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Results of neutron-scattering experiments on a single crystal of Ni62 5A137 5 as a function of uniaxial
stress and temperature are reported. Emphasis is placed on the behavior of the low-energy part of the
[($0]-TA2 phonon branch and its associated central peak. The dip in the phonon-dispersion curve is

stress dependent and shifts from /=0. 14 for zero stress to /=0. 18 for an applied stress of 85 MPa at
room temperature. As the temperature decreases the satellite shifts further, the phonon energy de-
creases considerably, and the linewidths become broad. These results are interpreted in terms of Clapp's
localized soft-mode theory of nucleation in martensite.

INTRODUCTION

Martensitic transformations (MT) can be described as
diffusionless (meaning no atom-by-atom rearrangement),
displacive (meaning small cooperative motions of atoms)
transitions which alter the symmetry but without chang-
ing the composition or order. ' The low-temperature or
product phase is always a lower symmetry than the high-
temperature or parent phase. Nearly all MT are first or-
der with some being weakly first order where the proper-
ties change nearly continuously and precursor efFects are
present. Others are strongly first order and the transition
occurs abruptly without any premonitory efFects. In the
latter case there is a large temperature range of coex-
istence of the parent and product phase. Shearlike dis-
placements play an important role in the martensitic
transformations. This is shown in studies of the elastic
constants and phonon-dispersion curves where trans-
verse modes behave in an anomalous way. For example,
on cooling, the elastic constant of the transverse-acoustic
(TA) branch decreases in value instead of the normal in-
crease expected due to the lattice getting stifFer. Coupled
to the shear response is often a "shufBe" which is a coor-
dinated motion of atoms within a unit ceil. This mani-
fests itself as an anomaly in the TA branch at a finite
wave vector. Thus within a martensitic transforma-

tion a q -0 anomaly is associated with the elastic con-
stants and a qAO anomaly associated with the shuffie. '

Since all MT are first order, nucleation and growth
play an important role. If one uses classical nucleation
theory, which involves balancing the chemical driving
force, the interfacial energy, and the strain energy, " the
critical size obtained is much larger than has been ob-
served. Olsen and Cohen have taken into account the
inhuence of defects on the nucleation with some success
in predicting critical sizes. ' Clapp and co-workers
several years ago combined the soft-mode theory of phase
transitions and the presence of defects in proposing the
localized soft-mode (LSM) model for martensitic nu-
cleation. ' ' The soft-mode theory, successfully applied
to other displacive transitions such as ferroelectrics, has
also been used to describe martensitic phase transforma-
tion, especially in the case of thermoelastic martensite.
However, except for a few cases (Nb3Sn, In-T1), a mode
never becomes completely soft. Clapp focuses on this
idea and claims that around a defect a particular corn-
bination of stresses and strains can cause a lattice vibra-
tional mode to soften significantly in the region near the
defect and serves as a center for nucleation. ' Thus, a
key experimental piece of information needed is the
behavior of the phonon-dispersion curve as a function of
applied stress. In this paper we report on such a study on
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a well characterized single crystal of Ni All
Ni„A1, alloys exhibit a MT for 60&x &64 at. %%uo

with TM &0 K. For T & TM the structure is a cubic-
CsC1-type where the excess Ni is randomly distributed
over the Al sites. The temperature-composition diagram
has been extensively studied and there exist several
different low-temperature structures depending upon the
composition. ' The precise boundary between them,
however, is not well known. In addition, the TM mea-
sured by different laboratories' can vary by more that
100 K. One of the more extensively studied composi-
tions, x =62.5 at. %, exhibits a MT at T=85K and the
low-temperature structure is established to be a 7M
monoclinic phase' with symmetry P2/m.

Precursors to the 7M martensitic transformation have
been observed. The elastic constant C'=1/2(Cii —Ci2)
show an anomalous softening over a 200-K temperature
range above TM. The electron-diffraction studies re-
vealed anomalous diffuse scattering along the [110]trans-
verse directions and its image shows the distinct tweed
pattern observed above TM in many alloys exhibiting
MT. ' Inelastic neutron studies can separate the relative
contributions to the diffuse scattering from the phonons
and the elastic diffuse intensity. These studies revealed a
remarkable feature in the [110]-TA2 phonon branch.
This mode corresponds to propagation along [110]with
displacements along [110] and in the long-wavelength
limit, i.e., q —+0, the slope of the dispersion curve corre-
sponds to the elastic constant C'= 1/2(C» —Ci2). In al-
most all P phase materials this branch exhibits anomalous
properties and, as Zener noted long ago, can lead to in-
stabilities in the structure. Also, the sliding of the
[110] planes associated with this mode determines the
various stacking sequences of the martensitic phases such
as 3R, 9R, 18R, etc. In the present case where the low-
temperature structure is 7M, a "dip" in the dispersion
curve is observed near g-1/7, which becomes more pro-
nounced as TM is approached. The mode, however, nev-
er completely softens when the martensitic temperature is
approached. At the same wave vector an elastic central
peak occurs whose intensity increases dramatically as
T—+TM. These observations clearly point to the impor-
tance of premartensitic behavior in the NiAl alloy.

In the experiment reported here we present results of
inelastic neutron-scattering experiments on Ni6z 5A137 5 as
a function of uniaxial stress and temperature. Emphasis
is placed on the behavior of the [g0]TAz branch and its
associated central peak. The major result is that the dip
in the phonon-dispersion curve moves from /=0. 14 for
zero stress to (=0.18 for an applied stress of 85 MPa at
room temperature. As the temperature is lowered the
phonon energy decreases considerably and at T=250 K
the phonon linewidth is very broad and the energy is near
zero. These observations are interpreted as an inhomo-
geneous softening prescribed by the local soft-mode
theory of Clapp. '

EXPERIMENT

The neutron-scattering experiments were performed at
the Laboratoire Leon Brillouin (LLB), Saclay, France, us-

ing the Orphee Research Reactor and at the NRU reac-
tor at the AECL Research (AECL) in Chalk River, On-
tario. The key element in this experiment was the stress
apparatus. For the experiments at AECL a simple clamp
device was constructed which consisted of a screw
squeezing upon a crystal mounted in a jig. The stress was
not calibrated and a qualitative measure of it was the
torque applied to the screw. Once the stress was applied
the entire jig could be mounted in a closed cycle displex
refrigerator and the sample cooled. At LLB, the stress
apparatus had been used in other experiments ' and pro-
vided a calibrated control of the applied force and, know-
ing the cross sectional area of the sample (5 X 5 mm ), the
stress is determined. It could be inserted into an ILL
"orange" cryostat so that the stress and temperature
could be varied. The maximum applied load is 1000 kg
which corresponds to an applied stress of o. =4000
kg/cm (392 MPa). Because of the large thermal mass of
this stress cell it took considerable time for the system to
thermally equilibrate once the temperature was changed.

Triple-axis spectrometers were used at both reactors
(N5 at AECL and 1T at LLB) with a fixed final energy
(Ff =14.7 mev) used for most of the measurements. For
some higher-energy phonon measurements a fixed final
energy of 30.5 meV was used. At both reactors a Aat PG
(002) analyzer was used and at LLB a focusing PG (002)
monochromator and filter were used whereas at AECL,
Si (111) was used to monochromate the beam. This had
the disadvantage that the intensity was considerably less
(nearly a factor of 5 as determined by a standard pho-
non), but had the advantage that no filter is needed and
any incident/final energy could be used in a scan. The
energy resolution, as determined by the incoherent
scattering was comparable at both reactors, dE =0.8
meV.

The sample was the same 5 X5 X5 mm cube used in
previous neutron-scattering experiments. Each face is
parallel to a [100] direction. The lattice parameter at
room temperature is 2.86 A and the mosaic at the start of
the experiment was (10', but after the first experiment
at Chalk River had increased to =20'. The crystal was
oriented with [001]perpendicular to the scattering plane
and this was the direction of the applied stress. The pho-
non measurements were performed around the (1, 1,0)
Bragg peak and the elastic scattering measured also
around the (2, 0, 0) reciprocal-lattice vector. In this case
the [110] direction makes an angle of 45' to the [100]
direction and the effects of the crystal mosaic are avoid-
ed.

RESULTS

Figure 1(a) shows the lattice parameter as a function of
applied stress measured at LLB at room temperature. At
AECL, where only the applied torque was measured, a
linear curve of lattice parameter vs torque was also ob-
tained. If the two curves are normalized at zero stress to
account for differences in instrument calibration, and
since the two curves must have the same slope, the lattice
parameter can be used to calibrate the stress apparatus
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for the AECL measurements. The solid circles are the
lattice parameters obtained at AECL.

There is an increase in the lattice parameter as the
stress is increased which is expected, since we are
compressing along the [001] direction and this should
cause the (100) directions perpendicular to the direction
of the applied stress to expand. By placing the stress
direction in the scattering plane we also confirmed that
the lattice parameter measured along the direction of the
applied stress decreases with cr such that the volume
remains constant. The strain associated with the applied
stress is nearly 1% over the region of applied stress. The
crystal does not permanently deform in that when the
stress is removed the room-temperature lattice parameter
is obtained and on increasing cr the same curve is repro-
duced.

Figure 1(b) is the stress-temperature phase diagram
determined at LLB. When the transition occurred there
was an abrupt change of the lattice parameter and the
crystal mosaic. The value at o. =O was obtained from
earlier measurements. The solid circle is a point mea-
sured at AECL and determined by a large increase in the
satellite intensity. The good agreement with the LLB
data assures us that the calibration method we used for
the clamp device is reasonable. The curve is linear with a
slope of 1.4 K/MPa.

The next part of the experiment consisted of measuring
the effects of stress and temperature on the anomalous
phonon branch, the [g'0]-TAz branch and its associated
diffuse scattering. This branch corresponds to propaga-
tion along (110) with atomic displacements along
(110). In the limit $~0 the slope of this branch corre-
sponds to the elastic constant C'. Figure 2 shows the
low-energy portion of the dispersion curve of this branch.
The solid circles represent the room temperature, low-
stress behavior. Earlier zero-stress measurements ob-
served that as one cools, a dip develops at /=0. 16 as
shown by the dotted curve. Remarkably, when the stress
is applied along [001],perpendicular to the phonon direc-
tion, the anomaly deepens and shifts to larger wave vec-
tors as seen in the dot-dashed curve. In addition, the en-
tire dispersion curve shows a decrease in energy with in-
creasing stress. On reducing the temperature the branch
softens further and the anomaly shifts again to a larger
wave vector. Figure 3 shows the neutron spectra for two
wave vectors, (=0.16 and /=0. 20. The former corre-
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FIG. 1. (a) Lattice parameter vs stress for Ni62 5A137 5 The
open circles were measured at LLB and the solid circles were
obtained at AECL. The two sets of measurements were normal-
ized at zero stress. (b) Temperature-stress diagram for
Ni62, A1375 The hatched area at 300 K was determined by
varying the stress whereas the point around 200 K was obtained
by varying temperature. The solid circle was determined with
constant stress in the clamp device.
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FIG. 2. The low-energy portion of the [g(0]-TAz dispersion
curve for Ni62 5A137 5 The vertical hatched area corresponds to
the widths. The line marked 2 is the direction of the constant
E scan in Fig. 4.
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sponds to the soft wave vector of the zero-stress measure-
ments. There is a clear softening when a stress is applied
near room temperature, but hardly any change on cool-
ing. The softening is more dramatic for /=0. 20. Not
only does the mode soften by almost 50%, but its
linewidth also increases. At the lower temperatures, a
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FIG. 3. Temperature and stress dependence of the spectra of
several [j(0]-TA7 modes in Ni~7 ~A137 5 (a) —(c): /=0. 16;
(d) —(f): (=0.20.

peak is hardly discernible. The hatched region in the
dispersion curve of Fig. 2 corresponds to the observed
linewidths. The softening is also demonstrated in Fig. 4
where constant energy (b.E=1.25 meV) scans along the
[g'0] direction were performed. The sharp peak is part
of the strong elastic scattering of a piece of the crystal
that had already transformed as observed in an elastic
scan. At nearly ambient conditions there is a broad
shoulder near $-0.15, while at an applied stress and
lower temperatures the signal has increased and a peak is
present at $-0.18. This is consistent with the shift in g
and decrease in energy with stress.

The elastic intensity also increases with stress and tem-
perature. Figure 5 shows the elastic scattering measured
along the [g0] direction about the (2,0,0) reciprocal-
lattice vector. For the lowest stress at room temperature
there is a weak maximum at /=0. 15 which is identical to
what was observed in earlier experiments at o. =O. On
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FIG. 5. Elastic (DE=0) scans along the [g'0] direction
through the (2,0,0) Bragg peak at T=300 K for (O) 5.7 MPa
and (~ ) 83.3 MPa.
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FICr. 4. Constant b,E =1.25-meV scans along the [g'0]
direction marked by 2 in Fig. 2.

FICx. 6. Temperature dependence of satellite position along
the [g'0] direction in Ni|;7 5A137 5 for an applied stress of 44
MPa.
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application of a uniaxial stress a more pronounced peak
develops and its position shifts to a larger wave vector,
/=0. 18. Figure 6 shows the stress dependence of the
central peak position measured at AECL for room tem-
perature. Its position changes on cooling as shown in
Fig. 6 for an applied stress of 44 Mpa. For this stress, the
satellite position increases smoothly to a larger value and
at the transition temperature TM —150 K it apparently
saturates at g =0. 18 which is near the position of the
phonon anomaly at this stress. For larger stress the satel-
lite shifted to even larger values as seen in Fig. 5.

DISCUSSION

The first study of Ni-Al with a Uniaxially applied stress
was performed by Martynov et al. on a sample with a
composition of x =63. 1 at. %. T~ (o =0) for this com-
position is reported to be 253 K. Instead of a compres-
sive stress, Martynov used a tensile stress and studied the
structure at room temperature. He was able to induce a
transformation at o. =70 MPa, which is less than report-
ed here, but is reasonable when the differences in compo-
sition and TM is taken into account. From Fig. 1,
Young's modulus, which is the ratio of the stress to the
strain, for a [001] compressive stress can be calculated.
We obtain the value Y=1.6X10 MPa (or 1.6X10'
N/m ), which is slightly larger than the value 1X10
MPa obtained by Martynov et al.

The most significant result is the movement of the
minimum in the dispersion curve and the shift of the sa-
tellite position with applied stress. Recently, Zhao and
Harmon calculated the modification of the phonon-
dispersion curves of Ni Al, due to the electron-
phonon interaction. In their calculations, the increase in
x is taken into account by a lowering of the Fermi level.
They were able to reproduce the experimental observa-
tion of the decrease of the wave vector of the phonon
anomaly Q;„as x increases. Since the present observa-
tion shows that Q;„ increases with applied stress, it can
be concluded that by squeezing the crystal the Fermi lev-
el is raised relative to the zero-stress situation.

It is useful to compare our results with other measure-
ments on the stress induced martensite (SIM) for Ni-Al
alloys. As mentioned above Martynov et al. used a ten-
sile stress (i.e., they "pulled" on a thin wire) in order to
study the phase diagram and the stress-induced structure.
They showed that with a tensile stress the 7M structure
first forms and at a later stage the final product phase is
3E. martensite. Recently Schryvers and Tanner" used
high-resolution electron microscopy to study the SIM in
Ni62 5A137 5 the same composition studied here. They re-
lied on a sharp tip of a microcrack, which was produced
during the electropolishing of their thin foil, to give them
a distribution of stresses near the crack tip. By focusing
their electron beam at different distances from the crack
tip they could look at different stress regions, since the
stress decreases with distance from the crack tip. The
value of the stresses are totally unknown but the relative
magnitudes are related to the inverse of the distance from
the crack. Very near the crack tip, in the region of
highest stress, the 3R structure is observed, which is con-

sistent with Martynov's observation that 3R is the prod-
uct phase with the highest stress. Far away from the
crack tip, where the stress is weak, the structure is the
sevenfold-modulated microstructure characteristic of the
P phase of this composition. Closer to the crack tip, the
ordered 7M structure is observed which is the low-
temperature zero-stress structure. At distances between
the ordered 7M and the micromodulated P phase, anoth-
er modulated P phase microstructure is observed, but
with a wavelength of 5.3 [110]distances corresponding to
a reciproal-lattice distance of (-0.19 along [g'0]. The
conclusion from this measurement is that the wave vector
of the modulation increases with stress to a value of
(-0.19 for a stress just below that necessary to induce
the ordered 7M structure. This is confirmed in the
present experiment where the wave vector of the elastic
scattering increases to g-0. 18 just below the transforma-
tion (Fig. 5) and the minimum in the dispersion curve
also shifts to larger g values as the stress increases (Fig.
2).

The TA2 phonons soften significantly when stress is ap-
plied. This is contrary to what would be expected from
normal anharmonicity where one would expect the lattice
to become stiffer and the energy to increase. This soften-
ing supports Clapp's localized soft-mode (LSM) theory
for nucleation' of martensite which we shall now dis-
cuss.

Nearly all martensite transformations are first order
and no lattice dynamical mode becomes completely soft
and thus drives the transition. ' Yet, the crystal appears
to transform in a manner consistent with a homogeneous
soft-mode behavior. The LSM is helpful in describing the
nucleation processes occurring in the MT, since the re-
gions where the elastic constants are small, are the nu-
cleation sites for the product phase. The LSM theory
was applied to the long-wavelength limit where elastic
constants describe the dynamics but it can be extended to
finite q values. It is assumed that a defect is present and a
stress field exists about the defect that will drive the elas-
tic constant to a small value in the localized region of the
crystal. This can be seen by looking at the behavior of
the elastic constants of a cubic crystal under uniaxial
compression which has been described by the Thurston
and Brugger:

t tp(q qp+2C—OSJ.,pe, e

+ ijklmnSmnaPqiqj~i k )

where Co is the elastic constant, S, .I,&
is the second-order

elastic compliance, C;J&I~„ is the third-order elastic
constant, and t is the unit vector of corn.pression, q is
the unit vector of the propagation direction and e is the
polarization direction. For the case under
consideration, Co =C' = 1/2( C» —C,z ), q =
I/+2[110], e= 1/&2[110], and t= [001],and the above
equation simplified (using compressed notation) to

dC'
=2C'S, z

—
—,'Siz Cii —

—,'(S» —

Siz)Cadiz

+
p ~11C123
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which can be integrated and written simply as

O' =O' —So. , (3)

where S depends upon the third-order elastic constants.
These have only been measured for a very few materials,
among them the martensitic alloy ' Cu-Zn-Al. If one
substitutes the third-order elastic constants into Eq. (2)
along with the second-order elastic constants, the quanti-
ty S is found to be positive so C' decreases with increas-
ing o for compression along [001].

Since we do not know the third-order elastic constants
for Ni„A1& we cannot predict how C' will behave with
stress. For the case of Cu-Zn-A1, where the third-order
elastic constants have been measured, Verlinden and De-
laey have shown that C' decreases by about 30%%uo with
a uniaxial compression of 300 MPa. They also demon-
strated by the use of Eq. (1), that if an additional shear
strain of a {110] (110) type is added the elastic constant
can actually go to zero. Now, in the region of a defect in
a solid such as a local lattice deformation where the
periodicity is disrupted, the strain field can be quite corn-
plicated and it is reasonable to have the proper com-
ponents of the compression and shear strains that can
cause C' to soften locally in the region around the defect.

The LSM picture is consistent with the appearance of
the phonon line shapes as shown in Fig. 3. It is clear
that the linewidth increases as the stress increases Icom-
pare Fig. 3(d) with 3(e)]. This change in linewidth could
be due to increased anharmonicity, but it can also be in-
terpreted as a distribution of different phonon energies
corresponding to different regions of the crystals where
the shear strains are different. Since we are probing the

entire 125-mm volume, the different regions contribute
to the overall spectra proportional to their volume. This
type of inhomogeneous broadening could be the origin of
the broadened spectra and clearly supports the LSM
theory of Clapp. '

CONCLUSIONS

Uniaxial stress and temperature dramatically affect the
[g0]-TA2 phonon-dispersion branch in Ni6~, A137 5 The

g value of the phonon anomaly shifts to larger values
with applied stress and a lowering of the temperature.
This contrasts with stress measurements of the TA2
branch on other alloys known to exhibit martensitic
phases, namely, Cu-Al-Ni (Ref. 28) and Cu-Al-Pd (Ref.
29) where only a small ((10%) change in the branch is
observed. Further experiments are planned to probe the
low-temperature phase and the effects of stress and tem-
perature on other compositions.
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