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DEFSARROLLO T ALEACIONES DETTEANIG
AV ALTASTEMPER VT RAS

HodL Gregel v ML Nach

Fos prablomas que < han cucontrado en faindustea del lilanio <on
debndos un desarrollo bistonen,

Hictare amente, el desarrallo dod it e badividido en partes sepre-
~ntudas por loindustri el goberno, Laindustoa asume la respon-
sabilihad pasa el desaerollo, la mannfactora s los aspeelos de prove
miento de Ly tecnotogia del Dtanio, v el gobieeno asume W responsabl
Idad de b metalurma (faca del Itanio. Fx por estas dox partes gue la
wdostri del Blane no ha progeasado mas ripidamente en so desarrollo
mean variedad de aleaciones de las que ol diseiador poeds

SUPIPIPIN
PNCOer,

Reciwentes progresos en el entepdigae nto o de dos paoimes eleetrdnivos
que controlan Lo estabndidad de Las dases alfay o taeel Titanio prosoca
abora una base fundamental para fa seleceson de elomentos de wleacion.,
Ll ineremento del conacimiento del defeeto s Iransforma
wiras ¥ sus ofectos sobre las propiedades de resistencia del ttanio of e
cen una pasibilidad para perfeccionar fas aleaciones existentes,

Fl articulo también discutid las posibilidades de mejorar fas propicids-
dew de cecep a attas temperaturas. haportante whmero de pantos estin
en la preparacin de una matriz 3 y a verdaderamente estable,

Serd deacrita la modificacion del sistema Vis AL, por adicitm ternaria
para prever la formacion del compuesto frigil Ty X0 Fsta natriz tiene
mejor resistencia a la oxidacion que malquicra de b adeaciones off «

f. Aumento de la resistencia por endurecimionto de fasolicion xéhida,
exla matriz pucde ser fortalecida por dispeesion de partivolas duras de
ln segunda fase,

an de estries
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LEFSEMY OLVIMENTO I, LGN TR AN
PARN ALTASTENMPER ATURAS

1 L. Gegel e ML Hoch

O~ problemas que form encontrados na nedistria do ditamo <ao pria
cipalmente devidos ao s desenvalumento Justorien.

Historieamente, o desemvalmento do bilamo Tov disidido entre o5
papeis desempenbados pebiadustna e o Governo. Vndustna assum
aresponsabilidmie dolesensolyer ox aspertos demanniatura o proces.
samento di teenologia do bitanio, ¢ o (25»\c-rnu ARSI IFTTI rquuu»llm
lidade da metalurgia liswa do Wlanio. ¥ por causa disses dois papéis
distintos que a nudistra do Gtanio nao prosseguit nais regaamente
na diregao de desenmvolver uma veriedade maior de Ligas que o proje-
lista pudesse escolher,

Pracessa recente no entendunento dos Talores eletrinicos que contro-
lam a1 estabtlisade das Tases a e 8 do Gitaino estao agora promovendo
wma bse Tundamental pasa g seieqas de clementos de higa, O aumento
de conhecine dodos defntos e esraturas de transformagao e seus
efertus sobre as eopricdades de rgedes do itanio oferece a pussibili-
dade de gperleguamento das s exslentes,

O wetigo tambem i disenttir as possilbalelades de aperfeigoamento das
l'r\ll‘ril‘d‘llll‘\ 1 1'n'('|l il il"" "'l"l‘l‘l’llllll’il Punlos mais i"\ll(ll’“ll\l!‘.\
510 4 preparagao de uma fuse § verdadeiramente estivel ¢ uma matriz
o w'nlmlt'inmwulr ratavel. Serd deserila o moddilicagao do sistema
tittvio-alwminio pela adiguo terndria paea prevenic a farmagao dos
compustos frageis Tiy Ko Fasa matreiz o tem ielhor resistineia d ov-
dagao do que qualquer das ligas af e g, Em adigno i pesisténeia pela
rolugao nﬁlidu endurecida, exsa matriz poderia ser oeforgada pela dis
presao de partfentan duras da segunda }usr.
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ABSTRACT

The future nceds for titanium alloys are
revitwed bricfly, Then, against a theoretical
Lackground, utilizing presently available
data, a new super-a alloy is proposed and
developed. ‘The properties (up to §00°C), both
mechanical and physical of these alloys are
then measurcd and reported. Development of
titanium-base, super-a and super-8 alloys for
the temperature ranga 500-1000°C is considered
and the difficultics discussed,

INTRODUCTION

Titanium alloys are needed in three
gencral categories:

(1) High strength alloys at temperatures
up to 300°C. One potential application is as
sheet material for light transportation
vechicles. The primary competitor in any
application would be the stainless steels.

(2) High strength allon are also needed
for temperatures up “o 600°C, but the material
must have crzep resistance, hot salt stress
corrosion cracking resistance, and oxidation
resistance as well. These alloys cculd be
used in various engine parts, and would be
competing with the stainless steels, copper=-
bage alloys, and possibly the nickel~base
naterials.

(3) Finally, alloys are needed which
have 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,
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Alloys in category (1) are already
commercially available, and improvements are
coming, but alloys for use above 450°C require
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

Theoratical Bechavior. The alloying behavior
of titanium can be adequately described by the
regular solution model with an interaction

parameter, fi. The free encrgy difference
between pure 8 and pure a titanium can then
be expressed as

AF° = (E“B-E°G)—T(S°8—S°u) 1)

The free cnergy for an alloy containing
X mole fraction of an addition element is

F = E°(1~X)-TS°(lmx)+nx(l-X)*(EMe-TSMe)X 2)

The free energy difference between g titanium
and « titanium, ench containing X amouat of
alloying elr jent, is thus

AF=AF°(1—X)+X(1-X)[ﬂa—ﬂu] 3)

if we neglect the term representing the energy
difference between the alloying metal in the
o and B phases on the assumption it is small.
At the trarsition 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 B8 stabilizing element where the
transition temperature decreases, “a'“u<°'

e e
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whercas for an o stabilizing element where the
transition temperature increases, nB—nnzo.

In the gas phase the systems are ideal,
but as thc temperature is lowered into the
condenscdé 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 8, with B being the high temperature form,
a >02 >0. 4)

8
Thus, for an a stabilizing alloying element,

nu<nB<0 5)
and for a B stabilizing element

% >0g>0. 6)

(1)

This conclusion was discussed earlier,

Experimental Data. The interaction parameter,

Q, in various binary Ti~X systems has been
obtained by thermodynamic activity measure-
ments using a Bendix Time of Flight Mass
Spectrometor. Two vapor prassures techniquas
ware uscd, Tho first utilized a wonventional
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
ylelded Q.

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{?”7), ana the data are
summarized in Table 1.
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TABLE 1. PRIBRINT DRTE FACTION LANAMY o nom

BOMLIMORTANT ALENT o

wyatem Terpet uu;- ranage Inter R v

T4 = Mo 1839 - 1900

Ty - Cr 1713 - (998
TV 1273 - 1998 G
Ty - Cu 1823 - s1y cav
Tt - Cutliquual 1700 - O)de CAN 04 H
Ti - Al 1780 EET R 1
Ti - Ga 1621 -« 2117 RTIT RO

T1 - 0 1873 - 1773 RIS ST 7

As expected according to equations 5 and
6, for 8 stabilizing elements values of >0
were obtained and for s stabilizing elements,
values of Q<0. It should be noted that
indium and lead are also o stabilizers. The
latter, however, are heavy and would increase
the density of alloys too much for practical
applications.

. >0 indicates a tendency for phase
separation, whereas <0 shows a tendency for
short range order and compound formation. In
the latter case, as the interaction parameter
increases 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
TiZGa to Ti3sn. In fact, becausc of the
great stability of Ti3Sn} only a very small
amount of tin can be added to titanium base
alloys (such as Ti-5A1-2,5Sn) before
embrittlement will occur. In an attempt to
produce high temperature ag-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 densicy of the alloy is the same as that
for pure titanium, (4.5 g/cc) and that they
repel eacn other. (With a'= 3kJ/mole(B)
their binary system indicates immiscibility.)
This repulsiou is an advantage because it
impedes the formation of the Ti3A1 type
ordered structure, If the Ti3A1 structure
is to form, then, in addition to ordering
batween titanium and aluminum-gallium atoms,
ordering on the aluminum sublattice between
Al and Ga atoms must occur, but it cannot



Lecause Lhe two cleoments repel each other,
It may be, that separate T13Al and Ti3Ga

phases will be formed preferentially.
ALLOY DLEVELOPMENT

preparation. Alloy samples of the desired
compositions were prepared by non-consummable
arc melting under an argon atmosphere. Bu&pons
weighing from 10 grams to 500 grams were
melted and remelted up to 5 times to obtain
homogenity. The melting process was rela-
tively simple, and the gallium loss was
neglible, so the nominal composition remain
very close to the chemical composition as
analyzed. The processing of the materials
was done(g) 30°C below the o transus tempera-
ture and their processing characteristics

{rolling or swaging) were compared to a
commercial a alloy, Ti-5Al2.5-5n, and found

comparable as shown in Figure .
SIFARAY NG EORTH

Min
AhY o

-

A ). i A

1 2 3 4 b § 7
ACTUAL REDUCTION a0

FIGURE 1
Hot Mill Roll Separating Forces vs Inches of

Reduction for Six Experimental Ti-Al-Ga Alloys
and Standaxd Ti Alloys

a_Transus Measurements. The alloys were

obsexrved through a hot stage microscope to
dotermine the o transus temperature. This
tamparatuxe, as a function of the Al and Ga
content is shown in Figure 2 which alsr
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FIGURE 2

a Transus Temperature vs. Composition
contains one data point each fox Ti3Ga and
Ti3Al. In addition, a value for Ti-5Al-2.5Sn
{a) is plotted. Finally, the lowest témpera-
ture at which the 8 phase in Ti-8Al-1Mo-1V
will not transform ia plotted., These results
indicate that the a transus tomperature
increases lincarly with o stabilizing content,

Tho disordering temperaturc for the DO19
structure was also dotermined, using magnotic
susceptibility meusurements‘lo) to be at
640°C for Ti-12.5Al-12.5Ga and 840°C for

TiaAl.

Mechanical Testing. All mechanical propexties
were determined on an Instron machine using a
head speed of .00l mm/s. Figure 3 shows the

STRENGTR
GPa
12

—

1.0

G EQUIATONIT ALLOYS

ALPREA STABILIZIA av.X

FIGURE 3
Room Temperature Strength of
Ti-al, Ti-Ga and Ti~Al-Ga Alloys
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ulvimate tensile strength at room temperature
of the titanium-aluminum, titanium-gallium
.and taitanium-aluminum-gallium alloys. The
strength of titanium-gallium alloys is greater
than that of the titanium-aluminum alloys
beccausc of their more negative interaction
cocfficient. 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

TARIE 3, RICHAMIFAL PROPZPTIES OF TleAdwia
bavs mateciele)

reevonilion Yomn. wrs Tisnaevian
wow e ara .
LIRTTYRYINY “ NI u
LIRIYI YT o wo u
wn an [EN]
(21 SN W
Ti-0AL G " ™ "
o " 1
1Y [11) “r
(Y1) Aty EN)
Tir10AL I Ne » BN “
o N ¢
(Y1 1T ne
TSl W2 o E1Y N1 "
400 Nl La
210 [\ "
o e "

faAL Testeents A1 alloys were ot o
I00°C Lo epproRim

approximately 1100°C
3.8 dlamater

Tensilu apacisens wete machined, and Lhen a subsequent hest
treatment at §D0°C fur houre van glven.
Gpacinans were encapsuleted.

4
surprising. The Ti-6Al-6Ga alloy behaves
normally, but the Ti-8Al-8Ga and Ti-1l0Al1-10Ga

alloys have very small elongation, and in the
former the elongation actually decreases as
the temperature is increased. Similarly
unexpected behavior in a Ti 12,5A1-12.5Ga

11) N

alloy has been noted earlier by us( and

also by Goddin et 31(12).

In explanation, Fujishiro and Gegel(l3)

showed that the Ti-6Al-6Ga alloy still shows
3 slip systems whereas the Ti-8Al1-8Ga and
Ti-10Al-10Ga alloys probably show only 1 slip
gystem. Decreasing elongation with increas-
ing temperatuwre is
under strain at the higher temperatures.
Given these results, the Ti-6Al-6Ga alloy
(3.4 wt. % aluminum and 8.7 wt. §& gallium) was

causcd by a3, precipitation
(13)
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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.(14) Comparison of those results with

TAMLE 3 RICWAR AL FRIEIATIES P TITRRLIR ALAKIN AN 3 Auhoy

ne s00n e
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s “u e " .
3 I S - .o v
[ G e M s s f
. - e LTSRN nows s .
® Szeebw [ T T TR [N
RESCR
PR TR BTN weoac [T TR R
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~amo " 1 [PEENtN (VTN
T meLeGe Luwe be abes we W ae [T )
EFREN
] R O Y o

meat Treatsent: ALl allove were hnt ywsUed AFPTONIRalaly (1BA' 1n 30Ot L apSTARIRAtely
b tea dlamatay
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Machined, and theh & Bubesquent heat tyencwent sy #30°C 201 140 hewin
Qiven, hpecisens vera sncapevisted
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G

b
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TEPERATURE OC

data on commercial alloys is done in Figure 4.
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Figure 4




That comparison rcveals that our material is
significantly 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 a olloys Ti-8Al-8Ga and Ti-10Al-10Ga, then
introducing small amounts of Si, etc, to
improve their properties.

The development of super 8-alloys for
use above 600°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-

4 experimental evidence of decompo-
{15,16)

meter,
sition has been found lately, In a
thermodynamic analysis the positive inter-
action parameter decreases the vibrational
Op incroases the vibrational entropy., and
lowers high tomperature strength., For

example looking at Figure 4 it is obvious

that above 450°C the strongth of Ti~-6Al-4V,
This cffect,

which is a result of the positive interaction

ond BIII decrcasos very rapidly.

parameter of the alloying element, also
appoars in alloy K, our basic Ti-6Al-6Ga
alloy when it includes a fairly largce amount

{12.5 wt. %) of molybdenum. It is not
certain yet how this problem can be overcoma.

Cortain physical property changestlo)
that two additional factors, inherent lattice
instability (rapidly changing elastic con-

suggest

stants) and the formation of omega phase
have to be considered. These problems can
perhaps be solved by alloying to high con-
contration of bota stabilizing elements;
this type of alloying with Mo, would produce
This
density is rather high when compared to pure

an alloy with a density of 6.5 g/cc.

titanium but it is still less than nickel
base alloys. Future research should concen-
trate on developing a new class of stable

super=-g titanium alloys.
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