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Neutron diffraction measurement of stress-induced transformation
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The formation of stress-induced martensite in superelastic NiTi was studied by neutron diffraction
during uniaxial compressive loading and unloading. The respective phase fractions were determined
as a function of the applied stresses using a Rietveld refinement with a March—Dollase texture
formulation. Before loading, the specimen was fully austenitic. At the highest applied stress of
—625 MPa, about 90% of the austenitic phase had transformed to martensite, with a concomitant
macroscopic strain of-2.8%. Upon unloading, all of the stress-induced martensite reverted to
austenite and the totality of the macroscopic strain was recovered. The propensity for various
austenitic crystallographic orientations to transform at different stresses was determined and
qualitative observation of this incipient texture in the austenite and of the inherent texture in the
nascent martensite are reported. 1996 American Institute of Physid$0003-695(96)01843-§

NiTi alloys with near-equiatomic composition exhibit in a single measurement, the behavior of all crystallographic
near room temperature a reversible, thermoelastic transfoplanes can be explored by aligning the load axis relative to
mation between a high-temperature, cubi82) austenitic the scattering vector
phase and a low-temperature, monoclit819) martensitic While neutron diffraction studies of twinning have been
phaset Austenitic NiTi alloys with nickel-rich composition reported for martensitic shape-memory N{Tt! we are
can show superelastitor pseudoelasticbehavior: during aware of only one neutron study of superelastitity,
mechanical loading, tensile strains as high as 8% result frorwhereby the structure of a Cu—Al—Ni single crystal was de-
the formation of stress-induced martensite; during unloadingiermined as a function of stress. In this letter, we present
the martensite becomes unstable and reverts to austenitggutron diffraction results on polycrystalline superelastic
with concomitant recovery of all the accumulated macro-NiTi subjected to a series of stress levels. We report quanti-
scopic strairf " In related behavior, martensitic alloys ex- tative measurements of the phase fractions and qualitatively
hibit a shape memory effect, for which deformation takesdiscuss the texture evolution; the crystallographic elastic lat-
place by twinning of the martensite, and strain recovery octice strains will be discussed elsewhere.
curs by a thermally-induced, rather than stress-induced, A NiTi billet was fabricated by hot-isostatic pressing
transformation. (1065 °C, 100 MPa, 3)lof prealloyed powders blended with

In NiTi single crystals, surface observations have re-small amounts of pure nickét.One cylindrical compression
corded the growth and disappearance of stress-induced mapecimen(10 mm in diameter and 24 mm in lengtlvas
tensite during a mechanical cycle’ Unfortunately surface fabricated by electrodischarge machining, solutionized at
studies are impractical for small grain polycrystalline 1000 °C fa' 1 h inargon and oil quenched to room tempera-
samples. Alternatively, x-ray diffraction on polycrystalline ture. Subsequently, it was annealed at 400 °C in air for 1 h
NiTi wires has identified stress-induced changes in crystahind quenched in icewater. Prior to the diffraction analysis
structureé® However, x-ray penetration is limited to typically the specimen, outfitted with an extensometer, was subjected
less than 4Qum below the surface where the state of stresgo two training(load—unloadinygcycles with peak stresses of
and thus the transformation in superelastic materials are un-563 and —550 MPa. A nonrecoverable plastic strain of
representative of the bulk. By contrast, neutron diffraction is—0.1% was recorded after the first training cycle but none
ideally suited for the study of stress-induced transformationsyas noted during the second or during the diffraction cycle,
because the average behavior of bulk polycrystals can beespite an increase in the maximum stress-&25 MPa.
measured with sampling volumes of up to 1%mlthough Diffraction measurements were performed using the
the irradiated volume is large compared to a typical poly-Neutron Powder Diffractometer at the Manuel Lujan, Jr.
crystalline microstructure, each diffraction peak is an averNeutron Scattering Center. The load was ramped in stroke
age over many grains which have an orientation defined bgontrol and kept constant during hold periods where diffrac-
the scattering geometry. Thus, while the transformation of ation spectra were collected. The ramp and hold periods were
individual grain cannot be measured, the average behavior aéspectively, about 1 min and 2—4 h, depending on beam
many grains can be. At a pulsed source operated in time dhtensity. The load axis was placed in a horizontal plane, at
flight mode, collection of an entire diffraction pattern occurs45° to the incident neutron beam, and two detectors recorded
for each measurement, and, for a given detector, the scattediffraction patterns with scattering vectors parallel and per-
ing vectors of all reflections lie in the same direction. Thus,pendicular to the load axis:'*
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FIG. 1. Macroscopic stress-strain curve of superelastic NiTi for the first

(training and the third(diffraction) cycles. Stress levels where diffraction

spectra were recorded are marked with arrows. mation results from the austenite-to-martensite transforma-

tion (Fig. 1). The difference in structure between the un-

Diffraction spectra were recorded at 14 stress levels, astressed and stressed states are shown in Fig. 2 in which the
depicted in Fig. 1 which shows the stress-strain curve for théroad martensitic peaks are clearly discernible from the
first training cycle and the third diffraction cycle. The sharp austenite peaks. The progression and reversibility of
stresses at which the diffraction measurements were madbe stress-induced transformation are illustrated in Fig. 3,
are apparent from the steps in Fig. 1, associated with smalyhich shows a short section of the spectra for each stress
time-dependent strains. These steps probably result from tHevel. Upon loading, the shift to shortel spacings result
sample temperatur@ncreased or decreased by the transfor-from increasing elastic compressive strains, while the de-
mation enthalpy returning to room temperature during the

hold period. — ‘ ——
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FIG. 2. Diffraction spectra for 100% austenite and 90% martensitic compoFIG. 4. Stress dependence of the intensity[t80] and [111] austenitic
sitions (=5 and —625 MPa, respectivelywith main peaks labeled. The peaks normalized to the value after unloading. The scattering vector is par-
scattering vector is parallel to the loading direction. allel to the loading direction.
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—*— Austenite are shown in Fig. 5. An unexpected result is that about 90%

........ Y 1 of the austenite is transformed to martensite at a macroscopic

: | strain of only—2.9%. Since the maximum recoverable strain

in tension is 8% and since the superelastic effect for
single crystals is similar in compression and in tensfoimjs
] raises the question of whether, at strains abea9%, fur-
] ther recoverable strain can be produced by twinning of the
] stress-induced martensite. An alternate explanation is that
4 the total superelastic strain is lower in compression than in
T tension in polycrystalline superelastic NiTi specimens.
] In summary, the significance of the present work lies in
- the potential to quantify in polycrystals the proclivity for
1 transformation of specific grain orientations at different
I . S | stresses and at different angles to the loading direction. The
0 fS— T SR S— 4 results also offer the potential to validate polycrystalline
b models and a mechanism to examine whether and how elas-
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