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A new method for fast statistical measurement of
interfacial misfit strain around nano-scale semi-

coherent particles

Liang Liang Song,? Shaojun Liu® and Xiaodong Mao (& *2

An innovative diffraction contrast imaging method derived from Ashby—Brown contrast is presented for fast

and statistical measurement of interfacial misfit strain around nano-sized semi-coherent particles. A

correlation between nano-scale interfacial misfit strain and the fringe-like transmission electron
microscopy (TEM) contrast lines was set up, by which interfacial misfit strain could be obtained by
measuring the inter-spacings between the so-called "no-contrast” lines. The mechanism of the

measurement lies on the symmetry of the strain field at specific orientations around semi-coherent

particles due to the presence of misfit dislocations, which induces "no-contrast” lines on TEM images

under proper two-beam conditions. A much lower average lattice misfit strain of 4%, rather than 9.45%

expected from lattice misfit between matrix and precipitate crystals, was revealed along (022)matrix N
austenitic oxide dispersion strengthened steel by this method, and was confirmed by geometric phase
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analysis (GPA) on high resolution transmission electron microscopy (HRTEM) images. This diffraction

contrast imaging method is especially suitable for measuring misfit strain around particles that are
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1. Introduction

It is a long-lasting challenge to correlate microstructure with
physical and mechanical properties for multi-phase materials,
such as complex oxide systems, multilayered materials,
dispersion strengthened composites, etc. Interfaces often
determine macroscopic mechanical, physical, and chemical
properties of these materials."™ It is widely recognized that, to
design and to control macroscopic materials properties
successfully, a fundamental understanding of the structure and
chemistry of the interfaces is necessary. For engineering mate-
rials such as oxide dispersion strengthened alloys, the structure
and interfacial misfit strain of the ceramic/metal (C/M) inter-
face are of great importance to understand and predict the
mechanical behaviors, owing to the extraordinary influence of
the misfit strain on dislocation motion.*® Lack of a fast and
statistical quantitative measurement method has been a major
obstacle to analyze the complex strain field at the nano-scale C/
M interface. While the theories of metal and ceramic homo-
phase interfaces (grain boundaries) are fairly well developed,
heterophase C/M interfaces are a relatively less well-studied
subject. Experimentally the nano-scale C/M interfaces have
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smaller than 10 nm, and is expected to bridge the gap between nano-scale interfacial structure and
mechanical properties of materials that are strengthened by semi-coherent nano-particles.

been exclusively studied by HRTEM.®** However, statistical data
on a large number of interfaces are needed for predicting the
mechanical properties, which can hardly be accomplished. A
fast and statistical method for data acquisition on a large
number of interfaces is keenly needed. In this paper, such
a method is presented that fast and statistical measurement on
interfacial strain around semi-coherent particle could be
achieved.

A misfit contrast of a coherent, spherical particle under
a two-beam condition in TEM was quantified by Ashby and
Brown.' It indicates an undistorted vertical plane that runs
right through the center of the particle. This absence of
distortion causes a “line of no contrast” that runs through the
image of the particle perpendicular to the active g vector. A
simplified explanation is that, according to the Howie-Whelan
equations, the amplitude A, of a diffracted beam by a column of
the matrix around the coherent particle is

. t
A, = ;EAO J exp
g 0

3Kory’x|g|

2 /
(3K+1—_fy) [X2+y2+(v—2)2}32

dz

X | =27 | ez +

1)

where &, is the characteristic length and s, is the deviation
parameter for reflection g, 4, is the amplitude of the direct
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beam, x, y, z represent lattice displacements in the coordinate
system, ¢ is the sample thickness, K is the bulk modulus of
particle, ¢ is the misfit between the unstrained lattices of
particle and matrix, r, is the radius of the particle, E and v are
the Young's modulus and Poisson's ration for the matrix,
respectively. It can be seen from eqn (1) that, if x = 0 (x is the
lattice displacement parallel to g), then g---x = 0, and the
diffraction contrast of the feature is invisible.

An Ashby-Brown contrast does not apply to semi-coherent
particles, where the elastic distortion around semi-coherent
particles has no spherical symmetry. Fringes observed on
semi-coherent and incoherent particles normally
explained by moiré fringes which are formed due to the over-
lapped images by two perfect crystals.'”>> However, as a semi-
coherent particle becomes smaller in size to several nanome-
ters, the volume of a transitional zone of a distorted interface
cannot be ignored, which may dominate the TEM image
contrast. For instance, a 64 A-thick transitional zone was
detected across a Fe/Y,0; interface.”® Therefore, the TEM image
contrast of spherical precipitates with a size of around 10 nm or
smaller should be preferably illustrated by an elastic strain field
rather than moiré fringes. Precipitates of this size are of
particular interest as they exhibit a high dispersion strength-
ening effect.>*?® For instance, Co-rich particles in Cu-Co
alloys,'” a GP-zone in Al base alloys,** NbC nano-particles in Nb-
containing austenitic steel,*® and 6-Ni,Si precipitates in Cu-Ni-
Si alloys.?” Recently, to meet the requirements of cladding tubes
and other structural components of Gen. IV fission reactors,
oxide dispersion strengthened (ODS) steel has attracted much
attention.”***%? Oxide particles with sizes smaller than 10 nm
are uniformly distributed in a steel matrix to impede the
dislocation motion and attract irradiation induced point
defects, reaching a high creep strength and good irradiation
resistance.”**"* Due to a large difference in lattice parameters
between oxides and metals or different crystal structures,
interfaces between oxide particles and alloy matrix tend to be
semi-coherent, which was frequently observed in oxide disper-
sion strengthened steel.*****%® Fringes observed in these
studies were explained as moiré fringes, and the oxide particles
were identified to be Y,0;, Y,Ti,O,, YAIO; and Y,Zr;O,, of
around 5 nm in diameter and have certain orientation rela-
tionships (ORs) with the matrix.>****%*3¢ Considering a 64
A-thick transitional zone across a Fe/Y,0; interface, the whole
particle with a diameter of 5 nm and a matrix shell around the
particle with a thickness of around 3 nm is within the transi-
tional zone. Explanation by moiré fringes might be misleading
because the whole image formation volume is distorted. The
Ashby-Brown theory could be expanded to semi-coherent
spherical precipitates by introducing stacked misfit disloca-
tion loops on the precipitate/matrix interfaces. An elastic strain
field around coherent and semi-coherent precipitates in
a matrix has been intensively studied by experimental
measurements and theoretical calculations and simula-
tions.**** Previous study has shown that the elasticity problem
of a transformed inclusion constrained in an infinite matrix
could be solved by considering a dislocation cage made of
uniformly stacked dislocation loops.*® If we consider that misfit

were
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dislocations are formed at the semi-coherent interface, the
diffraction contrast of semi-coherent particles can be illustrated
by a simple schematic configuration of the lattice displacement
around the particles. The selection and valid property predic-
tion of structural materials is very important to the safety of the
reactors, and have great influence on thermal efficiency.*”*®
Understanding the correlation between microstructure and
mechanical properties of materials such as ODS steel will be of
great significance for nuclear energy development.

The concepts of a fully coherent particle with a single ‘no-
contrast’ line with a spherically symmetrical strain field in
Ashby and Brown's paper and a semi-coherent particle with
misfit dislocation loops showing multiple ‘no-contrast’ lines are
illustrated in Fig. 1a and b. Misfit dislocations at the interfaces
are edge dislocations with an identical Burgers vector, and are
parallel to each other (Fig. 1b). The strain field around an edge
dislocation is symmetrical about the extra half-plane of atoms.
Therefore, the repelling stress is offset at the middle of two
neighboring parallel edge dislocations with the same Burgers
vector (Fig. 1c). Because the angle (f) between two misfit
dislocations on a spherical precipitate is always smaller than
45° (as indicated in Fig. 1d), they repel each other. Thus, we can
find a plane between the two parallel misfit dislocations where
the overall strain component (R,) along g is zero (thus g-R, = 0).
Since such a pair of perfectly matched planes exists between
every two misfit dislocations, there will be n — 1 ‘no-contrast’
lines (n is the number of misfit dislocations), as illustrated in
Fig. 1b. This concept is applied to investigate Y,Ti,O, particles
in an austenitic matrix. It will be shown that a strain field can
ideally explain the contrast of semi-coherent Y,Ti,O; particles,
and moiré fringe explanation will not stand for this particular
case.

2. Experiment

The austenitic ODS steel in this study has a nominal composi-
tion of Fe(bal.)-17Cr-12Ni-2.5M0-0.3Ti-0.3Y,0; in wt%. The
fabrication processes include mechanical alloying (MA) of pre-
alloyed powder with 0.3% Y,Os, consolidation of MA powder
by hot isostatic pressing (HIP) at 1150 °C for 4 h, hot rolling of
the HIP sample at 1200 °C with a total reduction ratio of 50%,
and finally solution heat treated at 1150 °C for 1 hour, followed
by air cooling.

TEM analyses were conducted at 200 kV by JEOL FE2100F
HRTEM equipped with a Si-floating EDS. Electron beam trans-
parent thin foil samples were prepared by standard procedures
including slicing, grinding and polishing. The final thinning
was performed by jet-polishing at 20 V and 253 K with the
a solution of 5 vol% perchloric acid and 95 vol% methanol.
Carbon extraction replica samples of the nano-sized oxide
particles in the ODS steel sample were also prepared and
observed under TEM to obtain more accurate EDS analyses on
particle composition and statistical analysis of the particle size
distribution by excluding the contrast deterioration due to the
matrix. Carbon extraction replica samples were prepared from
the electro-polished and etched ODS steel sample surface. The
surface was etched by a solution of 2% HF-2% HNO3;-96% H,0.

RSC Adv., 2017, 7, 28506-28512 | 28507
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Fig. 1 Schematic strain field around (a) a coherent spherical particle, (b) a semi-coherent spherical particle in an infinite isotropic matrix, (c)
repelling force between parallel edge dislocations of an identical burgers vector, and (d) geometry of edge-type misfit dislocations around

a semi-coherent spherical particle.

3. Results and discussion

The austenitic ODS steel sample shows ultrafine-grained
microstructure, with an average grain size of around 300 nm,
as shown in Fig. 2a. Annealing twins account for a high fraction
of high angle grain boundaries. Nano-sized particles with a very
high number density are uniformly distributed in the steel
matrix, as shown in Fig. 2b. Fig. 2c shows images of nano-
particles taken from the carbon extraction replica sample.
Particles are spherical in shape, and have relatively uniform
sizes, ranging from around 3 nm to 30 nm. The average size of
particles is around 5 nm. EDS analyses indicated that these
particles are Y-Ti-O particles. Selected area diffraction (SAD)
and nano-beam electron diffraction (NBED) have demonstrated
that these Y-Ti-O particles are Y,Ti,O, with a FCC crystal

structure, and the orientation relationship (OR) between
Y,Ti,O, particles and the austenitic matrix was(220)y ri,o0.//
(200)matrixe and (331)y,1i,0.//(022)macrix-*® The Y,Ti,O, particles
are semi-coherent with the matrix, with undistorted misfits of
0.86% along (200)paix and 9.45% along (022)yacix- It was also
demonstrated that parallel planes could only be obtained in
these two directions. All other lattice planes between the oxide
and matrix were tilted by small angles.

Fig. 3a shows a typical image of particles with single no-
contrast lines running through particle centers perpendicular
to the active g vector, g,00, and Fig. 3b shows the same area
under gy,5. Mostly, 2 or 3 no-contrast lines perpendicular to g,
can be seen in a particle image, showing a lobe-lobe
morphology. This contrast difference can be understood by
considering that misfits along {200} and {022} planes are

Fig. 2
extraction replica sample.
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(a) Microstructure of the austenitic ODS steel, (b) nano-sized particles in the matrix, and (c) image of nano-sized particles from a carbon
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Fig. 3 Ashby—-Brown contrast of Y,Ti,O; particles under different
two-beam conditions, (a) g200. (b) go22:

different. A misfit of 0.86% along (200)uatrix Fequires 116 planes
of (200)mawrix to accommodate a misfit dislocation, which
corresponds to a distance of 20.9 nm (116 times 0.18 nm). This
distance is larger than the size of the Y,Ti,O, oxide particles in
the image. No misfit dislocation can be formed at the interface
along the (200) planes of the matrix, and the diffraction
condition under g,y is identical with that of a coherent
spherical particle. For (022)yauix planes, however, a lattice
misfit of 9.45% means that a misfit dislocation should be
formed for every 10 or 11 planes of (022)yawrix, Which corre-
sponds to a distance between misfit dislocations of 11 x 1.2728
=14 A (dyy, = 1.2728 A). For particles with sizes of 3 nm, 4 nm,
and 5 nm, there will be 2, 2, and 3 misfit dislocations, respec-
tively, which are evident in Fig. 3b. Therefore, semi-coherent
Y,Ti,0, particles exhibit different numbers of no-contrast
lines under different two-beam conditions owing to the lattice
misfit variations along different planes.

However, the fringes shown Fig. 3b indicate that inter-
spacings between no-contrast lines are mostly larger than the
calculated value of 1.4 nm, and show different values for
different particles. Since all of these particles are identified to be
the same Y,Ti,O, particles with the same orientation, this
phenomenon cannot be explained by the moiré fringes.
Considering that a lattice distortion occurs to reduce the
interface stress, the actual d(g,3) of the austenite matrix can

Fig. 4
matrix interface.
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increase, leading to a smaller lattice misfit at the interface and
thus a larger misfit dislocation gap. The relaxation of the
interfacial misfit strain and the corresponding broadening of
inter-spacing between misfit dislocations can be seen in Fig. 4.
Fig. 4a shows diffraction contrast images of particles under go,3,
while Fig. 4b exhibits misfit dislocations at the interfaces of
a typical particle. It can be seen that the inter-spacing between
two neighboring misfit dislocations is around 2.8 nm, being far
larger than the calculated value of 1.4 nm, indicating large
extent of relaxation of the misfit strain at the interface. An inter-
spacing of 2.8 nm between no-contrast lines corresponds to
a distance of 22 X dpzopmatrix (Without lattice distortion). The
inter-planar spacing between (022)uvacrix planes at the oxide/
matrix interface after a lattice distortion by a misfit strain
comes to be 0.1217 nm (2.8 nm/23). The lattice misfit at the
interface thus becomes 4.54%, compared to 9.45% without
a lattice distortion, showing a reduction of the lattice misfit at
the interface by up to 51.9% due to the lattice distortion. It
indicates that the lattice misfit relaxation around semi-coherent
interface may play a dominant role in determining the
mechanical behaviors.

Above measurement on interfacial misfit strain is consistent
with the HRTEM image measurement. Quantitative measure-
ment of lattice displacement and strain map around a semi-
coherent Y,Ti, O, particle was generated by the GPA method
on a HRTEM image, as shown in Fig. 5. An introduction to the
GPA method can be found in ref. 50. It can be seen that an
average lattice displacement of around 4% along [022] direction
is present in the matrix surrounding the particle, being
consistent with the results from the diffraction contrast
measurement on the inter-spacings between no-contrast lines.
It shall be noted that the strain field was affected by the
amorphous edge so that the strain was smaller as the particle
was near to the sample edge. The volume of the matrix around
the Y,Ti,O, particle with obvious lattice displacement is
comparable or larger than the particle volume itself, indicating
a strong interfacial strain, which may contribute to the
mechanical strength by strain hardening. It also indicates that
a lattice distortion exclusively occurred in the matrix, while

(a) Multiple no-contrast lines on semi-coherent Y,Ti,O; particles under goz»: (b) HRTEM image of the misfit dislocations at the oxide/

RSC Adv., 2017, 7, 28506-28512 | 28509
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Fig. 5 (a) A HRTEM image of a semi-coherent Y,Ti,O; particle, (b)
strain map generated by the GPA method from (a).

distortion in the particle is rather small or even ignorable. This
occurs due to the fact that Young's modulus of Y,Ti,0; is much
larger than the Fe base matrix.*

Compared to the measurement of interfacial misfit strain by
HRTEM, the diffraction contrast method in this work has the
advantage of fast statistical measurement on a large number of
particles by a single TEM image, as illustrated in Fig. 6. Inter-
facial misfit strain of most particles in Fig. 6 can be readily
obtained by measuring the inter-spacings between “no-
contrast” lines, which can also distinguish the difference in
interfacial strain among different particles. For instance, it
could be seen from Fig. 6 that interfacial strain varies from 3.3%
to 4.9% among particles, possibly due to the local microstruc-
tural features such as dislocations. Fine particles (<3 nm) that
are marked by dashed circles exhibited single no-contrast lines,
indicating that misfit dislocations were not formed due to the
strain relaxation.

Previously the “no-contrast” lines have been illustrated as
moiré fringes, which are formed when two sets of lattices are
overlapped. However, moiré fringes may not apply to semi-
coherent particles that are smaller than 10 nm, as the interfa-
cial misfit strain is dominating the two-beam contrast TEM
images. For example, by overlapping (111)yaerix and (511)y i 0,
planes and rotating around [011]yaeix by 2.5°, moiré fringes

28510 | RSC Adv., 2017, 7, 28506-28512
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Fig. 6 Measurement of interfacial misfit strain of a large number of
semi-coherent particles by a single two-beam (gg22) condition TEM
image.

should be observable on particles with sizes of around 5 nm
without interface lattice distortion (Fig. 7a). The moiré fringe
spacing is about 2.5 nm and the angle between the moiré
fringes and (111)pacix planes is about 30.2° according to eqn (2)
and (3).”* The theoretical moiré fringes according to the OR
between the Y,Ti,O, lattice and matrix without distortion are
illustrated in Fig. 7a. The sample was then tilted to be under
gii1, where interference lattice planes of (111)yauix and
(511)y,1i,0, are edge on. In this study, no such fringes on fine
particles were observed under gyi; (Fig. 7b). Several other two-
beam conditions such as gi15, gusnwere investigated, and no
fringes were observed. It shows that a moiré fringe explanation
does not apply here. Moiré fringes were not formed under these
conditions due to the fact that the image contrast is dominated
by the distorted interface instead of perfect crystals of Y,Ti, O,
and the austenite matrix. Tilting by 2.5° between (111 )yawrix and
(511)y,1i,0, planes indicates that the strain field is asymmetrical
under gi1,. The combined lattice displacement parallel to g;3; is
never (x # 0), and g-R # 0 according to eqn (1).

dy = dyd,

=2.5 nm (2)

\/d]z + dzz — Zdldz cos 6

Fig. 7 (a) Moiré fringes formed by overlapping undistorted (I1Dmatrix
and (511)y,7i,0, planes and rotating by 2.5°; (b) no such moiré fringes
were observed on the TEM images taken under the condition.

This journal is © The Royal Society of Chemistry 2017
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d; sin 2.5°
Vd2 +dy? — 2d,ds cos 2.5°

6 = arcsin =30.2° (3)

(T11)y-M

where d; and d, are the interplanar spacing of crystallographic
plane 1 and plane 2, respectively. And dy, is the interplanar
spacing between moiré fringes, 6 is the angle between plane 1
and moiré fringes.

4. Conclusion

This study gives a fast quantitative method for measurement of
the interfacial strain around semi-coherent particles that are
smaller than 10 nm. The underlying mechanism lies on the
formation of “no-contrast” lines due to the symmetry of the
interfacial strain field around semi-coherent particles under
proper two-beam conditions. Application of this method on
semi-coherent Y,Ti,O; particles in austenitic ODS steel revealed
an substantial decrease of the misfit strain by 51.9% compared
to that estimated from undistorted lattices. This method is ex-
pected to contribute to the correlation between microstructure
and mechanical strength of alloys that are strengthened by
semi-coherent particles.
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