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Introduction

Polymorphic materials which are subjected to an external stress while their temperature is repeatedly
cycled about their phase transformation range experience, on average, Newtonian flow, which is driven
by the biasing of internal transformation mismatch stresses by the external stress (1). This phenomenon,
termed transformation superplasticity, is well documented for metals (as reviewed in Ref. (2)) and has
recently been demonstrated for metal-matrix composites (MMCs) with a polymorphic matrix and a
discontinuous, non-transforming reinforcement phase (3–5). The first report of transformation super-
plasticity of a MMC was that published by Dunand and Bedell (D&B) (3), who examined commercial-
purity titanium (CP-Ti) reinforced with 10 vol. % particulate TiC. Furthermore, as compared to
unreinforced CP-Ti specimens at the same stress, they observed an enhancement of the superplastic
strain increment produced upon each thermal cycle for the composite. They attributed this effect to
increased mismatch produced during the phase transformation of the matrix due to the presence of the
rigid, non-transforming reinforcement phase.

In our current investigation of transformation superplasticity of materials with the same nominal
composition as those used in the original study of D&B (3), we have become aware of a microstructural
feature of the experimental material which affects the superplastic strain increments, and which results
in differences between the data of the two studies. In the present paper, we report the details of this
effect and critically re-examine the original conclusions of D&B (3).

Experimental

As for the D&B investigation (3), our experimental material was unalloyed CP titanium with and
without 10 vol. % TiC reinforcement, manufactured (in a different batch from those of D&B) at
Dynamet Technology (Burlington, MA) by their CHIP process (6), which involves blending of
powders, cold isostatic pressing, vacuum sintering, and hot isostatic pressing in argon without encap-
sulation. One small piece of the Ti/10% TiC material (123 4 3 2 mm) was annealed in argon at 1010°
C in two stages of 45 min. duration each before densiometric investigation. Tensile specimens of each
material with 20 mm gauge length and 5 mm gauge diameter were tested under high-purity argon in a
tensile creep apparatus described in detail in Ref. (7), and with procedures and analysis described in
Ref. (8). Thermal cycle profiles, selected to emulate those used in the original work of D&B (3), are
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shown in Fig. 1 for the composite material. The thermal cycles used with CP-Ti were similar to those
in Fig. 1, but with an upper temperature of 1030°C instead of 1010°C. Prior to isothermal creep and
thermal cycling experiments, each specimen was annealed at the upper cycle temperature for 75
minutes.

Several deformed specimens used in the work of D&B (3) were examined to elicit any microstruc-
tural difference from the material of the present study. Density was measured by the Archimedes
method in distilled water and metallographic preparation consisted of grinding on abrasive SiC paper
of 240–600 grit, followed by polishing with suspensions of diamond (6 and 1mm) and alumina (0.05
mm).

Results and Discussion

Effect of Pressurized Pores on Superplastic Strain Increments

Our as-received Ti/10%TiC specimens exhibited about 95.5% theoretical density, similar to that
reported by D&B (96%) (3). Furthermore, optical observations revealed a microstructure similar to that
shown in their article, with much of the porosity contained in the TiC reinforcement particles rather than
the matrix (Fig. 2b in Ref. (3)). Upon annealing at 1010°C for 45 min. the relative density of our
unstressed specimens decreased to 94.0%. An additional 45 min. at 1010°C did not result in any further
density change.

The strain incrementsDetot measured for both materials after a complete thermal cycle are shown in
Fig. 2. Presented for comparison are the results of D&B (3) for Ti/10%TiC and CP-Ti. All the materials
exhibited a linear relationship betweenDetot and s, typical of transformation superplasticity (1,2).
Although the respective materials compositions, thermal cycle characteristics, and stress ranges are all
similar, the superplastic strain increments shown in Fig. 2 are much larger in the work of D&B (3).

Furthermore, the optical micrographs of Fig. 3 reveal a significant microstructural difference
between the two Ti/10%TiC materials after superplastic deformation. A composite specimen from the
present study subjected to isothermal creep and thermal cycling at various tensile stresses and deformed

Figure 1. Experimental thermal cycle profile used in the present study and in the original work of Dunand and Bedell (3). The
allotropic temperature of pure (i.e., oxygen free) titanium is shown at 882°C (15), and that of carbon-containing titanium at 920°C
(15).
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Figure 2. Total strain incrementDetot produced after a complete thermal cycle with applied uniaxial stresss for CP-Ti and
Ti/10%TiC composite from the present investigation as well as from Ref. (3).

Figure 3. Optical micrographs of superplastically deformed Ti/10%TiC composites. (a) present investigation, gauge, 87% strain,
(b) from the investigation of D&B (3), gauge, 80% strain, 82% density, and (c) from D&B (3), head, 80% strain, 82% density.
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without failure to 87% engineering strain is shown in Fig. 3a. This micrograph shows cavities initially
present in the composite before deformation, and possibly some produced by cavitation during
deformation. Larger ellipsoidal pores are also present in small numbers. Figs. 3b and 3c show the
microstructure of a tensile specimen used in the original work of D&B (3) from the gauge and head
sections of the specimen, respectively. Although the exact history of this specimen is complex, it was
subjected to isothermal creep and thermal-cycling tensile experiments to a strain of about 80% without
failure. The porosity in both the gauge and head sections is considerable, and each pore is very large
(;100–200mm). The relative density of the heads and gauge were determined as 86% and 82%,
respectively. The materials of D&B (3) (Figs. 3b and 3c) clearly accumulated significantly more and
generally larger porosity than the materials of the present study (Fig. 3a) when subjected to superplas-
ticity experiments, despite similar initial densities and test conditions. Moreover, the uniform presence
of very large cavities in the sample heads, where the applied stress is very low, indicates that the cavities
are not produced by tensile deformation alone. The material of the present study exhibited some large
pores similar to those in the materials of D&B (3), but with much lower frequency and average size than
in those materials.

A likely explanation for the presence of these large pores is that the materials of the present study
as well as those of D&B (3) contained small pockets of entrapped gas, which subsequently expanded
when the specimens were tested at elevated temperatures. If some open porosity is present following
vacuum sintering, closed argon-containing porosity can form during the early stages of containerless hot
isostatic pressing. These pores will then shrink during the later stage of compaction until their internal
pressure is equal to the isostatic processing pressure (103 MPa for CP-Ti and 172 MPa for Ti/TiC (3)).
This mechanism has been documented for CP-Ti and Ti-6Al-4V, where argon gas was intentionally
entrapped and subsequently expanded by creep of the surrounding matrix (9,10) or by transformation
superplasticity (10) to create high-porosity metallic foams. Indeed, the micrographs in Figs. 3b and 3c
are qualitatively similar to micrographs of such foams in Ref. (10). The presence of gas-filled porosity
also allows for reinterpretation of the thermal ratcheting data of D&B (Fig. 4 of Ref. (3)) as well as the
large unrecovered strain of about 2.5% (11) observed in one of their composite specimens during a
dilatometric temperature excursion to 1000°C (3).

Pressurized cavities can affect the superplastic strain increment produced after a complete thermal
cycle in several ways:

Figure 4. Isothermal minimum creep rateė vs. applied tensile stresss for CP-Ti at 1030°C and for Ti/10% TiC at 970°C and
1010°C.
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(i) As with creep cavitation, internal pores reduce the load-bearing area of the specimen and act as
stress concentration sites, increasing the deformation rate. However, for materials deforming under
Newtonian conditions the effect of stress concentration near such pores is small.

(ii) Pressurized pores can expand both by creep and transformation superplasticity of the surrounding
matrix, thus contributing to overall sample elongation (10). The development of large pores in, and
resulting swelling of, the (nominally stress-free) heads of D&B’s (3) specimens (Fig. 3c) are
evidence to the operation of this mechanism.

(iii) Matrix flow induced by internal gas pressure can be biased by the external uniaxial tensile stress.
This is similar to the mechanism of transformation superplasticity, where the internal stresses
created by the phase transformation are biased in the tensile direction and result in superplastic
strain increments. In the present case, both the transformation mismatch stresses and pore pressure
are biased by the external stress, increasing the strain increment for a given cycle.

All three of the above effects of entrapped gas are expected to increase the macroscopic strain increment
developed in the specimen over a complete thermal cycle.

Based on the density change of the unstressed specimen annealed for 45 min. and 90 min. at 1010°C
(94.0% theoretical after both stages), we expect that the small number of pressurized pores in our
material were fully expanded (to ambient pressure) in less than 45 minutes at that temperature.
Therefore, to minimize the above effects of entrapped gas on the superplastic strain increments, our
tensile specimens were annealed at 1010°C (Ti/10% TiC) or 1030°C (CP-Ti) for 75 min prior to
mechanical testing. Without gas pressure in the pores, only effect (i) above can potentially affect the
superplastic strain increments of our material (Fig. 2), although for superplastic deformation this effect
can be considered small. The prompt start of the superplasticity experiments of D&B (3) did not allow
sufficient time to fully expand the pores prior to superplastic deformation, resulting in all three of the
above contributions to deformation during thermal cycling.

We conclude that the large number of macroscopic pores in the materials of D&B (3) combined with
their very large strain increment data (Fig. 2) suggest that expansion of gas-containing pores contributed
significantly to the deformation of their materials during superplasticity experiments. Because we have
used materials with considerably less entrapped gas than those of D&B (3) and have annealed our
materials to minimize the effects of pressurized pores prior to superplasticity experiments, we believe
that our data in Fig. 2 are intrinsic to the respective materials, and contain no additional contribution
due to entrapped gas.

Effect of Reinforcement on Superplastic Strain Increments

D&B (3) reported significant increases in the superplastic strain increments of unalloyed titanium due
to the presence of reinforcing TiC particles. This enhancement was attributed to the additional mismatch
caused by the transformation of the matrix against rigid particles. Adapting to transformation mismatch
superplasticity a model of Sato and Kuribayashi (12) developed for thermal expansion mismatch
superplasticity, D&B (3) predicted the additional strain incrementDe# produced during a complete
thermal cycle due to the presence of the reinforcement:
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wheren is the creep stress exponent of the weaker matrix phase (b-Ti), f is the volume fraction of
reinforcement,Dt is the duration of the heating or cooling ramp through the temperature intervalDT’
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between the upper cycling temperature and the phase transus,DV/V is the volume mismatch between
the two allotropic matrix phases,Da is the difference between the linear thermal expansion coefficients
of the weaker matrix phase and the reinforcement, andė(s,T) is the steady-state creep law describing
the deformation of the weaker matrix phase.

Since, as discussed in the previous section, the data of D&B (3) contain two effects, it is necessary
to re-examine their conclusion regarding the enhancement of superplastic strain increments for MMCs.
In the following, we use data from the present study to assess the effect of reinforcement addition on
the superplastic strain increments produced during transformation superplasticity experiments.

Comparison of superplastic strain increment data requires that the transformation contribution to
deformation be isolated from other strain contributions. In the present case, care has been taken to
eliminate the contributions from entrapped gas, so only the contribution of steady-state creep outside
the temperature range of the transformation needs to be subtracted. This is accomplished by numerical
integration of each material’s creep law over the thermal cycle profile as discussed in Ref. (3). This
calculation requires information on the creep behavior of the experimental materials in the titanium
b-field. To this end, a limited amount of creep data was collected for both experimental materials at
stresses between 0.5 and 3.5 MPa as shown in Fig. 4. Both materials exhibit a typical power-law type
relationship with stress exponents of about 4.5 for CP-Ti and 1.8 for the composite. The low stress
exponent and rapid creep of the composite at lower temperature and stresses than CP-Ti is related to
the much smaller grain size of the composite, as discussed in Refs. (3,13). We note that the creep data
of Ti/10% TiC in Fig. 4 are in good agreement with the data of D&B (3), and those of CP-Ti are
reasonably close to those of Refs. (3) and (14).

For determination of the creep strain accumulated on each thermal cycle, we use the creep data from
Fig. 4 extrapolated to different temperatures by an Arrhenius relationship with Q5 153 kJ/mol, the
activation energy for self-diffusion ofb-Ti from Ref. (14). The low-temperaturea-phase is assumed
non-creeping for the purposes of the calculation, and thea/b transus is taken as 882° for CP-Ti (15)
and 920°C for Ti/10% TiC from the Ti-C phase diagram (15). Subtraction of the integrated creep strain
accumulated during a complete thermal cycle results in the strain increment due solely to transformation
superplasticity,De, as presented in Fig. 5.

Figure 5. Strain incrementDe vs. applied stresss for CP-Ti and Ti/10%TiC after subtraction of the creep-strain contribution to
deformation. Additional data for CP-Ti are from the work of Schuh et al. (13) and Kot et al. (19). The enhancement due to the
presence of reinforcement predicted by equation (1) is also shown.
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Of the several studies of transformation superplasticity of CP-Ti in the literature (13,16–19), those
of Kot et al. (19) and Schuhet al. (13) are most suited for comparison with the present experimental
data. Kotet al. (19) employed induction heating to achieve extremely rapid thermal cycles (;30 sec.),
essentially eliminating isothermal creep outside the transformation range. The thermal cycles of Schuh
et al. (13) were somewhat longer (4 min.), but at very low applied stresses where creep outside the
transformation range is negligible. This was verified by performing the numerical creep-strain calcu-
lation as done above: below about 1 MPa, creep outside the transformation range is negligible for their
cycles. Appropriate data from these two studies are plotted in Fig. 5, and are shown to be consistent with
one another and with the data from the present study.

Comparison of the Ti/10%TiC and CP-Ti strain increment data in Fig. 5 reveal a significant
enhancement caused by the addition of TiC reinforcement, qualitatively similar to the original result of
D&B (3). Taking the same materials data as D&B (3), i.e., f5 0.10,DV/V 5 0.48%,Da 5 2.8z1026

K21, n 5 4.3, the creep power-law equation ofb-Ti for ė(s,T) from Ref. (14), and numerically
integrating Eq. (1) over the appropriate segment of the thermal cycle shown in Fig. 1 (Dt ' 55 s,DT’
' 90 K) predicts an enhancementDe/s 5 1.7 GPa21 due to the presence of 10% TiC reinforcement.
The result of adding this enhancement to the superplastic strain increment expected for the matrix alone
(determined by best-fit from Fig. 5 asDe/s 5 2.3 GPa21) is also shown in Fig. 5. The agreement with
the experimental data is quite good, especially since no adjustable parameters were used, but it must be
noted that there are many assumptions in the creep-strain calculations and in the assignment of variables
in Eq. (1), as discussed by D&B (3). Furthermore, although special care was taken to minimize the
effects of entrapped gas, the large remnant pores present during deformation may somewhat increase
the superplastic strain increment. Finally, microstructural evolution during the thermal cycling and
deformation of Ti/10%TiC may affect the creep and superplastic behavior of the composites, as
discussed in Ref. (13).

Conclusions

Transformation superplasticity of unalloyed commercial purity titanium and Ti/10%TiC composites has
been reexamined and compared with an original study by Dunand and Bedell (3) on materials with the
same nominal composition and microstructure. Comparison of superplastic strain increment data and
post-deformation microstructures of the two investigations reveals that the materials used in the original
work most probably contained pockets of gas entrapped during processing which expanded during the
high-temperature tests, leading to an additional contribution to the measured strain increments during
thermal cycling. The materials used in the present investigation contained a much smaller amount of
entrapped gas, and a pre-deformation anneal assured that no gas pressure remained to affect the
superplasticity experiments. The main qualitative conclusion of Dunand and Bedell’s work (3) is
confirmed; the addition of discontinuous, rigid, non-transforming particles to titanium appears to
enhance the superplastic strain accumulated during a complete thermal cycle about the phase transfor-
mation temperature of the matrix. Furthermore, the model originally proposed by Dunand and Bedell
(3) predicts the magnitude of this enhancement with accuracy.
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