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Bending martensite needles in Ni65Al35 investigated by two-dimensional elasticity and
high-resolution transmission electron microscopy
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The bending and tapering of microtwin needles at the interface between two martensite laminates in Ni65Al35

are addressed. A theory is presented, based on the assumption that the microstructure is essentially stress-free;
it predicts a linear relationship between the bending and tapering of the needles. The predictions of this theory
are compared to experimental data obtained by high-resolution transmission electron microscopy. The agree-
ment between theory and experiment is good, thus bridging the gap between continuum theory and discrete
atomic structure, particularly in the region where the bending and tapering are largest.
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I. INTRODUCTION

The alloy Ni65Al35 undergoes a first order cubic-to
tetragonal martensitic transformation upon cooling. The h
temperatureb-phase (B2 austenite! has a CsCl-type uni
cell. The low-temperatureb phase (L10 martensite! occurs
in three equally probable deformation variants due to
reduction of symmetry. As in many symmetry breaki
phase transformations, microstructures form upon coolin
parent-product interfaces, mixing two or more variants
martensite to minimize the stress. Once the cooling is co
pleted the parent phase has disappeared, but the micros
tures of the product phase remain. In Ni-Al, these mic
structures are typically laminates~plates! mixing two
variants of martensite, henceforth referred to as varian
and 2. Within each laminate these variants match cohere
along so-called microtwin planes parallel to the close pac
planes of the product structure.1,2 Where two laminates with
different twin planes meet they form interesting, macrosco
cally coherent nanostructures: such interfaces may be ca
‘‘approximate interfaces’’ or ‘‘macrotwin boundaries,’’ refe
ring to their width and average mirror nature, respectivel

This paper considers a specific, relatively common type
macrotwin boundaries in Ni-Al martensite. It occurs wh
both laminates are made from the same two variants, wh
results in a macrotwin boundary macroscopically paralle
a former $100%b type plane. As we shall explain present
the microstructural character of the boundary can take
different forms ‘‘crossings’’ or ‘‘steps,’’ depending on th
local environment. This paper addresses the details of
second case, namely, steps, whereas the crossings w
treated in a forthcoming paper. Each step is essentially
allel to a microtwin plane and along the step the microtw
are nearly unperturbed on one side, while they bend
taper into needles on the other. Further discussion of
macrotwin boundary and how it arises—including discuss
of the underlying phase transformation, and the details of
experiments—can be found in Refs. 3–5. Such bending
tapering is observed in conventionally treated bulk mater2

as well as in splat-cooled samples.6 Equivalent structures ar
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also seen in other materials, including the shape-memory
loy CuAlNi.7

In the present paper a theory is presented, based on
assumption that the final microstructure is essentially stre
free; it uses linear elasticity, drawing in part on prior work8

and it predicts a linear relationship between the bending
tapering of the needles. The predictions of this theory
compared with atomic-scale measurements, obtained by
lyzing experimental high-resolution transmission electr
microscopy~HRTEM! images. The experiments and theo
are in good agreement, particularly in the region where
bending and tapering are largest. The present fit betw
theoretical calculations performed in a continuum framew
and experimental values directly obtained from images
vealing the discrete nature of the atomic lattice could pr
to be an important step in bridging the gap between disti
tive dimensional scales.

II. EXPERIMENTAL OBSERVATIONS

Figure 1~a! shows a typical transmission electron micro
copy ~TEM! image of the macrotwin boundary between tw
martensite laminates. Each laminate is composed of the s
two variants of martensite, visible in the image as bright a
dark bands as a result of the bright field imaging condit
and a slight tilt of the sample away from a perfect zo
orientation with edge-on microtwin planes. The planar int
faces between two adjacent variants are the close packed
essentially stress-free microtwin planes at which the t
variants meet coherently. For the present material,
amount of lattice distortion yields an average volume fra
tion close to 1/3.2,9–11 From corresponding diffraction pat
terns and HRTEM images it is clear that the widest varia
on both sides belong to the same type, which we will cho
to be variant 1.

The complexity of the microstructure near the macrotw
boundary arises from mismatching rotations. Indeed, the
entation of the lattices of variant 1 is not identical in the tw
laminates; rather, they differ by a rotation of about 7°. T
same applies of course to the variant 2 microtwins, but w
a different value of214° due to the rigid body rotations o
©2001 The American Physical Society05-1
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FIG. 1. ~a! Typical TEM image of a macrotwin boundary in Ni65Al35 martensite revealing crossing and step type microstructures~b!
HRTEM enlargement of a step revealing the atomic lattice bending when looking along the arrow. The indicated lattice direction
bottom refer to the orientation of the originalb austenite corresponding with~a!.
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both laminates already existing before the macrotwin bou
ary is formed.3,5 So the variants cannot simply heal acro
the approximate interface; they must do something m
complex, to accommodate the change in rotation.

Upon examination of Fig. 1~a! it is seen that there are tw
essentially different local microstructures, labeled ‘‘cros
ings’’ and ‘‘steps.’’ The steps are locally parallel to alterna

ing $110%b and $11̄0%b planes, only on average leading
the preferred$100%b orientation for the microtwin plane at
larger scale. The part labeled ‘‘crossings’’ is actually only
small portion of the present interface, but it can be dist
guished by the fact that the microtwins from both lamina
penetrate into the other one, whereas at a step several m
twins of one laminate are seen to stop at one microtwin pl
of the other laminate. In cases where the crossings ex
over a large region, the central macrotwin plane is imme
ately parallel with a$100%b plane. Examples of the latter ar
presented and discussed elsewhere.3–5 In general it is found
that a crossing type is preferred when the local volume fr
tions on both sides are constant and stable.3,4 On the other
hand, if, for whatever reason, the local volume fraction
one side differs strongly from the average value, a step t
is observed.

This paper focusses on the step-type interface. At
scale of a single step, the local orientation of the approxim
interface is a microtwin plane. On one side the microstr
ture is simply twinned, ending with the smallest variant
On the other side the variant 2 twins taper into needles, le
ing only variant 1 at the macrotwin boundary as seen in
enlargement of Fig. 1~b!. In the latter image the geometry o
the white dot pattern reflects the tetragonality of the mart
site lattice, for which thec/a ratio can thus immediately b
measured. As the microtwins taper, these twins also be
and the resulting rotation changes the orientation of the
tice in the retained variant 1 to match that of the other la
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nate. Our goal is a quantitative analysis of this tapering a
bending.

The region near the approximate interface is certai
stressed, as is seen in Fig. 1~b! from the strong changes in
image contrast on a scale of a few nm, and there can
dislocations as well. We believe, however, that incohere
and stress play a relatively minor role, and our theory
founded on this viewpoint. This is supported by the fact th
the atomic lattice remains resolved in nearly the entire H
TEM image, even close to the interface, indicating that
atomic columns remain undistorted along the viewing oz
direction.

In what follows the proposed theoretical description
presented first, indicating the relevant parameters to be m
sured from the experimental images. Then these data
obtained for a number of different examples and compa
with the theoretical model.

III. THEORETICAL ANALYSIS OF THE BENDING
DEFORMATION

The microstructures under consideration mix just tw
variants of martensite. Their transformation strains relative
the cubic parentb phase areU15diag(h3 ,h1 ,h1) and U2
5diag(h1 ,h3 ,h1) and the twins planes are (110)b and
(11̄0)b . It is convenient, however, to work in a differen
coordinate system, rotated byp/4 about thez axis ~i.e., the
viewing direction of the TEM images!, so that the twin
planes are coordinate planes. In this rotated coordinate
tem the transformation strains are

U15S h11h3

2

h12h3

2
0

h12h3

2

h11h3

2
0

0 0 h1

D ,
5-2
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FIG. 2. Reference positions and notations used for the description of bending and tapering in the needle patterns, including the
of the bending parameters as well as the variant numbers.
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U25S h11h3

2

h32h1

2
0

h32h1

2

h11h3

2
0

0 0 h1

D .

In the framework of geometrically linear elasticity, it
convenient to write these as

U15I 1S «1 d 0

d «1 0

0 0 «2

D , U25I 1S «1 2d 0

2d «1 0

0 0 «2

D ,

where«15(h11h3)/221, «25h121 andd5(h12h3)/2.
Figure 2 shows schematically the structure that will

analyzed. The local approximate interface is the planex50
in reference coordinates of the austenite. To its left is a
gion of twinned martensite, with twin planes parallel to t
(y,z) plane, ending atx50 with variant 2. To its right is a
different region of twinned martensite, with twin planes p
allel to the (x,z) plane. Far from the approximate interfac
the twins on the right are uniform. Near the approxima
interface, however, the twins of variant 2 taper into need
so that atx50 only variant 1 is present. The volume fractio
l of the needle variant 2 is thus a function ofx, with l(0)
50 andl(x)→l` asx→`. In the reference coordinates th
shapes that will become the needles after the transforma
are symmetric, as shown in Fig. 2~a!. Deformation during the
transformation breaks the symmetry, making them bend
they approach the approximate interface, as shown in
2~b! @see also Fig. 1~b!#.

The schematic in Fig. 2 is periodic iny. The present the-
oretical approach does not require strict periodicity, but m
roscopic homogeneity in they direction is assumed. Thi
permits the averaging of various quantities~e.g., volume
fraction or strain! with respect toy. For any functionf (x,y),
one can writef̄ (x)5average off with respect toy.

Neglecting dislocations, the present microstructure can
viewed as a mixture of two coherent elastic phases, i.e.,
two martensite variants 1 and 2.10 Within the framework of
linear elasticity, it is natural to assume that the map fr
reference to deformed position has the form
14410
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~x,y,z!°@x1«1x1u~x,y!,y1«1y1y~x,y!,z1«2z#
~1!

since the associated linear strain is

S «11ux
uy1yx

2
0

uy1yx

2
«11yy 0

0 0 «2

D
with ux the partial derivative ofu by x, etc. The ansatz~1!
reduces the problem to one of 2D linear elasticity, involvi
a displacement@u(x,y),v(x,y)# whose linear strain

e~x,y!5S ux
uy1yx

2

uy1yx

2
yy

D
prefers eigenstrainse1 in variant 1 ande2 in variant 2, where

e15S 0 d

d 0D , e25S 0 2d

2d 0 D . ~2!

This 2D, two-phase problem was studied in Ref. 8 wh
elastic energy minimization was used to simulate the mic
structure. The viewpoint of the present paper, however
somewhat different from that of Ref. 8. Here, we do n
attempt to predict the shapes of the needles. Rather, t
shapes are treated as data to be determined experimenta
measuringl(x), the volume fraction of the needles at di
tancex from the approximate interface. A simple, kinema
relation linking the bending of the needles to their taper
will be derived. The theoretical 2D approach is supported
the fact that the HRTEM images taken along thez direction
still reveal a well-resolved lattice indicating no or very litt
lattice distortions along the atomic columns.

The present analysis is founded on a few basic princip
which are now stated and their origin explained. Principle
In the uniformly twinned region far from the approxima
interface, i.e., asx→`

ux50, uy562d, yx5yy50. ~3!
5-3
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Indeed, the uniformly twinned structure is exactly stre
free, soe(x,y) takes exactly the valuese1 ande2. This de-
terminesu andv up to an infinitesimal rigid motion. A con
venient choice of this rigid motion gives Eq.~3!.

Principle 2. The planesx5constant remain macroscop
cally parallel after deformation, i.e.,

ūy is independent ofx. ~4!

This follows from the form of the eigenstrains. Indeed, sin
both variants preferux50, we expectux to be negligible
throughout the microstructure. So for any 0,x1,x2 and
any y,

u~x2 ,y!2u~x1 ,y!5E
x1

x2
ux~x,y!dx'0.

Differentiating iny and then integrating~averaging! over y,
we conclude that

ūy~x2!2ūy~x1!'0.

This gives Eq.~4!, up to small corrections due to deviation
ux from its stress-free value of 0. Translating this into t
actual microstructure and atomic lattice deformations yie
Fig. 3. The linesAB, CD, andEF ~i.e., x5const) are par-
allel and straight in the reference austenite lattice. The im

FIG. 3. Microstructural interpretation of principle 2: thex5
constant linesAB, CD, and EF remain macroscopically paralle
with one another after deformation.
14410
-

e

s

e

of EF in the deformed~physical! variables is also straight—
this is the step. The images ofAB andCD are, however, not
straight; rather, they oscillate around macroscopic lines w
a well-defined slope. Principle 2 tells us that these lines
parallel to the step, as shown in Fig. 3.

Notice that principles 1 and 2 determine the value ofuy
uniquely:

ūy52d~12l`!1~22d!l`52d~122l`!, ~5!

wherel` is the volume fraction of the needles~variant 2! far
from the approximate interface.

Principle 3. The shear straine12 takes values6d, i.e.,

uy1yx

2
5H 2d inside the needles,

d outside the needles,
~6!

for all x.0. This follows again from the form of the eigen
strains, which prefere125d in variant 1~outside the needles!
ande1252d in variant 2~inside the needles!. As we expect
the microstructure to be approximately stress-free, Eq.~6!
holds, up to small corrections due to deviation ofe12 from its
stress-free values.

One might wonder whether these principles are con
tent, and what sort of deformation they permit. Figure 4 a
swers these questions by providing an example of an ela
displacement consistent with our principles. The horizon
component u is periodic in y with u(x,y1d)5u(x,y)
12d(122l`)d, so it hasūy52d(122l`), consistent with
principles 1 and 2. The vertical component isv522da(x),
independent ofy. Outside the needles the example consi
of pure bending plus a uniform shear; inside the needlesu is
determined by linear interpolation iny. Therefore we have
along any linex5x0

FIG. 4. Example of a deformation satisfying principles 1–
~Ref. 8! with u(x,y1d)5u(x,y)12d(122l`)d and a8(x)
52@l(x)2l`#.
uy5H 1

l
ūy2

12l

l
2d~a811! inside the needles~ fraction l!,

2d~a811! outside the needles@ fraction ~12l!#
5-4
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BENDING MARTENSITE NEEDLES IN Ni65Al35 . . . PHYSICAL REVIEW B 64 144105
from which it follows that

uy1yx5H 2d@~l22l`2a8!/l# inside the needles,

2d outside the needles.

Therefore the example satisfies principle 3 as well,
a8(x)52@l(x)2l`#.

We claim that, for any deformation satisfying principle
1–3, the observed bending angleu(x) at distancex from the
approximate interface satisfies

tanu~x!54
uh12h3u
h11h3

@l`2l~x!#. ~7!

@See Fig. 2~b! for the definitions ofu(x), l(x), and l` .]
Indeed, as noted above, principles 1 and 2 give

ūy52d~122l`!.

However, principle 3 gives

uy1yx52d@12l~x!#1~22d!@l~x!#

52d@122l~x!# for any x.0

so it is concluded that

ȳx54d@l`2l~x!#. ~8!

Under the ansatz~1! the deformed midline of a needle
the image of

x°@x1«1x1u~x,y0!, y01«1y01y~x,y0!, z01«2z0#,

so its slope is

2tan~u!5
vx

11«11ux
. ~9!

Since the microstructure is nearly stress-free, bothux and
vy are negligible~see the discussion of principle 2!. There-
fore we may ignore the contribution ofux on the right-hand
side of Eq.~9!, and we may replacevx by v̄x . Taking abso-
lute values, this gives

tanu~x!5
u ȳxu

~11«1!
5

4udu
~11«1!

@l`2l~x!#, ~10!

which is precisely relation~7!.
The preceding analysis determines the direction of

bending as well as its magnitude. The present Ni-Al mate
has d5(h12h3)/2,0, so Eq.~8! gives vx,0, consistent
with Fig. 2~b!. If the needles contained variant 1 rather th
variant 2 then they would bend the other way. Indeed,
case is obtained by replacingd by 2d in the formulas given
above, which changes the sign ofvx . In this case variant 2
would be retained at the approximate interface which
indeed to be rotated in opposite sense in order to match
variant 2 orientation to the left of the boundary. Note tha
the needles contain variant 1 then the layer just to the lef
the approximate interface must also contain variant 1.
14410
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Our analysis shows that the amount of bending is prop
tional to l` . Thus the bending should be most pronounc
when the volume fraction of the needle variant is large (l`

'1). This effect cannot easily be observed in Ni-Al alloy
because the value ofl` is always around 1/3.2 However, the
effect of varyingl` is very clear in the work of Abeyaratne
Chu and James on CuAlNi,7 where similar two-phase micro
structures are observed and the volume fraction is varied
applying stress.

IV. COMPARISON OF THEORY WITH EXPERIMENT

From the theoretical treatment it is clear that the bend
is expected to be related to the tapering, which can be m
sured through the changing volume fraction. The comm
parameter here is the distance into the plate accommoda
the bending variants and measured from the atomic pl
separating the bending variants from the unaffected pl
The valuesd and«1, which depend on the deformation pa
rameters and thus are constant for a given composition, h
to be measured. In what follows different approaches
obtaining these parameters from the experimental images
discussed.

A. Determining d and «1

The parametersd5(h12h3)/2 and «15(h11h3)/221
can be obtained by measuring the elongationh3 of the cubic
c direction and the compressionh1 of thea andb directions
during the martensitic transformation. This should in pr
ciple be performed by measuring the lattice parameters of
austenite as well as the martensite at the transformation
perature~approximately 400 °C). However, the present H
TEM work is based on the study of materials which a
completely transformed into martensite, which means t
one can not access the cell parameter of the austenitic s
Thus, as the exactd and«1 values for our material are un
known, a first option is to use values available from t
literature on Ni-Al material, possibly with a slightly differen
composition. Alternatively, as the Ni-Al martensitic transfo
mation implies shape memory behavior, one can assume
ume preservation12,13 during the transformation which en
ables one to obtainh1 and h3 only from the martensite
lattice. To begin with, three sets of values, obtained fro
different sources and under different assumptions, are s
gested.

~1! h351.083 andh150.939 from Ni62.5Al37.5 melt-spun
samples measured by electron microscopy as both aust
and martensite coexist for this composition.14 This gives a
first set of values ofd1520.072 and«1150.011.

~2! h351.1302 andh150.9392 for Ni66Al34 bulk mate-
rial and obtained by combining x-ray diffraction15 and
HRTEM.2 This gives a second set of values ofd25
20.0955 and«1250.0347.

~3! h351.15 andh150.93 from the present@110#u HR-
TEM images assuming volume preservation. This give
third set of values ofd3520.11 and«1350.04.

As the d an «1 values from the Ni62.5Al37.5 compound
differ quite strongly from those for the Ni66Al34 and those
5-5
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PH. BOULLAY, D. SCHRYVERS, AND R. V. KOHN PHYSICAL REVIEW B64 144105
assuming volume preservation in the present material, o
the second and third suggestions will be retained.

B. Measuring l` and l„x…

The parametersl` andl(x) can easily be obtained from
a TEM image by measuring the relative widths of the micr
win variants at a given value forx. Attention should be paid
to measurel for the local area under investigation: only fo
to a maximum of eight microtwin variants are typical
present at a single step region@see Fig. 1~a!#. The transition
layer in which the bending occurs is typically of the order
10 nm wide measured along thex axis ~see Fig. 5!. Conse-
quently, the parametersl` andl(x) can be obtained from a
single HRTEM image. The measure ofl is made manually
with a ruler on an enlarged HRTEM picture. The major u
certainty on the measures comes from the choice of the
velope of the needles since its limits are not necessarily
vious in the picture especially when getting closer to
interface, i.e., for the tips of the needles.

C. Comparing theory with experiment

The values foru(x) cannot directly be measured from th
HRTEM pictures and the following procedure is used.
order to be able to easily follow the bending, the traces of
(110)b or (11̄1)u planes~i.e., the microtwin planes! are en-
hanced by Fourier filtering. Then the filtered image is sup
imposed onto the original HRTEM image, as shown in F
6, which provides a reference for distances as the cell par

FIG. 5. Typical HRTEM image of a nanoscale martensite nee
pattern. The microtwin boundaries are emphasized as well as a
cal length for measuring the volume fraction

FIG. 6. Superposition of an original and a filtered HRTEM p
ture. The three planes taken to measure the bending deformatio
indicated by dashed lines
14410
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As indicated in Fig. 2~b!, for a given x, the indicative

parameter of the bending is the valueDy which measures the
displacement in they direction of a lattice point from the
reference plane. When the functionDy5 f D(x) is experimen-
tally measured, it can be compared to the theory by num
cally integrating the proposed expression fordDy/dx5
2tanu(x) given in Eq. ~7!. As the experimental measure
are always performed in the deformed system, the coo
nates used when measuring HRTEM images are actu
x(11«1) and y(11«1) when compared with the referenc
(x,y) coordinates used in the theory. As the final comparis
is that of tanu(x), this, however, has no impact on the fin
numerical results.

To measure the bending deformation for a given step
practice, typically three traces of (111̄)u planes are chosen
as indicated in Fig. 6. For each trace,Dy5 f D(x) is measured
followed by averaging perx position. The calculation of the
function tanu(x) given in the theoritical relation is per
formed from the experimental measure ofl(x). The theoret-
ical estimate of the functionDy5 f D(x) is then obtained by
numerical integration~cumulative sum! of tanu(x). The val-
uesDy5 f D(x) found from this calculation can then be com
pared directly with the observed ones.

V. DISCUSSION

In the example of Fig. 5, the bending of the three traces
the (11̄1)u planes is very similar. In another case, taken fro
the same sample, the presence of dislocations disturbs
continuous bending of the traces of the (111̄)u planes, which
illustrates the experimental difficulty to estimate an avera
bending deformation for a given area. This also illustrates
fact that the bending deformation can be different from o
area to the other. When limiting our measurements to sit
tions where no dislocations are observed, a full treatmen
the experimental measures yields the plots shown in Fig
Here both thex dependence ofDy andl are presented. It is
important to note that both factors indeed start to chang
the same distance from the reference plane atx50. The
major influence on the precision of the measurements is
of the averaging over different planes or variants.

In Fig. 8 the latter results are compared with the calcu
tion as explained above and using both suggested value
d and«1. The uncertainty on the input values ford,«1, andl
are incorporated into the theoretical curves, yielding the
certainty flags around the calculated points. It can be s
that the correlation between the start of the bending and
pering is very well reproduced. Changing the values ofd and
«1 yields a slightly different curvature, with the best mat
found for the deformation parametersd and «1 obtained
from the present HRTEM images assuming volume pres
vation. Still, the curvature of the experimental graph wh
approaching the interface is stronger than that of the
cases of the theoretical approach, even when including
uncertainty flags. When data is collected from an image
which the bending is accompanied by dislocations, the
perimental graph tends to have a slower curve.

le
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are
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It should be noted that the present theory successf
captures the link between bending and tapering in the reg
where both effects are large, i.e., forx below about 5 nm.
Indeed, our main conclusion is that

dDy

dx
54

h12h3

h11h3
@l`2l~x!#.

FIG. 7. Experimental measures of~a! the bending and~b! taper-
ing as obtained by averaging over several planes and variants
spectively.
14410
ly
n

The experiments bear this out, even quantitatively, in
region very near the approximate interface where the slo
of all curves are indeed the same. The theory is less succ
ful in the region around 5–10 nm from the approximate
terface, where the bending and tapering are small. The
vature in the (x,Dy) graph is clearly larger in this region
than our theory would suggest.

It is not surprising that our theory does best where
tapering and bending are largest. Indeed, our analysis ign
any role of incoherence or stress, but there is of course s
stress, and often some incoherence. Where the geome
effects~tapering and bending! are large, the impact of stres
and incoherence is truly secondary. But where the geom
cal effects are smallest the roles of stress and incoherenc
naturally more significant. It is not clear at present whethe
more extensive theory as that of finite elasticity11 would
solve this discrepancy, as the latter occurs far from the
proximate interface where the loss of accuracy due to line
ization would seem to be smallest. Still it should be r
marked that the atomic scale bending and measures f
images of a discrete lattice are relatively well described
the framework of a continuum theory, which opens poten
ways for bridging the gap between those essentially differ
concepts and dimensionality scales.

In relation with the overall nanostructures and microstru
tures observed around these type of macrotwin bounda
i.e., those with the same combination of martensite varia
with the same volume ratio on both sides, it should be m
tioned that the present bending and tapering is only one
the possible structural features the system uses to accom
date remaining stresses when two laminates meet. O
means include very small regions (< 5 nm diameter! at the
interface with a slightly different lattice deformation an
atomic ledges displacing the microtwin planes from o
close packed plane to the next~in the range between 50 an
500 nm away from the interface!.3–5 Although the steps in-

re-
a-
e-

n-
e
is

re-
n-
are
FIG. 8. Comparison of the bending deform
tion as obtained from experimental data and th
oretical prediction. Very near the approximate i
terface~0–5 nm! the slopes of all curves are th
same. The curvature of the experimental graph
clearly larger than the theory suggests in the
gion around 5–10 nm from the approximate i
terface, i.e., where the bending and tapering
small.
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vestigated here seem to be related with an unstable vol
fraction on one side of the interface, the underlying rea
for this remains unclear for now.

VI. CONCLUSIONS

The relation between bending and tapering of marten
needles at a macrotwin boundary in Ni65Al35 is investigated
both from theoretical as well as experimental point of vie
The theoretical approach is based on the assumption tha
microstructure is essentially stress-free and uses linear
ticity. It predicts a linear relationship between the bend
and tapering of the needles, the latter expressed as a fun
of the volume fraction of the small needle variants. The
formation parameters of the austenite-martensite transfor
tion appear as constants in the obtained expression. The
dictions of this theory are compared with atomic-sc
measurements, obtained by analyzing experimental h
o

li

14410
e
n

te

.
the
s-

g
ion
-
a-
re-

h-

resolution transmission electron microscopy images.
though the numerical curves obtained from the theoret
predictions and experimental observations fall outside
respective precision ranges, the general trends of the ob
vations are well reproduced by the theory, particularly in t
region where the bending and tapering are largest. This
be understood by noting that in this region the assumpti
of the theory are indeed best met.
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