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Abstract

Using a dynamic materials model, processing and instability maps have been developed for near-« titanium alloy 685 in the
temperature range 775-1025°C and strain-rate range of 0.001-10 s~' to optimise its hot workability. The alloy's f-transus
temperature lies at about 1020°C. The material undergoes superplasticity with a peak efficiency of 80% at 975°C and 0.001 s~ !,
which are the optimum parameters for «-f working. The occurrence of superplasticity is attributed to two-phase microduplex
structure, higher strain-rate sensitivity, low flow stress and sigmoidal variation between log flow stress and log strain rate. The
material also exhibits flow localisation due to adiabatic shear-band formation up to its 2 transus temperature with strain rates
greater than 0.02 s~ ! and thus cracking along these regions. © 1997 Published by Elsevier Science S.A.
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1. Introduction

Near-a titanium alloy 685 possesses a complex con-
stitution, having a nominal composition (wt.0) of Ti-
6Al-5Zr-0.5Mo0-0.25Si. The alloy has been developed
mainly as forging stock, intended for critical aerospace
components such as discs, shafts, etc. requiring moder-
ate tensile strength, excellent creep resistance and supe-
rior fatigue strength up to 550°C. Newer demands of
supersonic persistance and supercruise for improving
survivability of increasingly expensive pilot and attack
aircraft attach great importance in producing highly
reliable forgings. Alloy 685 is essentially different from
other a-base titanium alloys in that it is suitable for
forging in the f-field [1]. However, excessive time at
high temperatures, which result in grain coarsening, are
to be strictly avoided. To achieve a match between
engineering needs and the processing route, the tradi-
tiona! forger uses his skill and experience on a trial-
and-error basis, resulting in excessive rejections. More
recently, a ‘right-first-time’ philosophy has been intro-
duced using science-based methodologies such as dy-

* Corresponding author. Fax: + 91 40 218827.

namic materials models to develop a processing map
with the aim of tailoring the microstructure of the
forging and to avoid defects such as flow instabilities on
a repeatable basis 11 a manufacturing environment
[2-4].

In dynamic materials models [5], metal processing is
considered as a system in which the workpiece material
is a dissipator of power. The power-dissipation charac-
teristics of the workpiece depend upon the constitutive
flow behaviour of the material, which follows a power-
law equation:

og=k-&" (1)

where ¢ is the flow stress, & is the strain rate, m is
strain-rate sensitivity and k is a constant. At any in-
stant, the power dissipation occurs through a tempera-
ture rise (G content) and a microstructural change (J
content). The factor that partitions the power is the
strain-rate sensitivity m of the flow stress ¢. At a given
temperature and strain, J is given by [2]:

J=0c-¢-mlm+1) (2)

where & is the strain rate. The value of J for a non-lin-
ear dissipator is normalised with that of a linear dissi-
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pator (m=1) to obtain a dimensionless parameter
called the efficiency of power dissipation, given by:

_ J _ 2m
" T M1

The variation of # with temperature and strain rate
constitutes a processing map, which exhibits various
domains that may be correlated with specific mi-
crostructural mechanisms. The extremum principles of
irreversible thermodynamics as applied to large plastic
flow [6] are applicable to dynamic materials models.
Kalyan Kumar [7] and Prasad [8] combined these prin-
ciples with those of seperability of power dissipation
and obtained a continnuin criterion for obtaining flow
instability during hot dciormation, given by:

o Infm/(m+ 1))
oIné +

This method of modeling is effective despite several
metallurgical processes occurring simultaneously during
hot deformation and prior knowledge or evaluation of
the atomistic mechanisms is not required. A method of
understanding material behaviour which explicitly de-
scribes the dynamic metallurgical processes occurring
during the hot deformation of alloy 685 has been
presented in the present investigation.

3)

(@)= m<0 4)

2. Experimental

The chemical composition of alloy 685 material used
in this investigation is given in Table 1. The initial
material (f-forged), possesses acicular « (transformed
f) and prior f-grain boundaries outlined by « that was

Table 1
Composition (wt.%) of alloy 685

Element Al Zr  Si Mo H(ppm) O (ppm) Ti

Analysis  6.12 51 024 0.52 35 1300 Bal

Fig. 1. Microstructure of the initial material: Alloy 685.
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Fig. 2. A typical true stress—true strain curves of alloy 685 at: (a) 775;
(b) 975; and (c) 1025°C at various strain rates.

the first to transform in its microstructure (Fig. 1).
Cylindrical specimens of siz¢ 8 mm @, 12 mm height
were machined from the initial material. Concentric
grooves of about 0.5 mm depth were engraved on both
of the end faces of the specimen to facilitate the reten-
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Table 2

Flow stress (MPa) data at various strain rates and temperatures (corrected for adiabatic temperaturg increase)

Strain Strain rate (s~ ') Temperature (°C,
775 825 875 925 975 1025
0.1 0.001 2734 166.8 1257 90.1 1.1 8.5
0.01 3914 304.4 263.9 122.8 68.8 ISZé
0.1 550.1 437.0 323.7 255.7 146.6 40.7
1.0 674.0 554.0 434.0 314.0 191.0 71.0
10 599.0 572.0 545.0 455.0 281.0 133.9
0.2 0.001 265.5 163.5 124.8 85.1 12.6 10.9
0.01 383.6 302.8 193.3 124.1 62.8 16.5
0.1 551.3 421.1 306.8 240.1 133.5 38.3
1.0 656.0 542.0 425.0 308.0 191.0 71.0
10 548.0 527.0 497.0 425.0 272.0 123.0
0.3 0.001 256.7 164.6 1271 86.1 14.1 12.5
0.01 3745 2933 182.9 1227 59.5 17.6
0.1 528.1 417.5 3029 2319 127.4 358
1.0 599.0 497.0 389.0 284.0 176.0 67.0
10 530.0 491.0 434.0 3140 215.0 117.0
0.4 0.001 246.3 161.1 131.2 86.6 15.3 11.9
0.01 338.1 278.3 181.8 1211 573 18.4
0.1 518.1 405.3 294.2 2269 1235 34.2
1.0 548.0 452.0 359.0 263.0 164.0 67.0
10 545.0 461.0 374.0 290.0 203.0 115.0
0.5 0.001 2358 155.7 141.4 83.9 16.3 1.1
0.01 3529 275.0 202.4 2127 62.1 19.4
0.1 490.0 411.1 302.2 2314 123.2 325
1.0 545.0 452.0 356.0 263.0 164.0 66.0
10 380.0 350.0 344.0 308.0 212.0 116.0

tion of lubricant. A chamfer of 1 mm at 45° was
machined along the edges of the faces to avoid fold-
over in the initial stages of compression. A 0.5 mm
hole with a depth of 4 mm was also made at the mid
height of the specimen for the insertion of a thermo-
couple.

Hot compression tests were carried out on a com-
puter-controlled servo-hydraulic testing machine, which
machine can be operated with an exponential decay of
actuator speed to give constant true strain rate with
strain. In deriving the exponential-decay equation for
the stroke variation, the small elastic deflections of the
machine and the grips were neglected. The accuracy of
the temperature controller was within +2°C and the
adiabatic temperature increase during compression was
measured using a thermocouple embedded in the speci-
men. Deformation was carried in the ..mperature
range of 775-1025°C at strain rates of 0.001, 0.01, 0.1,
1 and 10 s~ '. In each case, the specimen was com-
pressed to about half of its height (0.5 strain). Prior to
hot compression testing, borosilicate glass powder
(delta glaze) coating was applied to the specimens, to
act not only as a lubricant but also as a protective
coating against oxidation at the testing temperatures.

From the load-stroke data, true stress—true strain
curves were evaluated using standard equations. The

flow-stress data pertaining to different temperatures
and strain rates were corrected for the adiabatic tem-
perature increase. Using this data, power-dissipation
maps were constructec for different strains by fitting
log flow stress ¢, log strain-rate data at a constant
temperature and strain rate using a cubic spline func-
tion, the strain-rate sensitivity m being calculated as a
function of strain rate. This was repeated at different
temperatures. The efficiency of power dissipation
through microstructural changes (Eq. (3)) was then
calculated as a function of temperature and strain rate
and plotted as a three-dimensional map and an iso-effi-
ciency contour map. The data were also used to evalu-
ate the instability parameter {(&) (Eq. (4)) as a function
of temperature and strain rate to obtain an instability
map. After deformation, selected specimens were sec-
tioned vertically at the centre (parallel to the compres-
sion axis) and prepared for metallographic examination
using standard procedures. The specimens were etched
with Kroll’s reagent. Some selected specimens were
also examined for microstructural features using a 300
KV Philips ET430T transmission electron microscope.
The polishing reagent used was 6% sulphuric acid in
methanol, the temperature of polishing being main-
tained at around —45°C.
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3. Results

True stress—true strain curves, plotted as a function
of strain rate at 775, 975 and 1025°C are shown in Fig.
2(a)—(c), respectively. The stress—strain curves pertain-
ing to specimens deformed at or above 0.01 s~ ' exhib-
ited flow softening. Corrected flow-stress data, obtained
at different temperatures, strain rates and strains are
given in Table 2.

Typical power-dissipation maps obtained at 0.2 and
0.4 strains are preserted in Fig. 3(a) and (b), respec-
tively. The maps at other strains are essentially similar.
The maps exhibited a domain centred around 975°C
and 0.001 s~ '. A map showing the contours of instabil-
ity parameter {(¢) un a temperature—strain rate plane
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Fig. 3. Power dissipation maps for the alloy 685 at strains of: (a) 0.2;

and (b) 0.4. The number against each contour indicates percentage
efficiency.
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Fig. 4. instability maps for alloy 685, showing contours on the
temperature—strain-rate plane, for 0.4 strain.

for 0.4 strain is shown in Fig. 4. The instability region
for the alloy under investigation lies almost up to its f
transus temperature (1020°C) for strain rates above
0.02 s .

4. Discussion

The processing domain (corresponding to high effi-
ciency), occurring at strain rates lower than 0.01 s !,
shows a change in curvature of contours at about
1020°C, indicating the f-transus temperature of the
alloy and conforming to literature values [1]. Mi-
crostructural examination of specimens deformed at
925, 975 and 1025°C and a strain rate of 0.001 s~! was
conducted. Specimen deformed at 925°C exhibited a
tendency of breaking up of acicular o (Fig. 5), present
in the initial microstructure. The microstructure ob-
tained for the specimen deformed at 975°C revealed
sluggish coarsening of « laths, particularly at grain
interiors and the formation of equi-axed « (Fig. 6). The
sluggishness of the « phase can be attributed to slow
kinetics of equilibration close to the f-transus tempera-
ture [9,10]. Transmission electron micrographs of the
specimen deformed at 975°C and 0.001 s ~! exhibited a
mixture of sub-grains and lath o« (Fig. 7). It has been
shown that such micro-duplex structures favourably
influence superplasticity at these temperatures in tita-
nium alloys [11]. However, microstructural evidence for
superplasticity is inconclusive, since transformation oc-
curs during cooling and the resultant microstructure
depends on the cooling rate. Further, signatures of the
dynamic processes occurring during superplastic defor-
mation are also not retained in the microstructure in
view of the transformation during cooling.
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One of the pre-requisites for obtaining superplasticity Table 3
in titanium alloys is its two-phase structure [12] and the Values of strain-rate sensitivity (o) obtained 1t different testing
. . . . tel ¢ CS ¢ strains f a strai dte ’ !
total elengatlon is strongly influenced by the ratio of emperatures and strains for a strain rate of 0.001 s
two phases present at thf: deformation temperature Testing temperature (°C) Strain
concerned [13]. A 50:50 mixture of x and f§ phases is
generally considered optimum for superplasticity [14]. 0102 03 04 05
since the mixture of these two phases can contribute to o ’
775 0.16 016 016 016 0.17
825 026 02¢ 025 024 024
875 020 619 016 014 015
925 0.13 014 0.1 012 0.15
975 0.86 070 0.62 038 0.38
1025 0.27  0.18 0.15 G618 0.25
325 —
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Fig. 8. Plot of log flow stress vs. log strain rate for different testing
temperatures at 0.4 strain.

grain boundary sliding and accommodation [15]. The
superplastic elongations at these volume fractions vary
from 500 to 900%. Although the amounts of the vol-
ume fractions of x and f# phases present in the alloy 685
are not available in the literature, another near-o alloy
with f-transus temperature close to this alloy contains
50:50 of x and f# phases at 975°C [16].

Fig. 6. Microstructure of a specimen deformed at 975°C and 0.001 Strain-rate sensitivity m usually c_:har'aclenses the su-
s~ !, revealing sluggish coarsening of =z laths, particularly at grain perplasticity [17], these values for titanium alloys rang-
mtenors.

1

Fig. 9. Microstructure of a specimen deformed at 875°C and 10 s~

Fig. 7. Transmission electron micrograph of a specimen deformed at exhibiting a crack path oriented at about 45° to the compression axis,
975°C and 06.001 s~ !, exhibiting a mixture of sub-grains and x laths. along with an adiabatic shear-band zone.
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Fig. 10. Microstructure of specimens deformed at 875°C and different strain rates: (a) 1.0 s~ ', crack and adiabatic shear-band zone with very fine
grains; (b) 0.1 s~ !, presence of an adiabatic shear-band zone; and (c) 0.01 s~ !, absence of an adiabatic shear-band zone.

ing from 0.4 to 0.9 [18]. From the flow stress data of
Table 2, the slopes m of the stress—strain curves have
been calculated at all testing temperatures for different
strains at a strain rate of 0.001 s ', using a power law
(Eq. (1)). Results are given in Table 3. The values so
obtained at 975°C fall within the superplastic range. It
is also evident from the results in Table 3 that the
strain-rate sensitivity m decreases with strain during
constant strain-rate deformation. This decrease is con-
sistent with hardening and can therefore be attributed
primarily to the growth of recrystallised grains [19].

Another characteristic feature, which enables one to
conclude that the deformation is superplastic, is a typi-
cal sigmoidal relationship between log flow stress and
log strain rate at that deformation temperature [20]. A
plot of log flow stress versus log strain rate for testing
temperatures below the f-transus of alloy 685 at 0.4
strain is shown in Fig. 8. It is evident that the slope
increases with increasing temperature in the case of
specimen deformed at 975°C, thus displaying sigmoidal
relation.

On the basis of the above observations, i.e. two-
phase micro-duplex structure, higher strain-rate sensi-
tivity, sigmoidal relationship between log flow stress
and log strain rate and low flow stresses (Table 2), the
domain formed at 975°C and a strain rate of 0.001 s~
may be attributed to superplasticity.

5. Manifestation of instabilities

The material exhibits flow instabilities at strain rates
greater than 0.025 s~ ' and temperatures up to its
fi-transus temperature, i.e. 1020°C (Fig. 4). Microstruc-
tural examination of the specimen deformed at 875°C
and a strain rate of 10 s~! exhibited a crack path,
oriented at about 45° to the compression axis, along
with an adiabatic shearband zone (Fig. 9). The intense
shear localisation in the band region has resulted in the
formation of a very fine grain transformed microstruc-
ture along the crack length. The intensity of shear
localisation, thus cracking tendency, has reduced as the
strain rate is decreased and is absent in the sample
deformed at 875°C and 0.01 s—'. Fig. 10(a)-(c) show
the phenomenon clearly.

6. Conclusions

Near-o titanium alloy 685 exhibits the following hot
deformation characteristics.

(1) The alloy undergoes superplasticity in the tem-
perature range 900-1020°C at strain rates of less than
0.02 s~'. The micro-duplex structure in this region
possesses partially recrystallised « and plate-like « in a
transformed f-matrix.
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(2) Alloy 685 possesses poor workability up to its
f-transus temperature at conventional strain rates.
However, the optimum conditions for - f/ working lie
at 975°C and strain rates lower than 0.02 s .

(7) At temperatures of up to 1020°C and strain rates
greater than 0.02 s ', the material exhibits flow insta-
bility, manifested as adiabatic shear-bands. These con-
ditions must be avoided in processing the alloy.
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