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Abstract

Gas-pressure bulge forming of unreinforced Ti-6Al-4V and TiC-reinforced Ti-6Al-4V was performed while cycling the
temperature around the allotropic transformation range of the alloy (880-1020°C). The resulting domes exhibited very large
strains to fracture without cavitation, demonstrating for the first time the use of transformation-mismatch superplasticity under
a biaxial state of stress for both an alloy and a composite. Furthermore, much faster deformation rates were observed upon
thermal cycling than for control experiments performed under the same gas pressure at a constant temperature of 1000°C,
indicating that efficient superplastic forming of complex shapes can be achieved by transformation-mismatch superplasticity,
especially for composites which are difficult to shape with other techniques. However, the deformation rate of the cycled
composite was lower than for the alloy, most probably because the composite exhibits lower primary and secondary isothermal
creep rates. For both cycled materials, the spatial distribution of principal strains is similar to that observed in domes deformed
by isothermal microstructural superplasticity and the forming times can be predicted with existing models for materials with
uniaxial strain rate sensitivity of unity. Thus, biaxial transformation-mismatch superplasticity can be modeled within the
well-known frame of biaxial microstructural superplasticity, which allows accurate predictions of forming time and strain spatial
distribution once the uniaxial constitutive equation of the material is known. © 1997 Elsevier Science S.A.
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1. Introduction forming (a process by which objects with complex
shapes can be formed from simple sheets or tubes to

Because discontinuously-reinforced metal matrix large strains with no or limited necking and cavitation)
composites (MMCs) have high strength and low ductil- has thus generated strong interest for MMCs [1,6-9].
ity, they are difficult to shape with traditional solid- Much research has been devoted to MMC microstruc-
state forming techniques such as rolling, bending, tural superplasticity, where deformation occurs by grain
stamping or forging [1]. Furthermore, their high hard- boundary sliding with or without formation of a liquid

ness limits their ability to be machined. Net- and near- phase [6,9-11]. An alternative deformation mechanism

net-shape techniques can also be problematic: powder in unreinforced metals and alloys is mismatch super-

metallurgy processes cannot usually give high dimen- plasticity, where an external stress biases internal mis-

sional to'lerances because of densification shrinkage [1- - - ‘match stresses or strains produced by grains exhibiting
3], while casting processes can suffer from

. o .. . an anisotropic coefficient of thermal expansion (CTE)
reinforcement settling in the liquid and/or pushing dur- [12-14] or undergoing an allotropic phase transforma-
ing solidification [4] and are limited to systems where - gomg PI¢ D

the liquid matrix shows little reactivity with the envi- tlonh’[15‘—1731. T‘hfs tgp © Zf Superp lasélc' dl\e/lfg/;rélatl.on
ronment and the reinforcing phase [5]. Superplastic mechanism has aiso been demonstrated in 5, 1.

in Al-SiC composites for which the source of internal
EEE— . mismatch is the CTE difference between matrix and
* Corresponding author.

! Present address: Semi-Solid Technologies, Cambridge, MA 02139, reinforcement (CTE-mismatch superplasticity) [18-21]
USA. © .. and, recently, in Ti-TiC composites for which the mis-
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match is developed during the matrix allotropic phase
transformation (transformation-mismatch superplastic-
ity) [22,23].

Most studies of microstructural or mismatch super-
plasticity in MMCs focus on uniaxial deformation be-
cause it is experimentally simple and easily comparable
to existing data. However, superplastic forming pro-
cesses are characterized by a multiaxial stress state and
usually rely on gas-pressure free bulging of sheets in the
initial stages of deformation. For a circular sheet, a
dome with near-hemispherical shape results, with a
balanced biaxial stress state at the apex and a plane-
strain state at the equator [24-29]. The main parame-
ters of interest are the time-dependence of the dome
height and the thickness distribution within the dome.
While gas-pressure bulge forming of domes has been
extensively used for unreinforced metals and alloys,
only one study, to the best of our knowledge, was
performed on MMCs: Chen et al. [30] demonstrated
that aluminum reinforced with SiC whiskers could be
deformed by CTE-mismatch superplasticity to very
large strains and at rates much higher than under
isothermal conditions.

The purpose of the present paper is to investigate for
the first time biaxial deformation under conditions of
transformation-mismatch superplasticity. In the follow-
ing, we present and discuss experiments of gas-pressure
dome bulging of both unreinforced Ti-6Al-4V and Ti-
6Al-4V reinforced with TiC particulates performed
while cycling the temperature around the phase trans-
formation range of the alloy.

2. Experimental procedures

The materials used were unreinforced Ti-6Al-4V
{(hot-rolled, annealed rod from President Titanium,
MA) and Ti-6Al-4V reinforced with 10 vol% TiC
particulates (cold- and hot-isostatically pressed Cer-
meTi-10™ sheet [31,32] from Dynamet Technology,
MA). The Ti-6Al-4V rod (diameter, 41.] mm) was
machined into a cylinder (wall thickness, 2.38 mm;
length, 16.6 mm) with one end as a solid 2.24 mm thick
disk. A disk of the same thickness was machined from
the Ti-6A1-4V/TiC composite sheet and welded at the
other end of the cylinder, thus forming a closed cham-
ber to which a Ti-3Al-2.5V tube (diameter, 6.35 mm)
was welded to allow gas pressurization and access for a
thermocouple. To determine radial and hoop strains,
the disks were lightly scribed with concentric fiducial
circles spaced 1 mm apart and crossed by three perpen-
dicular sets of parallel fiducial lines going through the
center of the disk. The chamber was introduced into a
boron-nitride coated stainless steel sleeve (2.5 mm
thick), preventing radial deformation of the cylinder
but allowing axial deformation of both reinforced and

unreinforced end disks with a free diameter of 33.4 mm
{(Fig. 1) [33]. The chamber assembly was outfitted with
two K-type thermocouples in contact with the inside
surface of the titanium tube (to which temperature are
referred in the foliowing) and the outside surface of the
steel sleeve, respectively. The assembly was placed in
the center of a cylindrical graphite furnace within a
stainless steel vessel and oriented such that two of the
fiducial line sets were vertical and one horizontal.
Both vessel and test chamber were evacuated to 10
mTorr, flushed with 99.9996% pure argon and evacu-
ated again to 10 mTorr. The furnace was then heated to
150°C for about 10 h to allow degassing and ramped to
350, 600 and 800°C with degassing hold periods of 1 h
at each temperature; a dynamic vacuum of about 10
mTorr was conserved throughout the experiment and
the oxygen contamination of the sample was further
reduced by titanium foil getters. For the isothermal
experiment, the temperature was raised to 1000°C and
the test chamber and vessel were pressurized with
99.9996% pure argon to a pressure of 350 and 120 kPa,
respectively, leading to the simultaneous outward
bulging of both reinforced and unreinforced disks un-
der a net gas pressure of 230 kPa. The experiment was
conducted at constant temperature and pressure until
failure of one of the disks. For the cycling experiments,
the same gas pressures were used but the temperature
was cycled between 880 and 1020°C with a period of
600 s (with ramps of about 60 s), until failure of the
chamber. For these conditions, Szkliniarz and Smoika

thermocouples

e — Ar
. - |
S Ti-6Al-4V tube — vessel
orilgi;al S - heater
dis
position _.__J

Ti-6Al-4V cylinder
steel sleeve ——

Ti-6Al-4V test disk Ti-0AI-4V/10TIC test disk

Fig. 1. Schematic drawing of experimental apparatus.
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Fig. 2. Micrographs of undeformed materials. (a) Unreinforced Ti-6Al-4V (rolling direction is horizontal); (b) TiC-reinforeed Ti-6Al-4V.

[34] predict that the volume fraction of f phase varies
between about 20% at the lowest temperature and
about 100% at the highest temperature. By connecting
the chamber to an argon reservoir at constant tempera-
ture, the temperature-induced pressure fluctuation were
reduced to + 5 kPa. In a first cycling experiment, both
reinforced and unreinforced disks were allowed to de-
form simultaneously, while in a second cycling experi-
ment, the unreinforced disk was supported by a steel
insert to prevent deformation, so that only the rein-
forced disk was free to deform. Except for the second
cycling experiment, the experiments were interrupted
after 10 h by a short excursion to room temperature to
allow visual inspection of the samples. The principal
strains were determined after deformation by measuring
the thickness of the dome as a function of distance
from the apex with a point micrometer, and the dis-
tance between the fiducial marks with a traveling mi-
croscope. For all strains, three sets of measurements
were performed along the three sets of radial lines at
right angles to each other.

3. Results

Fig. 2(a,b) shows the microstructure of the Ti-6Al-4V
and Ti-6Al-4V/TiC materials before thermal cycling. In
both samples, the metallic phase consists of «-grains
separated by an intergranular f-phase. In unreinforced
Ti-6Al-4V, the «-grains are elongated (approximate
aspect ratio, 4) and oriented in the rolling direction,
while in the composite material, the «-grains have an
aspect ratio of about 2 and are randomly oriented. In

both cases, the smallest ¢-grain dimension is about 10

pm. The angular, equiaxed TiC reinforcement exhibits

a broad size distribution between about 10 and 100 um
(Fig. 2(b)).

Table 1 summarizes the main experimental condi-
tions and results for all experiments. The isothermal
experiment no. 1 was stopped upon failure of the
Ti-6Al-4V weld, while the cycling experiment no. 2 was
interrupted when the apex of the Ti-6Al-4V dome
developed four cracks less than I mm in length. Be-
cause of the extensive deformation of the dome in
experiment no. 2, the apex came in contact with the
graphite furnace and the fracture was thus most proba-
bly induced by the embrittlement resulting from carbon
diffusion and/or by overheating at the point of contact.
For both isothermal and cycling experiments, the unre-
inforced dome exhibited a larger deformation than the
reinforced dome. Finally, cycling experiment no. 3, for
which only the reinforced disk was allowed to bulge,
also terminated upon contact of the dome apex with the
graphite furnace and formation of a small, millimeter-
long crack at the apex. Density measurements per-
formed by the Archimedes method on the full domes
showed, within experimental error, no change in overall
density after deformation.

Fig. 3(a—c) shows the deformed domes after separa-
tion from the chamber. For comparable total deforma-
tion times, thermal cycling leads to a much larger
deformation than isothermal holding for both the unre-
inforced alloy (Fig. 3(a)) and the composite (Fig. 3(b)).
Fig. 3(c) shows the Ti-6Al-4V and Ti-6Al-4V/TiC
domes deformed to fracture by thermal cycling and
illustrates the extensive deformation achievable by
transformation-mismatch superplasticity. It also shows
that the total strain to fracture and the deformation
rate are larger in the unreinforced alloy than in the
composite, despite the larger number of cycles experi-
enced by the latter specimen.
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Table 1
Experimental results and theoretical predictions for all samples

Sample No.  Fracture Maximum Maximum Total Observed Predicted Predicted
location equivalent true equivalent cycle deformation deformation deformation
strain at apex stress (MPa) number time (ks) time® time® (ks)
[sothermal
Ti-6Al-4V 1.1 Weld 0.33 1.3 — 55.8 — —
—Ti-6Al-4V/TiC 127 — - 0.32 1.3 — 55.8 — —
Cycling
Ti-6Al-4V 2.1 Apex 2.6 14.6 101 60.6 108 . 61.7
Ti-6A1-4V/TiC 22 — 0.64 1.6 101 60.6 74.0 67.2
Ti-6Al-4V/TiC 3 147 8§.2 125 104

0 Apex 2.1 8.2

¢ Eq. (4) without primary contribution.
b Eq. (4) with primary contribution.

The principal true strains are plotted as a function of
the original distance from the disk center for the unre-
inforced specimen no. 2.1 deformed to fracture in Fig.
4(a) and for the corresponding composite specimen no.
2.2 subjected to the same number of cycles in Fig. 4 (b).
For each principal strain, the scatter between the three
sets of strain measurements is due to the uneven dome
shape resulting from the gravitational force on the
domes during the experiment. As seen in Fig. 1, the
undeformed disks were vertical, so that the bulged
domes sagged in an uneven manner under their own
weight. Systematic errors were reduced by the spatial
orientation of the fiducial lines: for each principal
strain, the two vertical sets of strain measurements gave
maximum and minimum values and the third horizon-
tal set of measurements gave average values. A reason-
able fit is found for each principal strain by fitting
linearly all three sets of measurements. Fig. 5 shows the
thickness strain as a function of the original distance
from the disk center for both materials tested to frac-
ture (samples 2.1 and 3, the latter with only one full
and one partial set of data points).

4. Discussion
4.1. Superplastic deformation

Fig. 3{(a—c) demonstrate for the first time that biaxial
deformation is possible by transformation-mismatch
superplasticity, Dome bulge forming under thermal cy-
cling about the allotropic temperature range of unrein-
forced Ti-6Al-4V and TiC-reinforced Ti-6Al-4V is
characterized both by very large strains to fracture
without cavitation and by deformation rates faster than
during isothermal deformation at the highest cycle tem-
perature of the control unreinforced alloy. We note
however that the absolute rates of deformation mea-
sured in the present study are much lower than the
values (10~%-1072 s~!) achieved with microstruc-

turally superplastic Ti-6Al-4V specimens which were
thermo-mechanically processed for optimal grain size
(about 6 pm) and deformed at the optimum forming
temperature of about 930°C [24]. For the isothermal
experiments in the present study, this is because the
initial grain size (Fig. 2(a)) is significantly larger than
the optimal value of about 6 um and because the testing
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Fig. 3. Deformed domes. {a) Unreinforced Ti-6Al-4V: cycled (left,
sample 2.1) and isothermal (right, sample 1.1); (b) composite Ti-6Al-
4V/TiC: cycled (left, sample 2.2) and isothermal (right, sample 1.2);
(¢) Samples cycled to fracture: unreinforced Ti-6Al-4V (left, sample
2.1) and Ti-6Al-4V/TiC (right, sample 3).







