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Preferred orientation or texture is a common feature of experimental powder patterns. The
mathematics of two commonly used models for preferred orientation—the March-Dollase and the
generalized spherical-harmonic models—is reviewed. Both models were applied individually to
neutron powder data from uniaxially pressed molybdite �MoO3� and calcite �CaCO3� powders in
Rietveld analyses, as well as the as-received powders. The structural refinement results are
compared to single-crystal structures. The results indicate that reasonable refinement of crystal
structures can be obtained using either the March model or generalized spherical-harmonic
description. However, the generalized spherical-harmonic description provided better Rietveld fits
than the March model for the molybdite and calcite. Therefore, the generalized spherical-harmonic
description is recommended for correction of preferred orientation in neutron diffraction analysis for
both crystal structure refinement and phase composition analysis. Subsequently, the generalized
spherical-harmonic description is extended to crystal structure refinement of annealed and the aged
polycrystalline Ni-rich Ni50.7Ti49.30 shape memory alloys. © 2009 International Centre for
Diffraction Data. �DOI: 10.1154/1.3257906�
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I. INTRODUCTION

As a consequence of the preparation technique or the
habit of the crystallites, crystallographic preferred orientation
�PO� or texture is an important problem in powder diffrac-
tion studies because it can cause serious systematic errors in
crystal structure refinement and phase composition analysis.
Initially, Rietveld �1969� used a simple Gaussian model to
describe grain orientations in neutron powder diffraction
�ND� data. �Rietveld analysis adjusts the refinable parameters
until the best fit of the entire calculated pattern to the entire
measured pattern is achieved. Additionally, the refined
atomic parameters should agree well with the structure de-
rived from single-crystal X-ray diffraction data.� Since then,
preferred orientation has been a part of Rietveld refinement
because the method is well suited to low-symmetry com-
pounds with many closely spaced and partially overlapped
peaks, whereas it is still difficult to measure quantitative pole
figures for complex X-ray powder diffraction �XRD� and ND
data for such materials. The March model �Dollase, 1986;
O’Connor et al., 1991, 1992; Sitepu, 1991, 1998, 2002;
Sitepu, O’Connor, and Li, 2004, 2005�, the generalized
spherical-harmonic �GSH� description �Ahtee et al., 1989;
Popa, 1992; Järvinen, 1993; Von Dreele, 1997; Bergmann et
al., 2001; Sitepu et al., 2001; Sitepu, Schmahl, and Allafi et
al., 2002; Sitepu, Schmahl, and Stalick, 2002; Sitepu,
Schmahl, and Von Dreele, 2002; Sitepu, 2003, 2007, 2008;
Sitepu, O’Connor, Benmarouane et al., 2004�, and the
Williams-Imhof-Matthies-Vinel method �Matthies et al.,
1988, 1997; Lutterotti et al., 2004� have been successfully
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used to describe the texture resulting from packing effects in
Bragg-Brentano and Debye-Scherrer powder diffraction
measurements using Rietveld refinement programs. The de-
scriptions of the BGMN, DBWS, FULLPROF, GSAS, LHPM,
MAUD, and NXD programs and links to them can be obtained
via the Collaborative Computational Project, No. 14
�CCP14�, http://www.ccp14.ac.uk/. The March and GSH PO
models are described in turn below.

A. The March-Dollase PO factor for powder
diffraction

The March �1932� model treats the development of PO
in a homogeneously deformed medium according to the re-
orientation of linear and planar indicators. Because deforma-
tion is homogeneous, the effect of deformation is to reorient
lines and planes. Owen �1973� used a geometrical approach
in his development of the model according to the movement
of linear markers. This approach has the virtue of avoiding
complex tensor mathematics described in the March �1932�
paper and of making the deformation more evident. The
XRD intensity as a function of orientation for the general
case �that is, using a general strain tensor� was derived by
Chen �1991�,

Ij�� j,� j� = �S1
2 sin2 � j cos2 � j + � sin2 � j sin2 � j

S1
2S3

2 �
+ S3

2 cos2 � j�−3/2

q , �1�

where �� j ,� j� are the spherical coordinates, with respect to
sample orientation, for the orientation of the goniometer

sample stage �Wenk, 1985�; S1 and S3 are the maximum and
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minimum March stretches, respectively; and q is the XRD
intensity of a randomly distributed undeformed sample.

Consider a planar powder diffraction sample formed by
a volume conserving cylindrically symmetric compression
such that the initial sample thickness d0 is reduced to d �Dol-
lase, 1986�. �Dollase did not include the derivation of the
March model at his original paper.� The stretch tensor axial
lengths in the sample plane are equal as the sample compres-
sion is axially symmetric,

S1 = S2, �2�

and the stretch tensor axial length along the sample normal is
defined as the PO parameter r,

S3 = d/d0 = r . �3�

Furthermore, as sample volume is conserved, the product of
the stretch tensor axial lengths is unity,

S1S2S3 = 1. �4�

Substitution of Eqs. �2� and �3� into Eq. �4� yields

S1 = S2 = r−1/2. �5�

Substitution of Eqs. �3� and �5� into Eq. �1� gives

Ij�� j,� j� = �r−1 sin2 � j cos2 � j +
sin2 � j sin2 � j

r−1r2

+ r2 cos2 � j�−3/2

q , �6�

which simplifies to

Ij�� j,� j� = �r−1 sin2 � j + r2 cos2 � j�−3/2q �7�

or

Ij�� j,� j� = Pjq , �8�

where

Pj = �r−1 sin2 � j + r2 cos2 � j�−3/2 �9�

and � j is the angle between the PO direction and the
reciprocal-lattice vector direction for the Bragg peak that is
corrected. The March r parameter controls the distribution
shape and is an index of the extent of PO, r being unity for
an ideal random-orientation XRD and ND data. For a flat-
plate specimen, in which platy crystals pack along the dif-
fraction vector, r�1 and needle crystals yield r�1. For cy-
lindrical specimens, these relationships are reversed. The
March model does not require the use of data acquired with
a multiaxis diffractometer for correcting of XRD and ND
intensities due to the effects of PO. The model �i� consists of
a single r parameter, �ii� is symmetric and smooth across
� j =0° and � j =90°, �iii� yields a PO correction factor
which has either maximum or minimum at � j =0° �see Fig-
ure 1�, and �iv� is normalizable over the full 2� j angular
range, i.e.,

	
�j=0

�/2

P�� j�sin�� j�d� j = 1. �10�

The normalization is important in that changes in the PO
correction factor shape conserve the total intensity within the

powder diffraction pattern.
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B. The GSH texture correction factor

To apply the GSH description, which is generated using
selection rules depending on the crystal symmetry of the
phase under investigation, the general axis distribution
A�� ,� ,� ,�� �Bunge, 1982; Popa, 1992; Von Dreele, 1997�
was used,

A�	,�,�,��

= 1 + 

l=2

L � 4�

2l + 1
� 


m=−1

+l



n=−1

+l

Cl
mnKl

m�	,��Kl
n��,�� .

�11�

The two harmonic terms, Kl
m�	 ,�� and Kl

n�� ,��, take on
values according to the crystal and sample symmetries, re-
spectively. These symmetry-modified terms correspond to
the angular portions of the atomic orbitals familiar to chem-
ists. Terms with l=0 correspond to s orbitals and so are not
useful for describing PO. Since diffraction patterns �ignoring
the effects of resonant scattering� are centrosymmetric, terms
with l odd �which yield noncentrosymmetric orbitals� are not
useful for describing PO. Terms with l=2 correspond to d
orbitals, l=4 correspond to g orbitals, etc.

In the diffraction experiment, the crystal �	 ,�� and the
sample �� ,�� coordinates are determined by the choice of
reflection index �hkl� and sample orientation on the diffrac-
tometer, respectively. The texture is then completely de-
scribed by the set of Cl

mn determined from Rietveld refine-
ment with GSH description. In the case of an ideal random-

Figure 1. �Color online� The variation of the March PO correction factor
with orientation angle. The assumed PO direction for calcite was �001�. Pole
axial distribution plot for �001� for calcite data derived from Rietveld re-
finement with GSH description.
orientation XRD and ND data, all the harmonic coefficients
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are zero, and therefore the general axis distribution is unity
�see Figure 1�. The magnitude of the texture can be evaluated
from the texture index, J, �Bunge, 1982�,

J = 1 + 

l=2

L � 1

2l + 1
� 


m=−l

l



n=−l

l

Cl
mn2. �12�

The objectives of the present study were to characterize
the PO and perform crystal structure refinement using ND
data collected from uniaxially pressed molybdite and calcite
powders. The data were analyzed initially assuming a ran-
dom orientation of the crystallites and subsequently the PO
correction was applied using the March model. The GSH
description was independently used as a complementary
method to correct the intensities due to the effects of PO.
Then, the author compared results and used the model that
provided reasonable crystal structure parameters and superior
figures of merit to determine crystal structure and phase
composition analyses both for �i� cubic and monoclinic
phases in annealed solution �850 °C, 15 min� and �ii� cubic,
trigonal, monoclinic, and precipitate phases in aged �500 °C,
24 h� polycrystalline Ni-rich Ni50.7Ti49.3 shape memory alloy
�SMA�. ND scattering lengths are −3.44
10−15 m for Ti
and 10.30
10−15 m for Ni, which allow the site occupan-
cies of these two atoms to be refined with far greater reliabil-
ity than can be achieved with XRD �Sitepu, 2007, 2008�.

II. EXPERIMENTAL
A. Molybdite „MoO3… and calcite „CaCO3… powders
and ND data

As a test of the March and GSH PO models, the models
were independently used in Rietveld refinements to examine
the texture of molybdite and calcite powders. The starting
powders were analytical reagents which were supplied by
EM Science �USA� and Mallinckrodt Chemical Co. �USA�,
and their measured neutron pole figures are given in Figure
2. Figure 2 shows that the as-received molybdite powder has
stronger PO than the as-received calcite powder. The texture
indices for molybdite and calcite are 1.10 and 1.034, respec-
tively. The powders were considered to be excellent for this
study because �i� the platy crystallite shapes of molybdite
�Calvert et al., 1983; Sitepu, 1991, 1998, 2002� and calcite
are consistent with the requirement for the March model that
crystallites should be either disk-like or rod-like and �ii�
high-quality crystal structures �Kihlborg, 1963; Maslen et al.,
1995� have been reported. The other requirement for the
March model is that the PO correction factor describing the
orientation of crystallites is axially symmetric. This assump-
tion is usually satisfied for uniaxially pressed powder
samples and can be ensured by spinning the flat-plate sample
about the diffraction vector during data collection.

In the present work, a substantial level of PO was intro-
duced during the specimen preparation. Approximately 2 g
of the as-received powder was uniaxially pressed in a cylin-
drical steel die 1.3 cm in diameter at a pressure of
550�5 MPa. The height of the resulting disk was approxi-
mately 0.6 cm. As the relatively weak neutron beam intensity
requires the use of large specimens, multiple disks were in-
dependently pressed. Five of these disks were then stacked

together into a cylinder with a height approximately 3 cm to
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obtain higher counting rates. The specimens were rotated
during the data collection to improve particle statistics.

The ND data were collected at room temperature using
the BT-1 32-detector constant-wavelength high-resolution
powder diffractometer at the NIST Center for Neutron Re-
search reactor in Gaithersburg, MD, USA. A Cu�311� mono-
chromator with a 90° take-off angle, wavelength of 1.5402
Å, and 15 min incident collimation was employed. Data were
collected with counting time approximately 6 h for each
sample. The scan range was 10°, with a step size of 0.05°, so
that each data point was collected in two adjacent detectors
with a total scan range of 3° to 168° 2�. The data from the 32
detectors were then processed to yield a single histogram
using interpolations between adjacent observations to correct
for zero-point offsets and detector sensitivities. The BT-1
instrument at NIST Center for Neutron Research is described
at http://webster.ncnr.nist.gov/xtal/.

B. Ni-rich Ni50.7Ti49.3 SMAs and ND data

It is well known that NiTi SMA combines good func-
tional properties with high strength; therefore, it is recently
the most successful shape memory material �Sitepu,
Schmahl, Allafi et al., 2002; Sitepu, 2003, 2007; Otsuka and
Ren, 2005�. There is an interest in Ni-rich NiTi SMAs be-
cause the phase transition temperature varies with nickel
content. The polycrystalline Ni-rich Ni50.7Ti49.3 SMA was an-
nealed at 850 °C for 0.4 h and quenched in water. Figure
3�a� shows the differential scanning calorimeter �DSC� re-
sults. This annealed �850 °C, 0.4 h� alloy exhibits a one-step
martensitic transformation on both cooling and heating, with
DSC peaks at −13 °C on cooling and +14 °C on heating.
Subsequently, this annealed alloy was aged at 500 °C for 20
h to promote both the trigonal phase and induce precipitation
of Ni4Ti3. The aged alloy exhibits a two-step �cubic
→ trigonal→monoclinic� martensitic transformation on
cooling, with DSC peaks at 18 and 7 °C. On heating, a one-
step �monoclinic→cubic� transformation with a DSC peak at
43 °C occurs �Figure 3�b��. �Recently, Sitepu �2007� has
shown that on the other two steps �cubic→ trigonal
→monoclinic� martensitic transformations can also be ob-
tained by adding a small amount of Fe into NiTi alloy, but
the precipitate phase did not appear.� There were no changes
in the appearance of the DSC curves when experiments were
repeated. ND data were measured for �i� the annealed alloy
at 38 and −108 °C on cooling and �ii� the aged alloy at 40,
17.8, and −10.2 °C on cooling. ND experiments were per-
formed on cylindrical specimens 0.8 cm in diameter and 7
cm in height, and all experiment details and the ND patterns
obtained are given by Sitepu �2008�. The ND data were then
processed to yield a single diffraction pattern using interpo-
lation between adjacent observations to correct for zero-point
offsets and detector sensitivities. The crystal structure of �a�
cubic and monoclinic in the annealed �850 °C, 0.4 h� alloy
on cooling and �ii� cubic, trigonal, monoclinic, and precipi-
tated Ni4Ti3 phases in the aged �500 °C, 24 h� polycrystal-
line Ni-rich Ni50.7Ti49.3 alloy during two-stage phase trans-
formations on cooling were determined using Rietveld

refinements with the GSH model.
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C. Rietveld refinement with GSH description

The least-squares structure and profile refinements were
performed with GSAS �Larson and Von Dreele, 2000�. The
structural models used for the molybdite and calcite single-
crystal XRD data were described by Kihlborg �1963� and
Maslen et al. �1995�, respectively. The directions of PO used
for the ND refinements were �010� for molybdite �Kihlborg,
1963� and �001� for calcite �Sitepu, 1998, 2002�. The initial
cubic, trigonal, monoclinic, and Ni4Ti3 single-crystal struc-
ture parameters were taken from Wang, Buehler, and Pickart
�1965�, Schryver and Potavop �2002�, Kudoh et al. �1985�,
and Tirry et al. �2006�, respectively. The refined parameters
were the phase scale factors, the Chebychev polynomial
background parameters, the lattice parameters, the instru-
ment zero point, the atomic isotropic and anisotropic dis-

(a)

(b)

Figure 2. �Color online� �a� The �100�, �010�, �001�, �011�, �101�, and �110�
�101�, �102�, and �103� pole figures for the as-received calcite powders. Th
placement coefficients, and the Lorentzian and the Gaussian
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terms of a pseudo-Voigt profile function. After the prelimi-
nary refinement without PO correction �r=1.00� had con-
verged, the March PO r parameter was then included. The
refinement was carried out with one preferred orientation di-
rection only because with two PO directions and two volume
fractions, f �Dollase, 1986�, no additional improvements in
the figures-of-merits and goodness-of-fit index were obtained
�Sitepu et al., 2001, 2005�. �GSAS Rietveld software can be
used to refine two texture phases, one with March r param-
eter and volume fraction f and one with March r parameter is
unity �random orientation� and volume fraction �1− f�. This
is the so-called March-Dollase approach in which the param-
eters r and f are refined.� Subsequently, for Rietveld refine-
ment using GSH description �Sitepu, 2008 and references
therein�, the default sample texture symmetry was chosen to

gures for the as-received molybdite powder and �b� the �001�, �100�, �110�,
given in equal area projection and linear scale.
pole fi
be cylindrical �or fiber texture� after the preliminary refine-

318Husin Sitepu



ment without PO correction had converged. The choice of
sample symmetry profoundly affects the selection of har-
monic coefficients �see Eq. �11��. In the case of cylindrical
sample symmetry, only Kl

n�� ,�� terms are zero, so the rest
are excluded from the summations, and the set of Cl

m0 coef-
ficients is sufficient to describe the effect of PO on the ND
patterns. The default values for the goniometer angles ��, ,
and 	� were fixed at �0, 0, and 0�. Sixth-order harmonics
were selected following preliminary calculations using eight
orders that yielded the same figures-of-merit and goodness-
of-fit index. Practically, the harmonic order is determined by
the magnitude of texture as well as the data quality. Refine-
ments using too many terms diverge and/or yield high-order
terms with coefficients insignificantly different from zero.

III. RESULTS AND DISCUSSION
A. Molybdite †MoO3‡ and calcite †CaCO3‡ powders

The as-received molybdite and calcite powders exhibit
significant preferred orientation �Figures 2�a� and 2�b��. The
texture indices are 1.10 and 1.03, respectively. The GSH de-
scription was used to extract the texture information from a
simultaneous refinement with 99 ND patterns Von Dreele
and Vogel �2009� held in a variety of orientations in the
HIPPO neutron time-of-flight diffractometer at Los Alamos
Neutron Scattering Center �LANSCE�. So, when additional
PO was introduced during the uniaxially pressing of the mo-
lybdite and calcite powders, the reliability of the March and
GSH PO models could be assessed in correcting intensities
for texture.

The refined structural parameters of molybdite �Table I�
using either the March model or GSH description agreed

Figure 3. DSC curves for �a� the annealed �850 °C, 0.4 h� and �b� the aged
�500 °C, 20 h� Ni-rich Ti49.30Ni50.70 SMA.
quite satisfactorily with the corresponding single-crystal re-
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sults �Kihlborg, 1963�. The figures-of-merit and goodness-
of-fit index decreased substantially when the Rietveld refine-
ments were carried out using either the March model or the
GSH description. The GSH description provided smaller
figures-of-merit and goodness-of-fit index than the March
model even if the differences are sometimes small. The tex-
ture index �Eq. �12�� for uniaxially pressed molybdite and
calcite powders was 1.289, which indicates that the pressed
powder has substantially higher texture than that of the as-
received specimen as expected.

Reasonable refinements of calcite crystal structure pa-
rameters were obtained when applying either the March
model or GSH description �Table II�. The differences be-
tween the present results and those from the synchrotron
single-crystal XRD study �Maslen et al., 1995�, particularly
for some of the anisotropic thermal parameters, probably
arise because the calcite sample employed in this study is
uniaxially pressed calcite powder at 550�5 MPa. In a study
of natural calcite, Von Dreele �1997� noted that only three of
the eight anisotropic displacement coefficients obtained by
Rietveld refinement agreed well with the single-crystal XRD
data �Maslen et al., 1995�. Furthermore, an examination of
the covariance matrix from the Rietveld refinements showed
that there were no significant correlations between the GSH
coefficients and the other parameters in the refinements
which indicate consistency with the orthogonality properties
of harmonic functions. Both the March and the GSH PO
models are orthogonal to the refined parameters, such as
phase scale factor, zero point, lattice parameters, and the
Lorentzian and Gaussian terms of pseudo-Voigt profile func-
tion, anisotropic strain parameters �Popa, 1998; Stephens,
1999�, structural parameters, and anisotropic thermal param-
eters for calcite single-crystal synchrotron XRD data
�Maslen et al., 1995�.

Figure 1 shows typical orientation probability distribu-
tions of the uniaxially pressed calcite sample determined by
Rietveld refinement with the GSH and March PO models. As
expected, the March PO correction factor is maximum at
� j =90° and minimum at � j =0° when the March r parameter
is greater than 1.00. In the case of an ideal random-
orientation XRD and ND data, the distribution is unity. The
March PO correction factor is slightly lower at the low and
high angles than the pole-axis distribution of the �001�
uniaxially pressed calcite powder ND data, plotted with the
orientation angle 	 in Fig. 1 �	 is the angle between the
pressing axis and the normal of the �001� calcite plane�. Fig-
ure 4 shows the agreement between the calculated and mea-
sured ND patterns for uniaxially pressed molybdite and cal-
cite powders at 550�5 MPa following Rietveld refinement
with �a� random orientation, �b� the March model, and �c� the
GSH models for PO correction. The Rietveld fit obtained
from the GSH description is superior to results obtained from
the March model �Table II and Figure 4�. The generally
lower figures-of-merit and goodness-of-fit index obtained
from Rietveld refinement using the GSH description may
reflect the limitations of the March model with respect to PO
correction in the samples examined in the present study and
also the larger number of fitted parameters in the GSH
model. The GSH description is generally superior and should
be used for correction of the PO in ND analysis for both

crystal structure refinement and phase composition analysis.
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B. Crystal structure and phase composition of the
annealed „850 °C, 0.4 h… and the aged „500 °C,
24 h… polycrystalline Ni-rich Ni50.7Ti49.3 SMAs

The annealed �850 °C, 0.4 h� alloy yields a one-step
martensitic transformation on heating and cooling �Figure
3�a��. Figure 3�b� shows that there are one distinct DSC peak
on heating �i.e., monoclinic to cubic phase transformation�
and two peaks on cooling �i.e., cubic to monoclinic via trigo-
nal phase transformations� for the aged �500 °C, 24 h� alloy.
It is important to highlight that when the aged alloy is inves-
tigated at room temperature, it matters whether this tempera-
ture was reached by cooling from high temperature to low
temperature �i.e., trigonal� or by heating from low tempera-
ture to high temperature �i.e., monoclinic�. ND patterns of
cubic �40 °C�, trigonal �17.8 °C�, and monoclinic
�−10.2 °C� phases are consistent with the DSC results on
cooling. Table III reports the refined atomic parameters for
high-resolution ND data sets for �i� cubic and monoclinic

TABLE I. Summary of refined structure parameters, figures-of-merit and
550�5 MPa obtained from Rietveld refinement. The space group used wa
1 /2+x , 1 /2−y , 1 /4; and x ,y ,3 /4. The isotropic thermal parameters as l
�Kihlborg, 1963�. The Kihlborg values for Mo, O1, O2, and O3 are 0.230�6�

Parameter

This work

March model
Generalized spherical-harm

description

Lattice
a �Å� 3.9624�1� 3.9624�1�
b �Å� 13.860�2� 13.860�2�
c �Å� 3.6971�4� 3.6971�4�

Atomic
Mo�x ,y ,1 /4�
x 0.085 03�8� 0.084 90�7�
y 0.101 33�9� 0.101 26�8�
U 0.006�2� 0.007�2�

O1�x ,y ,1 /4�
x 0.0348�3� 0.0350�3�
y 0.221 20�10� 0.221 39�9�
U 0.013�2� 0.013�3�

O2�x ,y ,1 /4�
x 0.5211�2� 0.5209�2�
y 0.088 07�10� 0.088 28�9�
U 0.009�2� 0.010�2�

O3�x ,y ,1 /4�
x 0.5019�2� 0.5016�2�
y 0.4361�1� 0.4363�1�
U 0.007�2� 0.007�2�

Figures-of-merit an
RP 4.99 3.78
RWP 6.03 4.79
2 4.31 3.40
r 1.298�2� 1.000�fixed�
J 1.000�fixed� 1.269
phases in the annealed-solution Ni50.7Ti49.3 alloy and �ii� cu-
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bic, trigonal, monoclinic, and precipitate Ni4Ti3 in
Ni50.7Ti49.3 SMA during two-stage phase transformations.

1. Cubic phase

Table III shows structural refinements of cubic phase in
both �i� the annealed �850 °C, 0.4 h� alloy and �ii� the aged
�850 °C, 24 h� Ni-rich Ni50.7Ti49.30 SMA. The crystal struc-
ture parameters of Ni4Ti3 precipitate phase in the aged
Ni50.7Ti49.3 SMA are also given in Table III. The results ob-
tained from Rietveld refinement with the GSH description
agree reasonably well with the single-crystal XRD data
�Wang, Buehler, and Pickart, 1965�. The atomic position and
isotropic temperature factors for the Ni4Ti3 precipitate phase
agreed well with the single-crystal results reported by Tirry
et al. �2006�. The annealed �850 °C, 0.4 h� alloy is 100%
cubic phase and the aged �850 °C, 24 h� Ni-rich Ni50.7Ti49.30
alloy is 93% cubic phase and 7% Ni4Ti3. A measured �100�

ess-of-fit results, for the uniaxially pressed molybdite �MoO3� powder at
mn �No. 62�. Wyckoff coordinates: 4�c�=x ,y ,1 /4; 1 /2−x , 1 /2+y , 1 /4;
are B=8�2 /U, where B is the values taken from single-crystal XRD data
61�3�, 0.628�4�, and 0.951�9�, respectively.

Single-crystal XRD data
�Kihlborg, 1963� � /� March � /� GSH

meters
3.9628�7� �0.6 �0.6

13.855�3� 1.4 1.4
3.6964�6� 1.0 1.0

meters

0.086 69�9� �13 �15
0.101 64�5� �3.0 �3.8
0.003�6� 0.5 0.7

0.0373�9� �2.6 �2.4
0.221 40�4� �1.8 �0.1
0.012�9� 0.1 0.1

0.5212�8� �0.1 �0.4
0.086 57�7� 1.5 1.7
0.008�4� 0.2 0.4

0.4994�9� 2.7 2.4
0.435 13�8� 7.5 9.0
0.007�3� 0 0

dness-of-fit index
goodn
s Pb

isted
, 0.5

onic

para

para

d goo
pole figure and orientation distribution function �ODF� for
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the cubic phase in the annealed sample are given in Figure 5.
The texture data were measured at TEX2, the texture diffrac-
tometer at FRG-1, Geesthacht, Germany. Then, the ODFs
were calculated using iterative series expansion method,
which gives quantitative texture analysis of the sample in-
vestigated. While the texture index �J=1.18� obtained from
Rietveld refinement with GSH description was higher than
the expected value of unity for the randomly oriented of
materials, the value agrees quite satisfactorily with the cor-
responding values calculated by the iterative series expan-
sion method. Additionally, the corresponding value for the
precipitate is 1.216. It is noted that the texture index of the
annealed alloy is slightly higher than that of the aged alloy.

2. Trigonal phase

The refined structure parameters for the trigonal phase
agreed reasonably well with the results reported by Sitepu
�2007�, and the Ni4Ti3 precipitate phase in the aged �850 °C,
24 h� Ni-rich Ni50.7Ti49.30 SMA also agreed quite well with

TABLE II. Summary of Rietveld refinement results for the uniaxially presse
167�. Wyckoff coordinates: 6�c� are 0,0,0 and 0,0,1/2; 6�a� are 0,0,1/4 and
x ,x ,3 /4. Cell formula units Z=6 and chemical formula weight=100.09.

Parameter

This work

March model
Generalized spherical-

description

Cell p
a �Å� 4.990 29�14� 4.990 26�14
c �Å� 17.0687�6� 17.0684�6�
V �Å3� 368.115�14� 368.103�25�

Atomic
O�x ,0 ,1 /4�
x 0.256 67�16� 0.256 44�15

Anisotropic disp
Ca
U11 0.0174�6� 0.0182�5�
U33 0.0210�15� 0.0165�14�

C
U11 0.0132�4� 0.0143�4�
U33 0.0175�12� 0.0171�11�

O
U11 0.0172�4� 0.0190�4�
U22 0.0225�6� 0.0265�6�
U33 0.0273�8� 0.0258�8�
U13 �0.003 42�28� �0.004 12�29

Figures-of-merit an
RP 5.04 4.66
RWP 6.59 6.17
R�F2� 2.92 2.64
2 4.136 3.637
r 1.248�4� 1.000�fixed
J 1.000�fixed� 1.289
the single-crystal results of Tirry et al. �2006� �Table III�.
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The concentrations of trigonal and precipitate phases are
93% and 7% at room temperature. No significant improve-
ment in the figures-of-merit �RP ,RWP ,R�F2�� and goodness-
of-fit index �2� were found when the inversion center was

removed from the P3̄ model, suggesting that the space group
of trigonal structure in Ti50.75Ni47.75Fe1.50 alloy at room tem-

perature, on cooling, was indeed P3̄ and not lower symmetry
P3 or P31m. Sitepu �2003, 2007� showed that �i� the refined
atomic parameters for all synchrotron diffraction data sets of

trigonal phase converged only when the P3̄ space group was
used in the Rietveld refinement and �ii� a combined neutron

and synchrotron refinement confirmed that P3̄ is the correct
space group for the trigonal phase. While the texture index
for the trigonal phase is 1.136, the corresponding value for
the precipitate is 1.216 which agrees reasonable with the
cubic phase.

3. Monoclinic phase

Kudoh et al. �1985� used single-crystal XRD data to

cite �CaCO3� powder at 550�5 MPa. The space group used was R3̄c �No.
4; and 18�e� are x ,0 ,1 /4; 0 ,x ,1 /4; −x ,−x ,1 /4; −x ,0 ,3 /4; 0 ,−x ,3 /4; and

Single-crystal XRD
�Maslen et al., 1995�

� /�
March

� /�
GSH

onic

eters
4.988�2� 1.1 1.1

17.068�2� 0.3 0.2
367.8�3� 0.9 1.0

meters

0.257 00�6� �1.9 �3.7

ent coefficients

0.009 88�3� 12 17
0.009 32�4� 7.8 5.1

0.008 34�9� 12 15
0.0108�2� 5.6 5.7

0.011 29�7� 15 19
0.0220�2� 0.8 7.5
0.0202�1� 8.9 7.0

�0.004 24�6� 2.9 0.4

dness-of-fit index
d cal
0,0,3/

harm

aram
�

para

�

lacem

�

d goo

�

determine the monoclinic crystal structure. Subsequently,
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Figure 4. The Rietveld fit for the uniaxially pressed molybdite �top� and calcite �below� powders at 550�5 MPa obtained from �a� the random orientation of
the crystallites, �b� the March model, and �c� the GSH models for PO corrections.
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TABLE III. Refined crystal structure parameters, figures-of-merit and goodness-of-fit results for the cubic,
trigonal, and monoclinic phases in the annealed �850 °C, 0.4 h� and aged �500 °C, 24 h� Ti49.30Ni50.70 SMA ND
data at −5�7 °C and monoclinic only for ND data at −253�3 °C. The space groups used were Pm3m �No.

221� for cubic, P1121 /m �No. 11� for monoclinic phase, and P3̄ �No. 147� for trigonal. Standard deviations in
parentheses refer to the last digit. The weight percentage of �i� cubic is 100% for the annealed-solution alloy and
�ii� cubic and precipitates are 93% and 7% for the aged alloy.

Refined parametersa

Atomic parameters

Single-crystal XRD data

This study

Annealed Aged

1. Cubic phase �Wang, Buehler, and Pickart, 1965�
a �Å� 3.01 3.008 96�11� 3.013 02�8�
Ti�1/2,1/2,1/2� Uiso �Å�2 N/A 0.004�5� 0.009 54�30�
Ni�0,0,0� Uiso �Å�2 N/A 0.0329�5� 0.025 96�30�

Precipitate �Ni4Ti3� phase R3R �Tirry et al., 2006�
a �Å� 6.6697�11� 6.720 75�27�
� �deg� 113.838
Ti�x ,y ,z� X 0.4989�10� 0.522�12�

Y 0.1125�16� 0.093�11�
Z 0.2513�16� 0.253�14�

Uiso �Å�2 N/A 0.016�5�
Ni�0,0,0� Uiso �Å�2 N/A 0.032�5�
Ni�1/2,1/2,1/2� Uiso �Å�2 N/A 0.032�5�
Ni�x ,y ,z� X 0.0605�17� 0.065�7�

Y 0.5931�11� 0.598�6�
Z 0.7574�20� 0.762�7�

Uiso �Å�2 N/A 0.032�5�

Figures-of-merit and goodness-of-fit index
RP N/A 4.21 4.93

RWP N/A 5.33 6.75
R�F2� N/A 3.94 26.23

2 N/A 2.221 2.817
Jcubic N/A 1.195 1.064

Jprecipitate N/A 1.216

2. Trigonal phase �Schryver and Potavop, 2002�
a �Å� 7.3472�2� 7.341 00�18�
c �Å� 5.2837�3� 5.269 96�27�
Ti�0,0,0� Uiso �Å�2 N/A 0.0064�10�
Ni�0,0,1/2� Uiso �Å�2 N/A 0.0155�10�
Ti�x ,y ,z� X 0.346 0.341�4�

Y �0.02 �0.0067�22�
Z 0.346 0.3348�27�

Uiso �Å�2 N/A 0.0064�10�
Ni�x ,y ,z� X 0.332 0.3257�16�

Y �0.008 �0.0182�8�
Z 0.815 0.8558�13�

Uiso �Å�2 N/A 0.0155�10�
Ti�1 /3,2 /3,z� Z 0.045 0.023�4�

Uiso �Å�2 N/A 0.0064�10�
Ni�1 /3,2 /3,z� Z 0.547 0.5610�19�

Uiso �Å�2 N/A 0.0155�10�

Precipitate �Ni4Ti3� phase R3R �Tirry et al., 2006�
a �Å� 6.6697�11� 6.7080�22�
� �deg� 113.838
Ti�x ,y ,z� x 0.4989�10� 0.566�14�

Y 0.1125�16� 0.099�14�
Uiso 0.2513�16� 0.225�14�

Uiso �Å�2 N/A 0.020�6�
Ni�0,0,0� Uiso �Å�2 N/A 0.029�6�
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Sitepu �2008� used Rietveld refinement with GSH descrip-
tion to describe the monoclinic crystal structure of
Ni50.14Fe49.86 alloy and showed that the refined parameters
agree reasonably well with the X-ray single-crystal data. In

TABLE III. �Continued.�

Refined parametersa Single-cryst

Ni�1/2,1/2,1/2� Uiso �Å�2 N
Ni�x ,y ,z� X 0.060

Y 0.593
Z 0.757

Uiso �Å�2 N

Figures-of-merit an
RP N

RWP N
R�F2� N

2 N
Jtrigonal N

Jprecipitate N

3. Monoclinic pha
a �Å� 2.89
b �Å� 4.10
c �Å� 4.64
� �deg� 97.7
Ti�x ,y ,1 /4� x 0.58

y 0.28
Uiso �Å�2 0.0

Ni�x̄ , ȳ ,3 /4� x 0.03
y 0.17

Uiso �Å�2 0.0

Precipitate �Ni4Ti3� pha
a �Å� 6.669
� �deg� 113
Ti�x ,y ,z� x 0.498

y 0.112
z 0.251

Uiso �Å�2 N
Ni�0,0,0� Uiso �Å�2 N
Ni�1/2,1/2,1/2� Uiso �Å�2 N
Ni�x ,y ,z� x 0.060

y 0.593
z 0.757

Uiso �Å�2 N

Figures-of-merit an
RP N

RWP N
R�F2� N

2 N
Jmonoclinic N
Jprecipitate N

aWyckoff coordinates: 2�e�=x ,y ,1 /4 and 2�e�= x̄ , ȳ
=1 /3,2 /3,z, and 6�g�=x ,y ,z for trigonal.
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the present study, the results obtained from Rietveld refine-
ment with the GSH description for ND data of monoclinic
phase in �i� annealed-solution �850 °C, 0.4 h� and �ii� aged
�850 °C, 24 h� Ni-rich Ni50.7Ti49.30 alloys at low temperature

Atomic parameters

D data

This study

Annealed Aged

0.029�6�
� 0.048�6�
� 0.587�5�
� 0.743�6�

0.029�6�

dness-of-fit index
4.89
6.44
7.12
2.360
1.136
1.216

udoh et al., 1985�
2.875 80�32� 2.8894�6�
4.126 44�34� 4.1334�8�
4.6325�4� 4.6321�9�

96.964�7� 96.929�19�
0.594�5� 0.564�5�
0.2929�34� 0.2942�35�
0.033�4� 0.0105�24�
0.0334�10� 0.0331�18�
0.1760�8� 0.1771�9�
0.0105�11� 0.0053�12�

3R �Tirry et al., 2006�
� 6.7211�18�

� 0.567�21�
� 0.172�20�
� 0.299�23�

0.028�7�
0.030�7�
0.030�7�

� 0.060�7�
� 0.609�6�
� 0.760�7�

0.030�7�

dness-of-fit index
4.23 4.92
5.56 6.50
3.06 2.75
2.411 2.440
1.098 1.039

1.221

for monoclinic; 1�a�=0,0 ,0, 1�b�=0,0 ,1 /2, 2�d�
al XR

/A
5�17
1�11
4�20
/A

d goo
/A
/A
/A
/A
/A
/A

se �K
8�1�
8�2�
6�3�
8�4�
24�5�
36�3�
107
72�4�
52�2�
126

se R
7�11
.838
9�10
5�16
3�16
/A
/A
/A
5�17
1�11
4�20
/A

d goo
/A
/A
/A
/A
/A
/A

,3 /4
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agree quite well with the single-crystal XRD data �Table III�.
The concentration of Ni4Ti3 in the aged �850 °C, 24 h� Ni-
rich Ni50.7Ti49.30 was 7%. The GSH description can be used
successfully to correct the ND intensities due to the effects of
PO for the purposes of determining crystal structure informa-
tion and phase composition analysis of the two-stage cubic
→ trigonal→monoclinic martensitic phase transformations
in Ni51.70Ti49.30 alloy. The texture indices for the monoclinic
and precipitate phases are 1.039 and 1.221. The precipitate
has the same texture index for cubic, trigonal, and mono-
clinic phases. The texture index of the annealed alloy is
slightly higher than that of the aged alloy.

IV. CONCLUSIONS

The following conclusion can be drawn:

• ND pole figures of the as-received molybdite and calcite
powders showed that the samples have preferred orienta-
tion.

• The level of preferred orientation for uniaxially pressured
molybdite and calcite powders is higher than the as-

Figure 5. �a� �100� measured pole figures for the cubic phase in the annealed
Ti49.30Ni50.70 SMA with the countour levels of 1.0, 1.1, 1.2, 1.3 1.4, 1.5, 1.6,
1.7, 1.8, and 1.9 multiple of random density �mrd� and the maximum value
of pole figure �Pmax� is 1.9. �b� The ODF of the cubic phase in the annealed
Ti49.30Ni50.70 alloy with the countour levels of 1.0, 1.2, 1.4 1.6, 1.8, 2.0, and
2.2 mrd and ODF section 	1=0.0°. The maximum value of ODF �Fmax� is
1.9 and 	1, 	2, and � are Euler angles.
received samples.
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• The refined structural parameters of uniaxially pressed mo-
lybdite and calcite powders obtained from Rietveld refine-
ment with either the March model or GSH description
agreed well with the single-crystal results. The GSH de-
scription provided a better Rietveld fit than the March
model.

• While the annealed alloy has a one-step phase transition on
heating and one stage on cooling, the aged alloy shows that
there is one-step monoclinic to cubic martensitic transfor-
mation on heating and a two-stage cubic→ trigonal
→monoclinic on cooling.

• The refined atomic parameters obtained from Rietveld re-
finement with the GSH description for �i� cubic, trigonal,
monoclinic, and precipitate �Ni4Ti3� phases in the Ni-rich
Ni50.7Ti49.3 SMA agree reasonably well with the single-
crystal XRD data results.

• The GSH description is recommended for correction of the
PO in ND analysis for both crystal structure refinement of
uniaxially pressed molybdite and calcite powders and
phase composition analysis of the annealed-solution and
aged Ni-rich Ni50.7Ti49.3 SMA.
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