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We report on in situ neutron diffraction measurements during heating and cooling through the phase
transformation in shape memory NiTi. The lattice plane specific strain evolution remains linear with
temperature and is not influenced by intergranular stresses, enabling the determination of the
thermal expansion tensor of B19" NiTi. The neutron measurements are consistent with macroscopic
dilatometric measurements and a 30000 grain polycrystalline self-consistent model. The
accommodative nature of B19’ NiTi results in macroscopic shape changes being offset (with
temperature) from the start and finish of the transformation. The texture does not evolve in the
absence of biasing stresses. © 2009 American Institute of Physics. [doi:10.1063/1.3245308]

Shape memory alloys (SMAs) have the ability to recover
their original predeformed shape when heated through a
phase transformation. In the case of NiTi, shape recovery
occurs as a result of a thermoelastic phase transformation
from a monoclinic, B19’, martensitic structure at low tem-
peratures to a cubic, B2, austenitic structure at high tempera-
tures. The shape recovery can occur against external loads
enabling work output in actuator applications.lf4 A compre-
hensive understanding of these alloys, especially in polycrys-
talline form, remains elusive due to the challenge of making
direct connections between the lattice strain, phase volume
fraction, and texture evolution associated with the phase
transformation at the atomistic scale, and macroscopically
measurable properties such as transformation temperatures,
work output, thermal expansion, etc. The objective of this
work is to establish such connections by performing in situ
neutron diffraction to quantify the lattice strain, phase vol-
ume fraction, and texture evolution as the B19' phase trans-
forms to the B2 phase during heating and transforms back
during cooling, in a nominally unloaded bulk sample. Even
though neutron diffraction has been successfully utilized to
study bulk NiTi samples previously (e.g., Refs. 5-9), no ex-
periments have been done to quantitatively follow the phase
transformation associated with shape memory behavior in
the absence of external loads. Implicit in the nature of the
diffraction technique is that it provides direct observations,
instead of the commonly used indirect assessments '’ [e.g.,
through differential scanning calorimetry (DSC), dilatom-
etry, or resistivity measurements] of the phase transforma-
tion. In addition to making these connections between atomic
scale measurements by neutron diffraction and macroscopic
measurements by extensometry, this work is further moti-
vated by a need to make available parametric and experimen-
tal input for various existing models of shape memory be-
havior (e.g., Refs. 11 and 12).

Ten millimeter diameter rods of Nigg.gTisg; were ob-
tained in the hot-rolled/hot-drawn and hot-straightened con-

“Electronic mail: raj@mail.ucf.edu.

0003-6951/2009/95(14)/141906/3/$25.00

95, 141906-1

dition and were reduced to cylindrical specimens 5.08 mm in
diameter and 15.24 mm in gauge length. The martensite fin-
ish, martensite start, austenite start, and austenite finish, were
determined by DSC to be 46, 71, 86, and 109*+2 °C, re-
spectively. No intermediate phase, e.g., R-phase, was ob-
served. In situ neutron diffraction measurements were per-
formed in “time-of-flight” mode using the SMARTS'” at Los
Alamos National Laboratory (LANL). The sample was sub-
jected to two heating/cooling cycles at a rate of 15 °C/min
between 25 and 175 °C, with neutron spectra being acquired
during the second cycle. The first cycle was performed to
relieve residual stress resulting from machining and stabilize
material behavior. The second cycle was interrupted at a total
of 27 selected temperatures to record neutron spectra. At
each temperature, a holding period of 5 min was allowed for
the temperature to equilibrate and 30 min to acquire neutron
spectra. The macroscopic strain was monitored with an ex-
tensometer (10 mm gauge length and strain resolution of 5
X 1073). The Rietveld refinement technique,14 implemented
in the LANL code General Structure Analysis System
(GSAS),15 was used to analyze the acquired neutron spectra.

Figure 1 shows the evolution with temperature of the
macroscopic strain (from extensometry) and volume percent
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FIG. 1. (Color online) Evolution of macroscopic strain from extensometry
(dotted lines) and volume percent of B19’ phase from Rietveld refinement
of neutron spectra (solid lines) with temperature.
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FIG. 2. (Color online) Lattice strain evolution as a function of temperature
in (a) B19’ NiTi during heating and (b) B2 NiTi during cooling. The data
shown here are from lattice planes parallel to the length of the sample.

of B19’ phase (by Rietveld refinement). While a one to one
correspondence between the two curves is observed, careful
examination shows nascent B2 phase being formed during
heating with no detectable change in the macroscopic shape-
change strain. The last B19' variants to transform to the B2
phase also appear to not affect the macroscopic shape-change
strain. Similar observations were made and substantiated by
qualitative examination of spectra close to the start and finish
of the phase transformation during heating and cooling. For
example, at temperatures above 102 °C, no shape-change
strains were measurable on the extensometer while the neu-
tron spectrum at 110 °C still showed about 5.5 vol % of
B19' phase. This difference can be attributed to the accom-
modative nature of the B19’ phase, wherein the elastic, ther-
mal and allotropic mismatch is minimized'®"” close to the
start and finish of the phase transformation, indicating that
the transformation temperatures cannot be precisely captured
by techniques that rely on measuring macroscopic shape
changes (e.g., ASTM F2082-03'7).

Peak positions and interplanar spacings were determined
by single peak fitting in Gsas.” Strains in the respective
phases were quantified from,

hkl hkl
d"™ - dl

hkl
dO

Epp = , (1)
where d’ék’ is the planar d-spacing at an initial condition and
d"™" is the planar d-spacing at the selected temperature. The
value of dgkl was arbitrarily measured for the B19’ phase at
25 °C and for the B2 phase at 175 °C. The choice of the
reference temperatures is not significant since relative rather
than absolute strains are considered in the analyses.

The solid symbols in Fig. 2(a) are strains determined
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TABLE 1. Components of the thermal expansion tensor and CTE deter-
mined from neutron spectra, extensometry, and a self-consistent model
(107%/°C) in B19” and B2 NiTi during heating and cooling.

Heating Cooling
(107%/°C) (107%/°C)
Thermal expansion
tensor components ag —47.2 —30.8
ay 43.8 32.1
ayp 22.7 27.3
as 29.0 324
B19’ NiTi CTE* 6.4 9.5
CTE 8.1 10.9
CTE (extensometry) 10.3 9.0
B2 NiTi CTE" 13.0 13.1
CTE (extensometry) 12.4 12.3

“Isotropic average.
"Self-consistent model.

using Eq. (1) along directions normal to various B19’ planes.
We particularly note that the strains increase or decrease lin-
early with temperature despite being associated with varying
volume percent of the B19' phase (i.e., from being 100%
at 25 °C to 16% at 100 °C). While the increase or decrease
is attributed to anisotropy arising from crystal symmetry (or
lack thereof), the linearity is attributed to the accommodative
nature of the B19’ phase and its ability to detwin and to
selectively transform to the B2 phase, thereby accommodat-
ing any associated intergranular stresses arising from either
like B19' grains or B2 grains.lﬁ_18 A linear fit of data from
the (020), (111), (120), (001), (110), (111), (101), and (201)
planes corresponds to the coefficients of thermal expansion
(CTE) in the direction normal to these planes, and were de-
termined to be 42.2, 36.8, 30.7, 26.6, 8.7, —17.1, —25.3, and
—49.5 (X107%/°C), respectively. Adapting from Ref. 19, the
thermal expansion tensor was determined from the afore-
mentioned neutron measurements as outlined in the follow-
ing. For a monoclinic crystal, the thermal expansion A, in the
direction of a unit vector [ is given by

a0 a3\l
A=lagl=( b L) 0 an 0 ||L], (2
a3 0 an/\j

where «;; is the thermal expansion tensor. In matrix notation,

2 2 2
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2 2 2
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. N N N N a33

2 2 2
A, ny ny; ny 2nn; a3

3)

The lattice parameters required to account for nonorthogo-
nality in the monoclinic structure were determined to be
a=0.467 nm, b=0.414 nm, ¢=0.291 nm, and B=97.55°
from Rietveld refinement of the neutron spectrum at 25 °C.
Even though four values, A, A,, A3, and A4, were sufficient
to determine « in Eq. (3) for the B19’ phase, the best value
was obtained by a least-squares approach,

a=(0,0)"0,4. “4)

The components of the thermal expansion tensor thus deter-
mined are reported in Table I. The monoclinic symmetry of
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the B19’ phase requires four independent constants to cap-
ture the thermal expansion anisotropy in tensorial form while
thirteen constants are needed to capture the elastic anisotropy
in tensorial form. To assess whether four constants were ad-
equate to successfully describe the measured lattice strain
anisotropy, the thermal expansion tensor thus determined
was used to obtain the CTE from Eq. (2) in the eight afore-
mentioned directions. The results are shown in Fig. 2(a) as
solid lines which reasonably capture the thermal expansion
anisotropy in the B19’ phase and points to a diminished in-
fluence of the elastic strain anisotropy as a result of the re-
laxation of intergranular stresses. In addition, a 30 000 grain
self-consistent polycrystalline deformation model**?' with
elastic stiffness constants from ab initio calculations™ and
experimental validation’ was also used to assess the role of
intergranular stresses. The model prediction was substan-
tially better with the measured values when the intergranular
stresses were allowed to fully relax, and the average CTE
from this model (CTEP) is included in Table I and also
shown in Fig. 2(a). The coordinate axes of the thermal ex-
pansion tensor were transformed to obtain principal CTEs,
further averaged to obtain an isotropic, volume-averaged
value (CTE?) and reported in Table I, along with values
from extensometry (CTE) measured in this work.
The results compare favorably and also agree with previ-
ously reported dilatometric values, e.g., 8.1 (heating) and
8.9%X 107/ °C (cooling) for the B19’ phase."’

Figure 2(b) shows the lattice strains with temperature
along (100), (110), (111), (210), (211), and (311) directions
in the B2 phase, and no lattice strain anisotropy was ob-
served as would be expected in the absence of the influences
of intergranular stresses and elastic anisotropy (since the
thermal expansion tensor contains only one independent con-
stant while the stiffness tensor contains three independent
constants). This again is the result of the accommodative
nature of the B19’ phase (when it coexists with the B2
phase) and can be directly contrasted with the stress-induced
transformation in NiTi (Ref. 9) and plasticity in stainless
steel.” The corresponding average values for the B2 phase
from neutron measurements and extensometry are also re-
ported in Table I and compare favorably with previously re-
ported dilatometric values, 12.6X107%/°C (heating) and
11.5% 1075/ °C (cooling)."” Furthermore, the corresponding
values for the B19’ phase during cooling and the B2 phase
during heating are additionally reported in Table I and are
consistent with the aforementioned discussion given the re-
versible nature of the phase transformation.

The texture evolution during heating and cooling in both
the B19’ and B2 phases was investigated by recourse to a
generalized spherical harmonic description of the preferred
orientation or texture'® in the Rietveld refinement procedure,
and no significant evolution was observed. The lack of tex-
ture evolution is expected since there is neither external bi-
asing stress (as in e.g., Ref. 9) nor substantial intergranular
stress during the transformation, and is consistent with the
observed lattice strain evolution with temperature.

The implications of this work which quantitatively links
the lattice strain and phase fraction evolution with macro-
scopic measurements during a shape memory transformation
are now highlighted. The measured lattice strain versus tem-
perature response points to the fundamentally accommoda-
tive nature of the B19’ phase during the transformation that
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seeks to minimize elastic, thermal, and allotropic mismatch,
which was additionally validated in this work using a 30 000
grain polycrystalline self-consistent model. From the thermal
expansion tensor determined here, the thermal expansion an-
isotropy of the B19' phase is now known. This quantitative
determination of the direction dependent thermal strains is of
value in deconvoluting and determining strains purely result-
ing from the phase transformation (as opposed to elastic
strains). Furthermore, the established methodology is impor-
tant in identifying desirable textures in high temperature
SMAs, e.g., NiTiPt, where transformation strains can be
smaller. Lastly, this work urges caution in establishing stan-
dards based on indirect measurements of the phase transfor-
mation (e.g., ASTM F2082-03'), given the offset between
atomic scale activity and macroscopic behavior attributed to
the accommodative nature of the B19’ phase—as observed
in this work while directly comparing neutron spectra and
the extensometry response during the phase transformation.
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