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Abstract—Samples of superelastic NiTi and superelastic NiTi reinforced with 10 vol.% TiC particles were
deformed under uniaxial compression to 975 MPa while neutron diffraction spectra were simultaneously
collected. Despite the presence of stiff TiC particles, a macroscopic strain of 3% was obtained in the com-
posite on loading and was fully recovered on unloading. The diffraction spectra were analyzed by Rietveld
refinement that included a spherical harmonic description of the texture and a lattice plane (4k/) dependent
formulation of the elastic strain. The experiments provided bulk, phase-specific measurements of the evol-
ution of phase fractions, texture and strains during the reversible stress-induced austenite to martensite
transformation responsible for the large recoverable strains. For the composite, Eshelby elastic theory is
used to predict the discrete phase strains measured by neutron diffraction. The observed behavior suggests
that the martensite accommodates the mismatch with the transforming austenite (while they co-exist) and

the TiC particles (in the case of the composite).
Science Ltd. All rights reserved.
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1. INTRODUCTION

The intermetallic NiTi with near-equiatomic com-
position can exhibit a reversible, thermoelastic
transformation between a cubic (B2), parent auste-
nite phase and a monoclinic (B19’), martensite
phase near room temperature. While slip by dislo-
cation occurs in these alloys at higher applied
stresses, alternative deformation mechanisms can
dominate at lower stresses and result in superelasti-
city or the shape-memory effect. Austenitic NiTi
alloys can demonstrate superelastic behavior
wherein on mechanical loading, tensile strains as
high as 8% may result from the formation of stress-
induced martensite. On unloading, the martensite
becomes unstable and reverts to austenite with con-
comitant recovery of all the accumulated macro-
scopic strain. In martensitic NiTi, twinning is the
dominant mechanism of deformation and thermal
recovery of twinned martensite is associated with
the shape-memory effect [1, 2].

Extensive knowledge exists concerning the defor-
mation of metal matrix composite systems with stiff
ceramic reinforcing phases (such as Al-SiC) where
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the matrix deforms by slip after initial elastic defor-
mation [3]. However, little is known about compo-
sites ~ with  matrices  exhibiting  alternative
deformation mechanisms (e.g. twinning or stress-
induced transformations). The thermoelastic phase
transformation and/or twinning deformation in
NiTi can be expected to be affected by the presence
of stiff ceramic particles which not only produce re-
sidual internal stresses (due to thermal mismatch)
but also partition externally applied stresses.
Consequently, the mechanical deformation behavior
of such composites is both of theoretical interest (to
better understand such deformation mechanisms)
and practical interest (as superelastic composites).
Dunand and co-workers have carried out investi-
gations to systematically characterize such NiTi-
based shape-memory composites (martensitic NiTi
matrix reinforced with TiC). The thermal trans-
formation behavior [4, 5], the bulk mechanical
properties in compression [6], the subsequent shape-
memory recovery [7] and the study by neutron
diffraction of twinning deformation and shape-
memory recovery [8, 9] have been investigated. Key
results from these investigations are summarized in
Ref. [10]. To the best of our knowledge, there has
been no study providing information on the mech-
anical behavior of an austenitic NiTi matrix with a
reinforcing ceramic phase where the matrix is
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capable of deforming by reversibly forming stress-
induced martensite from austenite.

While both neutron and X-ray diffraction can
provide phase specific information on the evolving
texture, phase fractions and discrete phase strains
during a stress-induced transformation, the pen-
etration depth of neutrons is typically several milli-
meters compared to a few micrometers for a
conventional X-ray source. Thus using a neutron
source, free surface stress effects become negligible
and diffraction measurements are representative of
the bulk behavior. We demonstrated in an earlier
publication [11] the ability to observe stress-induced
austenite to martensite transformations in NiTi by
obtaining neutron diffraction data while NiTi was
subjected to loading. We extended this investigation
to the fabrication and testing of superelastic NiTi
reinforced with 10 and 20 vol.% TiC particles [12].
However, in that work, due to limitations in load-
ing we were restricted to low volume fractions of
martensite and did not obtain a complete austenite
to martensite transformation. In the present paper,
we further investigate the behavior of unreinforced
NiTi and particle reinforced NiTi by carrying out
neutron diffraction measurements during com-
pression loading and unloading. To understand the
mechanical behavior of the composites, we also in-
vestigate the individual austenite and martensite
phases as they co-exist and evolve with stress in the
monolithic NiTi.

2. EXPERIMENTAL PROCEDURES

2.1. Sample fabrication

Pre-alloyed NiTi powders (99.9% pure, 49.4 at.%
Ni, size between 44 and 177 um, from Special
Metals Corp., NY) were blended with Ni powders
(99.9% pure, size between 44 and 177 um, from
Special Metals Corp., NY) and TiC powders
(99.9% pure, 44 um average size, from Atlantic
Equipment Engineers, NJ). The powders were
packed in a cylindrical low carbon steel container
(thickness 0.318 cm, internal diameter 2.5 cm, length
12 cm, lined with a boron nitride coated nickel foil
to prevent carbon contamination) and were sub-
jected to Hot Isostatic Pressing (HIP) at 1065°C
and 100 MPa for 3 h. The consolidated billets had
the following nominal compositions:

(a) unreinforced NiTi (51.0 at.% Ni);
(b) 10vol.% TiC in a NiTi (51.0at.% Ni)
matrix.

The billets were electro-discharge-machined into
cylindrical specimens 10 mm in diameter and 24 mm
in length. These monolithic and composite samples,
designated as NiTi (S1) and NiTi-TiC (S1), respect-
ively, were solutionized at 1000°C for 1 h and oil-
quenched to room temperature in titanium-gettered
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flowing argon, annealed at 400°C for 1 h in air and
quenched in ice-water.

The samples were first tested to 625 MPa under
uniaxial compression as outlined in the following
section, before being reduced in dimensions by
electro-discharge-machining to cylindrical samples
8 mm in diameter and 20 mm in length. This was
done to apply larger stresses given the limited ca-
pacity of the loading frame. By using the same
samples, it was hoped that uncertainties associated
with the introduction of a new sample would be
avoided. The heat treatment described previously
was again followed. The resulting reduced gauge
samples, designated as NiTi (S2) and NiTi-TiC
(S2), respectively, were again tested as described
below.

2.2. Neutron diffraction and mechanical testing

Information on the experimental set-up can be
found elsewhere [9, 13, 14] and is only summarized
here. Neutron diffraction measurements were per-
formed in “time of flight” mode using the Neutron
Powder Diffractometer (NPD) at the pulsed neu-
tron source at Los Alamos National Laboratory
(LANL). The samples were loaded in compression
while neutron diffraction spectra were simul-
taneously acquired in three scattering geometries.
The loading axis formed an angle of 45° with the
incident neutron beam, allowing measurements for
which the scattering vector was parallel and perpen-
dicular to the loading axis. Since the incident beam
is polychromatic, by choosing data from the appro-
priate detectors, information from crystallographic
planes parallel or perpendicular to the loading
direction can be obtained as shown in Fig. 1. A
third detector was used in back-scattering geometry.
An extensometer was attached to the samples to
record macroscopic strain during the experiments.

INCIDENT
NEUTRONS

COMPRESSIVE
STRESS

-
DIFFRACTED BEAM
(measured strain perpendicular
to load axis)

il
DIFFRACTED BEAM
{measured strain parallel
to load axis)

SAMPLE

COMPRESSIVE
STRESS

Fig. 1. Schematic of experimental set-up at Los Alamos

National Laboratory showing the incident beam and two

of the three diffracted beams with respect to the loading
direction. The irradiated volume is about 1 cm®.
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Fig. 2. Applied compressive stress vs macroscopic compressive strain measured by extensometry for
NiTi and NiTi-TiC. The symbols indicate the stresses at which neutron diffraction spectra were
obtained.

Results from four tests at room temperature cor-
responding to NiTi and NiTi-TiC are presented.
The larger samples (S1) were tested to 625 MPa
under uniaxial compression (stroke control at
3 mm/min) while neutron diffraction data were sim-
ultaneously obtained. For simplicity, compressive
stresses and strains are reported as positive numbers
in this paper. Prior to making the measurements in
the beam, the samples were ‘“‘trained” by loading
twice to 625 MPa (load—unload cycle) at a stroke
speed of 3 mm/min. The purpose of these mechan-
ical training cycles was to homogenize and remove
any initial instabilities associated with the trans-
formation [15]. A non-recoverable compressive plas-
tic strain of 0.1% was recorded after the first
training cycle but none was noted after the second
or the diffraction cycle. The data obtained with the
S1 samples were the same as those obtained in our
previous work [12].

The smaller samples (S2), owing to their reduced
diameter, were tested to 975 MPa under uniaxial
compression (stroke control at 0.1 mm/min) with
simultaneous neutron diffraction. These cycles were
also obtained after the same training procedure as
the larger samples. Diffraction data were obtained
by interrupting the loading and unloading parts of
the cycle at the stresses shown in Fig. 2.

2.3. Sample characterization

Within the resolution of optical microscopy [16],
the samples were observed to be pore-free with

unreacted interfaces in the composites. In addition,
a uniform distribution of equiaxed TiC particles
was observed in NiTi-TiC. The average grain size
was determined by image analysis to be 20 pm with
no statistically significant differences between the
monolithic and composite samples. Density
measurements by water displacement showed that
NiTi and NiTi-TiC were 99.8 and 99.7%, respect-
ively, of their theoretical density.

Differential scanning calorimetry with a Perkin
Elmer DSC-7 Calorimeter at a rate of 1 K/min
under nitrogen cover gas was used in an attempt to
determine the martensite start (M) and martensite
finish (M¢) temperatures for the two compositions.
Temperatures as low as —140°C were approached
with no observable transformation. Furthermore, a
neutron diffraction spectrum recorded for a
NiTi specimen cooled to —253°C with liquid
helium confirmed that the structure remained B2
austenitic.

3. NEUTRON DIFFRACTION DATA ANALYSIS

In the case of a reversible austenite to martensite
transformation, grains of austenite do not trans-
form randomly [11]. Rather, the austenite develops
texture because of the preferential transformation
to martensite of grains favorably oriented with
respect to the stress and able to accommodate the
transformation strain. Correspondingly, the dif-
fracted intensity of some austenite peaks diminishes
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more rapidly than others, resulting in single peak
(hkl) reflections not being representative of the
overall transformation. In addition, single peak
reflections include anisotropic contributions from
crystal geometry and strain redistribution especially
arising due to the transformation. In a companion
article [17], these issues have been discussed and a
methodology established to analyze diffraction spec-
tra in the case of such transformations. Here the
outcome of that work is summarized with the
emphasis placed on obtaining phase fraction, tex-
ture and strain information to help explain the
mechanical responses of NiTi and NiTi-TiC.

By using the Rietveld refinement [18] technique
implemented in the LANL code GSAS [19], the in-
formation used incorporates the entire diffraction
spectrum. In the Rietveld method, a mathematical
model is developed that calculates an intensity, Y,
at every point in the spectrum, i.e.

Ye= Yo+ Y SKF,P(AT}) (1)
h

where the first term, Y3, is the background intensity
and the second term is the Bragg scattering contain-
ing a scale factor, S, a correction factor, K, a struc-
ture factor, Fj, and a profile function, P(AT}), as
determined by the displacement, AT}, of the profile
point from the reflection position. Within the cor-
rection factor, K, is a term which describes the
change in Bragg intensity for a reflection due to tex-
ture. A generalized spherical harmonic description
[20, 21] is used to account for the evolving texture
in the austenite and martensite phases. The refine-
ment procedure varies selected parameters including
phase volume fractions, atom positions and texture
until the calculated spectrum matches the measured
spectrum in a least squares fit. Errors are quantified
and are associated with the statistics of such a fit.
The profile function which fitted the data best is a
combination of two functions—one is the result of
convoluting two back-to-back exponentials with a
Gaussian and the other is a linear combination of a
Lorentzian and a Gaussian (pseudo-Voigt).

For the austenite and TiC phases, two formu-
lations of the strain are used. In the first approach,
the refinement procedure determines a lattice par-
ameter by fitting many individual reflections. The
elastic lattice strain is then reported as

aus aus

a — a,
_ s 0
aus = qaus
0
a'sl“lC _ aglc
&ric = e 2

0

where a, are the austenite or TiC lattice parameters
under an applied compressive stress and a, are the
respective lattice parameters under no external load.
A compressive stress of 8 MPa was used to hold the
sample horizontally in the stress rig and corre-
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sponds to this “no load” condition. In equation (2),
no attempt was made to accommodate the lattice
plane (hkl) specific anisotropy and the implicit
assumption is made that either the strain has no lat-
tice plane dependence or is a reasonable average
over all lattice planes. This formulation has been
demonstrated to empirically capture the “isotropic”
phase strain despite anisotropy in cubic Fe [22],
hexagonal Be [23] and in austenite in NiTi [17].

In the second approach, a strain anisotropy term
is incorporated in the Rietveld procedure and the
strain is reported for a specific plane as a contri-
bution of isotropic (hkl-independent) and anisotro-
pic (hkl-dependent) components:

aniso

hkl __ iso 4

8aus - 8aus hlilsuus
Jikl __ iso .aniso
eric = eTic — AmkieTic (©)

where Auy is  (BPk* 4+ PR + K2R/ + K2 + Py
The isotropic strain component, ¢, is determined
by shifting individual lattice reflections so as to
account for a change in the lattice parameter, as in
equation (2). The anisotropic strain component,
A0iS0 - fyrther  shifts individual reflections pro-
portional to A4,,,. The A;;; dependence is introduced
because in a cubic single crystal the plane specific
modulus, Ej;;, can be expressed as

Sa4

- ) Api 4

Epr =S 2(S” —Se-
where S;; is the single crystal compliance tensor in
collapsed matrix notation [24]. The 4,,; dependence
was originally formulated to capture the elastic ani-
sotropy in single crystals and has been used here
since it empirically captures the elastic anisotropy in
polycrystals [22] and the anisotropy introduced by
the austenite to martensite transformation in poly-
crystalline NiTi [17].

Martensitic diffraction peaks were not character-
ized for strain development since the lattice par-
ameter value for the nascent martensite cannot be
easily determined. In addition, the large number of
broad overlapping reflections due to the low sym-
metry and scale of the monoclinic martensite make
it difficult for the Rietveld refinement to converge
while strains are fitted in the martensite. For the
martensite, the emphasis was on accurately model-
ing its volume fraction and texture.

4. RESULTS

Owing to the difficulty in machining the compo-
sites and the large sample volume requirements,
compression rather than tension tests were per-
formed. While differences in tension and com-
pression exist for NiTi [25], they are expected to be
limited to the magnitude of the observed behavior
(e.g. recoverable strain) rather than differences in
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Table 1. Young’s moduli (GPa) for NiTi and NiTi-TiC measured
by extensometry

Sample Young’s modulus (GPa)
NiTi (S1) 50+2
NiTi (S2) 5142
NiTi-TiC (S1) 58+2
NiTi-TiC (S2) 59+2

mechanisms. Figure 2 shows the stress—strain re-
sponse of the four samples. The pronounced steps
in the first set of measurements, i.e. in the larger di-
ameter NiTi (S1) and NiTi-TiC (S1) can be attribu-
ted to the higher loading rate and the consequent
temperature effects [26-28]. The differences in the
stress—strain envelopes of the S1 and S2 samples of
the same material in Fig. 2 can be attributed to a
small difference in the ambient temperature (less
than 5°C), probably due to a different level of air
cooling of the hydraulic equipment in the enclosed
testing volume. Both these issues are discussed in
Ref. [17]. Despite the difference in testing tempera-
tures, data from the S1 and S2 samples can be com-
bined if the superelastic strain is reported.
Superelastic strain refers to the macroscopic strain
(measured by extensometry) from which the elastic
contribution was subtracted. Since the transform-
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ation is thermoelastic, the superelastic strain is
representative of the transformation, independent of
temperature.

Table 1 lists the Young’s moduli of NiTi and
NiTi-TiC obtained from a fit to the initial linear
portion of the macroscopic stress—strain curve
(before the onset and after the completion of the
transformation on loading and unloading, respect-
ively). As expected, no significant differences exist
between samples S1 and S2 of the same material.
Figure 3 contrasts typical spectra corresponding to
NiTi and NiTi-TiC at 975 MPa and at the no load
condition. A qualitative examination of the peak
intensities at 975 MPa shows that there is more
martensite in NiTi than in NiTi-TiC. By using data
from all three sets of detectors with a generalized
spherical harmonic texture formulation in the
Rietveld refinement, the amount of martensite pre-
sent is quantified at the various stresses. A typical
refinement is shown in Fig. 4. The volume fraction
of martensite is presented as a function of the
superelastic strain in Fig. 5 for all four samples and
data obtained during the loading part of the cycle
are distinguished from those obtained during the
unloading part. Elastic moduli of 51 GPa for NiTi
and 59 GPa for NiTi-TiC from Table 1 were used
to determine the superelastic strain by subtracting
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= < g = <

T T R T 1 T
z MJL A Jw NiTi-TiC (S2) at 8 MPa
2 S o AN
[T BRSO AL M NiTi-TiC (S2) at 975 MPa
c | ! : ! N : B
T S
(0] :
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I  NiTi (S2) at 8 MPa
: . NiTi (S2) at 975 MPa
| N R B
2 22 24 26 28 3

lattice plane spacing (A)

Fig. 3. Section of normalized neutron diffraction spectra from NiTi and NiTi-TiC under at 8 and

975 MPa with austenite (A), martensite (M) and TiC (T) peaks identified. The spectra shown here

are from diffracting lattice planes perpendicular to the loading axis. Diffraction from steel in the

extensometer knife edges contaminates the M(111) reflection position. This did not compromise the
refinement.
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Fig. 4. A typical GSAS Rietveld refinement output [shown here for NiTi—TiC (S2) at 975 MPa] for dif-

fracting lattice planes perpendicular to the loading axis. The crosses are the measured data; the line

through them is the Rietveld least squares fit. The tick marks indicate reflections from the martensite,

austenite and TiC phases (from top to bottom). The difference curve between refinement and measure-
ment is also shown at the bottom of the figure.

the elastic contribution from the macroscopic strain.
The volume fraction of martensite in NiTi-TiC is
expressed as a fraction of the transformable matrix
and the superelastic strain is divided by 0.9 since
only 90% of the sample can generate recoverable
strain. The validity of the refinement is supported
by the predicted TiC volume fractions (not input
parameters during the Rietveld procedure) which

i
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2 I NiTi -
£
© 06 b
=
c
R i
B |
© -
= 04 -
)
1S
=]
14 02 o N?T? loading ]
< A~ NiTi unloading
®  NiTi-TiC loading B
¢ NiTi-TiC unloading
0 -' L | t '
0 0.005 0.01 0.015 0.02 0.025

superelastic strain

Fig. 5. Volume fraction of martensite obtained by Rietveld
refinement as a function of the superelastic strain in NiTi
and NiTi-TiC (samples S1 and S2).

were within 0.8 vol.% of the nominal volume frac-
tion (10 vol.%).

The sharpness of the texture can be characterized
by a single parameter, the texture index J [29]:

J=ﬁﬂ@ﬁ@ 5)

where f(g) is the orientation distribution function
which maps the probability of each of the possible
grain orientations, g, with respect to the external
sample dimensions and the integration is over all
orientation space. Using a series expansion and
given the orthogonality of generalized spherical har-
monics, it can be shown [20] that J varies between
unity and infinity (corresponding to random orien-
tation and to ideal single crystals, respectively).
Typical values of the texture index are: 2-5 for
moderate texture (e.g. 70% rolled steel has an index
of 3-4), 10-15 for a strong texture (e.g. wire draw-
ing) [30]. Figure 6 shows the martensite texture
index for all four samples in NiTi and NiTi-TiC.
The texture index was determined to be inadequate
to track the smaller changes in texture in the auste-
nite phase.

The texture index merely indicates trends in tex-
ture evolution, whereas the actual distribution is
obtained from axial distribution plots. These plots
are used here because of the cylindrical symmetry
in the samples and correspond to a radial slice of
the pole figure. In an axial distribution plot, the y-
axis is a measure of the number of grains that are
oriented at an angle ¢ between the normal to the
chosen plane and the loading axis (in this case),
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Fig. 6. Martensite texture index in NiTi and NiTi-Ti
strain. The line is a power law fi

compared to a randomly oriented polycrystal. Thus
a random polycrystalline sample would be rep-
resented by a horizontal line at unity. There is no
physical significance associated with values of less
than zero, which in these plots is an outcome of the
global normalization procedure. Figure 7 shows
(100) axial distribution plots for austenite in NiTi
(S1) under no load (after training) and with increas-
ing stress to 625 MPa. Figures 8 and 9 are axial dis-
tribution plots that compare martensite that is
formed in the presence and absence of TiC par-
ticles, respectively, at the same superelastic strain.

0.015 0.02 0.025

astic strain

C (samples S1 and S2) as a function of superelastic
t without physical significance.

Two superelastic strains are considered, i.e. 0.004
and 0.012 and the orientations of (100) planes are
plotted in these figures. Only representative axial
distribution plots are presented here but identical
behavior was observed in other spectra.

Figure 10 shows elastic lattice strains obtained
from Rietveld analysis [equation (2)] in the auste-
nite in NiTi for samples S1 and S2 during loading
and unloading. Figure 11 similarly shows elastic lat-
tice strains obtained from Rietveld analysis
[equation (2)] for both samples in the austenite and
TiC phases of NiTi-TiC. The individual elastic
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04 — i stress
I | ! I ‘
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Fig. 7. (100) axial distribution plots for austenite in
angle between the (100) plane

NiTi (S1) with increasing applied stresses. ¢ is the
normal and the loading axis.
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Fig. 8. (100) axial distribution plots for martensite in NiTi and NiTi-TiC at a superelastic strain of

0.004. ¢ is the angle between the (100)

phase strains as predicted from Eshelby theory are
also shown in Fig. 11. The reported strains from
neutron diffraction measurements are off-set so as
to coincide (in the no load condition) to the re-
sidual coefficient of thermal mismatch stresses pre-
dicted from Eshelby theory. The errors in Figs 10
and 11 are about the size of the markers, i.e. +half
marker width. For NiTi-TiC (S1), the average iso-
tropic strain in austenite [e,,s in equation (2)] is
plotted against its anisotropic component [ in
equation (3)] during loading and unloading in Fig.
13. The motivation for presenting this plot is to as-
sociate the behavior of the anisotropic component

plane normal and the loading axis.

of the strain with the onset and completion of the
transformation. Identical trends in the anisotropic
component of strain were observed in both samples
of NiTi-TiC.

5. DISCUSSION

The NiTi-TiC system is chemically inert over a
large range of compositions [31, 32]. This obser-
vation has also been confirmed by microprobe
analysis in the case of martensitic NiTi reinforced
with TiC [4]. The unreacted interfaces observed in
our tested samples further suggest that the TiC par-

- . | <
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6t \ 540 MPa (loading) .
S
B . i
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e 4r N martensite (100) n
L AR superelastic strain = 0.012
c \\
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¢ (degrees)

Fig. 9. (100) axial distribution plots for martensite in NiTi and NiTi-TiC at a superelastic strain of

0.012. ¢ is the angle between the (100)

plane normal and the loading axis.
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Fig. 10. Elastic lattice strain obtained from Rietveld analy-
sis [equation (2)] in the austenite phase in NiTi (samples
S1 and S2) during loading and unloading, as a function of
applied stress. The best fit line through all the data is also
shown. The dashed curve illustrates qualitatively a non-lin-
ear response at higher stress that includes (a) the hysteresis
in the transformation and (b) austenite transferring load
to the martensite.

ticles, which were almost perfectly stoichiometric
with a composition of 49.8 + 0.1 at.% C (as deter-
mined by combustion analysis with infra-red detec-
tion), behave as a chemically inert reinforcement.
From Ref. [33], the temperature at which martensite
should start to form (M) when austenitic NiTi
(51.0 at.% Ni) is cooled is expected to be around
—50°C. However, this is inconsistent with our ex-
perience of austenite not transforming to martensite
even at —253°C despite having a nominal compo-
sition of 51.0 at.%. One possible explanation is that
some oxygen that was present on the surface of the
original powder prior to HIP forms TizNi,O, (as
observed experimentally in similar samples in Ref.
[34]). This will deplete the Ti content of NiTi and
consequently depress the M, temperature, explain-
ing why the transformation could not be thermally
induced. Nevertheless, given the equivalence of
stress and temperature in such transformations, the
ease of transformation to martensite by stress is
puzzling. Despite the preceding ambiguity, the com-
parable densities (the small difference is attributed
to porosity in TiC), grain sizes and the lack of
interfacial reaction between NiTi and TiC lead us
to believe that the mechanical behavior of NiTi and
NiTi-TiC can be directly compared in this work.

5.1. Macroscopic mechanical response of NiTi and
NiTi-TiC

In addition to the differences in elastic moduli
(Table 1), the following observations in the mono-

lithic and composite material can be made from
Fig. 2.

L L L
0.012

) I 1 L L
0 0.004 0.008
elastic lattice strain (compressive)

Fig. 11. Elastic lattice strains obtained from Rietveld
analysis [equation (2)] in the austenite and TiC phases in
NiTi-TiC (samples SI and S2) during loading and unload-
ing, as a function of applied stress. Phase strains predicted
by Eshelby elastic theory are also shown by the bold line.
The best fit line through the data corresponding to each
phase is the dotted line. The dashed curve illustrates quali-
tatively a non-linear response at higher stress that includes
(a) the hysteresis in the transformation and (b) load trans-
fer in austenite and TiC.

(a) The applied stress at which austenite trans-
forms to martensite (on loading) and transforms
back to austenite (on unloading) is higher in the
composite.

(a) Austenite
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Fig. 12. (a) Schematic of an applied stress vs elastic strain

response that includes the hysteresis in the transformation

and load transfer from austenite. (b) Corresponding sche-

matic showing load being transferred to TiC. For simpli-

city, straight lines are used to represent the evolving
strains.
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Table 2. Polycrystalline elastic constants determined from single crystal data for austenite from three averaging methods, i.e. (1) Hashin—
Shtrikman lower bound, (2) Hashin—Shtrikman upper bound [38], and (3) Hill [41]

For ¢y = 137 GPa, ¢1; = 101 GPa, cg4 = 35 GPa [36]

For ¢;; = 162 GPa, ¢, = 129 GPa, c44 = 35 GPa [37]

Averaging Young’s modulus Shear modulus Poisson’s ratio Young’s modulus Shear modulus Poisson’s ratio
method (GPa) (GPa) (GPa) (GPa)

1 74.4 26.8 0.39 72.9 25.8 0.41

2 75.4 27.2 0.39 74.3 26.3 0.41

3 74.5 26.8 0.39 73.0 25.8 0.41

(b) The stress—strain gradient during the trans-
formation is steeper in the composite.

(c) The recoverable macroscopic strain is lower
in the composite.

(d) The width of the stress—strain hysteresis
(difference between the stresses corresponding to
the onset and completion of the transformation)
is larger in the composite.

A thermoelastic martensitic transformation 1is
based on a balance of chemical free energy, elastic
strain energy and interfacial energy during the
course of the forward and reverse transformations
[33]. The transformational shape change is accom-
modated elastically in the system and the build-up
of this strain energy hinders further growth of mar-
tensite [35]. Thus thermodynamically, the additional
elastic strain energy introduced by the interaction
of martensite with the TiC particles would result in
a steeper stress—strain gradient with increasing
volume fraction of TiC. This increase in elastic
strain energy would also imply that higher stresses
will be needed to transform austenite to martensite
with increasing volume fraction of TiC. The
increase in the width of the stress—strain hysteresis

may also be due to an increase in the frictional re-
sistance to interface motion because of the TiC par-
ticles. In addition, load partitioning due to the
stiffer TiC (i.e. the matrix stress being lower than
the applied stress) will also contribute to these
changes in critical stresses and stress—strain gradi-
ents. These two effects have not been decoupled in
this work.

Starting from stiffness tensor values for austenite
reported by Refs [36, 37], the elastic behavior of a
polycrystal is determined as a single crystal average
using the Hashin—Shtrikman [38] upper and lower
bounds for elastic moduli of cubic polycrystals. The
Voigt [39] and Reuss average [40] suggested by Hill
[41] is also used and the results are tabulated in
Table 2.

The matrix mean internal stress is determined
using the Eshelby method [3, 9] as a result of ther-
mal mismatch stresses upon cooling from the
annealing temperature. For austenite, an elastic
modulus of 74.5 GPa, a shear modulus of 26.8 GPa
and a Poisson’s ration of 0.39 are used as obtained
in Table 2. For TiC, the room-temperature elastic
constants measured in Ref. [42], i.e. ¢;; = 515 GPa,
c1p =106 GPa and c44 = 179 GPa are used. The
equiaxed inclusions are assumed to be spherical for
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Fig. 13. Isotropic strain in austenite [e,,s in equation (2)] plotted against its anisotropic component
[e2nso jn equation (3)] during loading and unloading in NiTi—TiC (S1). The strains at which changes in
slope are observed are also shown.

Eaus
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this analysis. Using 11 x 1076/K as the average
coefficient of thermal expansion for austenite and
7.3 x 107°/K as the average coefficient of thermal
expansion of TiC [43, 44] and assuming, as
observed experimentally [45, 46], that diffusion and
creep processes relax the thermal mismatch stresses
at temperatures above 0.657\; (where Ty is the
melting point, 1163°C for NiTi [43]), the matrix
thermal expansion mismatch mean tensile stress is
determined to be 25 MPa in NiTi-TiC.

The Eshelby method is also used to determine an
average elastic modulus for the composite before
the onset (and after the completion) of the trans-
formation, i.e. when only austenite and TiC are pre-
sent. A Young’s modulus of 87.3 GPa is predicted,
neglecting the small (i.e. 25 MPa) coefficient of ther-
mal expansion mismatch stresses between the auste-
nite matrix and TiC.

Thus there are significant discrepancies between
the moduli obtained from extensometer measure-
ments for both NiTi and NiTi-TiC (Table 1) and
the theoretical predictions (Table 2 and Eshelby
theory). There was no indication of texture in the
austenite at these low stresses which could have
possibly explained the differences in moduli (see
Section 5.3). However, a likely explanation is that
the extensometer measured non-elastic contributions
(i.e. stress-induced transformation) even in the
lower initial portion of the stress—strain curve.
Assuming that favorable orientations of austenite
transform to martensite at these low stresses (e.g.
producing a compressive strain of 5.2% in the (011)
direction with reference to the parent phase vector
basis [47]), a mere 1 vol.% of martensite is needed
every 78 MPa to explain the difference between the
measured and predicted elastic modulus for NiTi.
This small volume fraction of martensite is below
the experimental sensitivity of neutron diffraction.

5.2. Phase fraction evolution

In Fig. 5 for both NiTi and NiTi-TiC, a linear
relationship is observed during loading—unloading
between the volume fraction of martensite formed
and the superelastic strain. No hysteresis is
observed between loading and unloading, confirm-
ing that the hysteresis observed in Fig. 2 is with
respect to stress and not strain [48].

A relevant question that arises is whether the nas-
cent martensite formed under stress can deform
further to generate more recoverable strain. This is
possible if the martensite is not in the optimal
orientation with respect to the applied stress and
growth/coalescence or reorientation by twinning of
certain variants can produce more strain. To answer
this question, NiTi and NiTi-TiC were further
tested to higher stresses [16]. Fully transformed
martensite begins to yield due to slip and some re-
sidual strain exists after unloading. Specifically,
there was no evidence of the stress-induced marten-
site producing additional recoverable strain.
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Figure 5 shows that a somewhat larger volume
fraction of martensite is needed to generate the
same superelastic strain when TiC particles are pre-
sent. This indicates that the average transformation
strains associated with martensite formation are
smaller when TiC particles are present. This is
understandable given that the most favorable var-
iant, in terms of the macroscopic strain, may not be
compatible with a non-transforming TiC particle in
its proximity and may thus not form.

5.3. Texture evolution

The austenite is randomly oriented in the
unloaded condition and remains so at least till
260 MPa, as seen by the two nearly horizontal lines
in the axial distribution plots (Fig. 7). Consistent
with our discussion [17], the remaining austenite
exhibits increasing texture with increasing stress as
martensite is formed because of its preferential
transformation. In Fig. 7, from scattering geometry
this corresponds to the preferential transformation
of grains having their (100) lattice planes perpen-
dicular and parallel to the loading axis. The mar-
tensite that forms under stress is also textured
because of the nature of the transformation [33]
and this explains its high texture indices in Fig. 6.
From Fig. 6 it is also seen that for both NiTi and
NiTi—TiC, martensite that exists at lower strains is
more textured than that which exists at higher
strains. Given the linear relationship in Fig. 5 and
the decreasing texture in Fig. 6, a non-unique as-
sociation between variant orientation and trans-
formation strain is expected. This means that more
than one orientation among the 24 variants should
generate close to the same strain, because the
martensite that forms at lower stresses generates
the same strain as martensite that forms at higher
stresses. This non-singular correspondence between
variant orientation and strain has been previously
outlined in Ref. [47].

From the texture index alone (Fig. 6), it is not
clear whether TiC influences the texture of the
stress-induced martensite. However, in the axial dis-
tribution plots (Figs 8 and 9), comparing the tex-
ture of martensite formed in the presence and
absence of TiC at the same superelastic strain
suggests that martensite in the presence of TiC is
less textured. This is understandable since there are
more spatial constraints for the formation of mar-
tensite when TiC is present. This situation is analo-
gous to martensite forming at lower strains (where
fewer constraints exist) being more textured than
the martensite forming at higher stresses (where
other martensite plates preclude certain orien-
tations).

The preceding discussion on the evolution of
phase fractions and texture is qualitatively consist-
ent with the lower recoverable strain observed in
the composite. The quantitative extension from tex-
ture and phase fractions to recoverable strain in
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polycrystals is not straightforward because of the
difficulty in relating the large number of variant
orientations in the various grains to the transform-
ation strain.

5.4. Strain evolution

5.4.1. Austenite strains in monolithic NiTi. In Fig.
10, if data from NiTi (S1) are considered alone (as
reported previously [12]), the elastic lattice stain in
the austenite in NiTi [from equation (2)] as a func-
tion of the applied compressive stress is mostly lin-
ear to 625 MPa. However, if a best fit line that
includes data from both NiTi(S1) and NiTi(S2) is
drawn (as in Fig. 10), the stress—strain response is
linear to 450 MPa on loading but deviates slightly
at higher stress. The slope of the deviation suggests
that load is being transferred from austenite to mar-
tensite since progressively lesser strains are devel-
oped in the austenite. Furthermore, at a given stress
on unloading, the strains obtained in austenite are
larger in NiTi (S2) than NiTi (S1) (i.e. the diamond
markers in Fig. 10 are consistently shifted to higher
strains). From Figs 2 and 5, more martensite is pre-
sent in NiTi (S1) than in NiTi (S2) at the same
stress. If no load was being transferred from auste-
nite to martensite, this difference in martensite
volume fraction would have no effect and the auste-
nite in both samples would ideally have the same
strain response.

The observed behavior in Fig. 10 can be
explained by taking into account the hysteresis in
the macroscopic stress—strain curve in Fig. 2 and by
assuming that load is indeed being transferred from
austenite to martensite. The non-linearity in Fig. 10
can be assigned to: (i) different elastic constants
between austenite and martensite, (ii) mismatch
stresses between the two phases because of the
transformation strains, and (iii) the evolving texture
in the austenite (Section 5.3) and the consequent
changes in elastic constants. As schematically
sketched in Fig. 12(a), load transferred from auste-
nite to martensite would result in the applied stress
vs elastic strain response in austenite having a
greater slope. As a result of the hysteresis, more
martensite exists at the same stress during the
unloading portion of the cycle as compared to the
loading portion of the cycle (Fig. 2 and Ref. [11]).
Thus, a greater portion of the applied stress
remains transferred to the martensite down to lower
applied stresses during the unloading part of the
cycle and hence a shift in the austenite strain in
NiTi (S2) is expected during unloading. A more rea-
listic path based on the above proposed load trans-
fer mechanism is shown as the dashed line in Fig.
10.

In the case of NiTi (S1), Fig. 10 indicates that
there is little evidence of load transfer from auste-
nite to martensite (unloading points are not shifted
to larger strains). This is attributed to the lower
volume fractions of martensite present and this pre-
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ferentially-formed martensite being more compati-
ble with the austenite since it comprises of
favorable variants (with respect to stress and
strain). The best fit line through the NiTi (S1) data
has a slope of 74.5 GPa [12]. This apparent mod-
ulus compares well with the values obtained from
the various averaging methods (72.9-75.4 GPa in
Table 2). The best fit line through all the data (S1
and S2) has a slope of 71.5 GPa and also compares
reasonably well. Agreement in the value of the
apparent modulus (calculated using the applied
stress) with the true modulus indicates that load
transfer from austenite to martensite is minimal.
Likewise, the data point corresponding to NiTi (S1)
at 625 MPa shows very little deviation from a linear
response in Fig. 10, even as 60% of austenite has
transformed at this stress. At this point during the
transformation, the strain mismatch between auste-
nite and martensite is large, i.e. from Fig. 2, the
overall macroscopic strain at 625 MPa is 2.8%
while from Fig. 10, the measured elastic strain in
austenite is only 0.9%. Thus, considering the mag-
nitude of the deviation in Fig. 10, it can be con-
cluded that the effects (i)—(iii) described previously
that tend to cause non-linearity are either small or
mostly cancel each other. The self-accommodating
nature of the martensite results in certain variants
preferentially forming to mostly minimize the mis-
match with the transforming austenite.

5.4.2. Austenite and TiC strains in NiTi-TiC.
Figure 11 shows the elastic lattice strains in auste-
nite and TiC for NiTi-TiC (S1) and (S2) as
obtained by Rietveld refinement [equation (2)] and
predicted from Eshelby theory. Owing to the mostly
linear response of the unreinforced austenite (Fig.
10), values obtained from the single-crystal aver-
aging methods for austenite (Table 2) were used to
represent the matrix in the Eshelby predictions in
Fig. 11. The same elastic constants listed earlier
were used for TiC.

The mismatch between the martensite, the trans-
forming austenite and the TiC can be expected to
be:

(a) elastic, i.e. due to the difference in elastic
constants;

(b) thermal, i.e. due to the difference in coeffi-
cients of thermal expansion; and

(c) allotropic, i.e. due to the transformation
strains (e.g. from Fig. 2, at maximum load the
composite shows an overall macroscopic strain
of 3% while from Fig. 11, the measured elastic
lattice strain is 1% in austenite and 0.4% in
TiC).

Despite the magnitude of the allotropic mis-
match, Fig. 11 shows reasonable agreement between
Eshelby theory (which accounts for only the elastic
and thermal mismatches) and the individual phase
strains measured by neutron diffraction. This
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suggests that the allotropic mismatch in (c) is effec-
tively accommodated by the stress-induced marten-
site. Similar cancellation of the twinning mismatch
was also observed in shape-memory NiTi-TiC com-
posites deforming by martensite twinning [10].

The non-linearity in Fig. 11, suggests that there is
some load that is transferred in austenite and TiC.
The deviation from linearity is more pronounced in
the case of NiTi-TiC (S2), which was loaded to
975 MPa. Consequently, the difference between the
loading and unloading strains is larger in the case
of NiTi-TiC (S2) than in NiTi-TiC (S1). This is
similar to the case of the monolithic NiTi, where
there is more load transferred when higher volume
fractions of (and consequently less compatible) mar-
tensite exist. Using data from only NiTi-TiC (S1)
gives a mostly linear response in excellent agree-
ment with the Eshelby theory predictions as
observed in Ref. [12]. The schematic in Fig. 12 out-
lines a possible load transfer mechanism taking the
hysteresis into consideration while the dashed line
in Fig. 11 shows a more realistic path. Consistent
with the schematic in Fig. 12, Fig. 11 shows lower
strains in TiC during unloading for NiTi-TiC (S2).
Again, data from both samples have been combined
recognizing that the effect of temperature is negli-
gible compared to the observed trends.

Owing to the duration of data acquisition at each
stress level (approx. 6-8 h), data could only be
obtained at a limited number of stress levels. This
limitation together with the lack of quantitative
strain information for the martensite precluded a
quantitative statement on the load transfer mechan-
ism.

5.4.3. Anisotropic components of strain. In Sec-
tions 5.4.1 and 5.4.2, the strains correspond to an
average isotropic strain derived from equation (2).
However, the Rietveld refinement procedure also in-
corporated anisotropic components of the strain
[equation (3)]. The changes in slope in Fig. 13
suggest that the contribution of the anisotropic
component to the total strain reverses direction.
Consistent with our earlier observation and discus-
sion for austenite in NiTi [17], this behavior cannot
be explained by elastic anisotropy (i.e. anisotropy
due to crystal geometry) but may be attributed to
the additional anisotropy introduced by the trans-
formation. The strain redistribution between grains
as the austenite preferentially transforms to marten-
site is responsible for these changes. The strains at
which the changes in anisotropy occur during the
loading and unloading parts of the cycle are also
indicated in Fig. 13 and a hysteresis is noted. The
stresses corresponding to these strains are 370 MPa
on loading and 290 MPa on unloading and com-
pare well with the experimentally observed critical
stresses for the onset and completion of the trans-
formation in Fig. 2. The differences, if real, may be
attributed to some initial anisotropy contribution
from the transformation canceling the elastic contri-
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bution since they appear to act in opposite direc-
tions [17].

6. CONCLUSIONS

Rietveld refinement of neutron diffraction spectra
has investigated stress-induced transformations in
superelastic NiTi with and without 10 vol.% TiC
particles. The following conclusions are reached.

1. The generalized spherical harmonic texture for-
mulation in Rietveld refinement provides a deter-
mination of austenite and martensite phase
fractions coexisting under an applied stress in
NiTi and NiTi-TiC. A linear relationship is
observed between the volume of stress-induced
martensite and the macroscopic strain generated
by the transformation for both NiTi and NiTi—
TiC.

2. In NiTi and NiTi-TiC, the overall texture of the
martensite decreases with increasing stress. This
is attributed to favorable orientations of auste-
nite transforming first to martensite and the need
for the later-forming martensite to be compatible
with the already transformed martensite (and
TiC).

3. Significant discrepancies are observed between
the Young’s moduli for NiTi and NiTi—TiC
measured by extensometry and predicted using
single crystal data and Eshelby theory. The
differences are attributed to small amounts of
austenite transforming to martensite at low stres-
ses which reduces the apparent moduli.

4. In contrast to the macroscopic data, the modulus
of austenite in NiTi measured by neutron diffrac-
tion (from the slope of applied stress vs elastic
strain response) compared well with moduli pre-
dicted wusing single crystal data (Hashin—
Shtrikman bounds and Hill average).

5. The applied stress at which austenite transforms
to martensite and back to austenite increases in
the presence of TiC particles. The volume frac-
tion of martensite formed at any given applied
stress and the recoverable strain decrease in the
presence of TiC particles.

6. For both NiTi and NiTi-TiC, the elastic lattice
strain in the austenite remains linear with respect
to the applied stress even when significant
volume fractions of austenite have transformed
to martensite, but shows some non-linearity at
higher applied stress. This load transfer coupled
with the stress hysteresis results in strains in the
austenite during unloading being somewhat lar-
ger than strains during loading, for the same
stress. For the composite, good agreement is
observed in the phase strains predicted by
Eshelby elastic theory and measured by neutron
diffraction. In general, the self-accommodating
nature of the stress-induced martensite almost
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eliminates the mismatch with the TiC particles
and the transforming austenite.

Additional anisotropy introduced by strain redis-
tribution due to the transformation is reflected in
changes in the anisotropic component of the
strain of the austenite phase in NiTi-TiC.
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