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Abstract

High-resolution transmission electron microscopy and image-processing techniques are used to measure the strain fields sur-

rounding coherent Ni4Ti3 precipitates in an austenitic Ni51Ti49 matrix. Images are recorded in the [1 1 �1]B2 and the [1 0 �1]B2 zones,
and the {1 1 0}B2 interplanar spacings are used to determine the strain induced by both small (50 nm diameter) and large (300 nm

diameter) precipitates. From these observations, the maximum strain in the surrounding matrix is mapped and identified as com-

pressive or tensile. Interactions between strain fields of different precipitates are also investigated. A simple model for the observed

strain is proposed and compared to the classical Eshelby solution for an ellipsoidal inclusion.
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1. Introduction

NiTi alloys with near-equiatomic composition can

exhibit shape memory and superelastic properties result-

ing from an austenite–martensite transformation under
temperature change or applied stress. The properties

of this transformation are strongly influenced by the

presence of Ni4Ti3 precipitates in the B2 austenite ma-

trix. The atomic structure and morphology of these pre-

cipitates have been investigated before [1–3] and it has

been found that, due to the anisotropic change of the

unit cell dimensions and lattice parameters, the precipi-

tates form with a lens shape inside the cubic matrix.
Their influence on the transformation temperatures

and the occurrence of multiple step transformations

were mainly investigated by differential scanning calo-

rimetry (DSC) measurements and conventional trans-

mission electron microscopy (TEM) [4–7]. When these

precipitates are coherent or semi-coherent, which is the

case for a diameter of the central disc up to 300 nm, they

can act as nucleation centers for the formation of the

R-phase [4,6]. This behavior is explained by the fact that
the lattice mismatch between precipitate and matrix in-

duces a stress field in the surrounding matrix. Also the

change of Ni concentration in the matrix, due to the

higher Ni content in the precipitates, can be expected

to have an influence on the local transformation temper-

atures as is the case for concentration changes at the

bulk level [4,8]. Larger precipitates lose their coherency

with the matrix and the stress field is partially relaxed
by the introduction of interface dislocations [9,10],

though they can still act as nucleation centers for the

R-phase [4]. In the coherent case, theoretical models

are used to calculate which martensite variant is favored

next to a particular precipitate, and to predict the mor-

phology and growth of actual precipitate configurations

consisting of several precipitates in close proximity and

under the influence of an external applied stress [10–12].
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These calculations seem to confirm the experimental re-

sults, but they are typically based on a theoretical model

for the stress field around the precipitate [10,13] as no

localized experimental data on the nanoscale is available
as yet. In the present work, high-resolution transmission

electron microscopy (HRTEM) is used to measure the

actual lattice deformations in the matrix around the

Ni4Ti3 precipitates. To this end, the relative differences

in interplanar spacings are determined by fast Fourier

techniques applied to the HRTEM images obtained

along two simple crystallographic zone directions of

the matrix.
The cubic B2 structure of the matrix has a lattice

parameter of a = 0.30121 nm [11], while for the precipi-

tate the hexagonal description will be used with lattice

parameters a = b = 1.124 nm and c = 0.508 nm [14]. As

a result of the decrease in symmetry, eight precipitate

variants are possible, the conventional orientation rela-

tionship being [1,14]:

ð1 1 1ÞB2==ð0 0 1ÞH; ½3 �2 �1�B2==½1 0 0�H:
In this case the [1 1 1]B2 direction corresponds to the

normal to the central plane of the lens shaped precipi-

tate. In this direction there is a 2.9% contraction in the

precipitate relative to the matrix. TEM images indeed

reveal this lens shape and conventional two-beam

TEM contrast around them indicates the presence of a

strain field, as already observed by Bataillard et al. [4].

Fig. 1(a) shows schematic top and side views of a precip-
itate while the two-beam bright field (BF) TEM image in

Fig. 1(b) reveals the stress fields as strong contrast var-

iation in the matrix surrounding the precipitates.

2. Experimental procedures

2.1. Sample preparation

Discs of thickness 300 lm are cut from a 3-mm diam-

eter Ni51Ti49 rod and specifically heat treated to form

coherent and semi-coherent Ni4Ti3 precipitates of differ-

ent sizes. After homogenization treatment of 1 h at

950 �C in vacuum followed by water quenching, the

samples are aged in vacuum for 4 h at 500 �C (sample

A) or 450 �C (sample B) and again water quenched. Sub-

sequently, the discs are mechanically ground, followed
by double-jet electropolishing in a solution of 93% acetic

acid and 7% perchloric acid at 6 �C. This solution yields

well-polished samples without preferential etching be-

tween precipitates and matrix. The precipitates in sam-

ples A measure between 100 and 500 nm in diameter

and are located mainly in the vicinity of grain bound-

aries and oxide or carbide particles. The precipitates in

samples B are more finely distributed and their diameter
is smaller than 100 nm.

2.2. Method for measuring interplanar spacings

High-resolution images are obtained with a top-entry

JEOL 4000EX electron microscope equipped with a

LaB6 filament and operating at 400 kV. HRTEM micro-

graphs are recorded on standard photographic plates in
order to capture as much information as possible in a

single image. Lattice deformations or strain are deter-

mined by measuring and comparing interplanar spac-

ings at different positions in the HR image. The

interplanar spacing of a crystallographic plane is mea-

sured by applying a fast Fourier transformation (FFT)

to the digitized HR image. Then, the pixel distance is

measured between the central spot (spatial fre-
quency = 0) and that of the crystallographic plane under

consideration.

As the expected deformations are relatively small,

special care is required in order to obtain accurate and

interpretable data. In practice, the micrographs are dig-

itized with an appropriate scanner either directly from

the negative or from an optical enlargement. The result-

ing image file is left uncompressed with original gray
values. Possible artifacts introduced by the enlargement

and/or scanner are compensated for by calibrating both

procedures with images from undistorted matrices. In

fact, distortions should only be measured at a perpen-

dicular angle to the direction of motion of the scanner

CCD array. Indeed, the discontinuous movement of

the CCD array introduces false deformations in the

direction of motion, which is why no two-dimensional
displacement maps are made. Then, a window of

(512, 512) pixels is moved over a constant distance

(e.g. 128 pixels) as indicated in Fig. 2(a) and at each

location the FFT is calculated. In order to avoid streak-

ing in the FFT due to the sharp edges of the selection

window, a mask filter is applied and the FFT is calcu-

lated as shown in Fig. 2(b). The matrix thus obtained

is symbolized by FI.
To be able to accurately measure the distances be-

tween spots for each FFT window, their centers need

Fig. 1. Schematic drawing of the lens-shaped Ni4Ti3 in the two zones:

(a) the [1 0 �1]B2; (b) the [1 1 �1]B2; (c) Typical BF image of Ni4Ti3
precipitates with surrounding strain contrast.
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