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1. Research Objective

The goal of this investigation has been to obtain an under-

standing of phase equilibria and the interrelationship of micro-

structure and properties in fully stabilized B—Ti solid solutions

strengthened by precipitation of intermetallic compounds such as

Ti 5Si3, Ti
5

Ge
3 
and TiAl. This understanding is necessary to

provide a basis of assessing the potentia l of such alloys as low

density substitutes for nicke l alloy disks and blades in the high

temperature stages of compressors in gas turbine engines.

Minimum acceptable prop~rties for this application are yield

stress = 75 ksi , tota l, elongation = 10 pct, stress for 0. 2 pct

creep in 1000 hrs = 42 ksi and (E/ p )~~
”2 = 8800 in1’2 at the

operating temperature. A candidate alloy should be forgable,

deep hardening and oxidation (flame) resistant.

Specific objectives of this investigation have been to

determine (i) the stability limits and physical properties of

B—Ti solid solutions with additions of Mo, V, Cr and Al.

(ii) the effect of precipitation of Ti5Si3 and Ti5Ge3 on the

mechanical properties of B-Ti solid solutions. (iii) the phase

boundaries of the 8-TiAl phase field and the physical properties

of B-TiA1 alloys.

2. Results

Tarek Khaled completed his djssertation1 titled “Phase

equilibria in Beta Titanium Alloys” . In his research, which

was supported entirely by this grant, he investigated phase

equilibria in the Ti- (V ,Mo, Cr) system with Cr additions up to



10 wt pct and determined the B-transus , i .e.,  the a (a+3) phase

boundary, in the Ti-V, Ti-Mo, Ti-V-Mo and Ti-V-Mo-8 wt pct Cr

systems at and below 600°C. Three papers have been written

based on Khaled ’s research.
2 4  References 2 and 3 are inc luded

in Appendices A and B, respectively .

From the standpoint of assessing the potentia l of B-Ti

alloys for applica tion in compressors in gas turbine engines,

Kha led ’s results identify composition ranges where the equili-

brium phase is B as—cast alloys can be cold rolled and loss of

ductility during heat treatment is minimal. More specifically,

his results indicate: V and Mo are the most effective stabilizers;

chromium, if present in amounts exceeding several per cent,

enhances oxygen segregation to grain boundaries causing preci-

pitation of a or oxide ohases; and, the Mo content should be

limited to a maximum of 15 wt pct to avoid the precipitation of

embrittling oxide phases during heat treatment.

Norma n Elfer ’s dissertation research has been concerned

with improving the properties of B solid solutions. He deter-

mined the modulus and density of various ‘]i-V-Mo-Cr solid solutions.
5

Further, he has studied the effect of Al and Si additions on

modulus and density. Extrapolating his results, it appears that

the (E/p)1’2 value of a B-alloy may be made to exceed 8800 in1’2

at temperatures greater than 1000°F, see Fig. 1. Elfer also

found that the maximum solubility of Si in B-Ti at 1000°C, a

convenient solutionizing temperature, is between 0.4 and 0.7 wt

PC t.

On the basis of these findings an alloy composition was
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~~~~~ F SCTENTI~ IC RESEARCH (A7Sc)
Th1~ e~::
approvr~J ~~~~ 

rcv iec~ and Is
DIstr i~~ t U I ~te ( 

~~‘ A .L9~)—12 ( 7b )
A. D. BLOSE
reohrileal fnforrn~itio~ Officer



1~ 

- 0

I
: > ::::::

I I4/ i . i i

I
/

/
I 

1~
•
~~ 

•/

‘ 

/

~ /

‘
/‘ 

1 1 . / l i
~~~o O  W u. 0

__________________________________ 0

o
0 

0 0 0 0

0 
0 0 0 0

0 ‘fl Q
p. 

0’

C

-~ 
--



selected for detailed study, namely, Ti—38V— l2Mo—5Al—0.5 Si.

Studies of this alloy cast as a 5 gin button indicated that it

could be cold rolled and was a stable B alloy . Two ingots of

this alloy were ordered from RMI of Niles, Ohio. Forging and

hot rolling of these ingots caused cracking . Extrusion of these

ingots was ordered in January 1978. The ingots were remelted

to 3 inch diameter and canned in iron jackets. Extrusion was

attempted at 1650, 1850 and 2000°F. At 1650 and 1850°F, their

364 ton press stalled. Thermal expansion at 2000°F made the

ingots too large for the press. They were removed from the

cans and coated with glass. Extrusion was attempted at 2000°F

but again the press stalled. At this point the ingots were

returned to USC.

Because of the difficulties with the RMI ingots, 40 gin

buttons of the alloy were prepared with the idea of cold rolling

them into sheet specimens. Surprisingly , it was found that

while 5 gm buttons of the alloy cou ld be cold rolled, into

sheet, 50 gin buttons could not.

In order to investigate this surprising result, a 5 gin

button of Ti-33V-l2Mo—SAl was cold rolled to 0.020 in strip.

Rectangular specimens were cut out and recrystallized at 1000°C

for 1, 2, 3 and 4 hours giving grain sizes ranging from 0.10

to 0.29 mm. The results of bend tests on these specimens is

shown in Fig. 2. A ductile brittle transitions was observed

to occur at a temperature that increased with increasing grain

size. Similar tests were carried out on specimens of Ti-33V-l2Mo—2Al.

Specimens with up to 0.29 mm grain size were ductile above -80°c.
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Tests on Ti-37V— 8Cr-5Al gave similar results to Ti—33V --l2Mo—5A l .

Thus , it appears that adding Al raises the ductile bri ttle

transition temperature of B alloys and that for a 5 wt pct Al

addition the transition temperature can be greater than roan

temperature if the grain size is sufficiently large.

Employing energy dispersive x-ray analysis on the SEM, it

was f ound tha t Mo concentration varied f rom the dendrite cores

to the interdendritic region s by 2 wt pct in the 5 gin button.

While in the 10 gin buttons it varied by. 4 wt pct. Such dif-

ferences in composition cou ld easily prod uce regions in the

40 gin buttons with ductile brittle transitions above roan

temperature , thereby explaining their failure to cold roll.

In view of these observations, it was decided tha t despite

the RMI experience hot working offered the most- promising

approach for obtaining test specimens of the Ti-38V-l2Mo—5A1

0.5 Si alloy. Hot working should break up the cast structure

and might, if the temperature and ’ reduction ratio were chosen

properly, give a small enough grain si-ce to produce a ductile

alloy at roan temperature. Accordingly, Dr. Harris Burte of

AFML was contacted regarding extrusion of the Ti-38V-l2Mo-5Al-

0.5 Si alloy with the AFML high thrust, high temperature press.

He agreed and with the cooperation of Dr. BricJ~ Adair the alloy

was finally extruded. Also 18 40 gin buttons of this alloy and

closely related alloys were sent to Dr. Tan O’Connel of the

Government Products Division of Pratt and Whitney Aircraft,

West Palm Beach, Florida , who had kindly agreed to isotherma lly

forge them in the edgewise configuration.7 Finally , severa l



alloys containing less V,Mo and Al than the Ti-38V-l2Mo-5A1-0.SSi

alloy were cast moderate size buttons with the idea of rolling

them into sheet and cutting out specimens . It was recognized

that this alloy would not be a stable B Ti alloy but it was

hoped the amount of a present would be small.

The extrusions obtained fiom AFML were soufld. Unfortunately,

the grain size fell in the range where limited ductility would

be predicted at room temperature and indeed only limited

ductility has been observed. The isothermal forg ings from Pra tt

and Whitney Aircraft had a grain size sufficiently large that

brittle behavior would be expected, and indeed brittle behavior

was observed . Alloys with the following compositions were cast

as moderate size buttoi~is and cold rolled into sheet:

A Ti— 28.5 V—9Mo—3.8 Al—0.5Si

B Ti— 28 ..5 V—9Mo—3.8 Al

C Ti—25.8 V—9Mo—2.3A1

D Ti—25.8 V—9Mo—5.2Al

These alloys contained somewhat more a than was desired, Fig. 3.

The tensile properties were, however determined and are given

in Table 1. In addition to these results a creep test was

carried out on alloy A after aging for 250 hours at 600°C. A

time to failure of 22 hours was observed under a 50 ksi load at

1000°F. The strain at failure was 25%. Because of the dis-

couraging results of the mechanical tests and lack of time

oxidation and flainability experiments were not attempted on

the alloys.

Earlier in the program, considerable effort was expended

_________________________________________________________________________________________ - —~~——~~—--. - ~—
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Microstructure of Ti-28 .SV-9Mo—3.8A3.
alloy so1uti~~~j zed for 15 minutes at
1000°c and aged for 250 hours at 600°C.
A circular ct is clearly visible in Bmatrix

Figure 3
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investigating a group of alloys consisting primarily of a two

phase mixture of TiA]. and B. The idea was to obtain a micro-

structure where TiA1 was imbedded in a matrix of B which was

assumed to have the greatest ductility . The alloys were arc

melted as buttons and then isothermally forged by Tom O ’Conne l

Government Products Division, Pra tt and Whitney Airc ra f t, West

Palm Beach. As previously reported , the alloys were found to

be brittle, however , the origin of the brittleness was not

estab lished. 5 On the basis of our more recent result, it appears

likely that the equilibrim B phase present in these alloys

contained enough Al, and the grain size of these alloys was

sufficiently large that their ductile brittle transition tem-

pera ture should ha ve been well above room tempera ture .

During the course of this program , we have attempted to

access the potential of B alloys as low density substitutes for

nicke l alloys in the high temperature stages of gas-trubine

engines. At the time we began this program, concerns had been

expressed regarding the high density, low modulus , high di ffusi-

vities and low oxidation resistance of this type of alloy .8 We

have shown that by adding Al it is possible to prepare B solid
solutions with (E/ p)1’2 greater than 8800 in1’2 in the range

1000-1100°F. Because of our recent discovery, however , that Al

raises the ductile brittle transition temperature, it appears

that the use of this element must be limited to about 2 pct.

Thus , ba sed on equations previously reported6 giving E and p

for B—Ti alloys at room temperature (alloying additions in wt

pct) E (psi x 1o 6) = lO.~ + 0 .067V + 0.175Mo + 0.207Cr + 0.222Al

+ 0.130 Si



(in 3/lb) = 6.15 — 0.Ol6V — 0.034Mo — 0.023Cr + 0.O4lA l + 0..037Si

it would appear that a room temperature value of 9078

which wou ld extrapola te to 8600in 1
~
’2 at 1000°F , would be more

realistic. This could be achieved with a Ti-38V--l2Mo—2A1-0.5Si

alloy. In order to fabricate specimens for mechanical testing

in this program, we reduc ed a lloying additions to the point that
I

a stable B alloy was no longer achieved . Consequently, the

low creep resistance observed should not be taken as proof that

the creep resistance of an all B matrix containing su icides

wou ld be low . Whi le systematic oxidation experiments were

not carried out , neither embrittlement nor excessive weight

loss were observed in the high temperature tensile tests and

creep test. Finally, it appears tha t the concept of stable B

matrix strengthened by TiAl does not merit further effort.

Due to the high Al content of the equilibrium B phase the

ductile brittle transition temperature will probably exceed

roolL temperature.
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of fabricating beta titanium alloy s with
Tom O’Connel (Government Products Division, Pratt
and Whitney Aircraft on Several occasions between
September 1978 and March 1979.
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Phase Equil ibria  and Inter s t i t i a l  Effe cts in the
Ti-V -Mo Alloy System

T. KHALED , G. H. NARAYANAN , AND S. M. COPLEY

The ~tabi1ity of the ~ phase in the Ti-V , Ti-Mo , and Ti-V-Mo alloy systems was investi-
gated , and the ~3/a -s. $ phase boundaries in these systems were determined in the range
300 to 600 C. The result s indicate that Mo is more potent than V in stabilizing the ~
phase with respect to a phase formation and in retarding the j3 — a reaction kinetics. It
is shown that increasing the oxygen concentration in the alloys tends to enhance a phase
formation In Mo- lean alloys (Mo contents < 15 wt pct), whereas it leads to the formation
of an oxide phase in Mo-rich alloys (Mo contents ~ 15 wt pct).

I. INTRODUCTION as-cast condition to 0.4 mm strips , and then cut to
coupons for subsequent heat treatments. The alloy

T HE equilibrium 3/a + a3 phase boundary ($3-transus) compositions marked with asterisks were brittle and
in the Ti-V-Mo system has not been, so far , experi- were not included in this work (see Ref. 11).
mentally determined. A number of thvest1gatorS,”~’ Two groups of alloys differing mainly in their oxy-
however , have determined the phase diagrams of the gen contents were investigated. Typical interstitial
three binaries that bound the Ti-V-Mo ternary . For analysese of one group of alloys were 0.07 0, 0.007 N
example , it is reported that V and Mo form a continu — •All sn~~ ses cited in the present work are in weight percent.
oizs series of solid solutions with one another.”~ Also
the Ti-V ,3~ and the Tl-Mo~~ phase diagrams are re- and, 0.009 C. The interstitial analyses of the other

port ed to be of the 3-isomorphous class. However , group of aUoys were typically 0.12 0, 0.01 N and ,

there are discrepancies between the results of differ- 0.007 C.
ent authors working on the same alloy system regard- Specimens for heat treatment were wrapped in Ta

ing the location of the 3-transus in that system. This foils and sealed in evacuated quartz capsules. The

may be due to differences in the levels of interstitial capsules were evacuated and back-filled with purified

contamination in the alloys investigated by the differ- argon several times before sealing under vacuum. A

ent authors , a.s is suggested in a recent theoretical
calculation for the Ti-V system. iO In view of these Tabis I. C3,.m,caI Analysis of th. Mimi, Used for Alloy Preparatio n
discrepancies, it is not possible to accurately evaluate __________________________________________

the relative 3 stabilizing powers of Mo and V on the High Purity Crystal Bar Ti
basis of previous investigations. 

~~~~~~~ w pci
The objective of the present work is to investigate —

the stability of the ,3 phase in Ti-V , TI-Mo and , Tl-V- Si <0.005

Mo alloys , and the effect of oxygen on phase equilibria <~~00~
Mg <0.005

in the range 300 to 600°C. No attempt will be made Mn • <0 00 1
here to compare the present results with those of c <oo~
previous studies concerning the Ti-V and the TI-Mo . Fe <0.005

systems because of the uncertainty in the interstitial Cu <0.001
Ni <0.001

contents of the alloys used in previous studies.
Zz <0.01

fl EXPERIMENTAL PROCEDURE High Purity V Sheet

The alloys used in this work were prepared in the ~~ mefl1 ppm by Wi Elenwnt ppm by Wt

toru s of buttons from high purity metals (see Table I ),  
~~ .‘ .~~~~~ Mo <21)

by arc melt ing under a purii~ed argon atmosphere , us- o
us~ a non-consumable tungsten electrode. All alloy c~ <1000 Si 441-b .’ I
buttu ns were melted six times and turned over prior Cu <40 Ta <IsX ~
to each remelt ing operation. The nominal compost- Fe 86.92 Is <50

H <.5 W
t im ,, s~ of these alloys in wt pct are shown In Table II. 33.;4 C tOO -

A ll  of the alloys shown in Table U. with the excel,t ion Mn <10 N 91)
of thoce markcci with asterisks, were cold rolled in the — —• —  — — - . - -
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rccrystallizatiorv ’snlut iOfl  heat treatment at 000°C for
3 h or 50 h was used pr ior to isotherm~tl aging at T,,l,le Dl .  Nomina l Alloy ~ou, ’ ,

lower temperatures. The variation of the recrystal~ . . . - ‘ -- - __-_  -

lized ;rain size with alloy composition and time is \Uus y , - 
f l ’~ - . ‘ “ ‘ ~ L Il ’I ~%t  I’~i 

—

shown in FIg. 1 for both oxygen levels investigated. - \ ‘ i u h e r  Mo V

It can be seen from this f igure that Mo is superior to - ‘

-
~~~~~~~~~ -o 

-

v in inhibiting grain growth. To investi gate phase -

equilibria in the range 300 to 600°C, the recrystallized! 3 — 40 ‘•O
solutionized alloys were isothermally aged for 250 Ii — 1)

at 600’C, 1500 h at 450°C. or 2000 h at 300°C. ‘ - ‘.0 LI
b - ‘S

The identification of phases present in the heat ‘5
treated alloys was made primarily by transmission s S
electron microscopy, using a Hitachi HU -125C micro- -~~

scope operated at 125 KV. Thin foils for microscopy 10 5 40
work were prepared by electropolishing using the I I  S 45 ‘0

2 5solution and conditions described by Blackburn and 13 10 tO
Williams.1 The t ransmission microscopy work was 4 IS  I S  ‘0
supported by X-ray powder diffraction analysis using IS IS  20 ‘5
Cu-Ka radiatIon. lb I S  25 .0

17 15 30In order to reveal grain boundary segregation, an IS IS .~S ‘0
Applied Research Laboratories EMX electron probe 19 15 40 -iS
microanalyzer was used for local chemical analyses. 20 20 - 20 .0
Primary electron energies of 10 KIT and 20 KY were 11 10 0

used for interstit ial (0), and substitutional (TI, V, 2 25 —

and Mo) elements respectively. Typical analyzed (cx- 23 30 - ‘a
24 35 —

40 — nO
45 — 55

Ti 27 50 — 50
55 — 45

0 ‘Brittle ~ the as<asi con dition .

$ /
~~~~~~~~ -~~2O cited) volumes were 1.5 ~ m in diart. and 1.5 ~m in
_______ 

depth. Grain boundary local anaLyses were carried
______ 

out at triple points , i.e. where three grains meet, so
as to maximize the grain boundary volume analyzed

40 at any given time with respect to the volume excited

50 
by the electron beam , and consequently improving the
chances of detecting grain boundary segregation.’1

‘-I~/ \/

Symbol 
UI. EXPERIMENTAL RESULTS

A. Solution Heat Treated MicrostructuresAverage grain d i a m et er (sm) 60 90 20 I~ O -
(a) Microstructural examination of the alloys with the

Ti two investigated oxygen concentrations indicated t hat

dition was the 3 phase. Local chemical analyses did
not reveal any significant segregation of Ti , V. Mo or,~ 

the only phase present in the solution heat treated con-

0 to the grain boundaries.

~~ 20 20
B. Phase Equilibria at 600°C

30 
~‘. The 3/a + 3 phase boundaries at this temperature~~~~

‘ 
~~~~~~~~~~~~~~~ 

for the two investigated oxygen concentrations are
40/~ 

~~~~q~~ :\ shown in Fig. 2. This fi gure clearly indicates that
Mo is superior to V in stabilizing the j3 phase with

50 \ ‘% respect to a phase formation. It is also seen that
/________________________________ increasing the oxygen conteAt of the alloys leads to a

- widening of the a/t3 phase field . This widening be-
Symbol comes less significant as the Mo content of the at-
Av er agi grain diameter (~t am )  90 120 150 ~~ 210 loys Is increased , giving rise to a 3/a + 3 phase

boundary that has an inverted L shape at the higher
(F,,

Fig. 1—Average gra in diameter as a function of composit ion oxygen content . Fi gure 3 shows the effect of the oxy-
irs the TI-V-Mo system afte r recrystalliz ing at 90O~C for gen content on the microstructure of a Ti-40V alloy
(o) 3 h. and (b )  50 h. aged at 600°C. It can be seen that the alloy exhibits
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Fi g. 2—The $/~ ,3 phase boundar ies in the T I - V - M o  sys—
tern at 6O0~C arid 450’C fur the two different oxygen Concen— pear to preferent ially attack this phase lead ing to its
~,aUons. rapid dissolution . Typical elc ctron diffraction pat-

terns from the Mo-induced phase are shown in Fig.
an all 3 microstructure at the lower oxygen concen- 5 which indicates that the crystal structure of this
tration (Fig. 3(a)) whereas at the higher oxygen con- phase derives from a NaCI- type of structure. It was
centration it t ransformed to an a/3 microstructure not possible , however , to obtain any new diffraction
(Fig. 3(b)). lines due to this phase in powder X-ray diffraction

Alloys with Mo contents ~ 15 pct displayed a ten- patterns , probably as a result of its small volume
dency towards the formation of a grain boundary phase fraction , and thus its structure could not be unam-
(Fig. 4) . Since this phase was not detected in Mo-free biguously determined. The Mo.’ induced phase was de-
alloys, it will be referred to as the Mo-induced phase. tected in 13 and a/13 alloys and its presence was as-
The formation of this phase in a given alloy aged at sociated with an intergranular brittleness.’1
600°C appeared to be enhanced by coarser zrain size Local chemical analyses on a number of alloys aged
and higher average oxygen content of the alloys. Once at 600°C revealed that Ti. V. and Mo tend to distribute
formed , the Mo-induced phase can be dissolved by themselves uniformly between the grains and the grain
heating at higher temperatures. The polishing and boundaries. In contras t , oxygen tends to segregate to
etching solutions commonly used for Ti alloys ap- the grain boundaries particularly in Mo-bearing alloys

with Mo contents ~ 15 pct. An example of this segrega-

- — - 
lion is shown in Table UI. For a given alloy, the con-

J . / centration of segregated oxygen at the grain bound-

I -
. 

I.. ~1l  - - — — —

/* - - ~~~~~~~~ 
- — ~ - ~t -‘

.

. ~~~~ 

;

44__ —

I “ p 
O .S/ 4t t ~j  -

- ----I
(a) -

Fig. 3—B .F.  electron micrographa showing the effect of the !—
oxygen content on the micros tructure of a Ti—4 0V alloy aged
at 600 C f o r  250 Ps; (a) oxygen concentrat ion 0.07 pet . All 13 ~~~~~~~~~~

.‘‘ ——  - ‘ - -“.

microstructure with the corresponding SAD pattern.  (10O~Ø Fig. 4—B.F. electron micrograp h showing the Mo-induced
zone no rmal. (b) oxygen concentration 0.12 pet. ~I13 micro— phase in a Ti-25V-l3Mo 0.12 0 aLloys aged at 600 C for 250
st ructure with the corresp onding SAD pattern . c.113~Ø arid h. Note the high density of defects and the uneven thinning
e2it~~a zone normals,  of the phase.
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aries nl )Innar cd to inrre~ so wflh coarsi r grain size
kind Iii ~IiCt average oxygen ennient of (he alloys. T./~le IV. Th, Effe ct  ol Mo on - u Rc j ct ~on ~~~~~~ •i 4i0 C

C Phase Equa l ibi  i i  at 450 C t~~~~

t 

“ I ~i I

The 13-’a+13 phase boundaries determined at this I - n  ~~~~~~~~~~ - (V C Mol 
-. 

I ’-

temperature. are shown in Fig. 2 for both uxy~en I .~ L ’ H %1O V 
- 

0 i’:~~~~~~~t . i ~ 
- 

I .

concentrations investigated . These phase boundaries , 5 - so 007 hal so 3 r . 3, 3
in contrast to those obtained at 600CC. show that the i i  S 45 ( 107 Sal 50 - a , - .

.i ci-ca~ ed presence of ox~~en in thc aihoy s at 150CC 7 5 25 107 hal ~0 ‘3 , ‘3

uoes not lead to a significant widening of the ~ 13 3 30 (1 07 h~l ‘0 3 .

phase field. - -

The Mo-induced phase and the tendency of JXV :cn
Table I I I ,  Oxygen Segrega tion so the Gr ain Sounda ruee in a T~-30V-1i~~~ -0.12. to segregate to the grai n bounda~ics W C L C  detected

Alloy Aged at 600 CIor 250 h Acerag. Gr ain Diameter 150 cm ~ Ei alloys with Mo contents - 15 pct . both I)l’ t ng
—- - - -  --— -— •-— - — — must pronounced in coarse grained ailoys with t h e

rum he 
o I 2 3 10 60 hig her average oxygen concentration , as was ob-

r~ iin Bou n n d j r ~ 4m - 
-served at 600-C. However , for a z ,vcn .illoy, .,v e i  t~ e

\ - e r ~;: O~~’~ nt ~ t~~ 83 i~e (2 6 128 12 1 oxygen concentration , and grain size, the volume
fraction of the Mo-induced phase as weLl as the con-
ct~’itration of segregated oxygen at the grai n bouusd-

_______________________________________________ aries were greater at 4500C than at 600CC.
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Fig . 3—SAD patterns obtained from the Mo-Induced phase Fig. 8—B.F. electron micrographs shoo ing the ,l j  preL-ipi-
~hot n in Fig. 4 for two different foil orientat ions; (a) (r14) tales formed after 24 h aging at -130 C in: (a (  a T i— 5U ~’ :tlI ,,e
N i C I  zone normal , (b) (110) NaC I zone norma l .  Tnt cn sit les of with the corresponding SAD pattern. v12’ ,3 zone norrss i l ,  ( b l
~i~ t r a ~~;ion spots are modulated by the presence of extended a T(-45~’-5 Mo alloy with the n~orr espond ing SAD pat te rn .
k fevt s  o i t h in  the phase. hi  

~Q 12) 13 zone normal.
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D. The Effect of Mo on the Cl — a Reaction ‘ ~~~~~ ‘ ‘ ~~~~~ C~~~~~~~ 
~~~~~~

‘
~~~~~~~~~~~~~~~~~

‘ 

~~~

“

Kinetics at 450° C ,
‘a’-.—’. — I ’

’
~~~~’~~

To determin e the effect of Mo on the ,3 — a reaction • ~~ ‘c’- 
~~~~~ ~~~~~ ~~4’

kinetics , the microstructures of those alloys with 0.07 ‘. ~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
.
~~~~~

— -
~~~~~~~~

--
~~

--‘ - :  - -

pet 0 were examined as a function of aging time at - ‘ 
~~~~~~~~ 

- - - 
- -. -i——

450°C. A summary of some of these results is pre- • i. ~~~~ 
‘3” ‘~~~~ a” ,~~~~~,, 

—~ ‘ -‘~5:s~: -

sented in Table IV. Considering the Ti-50V and the V - 

~~~~~~~~~ :-~
‘; .

“

~~~~

‘

Ti-45V-5M o alloys, both of which containing a total ~~~~~~~~~~~ .t •. ‘-- - .- • - ‘—z~ - . ... -

of 50 pet 13 stabilizing elements (V and Mo) , it can be - - 
‘ •

•— •
•— i~ &.. 

- ~~~~~~~~~ 

,

~~
‘

seen that upon aging for 24 Ii at 450~ C. the decom- - ~‘ ~~~
‘
-“ 

-
- - 

-&. ~~~~~~~~~ ~~~

position of the Cl phase in both alloys resulted in the • •:: - - - - - 
~~~! .R”

precipitation of the solute lean i3i phase within a solute ~~~ 
- ‘. - a~~~t.. I - ~~~~~

- : 7’ P - 
~~~~ 

- “
~~~~

enriched 13,. matrix (see Figs . 6(a) and (b)) . However , .~~‘—  

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

.- ..~~~
...,, . 

‘a -

upon aging for a total of 100 h the ,3~-/L 3g structure of 
C 

- ‘ 
?~~~‘ Z°

~.,d au~. _, 
—

~~:~~~
- ‘ 

:
4:—

~~ 
- —

the Ti-50V alloy transformed to an a/~3 structure — ..
-
~~~ 

“
~~~ ~ 7-~~j  —

~~~~~~
“ -. —  .7. ~~~~~~~~~~~ ~~~~~

-

( Fig. 7) , whereas the Ti-45V-5Mo alloy remained in ~~~~ - 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ P-S. ~~~~ ~ ~L~~~
4-’~ ~the 13?’i’~: condition (Fig. 8). Similarly , a comparison ~~

— 
~~~~ 

-
~~~

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

- - 
—

of the micros tructure of the Ti-25V-5Mo alloy with - -_ ~
- -~~~~~~“~~~~ -I!’- ~~~~ . 

‘ 
~

that of the Ti-3OM o alloy in which all the V has been ~ -‘ ~,, • • . ~
“

~~~‘ t4’-”- __
replaced by Mo. shows that after 100 h the former - 

- ~ ~ 7- ,. ~~~ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

alloy developed an a/Cl rnicrostructure (Fig. 9(a)) -
~~ 

-
‘
; ~~~~~~~ i-~ 

‘ 

~~~~~~~~~~~~~~ ~~t 
-

while the latter remained in the 3 condition (Fig. 9 ( b ) ) .  • ~~~~~~~~~~~~~~~~~~ 

~- i ~~~’ ~ 
,-....

~~~ - —

Since all the fou r alloys considered here exhibited h e.. ~~~~~~
‘ ~~~~ — -~‘i~ ~~~~

“ —‘

ai .3 rnicrostru ctures u pon prolonged aging (1500 h) , C 
‘
~ 

.
“ - 

— - — _, 
-
~ -r’~ 000

the preceding observations clearly demonstrate the - . - . .—~~, ~~ ‘ 
- - - 

-~

effect of Mo in retarding the 13 — a reaction kinetics. 
~~

‘

~

°-

~

_. 
~ ~~~~~~~~ 

- 
-

- I
E. Phase Equilibria at 300°C ,~~~ ~-~~i’ ~~~~~~~~~~~~~~~~~~~~~~~~ L _ _ _ _ _ _ _ _

The alloys investigated at this temperature were (61

those with 0.12 pet . average oxygen content. Figure _______________ - __________

10 shows the phase boundaries that were determined - - 
- : -

after 2000 h of aging at 300°C. The f act  that a metasta- - 
- I; if -, 

-- - 
-- ; -

ble phase such as omega was detected in some alloys , - i .
, 

- 
- -

suggests that the isothermal section shown in Fig. 10 .. j ’.’ • - —-

is a metastable one. However , this section again - ~- ~~.. ~~
_

.. - 
-

demonstrates the beneficial effect of Mo additions in -

stabilizing the 13 phase The embrittl ing Mo- induced , 
C

phase and the tendency of oxygen to segregate to the ‘. .-~~
‘ .- 

~ -~~~~ - - 
- 

- . - -

grain boundaries were not detected in Mo-bearing V -
~~~ 

- -

~~~~
. 

- 

- :.,-
~~. 

~ 

- 

.~;;. 
- -

alloys after aging at this temperature. ~~- - ‘ ~~~~~ ,: ‘-,
~~~~ , •~ 

~~~~~~~~~~~ 
~~~~~~~ , 

- -

~~,
. 

~~~~~~~
IV DISCUSSION ~~~~~~~ ‘ -# 

.‘~~~ ‘ °‘ ‘- “. 
C’ - -

~~ — ~~
‘ .~~~~ : ~~~~~~~~- _ .

A. Phase Equilibria at Low (0.07 Pct) .- -. : -‘ ‘-

Oxygen Contents .
~ 

(~~ e~ 
~ 

-

The shape of the phase boundaries shown in Fig. 2 ~~~ .~~ 
— 

- ‘~~ ---_,
-. - - ;_ 

-.

(solid curves) for the alloys with low oxygen contents. ‘° 
- - 

‘F ,- - 
- - .

indicate that Mo is a more potent ,3 stabilizer than V . - .- 
~~~~

s . ‘L’ . - -

Fi gure 2 also shows that as the temperature is de- ~~~
- ‘ • - ‘—- 

- ‘
—
‘ 

- _
‘
~~

creased from 600 to 450° C, the widening of the a 13 
- 

, - , - -

phase field is less pronounced in Mo-rich alloys than - ‘ - -

in Mo-lean alloys. This demonstrates the better mi- - - -: 
— - 

• . 
-

crostructural stability of Mo-rich alloys with respect 
- 

- 
, .t 

,

‘
‘ ‘ 

— 

-

to temperature changes. Thus the thermodynamic • - 
,

- S 
, 
. - . 

- 
. 

- -

effect of Mo additions to Ti-V alloys is a widening of ~ 
- ‘:,:~ 

‘
~~~~

the .3 phase field at the expense of the a .3 field. Apart ~. 
- ‘ . ,‘ “Tn’ s- 

\ - 

-

fr , i ts  this effect,  the results listed in Table IV m di- ~~.- , — ‘ .~~
‘ 

~~i • - ~,•J - -

cole that the presence of Mo retards the 13 — a reac- r ~ 

- - -~ - • - ‘ ., 

- 

- 

-

tion kinetics in a/Cl alloys , as is expected trol ls the - 
— ‘~~~~~~~~~ ‘~~~ —- - - -  - .

slow diffusion rate of Mo in 13 Ti.i3 (hI  
- -Fig. 7—Elect ron mi cr t graphs  showing the a.13 micro ~.ir uc-

lure of a T i — 0V allny iged it l~~0 C  (or [1)1) ‘i. t a t  B-I - - w i t h
B. The Orig in of the Mo-Induced Phase the correspo nding SAD pattern.  (01:h ~J zone n ortu a l .  Ares ii

the , l l f f i - ;&, -t i - n spots i n ’  (tic i t  r s on— l3uige r  s . r ,  b l  O F .  oh-
I II  - pI :sc-!It r esult s  indie:~te th at the  f , ) i I , t ~ 1’ 0!t ~~ t a t n t d tv ‘i~ tog  in - .  d i l f r  ( i f l  spot i i t i , - -~ - I a in thr - inr .e r t

the Mo- (isducud phase in Mo-bearing alloys Is pro- of FIg. 7 ( a ) .

Ml I ‘. 1 1 1  i-~’ ,Ii ~l tlt C. N S C.C llu%S A V O l t  % t I  I i  1 ) 1 ( 1  ‘ f l i (  K I ’ ~~~ ~ S M 7
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-
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. ,. , - , ,~~-. ./-. factors that enhance oxygen segregation to the grain
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‘._ j  boundaries. Thus it is reasonable to assume that the
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‘ 1 - /  Mo-induced phase is an oxide or suboxide of Ti and/
.! : , ~s, 

~~~~~~~~~~~~~~~~~~~~~ ~,, , -, or Mo. Since Ti has a higher reactivity with respect
/ ~~~~~~~~~~~~~~~ 

J~ ~ ,y” “ ~~ to oxygen than Mo, this phase is probably an oxide or
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~
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‘— -/  suboxide of Ti. This conclusion is substantiated by
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s- -: -  ~ the fact that the electron diffraction patterns obtained
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p from the Mo-induced phase (Fig. 5) can be indexed on

~.,1 #“ 
“

~~~ ~ ~~~~~~ c - -~~~~~ the basis of a NaCl type of crystal structure, as is the
- ‘—  -~~ ~ case with the oxides and suboxides of Ti.’4 The lack of

••~.-~ ~~~~~~ ~~~~~ 
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X-ray data, however, prevented a clear-cut identifica-

• ~~P- .°-~‘-).5AJrn jt .-.. tion of the Mo-induced phase.
L - -‘~~.~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 

-
~~-~

s
~J The formation of the Mo-induced phase at sites such

____________ - - as the gra in boundaries during aging can be ration-
alized in terms of the relative ease of nucleation

- and the concentration of oxygen at these sites. It is
known that the critical solute (oxygen) concentration
required to nucleate a precip itating phase (the Mo-in-
duced phase) at a heterogeneity Such as a grain bound-

GB. ary, is considerably lower than that required to initi-
- ~~~~ - - / ate homogeneous nucleation within the grains. Fur-

- - :•;;  _.., ther. it has been shown that oxygen segregates to the
-~~ - -~~~ - ~~~~~~~- grain boundaries. Therefore. even when the aver-

- ~ a~e oxygen content of an alloy is well below that i’e-
- - - 

~ quired for nucleation , owing to the preferential segre- —

• .~~~~~ ~~~~~~ , gation of oxygen to the grain boundaries , the local
- 

oxygen concentration at these sites can build up to
- - - - such a level as to exceed thu concentration required

- -

- 

: . ‘ for the heterogeneous nucleation of an oxide phase.

-- 
i~~~ C, The Effect of Increasing the Oxygen Content of

- ~~~~~~~~~ - - 
- the Alloys On Phase Equilibria

- - - _ • .  - - - -- - - A comparison of the results obtained at the two
fbI oxygen concentrations investigated (0.07 and 0.12

Fig. 9—S.F. electron m(crographs showing the microstruc-  pet) indicates that increasing the oxygen content of
lures obtained after 100 h aging at -$5O•C in~ (a) a Tl-25V the alloys tend s to create instabilities in the .3 phase.
~Mo alloy. a/ 13 micro structures with the corresponding SAD These inst abilities can be divided into two distinctpatte rn. ~012~ ~ zone normal. Arcs in the diffraction spots
~,rc due to non-Burger ’s a. (b )  a 11-30 ~.1o ah oy. .~~i ~ fl~ - ty pes depending on the Mo con tent of the alloys:
crost ru eture with the correspo nding S.AD pattern. ~flj)~ I) Formation of Oxygen Stabilized a in Mo-Lean
zone normal.  Alloys (Mo Contents < 15 P- - Increasing the oxygen
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cüntent of Mo-lean alloys tends to enhance a i~hase 2) Formation of an Embrit t lino- Grain Boundary
formation leading to a widenin g of the a/ .3 phase field Oxide Phase in Mo-Rich Alloys ~ Io Contents ~ 15at any given temperature . Fi gure 2 shows that this PcI) . The addition of about 15 pet Mo to Ti-V-alloys
w~dening is more pronounced at 60O~C than at 450° C. tends to inhibit the formation of the oxygen stabilized
A possible explanation of this behavior can be given a phase at 600 and 450°C. These Mo-rich alloys.
on the basis of free energy-composition diagrams for however , are characterized by the segregation of
the a and .3 phases. Fi gure 11(a) schematically i l tus -  oxygen atons s to the grain boundaries (see Table III ) .
trates the total free energy i-s composition relation- Ti-Its segregated oxygen tends to react with the base
Ships at 600°C, while Fig. 11(b) illustrates these rela- metals leading to the formation of the embrittling Mo-
tionshi ps at 450°C. The ~3 curve a 600°C is shown to induced phase which is believed to be an oxide or sub-
have a smooth parabolic shape consistent with the ex- oxide of Ti. The formation of the Mo-induced phase

C perimental observation that no phase separation reac- was more pronounced at 450°C than at 600°C. This
tion (13 — Cl,. + i3~) takes place at this temperature. At behavior can be rationalized in terms of a decrease in
450°C. on the other hand , the .3 curve is shown to be in- oxygen solubi lity in the alloys as the temperature is
flected. indicating the occurrence of a phase separa- decreased. Such a decrease in oxygen solubility is
tm on reaction. Also shown in Figs . 11(a) and (b )  are the expected to promote further segregation of this dc-
cv phase free energy rves for the two investigated ment to the grain boundaries, thus enhancin g oxide
oxygen concentrations (0.07 pet and 0. 12 pet ) . The cx- phase formation.  A similar tendency of carbon atoms
tent of the a/Cl phase field at a given temperature is to segregate to the grain boundaries resulting in the
determined by the common tangent to the a and 13 free formation of carbides has been observed in a Ti- i S
energy curves. Since oxygen is a stabilizer of the a pet Mo alloy and was also attributed to solubi lity ef-
phase , the effect of increasing its concentration in the fects. ’5
alloys at a given temperature is to lower the a cu rve The present results thus show that as the Mo con-
relative to that of the .3 phase , causing a shift in the tent of Ti-V-Mo alloys is increased , a transition
tangent poin! on the latter curve , and a corresponding takes place in the type of instabilit y in the 13 phase in-
widening (BB) in the a/Cl phase field . Decreasing the duced by oxygen, viz , a transition from the oxygen
temperature from 600° C to 450° C at either oxygen con- stabilized a phase in Mo- lean alloys to an oxide phase
centration lowers the a curve relative to the now in- in Mo-rich alloys. It is interesting to note that in
flected 13 curve. Because of this inf lection , the curva- Zr-Nb-C alloys , a similar transition from the hcp
ture of the .3 curve near the minima becomes larger aZr  to an oxide phase has been observed as the Nb
than tha t of its counterpart at 600°C. Consequently , at content of the alloys is increased at a constan t oxy-
4 50°C, whe n the a curve is lowered as a result of the geti concentr ation. ’6 A generalized discussion of the
increased oxyge n concentrat ion , the shift (BB) in tlie hcp a to oxide transitions occurring irs P(Ti .Zr.Hf ) -
position of the tangent point on the 3 curve is smaller X(B-stabi l izer ) -I( O ,N ,C) alloy systems is given else-
than that at 600° C. Figure l l ( c)  schematically de- where. ”
picts the resulting phase boundaries according to the
preceding arguments.

V. CONCLUSIONS

~ 1L~- ~~~~ ~~~~ . ~, 1) Mo is more potent than V in stabilizing the 13

~t.-~--~ (O.I 2 pc? 0) 2) Mo additions to Ti-V alloys retard the .3 — a
C’ 4 

/ reaction kinetics in a/Cl alloys.
~~ 

—‘- .
~~~‘ 3 3 3) The increased presence of oxyge n in Mo-lean

alloys (Mo contents < 15 pet ) enhances a phase forma-
- (a )  tion and widens the a/Cl phase field. This widenin g is

600°C more pronounced at -600° C than at 450° C.
L — ~~- - _______ ---  — 4) The increased presence of oxyge n in Mo-richO7~c? .~ ( I~lC.~2 ~ct OI alloys (Mo contents ~ 15 pet) leads to the formation of

~~ 

- 

a an en ihs’ it t l ing grain boundary oxide phase (the Mo-in-
~~ \

‘S
\_, 

i’ duced phase) . This phase has a crystal s tructure that
derives from a NaCI type of structure and its forma-

- - (b )  tion is enhanced by lower aging temperatur es , hi gher
- 

~~
- 450°C average oxygen content , and coarse r gt -ain size .

L - ______ — - -_____ - - 5) At 300°C, the rate of attainment of equ t l ib i- ium is
- very slow. As a result , the phase boundaries deter-

,:- ~~‘.- 
- 

m i !~ed after 2000 h of aging at this ten?pet-~t-1re are( 
- ‘ —

. ~~~~~~~~~~~~ ~ 
met ~ thle , and do not reflect the .true stability of the

. ill . a~~~~~
’
~~

-
~~~~ a Cl pIi~se.

~~~ 
0.07 pcl.O 

~~ — (c)
- 

- - AC1~~OWl~EDGM~- ~TS
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STABILITY OF THE BETA PHASE IN THE Ti—V-Mo--Cr SYSTEM
1z- ~ ~~~~~~

- ii

T. Kh.iled , C. H. Narayanan and S. M. Cop ley
D.~par tment  of ~-tateria1s Science

Cn i v e rs i t y  of Su u t h e r n  Ca l i fo rn ia
1.v. S Angelas , C . il i f o r nla  90007

The authors have recently reported on phase e q u i l i b r i a  in the fi-V—Mo

system in the t e mp e r a t u r e  range 30O~ 6OO 0C) In t h is co:~:-~un ic u c i o n , we

report the results of an investigation of the stability of the 3—phase in

the Ti—V—Mo—Cr system at 400, 500 and 600°C for Cr additions up to 10 wt

pet.

The compositions of the alloys investigated are given in Table I.

Alloys were examined after solutionizing for 3 hours at 900°C and after

subsequent aging for 250 hours at 600°C, 800 hours at 500°C or 1500 hours

at 400°C. A description of the procedures employed in melting , heat

treating and characterizing the alloys has been given elsewhere)’2

Microstructural examination of all alloys after solutionizing at

900°C indicated that only the beta phase was present. Local chemical

analysis using an electron probe microanalyzer revealed no significant

Ti, V, Mo, Cr or 0 segregation to the grain boundaries. A systematic

investigation of the nsicrostructures of aged alloys was carried out

primarily on those containing 8 wt pet Cr. In addition , the microstruc—

tures of selected alloys containing 5 and 10 wt pet Cr were investigated .

The B/ (a + B) phase boundary for Ti—V—Mo—8 wt pet Cr alloys at 600°C

is shown in Fig. 1 (solid line). As was previously observed in Ti-V—Mo

alloys, Mo is more potent than V in stabilizing the B phase with respect

to a phase formation)’ Also, as was previously observed in Ti—V—Mo alloys

containing i200ppm 0, the a + B phase field widens appreciably with decreasing



Mo con tent giving it an inverted T.. shape. Alloys with Mo content (7 wt

pet and with compositions lying below line AB (i.e. those compositions

lying in the shaded region of the diagram) had grain boundaries that

were decorated with a phase precipitates ; however , no a phase was observed

in the grain interiors, after 250 hrs. of aging, see Fig. 2a. This behavior

differs from that observed in Ti—V—Mo alloys with low Mo content , which

contained 1200 ppm 0,where a phase normally appeared both at the grain

boundaries and interiors.’ Alloys with Mo content >10 wt pet ~nd with

compositions lying below line AR had grain boundaries that were decorated

only by a phase having a crystal structure that derives from NaC1—type

of structure. This phase, identified previously as the Mo—induced phase

(NIP) , has been observed in Ti—V—Mo alloys and is believed to be an

oxide or suboxide of Ti.1 In alloys with 7 wt pet Mo content

and with compositions lying below line AR , some grain boundaries

were decorated by the a phase and some by the NIP. Thus, as the Mo

content is increased a transition in the type of grain boundary phase is

observed .

Electron probe microanalysis of several aged alloys indicated that

Ti, V, Mo and Cr. were uniformly distributed but that oxygen has segregated

to the grain boundaries. This segregation was most pronounced in coarse

grained alloys with high Mo content , as was observed in Ti—Mo—V alloys.~
’

The details of phase equilibria and segregation trends after aging for

800 hours at 500°C were essentially the same as at 600°C and the phase

boundary at 600°C, Fig. 1, can be employed to describe the BI (a +B) equili-

br ium also a t 500°C. The Ti—44V—8Cr alloy was exceptional , however, in

that it exhibited a Br (solute rich (solute lean 3) phase structure

within the grains even after 800 hrs. of aging’ at 500°C. In contrast

to all othe r alloys in the shaded region of the - diagram in Fig. 1, this



alloy had a phase on just a few rather than all of the grain boundaries

examined.

Aging at 400°C for 1500 hours resulted in the decomposition of the

B phase in all of the alloys investigated . Some of the alloys contained

L 3r and ~2.’ 
while the others had a/B microstructures. The 

~
8r + + 3)

phase boundary is shown in Fig. 3. Alloys with 3r + inicrostructures

characteristically lacked grain boundary phases.

Only a few alloys with 5 and 10 ut pet Cr were investigated. The

microstructures of. these alloys after aging at 400, 500 and 600°C are

described in Table II. As in the case of the 8% Cr alloys with compositions

ly ing below line AB, aging at 500 or 600°C resulted in the formation of the a

phase at the grain boundaries of Mo lean alloys and the formation of the NIP at

the grain boundaries of Mo rich alloys; in both cases , the grain interiors were

B phase. A deviation from this behavior was observed in the Ti—30V—5Mo—lOCr

alloy aged at 500°C. This alloy had a 8r 
+ micros truc ture throughout

and a phase was not detected at the grain boundaries examined . Aging

at400
0
C resulted in the formation of a 3 + microstructure in all of

the alloys with no grain boundary phases being present.

The similarity of the inverted L shaped (ct+3)/B boundary observed

in Ti—V—Mo—8Cr system to that observed in the Ti—V--Mo system with 1200 ppm

oxygen suggests that phase equilibria observed in the present investigation

were probably influenced by the presence of oxygen. In both systems, the

results indicate that in oxygen bearing alloys, as the Mo content of the

alloy is increased , there is a transition in the type of grain boundary

phase present; namely, the a phase occurs in Mo—lean alloys while, the NIP occurs

in Mo—rich alloys. The nature of this influence can be qualitatively

understood with the help of the schematic Ti—X—O diagram shown in Fig. 4

which is based on the Ti—Mo—0 diagram determined by Farrar et al.3



Accord ing to this diagram, if oxygen is present in excess of its

solubility limit in the B phase, then as was observed , a transition in

the oxygen stabilized phase will occur with increasing friction of B
stabilizers viz, a + B -

~~ a -I- B + (T i,X)O+ B + (Ti ,X)0, see arrow in Fig. 4.

- Since it has been shown that Mo is the most potent of all the alloying

elements in the Ti—V—Mo—Cr system in stabilizing the B phas~~ increasing

the proport ion of No with respect to V at constant  ~ar u o t i nt  of al1oy irs~ addi tion,

in effect,alsb shifts the phase equilibria in the direction of the arrow

shown. Because of the influence of oxygen on phase equilibria, no attempt

will be made to compare the results of the present investigation with the

results of others on related ternary systems where the interstitial content was
4—6

not reported.

The observation that a precipitated both at grain boundaries and at grain

inter iors  in the Ti—V-~4o alloys, but only at grain boundaries in many of the

T~-V-Mo-8Cr alloys having comparable amounts of beta stabilizing elements is

~it t r i b u t e d  to the lower concentrat ions of oxygen and/or the greater stability of

the B phase in the latter alloys. The total absence of a from the grain boundarios of

alloys aged at 400°C may be due to low oxygen diffusivity at this

temperature.

The apparent stability of the 8r + inicrostructure in alloys 6 and

32 at 500°C has led to a speculation about the possibility of a stable

miscibility gap,2 similar to that ’reported in the Ti—W system7. The

observation of a + B inicrostructures in these alloys at 600°C would , however ,

appear to rule out this possibility . -
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Alloy Composi tion (w t pe t)

Ti V Mo Cr

1 77 15 — 8

2 72 20 . — 8

3 67 25 — 8

4 62 30 — 8

5 
- 52 40 — 8

6 48 44 — 8

7 - 
45 47 — 8

8 55 35 2 8

9 77 10 5 8

10 72 15 5 8

11 52 35 5 8

12 55 30 7 8

13 50 35 7 8

14 82 — 10 8

15 67 15 10 8

16 - 6 2  20 10 8

17 57 25 10 8

18 52 30 10 8

19 77 — 15 8

20 47 30 15 8

21 72 — 20 8

22 67 5 20 8

23 62 10 20 8

24 57 15 20 8

25 67 — 25 8

26 50 45 — 5

27 45 50 — 5
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.‘dloy Cor-pos i t ion  (wt pct)

Ti V Mo Cr

28 55 30 10 5

29 50 35 10 5
30 45 35 15 5

31 45 45 — 10

32 55 30 5 10

Table I

Compositions of the alloys investigated. Chemical analysis

indicated that alloys contained 900 ppm oxygen , 100 ppm nitrogen

and 80 ppm carbon.
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FIGURES

Figure 1: The ( r r l - B) /8  phase boundary in the 
Ti_V—Mo—8Cr

L 
system at 500 and 600° C.

Figure 2: Grain boundary phases in Ti—V —MO-’8Cr alloys : (a)

a phase in a Ti—47V—8Cr alloy 
aged at 600°C

fo r 250 hours (Insert  shows the correspond~ flg

S .A .D .  pat ter n , <111> 8 zone norma l) ; (b) ~1LP

phase in T~_35V_ 7Mo’58Cr alloy aged at 500 ° C

for  800 hours.

Figure 3: The + Bt)/(cL
+B) phase boundary in the Ti—V—No”8Cr

sys tem at 400 ° C (aging time 1500 hours) .

Figure 4: SchematiC Ti— X— O diagram .
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