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During thermal cycling through the—3 phase transformation under the action of a

small external biasing stress, Ti alloys exhibit an average deformation stress exponent
of unity and achieve superplastic strains. We report tensile experiments on Ti—6Al-4V
with an applied stress of 4.5 MPa, aimed at understanding the failure processes during
transformation superplasticity. The development of cavities was assessed as a function
of superplastic elongation, and macroscopic neck formation was quantified at several
levels of elongation by digital imaging techniques. The effects of thermal
inhomogeneity on neck initiation and propagation were also elucidated experimentally.
Tensile ductility during transformation superplasticity is compared with that during
isothermal creep at the average, effective cycling temperature, and a numerical model
is used to show the effect of thermal gradients in limiting superplastic elongation.

[. INTRODUCTION tion and macroscopic shape instabilities are examined as

Transformation superplasticity (TSP) is a deformation® function of superplastic strain. Experiments that eluci-

mechanism observed in polymorphic materials subjectegate the e_ffect of thermal variation_s on plastic instgbil_ity
to cyclic phase transformation under an externally ap@ré described, and TSP fracture is compared with iso-

plied stres<. Internal transformation mismatch strains thermal creep fracture at the average, or effective, ther-

are biased in the direction of the external stress, resultin§'a! cycling temperature.

in deformation with a low stress sensitivity. In this man-

ner, repeated transformations (by, e.g., thermal cycling)

can produce superplastic strains. With the demonstratiop ExpeERIMENTAL PROCEDURES

of TSP in advanced metallic materials (i.e., intermetallic

alloys and metal-matrix composite3) as well as the A General procedures

extension of this mechanism to multiaxial modes of de- Powder metallurgical Ti-6Al-4V was supplied by Dy-

formation® TSP is of current interest as a prospectivenamet Technology (Burlington, MA), produced by cold

shape-forming technology. pressing of blended elemental powders, sintering, and
Studies of TSP to date have focused primarily on thenot-isostatic pressing, in a process described in Ref. 12.

mechanics of steady-state deformation, with some limThe microstructure of the material exhibits large colonies

ited studies on post-deformation mechanical propereof a plates, as shown in Fig. 1. The as-received material

ties®919 In addition, failure during internal-stress was machined into cylindrical tensile specimens with a

superplasticity, in which internal stresses are caused b0-mm gauge length of 5-mm diameter. The fillet

thermal-expansion mismatch between coexistingadius between the specimen gauge and head was sharp

phases, has been examined in an Al-SiC composite ifabout 0.5 mm). The specimens were deformed in ten-

Ref. 11. However, to our knowledge there have been ngion in a custom creep frame described in detail else-

systematic studies describing the mechanisms of failurashere™® under an atmosphere of purified argon. The

during TSP, in uniaxial tension or otherwise. For imple-specimens were heated by four radiant line heaters, po-

mentation of TSP in shape-forming processes, knowlsitioned symmetrically around the load train and focused

edge of damage evolution, including cavitation andonto the tension axis.

macroscopic plastic instability development, is essential To establish the constitutive isothermal mechanical

for process design. behavior of Ti—6Al-4V at low stresses and high tem-
The goal of the present work is to identify the gov- peratures of interest to the present work, several creep

erning process parameters that influence tensile fracturexperiments were conducted at a constant temperature of

during TSP of Ti—6Al-4V. Internal cavity volume frac- 970 °C (in the two-phase + 8 field) at low stresses.
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10 wm) were used to measure the specimen diameter at
6-12 axial positions, to verify the accuracy of the image
analysis results.

B. Thermal shielding experiments during TSP

The first experiment was conducted to examine effects
of thermal shielding on TSP deformation. Tded trans-
formation was produced by performing triangular ther-
mal cycles between 840 and 1030 °C with an 8-min
period. These thermal cycles were chosen to maximize
the volume of transformation product (approximately
80%"°) while providing ample time for complete diffu-
sive transformatiod® Temperature was controlled by a
BN-coated type-K thermocouple (1.6-mm diameter) po-

HARE L sitioned at the gauge surface, approximately 7 mm from
FIG. 1. Optical micrograph of as-received Ti-6Al-4V material usedthe upper specimen head. This arrangement provided a
in the present work, etched with Kroll's reagent. good measurement of the gauge temperature, but it also
caused some shadowing of the upper portion of the gauge
from the incident radiation. A second thermocouple was
positioned at the top of the upper specimen head and did
ot induce any shadowing on the gauge section.

Before the first stage of deformation, the specimen and
load train were allowed to come to thermal equilibrium at
the upper cycling temperature (1030 °C) for 75 min, after
d/vhich the load was applied and thermal cycling was

puted by assuming uniform gauge deformation an nitiated. This procedure was used to ensure a coarse
volume constancy. The development of internal cavitie S P ! e
-grain size (approximately 0.5—-1 mm), thereby mini-

and external necks was investigated during three separate

experiments, in which the specimen was deformed t fltzelp?hissuttr):(':\?mugp]: %rtarlgogrrr]Ot\g:\:] C(lel:gtnugréhzr(l;g?ol:ygltlrrlu%_
successive strains interspersed with excursions to roo ' P ’ y

temperature. During the excursions to room tem eraturture like that shown in Fig. 1 is still observed, but with
P : 9 P '?arger prior 3-grains. A similar equilibration procedure

the following two measurements were made: (i) Speci- ; f h f def

men density was determined by using the Archimede as performed before eac . subsequent stage o ‘i',e orma-
method in distilled water. The water temperature was o b.Ut at the '°Wer c_ycllng temperature (8.4.0 C) to
measured with an accuracy of 0.1 K, and the water deninimize thermal sintering of any internal cavities. The
sity was corrected for temperature according to Ref. 14Qeformat|on was interrupted six times; together with data

The densiy ofth gauge secton was calcated by a01EC120 Ceore defamation and afer ractre e o
suming that the specimen heads remained at full theo- y P 9

I 0, 0,
retical density for all stages of deformation. After the uelsn c;f d%{iitlijogr?tgkt)r?g2%%T/eb2§/vi?i?ng rﬁsamieftet? a/:){sfer of.
specimen had failed, the heads were removed fror% P '

1 ¥
J | ) AP s

Three types of tensile fracture tests under isothermal
and thermal cycling conditions (which are described in
Secs. II. B-Il. D) were performed, under a nominal uni-
axial true tensile stress af,, = 4.5+ 0.2 MPa, com-

the gauge with a diamond saw, and their density wa ects were considered during the third stage of deforma-

0, 0, I
measured. This procedure indeed verified that the specéﬁga(tfgggn t32 e/?Ktothi? rﬁ’ogtl)%nﬁ]:t'an%’_r\év:qegi;rﬁeéi)cwgs
men heads remained at full theoretical density. This tech= yp P '

: : : Iy extended from its original position at the upper specimen
nique was found to give precise gauge densities t . . i
+3- 1072 glen? (£0.07% for Ti—6A4V). (ii) The mac- %ead to the lower head of the specimen. This thermo

roscopic profile of the gauge section was assessed by ﬂ!CL’%upIe acted as a radiation barrier, blocking an estimated

following methods. A digital image of the specimen was h _fzcil% of thellncu:ﬁntfrﬁ]dlatlon from the heaters, across
first captured, and an edge-finding algorithm was used té € full gauge length ot the specimen.

obtain the profile of the gauge section. The projected i i
diameter was then measured as a function of axial posf- Unshielded TSP experiment

tion using image-processing software. Two perpendicu- To reduce thermal variations imposed by the positions
lar projections of the specimen were analyzed after eachf thermocouples (as examined explicitly in the previous
stage of straining. This method gave accurate measurexperiment), the following second TSP experiment was
ments, with precision of about @Om on the diameter conducted, again following a 75-min anneal at 1030 °C
measurements. In addition, calipers (with accuracy obefore the first application of stress. At the beginning of
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each stage of deformation, the specimen was thermallghown, from our previous work on similar materfalSP
cycled five times (again over the range 840-1030 °C inis characterized by higher strain rates than creep at the
triangular cycles of 8-min duration) without applied effective temperature, and by a low stress exponent near
stress, during which time both the head and gauge temunity, as previously discussed in Ref. 17.

peratures were monitored. The gauge temperature was The volume fraction of cavities measured after each
used to calibrate the head temperature, and the gaugéage of deformation is shown in Fig. 3 for the three
thermocouple was then removed from the hot zone. Thanterrupted tensile fracture experiments. The amount of
calibrated head thermocouple was then used to control

the heaters to produce accurate thermal cycles of the

gauge section, but without causing any thermal shielding 4

due to thermocouple positioning. This thermal calibra- 10 o 1 'th' - lC — 970°‘C — ]
tion procedure was repeated at each stage of deformation, Y Fﬁe r;r;lm(l: ycf;:;’840-1030° c

and the calibration varied only slightly over the course of .

the experiment.

D. Isothermal creep experiment 105 L |

For comparison with the two TSP experiments, a third g
specimen was crept isothermally to failure, and the den-
sity and specimen profiles were monitored after severaﬂs'l]
stages of deformation. As with the TSP experiments, this
specimen was first annealed at 1030 °C for 75 min before
the first application of stress. The creep temperature was 106 °
equal to the so-called effective temperatutiey, of
the thermal cycling experiments. At this temperature, the
isothermal creep rate is that expected on average during
thermal cycling, in the absence of an enhancement due to o1 7 ‘1 T 10
the phase transformation. The effective temperature is )
discussed in Refs. 4 and 16 for thermal cycles involving o [MPa]
thermal-expansion mismatch of a composite and an akg. 2. stress dependence of average creep rate under isothermal
lotropic phase transformation, respectively. In the case ofonditions (present study) and thermal cycling, TSP conditions
Ti—-6Al-4V, the phase transformation occurs over mostRef. 9) for Ti-6Al-4V.
of the thermal cycle, so the calculation ©f; is more
complicated. The calculation of the effective temperature

of the thermal cycles used here is presented in the Ap- 1~ , : ——
pendix by using experimental data on the isothermal

creep of Ti—6Al—4V, givingT.; = 982 °C. The isother- ® TSP, Thermal Shielding

mal creep fracture experiment was conducted at this tem- O TSP, Unshielded

perature, for which the equilibrium volume fraction of B [sothermal Creep

B-phase iy = 0.86:° The thermal calibration method | il
described in Sec. Il. C was used, in which the calibratedg’

head temperature was used to control the heaters. Thus, ‘ ; L

no thermocouple probes or other obstructions caused r
diation shielding of the specimen gauge.

Porosityd
—@—
o
|
|

[ll. RESULTS

A. Stress dependence of deformation and
cavitation during isothermal creep and TSP

Figure 2 shows the strain ratesneasured during iso- 05 b
thermal creep of two dlffert_ent specimens at 970 C as a 0 50 100 150 200 250 300
function of the applied tensile stressA power law with )
stress exponent of approximately 2.1 is observed. For elongation [%]

cqmparison, the average strain rate. during the!'mal CYFIG. 3. Porosity of the gauge section of Ti-6Al-4V as a function of
cling (840-1030 °C, triangular, 8-min cycles) is also elongation (engineering strain).
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deformation-induced cavitation was <0.4% for all stagedical dotted lines are shown where the test was inter-
of deformation, for both TSP experiments and the isotupted. At the beginning of each stage of deformation,

thermal creep experiment. the measured displacement is complicated by thermal
transients, which disappear after a dynamic steady-state
B. Tensile fracture experiments is established (typically requiring about 2-3 thermal

After all stages of straining, for all three test condi- cycles); data points associat_ed with these transient cycles
dave been removed from Fig. 4.

tions, the specimens exhibited circular cross sections, A ) o
As seen in Fig. 4, the normalized strain increment,

with only slight deviations from circular symmetry (ap- , L S
proximately 5%). Thus, the two orthogonal digital im- 2€/0n Was approximately 3.1 GPaat the beginning of
dhe test, rising to larger values over the course of the

ages yielded specimen profiles that overlapped to withi
ges y P P PP experiment. For the stage of deformation in which ther-

20 wm in most cases and to within in the worst Lo . X
t fm foal shielding was investigatedie/o,, was reduced by

case. In addition, the diameter caliper measuremen o : , . \
agreed well with the data collected from digital imageabout 25% relative to the data points of the immediately
eceding and following stages.

processing. Therefore, the diametral measurements froft € : , !
Finally, Fig. 5 shows the gauge section profiles after

the two images were averaged to determine the specimen i . ) .
profiles. 9 9 P each stage of deformation, including the measured diam-

eter and the cross-sectional area (calculated from the av-
erage diameter). Beginning at the early stages of the test,
i . . the specimen exhibited a tendency to deform homoge-
The measured displacements during thermal cyclingieqysly, except near the upper head (left side of Fig. 5),
are composed of thermal expansion and contraction Qfhere deformation proceeded more slowly. This inho-
the specimen and load train, as well as deformation of thg,qgeneity resulted in a neck (arrows in Fig. 5) that ul-

specimen by TSP and creep. Thermal expansion disﬁmately thinned until the specimen failed.
placements are fully recovered after a complete thermal

cycle, allowing for the measurement of a true strain in-5  Eracture during creep and TSP

crement,Ae, after each thermal cycle, which represents . , .

deformation of the specimen, averaged over the gauge Fi9- 6 compares the deformation histories measured
length. In Fig. 4, the full deformation history of the during the unshielded creep and TSP experiments. The
thermal-shielding experiment is shown, in which each@verage thermal-cycling creep rate is calculated by di-

strain incremenAe is normalized by the nominal applied Viding Ae by the cycle duration. This figure highlights
stressg,,, and plotted against the cycle numbis,Ver- two advantages of TSP over isothermal creep for pro-
spective use in shape-forming applications. First, TSP

exhibits faster deformation rates at low applied stresses
(4.5 MPa in the present case); at the outset of straining in

1. Thermal shielding effects on TSP deformation

elongation [%]

12 0 — 3'2| ' 16,6' ‘ 1'0.1 |136\ 1|712 '29? 2?0 Fig. 6, the TSP strain rate is about three times higher than
N N oy / for creep at the effective temperature of the thermal
| | | [
10 - I | | I i .. B [ 1< Controlling Thermocouple Position
| | | | I 20 WI T T T T t
| | [ — 16
8 - | | I . E ol
Ae/o : j Themal : : :o 5 8t
- Shield B
[GPa'] O ! Stiekdng e & 4
L | | [ ag ™ J] 0
4 | | K 2 T 1L
B | g [ A 7 E LI
| M | M Lo 8 ;
! | R I B £ I
2 | ! N 7 S 4p
| | | b 5
| | | o
O L { 1 i L i L 1 L 1 L 1 L | L ]ength [mml
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FIG. 5. Axial profiles of specimen diameter and cross-sectional area
N at several superplastic elongations, from the TSP thermal shielding

FIG. 4. Deformation history for the thermal shielding experiment, experiment. Controlling thermocouple position is indicated by the
showing the stress-normalized strain increm&efir as a function of  shaded region, and the arrows follow the progression of a plastic
thermal cycle numbeN. instability.
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22— The linear relationship of Eq. (1) has been observed by
i several authorfs'®*”*°for thermal cycling of Ti—6Al—
10 - i 4V. Although the value of the slopke/o is characteristic
of the Ti-6Al-4V a—f transformation, it depends on the
thermal cycle amplitude, because different amplitudes
8+ ~ produce transformations of differing completeness (i.e.,
different effective volume changedV/V). The value
£ 6L | observed at the beginning of TSP fracture experiments,
[10°s"] ) Aelo = 3.1 GPa* (Figs. 4 and 6), is in agreement with
our previous work using the same cyclesAf/o =
4 " s 3.1 GPa*, from the data in Fig. 2 fitted to Eq. (1)], as
i TSP well as that of Kotet al.'° who foundAe/o = 3.2 GPa*
5 | for thermal cycles in the range 760-980 °C, at a fast rate
of (B0 s per cycle. In Ref. 17, we reported a slope of
Isothermal Creep] Ae/c = 2.1 GPa*, for 8-min cycles between 840 and
0 B 990 °C. The cycles in the present work involve a signifi-

0 50 100 150 200 250 300  cant excursion into th@-field (1000-1030 °C) and thus

elongation [%)] contain an additional contribution to deformation from
FIG. 6. Deformation histories of the unshielded creep and TSPcreep of theB-phase. Th,e obsgrved Change$ﬂ1ic OVQI‘
fracture experiments, showing the strain rates a function of the the course of deformation (Figs. 4 and 6) are attributed
elongation. to the development of plastic instabilities, as observed in
Fig. 5, and are discussed in Sec. IV. C.

_ B. Thermally initiated flow instabilities
cycles. Second, the lower stress exponent of TSP (Fig. 2)

gives rise to greater flow stability and thus results |nfIOW stability is emphasized by the data in Fig. 4. When

larger strains to fracture. In Fig. 6, the elongation at fail- h . liahtlv shielded f he radiant h
ure during TSP at 4.5 MPa is approximately 275%, com/Ne specimen was slightly shielded from the radiant heat-
rs by a thermocouple probe, the measured strain incre-

ared to approximately 180% for the isothermal cree . o
gxperimentp.)p y ° F§r:’1‘1ents were about 25% lower than without shielding.

In the absence of thermal shielding, both creep ané;iven a lower thermal flux, the specimen may not have

TSP deformation occurred symmetrically about thecompletely transformed on heating, which would reduce

gauge midpoint, as observed in the specimen profiles iltlhe_deform.ation ex_pected from TSP. Furthermore_, for the
Fig. 7. However, the deformation was not uniform for P€riod of time during each cycle when the specimen is

either deformation mechanism, and failure was associ.f—u”y in the B-field (>1000 °C), power-law creep occurs

ated with a large, shallow neck near the gauge center f pstead of TSP. If the thermal shielding effect reduces the
both creep and "FSP deformation. ength of time spent in th@-field or the maximum tem-

perature achieved during the cycling, the contribution of
power-law creep in th@-phase is reduced.

IV. DISCUSSION The thermal effect described above was uniform over
the gauge length of the specimen, and thus the deforma-
, tion rate of the entire gauge section was affected. The

Greenwood and Johnsjcﬁqdevgloped a continuum- implications of this experiment for nonuniform thermal

mechanics theory of TSP, in which an external uniaxial;ongitions are clear; local hot or cold spots can experi-
stresso biases internal strains produced by the transforgnce supstantially different deformation behavior that
mation volume mismatch. For a material in which themay |ead to the nucleation and/or growth of plastic in-
weaker phase creeps with a power law, they derived &tapilities. For each stage of the shielded experiment,
linear relationship between the strain increment producegh e controlling thermocouple was positioned on the

The importance of uniform thermal conditions for TSP

A. Transformation superplasticity of Ti—-6Al-4V

on each thermal cyclede, and the applied stress; specimen gauge section, about 7 mm from the up-
4 5.n AV o per specimen head (Fig. 5). This thermocouple thus pro-
Ae=g - ———F " — , (1)  vided partial thermal shielding for the upper 7 mm of the

3 4-n+1 V o, . ;
gauge, whereas the remainder of the specimen gauge was
wheren is the creep stress exponent of the weaker polyunshielded. As shown in Fig. 5, the position of the con-
morph, AV/V is the transformation volume mismatch, trolling thermocouple can be directly correlated with the
ando, is the average internal stress during the transforenset of inhomogeneous deformation. The upper 7 mm of
mation, assumed to be much larger than the specimen experienced only a small radial contraction,
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even after the specimen was deformed to 260% elongand creep, respectively. These values can be compared to
tion. In contrast, sections of the gauge that were fathe measured engineering strains of 275% and 180%;
from the controlling thermocouple deformed in a gener<learly, the ductility of Ti-6Al-4V in the present experi-
ally homogeneous manner. Furthermore, a diametements is compromised by some source of plastic insta-
inhomogeneity that initiated near the thermocouple tip inbility other than a geometric defect.

the early stages of deformation spread and developed The thermal shielding experiment (Fig. 5) showed
into a significant profile gradient over the course of su-that, under radiant heating conditions, thermal variations
perplastic elongation. The site of fracture seems to bean initiate plastic instabilities during thermal cycling.
associated with this inhomogeneity, as shown by the arfherefore, we hypothesize that thermal variations are

rows in Fig. 5. present both during isothermal creep and thermal cy-
cling, and are responsible for the unexpectedly low ten-
C. Tensile creep and TSP fracture sile elongations in both creep and TSP (Figs. 6 and 7).

Although there was no shadowing of the gauge section in

coarsening, the two most common modes of tensile cree hgr:ﬁ%i;'rgenﬁi_g;;'g; 663;:% £ :Ihi Sxﬁﬂhmzﬂiggggs
fracture are by the accumulation of internal damage (ca ‘hem and cgused the hea?d temye?at%ré t0 be somewhat
ity growth and coalescence) or external macroscopi P

damage (necking or loss of sectidi)in the present case thegr\;]vatlhatr;(;i;hnet ?l?ut(ﬁz Ssecetlc(:)i%e-lr—]r;e:]ee;vraff!];hzreefgiﬁ’eﬁ
of TSP in coarse-grained Ti—6Al-4V, almost no cavita- 9 P P

tion damage was detected (Fig. 3), and all of the SpeCiheads. Such a gradient is evidenced by the profiles in

mens were pulled to failure at a fine point. These resulté; :agégt’h\év?:gg dsshivgr;hitrggl\jﬁ; ?ﬁ;oémtr';n \g/g; r?'g:fﬁ;
are similar to those for fine-grained Ti—6Al-4V de- ! P P

formed isothermally in the grain- or phase-boundary S”d'?haeurge\./vlglz 'S;:zﬁﬂf Orabg,fgti??m?:nrg?l cr;e deigﬁtmavleizr
ing regimen, in which superplastic flow without PP y 9 K

significant cavitation has been observed up to eIongagaSLuPS’e";fV\,:Eg;]g}ectzﬁrrlmal gradients were dynamic be-
tions >100096* ycling.

It is apparent from Figs. 3 and 5 that macroscopic In the following sections, we |mplement a numerlc;_al
model of creep and TSP tensile experiments, to examine

plastic instabilities govern the tensile ductility during o .
TSP of Ti-6A4V and that cavitation plays a negligibly the effects of thermal variations on the expected ductility.

small role. Under these conditions, the expected ductility
is primarily a function of the stress exponent of defor-
mation, n**~2° [although the strain-hardening exponent
also has an effect (considerably smaller than that of the
stress exponeff) on tensile ductility, we do not discuss —
it here because neither creep nor TSP of Ti-6Al-4V §
exhibit strain hardening at these temperatures (Fig. 5)].§
Following Hart's’® stability analysis for a geometric de- &
fect, Nichol$? gives the following relation that predicts
tensile elongatiore; (expressed as engineering strain in
%) as a function oh, assuming an initial cross-sectional 0 10 20 30 40 50 60 70 80
variationd:

Barring environmental degradation or microstructural

(@ axial position [mm]
&=(0®""-1-100 . @) 20 [T
32%

67% 1

2% e 171%

133% © 0
° ) 200% 8%

This relationship has been experimentally validated for 5

creep of a wide range of metallic materials by Nich@s. &
For TSP of Ti-6Al-4V ato,, = 4.5 MPa, the stress & 1

exponent isn = 1.2 (Fig. 2), due to the superposition of §

a linear TSP component (Eg. 1) and a nonlinear creep® ¢

component that accumulates at temperatures outside the

phase transformation range during thermal cycling 0

(>1000 °C). Isothermal creep at the effective temperature 0 10 20 30 40 50 60 70 80

Terr = 982 °C occurs with a stress exponent 2.1 () axial position [mm]

(Fig. 2)_' W'th these Vallj'es of, an_d gssumlng an upper- g 7. axial profiles of the tensile specimens during the unshielded

bound initial cross-sectional variatian= 0.01, EQ. (2) tensile fracture experiments for several elongations; (a) isothermal

predicts tensile elongations of 4500% and 800% for TSRreep and (b) transformation superplasticity.

275% |
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The purpose of this analysis is to establish the magnitud&hus, the full specimen profile is known at each time
of the thermal effects in the present experiment, andtep, and the elongation and average strain rate can be
thereby explain the cause of the unexpectedly low-tensilealculated in a straightforward manner.

elongations (which are, however, high enough for most To apply this model to the present isothermal creep
superplastic-forming applications). Implications for po-experiment, we us& = 1000 slices to represent one-
tential industrial TSP shape-forming operations are alstalf of the gauge section; mirror symmetry is imposed

briefly discussed. at the gauge midpoint. Experimental values are taken
for the apparent activation energy of deformation at
1. Numerical analysis of uniaxial creep 982 °C,Q = 430 kJ/mol (Fig. Al), the stress exponent

2.1 (Fig. 2), and the creep constant ¥ 5.5 -

MPa %! - st (Figs. 2 and Al). During the experi-

workers who validated it against experiments on ment, the applied nominal stress, = 45 M_Pa, was

steel tWo—dimensional finite-difference computations calculate_d based on the assumption of uniform gauge
f . . i ; 'deformation. Therefore, the applied force depends on the

and three-dimensional finite-element mechanics mOdelslhstantaneous specimen gauge length

The model is one-dimensional, in that the tensile gauge '

section is divided into M slices perpendicular to the ten- A Lo

The numerical model used here was developecloll

by Burke and NiX* as well as Semiatin and co-
26—28

sion axis, and each slice is required to obey the axial Fa=on- L ' ©)
force-balance equation: whereA, andL, are the initial cross-sectional area and
o) -AX) = Fn (3) length of the gauge.

Finally, we introduce a thermal gradient in the gauge
whereo, is the average stress in the tension a&iss the  section of the specimen. Following our earlier discus-
cross-sectional area of the slicejs the axial position, sjon, we take the ends of the gauge (near the specimen
and F, is the applied tensile force. As nonuniformities heads) to be at a temperatux@ below the temperature
develop in the specimen profile, the stress state is n@t the center of the gaug€, = 982 °C. Furthermore, as

longer one of simple tension, but becomes triaxiala first approximation, we assume that the thermal
Bridgmart® derived a correction factor that relates thegradient is triangular, and described in the rangs 0

effective axial stressy,, to the average stress: X < L/2 by:

2R a \|* _ X
O-e:O-X.|:(1+ a >|n(1+2R):| , T—TC—AT(1-2L> , @)

at all stages of the computation. This thermal profile is

where R is the radius of curvature in the profile of duite simple and probably not physically realistic. How-
the gauge section, and is the local diameter of the ©VeT: here we attempt only to show that thermal gradients
cylindrical tensile specimen. Finally, the effective axial COmpromise tensile ductility, and the simple triangular

stress is related to the strain rate through a typical cree@radient is sufficient for this purpose. A more detailed
power law: analysis of nonisothermal effects, including conduction,

convection in the test atmosphere, and mechanical heat
. -Q N generation, is described in Ref. 27, and is beyond the
e=K- exP(RTT) " Oe () scope of the present work.

Figure 8 shows the experimental strain-rate history of
whereK is a temperature-independent constghts the  the isothermal creep experimenf & 982 °C, o, =
creep activation energy, is the gas constant, afidis 4.5 MPa) from Fig. 6, compared with the output of the
the absolute temperature. numerical model for several thermal inhomogeneities,

The computations proceed as follows. For a givenAT. The model results clearly show the effect of ther-
slice, the local profile radius of curvature is calculatedmal gradients on tensile ductility; with a negligible
from the diameters of the neighboring slices (formulasthermal gradientAT = 0.1 K), the model predicted a
are available in Ref. 27). Knowing the applied force andfailure elongation of >1000%. In contrast, with a reason-
the local diameter and radius of curvature, Eqgs. (3)able temperature variation &fT = 12 K, the numerical
and (4) are used to calculate the effective axial stressnodel closely matched the experimental data, with frac-
Eq. (5) is then used to compute the instantaneous straiare occurring ag = 180%. This strong ductility depend-
rate in each slice. A finite time increment is applied, ence on thermal variations is due to the large apparent
and the strain developed in each slice is found aat.  activation energyQ = 430 kJ/mol, which is associated
The change in diameter (and cross-sectional area) akeith globularization of the colony-type microstructure
computed by assuming volume constancy in each sliceof Fig. 13°
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By using the best-fit valuAT = 12 K from Fig. 8, the ing isothermal creep at 982 °C, using as a simple
specimen profiles predicted by the model can be directhadjustable parameter a temperature variation of about
compared with the experimental profiles from Fig. 7. 12 K between gauge center and head.

Such a comparison is shown in Fig. 9 for four represen-
tative profiles. Despite the simple temperature distri-
bution assumed in the model, the agreement wit
the experimental profiles is reasonable. In particular, th
model predicts the minimum cross section at each strain Applying the above numerical model to TSP is con-
with accuracy. A better match between experiment angiderably more complicated than for isothermal creep.
model, particularly near the specimen heads, could b&o do so rigorously would require knowledge of
achieved by using a more complex thermal profile. the instantaneous strain rate at every moment during the

To summarize this section, the numerical model ofthermal cycle. As discussed in Ref. 17, this is a complex
Semiatinet al?*~?2can be used to predict both the strain- problem, because TSP is dependent on the rate of phase
rate history and the specimen profiles of Ti—-6Al-4V dur-transformation and the instantaneous fraction trans-

formed, as well as temperature. Furthermore, the dy-
namic thermal situation during cycling may cause
0777 moving temperature gradients, making approximation of

i | l , J ] the instantaneous temperature at every position along the

AT K)= 20 15 12 10 | gauge quite difficult.

g . As a simple, first approximation to the complex de-
] formation during thermal cycling, we model isothermal
] deformation at the average, or effective, temperature of
- the thermal cyclesT.+ = 982 °C (Appendix). In this
’ case, deformation proceeds according to Eq. (5), where
] the strain rate is related to the strain increment developed
- after each cycle from Eq. (1) &= Ae/At, whereAt is
] the cycle duration. On average, then, deformation occurs
] with a stress exponent of = 1.2 (Fig. 2), and we again
- assume a simple triangular effective temperature distri-
1 bution of amplitudeAT.

It is difficult to assign a numerical value for the acti-
vation energyQ, for TSP of Ti-6Al-4V. If one section
0 50 100 150 200 250  of the gauge experiences a lower average temperature

elongation [%] than another, it will cycle between different volume frac-
FIG. 8. Compari  th imental strain rate hist . tions of B-phase and will thus experience a different
. 8. parison of the experimental strain rate history (points) . . .
with the predictions of the numerical model (lines), during iso- extent of phase tranSformat'o_n' In addition, the internal
thermal creep at 982 °C with,, = 4.5 MPa and several thermal Stress of the transformation is relaxed by creep of the
variations,AT. weaker,3-phase, which obeys an Arrhenius temperature
dependence itself. As an upper bound on the effedTof
on tensile ductility (or a lower bound on elongation to
fracture), we takeQ = 430 kJ/mol, the same as for
isothermal creep (Appendix). This assumption will be
discussed later in this section. With this value@fthe
parameterK = 1.9 - 10" MPa*? - s*is found by
fitting the data in Fig. 2 to Eq. (5).

The strain-rate histories predicted by the numerical
model are shown in Fig. 10 for TSP of Ti—-6Al-4V. The
best agreement with the experimental data is found with
a thermal variation oAT = 25 K, for which the experi-
mental elongation to fracture was abat= 275%. By
using the same value &T, the specimen profiles pre-
dicted by the model are shown in Fig. 11, compared with

FIG. 9. Axial specimen profiles for isothermal creep at 982 °C for select experimental profiles from Fig. 7. The model is
several gauge elongations. Experimental profiles (solid lines) are com= Xper profi 1g. 7. I

pared with the predictions of the numerical model (dashed lines) witf€asonably accurate in predicting'the strain-rate history
thermal variation oAT = 12 K. and the shape of the gauge section. We note here that

. Numerical analysis of
éransformation superplasticity

area

[mm?)

0 10 20 30 40 50 60

axial position [mm]

872 J. Mater. Res., Vol. 16, No. 3, Mar 2001



C. Schuh et al.: Tensile fracture during transformation superplasticity of Ti—6Al-4V

the upper-bound choice of activation energy suggests g@asonable. In summary, the numerical model of TSP
reasonable thermal variation of 25 K during the TSP ex-deformation requires the choice of two adjustable param-
periment. Using a lower value @ in the model results eters (activation energ and temperature variatiakir),
in greater flow stability; with a lower-bound value of both of which take reasonable values when the model is
Q = 153 kJ/mol (as for isothermal creep of or fitted to the experimental data.
B-phase titaniurft) and AT = 25 K, the model predicts The thermal variationAT = 25 K) that best fitted the
e = 700%. Alternatively, a thermal variation far in excess TSP data is about twice that required to fit the isothermal
of 25 K (AT = 70 K) would be required to account for the data AT = 12 K). This result indicates that the TSP
low experimental ductility. The valuAT = 25K is  experiment has a larger degree of thermal variation,
reasonable for the dynamic conditions of thermal cyclingwhich is to be expected. This thermal variation drasti-
imposed in the TSP experiment, but, given the high thereally reduces the achievable tensile elongation (from an
mal conductivity of Ti-6Al-4V and the slow rate of expected 4500% to only 275%). However, inducing
thermal cycling, a value oAT = 70K seems less transformation superplasticity by thermal cycling offers
the advantage of a lower stress exponent, which led to a
substantial gain in tensile elongation over isothermal
creep at the effective temperature, despite the larger ther-

R T ] mal variation. For industrial implementation of TSP as a
4 forming method, these issues may govern the selection of
10l AT (K)= 30 ] part size or thermal cycling rate (through the requirement

of uniform dynamic thermal conditions) or may alterna-
tively restrict the achievable forming ductility. Different
heat sources (e.g., induction or direct Joule heating) may
provide more stable dynamic thermal conditions than the
radiant furnaces used here. In any case, without the de-
velopment of internal cavitation damage, the formed
parts should retain the mechanical properties of the bulk
material, as also found in postdeformation mechanical

testing®1°

V. CONCLUSIONS

’ ‘ : ‘ ' ' Failure of Ti—-6Al-4V during tensile deformation by
0 50 100 150 200 250 300 ansformation superplasticity has been investigated dur-
elongation [%)] ing thermal cycling between 840 and 1030 °C, through
FIG. 10. Thermal cycling strain rate as a function of gauge elonga‘[ionthe o— transformation range, under a uniaxial stress of
for the unshielded TSP experiment; experimental data (points) aré.5 MPa. Isothermal creep fracture was examined at the
compared with the numerical model predictions (lines) for severalsame stress and at the average, effective temperature
values ofAT. of the thermal cycles (982 °C). By periodically interrupt-
ing the straining with excursions to room temperature,
internal cavity development and external plastic instabili-
ties were assessed, leading to the following conclusions:

(1) Transformation superplasticity results in larger
1 tensile elongation (275%) than isothermal creep at the
133% 000 : effective cycling temperature (180%).

y 275% | (2) Less than 0.4% cavities were detected in the
A Ti—6Al-4V specimens at any stage of deformation, for
] both isothermal creep and thermal cycling.

(3) Successive profiles of the specimen gauge sec-
tions illustrated the growth of macroscopic plastic
instabilities (necks). Thermal variations have a signifi-

0 l0 20 30 40 s e 70 s cant imp.a<_:'§ on the deformation rate a_n_d are associat_ed

axial position {mm] with the initiation of these inhomogenetities in the speci-
FIG. 11. Specimen profiles during transformation superplasticity atfen Cross section. A numer!cal mOdeI 'S_ used _to
several elongations, comparing experimental data (solid) and mod&how the effect of thermal gradients in reducing tensile
predictions (dashed). ductility.

20 [ T T T T T T T
[ Thermally Cycled, 840-1030° C |

67%

area
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Effective temperature during thermal cycling

The effective temperature of a thermal cycle is the
temperature at which the isothermal creep &ate equal
to the average rate during thermal cycling, if there were
no enhancement due to the phase transformation. Math-
ematically, it is the temperature that satisfies the follow-
ing condition:

1
€ = A f N eT(t)] - dt (A1)
where At is the thermal cycle duration. For many prac-
tical cases, including transformation superplasticity of
allotropic metals (which transform at a single tempera-
ture)f* and thermal cycling creep of metals and compos-
ites® this amounts to averaging the Arrhenius term of
the creep law [Eq. (5)], exp@/R,T), over the cycle
temperatures. For thermal cycles through thet 3
range of Ti-6Al-4V, the instantaneous creep rate is re-
lated to temperature through the relative volume frac-
tions of the two phases, as well as the creep laws of
those phases and the micromechanisms of their compat-
ible deformatior®-3? Rather than model this complex

T [°C]
1060 977 903 838 780
: 11
10 !
: f
° ; f 05 P
10° ¢ ;
€ g 1
' g6 \\i 10
100 t ‘
oc -\‘\.\'\‘\'
107 ¢ 430”/1"’01 ~"*,
T Q=
‘eff 150 kJ/mol
10’8 i 1 i
0.00075 0.0008 0.00085 0.0009  0.00095

UT [K]

FIG. Al. Isothermal creep rate of Ti—-6Al-4V at various temperatures

T. Seshacharyulu, S.C. Medeiros, J.T. Morgan, J.C. Malasin the two-phasex +  field, with applied uniaxial stress of 4.5 MPa.

Point at 1030 °C is taken from Ref. 17. Volume fractioqubhasefB,
is from Ref. 15.
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temperature dependence, we have performed isothermahtion energy of the high-temperature region is consis-
creep experiments at several temperatures indthe  tent with data of Ref. 30@ = 453 kJ/mol) at similar
B range, as described below. temperatures and higher strain rates £ 0.001-
Isothermal creep experiments were conducted o000 s?'). The activation energy at lower temperatures
rolled Ti—6Al-4V from Titanium Industries (Wooddale, (Q = 150 kJ/mol) is consistent with self-diffusion of
IL), with the same specimen geometry and in the same—Ti** and is correlated to the large volume fraction
creep apparatus described in the text. The applied stres§ a-phase at these temperatures (60-80%ig. Al).
waso = 4.0 MPa, and the test temperatures were be- The effective temperature is found by fitting the ex-
tween 800 and 1030 °C. At each temperature, sufficienperimental data of Fig. A1 with a smooth polynomial
time was allowed to develop a steady-state creep ratéunction and numerically evaluating Eq. (A1) for the
after which the temperature was raised to the next valughermal cycles used in the TSP experiments (840—
The steady-state creep rates are shown as a function 8030 °C). The resulting effective temperature is found to
the reciprocal temperature in Fig. A1, which illustratesbe T4 = 982 °C. NearfT.¢, the creep rate is reasonably
two regions with activation energie€®@ = 430 kJ/mol described by an Arrhenius temperature dependence, with
(T>920 °C) andQ = 150 kJ/mol T <920 °C). The acti- an apparent activation energy = 430 kJ/mol.
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