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Influence of small uniaxial strains on the martensitic phase transition in alkali-metal systems
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A neutron scattering investigation of the influence of a uniaxial elastic deformation on the martensitic phase
transformation in the alkali-metal systems Li andgl4 oM@ is described. The experimental results show that
a small but symmetry-breaking elastic deformation of the bcc matrix drastically promotes the phase transfor-
mation. The deformation further induces a significant reduction of the otherwise large transformation hysteresis
in a virgin crystal and leads to a memory effect; i.e., the hysteresis remains small when the applied elastic
strain is released. Moreover, the applied deformation of about 0.1% of the lattice parameter induces a softening
of the transverse acoustic TP 10] phonon branch of several percent. The results are compatible with a
description of martensitic nucleation in alkali metals as being triggered by strain fluctuations.
[S0163-182697)05218-1

[. INTRODUCTION on the phase transformation has been investigated for a NiAl
(Ref. 11 and a CuyAl (Ref. 12 system. First results ob-
The bcc instability of alkali metals was extensively stud-tained on Li metal show that the elastic deformation pro-
ied in recent years and is characterized by the following feamotes the phase transition despite the fact that the elastic
tures. The alkali metals show complicated low-temperaturgtrain which could be applied was only about 0.1% of the
phase diagrams where different close-packed structures clttice parameter of the bee unit ceflon the other hand, the
exist within a narrow temperature ranjé.In Na a faulted ~9R structure which was still observed is more stable than
hcp (AB) phase, which may also be described as a |Ong_expecteq. We have contmL_Jed the investigations on Li metal
period polytype phas®, together with a ®& and a Lig a0Mg alloy and in this paper we present results

(ABCBCACAB structure is found. In Li &, fcc (ABC) showing a strong influence of an elastic uniaxial deformation
' ’ f the bcc matrix on the phase transition behavior. The

and a polytype structure are observed where the stacking I h b f its hiah ield

sequence of close packed planes is disordered. In the all 10atoMg alloy was chosen because of its higher X)'e

Li ,Mg a 9R structure is formed rength, permitting an elastic deformation of about 0.3% of
10 at.% ’ the lattice parameter at low temperatures. The results may

Al alkali m_etals are characterized by a Iowfenergy ansyn dicate that the martensitic phase transition in alkali metals
verse acoustic phonon branch JA1Q] polarized along is driven by strain fluctuations

[110] and corresponding to the elastic constant
¢’ =(cq1—Ccq)/2. This phonon branch shows a mild soften-
ing when the temperature is decreased and the system ap-
proaches the phase transitioi. The neutron scattering measurements were performed at
The question arises whether the different and complicatethe triple-axis spectrometers 4F and VALSE, both located at
structural features observed are determined by coheren@pld neutron source positions of the Laboratoire Leon Bril-
stresses between the bcc matrix and the low-temperatuteuin in Saclay(France. An incident neutron wavelength of
phase as recently proposed for th® Btructure in NiAl  2.36 A was used and a pyrolytic graphite filter was put into
which was described as an adaptive martensite pffase.  the beam in order to remove higher-order contaminations.
In order to get insight into this question we started a pro-The monochromator and analyzer were pyrolytic graphite
gram on the influence of elastic uniaxial deformation on thecrystals. The collimations were 30 min. As samples single
phase transition behavior. We applied an uniaxial compreserystals of Li and Lig 5 /Mg were used. An apparatus was
sion along thg001] bcc direction, inducing a lattice expan- used which allows one to apply pressure along the vertical
sion along[110] and[110] directions. Nuclei of the low axis of the sample mounted onto a closed-cycle cryostat.
temperature phase likewise induce a similar symmetry-
breaking deformation, i.g., a.comlpgrlesssion aI@@@l] and an Ill. PHONON MEASUREMENTS
expansion alond110] directions.>** The applied elastic
uniaxial deformation therefore lowers the coherency stresses A Li single crystal was cooled down to 100 K and
and should facilitate the formation of the low-temperatureuniaxial pressure was applied. The deformation induced no
phase. plastic flow of the crystal as borne out by the unchanged
In the literature the effect of a uniaxifd01] deformation mosaic spread. Frequencies of the transverse acoustic
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FIG. 1. Strain-induced relative phonon frequency shifts for the  F|G. 2. Radial scans performed alofifl0] bcc direction in
transverse acoustic TA110] phonon branch in Li metal. The data |j, .. ,Mg under applied strain:®) 120 K and () 50 K. The

points marked by the solid symbols correspond to a lattice expannset shows corresponding tangential scans throughaf® 9R
sion along[110] of 0.07%, open symbols to 0.13%. reflection.

TA;[110] phonon branch were measured under elastic comeut of the original(001) bcc scattering plane. The search
pression and for comparison without pressure. The relativeonfirmed that in this completely transformed material a
phonon frequency shifts were determined following an9R structure is formed.

evaluation procedure described in Ref. 14. The results in Fig. An investigation of the(009 9R intensities revealed a

1 show a softening of a few percent of the whole phonorsingle broad peak. TH®09) 9R reflection is located near the
branch but most pronounced for the Igypghonons coming [110] direction of the original bcc matrix. The inset of Fig. 2
about under the action of elastic strains corresponding tshows that in the completely transformed system the inten-
0.07% and 0.13% of the bcc lattice parameter, respectivelysity maximum is tilted by about 0.7° out of tH&10] bcc
The measured phonon frequency shifts indicate a significardirection. An investigation of the secor@09 9R variant
effect of a small elastic deformation on the phonon behaviornear the[ 110] direction revealed a similar small misalign-

ment with the[110] direction. Both ®R variants describe
within the scattering plane an angle of 91.5°.
These features are at variance with results obtained with-
Second, we investigated the action of a uniaxial deformaeut pressure where a bcc matrix is still present and where the
tion on the phase transition of a LiMg system. In a virgin [009] reflection is found to split up into four variants, each of
LiMg crystal the phase transition occurs near 90 K on cool-which is tilted a few degrees out of th§l10] bcc
ing without pressure whereas the back transformation, exhikdirection®2 In the case of unstrained LiMg the fourR9
iting a large hysteresis, starts above 150 K on hedfing.  varaints observed near orf@10] bcc reflection are tilted
The LiMg single crystal was cooled to 135 K and a 1.75° out of thg[110] direction®
uniaxial elastic pressure of 13 MPa, inducing a lattice expan- No changes could be observed after removing the pres-
sion of 0.18% along110], was applied. The intensity of the sure. The LiMg system was then heated to higher tempera-
(110 bcc reflection was monitored by rocking scans. Like-tures where at 140 K the back transformation to the bcc
wise, scans were made ng@94,1,0 and(1,0.94,0 recip-  phase occurred. The application of uniaxial pressure to the
rocal lattice positions where tH@09 9R reflections of the virgin crystal therefore induced a drastic reduct{66%) of
low-temperature phase were expected to ofcur. the generally large hysteresis of the phase transformation
After application of pressure at 135 K the scans showedFig. 3).
the formation of a small amount of the low-temperature
phase. Still under pressure the system was then cooled to 125
K and an increase of th®09 9R intensities was observed.
At 125 K a further increase of the elastic deformatiap to
0.3% of the lattice paramebeinduced an increase of the Furthermore, we investigated more extensively the influ-
(009 9R intensities. The pressurized crystal was then coolednce of the uniaxial elastic strain on the hysteresis behavior.
down in steps to 50 K. At 50 K neither an intensity of the The crystal was cooled down again and the amount of the
initial (110 bcc reflection nor g110) bcc Debye-Scherrer bcc matrix was monitored by a measurement of(tti) bcc
line could be detecte@Fig. 2). Apparently, the bcc matrix reflection. In a subsequent cycle the uniaxial pressure was
had completely transformed. A search {04 9R reflec- applied on cooling and again a drastic increase of the transi-
tions revealed corresponding intensities tilted a few degreeion temperature was observégHig. 3. The pressure was

IV. PHASE TRANSFORMATION UNDER STRAIN

V. INFLUENCE OF ELASTIC STRAIN
ON THE TRANSFORMATION HYSTERESIS
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FIG. 3. Transformation cycles as measured by the peak intensity 500 ———

T L L L T
of the (110) bcc reflection in the first L 5;0Mg crystal: The data r
points should be followed in a counterclockwise sense) (first i b ]
cooling with elastic uniaxial strain appligthe scale for this cycle L ii § § %% E _
at the right side of the figuje (®) second cooling and heating 400 - §§ i% § % §§ -

without applied strain, @) third temperature cycle with applied
strain, and ¥) fourth temperature cycle without applied strain.

removed and a further cycling without pressure yielded a
transformation hysteresis only slightly larger than observed
during the cycle performed before under pressure. Another
cycling through the phase transition induced no further 200 L § §
changes in the hysteresis behavior. -

We pursued the investigations with a new LiMg crystal 1 -
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800 (b) Temperature [ K]
. 700 FIG. 5. (a) Transformation cycles as measured by the peak in-
p2) tensity of the(110) bcc reflection without applied strain in crystal 2
S 600 after the sixth temperature cycle shown in Fig. 4. The cycles were
g started at low temperatures where the system was transformed. On
- 500 heating(arrow a) the recovery of the bcc phase near 140 K was
= arrested by cooling the system down agémrow b). The two
§ 400 symbols describe data of temperature cycles corresponding to two
£ different stages of recovery of the bcc phase obtained near 140 K.
300 (b) For comparison transformation cycle measured in crystal 2 after
the first cooling cycle. The cycle starts at low temperatures where
200 the system was transformed. On heat{agow a) the back trans-
joo formation to bcc was arrested near 140 K by copling thg system
50 100 150 dovxlln again(arrow b). No elastic strain was applied during the
cycles.

Temperature [K ]

FIG. 4. Transformation cycles as measured by the peak intensity’Nich was cycled through the phase transition several times
of the (110 bee reflection in the second ki, sMg crystal: The  Without application of pressure. The results confirmed that
data points should be followed in a counterclockwise sense. Thihe hysteresis is smallest in the virgin system and then con-
horizontal arrow indicates the start point of the measurementdinuously increases with the number of transformation
(O) first temperature cycle without elastic strain applie®)(  cycles. After four cycles the crystal transformed near 40 K.
fourth temperature cycle without elastic strain applie®) (fith ~ Then, during the following cycle, uniaxial pressure was ap-
temperature cycle with applied elastic strain, add)(sixth cooling  plied on cooling and again a drastic increase of the transition
and heating without applied strain. temperature connected with a narrowing of the hysteresis
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was observedFig. 4). After a subsequent pressure releasetemperature phase is formed it induces a similar symmetry-
the hysteresis essentially remained reduced and showed hoeaking deformation of the bcc matrix as the one macro-
further evolution even after several cycles without pressurescopically applied in this series of experiments. Elastic
In this stage where an even narrower hysteresis than in deformation promotes the phase transformation in all cases
virgin crystal is observed the system exhibits a quicker reand therefore it is very likely that the similar strain field
sponse to any temperature change. This is borne out by ttennected with the nucleus of the new phase likewise pro-
transformation curves of Fig.(&. Figure 5a) shows the motes the phase transformation, thus inducing a self-
intensity of the (110 bcc reflection during temperature amplification of the transformation product due to its own
cycles started at low temperatures where the crystal wastrain field. This means that the transformation—once
transformed and then heated up to near 140 K where thstarted—does not stop in an embryonic state but runs
back transformation to bcc started. At 140 K the back transthrough the bcc matrix until it is arrested by the elastic en-
formation was arrested—i.e., at a given intensity level of theergy of the two-phase system.
appearing(110 bcc reflection the system was cooled down It further follows that the strain fluctuations favoring the
again. Figure @) depicts the measured behavior for two martensitic nucleation should be rather specfii®., of
intensity levels of thg110) bcc reflection of the recovered TA;[110] shear typgin order to promote the transforma-
bcc structure, respectively. Near 140 K for both cycles remtion. If random strains are present as in a deteriorated plas-
nants of the low-temperature phase were still present. Thecally deformed crystal after one or several transformation
curves of Fig. $a) show that on cooling in both cyles the cycles, then it seems that the nucleation is inhibited and con-
phase transition starts immediately after the temperature deequently starts at lower temperatures, thereby increasing the
crease, indicating that in this stage the remnants of the lowhysteresis as experimentally observed. Moreover, it was an
temperature phase act as preferential nucleation sites for ttpen question why particles of the low-temperature phase
phase transformation. By way of contrast we include thepersisting on heating do not act as centers of easy nucleation
transformation behavior obtained in a normal crystal wheravhen the system is cooled down again. It may be conjectured
no pressure was applied during all cycles of its his{étig.  that these particles, persisting at temperatures where alkali
5(b)] and where likewise on heating the bcc phase was onlynetals are easily plastically deformed and where the crystal
partially recovered near 140 K. During the following cooling is deteriorated, are inactivated as nucleation centers since
procedure the transformation to the low-temperature phasglastic deformation of the bcc matrix around the particles
started only at significant lower temperatures than shown imeduces the specific elastic strain field needed for martensitic
Fig. 5a). nucleation.
The memory effect in the hysteresis behavior and its re-
VI. DISCUSSION lation to the quicker response of the system under a tempera-
] o ture change are novel and interesting features which should
The present experiment shows that the application of e frther investigated. The memory effect observed after
uniaxial elastic deformation promotes the phase transformay, plication of pressure may be related to an alignment of
tion, considerably reduces the transformation hysteresis, ang,ain fields connected to an alignment of particles of the
even induces a memory effect with respect to the hyStereSi%w-temperature phase under the action of the applied
when the pressure is released. - uniaxial pressure. The alignment of strain fields induces an
In the literature many theories of martensitic phase tranggsier nucleation as shown by the narrower hysteresis.
sitions are presently discusstd"**Some of these theories | summary, we have shown that a small uniaxial elastic
exclude ngcleatlon mechanisms based on thermalompression along [@01] bee direction induces a significant
fluctuations. _ _ softening of the TA[110] phonon branch, promotes the
_The present results suggest that in alkali metals the nuclespase transformation, and induces a memory effect when the
ation mechanism is triggered by thermally activated strairhressure is released. The results suggest that the martensitic

fluctuations which are favored by the low-energy I210]  pycleation is driven by specific strain fluctuations.
transverse acoustic phonon branch. The low-energy phonon

branch shows a further softening when the uniaxial elastic

deformation is applied which promot'es the _phas_e transition. ACKNOWLEDGMENT
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