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The value of titanium alloys lies primarily in their
high strength: weight ratio, good fatigue and corrosion re-
sistance and good strength at moderately elevated tempera-
tures. These properties have earned titanium alloys an impor-
tant place in the aircraft industry where they are used for
structural airframe parts and for rotating components within
gas turbine engines. In 1973 it was estimated that titanium
alloys comprised 18 - 25 % of the engine weight of gas tur-
bines in aircraft, The low density of titanium alloys, about

4,5 gcm_B
that the weight saving due to the use of titanium turbine

compared with about 7,8 gcm"3 for steel, means

blades is in itself considerable although the further advan-
tage accrues that the mounting discs themselves can also be

designed in titanium instead of steel thus effecting greater
weight-saving.

The large variety of shapes required in these compo-
nents, and their complexity, makes forging the obvious choice
for their production. Forging practice is determined primari-
ly by the alloy composition, since this controls the possible
microstructures and properties obtainable.

Pure alpha titanium has a close packed hexagonal crys-
tal structure up to 882°C where it undergoes an allotropic
transformation to the body centred cubic beta phase. The al-
loying elements most commonly used may be conveniently divid-
ed into the alpha stabilizers such as aluminium, oxygen and
nitrogen which cause alpha to be retained to higher tempera-
tures and beta stabilizers such as molybdenum , vanadium,
chromium and iron which cause beta to be retained to lower
temperatures. A third group of elements, which includes sili-
con and tin, has little effect on the a + p / p transforma-
tion temperature, the P-transus, but provides solid solution
hardening.

The largest family of alloys used are the a + B alloys

which contain sufficient B stabilizers to cause the reten-

tion of some B-phase to room temperature under equilibrium
conditions thus giving a two phase alloy. When these al-
loys are heated up through the alpha + beta phase field the
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volume fraction of B increases, the alloying elements become
more dilute and above a certain temperature are too dilute
to cause retention of all the beta to room temperature on
cooling, and either a martensitic or nucleation and growth
transformation to a' occurs.

All-alpha alloys or near-alpha alloys (i.e. only a
small volume fraction of beta phase) are used mainly in cry-
ogenic applications and where welding is necessary. All-beta
alloys are the third type of alloy, generally not as common
as the a + B alloys in the aircraft industry since the den-
sity is increased markedly by the larger proportions of al-
loying elements required and the creep resistance is much
reduced.

After solidification of a + P and a alloys the ingot
structure consists of beta grainsj as the temperature falls
to the p-transus some alpha forms as acicular platelets and
eventually a fully acicular structure is obtained which may
contain small amounts of retained beta around the platelet
boundaries. Initial cogging and rolling procedures break
down this coarse structure and as long as the B-transus is
not exceeded, subsequent recrystallization leads to primary

alpha plus beta or transformed beta structures.

The B-transus generally imposes the upper limit on for-
ging temperature as above this temperature no primary alpha
exists and rapid beta grain growth occurs in the absence of
these pinning agents. Beta grains several millimetres in di-
ameter may quickly result giving, on cooling, a very coarse
transformed structure which is usually characterised by ex-
tremely poor tensile ductility. This type of structure is
termed overheated and may only be reclaimed by extensive
thermomechanical treatment in the a + P phase field. With
this in mind customers will often specify that, as well as
certain minimum properties, a component will have at least,

say, 20 % of primary alpha, The forger must, therefore, not
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only know the f-transus of the alloy but also the tempera-
ture at which this amount of primary alpha remains so as not
to exceed it.

The accurate control of the maximum temperature of the
workpiece is made more difficult for the forger by the inher-
ently low thermal conductivity of titanium which makes heat
dissipation difficult and may allow local temperature in-
creases during forging. This type of temperature build up is
usually associated with processes involving high rates of
metal movement, such as forward extrusion or where the strain
rates are high e.g. hammer forging. Small increases in tem-
perature are often unavoidable and tolerable though occasion=-
ally rises of 50 - 60 °C may be experienced and these cannot
be tolerated unless further deformation can be performed to
remove the unwanted microstructure.

The lower forging temperature is determined by the al-
loy's stiffness or by the onset of shear cracking. The lat-
ter is common where the external material is chilled excess=-
ively by contact with the die and is unable to deform plas-
tically sufficiently to accommodate the internal deformations
experienced by the rest of the forging. This is a further
problem associated with the low thermal conductivity of ti-
tanium, The stiffness of all titanium alloys, i.e. resistance
to deformation, increases rapidly with decreasing temperature
so that forging pressures soon become excessive (Fig. 1).
Indeed the forging pressures for steels rise much more slow-
ly with decreasing temperature. If the workpiece is chilled
by die contact further flow will occur in areas distant from
the points of contact and consequently dead metal zones will
be formed with inferior mechanical properties. Good die de=
sign can help to ensure that dead metal zones are only form=
ed in areas which will be removed during final machining or,
alternatively, an intermediate die may be utilized prior to
finish forging specifically to introduce deformation into
these zones.,

The forging temperature range is therefore rather re=-
stricted, for some alloys it may be as little as 65°C and
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Fig. 1 Resistance to deformation of four titanium

alloys as a function of forging temperature.

Key: 1 Ti=-2,25A1-11Sn-1Mo=-5Zr-0,25Si
2 Ti=l4A1-4Mo-2Sn-0,5Si
3 Ti=-6Al-4V
4 Ti-6A1-5Zr-0,5Mo-0,255i

accurate temperature control is essential in the preheating
furnaces. Table I lists the forging temperature range of va-
rious titanium alloys and their resistance to cracking as
well as giving their nominal B-transi.

Furnace atmospheres should be kept slightly oxidising
to avoid hydrogen contamination, although this of course
means that oxygen is picked up. Titanium alloys are very
sensitive to interstitial content, for example, an increase
from 0,1 % to 0,2 % of oxygen could elevate the p=tran-
sus by 25°C and increase the strength by 15 % thus making
forging more difficult and requiring a slightly increased
forging temperature. Conversely, an extra low interstitial
grade of alpha alloy for cryogenic applications would have
Hall - 5
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a lower B-transus, the temperature at which grain coarsening
would occur would be lower and a lower forging temperature
would be required.

During forging a scale containing oxygen and nitrogen
usually forms as well as a hard sub-surface layer consisting
mainly of heavily oxygen-stabilized alpha which may there-
fore be brittle at forging temperatures and cause surface
cracking. The alpha alloys are particularly susceptible to
this problem and may require in-process grinding to remove
the layers; however, most titanium alloy forgings are given
an acid pickling treatment to remove the surface layers,
~ 0,125 mm, after final forging.

As well as a strong dependence of forging pressure up-
on temperature titanium alloys are very strain rate sensi-
tive, requiring more energy for high strain rate processes
such as hammer forging than for lowerstrain rate processes
such as press forging (Fig. 2). This effect is to some ex-
tent compensated for by the shorter contact time between the
dies and the smaller chilling effect as well as by the devel=-
opment of internal heat during forging by high strain rate
processes,

The choice of forging method is dictated by the size
and shape of the required component though in general the
possible forging methods are the same as for steels, i.e.
open die (hand) forging to make pre-forms or small quanti=-
ties, closed die forging, upsetting and roll forging. The
greatest tonnage of titanium forgings are, however, produced
in closed dies though the other methods may also be usedj
for example, upsetting may be used as a pre~forming operation
to save metal and reduce the number of subsequent forging
operations, Upsetting, incidentally, is subject to the diffi-
culty that if the height:diameter ratio is greater than 2:1
the axis of deformation moves off centre giving rise to asym-
metric flow and dead metal zones where little grain refine-

ment has taken place.
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TABLE I

FORGING RESISTANCE

TEMPERATURE | TO B=-TRANSUS
ALLOY TYPE RANGE (°C) CRACKING (NOMINAL)
Ti-5A1-2,5Sn ALPHA 960 - 1010 FAIR 1025
Ti-6A1-5Zr-0,5Mo-0,25Si | NEAR ALPHA 900 - 1050 GOOD 1020
Ti-6A1-4V ALPHA + BETA 870 960 GOOD 995
Ti-8A1-1Mo-1V ALPHA + BETA 960 - 1000 FAIR 1035
Ti-6A1-6V-2Sn ALPHA + BETA 850 900 GOOD 945
Ti-4A1-4Mo-2Sn-0,5Si ALPHA + BETA 870 925 GOOD 975
Ti=-2,5Cu ALPHA + COMPOUND 780 850 EXCELLENT 895
Ti-13V-11Cr-3Al BETA 760 950 GOOD 720
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Fig. 2 Effect of strain rate on resistance to
deformation of Ti-5A1-2,5Sn at two
forging temperatures

FORGING ESUIPMENT
==== =mEEEEE

S====

Forging equipment is also similar to that used for
steels, except that the power requirements are greater for
forging titanium, and the whole range of conventional drop
and pneumatic hammers and mechanical, hydraulic and screw
presses are all used successfully. Where precision, close
tolerance forgings with unmachined *surfaces are required
quick-acting screw presses or hammers would be used and most
small and medium sized turbine blades are made like this.
The mechanical presses are extensively used for small parts
up to about 10 kg in weight and very seldom for parts weigh-

ing more than 40 kg. Localised heating and consequent loss
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of microstructural control restricts the use of High Energy
Rate Forming equipment.

Hydraulic presses are seldom used for small parts but
mainly for larger parts up to -~ 400 kg. The squeezing action
gives a more uniform temperature distribution than mechanic-
al pressing but has the disadvantage of longer contact time
and more rapid workpiece cooling as well as causing excess-
ive heating of dies and hence greater die wear. Components
up to ~ 1 m? (plan area) are currently forged on the 50.000
ton presses presently available and other parts such as discs
up to 2 m in diameter and rib and web components more than
10 m in length have been produced with similar equipment or
on counterblow hammers.,

Dies for titanium forging are made usually of tool
steels, either solid or as an insert, which are made as hard
as possible without risking their breaking in service, to
minimise die wear, which is a greater problem in titanium
forging than with steels because of the greater resistance
to flow. The dies are always heated for closed die forging
and, typically, a hydraulic press die set would be heated to
~ L420°C to maintain the forging temperature. Die wear can
be reduced by lubrication, graphite and molybdenum disulphide
in colloidal suspensions being the most commonly used lubri=-
cants. Many components are also glass coated to help lubri-
cation and prevent oxidation during the various pre- and
post- forge heat treatments. This coating may be applied e-
lectrophoretically as a clay which fuses at high temperatu-
re.

Forging is not merely a method of producing a desired
shape but also can determine the properties: the alpha al=-
loys are not generally heat treatable so the desired struct-
ures have to be developed by ensuring adequate deformation
in all areas during forging. Some near-alpha alloys have
been developed e.g. Ti=6A1-=5Zr-0,5Mo0-0,25Si (IMI 685) which
are weldable and designed for forging in the beta phase
field so that a totally transformed structure is produced on

cooling. These are at present the most creep resistant
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titanium alloys with a maximum working temperature of about
550°C but are extremely structure sensitive and correct for-
ging practice is essential,

Forging is also an efficient method of reducing ma-
chining time and the closer that a component can be forged
to shape the less expensive it will be. It is unfortunately
true that at present up to 80 % by weight of some forgings
is removed by machining and most forgings probably have 40 -
50 % of their material machined off. To improve these fig-
ures the plasticity of titanium alloys must be increased and

two main methods are currently under detailed investigation.

THE_FUTURE_?

S======scs===
Beta forging consists of forging at temperatures in
the single phase beta field to take advantage of the greater
plasticity of the b.c.c. structure. This means that not only
are lower forging pressures or larger components possible
but that better die filling characteristics are obtained and
thus more complex forms may be produced. The more complex
shapes require less machining and are ultimately cheaper as
well as requiring less starting material. The main drawback
with beta forging so far has been that for many a + P alloys
the tensile ductility is very much reduced unless extensive
reduction has occurred throughout the component. In fact, P
forging gives much greater values of fracture toughness,
notched tensile strength and creep strength compared with
conventional a + B forging for many alloys and there is eve-
ry indication that with correct die design to ensure homoge-
neous deformation f§ forging will become much more widely ac-
cepted than it is at present. It has, however, already been
used with great success in several® production schedules, no-
tably in the American F-8 aircraft where approximately
$ 500.000 was saved by B forging components in Ti-6A1-=4V,
No doubt this forging practice will gain importance when cus-
tomers are satisfied that good properties can be guaranteed,
but at present doubts also are centred upon the low cycle fa-

tigue strength of such forgings.

Hall = 1lo



121

The second method involves superplastic deformation.
This is already an established forming method for sheet ma=-
terial, although little use is currently made of it in forg-
ing titanium. The process known as "Gatorizing" consists of
hot isothermal die forging at a temperature and strain rate
where the alloy is in a superplastic condition. Enormous de-
formations and hence very complex shapes are possible al-
though each forging cycle may take as long as an hour. Dies
for this process are of course much more expensive as the
high temperatures involved require superalloy die materials.
As well as greater complexity, again, smaller pressures may
be used or larger components may be produced.

Until recently forging has been the only practical
way of producing these components but a competitor has ar-
rived in the form of titanium castings which are capable of
good tolerances and better yield. Their microstructures may
leave a little to be desired for many applications at the
moment, particularly in the field of fatigue strength, but
they are already making inroads into the titanium forging
market which may provide the incentive to adopt new and

promising forging techniques.
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NYT TIDSSKRIFT

MATERIALS AND SOCIETY

Pergamon Press, som udgiver Acta Metallurgica og
Scripta Metallurgica, arbejder med planer om at
udgive et nyt tidsskrift "Materials and Society".
Som redaktgr er udpeget metallurgen, professor
Walter R. Hibbard, Virginia Polytechnic. Redak-
tionen vil igvrigt bestd af materialefolk, gko-
nomer og folk med et mere politisk/administrativt
virke. Tidsskriftets forelgbige undertitel er
The International Journal for the Publication of
Articles devoted to the Interrelationship between
Material Sciences, Technology, Economics, Policy
and Society. Abonnementsprisen forventes at bli-
ve 15$/48r. Fgrste nummer fordr 1976. Nazrmere
oplysninger hos D.M.S.

ANVENDER DE SANDSTOBTE RODGODS- OG 2
BRONCELEGERINGER?

-sa ved De, hvor meget erfaring og moderne
teknik betyder for det endelige resultat

Vort metalsteberi har flere generationers erfaring
og er Danmarks sterste og mest moderne.
Vi pétager os sével seriefremstilling som
enkelt-opgaver med en egenvasgt pa indtil
2.500kg.

Har De et stobegods-problem eller en
stobegods-opgave, sé er vi gerne til
tjeneste med et tilbud.
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