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In the shape-memory alloy, NiTi:Fe, the martensitic transformation is well separated from the
premartensitic (PM) phase and the latter can be studied in detail. X-ray diffraction studies in the
PM phase reveal satellites near 71’1=%(O,T,1) and ?]’H-——%(l,l,l). For both g values, the satellites

are incommensurate and the surprising feature observed is that the incommensurate wave vector &
and the width of the satellites depend upon the Brillouin zone studied. This contradicts a simple
condensed charge-density and/or lattice-wave description of the PM phase. If the shift is neglected,
the structure in the PM phase can be explained by a condensation of three [{£0]TA, modes with
&= -;— In addition we propose a relationship between the well-known » phase and the PM phase ob-

served in this experiment and for other alloys.

I. INTRODUCTION

Equiatomic NiTi undergoes a martensitic phase
transformation at T, which is near room temperature.
Associated with this transition is the novel “shape-
memory” effect! whicii can be described as follows. Let
the alloy be formed into a particular shape at a tempera-
ture T > Tj; and then deformed into another shape at a
temperature T < T);. Upon heating above T, the ma-
terial returns to its original form, i.e., it “remembers” its
shape. The property has several technological applica-
tions and is being exploited in the use of many commer-
cially available devices.?

Despite the wide applications of NiTi, the underlying
physics and metallurgy is far from being understood. It is
fair to say that only recently has the structure of the low-
temperature martensitic phase been determined.> At suf-
ficiently high temperatures, equiatomic NiTi possesses a
simple cubic (sc), CsCl-type structure.*> This structure is
also referred to as a B2 structure and alloys with this
high-temperature form are often called B-phase alloys.
Several studies in the early 1970s revealed that there were
premonitory effects associated with the martensitic
transformation.*#%~° These premartensitic (PM) effects
occur at a temperature only slightly above T, in pure
NiTi. The earlier x-ray-’ and electron-diffraction® studies
revealed diffuse streaks and superlattice spots within the

PM phase. A recent electron-diffraction study'® revealed
up to seven different diffraction spots in the PM phase.
Understanding the origin of the diffraction effects and
their connection with the martensitic phase has been the
goal of many scientists over the past decade.

Recently, it has been shown that by alloying NiTi with
small amounts of Fe, T, can be suppressed more strongly
than the premartensitic transformation.!! This increases
the range of temperatures where the PM phase can be
studied without interference from the martensitic
transformation. NiTi:Fe has been studied by resistivity,!!
susceptibility,'? electron-diffraction,!> x-ray-diffraction,'?
and neutron-diffraction measurements.!*’®> Two well-
defined PM transitions occur at T and Ty as shown in
Table I. Superlattice peaks appear below T at positions
near q;=+(1,1,0) and Gu==(1,1,1).12=* The satellite
intensities grow continuously as the temperature is re-
duced. There is almost no change in the behavior of the
B-phase Bragg peaks at T7. At Ty an abrupt splitting of
the (111) and (110) Bragg peaks occurs and the system un-
dergoes a rhombohedral distortion which continues to in-
crease as T is reduced.'>!* At lower temperatures a mar-
tensitic transition occurs whose temperature depends
strongly upon the iron concentration. Resistivity and
specific-heat measurements exhibit a significant change at
Ty but no change at T;.'?> The transition at T is seen as
a change in the slope of magnetic susceptibility.

TABLE 1. Transition temperatures in Niso_, TisoFe, alloys.

NisoTiso? Ni47Ti50Fe3" Niye g TisoFes. zb— d

T(PM) 293 270 232
Ty (PM) 256 224
Ty 273 110 <24
2Reference 6.

"Reference 12.

“Reference 13.

dReference 14.
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There have been recent inelastic neutron scattering
studies of NiTi (Ref. 16) and NiTi:Fe."> Both studies
showed anomalies in the [§55]TA and the [§50]TA,
branches near £ =+ which have been interpreted as being
due to electron-phonon interaction.!” However, only the
[6C0]TA, branch exhibits a strong temperature depen-
dence near {=+ and suggests that the phase transition is
driven by a soft phonon.”® This low frequency shows up
as diffuse scattering in an x-ray- or electron-diffraction
study and may be responsible for some of the observed
streaks and spots.

The purpose of the present study is to probe the nature
of the PM phase by an x-ray-diffraction study of the su-
perlattice peaks appearing below T';. The main result is
that the superlattice peaks are incommensurate with the
underlying B2 lattice but the magnitude and direction of
the incommensurate wave vector do not repeat from one
Brillouin zone to another. This precludes a description. of
the satellites as due to a displacement wave, such as a
charge-density wave, arising from a Fermi surface insta-
bility. In addition, the (5,+,+) satellites bear a strong
resemblance to w-phase scattering observed in other B2
(Ref. 18) and body-centered-cubic (bce) alloys.!®

II. EXPERIMENTAL

The x-ray—diffraction experiments were performed on
single crystals of Nigg gTisoFe; , cut from a polycrystalline
ingot provided by Raychem Corporation.’® Etching of
the ingot revealed that there were many large grains.
These grains were cut from the larger ingot and provid-
ed the samples used in the electron-,'> x-ray-,'? and neu-
tron-%15  diffraction experiments, in addition to the

. present experiment. OQOur sample was approximately
spherical with a diameter of 0.8 mm. It had a mosaic of
0.2° [full width at half maximum (FWHM)] and the lat-
tice parameter at room temperature is 3.009 A. The crys-
tal was glued onto a copper post which, in turn, was
mounted in a sample container with aluminum foil win-
dows to allow for the entrance and exit of the x-ray beam.
The container was placed on the cold finger of a Cryo-
Mini Corp. closed-cycle refrigerator. The temperature
was computer controlled and regulated to within 0.05 K
between 15 and 300 K. Most of the measurements were
performed at T =226 K which is between T} and Ty,
where the basic lattice is still cubic.

The source of x rays was a standard x-ray generator
(Toshiba) operated at 20 mA and 40 kV. A copper target
was used and a pyrolitic graphite (002) reflection served as
a monochromator before the sample. A linear position-
sensitive detector was placed 28.7 cm from the sample. It
is 50 mm long and the data is divided into 250 channels.
Each channel corresponds to an angle of 0.04°. Slits of
0.5 mm width and 1.5 mm height were placed before the
sample and that of 8 mm height after the sample. The
resolution as determined by mapping of a Bragg peak was
approximately 0.01 A~!. The position-sensitive detector
can explore a region of Q space which is 0.33 A~! on ei-
ther side of the nominal setting of the spectrometer. The
direction in reciprocal space that the counter explores de-
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FIG. 1. Intensity vs channel number for the position-sensitive
x-ray detector. The arrow indicates the center of the counter
which corresponds to the angular setting of the instrument for
the chosen Q.
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FIG. 2. Equi-intensity contours for two qy-type satellites.
The parallel lines correspond to different settings of the spec-
trometer. The dashed lines represent half the maximum intensi-

ty.
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pends upon the scattering vector Q. A program was
available which projected the counter onto reciprocal
space. This is essential in determining the scan directions
in order to map out regions of reciprocal space. Figure 1
shows the intensity recorded in the counter channels for a
given spectrometer setting. Intensity contour maps were
measured by moving the spectrometer through a particu-
lar point of interest in reciprocal space. Figure 2 shows
typical intensity contours for NiTi:Fe. The lighter lines
running at an angle through each frame correspond to the
region spanned by the position-sensitive detector for dif-
ferent settings of the spectrometer. The intensity levels
between each setting were interpolated and the subsequent
contours were drawn. The dashed lines represent ; level

of intensity.
III. EXPERIMENTAL RESULTS

Satellites are observed near qy=+(1,1,0) and qp
=+(1,1,1). They appear simultaneously below Ty=232
K and continue to increase as the temperature is reduced.
Figure 1 shows the intensity recorded for the (210) Bragg
peak and a qj-type satellite near Q=( 1,2,0). The arrow
corresponds to the center channel of the counter and is the
angular setting of the spectrometer for the given Q. In
this figure we observe two important features which are
characteristic of all the observed satellites: (i) The posi-
tion of the satellite peak is shifted off of the commensu-
rate position, and (ii) the satellite peak is broader than the
resolution-limited Bragg peak. These same features were
observed in .a neutron study, so surface effects can be
ruled out. In order to demonstrate more clearly these ef-
fects, intensity contour maps of over 50 satellite positions
in both the [001] and [011] zones were measured. Intensi-
ty contour maps for two qp-type satellites are shown in
Figure 2. It is readily seen that these satellites are not at
the commensurate (%, %, %) position, but are shifted by an
amount § towards a smaller wave vector. The unexpected
and surprising result is that the amount of incommensura-
bility & is not the same within each Brillouin zone as it
would be if the incommensurability were due to a dis-
placement wave. Figure 2 also reveals that the width is
aniostropic and elongated along the [112] direction which
is perpendicular to [111]. The width, too, increases with
Q.
Figures 3 and 4 show the intensity contours for the
measured |- and qq-type satellites, respectively. The
positions of the satellites were corrected for spectrometer
misalignments by forcing the nearby Bragg peaks to be on
the correct positions. Typical corrections were on the or-
der of 0.002a* (a*=2m/a). The pluses (+ ) in the fig-
ures denote the commensurate 5 positions. The Q scale
for each box is magnified by a factor of 10. The dashed
lines correspond to the intensity contour at half the max-
imum intensity. The intensity contours are shown for the
(210) Bragg peak in Fig. 3 and the (200) Bragg peak in
Fig. 4 which represents the instrumental resolution.

Schematic representations of the observations are
shown in Figs. 5 and 6 for the (001) and (011) zones,
respectively. In these figures the length of the arrows is
not significant but the direction shows the direction of
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FIG. 3. Observed intensity contours in the (001) zone show-
ing the qi-type satellites. Each box is magnified and the bar
represents 0.01a™ units. The cross corresponds to the commens-
urate % position. The dashed lines are at half the maximum in-
tensity. The (210) Bragg peak represents the instrumental reso-
lution.
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FIG. 4. Observed intensity contours in the (0T1) zone show
the qu-type satellites. Each box is magnified and the bar
represents 0.01a* along [H00] and 0.01V2 a* along [0KK].
The plus corresponds to the commensurate % position. The
dashed lines in the contours are at half the maximum intensity.
The contours along the dashed lines correspond to the domain
associated with the [111] direction.
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FIG. 5. Schematic representation of observed satellites in the
(001) zone. The arrows indicate the direction of the incommens-
urate wave vector, but their length is not significant.

8(Q). There is a definite pattern to the §;= +(1,1,0)-type
satellites. The more intense satellites are along the [110]
rows which correspond to the rows of intense Bragg
peaks. This implies a transverse type of modulation with
qy parallel to [110] and displacements along the [110]
direction. There is no systematic behavior of the qy-type
satellites readily determined from Fig. 4 or 6.

The scattering vector for each satellite can be defined as

- — 1
Q=74+4q.+9, (1)
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F_IG. 6. Schematic representation of observed satellites in the
(011) zone. The arrows indicate the direction of the incommens;
urate wave vector, but their length is not significant.
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where 7 is a reciprocal-lattice vector, q,. is the reduced
wave vector measured from 7 to the commensurate 5 po-
sition, and & is the measure of the amount of incommen-
surability. In the results presented in Figs. 3—6, we see
that & depends upon which Brillouin zone is being
probed, i.e., 5= g(_Q') The trend is that § increases with
Q. This is clearly seen in Fig. 2 where two qp-type satel-
lites are compared Also, the linewidth increases with in-
creasing Q This is seen in Fig. 4 by comparing the
%,7,7) satelhte, which is nearly resolution limited, to
the (3,7, =) satellite which is about four times the size of
the resolution. Additionally, the direction of &(Q)
changes with Q This is revealed in Figs. 5 and 6, which |,
show that the §’s point generally towards smaller Q For
satellites along the [111] dlrectlon (F1g 6), 8( Q) is nearly
parallel to [111], whereas for Q~( ,-_3,—, 7)) & is closer to
7

the [011] direction and for Q 7,7,—;- , 8 is nearly
parallel to [100]. The pattern of the 8(Q) for G-type sa-
tellites (Fig. 5) is symmetrical about the [110] direction.
The pattern is a counterclockwise “swirl” for H > K and a

clockwise swirl for K > H.

~ IV. DISCUSSION

A. Approximate structure in PM-I phase

The most surprising result of the present experiment is
the Q dependence of the incommensurate wave vector 5.
This rules out the description of the superlattice as being
due to a modulated wave represented by a single wave
vector, such as a charge-density wave (CDW) resulting
from Fermi surface effects.?! The Q dependence of &
suggests that local effects which break the translational
symmetry play an important role in the transition. Yama-
da et al.? proposed a model based upon a modulated lat-
tice relaxation to explain the observed shifts of the satel-

~ lites.

However, the approximate structural characteristics in
the premartensitic phases should be present in the overall
distribution of intensities of these satellites within recipro-
cal space. In order to investigate the approximate struc-
ture, let us momentarily neglect the shift of the satellite
positions as well as broadening of the spectra and simply
assume that there develops a long-range order character-
ized by the commensurate wave vectors q;=4(1,1,0) and
Gu=7(1,1,1). We then consider a possible static struc-
ture which is consistent with the observed overall intensity
distribution of these commensurate satellites, or superlat-
tice spots. The temperature where extensive observations
were carried out was T=226 K, which is between T} and
Ty. Therefore, in the following we restrict our discussion
to the structure at PM-I phase.

The key consideration is that neutron scattering re-
sults’>!6 showed that a softening of the [110]TA,-phonon
mode occurs near 4=4(1,1,0). This strongly suggests
that the phase transition at 7y is primarily associated
with the TA,-phonon mode with §=+(1,1,0). We notice
that there are six degenerate modes belonging to the
“star” of the equivalent wave vectors within the first Bril-
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louin zone. The static structure would be derived from a
linear combination of these degenerate modes. We further
notice that below Ty the system transforms to rhom-
bohedral lattice with the [111] cubic axis parallel to the
rhombohedral unique axis.

We, therefore, introduce three phonon modes with the
wave vectors perpendicular to the [111] axis and with
transverse polarization €,

( 1
I 3
a§2)=%(0,1j), 32”[011]» (2)
+(1,0,1), &j|[101],

and take the following linear combination to construct the
displacements of the kth atom:

Ur=73 €cos(q {" Tk +¢) , 3)

where 7 is the amplitude of the modulation wave, and ¢ is
the phase factor.

The phase was chosen as ¢ =0 to give the cosine factor
in Eq. (3). The displacements of the atoms are shown in
Fig. 7 as seen looking down the [111] direction. Figure
7(a) shows the atomic positions projected on the (111)
plane and the right side shows the stacking of the planes
along the [111] direction. Figure 7(b) shows the displace-
ment calculated using Eqgs. (2) and (3) with an arbitrarily
chosen 17 and ¢=0. The left portion of the figure gives
the shifts of the atoms in planes perpendicular to [111].
The symmetry of the phase with these displacements is
P3lm and the unit cell is shown in Fig. 7(a) with lattice
parameters apy and bpy. If the phase factor ¢ is chosen
as /2, then the symmetry becomes P3 with the same
unit cell. In Table II we list the lattice vectors for this
phase and the reciprocal-lattice vectors. @py is along the
[112] _direction and the reciprocal-lattice vector is
4(0,1,1). Thus, the satellites observed in the (001) plane
would be Bragg peaks of a phase with the new trigonal
lattice, if complete long-range order were present. Simi-
larly, the 5(1,1,1) peaks are Bragg peaks along the new ¢
direction. The existence of the satellites is due to a trigo-
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bem

P3Im cos-phase

FIG. 7. (a) Atomic positions of CsCl structure as viewed
down the [111] direction. The Miller indices correspond to
atomic positions using cubic notation. The atoms with the same
letters are in the same plane, perpendicular to [111]. The right
side shows the stacking sequence of the planes parallel to [111].
(b) Atomic displacements of atoms determined by three trans-
verse phonons with wave vector | | =%(O,T,1) using Eq. (3).
The left side has the [111] direction perpendicular to the plane
of the page and the right side shows the displacements parallel
to [111].

nal structure which is driven by a soft mode with wave
vectors of Eq. (2).

Once the atomic displacements are obtained it is
straightforward to calculate the expected x-ray intensity
using the equation

1+cos226

i[Q(Tp+T )] 2
kae' Tk k
2

k

I(Q)= , @

TABLE II. Lattice vectors of trigonal phase derived from soft mode of cubic phase (cubic indices).
m = for sc lattice, 1 for bec lattice; n =+ for sc lattice, < for bec lattice.

Wave vector of phonon
Direction of displacements

Real-space lattice vectors

Reciprocal-lattice vectors

1(1,1,0) +(1,1,2)
[110] [111]
3=(1,1,2) 2=(1,1,0)
5=(2,1,1) 5=(0,1,1)
T=m(1,1,1) T=m(1,1,1)
a*=+(0,1,1) a*=+(2,1,1)
b*=1(T1,1,0) b*=1(1,1,2)
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where the angular prefactor takes into account the polari-
zation of the x rays and fj is the scattering power. The
displacements are taken from Egs. (3). The results are
shown in a qualitative way in Fig. 8 for the two zones
studied. Absorption has not been taken into account, but
this would reduce the intensity of the smaller Q satellites
more than the larger Q satellites. There is no significant
difference of the calculated intensity on (001) and (011)
planes between two model structures deduced by choosing
¢=0and /2.

Considering the absorption, the agreement between the
observed Fig. 5 and calculated Fig. 8 intensities in the
[001] zone is quite reasonable. Generally, intense satellites
are observed near strong Bragg peaks and weak satellites
near weak Bragg peaks. In the [011] zone the agreement
1s not as good. The calculated intensity shows that the
(%,%,2) satellite should be as intense as the (4,4 3 ) po-
sition. This is not what is observed since the (+,5,3)
peak is absent in the experiment. This disagreement in
the (011) zone tells us that we do not completely under-
stand the mechanism producing the %(1 11)-type satellites.

It is interesting to notice that the pattern of the qy sa-
tellite intensities observed in the [011] zone is very similar
to what is observed in Zr and Ti metals alloyed with V,
Nb, or Ta. These alloys show a metastable low-
temperature omega (w) phase?® which is a trigonal phase
corresponding to the motion of two adjacent (111) planes
of the parent bcc phase moving towards each other. Liu
et al.'® performed a mapping of the diffuse x-ray intensi-
ty in the (011) zone for several compositions of the alloy
Zr,_,Nb,. In Table III we compare the observed peak in-
tensity!® for Zr—12 wt% Nb to our observations in
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FIG. 8. Calculated x-ray intensities for [001] and [01T] zones
using the displacement pattern given in Fig. 7. These intensities
are to be compared with observed intensities of Figs. 3 and 4.

TABLE III. Comparison between peak intensity of
453, 5)-type satellites of NiTi:Fe with ZrNb (arbitrary units).
%, not measured.

Q=(h,k,]) NiTi:Fe ZrNb(2%) (Ref. 19)
) 580 590
() 350 100
2,50 200 150
2,43 120 *
(5,33 70 *
2,44 60 100
(T’T’T) 25 <13
o) 30 <13

NiTi:Fe. In both cases the (4,4, %) satellite is the strong-
est and the (7,7,3) is absent. In the Zr-Nb study, as the
Nb concentration increases the satellites become broader
and are elongated perpendicular to the [111] direction.
The other major observation was that the shifts of the w-
phase peaks are all towards the origin and that the shift
varies from zone to zone. These features are precisely
what is observed in the present experiment on NiTi:Fe.

“Similar observations were noted on a Nis; gAlsg , (Ref. 18)

alloy which has a CsCl structure.

Summarizing the above, we have shown that the q;-
and qp-type satellites are approximately interpreted as
Bragg peaks of a low-temperature trigonal structure
caused by the triple condensatlon of the phonons along
the [CE0]TA, branch at £ =+.

B. Relationship with other B-phase materials

We now propose a relationship between the present ob-
servations and phase transitions in other B-phase materi-
als. Phonon anomalies which exhibit strong temperature
dependencies are expected to be the origin of the transi-
tions in [B-phase alloys. The major anomalies occur either
in the longitudinal acoustic branch near ¢ =2(1,1,1) or in
the transverse [££0]TA, branch W1th polarization along
[110]. It should be noted that the %(1,1,1)-LA point is
equivalent to the - +(1,1,2) transverse mode with polariza-
tion along [111]. Thus there are two transverse modes
with propagation directions perpendicular to the [111]
directions which are important in the phase transitions in
the B-phase alloys. Nagasawa et al.?? recognized the im-
portance of the “special mode” corresponding to the
transverse [112] mode, but they restricted their discussion
to the zone center. Likewise, Tanner et al?* tabulated
several alloys which undergo a martensitic transformation
and exhibit a softening in the C’ elastic constant.

The structure of the low-temperature phase is deter-
mined by which branch exhibits a stronger anomaly and
the degeneracy of the mode. First, we consider the case
when a minimum occurs at the 5(1,1,2)TA point. Dis-
placements of atoms are derived from the phonon mode:

q¥=4(1,1,2), €||[111]. (52)
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We notice that, in contrast to the case of §;-mode conden-
sation, the modes
ag)_ 3 (2’T:T): E>H[lll] ’
(5b)
€[|[111],

which are generated by threefold symmetry operation, are
essentially equivalent to g ), as shown in Fig. 9. Hence,
any linear combination of the three modes is simply re-
duced back to the single-mode condensation.

The symmetry is either P3ml or P3ml, depending on
the choice of the cosine function or sine function as the
phase factor. The ¢ direction of this trigonal phase is
along the [111] direction and the unit cell of this phase is
shown in Fig. 7(a) with lattice vectors given as @, and gw.
The unit cell is smaller than that obtained with the choice
of wave vectors of Eq. (2). The relation between the lat-
tice vectors is given in Table II. Notice that all the new

Bragg peaks of this phase are at reduced positions of -

%(1,1,1). In order to compare with Eq. (3), we take a tri-

ple Gy representation. The displacement pattern generat-
ed using

, .
2 ssin(q - 7) (6)

gives motion only along the [111] direction. The atoms in
the B and C’ planes of Fig. 7 move towards each other as
do the atoms in the C and B’ planes. This motion is that
which takes the cubic phase into the o phase.”> This is
borne out in Zr and Ti alloys which are known to exhibit
@ phases.”® An enhanced minimum appears at the
%(l,l,l)-LA point in the host lattice. Measurements
along the [££0]TA, branch show less of an anomaly.

On the other hand, if an anomaly occurs in the
[EEOITA, branch then a structure different from o phase
will be present [Fig. 7(a)]. For an anomaly occurring at
qi=+(1,1,0) there are several possible structures arising
from the degeneracy of the mode. When the three modes
are condensing simultaneously (triple 4 condensation) the
new phase has another trigonal-type structure which we
have discussed in Sec III. According to the discussions,
satellites appear at 3 1(1,1,0) in addition to 5(1,1,1).

When the phase transition is associated with a single
Grmode condensation, the new phase belongs to the
orthorhombic system. Other B-phase alloys exhibit this
type of phase transition. Among these are AgCd,
AuCd,”” and AuCuZn,,?® where mostly +(1, 1 ,0)-type sa-
tellites were studied, and NiAl'® where only +(1,1,1)-type
satellites were studied. The dispersion curves have been
measured in only a few alloys: AuCuZn,,”> CuAlINi,*
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FIG. 9. Formation of “star” of qy’s and qy’s. In the case of
qir’s the degeneracy due to the star is superfluous because these
wave vectors are reduced into a single q as represented by

dashed arrows. Also, notice that 4 {{'=q '—g?.

and CuZnAl,>! but mostly along the [110] direction. In
CuZnAl Guenin et al.?! measured along the [112] direc-
tion -and they showed that there was no minimum at
-;—( 1,1,2) and the low-temperature transition is determined
by the dynamics of the [110] branch. In none of the
above-mentioned alloys have the satellite intensities been
mapped out in as much detail as in the present example of
NiTi:Fe. It is planned to probe the diffuse scattering of
some of these alloys and see if features are present which
are similar to what is reported here.

V. CONCLUSIONS

The study of NiTi:Fe has yielded interesting new results
on the nature of the martensitic phase transitions in al-
loys. We observe an incommensurate phase whose incom-
mensurability depends upon the Brillouin zone studied.
The presence of two types of satellite peaks, observed in
many other B-phase alloys, is explained as a condensation
of a transverse [E£0]TA, phonon with £ =
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