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FORGEABILITY OF j3·mANIUM ALLOYS UNDER ISOTHERMAL FORGING 
CONDITIONS 
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Introduction 

Boveri & Co.. Ltd., Baden, 
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Switzerland 

Severa l types of compressor impellers are being made from Ti-
6Al - 4V due to the alloy's high strength to weight ratio i n the 
20- 300o C degree range. Although Ti - 6Al-4V exhibits excellent 
superplastic properties under isothermal forging conditions, 
the forging temperatures are at or beyond the capabilities of 
nickel base isothermal forging dies. Thus the alloy is usually 
isothermal forged in molybdenum dies, which tend to be expen
sive both due to t he high raw material costs of molybdenum and 
because the di es cannot be exposed to air at elevated tempera
t ures. Such cons i der ations have led to the present investiga
tion aimed at evaluating the possibility of replacing Ti - 6- 4 
with an a l loy from the 50- called ~ -Ti class of alloys which are 
reportedly more forgeable than the 0 + ~ class of alloys of 
which Ti - 6- 4 is a member. Beta alloys are a relatively new type 
of titanium alloy in which the ~ -phase is sufficiently stabi
lized by additions of Fe, Cr, V, and/or MO so t hat t he marten
siti c ~ ~ 0" reaction is suppressed when t he alloy is quenched 
from t he ~ -phase field. Such alloys have recently become of 
qreat interest to the aircraft industries ( 1 - 4) partly due to 
t heir increased hot formabilities, but more so because of their 
higher specific strenqths, toughnesses, and their exceptional 
deep hardenabilities. 

Four alloys were studied in this particular program: Ti - 10V-
2Fe- 3Al, Tr ansage 134 (Ti- 12V- 2Al - 6Zr-2Sn ), ~-c (Ti-SV- 6Cr- 4Mo-
4Zr- 3.5Al) and Ti - 6Al-4V. 

Results and Discussion 

Figure 1 shows optical micrographs depicting the starting 
di crost ruc t ure s of al l four a l loys. 

Ti-6Al-4V Ti - I OV- 2Fe - 3Al 



Fig. 1 : 
forging. 
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Transage 134 

Optical micrographs of the 
p-c 

four alloys used before 

Ti - 6Al-4V: is considered to be the "workhorse" of the titanium 
alloys due to its relatively low price and excellent compr omise 
o f properties. The alloy was included in this study as a refe
rence. Although the alloy can be forged with quite smal l press 
loads above its p- transus, the ensuing rapid grain growth and 
accicular microstructure leads to unacceptably poor ductili 
ties. Thus the alloy is generally forged in the 900-9S0·C tem
perature range, by either conventional hot-die or isothermal 
techniques. The source material used in this particular study 
was mill annealed a. 6 II\1'II diameter rod from RMI, "mill anneal 
ing" in this case, is defined as a two hour anneal at 700°C. 

Ti-10V-2Fe - 3Al: Ti - 10-2-3 is a p (or near P) alloy developed by 
TIMET. The alloy exhibits an excellent deep hardening response, 
and is thus used in the solution treated, quenc hed and aged 
condition. Such a treatment typically consis t s of an a + p so 
lution treatment (765°C for 2 hours followed by water quench), 
and a subsequent age (typically at 500°C for a hours). The 11 -
transus temperature of the alloy is 800°C, some l600C l ower 
than Ti-6 - 4. The as - quenched structure optically appears to be 
p, but there is evidence of both an (1' 1 a nd an W t:h decomposi 
tion (5). The alloy can be easily forged aboveans p- transus 
temperature, but the properties are optimized by forging just 
below. This leads to a IIIOre spherical, or equiaxed, primary 
alpha distribution which tends to provide better ductilities. 
This temperature requirement is not as rigid as in the case of 
Ti- 6- 4, the alloy can be forged above its transus temperature 
when a maximum toughness condition is desired (6). The Ti-lO-
2- 3 used in this particular study was a commercial ingot from 
RM I ; no ingot breakdown beyond t hat routinely done by RM I was 
aone prior to testing. 

Transage 134: Transage 134 is an invention of Lockheed (2, 7, 
8, 9) and was developed for very simila.r reasons and appl ica
tions to those pertaining to Ti - 10-2-3. The alloy is interest
ing scientifically because its p- transus temperature is notably 
lower than that of Ti-10-2 - 3 (765°C). but at the same time it 
can decompose martens itical1y during quenching from the p-phase 
field (10). In any case, the alloy shou l d not. accurately 
speaking, be classified as a ~ - alloy, but as a very stable a + 
p - alloy, since a martensitic decomposition does occur during 



quenching. The opti mum heat treatment of thi s alloy has probab
ly not yet been es tabl ished, but the recommended heat treatment 
is a 790°C sol ution treatment for 2 hour s, oil quench, an aging 
at 6S0oC for one hour, oil quench, and finall y, a 4 hour aging 
at 480°C. As a final comment on thi s alloy, one should note 
that it is the newest, and least tested of these alloys. The 
Transage used in thi s study was a l aboratory sized ingot, 
melted and conditi oned by Krupp (BRD). 

Beta- c: The so- called j3 - c alloy, Ti - 8V- 6Cr-4Mo- 4Zr- 3. SAl, i s 
the oldes t of the j3 - al l oys studied, and is the most stable in 
the sense that the decomposi t ion of t he j3 - phase tends t o be 
quite slow. The j3-transus temperature of t he a lloy i s 790°C. 
The alloy is generally used in the ST ' ed and aged condition, 
with the ST consisting of a 15 minute treatme nt at 820°C, and 
the aging a 565°C treatment for 6 hours. Although the alloy is 
said to have excellent c old working characteristics, relatively 
little is known about its hot workabi lity . The p- c used in thi s 
study was taken from a 10 mm diameter co ld drawn rod commerci 
ally available from RMI. 

The flow stresses of t he candidate alloys were determined at 
two strain rates by cyl i ndrical upset compress i on tests in an 
instrumented 1000 kN hydraulic press. Specimens were 10 mm in 
d i ameter, 15 mm high, and were lubricated prior to tes ting wi th 
a bo ron-ni t ride-gl ass based lubricant. TZM dies (a molybdenum 
based alloy) , were heated in argon using a 40 kW induction 
heating generator. Temperatures were me asured continuously dur
ing forging via thermocoup l es within t he TZM d ies . specimens 
were forged to a height of 5 mm (a 66% reducti on), at fi xed ram 
speeds of 0.1 and 4.0 mm per second. Tempera t ure increases due 
to deformation were calculated in the worst case (assuming 
adiabatic conditions I to be 25~C . 

The flow stresses of all four alloys were recorded as a func 
tion of strain. For all but the lowest temperatures, steady 
state material f low wa s observed almost immediately. Testing at 
the lowest temperatures , however, was c haracterized by a rather 
strong work softening. The £1010' stresses of the f our materials 
were then plotted as a function of test tempe rature by taking 
the flow ~ire~~es at. strains !!f 1:..1'" 0.5. The . res.ults for 
t = 1.1,10 sand t = 4,4 ' 10 s are s hown 1n F1g . 2. At 
both strain rates, Ti-lO-2 -3 was proven to be t he most f o rge
able alloy and Ti - 6- 4 the most difficult to f orge. I n fact , all 
the p- alloys were more forgeable than Ti - 6- 4, and given any 
speci fic stress level , one concludes that f org ing temperatures 
are between 100 ~ and 120~ C lower with 10- 2- 3 than wi th Ti-6 - 4. 

It is conunon in such work to try to fit the flow charac t eri
stics of a material to the expression: 

. n 
t '" k a exp( - Q/RT ) Equ. 1 

To see if this equation can properly express the flow charac 
te r istics of our alloys, i t is convenient t o rearrange t he 
equation int o t he form: 
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Fig. 2a: flow stresses of the 
four Ti alloy~ at a ram_~pe~2 
of 0.1 mm/ s ( E = 1.1 , 10 s ) 
for (; = 0 .5. 
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Fig. 2b: Flow stresses of the 
four Ti al19Ys at a r~f spred 
of 4 mm/ s (E = 4. 4 '10 s ) 
fo r (; = 0.5. 

In (J = [ In~i/kl 1 + [ QjR. n ] ¥ Equ. 2 

Thus for any given strain rate, the quantities (lIT) and (In 0) 
can be plotted as a straight line . This is done in Fig . 3. Such 
an exercise is quite successful in bringing all the data for 
given strain rate onto a straight line, but is unsuccessful in 
the respect that the slopes for the two strain rates differ . 
Thus one must conclude that either ' Q' or ' n' is not constant, 
but dependent upon either strain rate or stress. 

From a practica l point of v i ew, one should relate the flow 
stress of the forging materia l normalized with the yield s tress 
of the die material. Such a ratio gives some i ndication of the 
die lifetime. Figure 4 shows t he flow stresses of the fou r can
didate materials normalized with respect to the die material 
yield stresses. Note that the die material selected to norma 
lize Ti - 6- 4 i s TZM, while the material sel ected to normali ze 
the beta alloys is IN 100; such a choice is logical since it is 
the basic premise of this work that switching alloys would per
mit one to switch die materials. As can be seen by this figure, 
the flow stress d i fference between Ti - 10-2-3 at 850°C and Ti -
6- 4 at 950° C is not negatively affected by the normalization, 
and that in general, t he advantages of 10- 2-3 are e xaggerated. 

Since Ti-lO-2-3 was found to be the most int eresting o f t he 
candi date alloys fr om a forgeability po int of view, it was de 
cided t o expand upon the upset forging program for this alloy 
by testing over a wider range of stra i n rates. Four new strain 
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Fig. 3 : The same data as shown 
in Fig. 2a, drawn as (lIT) 
versus (Ina) with 0 in MPa and 
T in K. 
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F~g. ,: Flow stEiss_ratios 
w1tb t = 1.1 "10 s . All 
materials are normalized to 
the yield s tress as function 
of temperature of IN 100 eJt-
cept Ti-6-4, which was nor
malized with TZM. 

rates we re tested, all at 815°C. For these tests a mechanical 
screw Instron machine was used, with ceramic dies and convec
tive heat ing of the specimen. Loads, in this case, were measu
red direct ly with a load cell. Again taki~g the stresses at t = 
0.5, a plot was made of I n a against In t. If the relationship 
expressed by equation (1) is correct, a straight line should 
result, with a slope of m = lin. Figure 5 shows the results of 
this effort , along with some simi l ar results from other inves
tigati ons. One should note that the slope may become a bi t 
flatter at higher strail?- rates, b_~ basicall~l'm' _<l0es .seem to 
be a constant between t ,. (6·10 - 3.6·10 ) S , w1th the 
best value f or III being 0.33. This has two implications_ First , 
10- 2- 3 seems to behave quite differently from Ti-6-4, which is 
known to exhi bit a distinct maximum in 'm' (11). Further, this 
observation seems quite similar to observations in Transage 129 
(12), where a nearly constant strain exponent was measured over 
a wide r ange of strain rates, but somewhat at odds with pre
vious obs ervations in Ti- l0 - 2- J where III was reported to vary 
with strain rate ( 13 ) . Secondl y, the slope variations would not 
appear t o he attributable to a non- linearity in 'm', but seem 
instead to be better described by a dependence in ' Q', similar 
to that r eported by Martorell (14). 

An attempt was made to refine the grain size of the Ti - 10- 2- 3 
alloy to see how grain size affected the flow stress of the al
loy. The resulting grain size was found to be about 10 microns, 
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Fig. 5: Plot of (lni) vs (Ina) 
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compared to an original gI"ain size of several hundred microns. 
Upset forging tests were conducted at 725°, 7750 and 825°C. No 
difference in flow curves was found between the coarse and fine 
grain sizes. This is in agreement with Martorell ( 14), who 
found only very slight differences between grain sizes of 250 
and 8 microns. 

As a final conuuent on forgeability , it is possible to compare 
the forging response of this alloy with some other ~ -Ti alloys 
reported in the Ii terature. Accordingly, we can conclude that 
both Ti-lO-2-3 and Transage 134 are more forgeable than Ti-
1l.SMo-6Zr-4 .SSn (fI - III) (15), Ti-10Mo-6Cr-2.SAl (16), and Ti-
10Mo- 8V- 2.5AI (16), which are, in turn, all more forgeable than 
Ti-6 - 4. 

Pilot Phase Testing 

Model impellers were made from the two most promising alloys, 
Ti-lO - 2- 3 and Transage. The scaled wheels were 160 mm diameter, 
and of a complex shape requir i ng f l ow into rather long and nar
row ribs (3 nun wi de by 12 nun deep), Fig. 6. The dies used in 
these tests were IN 100, and the l ubricant again a BN-glass 
mixture. The tes t s were done in a 3000 kN hydraul ic p ress, and 
temperatures were measured at several points in both t he bottom 
and top dies. Both the dies and t he preform were heated by in
duction heating, a nd forging was done in vacuum. Due to the 
complex shape o f the forging and the d i es , heating was not very 
uniform; temperature di f ferences of up to 60°C were detected 
during forging. 

Two finished forging are shown in Fig. 6, along with the pre
form geometry used. For a given holding temperature, time, and 
load, Ti - lO-2-3 had a flowability superior to that of Transage, 
but both alloys were indeed forgeable at 8S0oC. The surface 
quality, in all cases was excellent, and in no cases were 
cracks observed . 



Tensile properties 
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Fig . 6: pilot phase (a) 
preform s hape, (b) fin
ished Ti- lO - 2- 3 forging. 
Forgings were held for 
20 minutes at 850 D C un
der a load of 2200 kN. 

After slowly cooling. the forged wheels were sectioned and pro
perties measured. Although a detailed accounting of the results 
is too lengthy to be presented here, it is useful to summarize: 

1. Tensile strength and duct ility in the circumferential di 
rection were found to be superior in solution treated and aged 
Ti- lO - 2- 3 than in mill annelaed Ti - 6-4 wheels. This strength 
advantage was reduced by correcting for density differences, 
but not elilllinated . The advantage was maintained over the full 
range of test temperatures. from 20 to 300 Ge. 

2. Since the above strength advantage could not be utilized 
without redesigning the entire turbocharger, a less expensive 
heat treatment route for the Ti - lO - 2- 3 was attempted: directly 
ageing the as- forged condition. Direct ageing at SOODC for 8 
hours was found t o result in reduced strength and ductility 
when compared to Ti-lO- 2- 3, but resu l t s that were guite compa
rable to Ti - 6- 4 on a density normalized basis. 

3. Both smooth and notched bar rotating-bendin1 fatigue tests 
were conducted . Alt hough the scatter was signif1cantly greater 
in Ti - 10- 2 - 3 than in the mill annealed Ti - 6- 4, the minimum 
l ifetime envelopes for the two materials coincided almost per
fectly once the stresses were normalized with density. (The 
Ti - lO-2 - 3 was tested in the directly aged condition described 
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above. ) 

Summary 
The present work demonstrates that the P-Ti class of alloys are 
more easily forged than Ti- 6- 4, and tlJ.at Ti - lO- 2- J is the most 
easi ly forged commercially available p alloy. Similar flow 
stresses and flow into complex shapes can be achieved with Ti -
10- 2- 3 at temperatures some lOO - 125~C lower than those used for 
Ti-6- 4. Such lower tempera t ures allow one to c hange to less ex
pensive die materials. Super-trans u s forging of Ti-lO-2-3 is 
uncommon in the aircraft industry due to the delicate thermo
mechanical conditions necessary to optimi ze strength, ductili 
ty, and toughness; in the present applicati on, however, it was 
possible to meet the property requirements using super- transus 
isothermal forging, and thereby reduce costs by improving the 
proximity to net shape. 
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