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Ultrasonic and atomic force studies of the martensitic transformation induced by temperature
and uniaxial stress in NiAl alloys
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The single-crystal elastic constants were measured in NiAl alloys with nickel compositions between 49.4
and 63 at. %. For Ni compositions in excess of 61 at. %, the crystals undergo a martensitic transformation. The
transformation was studied as a function of temperature and uniaxial stress using ultrasonic, optical, and atomic
force microscopy techniques. Uniaxial stress applied alond@@# direction on NjsAl s, crystals induced a
transformation and yielded a value ®Mg/do=0.53 K/MPa. Atomic force microscopy measurements yield
quantitative information of the surface relief associated with the transformation and provide clear evidence of
a surface transformation occurring approximatél K prior to the bulk transformation as determined by
ultrasonic measurements. The results are compared with earlier studies of the elastic constants and with
neutron-diffraction studies of the temperature and stress dependence of the slow transverse-acoustic branch in
NiAl. [S0163-18289)00205-2

INTRODUCTION stress, It is interesting to note that a later study performed
on a nontransforming NiAl 4o crystal showed a similar pre-
The martensitic phase transformation inAli; _, alloys  cursor behavior in the stress dependence of phonons and the

has been extensively studied in recent years in an attempt &ssociated elastic diffuse scattering, although the crystal did
obtain a fundamental understanding of the transformation imot transform for stress as high as 168 MPa applied for tem-
this shape memory alloy system. NiAl alloys undergo a marperatures as low as 10 K.
tensitic transformation from a CsCI structure type toR 7 Linear thermal-expansion measurements on g & 57 5
structure below the transformation temperature for Ni com=single crystal showed a pretransformation effect as high as
positions in excess of 61 at. %. The transformation temperat15 K aboveMs.° This effect coincided with optical obser-
ture, Mg, in these shape memory alloys increases by apvation of surface relief. High-resolution transmission elec-
proximately 140 K per at. % Ni. Many of the studies focusedtron microscopy(HRTEM) studies at room temperature pro-
on the precursor effects which are present in this systemvided direct evidence of the premartensitic microstructures in
These studies included optical microscopy, elastic and inNigAl 3, single crystals. These samples exhibited an assem-
elastic neutron diffraction, x-ray diffraction, thermal- bly of nonuniformly dispersed and micromodulated domains

expansion measurements, high-resolution transmission elegnich is consistent witf{1 1 0] (110) shear plus shuffle
tron microscopy, and ultrasourid!' In many of these gisplacements. This is the shear strain associated with the
studies, precursor effects were observed at temperatures wg|byw transverse-acoustic branch @t0 discussed above.
above the bulk phase transition temperature. The HRTEM studies also showed the stress-induced trans-
The neutron-scattering experiments have clearly estatformation by focusing on a sharp tip of a microcrack in their
lished the existence of a soft phonon mode in the slowNiAl foil produced during the electropolishing process and
transverse-acoustic (A branch? As evidence of the soft- clearly shows the progression of the transformation from re-
ening, a dip in the phonon-dispersion curve was seen weljions of low stress to regions of high stress. Far away from
above the actual transformation temperature. Ig,MNig  the crack, the structure is characteristic of the high-
(Ms=80K) the anomaly in this phonon branch occurgat temperature phase. These studies have led to models which
=0.14, well aboveM g, and becomes more pronounced assuggest that highly localized strain centers are the transfor-
Mgis approached. At the same wave vector an elastic diffusenation embryo from which the product-phase nuclei are
central peak is also found, and its intensity increaséd ais  formed. Clapp has combined the soft-mode concept and the
approached. The uniaxial-stress dependence of the phongnesence of defects in the sample by developing a localized
behavior in the premartensitic phase of this system has alssoft-mode model for nucleatioid. The model suggests that
been studied.Uniaxial stress has an effect similar to that of around a particular defect a combination of stresses and
temperature on the behavior of the soft mode in the, TA strains can cause a mode to soften near the defect and
branch. The dip in the phonon-dispersion curve is stress dehereby serve as a center for nucleation. The behavior of
pendent and shifts fromi=0.14 at zero stress ©=0.18 for  elastic constants as a function of uniaxial stress and tempera-
an applied uniaxial stress of 85 MPa applied in [0 1]  ture, and the use of atomic force microsco@FM) as a
direction at room temperature. As the temperature is lowpotential elastic probe can provide valuable information re-
ered, the dip shifts to higher values pfand becomes more garding the nature of this transformatibhStudies of this
pronounced. These neutron studies, along with x-raybehavior using an AFM can also provide a stringent test of
diffraction studies, also show thitg increases with uniaxial various theoretical models developed to explain the pre-
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martensitic effects in the transformation in this system. TABLE I. The density, length, absolute velocity associated with
The single-crystal elastic constants and their temperaturée three independent elastic constants along with martensitic phase

derivatives were determined for alloys with compositions beiransformation temperatufd s for Ni,Al; _, alloy single crystals at

tween 49.4 and 63 at. %. In addition, three experimentai?2 °C.

fmetho_ds were emp_oned to study the_structural phase trans—Salmple Density Length Ve Ms

ormation in two NjsAl5; alloys. The first of these was an (at.% N) (glcmd)  (cm) v (¢ cmis) V' (K)

optical micrograph study of the martensite bands which form-—" -

on the(11 0 and(0 0 1) surfaces as the temperature is low-  49.4 5.964 9.95 6.944 4.400 2.410

ered throughMg. Optical micrographs of the martensite  50.0 5994 9.62 6.918 4.412 2.403

bands that form ol 1 0) faces as uniaxial stress is applied 62.0 6,590 6.50 6.555 4.244 0.899 95

in the [00 1] direction were also obtained. The second g25 6.644 97 6.533 4.25 0.821 180

method was an ultrasonic study of the elastic properties of g3 6.657 9.625 6.534 4253  0.729 280

the samples as a function of temperature and as a function of

uniaxial stress applied along either the10] or the[0 0 1]
directions. These measurements were used to determine the RESULTS AND DISCUSSION
bulk transition temperature and the stress dependence of the
transition temperature. The third method employed an
atomic force microscope to study the surface relief as a func- Table | shows the results of the absolute velocity mea-
tion of temperature and uniaxial stress. surements associated with the three independent elastic con-
All of these experiments were done on each of thestants C,=(C;;+C;,+2Cyu)/2, C4 and C’'=(Cy,
NigaAl37 samples so that a direct correlation between the-C,,)/2. The measured transformation temperature and the
bulk transformation and surface relief could be made. Thelensity are also shown. The velocity associated \@ithis
atomic force measurement can provide unique, valuableseen to decrease rapidly as the Ni composition is increased.
three-dimensional3D) information about the surface relief The room-temperature elastic constants obtained from
as the sample is stressed or cooled. In addition, the AFMhese velocity measurements are shown in Table 1. Also
probe has the potential to measure the variation in local elagshown for comparison purposes are the results of Rusovic
tic properties and thereby to provide valuable informationand Warlimount and Enangt al®° The most striking fea-
about the nucleation process. tures in the data are the large decreas€inand the large
increase in elastic anisotropf=C,,/C’, as the Ni compo-
sition is increased. The extremely high elastic anisotropy is
EXPERIMENTAL typical of B-phase alloys which undergo structural transfor-
) . ) mations. Among the elements, the largest elastic anisotropy
The single crystals used in the present study had Ni comi hresent in the alkali metals. For example, lithium, which

positions between 49.4 and 63 at. %. The crystals were oryqergoes a martensitic phase transformation, has an elastic
ented with faces perpendicular to thel 0] direction to de- anisotropy of 9 at 77 K.

termine the three independent elastic constants. In addition, £q\ the 49.4 at. % crystal all three elastic constants stiffen
two sets of faces oriented perpendicular to [id0] and  as the temperature is lowered. However, the temperature de-
[0 0 1] directions were prepared so that variation of the marrivative for theC’ mode becomes positive for Ni concentra-
tensitic transformation temperature with stress could be stud-
ied. The final polishing of the faces was done with a Qud%

A. Elastic constants

TABLE II. The single-crystal elastic constants and elastic an-

powder. . . . isotropy, A= C,4,/C’, of Ni-Al alloys at 22 °C.
The absolute elastic constants were determined using an
ultrasonic pulse echo technique and a magnesium buffer roéampe c’

The buffer rod eliminates the transit error associated withat. oo N) C,  C,, (102dyn/cn®) C,; Cp A
mounting the transducer directly on the sample.

The temperature dependence and stress dependence of thé9-4 2.876 1.155 0.346 2.067 1.375 3.4
elastic constants were determined by mounting the trans- 50.0 2.868 1.168 0.346 2.046 1354 34
ducer directly on the sample and measuring the change in62.0 2.832 1.187 0.0521 1.697 1.593 22.8
transit time either by a pulse overlap method or direct mea- 62.5 2.836 1.200 0.0448 1.681 1.591 26.8
surement of the change in transit time with a LeCroy oscil- 63.0 2.842 1.204 0.0354 1.673 1.612 34.0
loscope. 50.¢¢ 2.828 1.131 0.356 2.053 1.341 3.2

The stress dependence of the martensitic transformation 55.¢¢ 2.890 1.199 0.210 1901 1.481 57
temperature was studied for two Jls; single crystals 60.G° 2.862 1.205 0.086 1.743 1571 14.0
(martensitic transformation temperature of approximately 2. 2.863 1.205 0.044 1.702 1.654 27.4
285 K). The study included ultrasonic and atomic force mi- go>.gb 2867 1.206 0.034 1695 1.627 355
croscopy techniques. A Park Scientific Instruments Auto- g3 b 2873 1.207 0.025 1.691 1.641 48.3
probe Stand-Alone® atomic force microscope was employed g3 = 2822 1.306 0.151 1667 1.356 8.7

to study the thermally and stress-induced surface relief which
accompanies the transformation. In this instrument, the piéReference 8.
ezoresistive tip scans the sample so that measurements a8Reference 9.
function of stress and temperature can be readily made. °Reference 10.
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tions in excess of 61 at. %. In contrast, the elastic constants 2 . - 10 Y
C. and C,, and their temperature coefficients are not g 200, 2o a2 >
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other direct measurements of the elastic constants exist for = . l-18
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sults are very similar to those obtained in the present study.
The data of Enamét al. obtained on a 63.2 at. % crystal are
comparable to the present results onygNi5,, for C, and FIG. 2. (a) The relative attenuation and percentage fractional
C44 but differ significantly for the elastic consta@t’. The  velocity with elastic constant, as a function of temperaturéb)
elastic constan€’ was not directly measured in their study Corresponding results f@', a crystal with a Ni composition of 63

but computed from measured values®@f, C;;, andC,,  at. %.

and therefore is not as accurate as the present directly mea-

sured valueC’. The adiabatic bulk modulus and Young's dependence of the velocity associated with the slow trans-
modulus can also be computed from the measured elastiterse mode is consistent with the inelastic neutron scattering
constants for each of the alloys. The bulk modulus deterresults for the TA. One should note that, for the longitudinal
mined from our measurements has a value ofmode, adecrease in the velocity also occurs near the onset of
1.61x10*2 dyn/cn? and is essentially independent of Ni the transformation which is concurrent with the increase in
composition. Young's modulus, however, decreases fronthe ultrasonic attenuation.

0.97 to 0.0% 10" dyn/cn? as the Ni composition is in- The uniaxial stress dependence for the two modes shown
creased from 49.4 to 63 at. %. For cubic materials, Young'sn Figs. 3a) and 3b) are for the elastic constan®; andC’,
modulus is determined primarily by the elastic cons@nt

so this dependence of Young’'s modulus on composition is

Temperature (K)

40

) : , 7

expected. 3 ABB0MMAL 192,

The ultrasonic attenuation and velocity in the vicinity of S 30 @ RN .°° 1-0.2
the martensitic transformation temperature were also studied *§ 20l s o :8~2 =
as a function of temperature and uniaxial stress for waves c e ctamuoion f’ oy
associated with the three independent elastic cons@nts Z 10 o AA -06 >

' i i it Q -0.7 ©

C44, and C’ for a crystal with an Ni composition of 63 0 0l eoeseeseesss®® % J-08
at. %. The temperature dependence of the velocity associated 5 1709
with the fast transverse branch@t 0 and with the elastic K -105 To 33 30 40'1'0
constantC,, is shown in Fig. 1. The velocity initially in- Stress (MPa)
creases as the temperature is lowered, but a decrease in the
velocity does occur near but above the transition tempera- © ‘ , ,
ture. The temperature dependence of the ultrasonic attenua- Z ?: a % 10-0
tion and velocity associated with the elastic cons@ptis 5 8l 2R e j-05
shown in Fig. 2a) for a NigsAl 37 crystal. The velocity asso- § ii 50 o) {-1.0
ciated with this mode exhibits behavior similar to that of the g sl s .°. o158 E
fast shear velocity prior to the transformation. Arbitrarily, 2 8, |00 3
the attenuation at the point where one half the change oc- 0 8: AAZ . )
curred was chosen as the bulk transformation temperature, *_g -1 o,...n.". XAA 1—2.5
Mg, which is approximately 285 K. Figure(ld) shows the & -25 10 30 30 2530

temperature dependence of attenuation and velocity associ-
ated with the elastic constaf’. Note that the velocity for
theC’ mode first decreases linearly and then decreases more FIG. 3. (a) The relative attenuation and percentage fractional
dramatically prior to the transformation. This softening isvelocity associated with the elastic constént for uniaxial stress
often considered to be a precursor of the transformation andlong a[001] direction at 297 K. (b) Corresponding results for
the signature of an incipient lattice stability. The temperatureC’, a crystal with a Ni composition of 63 at. %.

Stress (MPa)
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respectively. The stress was applied along[h@l] axis at  induce surface relief was a strong function of temperature,
T=297 K in both cases. Using the same arbitrary definitionsurface preparation, and a placement of the sample in the
for M s which was used in the thermally induced transforma-stress apparatus. At 297 K, a 0.@8n-polished(110 face
tion study, as stated above, we found that the transition oashowed surface relief at 29 MPa, while an electropolished
curs at approximately 30 MPa for both the longitudinal and(110) face showed surface relief at 24 MPa. In addition, as
slow transverse modes. This gives a value difls/do  expected the bands generally appeared at a lower stress for a
=0.43K/MPa for the longitudinal mode andMs/do  |ower temperature. Typical values dMg/do=0.4 to 0.5
=0.63 K/MPa for the slow transverse mode. The averagg/mpa from the optical data are in agreement with the re-
value of 0.53 compares favorably with the value of 0.63gyjts gbtained from the ultrasonic studies done on the same
taken from x-ray data on a crystal of the same nominal comgystals. While the same thermally induced bands generally
position. Thd 001] uniaxial stress dependence was also StUdappeared in various reproducible domains on the surface,
ied at 289 K. As expected, less stress is needed to induce tR¢ess-induced bands often appeared at 45 degree angles to
transition at this temperature. FiguréoBclearly shows that  he stress direction. The pattern, however, could change from
the velocity associated witkl’ decreases rapidly with in- ryn to run, most likely due to changing shear stress compo-
creasing stress in the vicinity d¥ls which change is very nents intrinsic to the placement of the sample within the
similar to the temperature dependenceCdfin the vicinity  gtress apparatus, although copper spacers were employed to
of Ms. The stress dependence Gf, together with the reduce the shear components in our apparatus.
neutron-scattering studies of the uniaxial-stress dependence gyrther insight into the nature of the surface bands and
of the phonon behavior for the slow transverse acousti¢yecursor effects was obtained using an atomic force micro-
branch, show that this entire branch softens with increasingcope. The only other study of this type was a quantitative
stress applied along ti@01] direction. This softening of the  stydy of surface relief in Cu-Al-Ni shape memory alloys us-
elastic constan€’ with applied uniaxial stress lends support jng scanning tunneling microscopy in which the height of the
to the localized soft-mode theory for nucleatidtf. The ve-  gurface bands and the surface relief angle of the different
locity data shown in Figs.(@ and 3b) have not been cor-  yariants were determinéd.The focus of the present AFM
rected for length changes associated with the Poisson eﬁe(‘gtudy was to determine the temperature and stress depen-
but this correction is of the order of a few tenths of a percenyence of the martensitic bands. Two studies are included in
for a stress of 300 MPa. this section: one is a study of the growth of a surface relief
Ultrasonic measurements W|th uniaxial stress along thespear” as a function Of decreasing temperature' and the
[110] direction were also made. No surface relief bandsother is a study of the growth of stress bands as a function of
appear on any of the other four faces when the sample imcreasing 001] uniaxial stress.
stressed in this direction, and no evidence of bulk attenuation Thermally induced bands could be observed from a height
is observed for stresses up to 50 MPa, the highest appliedf 20 nm to a height of 3sm when the band is fully devel-
stress used in this study. oped. An AFM image of one of the spear bands Tat
The values ofiMg/do obtained in the present study var- =285 K in a given domain is shown in Fig.(a. A 3D
ied between 0.40 and 0.50 K/MPa. The average value of 0.4Bnage of the same band at the same temperature is shown in
K/MPa, obtained by ultrasonic measurement, is smaller thafig. 4(b). It should be noted that this type of band has an
the value of 1.4 K/MPa obtained in the neutron study on a@sosceles-triangle-like cross section. The diagonal line shown
Nig, 5Al 35 5 alloy, but comparable to the value of 0.63 K/MPa in Fig. 3 is a polishing scratch and was used as a reference.
obtained in the x-ray study on a yAl;; alloy®® The differ-  The most rapid growth of a particular spear band occurs over
ence in these values may be due to the presence of sheagpproximatef 1 K change in temperature, The thermally in-
components in the applied stress direction and to the fact thaluced band aT =284 K is shown in Fig. 5. Note that both
dMg/dao is most likely dependent upon Ni composition. All the height and width of the band increase an order of mag-
of the studies, however, show that uniaxial stress applieditude fa a 1 K change in temperature. The temperature-
along a[001] direction increaseM g in a dramatic way. Our induced surface relief study in the Cu-Al-Ni shape memory
studies of the pressure derivatives of the elastic constants alloy by scanning tunneling microscope was done near room
NiAl alloys showed thatM 5 decreases with increasing hy- temperature Mg= 296 K).*> The height of the surface relief
drostatic pressure, and all the pressure derivatives of the elais-several hundred nanometers. These heights are comparable
tic constants are positivé. to those shown in Fig. 4 for Als;. Our study, however,
shows that when the bands become fully developed that the
height as well as the width increase by an order of magnitude
while the surface relief angles remain essentially constant.
Martensitic bands associated with surface relief are A second sample of the same nominal composition was
readily observed on all faces of the il ;; samples when also studied. The AFM studies on this sample have shown
cooled. The onset of surface relief was approximately 287 Khat, for an area near a defect, the formation of bands at 297
for a properly annealed sample on a polishi@d0 face. K can be detected. The height of the surface relief band at
(The formation of bands occurred at slightly lower tempera-this temperature was only 17 nm, which is comparable to the
tures on a surface that was not polished or annealed in thisurface roughness in the region scanned. The corresponding
manner) The second sample studied showed surface relief avidth of the band was 1.9m. The formation of the band
291 K. was developed slowly and easily followed as the temperature
Optical micrographs were also used in the study of surwas decreased. At 290 K the band had a height of only 30
face relief induced by uniaxial stress. The stress needed tom. The band then grew rapidly, and at 289 K had a height

B. Optical and atomic force microscopy
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FIG. 4. (a) An AFM image at 285 K of a thermally induced
martensitic band. The chart represents ¥a& cross section indi-
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FIG. 6. An AFM image of a stress-induced band.

cated by the horizontal line in the upper image. The cursors in th@f 272 nm and a width of 1am. The region where the band
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image in three dimensions.
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developed was very close to a region of high internal stress.
This latter region contained small surface relief bands even
above room temperature. These bands, however, did not vary
with temperature and were overcome by the thermally in-
duced band at 289 K. It is clear from these studies that sur-
face preparation and surface defects can lead to a variety of
results. However, even in this sample the band can be de-
tected by AM 6 K above where it can be observed opti-
cally, and the fully developed optical bands occurred very
close to the onset of the bulk transition for both samples.
Since it has been clearly established thht increases with
stress, it is not surprising that a region on a surface with a
local defect, and therefore with a high internal stress trans-
forms near room temperature.

The uniaxial stress study performed on the saht)
face (first sample showed a different kind of band forma-
tion. An AFM image is shown in Fig. 6. Th&Z chart shows
that the cross section for this band is not an isosceles tri-
angle. When the stress band is fully developed, the height is
0.3 um which measurement is an order of magnitude smaller
than that of the thermally induced bands. It is possible that
large stresses could increase the size of the bands. We, how-
ever, chose to limit the applied stress to avoid damaging the
sample.

SUMMARY

The behavior of the temperature and stress dependence of
the velocity associated with the BAbranch is consistent
with the neutron data. The present experiments on 63 at. %
NiAl alloys using both a surface prob@&FM) and a bulk

FIG. 5. (a) An AFM image of the same band shown in Fig. 4 at probe (ultrasound showed that both thermally induced and

T=284 K. (b) The same image in three dimensions.

stress-induced transformations emanate on the surfaces and
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spread to the bulk at lower temperature or higher stress. Thembryos are most likely to occur at the surface and proceed
temperature needed to induce the bulk transformation imnto the bulk as either the temperature is lowered or the stress
these samples is only a few degrees lower than that neededit increased. The present AFM and ultrasonic studies are
induce the surface transformation. These results are muatonsistent with the neutron and HRTEM studies. These mea-
different from the results of thermal-expansion measuresurements show th&’ decreases with increasing stress and
ments on a 62.5% alloy where precursor effects were obprovide additional support of the localized soft-mad&M)
served nearly 100 K above the transformation temper&turetheory*? Studies of the third-order elastic constants are in
The ultrasonic measurements done both as a function of tenprogress and will provide valuable information regarding the
perature and stress yield a valuediis/do=0.53 K/MPa  conditions for lattice stability and the critical shear stress in
on a 63.0 at. %, which is comparable to the value obtainedhis alloy system and provide a more quantitative test for the
from x-ray data. While the direct observation of the tweedLSM theory.
with an AFM is difficult because of problems associated with

surface roughness and surface oxides, surface relief bands

were observed with heights as small as 17 nm and these

bands appear at temperatures slightly higher than when they The authors are indebted to S. M. Shapiro of Brookhaven
are observed optically. The present AFM measurements afdational Laboratory and L. E. Tanner of the Livermore
consistent with HRTEM done on foils and support theoreti-Laboratory for many valuable discussions. We are also in-
cal models that assume that highly localized stress centedebted to T. E. Stenger for his laboratory assistance. The
are the transformation embryo from which the transformawork at John Carroll was supported by NSF Grant No. DMR
tion proceeds. The present measurements indicate that sudh-23351.
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