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ABSTRACT

The future needs for titanium alloys are

reviewed briefly. Then, against a theoretical

background, utilizing presently available

data, a now supcr-a alloy is proposed and

developed. The properties (up to SOO'C), both

mechanical and physical of these alloys are

then measured and reported. Development of

titanium-baao, supor-a and super-B alloys for

the temperature range 600-10Q0°C is considered

and the difficulties discussed.

INTRODUCTION

Titanium alloys are needed in throe

general categories:

(1) High strength alloys at temperatures

up to 300°C. One potential application is as

sheet material for light transportation

vehicles. The primary competitor in any

application would be the stainless steels.

(2) High strength alloys are also needed

for temperatures up *o 600"C, but the material

must have creep resistance, hot salt stress

corrosion cracking resistance, and oxidation •

resistance as well. These alloys could be

used in various engine parts, and would be

competing with the stainless steels, copper-

bane alloys, and possibly the nickel-base

materials.

(3) Finally, alloys are needed which

havo good creep resistance, hot salt stress

corrosion cracking resistance, and oxidation

resistance at temperatures above 600"C. These

alloys would be competitors for the nickel-

base alloys, and they could- be used in the

low temperature section of turbines with

significant weight savings.

Alloys in category (1) are already

commercially available, and improvements are

coming, but alloys for use above 450°C reguire

further development. Some progress has also

been made on a 600°C alloy, but titanium

alloys which can meet the requirements of

category (3) are not yet in sight.

THERMODYNAMIC CONSIDERATIONS

Theoretical Behavior. The alloying behavior

of titanium can be adequately described by the

regular solution model with an interaction

parameter, (1. The froo energy difference

between pure 3 and pure a titanium can then

be expressed as

aF° = (E O
B-E

o
a)-T(S» B-S

o
a) 1)

The free energy for an alloy containing

X mole fraction of an addition element is

E°(l-X)-TSo(l-X)+nX(l-X) + (EMe-T 2)

The free energy difference between B titanium

and a titanium, e^ch containing X amount of

alloying elxient, is thus

àF=4F°(i-x)+x(i-x)[n.-n ] 3)

p o

if we neglect the t^rm representing the energy

difference between the alloying metal in the

a and 6 phases on the assumption it is small.

At the transition temperature of pure

titanium aF° = 0 . If, on alloying, the

transition temperature decreases, AF° becomes

positive and therefore the term in the brac-

kets must be negative. If, on the contrary,

the transition temperature increases with

addition elements, then AF° becomes negative

and the term in the brackets becomes positive.

Thus for a 8 stabilizing element where the

transition temperature decreases, no-n <0,
p a
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whereat for an a stabilizing element where the

transition temperature increases, ftD-fl >0,
p a *

/ In the gas phaso the systems are ideal,.

but as the temperature is lowered into the

condensou phase region, the deviation from

ideality increases with decreasing temperature.

It is therefore safe to assume that in a
system which can occur in two structures, o
and B, with B being the high temperature form,

a2 >fi2,>0.
a S

4)

Thus, for an a stabilizing alloying element,

1) <n.<0 5)
a o

and for a 8 stabilizing element

.6)

(1)

n >tio>0.
a B

This conclusion was discussed earlier.

Experimental Data. The interaction parameter,

!), in various binary Ti-X systems has been

obtained by thermodynamic activity measure-

ments using a Oendix Timo of Flight Mass

Spectrometer. Two vapor prossuros techniques

wore used. Tho first utilized a nonvontional

Knudscn cell configuration where the sample

was placed in the cell and the racio of tho

titanium signal to the alloying elements

signal was determined as a function of

composition. The data obtained were then

analyzed with the aid of a solution model, and

yielded (1.

If the alloying element was much more

volatile, or much less volatile, than titanium

the "triple Knudsen cell" technique was used.

The triple Knudsen cell consists of two cells

within a third cell. One inner cell contains

the alloy of interest, and the second contains

isotopically enriched pure titanium or a

similar sample of the alloying element. Both

effuse into the outer cell which is fed into

the Time of Flight Mass Spectrometer. The

instantaneous ratios measured by the Mass

Spectrometer are converted directly into

activity values. Details of these experimen-

tal methods and calculations have been des-

cribed earlier(2"7), and the data are

summarized in Table 1.

Tl -

Tl -

Tl -

Ti -

• t o .

Mo

cr

V

C a

Cu [ l i q u i d ]

Al

T.-rpi I it u

lfU-1 -

UM •

I "• 7 1 -

14.13 -

1 1700 -

17B0

. . , , n , . .

nor

. • m

n i s

. '>7t

. >ac

I n

As expected according to equations 5 and

6, for S stabilizing elements values, of fl>0

were obtained and for a stabilizing elements,

values of (l<0. It should be noted that

indium and 3ead are also a stabilizers. The

latter, however, are heavy and would increase

the density of alloys too much for practical

applications.

!J>0 indicates a tendency for phase

separation, whereas n<0 shows a tendency for

ahort range order and compound formation. In

tho latter caso, as tho interaction parameter

incroasos from aluminum to gallium to tin, the

highest melting point compound (and thus the

most stable compound) moves toward the ti-

tanium rich compositions, i.e. from TiAl to

Ti.Ga to Ti,Sn. In fact, because of the

great stability of Ti,Sn', only a very small

amount of tin can be added to titanium base

alloys (such as Ti-5Al-2.5Sn) before

embrittlement will occur. In an attempt to

produce high temperature o-titanium alloys

(super-a alloys), titanium alloyed with

aluminum and gallium was investigated. The

advantages of aluminum and gallium (in equal

atomic amounts) as alloying elements are that

the densioy of the alloy is the same as that

for pure titanium, (4.5 g/cc) and that they

repel eacn other. (With n = 3kJ/mole<8)

their binary system indicates immiscibility.)

This repulsion is an advantage because it

impedes the formation of the TijAl type

ordered structure. If the TijAl structure

is to form, then, in addition to ordering

between titanium and aluminum-gallium atoms,

ordering on the aluminum sublattice between

Al and Ga atoms must occur, but it cannot
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1,Í-CMU:"-O the two elements repel each other»

It nay bo, that separate Ti^Al and Ti^Ga

phar.es will be formed preferentially.

ALLOY DEVELOPMENT

i'r'.-p'"'.it-ion. Alloy samples of the desired

compositions were prepared by non-consummable

.-\rc melting under an argon atmosphere. Buttons

weighing from 10 grams to 500 grams were

molted and rcmcltcj up to 5 times to obtain

homogenity. The molting process was rela-

tively simple, and the gallium loss was

negliblc, so the nominal composition remain

very close to the chemical composition as

analyzed. The processing of the materials

was done ( 9 ) 30°C below the o transus tempera-

ture and their processing characteristics

(rolling or swaging) were compared to a

commercial o alloy, Ti-5A12.5-Srt, and found

comparable as shown in Figure J..

MI'MMIhG IflPfl

10 "

FIGURE 1

Hot Mill Roll Separating Forces vs Inches of

Reduction for Six Experimental Ti-Al-Ga Alloys

and Standard Ti Alloys

o Transus Measurements. The alloys were

observed through a hot stage microscope to

do termino the a transus temperature. This

temperature, as a function of the Al and Ga

content is shown in Figure 2 which alsr

S 1100

i '
I 1000

TO

0 10 ?u "'

TOTAL «"OUT OF • SlAflLI/tP. *i-

FIGURE 2

a Transus Temperature vs. Composition

contains one data point each for Ti^Ga and

TijAl. In addition, a value for Ti-5Al-2.5Sn

(a) is plotted. Finally, the lowest tempera-

ture at which the 8 phase in Ti-BAl-lMo-lV

will not transform is plotted. These results

indicate that the a transus temperature

increases linoarly with o stabilizing content.

Tho disordering tomporaturo for the DO 1 9

structure was also dotorminod, using magnetic

suscoptibility measurements , to be at

640°C for Ti-12.5Al-12.5Ga and 840°C for

Mechanical Testing. All mechanical properties

were determined on an Instron machine using a

head speed of .001 mm/s. Figure 3 shows the

8 12 16 20

M.PHH STABILIZE ar . I

FIGURE 3

Room Temperature Strength of

Ti-Al, Ti-Ga and Ti-Al-Ga Alloys
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ultimate tensile strength at room temperature

of the titanium-aluminum, titanium-gallium

.and titanium-aluminum-gallium alloys. The

strength of titanium-gallium alloys is greater

than that of the titanium-aluminum alloys

because oC their more negative interaction

coefficient. The even greater strength of

the ternary alloys is thought to be created by

the aluminum-gallium positive interaction.

Selected alloys were tested at elevated

temperatures and the experimental data are

shown in Table 2. The results are somewhat

taken as base, and different selected elements

were added in an attempt to improve the pro-

perties. The re-ults are given in Tables 3

and 4. Comparison of those results with

1 •••««d •rpraxlMt.ly UOO'C

r.n.U. «i»clB*nt w t . uchlnail. «nd Ihtis « mbirqui

I t » " " " w t . • ncupiuLl.A.

UUIIW1C UHSIU S
Oh

surprising. The Ti-6Al-6Ga alloy behaves

normally, but the Ti-8Al-8Ga and Ti-10Al-10Ga

alloys have very small elongation, and in the

former the elongation actually decreases aá

the temperature is increased. Similarly

unexpected behavior in a Ti 12.5Al-12.5Ga

alloy has been noted earlier by us and

also by Goddin et al' '.

In explanation, Fujishiro and Gegel

showed that the Ti-6Al-6Ga alloy still shows

3 slip systems whereas the Ti-8Al-8Ga and

Ti-10Al-10Ga alloys probably show only 1 slip

system. Decreasing elongation with increas-

ing temperature is caused by a, precipitation
(13)

under strain at the higher temperatures.

Given these results, the Ti-6Al-6Ga alloy

(3.4 wt. % aluminum and 8.7 wt. % gallium) was

data on commercial alloys is done in Figure 4.

1.1)1 I.M»

>. Tt/t.t»l/».>G*/a.m/l.Ka
*. t l .I . Ml/11. IWI.Ill/I.Ok

«MMI it llS'c, It Iwuí. rutn.ê. c

Figure 4
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TnaL comparison reveals that our material is

filyni ficantly better than the commercially

available products.

FUTURE DEVELOPMENTS

Our intent is to raise the utilization

temperature above 600°C by improving our

understanding of the mechanisms occuring in

the o alloys Ti-BAl-8Ga and Ti-10Al-10C-a, then

introducing small amounts of Si, etc, to

improve their properties.

The development of super B-alloys for

use above úOO°C would also be important, but

a number of problems have to be overcome. One

is the phase separation tendency indicated by

the positive value of the interaction para-

meter, it: experimental evidence of decompo-

sition' has been found lately. '1!>'16' in a

thermodynamic analysis the positive inter-

action parameter decreases the vibrutional

f>D, increases the vibrational entropy, and

lowers high temperature strength. For

example looking at Figuro 4 it is obvious

that above 450°C the strength of Ti.-6A1.-4V,

and Bill decreases very rapidly. This effect,

which is a result of the positivo interaction

parameter of the alloying element, also

appears in alloy K, our basic Ti-6Al-6Ga

alloy when it includes a fairly largo amount

(12.5 wt. %) of molybdenum. It is not
certain yet how this problem can be overcome.'

Certain physical property changes
(10) suggest

that two additional factors, inherent lattice

instability (rapidly changing elastic con-

stants) and the formation of omega phase

have to be considered. These problems can

perhaps be solved by alloying to high con-

centration of beta stabilizing elements!

this type of alloying with Mo, would produce

an alloy with a density of 6.S g/cc. This

density is rather high when compared to pure

titanium but it is still less than nickel

base alloys. Future research should concen-

trate on developing a new class of stable

super-B titanium alloys.
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