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Abstract—Samples of commercial-purity titanium, with and without 10 vol.% TiC particulates, were
thermally cycled about the allotropic transformation temperature of titanium. Thermal ratcheting was small
for both unstressed materials. Upon application of an external uniaxial tensile stress, unreinforced titanium
exhibited large strain increments, resulting from the biasing by the applied stress of the volume mismatch
developed between grains during the transformation. Upon repeated cycling, a strain to fracture of 200%
was reached, with a strain per cycle proportional to the external stress, in agreement with existing
transformation-mismatch superplasticity models. The metal matrix composite displayed transformation-
mismatch superplasticity as well, with a strain to fracture of 135% and a strain per cycle significantly higher
than for unreinforced titanium. This novel enhancement of superplastic strain is modeled by considering
the internal mismatch between the transforming matrix and the non-transforming particulates.

Résumé—Des échantillons de titane de pureté commerciale, avec ou sans 10 vol.% de particules de TiC,
ont été cyclés thermiquement autour de la temperature de transformation allotropique du titane. La
déformation sans contrainte externe est minime pour les deux matériaux. Sous contrainte externe en tension
uniaxiale, le titane non-renforcé montre de grands incréments de déformation qui résultent du biaisage par
la contrainte appliquée du désaccord de volume pendant la transformation. Aprés de multiples cycles, une
¢longation 4 la fracture de 200% a été atteinte, avec une déformation par cycle proportionelle & la contrainte
externe, en accord avec des models existants de superplasticité par désaccord de transformation. Le
composite a matrice métallique montre aussi de la superplasticité par désaccord de transformation, avec
une élongation a la fracture de 135% et une déformation par cycle qui est nettement plus grande que celle
du titane non renforcé. Ce nouvel effet est modellisé en considérant 'augmentation du désaccord interne
dii a la présence de particules qui ne se transforment pas a I'intérieur d'une matrice qui se transforme.

Zusammenfassung—Proben, die aus komerziell reinem Titan sowie Titan mit 10 vol.% TiC Teilchen
bestehen, wurden um die allotropische Umwandlungstemperatur von Titan thermischen Zyklen
unterworfen. Die thermische Verschiebung im unbelasteten Zustand ergab sich als vernachlissigbar. Reines
Titan zeigte unter einem einachsigem Spannungszustand eine betriichtliche Verformung, die auf eine
Ueberlagerung der dusseren Last mit der durch den Volumenunterschied der transformierenden Kérner
auftretenden inneren Spannung zuriickgefiihrt werden kann. Nach wiederholten thermischen Zyklen ergab
sich eine Bruchverzerrung von 200%, wobei die Verzerrung pro Zylus proportional zur dusseren Spannung
war, dies in Uebereinstimmung mit der Fachliteratur. Der Metall-Matrix VerbundwerkstofT zeigte ebenso
Umwandlungsunterschiedsuperplastizitit mit einer Bruchverzerrung von 135% und einer im Vergleich zu
Titan deutlich erhéhten Verzerrung pro Zyklus. Dieser neuartige Effekt der Erhhung der superplastichen
Verzerrung wird in einem Modell, das auf dem Volumenunterschied der transformierenden Matrix mit den
nicht-transformierenden Teilchen basiert, dargestellt.

1. INTRODUCTION

Superplasticity in metals can be induced by two
types of mechanisms [1-3]: grain-boundary sliding in
stable, fine-grained materials (microstructural super-
plasticity) and biasing of internal stresses or strains by
an external stress (internal-stress superplasticity). For
the latter type of superplasticity, internal stresses can
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be produced in polycrystalline materials by volume
mismatch between grains, as a result of:

(i) anisotropic swelling upon irradiation, e.g. in
uranium [4];

(i) anisotropic coefficient of thermal expansion
CTE (CTE-mismatch superplasticity), observed in,
e.g. zine, cadmium, zirconium and uranium [5-11];

(iii) density change upon phase transformation
(transformation-mismatch superplasticity), observed
in, e.g. titanium, zirconium, iron, cobalt and uranium
[12-19].

If an external uniaxial stress is applied while the
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volume mismatch exists, a net strain in the direction of
the external stress results from the biasing of the
internal stresses or strains [12]. Although the strain
rate decays upon relaxation of the internal mismatch,
the total strain is proportional to the externally-ap-
plied stress. Upon temperature cycling, the internal
stresses are regenerated for mechanisms (i) and (ii) and
additional strain increments are produced, the average
strain rate is proportional to the applied stress, leading
to a high resistance to necking and thus high strains to
failure. These materials therefore behave in a
superplastic manner, independently of their grain size,
in sharp contrast to microstructurally-superplastic
materials, which necessitate a stable, fine-grain
structure [1-3].

Superplasticity in metal matrix composites is of
particular interest, since these materials are typically
difficult to form, due to their low ductility at both
ambient and elevated temperature [20, 21]. Micro-
structural superplasticity can be achieved in metal
matrix composites, if the matrix is inherently
superplastic, or if the matrix exhibits very fine grains
stabilized by the reinforcement [21-24]. As reviewed in
Refs [21] and [25], internal-stress superplasticity can
also be induced in composites by a mechanism similar
to that operating in unreinforced metals with
anisotropic thermal expansion [mechanism (ii) above]:
when matrix and reinforcement exhibit different
coefficients of thermal expansion, internal stresses are
generated as a result of a temperature excursion. Upon
thermal cycling with an external mechanical loading,
CTE-mismatch superplasticity is observed in these
metal matrix composites. The mismatching reinforce-
ment can be in the form of particulates [26-32],
whiskers [26, 33—41], short fibers [42-45], long fibers
[46—48] and eutectic second phase [31, 49, 50].

In the present article, we investigate internal-stress
superplasticity in a metal matrix composite, whereby
the internal mismatch is induced by phase transform-
ation of the matrix [mechanism (iii) above]. To the best
of our knowledge, this is the first report of
transformation-mismatch superplasticity in a com-
posite. We compare the superplastic behavior of
unreinforced titanium and titanium containing
ceramic particulates, and discuss the results in the light
of models based on biasing of internal strains and
stresses.

2. EXPERIMENTAL PROCEDURES

Powders of commercially-pure, extra-low-chlorine
titanium, with and without 10 vol.% equiaxed TiC
particles of average size c. 20 um, were consolidated
into billets by cold-isostatic-pressing, followed by
hot-isostatic-pressing. Processing conditions were 4 h
at 1185°C at a pressure of 172 MPa for the composite
billets, and 2 h at 900°C and a pressure of 103 MPa for
the unreinforced billets. The resulting unreinforced
and composite materials—respectively designated in
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what follows as CP-Ti and Ti-TiC—exhibited relative
densities of at least 97 and 96%, respectively.
Hourglass creep cylindrical specimens were machined
to a gauge diameter of 6 mm and a gauge length of
30 mm. Parallelepiped samples 4 x 4 x 47 mm in size
were used for thermal ratcheting experiments.

Constant load isothermal tensile creep experiments
were performed at 1000°C under flowing high-purity,
titanium gettered, argon gas, containing 4 ppm
impurities (including 0.5 ppm oxygen). Sample
elongation was measured with a linear voltage
displacement transducer outside the hot-zone, and
temperature was monitored by a thermocouple
spot-welded to the sample gage length. After
stabilizing the temperature, the sample was loaded
and allowed to creep until a steady-state creep rate
was reached. The sample was then subjected to
a higher load, and again allowed to reach steady-
state.

Tensile creep experiments under temperature
cycling conditions were performed in the same
apparatus used for isothermal creep measurements.
Before cycling, steady-state creep was established at
both the higher temperature of the cycle Ty, and the
lower temperature of the cycle, Tmn. The loaded
sample was then subjected to temperature cycles about
the transformation temperature of titanium, between
Tnax and Trmin. Two cycle profiles were used (Fig. 1): a
12-min cycle between 830 and 960°C for CP-Ti, and
a 15-min cycle between 830 and 1010°C for CP-Tiand
Ti-TiC. Sample elongation was monitored during the
whole cycle and sample strain was determined at the
end of each hold period at Thi, thus eliminating the
contribution of thermal expansion of sample and load
train. A total of five to ten readable, error-free cycles
were used to determine the average total strain per
cycle Ae at a given stress. After cycling, steady-state
creep at both T, and T, was again established. For
a given sample, the above procedure was repeated for
a total of at most five, monotonously increasing stress
values. Finally, a sample with 35 mm gauge length was
deformed up to fracture using a shortened 6-min cycle
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Fig. 1. Experimental thermal cycles: (a) low temperature cycle
and (b) high temperature cycle.






