

A 1230 — 1 298 — — 1.8 — 4.5Ti-6A1-4V-0.02Y
B 1103 1080 1178 1170 2.8 2.4 7.2 6.8

A 1125 — 1200 — — 1.7 — 4.1
Ti-6A1-4V-0.05Y

B 1110 101 3 1 205 1133 3.8 2.9 7.9 7.1

A — — — — — — — -
Ti-6AI -4 V-0. 10 Er

B — — — — — — — —

A 1103 — 1193 — 27  — 5.6 —
Ti-6A1-4V-0.038Y203 B 1110 1133 1193 1 200 2.8 2.4 6.6 6.1

Processing condition: A = continuou s ly ro l led from 26 mm to 13mm thickness from 940°C Gp?s-0635 1

B = co nt inuouSl y rolled from 26 mm to 13mm thickness from 1025°C

TABLE A5 . ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE-Il Ti -6A 1-4V-RE ALLOYS
IN THE LONGITUDINAL (I) AND TRANSVERS E (T) DIRECTIONS;
SOLUTION-TREAT-AND-OVERAGED

Yield stress at Ultimate tensile Uniform Total
Alloy Processing 0.2% offset stress elongation elongation

composition condition (MPa) IMPa) (%) (%)

I T I T I T I T

A — 1020 — 1 088 — 2.7 - — 5.8
Ti-6Al-4V

B 990 975 1057 1050 37 3.1 7.6 5.7

A 983 1028 1073 1080 3.8 2.9 7.8 6.9
Ti-6A1-4V-0.02Y B 998 998 1080 1073 3.5 3.2 10.2 9.0

A 1013 990 1088 1073 3.8 2.8 10.0 7.0
Ti-6AI-4V-0.05Y

B 998 1028 1080 1088 3.8 3.6 10.7 9.5

A 983 990 1050 1065 3.0 2.8 9.8 6.7
Ti-6AI-4V-0. 1 OE r

B 990 975 1073 1057 3.0 3.8 8.0 10.3

A 998 998 1070 1080 3.2 3.0 6.8 6.2
Ti-6A1-4V-0.038Y203 B 1020 998 1088 1080 4.2 3.5 9.9 7.8

Processing condition - A = continuously roll ed from 26mm to 13mm thickness from 940°C 
OP7S-0535 .9

B = continuously rolled from 26 mm to 13 mm thickness from 1025°C
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TABLE A6 , ROOM-TEMPERATURE TENSILE PROPERTIES OF PHASE- Il Ti -6A l-4V-RE ALLOYS
IN THE LONGITUDINAL (L) AND TRANSVERSE (T) DIRECTIONS: i- (~ A N N E A L E D
AND AGED

Yield stress at Ultimate tensile Uniform Total
Alloy Processing 0.2% offset stress elongation elon gation

composition condition (MPa) (MPa) (%) (%)

L T L T L T L T

A 825 878 923 945 5,6 7.3 14.2 1 6.3
Ti-6A1-4V B 795 848 900 923 6.8 56  16.1 13.8

A 848 885 945 945 6.6 4.9 14.8 12.1
Ti-6A1-4V-0 02Y

B 810 855 915 923 6.1 5.2 14.2 122

A 885 893 915 960 7.7 56 16.5 14.6Ti-6A 1-4V-005Y
B 825 885 923 945 5.8 5 1  15.4 10.9

A 840 848 938 923 6.7 4.7 14.4 12.7Ti-6Al -4 V-0. 10 Er
B 803 870 893 945 62 6.6 151 14.6

Ti-6A 1-4V-0 038Y203 
A 893 893 975 960 8.3 5.4 162 11.4
B 775 885 900 907 4.9 4.1 13.6 11.9

Processing condition: A = continuously rolled from 26 mm to 13mm thickness from 940°C 
0p75 -0635 - lO

B = continuously rolled trom 26mm to 13mm thickness from 1025°C

TABLE Al. FRACTURE TOUGHNESS VALUES (K Q) DETERMINED FROM SLOW-BEND .
PRECRACKED . CHARPY SAMPLES OF RECRYSTALLIZATION-ANNEALED
PHASE-Il Ti-6A l-4V-RE ALLOYS

K0
Alloy Rolling

composition schedule EMPa ~~~ 
(ksi ‘~/~~)1

T-L L-T T-S

A 84.7 (77) 92,4 (84) - 115.5 (105)
Ti-6Al-4V B 127.6 (116) 94,6 (86) 116.6(106)

A 85.8 (78) 81,4 (74) 100,1 (91)
Ti-6AI-4V-0.02Y B 86.9 (79) 95.7 (87) 86,9 (79)

A 80.3 (73) — 968 (88)
Ti-6A1-4V-0 05Y

B 63,8 (58) 89.1 (81) 77,0 (70)

A 75.9 (69) 83,6 (76) 78.1 (71)
Ti-6A1-4V-0. 1 OEr B 91.3 (83) 101 .2 (92) 115,5 (105)

A 82,5 (75) 90.2 (82) 141.9 (129)
Ti-6A1.4V-0.038Y2O3 B — 102.3 (93) 92.4 (84 )

Processing condition: A continuously rolled from 26 mm to 13mm thickness from 940°C 0P7$’0135 II

B = continuously rolled from 26 mm to 13mm thick nest from 1025°C
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TABLE A8. FRACTURE TOUGHNESS VALUES (l(Q) DETERMINED FROM SLOW-BEND.
PRECRACKED. CHARPY SAMPLES OF BETA-ANNEALED
PHASE-Il Ti -6A l-4V-RE ALLOYS

K0
Alloy Rolling

comp osition schedule EMPa ‘~/~ 
(ksi ‘~J1~ ) I

1-I I-I 1-S

A 85.8 (78) 96,8 (88) 90.2 (82)
TE-6AI-4V B 94.6(86) 85.8 (78) 89.1 (81)

A 71.5 (65) 81.4 (74) 70.4 (64)
Ti-6AI-4V-0.02Y B 69.3 (63) 74.8 (68) 72.6 (66)

A 58.3 (53) 75.9 (69) 59,4 (54)
Ti-6A1-4V-0 05Y B 58.3 (53) 72.6 (66) 62.7 (57)

A 63.8 (58) 72.6 (66) 72.6 (66)
Ti-6A1-4V-0.lOEr B 72.6 (66) 80.3 (73) 68.2 (62)

A 70.4 (64) 81.4 (74) 75.9 (69)
Ti-6Al-4V-0.038Y203 B 737 (67) 77.0 (70) 759 (69)

Processing condition: A = contmuousty rotted from 26 mm to 13 mm thickness from 940°C
B = continuously rolled from 26 mm to 13mm thickness from 1025°C

TABLE A9. FRACTURE TOUGHNESS VALUES (K 0) DETERMINED FROM SLOW-BEND .
PRECRACKED . CHARPY SA MPLES OF SOLUTION-TREAT-AND-OVERAGED
PHASE-IL Ti-6Al-4V-RE ALLOYS

K0
Alloy Rolling

composition schedule IMPa ./~ 
(ksi V’1

~
)1

T-L I-T T-S

A N.D. 46.2 (42) - 50.6 (46)
Ti-6A1-4V B 52.8 (48) — 51.7 (47)

Ti-6A1-4V-0.02Y 
A 42.9 (39) 46.2 (42) 451 (41)
B 33.0 (30) 41.8 (38) 40.7 (37)

A 37.4 (34) 33.0 (30) 40.7 (37)
Ti-6A1-4V-0 05Y B 40.7 (37) 49.5 (45) 35.2 (32)

A 44.0 (40) ND. 42.9 (39)
Ti-6A1-4V-O.lOEr B 42.9 (39) 45.1 (41) 44.0 (40)

A 44.0 (40) 38.5 (35) —

Ti-6A1-4V-0,038Y 203 B 33.0 (30) 45.1 (41) 45.1 (41)

Processing condition: A = continuousl y rolled from 26 mm to 13 mm thickness from 940°C QPfl-0S35-13

B - continuously rolled from 26 mm to 13mm thickness from 1025°C
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TABLE AlO , PLANE-STRESS FRACTURE TOUGHNESS VALUES DETERMINED FROM CENTER-
CRACKED TENSION SPECIMENS OF PHASE- Il Ti -6Al-4V-RE ALLOYS

Fracture toughness
K0

Alloy Alloy Rolling EMPa ‘~/~ 
(ks i ~/T~ )1

composition schedule
Recrystallization Solution-treat-

Beta annealed annealed and-aged

A 132(120) 130(118) 143(130)
31 Ti-6A1-4V

B 140 (127) — 151 (137)

A 154(140) 123(112) 136(124)
33 Ti-6A1-4V-002V

B 153 (139) — 121 (110)

A 152(138) 123(112) —34 Ti-6A1-4V-0.05Y
B 158(144) — 139(126)

A 165(150) 130(118) 134(122)32 Tj-6A1-4V-0,10Er
B 154(140) — 136(124)

36 Ti-6A1-4V-0.038Y 203 
A 161 (146) 134 (122) 129 (117)
B 143 (130) — 150 (136)

Processing condition: A continuously rolled from 26 mm to 13 mm thickness from 940°C GP7S.0635-14

B = continuously rolled from 26 mm to 13mm thickness from 1025°C
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