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Abstract

Neutron diffraction spectra have been recorded in situ during tensile testing of polycrystalline Fe–30.5 at % Pd at
a range of temperatures, in order to investigate stress-induced martensitic transformation and variant changes. The
selective transformation of preferentially oriented austenite grains and martensite variants is identified and related to
elasticity-based theory. Rietveld refinement is applied to determine the variation of elastic stiffness with temperature,
revealing a significant increase in stiffness upon transformation to the martensite phase, in contrast to macroscopic
measurements.
 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Considerable interest has recently been directed
towards a range of ferromagnetic shape memory
alloys, in which the shape memory effect may be
induced not only thermally, but also magnetically.
The magnetically-induced effect makes them
attractive for a range of actuator applications.
Among these alloys, the Fe–Pd system is of parti-
cular interest, offering potential benefits including
large magnetisation, easy control of theMs tem-
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perature by alloy composition, and a notably low
elastic stiffness[1–3].

These Fe–Pd alloys exhibit a martensitic trans-
formation from an fcc to fct crystal structure[1,2].
The thermally induced transformation in polycrys-
talline Fe–Pd has been investigated experimentally
using optical and electron microscopy[4–6] and
X-ray diffraction [1,2]. However, relatively little
work has been carried out studying the martensite
structure produced under applied stress. This is of
interest, since under an applied stress, certain mar-
tensite orientations (variants) will preferentially
form, resulting in a different structure to that
induced thermally. Moreover, work is also required
to examine the variant changes which occur when
stress is applied to existing martensite. Conversion
between variants involves the dissipative process
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of interface movement; mechanical testing com-
bined with observation of orientation changes pro-
vides a method of investigating the extent of
energy dissipation. This information is relevant to
both the conventional shape memory effect and the
magnetic effect, which originates from magneti-
cally-induced variant changes [7].

Neutron diffraction provides an excellent
method to investigate both stress-induced trans-
formation and variant change. While the tech-
niques are similar, neutron diffraction offers major
advantages over conventional X-ray diffraction
because the penetration depth of neutrons is far
greater than that of laboratory X-rays (respectively,
~10 mm and ~10 µm in iron for neutrons and X-
rays of similar wavelength [8]), thus allowing bulk
rather than surface properties to be probed. Further,
neutron diffraction is also more appropriate than
synchrotron X-ray diffraction for materials with
large grain sizes, as is typical for Fe–Pd alloys,
because a scattering volume of several cubic milli-
metres may be used in order to sample a represen-
tative grain population. There now exist dedicated
engineering instruments at neutron sources,
equipped with online loading rigs [9]. By carrying
out in situ loading experiments, changes in crystal
structure, texture and internal stress may be fol-
lowed. This paper reports an application of this
technique to the study of the martensitic transform-
ation in an Fe–Pd alloy. While neutron diffraction
studies of other shape memory alloys have been
reported previously [10–12], the crystallography of
the martensitic transformation in Fe–Pd is appeal-
ing simple, facilitating a straightforward analysis
and leading to greater insights into the transform-
ation process.

2. Martensite structure

A typical optical micrograph of polycrystalline
Fe–Pd in the fully martensitic state is shown in Fig.
1. The martensite structure, observed using optical
and electron microscopy, has been analysed on the
basis of elasticity theory [6]. We summarise here
some key points, with regard to the motivations for
the present study.

Due to the higher symmetry of the parent aus-

Fig. 1. Optical micrograph of martensite in polycrystalline Fe-
30.5 at % Pd showing, to the right of center, a former austenite
grain containing three former austenite twin boundaries.

tenite phase, the martensitic daughter structure can
form with a number of different orientations or
variants. One of the motivations for the present
study is to identify the preferential formation of
certain variants under applied stress. Although the
formation of certain variants has been observed
metallographically, no in situ diffraction study has
yet been attempted in order to identify their orien-
tation.

For Fe–Pd, there are three Bain correspondence
variants (BCVs), denoted BCV(1), BCV(2) and
BCV(3), where the index refers to the austenite
axis to which the martensite c-axis lies parallel. For
example, BCV(1) is the variant in which the c-axis
lies parallel to the austenite 1-axis, [1 0 0].

The stress-free transformation strain of BCV(1)
is written as

eT(1) � �ec 0 0

0 ea 0

0 0 ea�. (1)

Here,

ea � (a�a0) /a0, ec � (c�a0) /a0, (2)

where a0 is the stress-free lattice parameter of aus-
tenite and a and c are, respectively, the stress-free
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lattice parameters of the a-axes and the c-axis of
martensite. The strain components satisfy

ea � 0, ec � 0, ea � ec � 0 (3)

[2]. The transformation strains of BCV(2) and
BCV(3) are obtained by permuting the diagonal
components in (1).

When the austenite phase is cooled below the
martensite start temperature, Ms, martensite plates
begin to form within the austenite matrix. The
structure of a martensite plate consists of fine twins
of two of the three BCVs, joined along stress-free
{1 1 0} interfaces [6]. For example, a plate con-
sisting of BCV(1) and BCV(2) has average trans-
formation strain

ēT � feT(1) � (1�f )eT(2) (4)

� �ea�f (ea�ec) 0 0

0 ec � f (ea�ec) 0

0 0 ea�,

where f is the volume fraction of BCV(1). Eq. (4)
is written using an infinitesimal deformation
approach [13], since the magnitudes of ea and ec
are small [2]. Using this approach, it may be shown
that if the habit plane has a certain orientation and
f takes the value ea / (ea�ec) or �ec / (ea�ec), the
plate is formed without the generation of internal
stress [6]. Since there are three possible combi-
nations of two BCVs, and two solutions of f for
each, there exist a total of six possible variants of
stress-free plates with different transformation
strains (in addition, there are two solutions for the
habit plane orientation of each variant, but this is
not relevant to the discussion below).

Let us consider stress-induced transformation in
a single austenite crystallite under uniaxial tensile
loading, with the tensile axis lying inside the stan-
dard stereographic triangle of [0 0 1]–[1 0 1]–
[1 1 1]. In order to maximise elongation along the
tensile axis, the applied stress favours the forma-
tion of BCV(2) over BCV(1), and both over
BCV(3). Thus, of the six possible types of twinned
plate, that composed in the majority of BCV(2)
with a minority of BCV(1) is most favoured by the
applied stress. Considering (3), this has f = ea /

(ea�ec) and, from (4), its average stress-free trans-
formation strain is

ēT � �0 0 0

0 ea � ec 0

0 0 ea�. (5)

The elongation along the tensile axis is maxi-
mised if the tensile direction is parallel to [0 0 1].
Thus, in an austenite polycrystal, neglecting the
constraint of surrounding grains, stress-induced
transformation is most favoured in those grains ori-
ented with the tensile axis parallel to an �0 0 1�
direction. Experimental verification of this predic-
tion is one motivation for the present study.

We note in passing that a strict energetics analy-
sis demonstrates that the structure of a plate formed
under applied stress would be expected to deviate
somewhat from that which gives rise to zero
internal stress, with f varying accordingly [14].
However, in the temperature range examined in the
present study, the expected deviation of f is small,
and can be neglected.

When cooled into the fully martensitic state in
the absence of applied stress, each original austen-
ite grain develops a compound twin martensite
structure, consisting of alternating lamellar plates.
These are seen in the optical micrograph of Fig. 1
as alternating bright and dark lines of surface
relief. Each plate itself consists of fine twins (not
observable using optical microscopy) of two
BCVs, joined along stress-free {1 1 0} interfaces,
as described above. The two BCVs constituting a
plate are also twin-related along {1 1 0} interfaces
to those in the adjacent plate [6]. When formed by
simple cooling, the volume fraction of each BCV
within a former austenite grain is equal to 1/3. This
minimises the generation of internal stress, since
the average transformation strain is purely dila-
tational, and the same for all grains [6].

Consider again, however, the effect of applying
uniaxial tensile stress along an axis which lies
within the standard triangle, relative to the crystal
axes of a particular grain. Since BCV(2) is fav-
oured by the applied stress, the fraction of this
BCV within the grain is expected to grow at the
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expense of the other variants, via the movement of
twin boundaries. This is an important origin of the
shape memory effect. The variant change should
be detectable by changes in the neutron diffraction
spectrum, and its observation is another motivation
for the present study.

Finally, the present study also investigates the
elastic stiffness of the Fe–Pd system. Previous
stiffness measurements on Fe–Pd have used strain
gauges to monitor the macroscopic strain [5].
However, this method does not allow a separation
of elastic strain and strain due to transformation or
variant change. Diffraction monitors lattice spacing
and therefore provides a direct measurement of
elastic strain, allowing the determination of the
true elastic stiffness.

3. Experimental

After an extended dwell at 1250 °C, a 25 mm
thick ingot of polycrystalline Fe–30.5 at % Pd
alloy was free forged between 900 and 1000 °C in
several passes into a rod of diameter 6 mm. Inter-
mediate annealing was employed to avoid crack-
ing. A tensile specimen was machined with gauge
length 50 mm, diameter 4.5 mm, and threaded
ends. The specimen was quenched from 1050 °C
into water.

Neutron diffraction spectra were recorded in situ
during uniaxial tensile loading, using the ENGIN
engineering instrument at the ISIS spallation neu-
tron source, as described in detail in [15]. The
instrument has two detector banks which measure
time-resolved spectra at fixed horizontal scattering
angles of ±90°. Thus, the scattering vectors are
fixed at ±45° to the incident beam, and each hkl
reflection is produced by a different family of
appropriately oriented grains. The load axis was
aligned horizontally at 45° to the incident beam,
such that the scattering vectors were aligned axi-
ally and transversely to the applied load. With ref-
erence to this geometry, the diffraction spectra
recorded in the two detector banks are hereafter
denoted as axial and transverse spectra. Incident
slits and radial collimators defined a scattering vol-
ume of approximately 5 × 5 × 1.5 mm3. Diffraction
spectra were acquired using count times of

approximately 45 min. The applied stress and tem-
perature were held constant during each measure-
ment. The specimen was both mechanically loaded
at a range of temperatures between �1 and 30 °C,
and thermally loaded in the absence of applied
stress. Between tensile tests, the specimen was
annealed for 30 min at 40 °C in order to return
the material to the fully austenitic state. The test
temperature was maintained via conduction
through the specimen grips, through which tem-
perature-controlled oil was pumped. The tempera-
ture was monitored using a thermocouple attached
to the sample surface in the vicinity of the scat-
tering volume. Temperature stability of ±1 °C was
achieved. The specimen strain was monitored
using an extensometer, except during the test at �1
°C, when strain was monitored using crosshead
displacement alone, in order to avoid temperature
fluctuations introduced by contact of the exten-
someter with the specimen. The macroscopic
stress–strain response of the specimen at �1 °C
was however recorded using an extensometer after
completion of the neutron diffraction experiment.

4. Results and discussion

By observing the evolution of the diffraction
spectra during cooling and heating, the tempera-
tures at which martensite starts to form during coo-
ling, Ms, and the reverse transformation finishes
during heating, Af, were determined, respectively,
as approximately 16 and 17 °C. That is, the alloy
exhibits low temperature hysteresis.

The following notation and terminology is used
in the remainder of this paper. Austenite and mar-
tensite diffraction peaks are referred to as h k la
and h k lm, respectively, where h k l are the Miller
indices. The term h k l-type refers to the family of
austenite grains in which a �h k l� direction lies
parallel to the tensile axis.

4.1. Macroscopic response

The macroscopic stress–strain response acquired
during the neutron diffraction test at 24 °C is
shown in Fig. 2a. At this temperature, the material
was initially fully austenitic. Plateaus are evident
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Fig. 2. Macroscopic stress-strain response: (a) at 24 °C,
recorded during neutron data collection; (b) recorded on same
specimen after neutron data collection, strain rate 1.2 × 10�5

s�1. Arrows indicate the direction of loading.

where the stress was held constant during data col-
lection. Prior to this test, the specimen had been
loaded to 280 MPa at �1 °C. The loading response
is approximately linear up to this stress, but at
higher stresses, the response deviates towards
greater strain. The deviations are partly due to a
small amount of creep which occurred during the
dwells at constant stress. As seen from the
unloading curve, approximately 0.1% strain was
not recovered after unloading; nor was it recovered
during the subsequent anneal. This suggests that
the unrecovered strain was due to slip plasticity
rather than martensitic transformation. To assess
this, a second tensile test at 24 °C was performed
after the neutron diffraction tests. The strain
developed in this test was fully recovered upon
unloading (Fig. 2b), indicating that the material
had work hardened and the unrecovered strain in
the former test was indeed developed by slip. Also
shown in Fig. 2b is the response measured after
the neutron diffraction tests at �1 °C, at which
temperature the material was fully martensitic
throughout loading. The initial slope is slightly
lower than that measured at 24 °C. Unlike at the
higher temperature, at �1 °C approximately 0.05%
strain remained unrecovered after unloading, even
though the earlier work hardening is expected to
have prevented further slip. This strain was, how-

ever, recovered by subsequent annealing at 40 °C
and may thus be attributed to martensitic variant
change.

4.2. Thermal loading

Fig. 3a shows the initial, fully austenitic axial
diffraction spectrum, recorded at 24 °C. Fig. 3b
shows the corresponding martensite spectrum
obtained by cooling to �1 °C. All austenite reflec-
tions in the spectral region shown have Miller indi-
ces of the general form hhka. It can be seen that in
general the transformation causes such a reflection
to split into the two martensite reflections with
indices hhkm and khhm, lying either side of the par-
ent austenite reflection. The reflection with the
larger d-spacing depends on whether h � k. Since
the transformation strain is small, all three reflec-
tions have similar d-spacings. For example, 2 0 0a

splits into the 2 0 0m and 0 0 2m reflections. Simi-
larly, 2 2 0a splits into 2 2 0m and 0 2 2m. Due to
symmetry, there is a single 1 1 1m peak. The rela-
tive intensities of the austenite peaks are similar to
those expected for a powder, indicating that the
grains are approximately randomly oriented. For
time-of-flight neutron diffraction, scattered inten-
sity is proportional l4, where l is the wavelength
and, thus, to d4, where d is the lattice spacing

Fig. 3. (a) Initial austenite spectrum (axial) at 24 °C; (b) corre-
sponding martensite spectrum obtained by cooling to �1 °C.
The martensite curve has been displaced vertically for clarity.
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(since d�l) [16]. In the martensite spectrum, after
correcting for this dependence, the ratio of the
2 0 0m to 0 0 2m peak intensities and that of the
0 2 2m to 2 2 0m peak intensities are both close to
the ideal 2:1 ratio which would be expected if all
former austenite grains contained equal proportions
of each BCV.

Fig. 4 shows the lattice parameters of martensite
(a and c) and austenite (a0) between �1 and 30
°C, as determined by Rietveld refinement of the
diffraction spectra, using the GSAS package [16].
Datapoints joined by continuous lines represent
values determined in the absence of applied stress.
Linearly extrapolating these data to Ms, the lattice
parameters determined at this temperature are a0

= 0.3752, a = 0.3797 and c = 0.3668 nm, giving
transformation strain components of ea = 1.20 ×
10�2 and ec = �2.24 × 10�2. These values confirm
(3), ensuring that martensite plates free of internal
stress can potentially exist [13]. As reported by
other authors [1,2], the ratio c/a decreases as the
temperature decreases below Ms. However, Fig. 4
certainly demonstrates a jump in the lattice para-
meters at the transition temperature, indicating that

Fig. 4. Lattice parameters of austenite and martensite versus
temperature, determined by Rietveld refinement of the diffrac-
tion spectra. Continuous lines: measured in the absence of
applied stress; dashed lines: determined from transverse spectra
under applied stress (280 MPa for the points measured below
Ms, 340 MPa for all other points). Statistical fit uncertainties
from the Rietveld refinements are too small to represent. The
martensite start temperature Ms is indicated by a dashed verti-
cal line.

the transformation is of the first order, rather than
a pseudo second order transformation, as it has
often been described in the past [17].

Martensite lattice parameters can be determined
for temperatures above Ms from the spectra
recorded under applied stress, when stress-induced
martensite was present. The points joined by
dashed lines in Fig. 4 represent values measured
under stress. These are determined from the trans-
verse rather than axial spectra, since this provides
a more useful comparison with the stress-free data
for two reasons. Firstly, as discussed below, the
preferential selection of martensite variants causes
certain peaks to be absent in the axial spectra. Sec-
ondly, while elastic strains may significantly alter
the lattice parameters determined from the axial
spectra acquired under stress, this influence is less
significant in the transverse direction, which is
affected only by Poisson contraction. All measure-
ments in this dataset were recorded under a tensile
stress of 340 MPa, except for the points below Ms

which were measured at a slightly lower tensile
stress of 280 MPa (assuming a Young’s modulus
at �1 °C of 140 GPa—as presented in Section
4.5—and a Poisson’s ratio of 0.3, the difference of
60 MPa alters the Poisson contraction of the lattice
parameters by approximately 5 × 10�4 Å, which is
smaller than the symbol size used in Fig. 4 and
may be safely neglected). The dashed lines further
demonstrate that the martensite lattice parameters
do not converge to the austenite lattice parameter
with increasing temperature, supporting the argu-
ment that the transformation is not pseudo second
order. Comparing the dashed and continuous lines,
two effects are evident. Firstly, Poisson contraction
due to the applied stress results in a systematic
lowering of the lattice parameters. This, however,
is coupled with an increased splitting of the a and
c lattice parameters. Counter-intuitively, this
results in the a parameter measured transverse to
the loading axis increasing when a tensile stress
is applied. Thus, the splitting cannot be attributed
simply to elastic anisotropy. The effect may poss-
ibly be related to stabilisation of martensite by the
applied stress, but in order to understand this, a full
explanation is first required for the variation of c/a
with temperature.
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4.3. Stress-induced transformation

Fig. 5 shows the spectra observed at 24 °C under
a tensile stress of 340 MPa. In the axial spectrum
(Fig. 5a), the 2 0 0a reflection is weak and visible
only in the shoulder of the strong 2 0 0m reflection.
The 0 0 2m reflection is undetectable. This demon-
strates that austenite grains with �1 0 0� aligned
parallel to the tensile axis transform preferentially
to those martensite variants whose a-axes are par-
allel to the tensile direction, confirming the predic-
tion from our argument in Section 2. In the corre-
sponding region of the transverse spectrum (Fig.
5b), all three reflections are present. Interpretation
of the relative peak intensities in the transverse
spectrum is not so straightforward, since a grain
with certain crystallographic direction pointing in
the transverse direction may have any of a range
of directions lying parallel to the tensile axis.
Nevertheless, it is still possible to gain supporting
evidence from the transverse spectra. For example,
austenite grains with �1 0 0� lying transversely may
have directions between �1 0 0� and �1 1 0� oriented
axially. Since the weakening of the axial 2 0 0a

reflection is due to a large degree of transformation
in grains with �1 0 0� aligned axially, the fact that
the same reflection remains relatively intense in the

Fig. 5. (a) Axial and (b) transverse diffraction spectra
recorded at a temperature of 24 °C under a tensile stress of
340 MPa. The transverse spectrum has been displaced vertically
for clarity.

transverse spectrum indicates that other grains in
which �1 0 0� lies transversely—i.e. those in which
the tensile axis lies closer to �1 1 0�—are less fav-
oured for transformation by the applied stress,
remaining untransformed.

The preferential selection of martensite variants
is also evident in the vicinity of the 3 1 1a reflec-
tion. In the transverse spectrum, both the 3 1 1m

and 1 1 3m peaks are visible, but the latter is absent
in the axial spectrum. Again, this indicates that
those variants which result in elongation along the
tensile axis are preferentially formed. Close inspec-
tion of the axial spectrum evolution in the vicinity
of the 2 2 0a reflection reveals however that both
the 2 2 0m and 0 2 2m peaks develop, even though
the presence of the latter indicates the formation
of a variant which contracts along the tensile axis.
This is reasonable since, as discussed in Section 2,
a martensite plate must be formed of two of the
three available BCVs in order to minimise the gen-
eration of internal stress. With this austenite grain
orientation, two of the three possible BCVs are
symmetry related with respect to the tensile axis
and both give rise to contraction; thus necessarily
one of the two BCVs in the plate causes contrac-
tion. However, taken in combination with the
elongation of the majority variant, the overall
transformation strain of the combined plate
remains elongational along the tensile axis, and
thus the plate formation remains favoured by the
applied stress.

Fig. 6 shows the variation with applied stress of
the axial spectrum integrated intensities of the
2 0 0a, 3 1 1a and 2 2 0a reflections, and the corre-
sponding martensite reflections. The intensities are
scaled by a factor of d4, to account for the variation
of scattered intensity with lattice spacing. More-
over, the intensities of related austenite and mar-
tensite peaks are normalised by the maximum
intensity recorded for the austenite reflection. For
each reflection set, the reduction in austenite
reflection intensity is accompanied by an approxi-
mately equal increase in martensite reflection
intensity. At a given applied stress, the fractional
reduction in intensity of the austenite reflections
increases in the order 2 2 0a→3 1 1a→2 0 0a. This
indicates that the tensile stress induces transform-
ation most readily in 1 0 0-type grains, i.e. those
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Fig. 6. Variation of axial spectrum integrated peak intensities with applied stress, during stress-induced transformation at 24 °C.
Crosses—austenite reflections; circles—martensite reflections with same Miller indices, as labelled for each plot. Intensities are scaled
by the fourth power of the d-spacing, and normalised with respect to the maximum intensity of the appropriate austenite reflection.
Arrows indicate the loading and unloading curves.

oriented such that a �1 0 0� direction lies parallel
to the tensile axis. Transformation is less favoured
as the angle between �1 0 0� and the tensile axis
increases. This trend concurs with the prediction
given in Section 2: the formation of a martensite
plate causes greatest elongation along a �1 0 0�
direction, as is clear from Eq. (5); thus the external
potential energy is most greatly reduced by plate
formation in a 1 0 0-type grain.

Although the trend of selective transformation is
clearly evident, quantitative analysis is rather
involved in the case of a polycrystal, due to the
constraint imposed by surrounding grains and the
resulting build up of internal stress. This constraint
acts against the trend of selective transformation
of preferentially oriented crystallites, since the
elongation developed in transformed grains gives
rise to axially compressive internal stresses in these
grains, balanced by tensile internal stresses in
untransformed grains. Thus, the internal stress acts
to promote the transformation of less favourably
oriented grains. This is analogous to the case of
polycrystalline plasticity. For example, consider
the case of an ideally plastic, elastically isotropic,
randomly oriented fcc polycrystal, as analysed by
Budiansky and Wu [18]. The ratio of the maximum
to minimum Schmid factors in fcc single crystals
is 1.84. However, the limiting stress which causes
yielding in all grains of the ideally plastic polycry-
stal is only 1.54 times the initial yield stress. That

is, the internal stress caused by the yielding of
favourably oriented grains augments the stress act-
ing upon less favourably oriented grains.

As noted above, both the 2 2 0m and 0 2 2m mar-
tensite reflections are evident in the axial spectra.
The intensities of both of these reflections are plot-
ted in Fig. 6. At the maximum applied stress, the
ratio of the 2 2 0m to total martensite intensity is
0.66. This is in very good agreement with the value
of 0.65 calculated for Fe–30.5at% Pd for the
majority BCV fraction in a martensite plate which
is free of internal stress [14], supporting the expec-
tation given in Section 2 that tensile stress does not
strongly alter the twin structure of martensite
plates.

All the curves plotted in Fig. 6 exhibit hysteresis
but in each case the reverse transformation is
almost completed at the end of unloading. This
demonstrates the reversibility of the stress-induced
transformation. This is to be expected, since the
deformation temperature of 24 °C is sufficiently
higher than Af which, as noted earlier, is only
approximately 1 °C higher than Ms. Furthermore,
the observed near completion of the reverse trans-
formation upon unloading is in accordance with the
observation made in Section 4.1 that the tensile
strain is fully recoverable when slip plasticity does
not occur.

Similar changes in the diffraction spectra were
observed during tensile tests performed at 18 and
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30 °C. The stress at which transformation is first
observed is expected to increase with temperature
above Ms, as the austenite phase is stabilised rela-
tive to martensite. The rate of increase of onset
stress with temperature is also expected to rise. For
1 0 0-type grains—i.e. optimally oriented for trans-
formation, as discussed above—the onset stresses
were determined as approximately 40, 120 and 140
MPa at 16, 24 and 30 °C. This qualitatively con-
firms the first of the above expectations, but not
the second. It is likely that the observed onset
stresses are influenced by the sample history, since
the same sample was used for all tests due to the
limited amount of available material. The test at
�1 °C was performed first, followed by the tests
at 24, 18 and 30 °C, in that order. In each test, a
small amount of non-recoverable strain was gener-
ated (less than 0.3% in total after all tests) which,
as discussed in Section 4.1 and by other authors
[5], can be attributed to slip plasticity, since it
develops even if the reverse transformation is com-
plete. The generation of intergranular stresses asso-
ciated with this plasticity is evident from the Riet-
veld refinements of the spectra recorded in the
absence of applied stress. Since the refinement
does not account for grain orientation dependent
deviations from the average lattice parameter, dif-
ferences between the Rietveld-determined and real
peak positions can be attributed to the generation
of intergranular stresses. Interpreting the refine-
ments in this way reveals that, as previously
reported in fcc steels [19], the slip plasticity causes
tensile residual stress in 1 0 0-type grains, and that
the magnitude of this residual stress continues to
increase throughout the series of tests. This tensile
residual stress will act to promote transformation
in these grains, suggesting an explanation for why
the onset stress measured at 30 °C appears to be
suppressed relative to that measured earlier at
24 °C. More experimentation—using virgin
samples and a wider temperature range—is there-
fore required to fully analyse the temperature
dependence of the onset stress.

4.4. Stress-induced variant change

The material was fully martensitic throughout
the loading test conducted at �1 °C. Fig. 7 com-

Fig. 7. Axial diffraction spectra recorded at a temperature of
�1 °C and applied tensile stress s of (a) 5 MPa; (b) 280 MPa.
The latter spectrum has been displaced vertically for clarity.

pares the axial diffraction spectrum recorded at this
temperature under an applied stress of 5MPa
(introduced solely to remove slack from the
sample/grip system) and under an applied stress of
280MPa. Reorientation of the martensite structure
is evident from changes in the diffraction peak
intensities. In general, among h h km–k h hm pairs,
the intensity of the reflection with smaller d-spac-
ing falls with tensile stress, and the intensity of
the reflection with larger d-spacing increases. This
indicates variant change to those variants which
have a greater elongation in the direction of the
tensile stress. For example, the 0 0 2m peak weak-
ens as the 2 0 0m peak grows, indicating that BCVs
with the c-axis aligned parallel to the tensile axis
are converted to those with an a-axis pointing in
this direction. This change results in elongation
parallel to the tensile axis and is thus favoured by
the applied stress.

The variation of axial diffraction peak intensities
with applied stress is shown in Fig. 8. Significant
intensity changes are evident even in the spectra
recorded after the first applied stress increment (to
70 MPa). This suggests that the frictional stress—
which must be overcome to nucleate the dislo-
cations required for BCV interface movement—is
somewhat smaller than this. It also suggests an
explanation for the drop in the apparent macro-
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Fig. 8. Variation of axial martensite spectrum integrated peak
intensities with applied stress, during tensile straining at
�1 °C. The intensities are normalised with respect to the initial
intensities. The loading and unloading curves are represented
by continuous and dashed lines, respectively.

scopic stiffness when the temperature is reduced
below Ms, as noted in Section 4.1 and reported
elsewhere [5]. That is, variant change is active
even at small applied stresses, giving rise to non-
elastic strains and reducing the apparent stiffness.

The orientation dependence of the variant
changes is very clear and follows the same trend
observed for the stress-induced phase transform-
ation. Of the reflections which lose intensity, at a
given applied stress the relative reduction increases
in the order 0 2 2m→1 1 3m→0 0 2m. This indicates
that BCVs with [0 0 1] aligned parallel to the ten-
sile axis most readily change orientation under the
application of tensile stress. As in the case of the
phase transformation, this is because the elongation
resulting from the change is maximised for this
orientation.

Since all BCVs have the same transformation
strain resolved along the austenite [1 1 1] direction,
a large intensity change due to variant re-orien-
tation is not expected for the 1 1 1m reflection. Of
all the reflections considered, the fractional inten-
sity change is indeed smallest for 1 1 1m. However,
a significant reduction of 11% is still observed at
the maximum applied stress. Variant change does
in fact lead to a slight tensile elongation when the
tensile axis is aligned parallel to the martensite

(1 1 1) normal, since this direction does not lie
exactly parallel to austenite [1 1 1]. The resulting
change in the direction of the normal of approxi-
mately 2° may be sufficient that the variant no
longer contributes to the {1 1 1} reflection. How-
ever, since the elongation is only approximately
2% of that achieved in a BCV oriented with [0 0 1]
parallel to the tensile axis, the magnitude of the
1 1 1m intensity reduction remains somewhat sur-
prising.

Of the reflections which increase in intensity, at
a given applied stress the relative intensity gains
increase in the order 3 1 1m→2 0 0m→2 2 0m. The
order is not the same as for the corresponding
intensity losses due to the influence of multiplicity.
That is, in 2 0 0- and 3 1 1-type grains, only one
of the three BCVs can elongate by changing into
another variant, while in 2 2 0-type grains, two of
the three can do so. Thus, assuming all former aus-
tenite grains initially contain equal proportions of
each BCV, variant changes can cause the inten-
sities of the 2 0 0m and 3 1 1m reflections to grow
by a maximum factor of 1.5, but that of 2 2 0m by
a maximum factor of 3. Taking this into account,
it is seen that the intensity gains in fact indicate
that the greatest extent of variant change occurs in
the 2 0 0-type grains, in agreement with the trend
seen from the intensity losses.

Upon unloading, the axial reflection intensities
return to within 15% of their initial values, indicat-
ing the reversal of the variant changes. Since no
chemical energy change is involved, this reversal
must be driven by internal stress, due to the incom-
patibilities generated between differently oriented
grains. For example, the inability of 1 1 1-type
grains to elongate significantly by variant change
results in axially tensile internal stress in such
grains, balanced by axially compressive internal
stress in other grains, driving the reverse changes
when the external load is removed. The fact that
the intensities do not fully return to their initial
values supports the point made in Section 4.1, that
some macroscopic strain remains after unloading
due to variant change.

Although not presented here due to the limi-
tation of space, the transverse spectra acquired dur-
ing deformation at �1 °C provide supplementary
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information which supports the conclusions drawn
from analysis of the axial spectra.

4.5. Elastic stiffness

Since Rietveld refinement provides a method of
elastic strain determination [20], it can be applied
to give a measure of Young’s modulus which is
not partially obscured by the development of non-
elastic strain. Fig. 9 shows the variation of Young’s
modulus with temperature, determined by fitting
straight lines to the initial slopes (prior to the onset
of stress-induced transformation) of the curves of
Rietveld-determined axial elastic strain versus
applied stress. Also shown is the macroscopic stiff-
ness determined using the extensometer. Above
Ms, the Rietveld-determined estimates of Young’s
modulus are slightly higher than the corresponding
macroscopic values, suggesting the macroscopic
strain may include a small amount of transform-
ation strain even at low stresses. The values are in
reasonable agreement with those determined in a
recent study by Kato, et al. using a strain gauge
method [4,5]. The Young’s modulus falls with

Fig. 9. Temperature dependence of Young’s modulus, deter-
mined by Rietveld refinement, and macroscopic stiffness, deter-
mined using an extensometer, of Fe–30.5 at % Pd. Error bars
on the Rietveld-determined datapoints represent statistical
uncertainties in the fits to the stress–elastic strain responses.
Statistical uncertainties in slopes fitted to the macroscopic
stress–strain curves are too small to represent. The martensite
start temperature Ms is indicated by a dashed vertical line.

reducing temperature due to lattice softening, to a
value of approximately 50 GPa at Ms. Below Ms,
the Rietveld-determined stiffness rises sharply, to
140 GPa at �1 °C. This indicates that the lattice
softens as the transformation temperature is
approached from either above or below, as
expected from the physical origin of the phenom-
enon, i.e. the broadening of the minimum of the
free energy-atomic displacement curve near the
transformation temperature [21]. However, the
macroscopic stiffness does not follow the sharp
rise in the Rietveld-determined stiffness: at �1 °C
it is only 50 GPa. Kato et al. in fact reported a
significant drop in the macroscopic stiffness below
Ms. These observations suggest that even at low
stresses, much of the macroscopic strain is due to
variant change, in accordance with the intensity
changes observed at small applied stresses in Fig.
8. Since the elastic stiffness is a fundamental pro-
perty required for the basic understanding and
application of the material, it would be beneficial
to apply neutron diffraction to a more comprehen-
sive characterization of its variation with tempera-
ture.

5. Conclusion

Neutron diffraction has been used to follow
stress-induced martensitic transformation and vari-
ant change in a Fe–30.5 at % Pd polycrystal during
tensile testing. The tests on initially austenitic
material have revealed the selective formation of
those martensite variants which produce the great-
est elongational strain along the tensile axis. The
greatest extent of transformation is achieved in
austenite grains oriented with a �1 0 0� direction
parallel to the tensile axis, since this maximises
the elongational strain developed during martensite
plate formation. The measurements support an
elasticity-based analysis of the martensite struc-
ture. The test on initially martensitic material has
demonstrated that variant changes occur even at
small applied stresses, causing the macroscopic
stiffness to be substantially lower than the real
elastic stiffness, as determined from the diffraction
data. The neutron diffraction technique has pro-
vided an effective method of separating elastic and
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transformation strain, which may be applied in
future to further investigate the substantial lattice
softening which occurs close to the transform-
ation temperature.

Acknowledgements

We would like to thank Dr M. Okabe and Mr
S. Ueta of Daido Steel Company, Japan, for kindly
producing and supplying the material for this
study. Funding under EPSRC project GR/R07936
is gratefully acknowledged.

References

[1] Sohmura T, Oshima R, Fujita F. Scripta Metall
1980;14:855.

[2] Oshima R. Scripta Metall 1981;15:829.
[3] Sugiyama M, Harada S, Oshima R. Scripta Metall

1985;19:315.
[4] Kato H, Wada T, Tagawa T, Liang Y, Taya M. In: Proc

50th Anniv Jap Soc Mater Sci. 2001. p. 296.
[5] Kato H, Liang Y, Taya M. Scripta Mater 2002;46:471.

[6] Kato H, Wada T, Liang Y, Tagawa T, Taya M, Mori T.
Mater Sci Eng A 2002;332:134.

[7] James R, Wuttig M. Phil Mag A 1998;77:1273.
[8] Hutchings MT, Windsor CG. Methods Exp Phy

1987;23C:405.
[9] Johnson MW, Edwards L, Withers PJ. Physica B

1997;234:1141.
[10] Vaidyanathan R, Bourke MAM, Dunand DC. Metall

Mater Trans A 2001;32:777.
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