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ABSTRAC’_I‘

Our recent progress in studying ordered alloys by lattice fringe imaging
is reviewed. Firstly fhe optimum experimental conditions for producing images
suitable for\interpretation are outlined. Secondly lattice and éonvéntional
imaging are compared.and the advantagesvof the former for obtaining atomic
level detail and compusitional estimates afe deScribed. Fiﬁally somé important
" results from this program are discussed, particularly the evidence for a micro-
domain model of short-range order and the fine structure of Qaribus ordered 4

lattice defects.



I. INTRODUCTION

At the time of a previous review on the structure of short-range

order (SRO) in allﬁys (1), the stage had been reached where conventional
. '
transmission electron microscopy (TEM) experiments had been utilized to
their limit. Thesé particularly involved analyéis of diffuse scattering
phenomena in electron diffraction patterns, and aark fiéld images taken
from diffuse superlattice reflections. Unfortunately, as was poinfed out
in ref. 1, the interpretation of these data is not always nhambiguous.
Thus diffuse scatterigg may.arise from the‘presence of ordéred microdomains
(2;3) or from Fermi surface effects (4). Small (~10 R).bright spots in
dark field micrographs‘may be due t0‘statiéticalvfluctuations (5) rather
than miéfédomains.v Itvappeared that'little further progress would Be'
made by these techniques. Consequently fhe advent of TEM;S with tﬁé
capubility of 2 8 1iné resolution led the present authérs to ﬁndeftake
an investigation into the application of high resolutiop.methods in the
study ofvordering. This article reviews our work in this area utilizing
lattice Vimaging.
IT. EXPERIMENTAL APPROACH

The interpretation of lattice images is not straightforwardf
Similarly the conditions under which the images are_béét obtained are
critically dependent on a number of experimental variables; Our
approach to these proElems was therefore gqided by computer éimulafed
images, using the dynamical theory of electron diffracfion (6), to predict
the optimum conditions for imaging and the metallurgical’information (é.g.
degree of‘order) which can be obtained. Both speéimen and microscope
parameters are important, particularly specimen thickness ghd orientation,

the beams used to form the image and the value of the objective lens defocus.
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For example, to image the (001) B19 supérlattice in Mg3Cd, foils shbuldv
be ~140-260 & thick, using (000), (001) and (002) reflections in image

formation, with 0, tilted illumination and an objective lens under-

2002 ~
focus of 280 ] (7).

Whenever feasible, supérlattice and fundamental.reflections are
employed simultaneously in image formation. This gives the greatest
seﬁsitivity to the wvariation of ffinge visibility with degree of order
and also ensﬁres that ordered and disordered regions both-appéat in the
image. However, in this situation (e.g. fig. 1) the superléttice friﬁge
pquile'shows a cyclical béhavior with defocus (Af); At somé objective
lens settings (e.g. AOf ?v; 140‘8 in fig. 1) the predominant eieétfon wave
_interactions occur between transmitted and fundamental beams Qhereés at
other valﬁes (e.g. Af = - 280 R in fig. 1) the predominant inﬁgraétions are
between ;ransmitted.and supérlattice beams.. Thus a fundamentai fringe
vprofile may bevobﬁéined from an ofdefed léttice at certain defocus, whilst
at others tone optimum conditions are met for observing the superlattice.
Thiz iﬁdicatéa the dimportance beth of taking a‘complete through—fdcal series
of miérographs and of a thofough understanding of the image formation process
before appropriate use may be made of the iﬁages.

The sﬁperlittice fringe profilé is a function of .degree of order (8S)
butlis not a monotonically var&ing one. In CuBAu éuperlattice fringe
visibility is low up to S ~ 0.25, increases rapidly up to S .~ 0.5 but shows’
little variation thereafter (6). This means that the fringe imaging method
can primarily detect the difference between disordered and well-ordered

regions,- can give a fairly accurate value of S below S ~ 0.5 but does not

show a sufficiently sensitive variation to describe degree of order over
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the complete‘order—diéorder raﬁgg. It must also be borné-in mind that
-since specimen ﬁhickness and lens defocus are difficult to quantify to
great precision, accurate absolute values for S do not appear possible.
Thus to oEtaiﬁ detailed iﬁformation directly about atomic»afrangements
in alloys, atomic resolution TEM must be awaited, which fequires further
advancesvin instrumentatibn.

For a complete description of the structure of ordered alloys further
desirable information concerns locglized variations in composition
(particularly the effects of Qqn—stoiphiometry) apd the nature of lattice
defects. The former can be analysed from the fringe spacing (8). Thié
alloWS-deﬁérmination éf local’composifioﬁ at.nonhconsgrvative éntiphaée(
boundaries (8,9) and fine-scale segregationrﬁhich may'reSult from compefing
transformation processes sucﬁ as spinodal decomposition (as-occurs in
Cu—Mn—Al alloys (10)). Latciée defects and their importance to the ordering
reaction can be studied at the atomic plane level from their effect on the
iattice fringes.

Finally our analysis is completed by taking optical diffraction patterns_
from the lattice image (11). These serve several purposes. Firstly, if
the image is a faithfui representation of the specimén laftice then fhe
optical pattern wili be geometrically identical to thé‘original electron
-diffraction pattern of the specimen. Such patterns afe used to assésé

) 4 .
how ;hg image can be employed to give information about the specimen.
Secondly fhe optical method is a .microdiffraction tool sinéé the selecting
aperture size, whenAconverted back to thevspeciman:piane by the:micrograph
mangification, becomes extremely small (11). Patterns from 10 & dia. areas
are‘possible and these can be used to build up the componéntvparts of a

microdiffraction pattern (which, as indicated earlier, may be ambiguous).
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Thirdly the method can provide average information in localized regions.qf
the'image and this has proved particularly useful in analeiﬁg fringe'spaéing ‘
variations in spinodal alloys (12,13).
III. COMPARISON WITH CONVENTIONAL TEM

3.1 Applicabili&y of Dark Field Imaging:
| Although Cowley has pointed out that bright spots in dafk field images
of diffuse scattering need careful interpretation (5) thevcompatibility.of
dark field and lattice images has not undergone investigation. Figure 2
shows éuch a comparison. It caﬁ be seen that the areas | exﬁibiting super—
lattice spacing (5.4 R) correspond exactly to the 1igﬁt céntrést aréas
in ﬁhe conventional superlattice dark field micrograph%reVen WEen vefy small
features are involved. Thus the same regions are indicated to be §fderéd
' by both techniques, an observation.made inréeveral systemé'(e;g.,7.9). vIt
can be concluded that in many circumstances dark field imaging caﬁ in-faét
be used with confidence to reveal ordered regions, although the.information
it contains is somewhat limited (see gelow). On the other hand, the lattice
fringe visiﬁility of small ordered domains depends on their position:in
the foil, and thus an exact correspondence as above may not always be
achieved (6).
3.2 Information from Laftice Images

Conventional electron microscopy methods, including even the critical
- voltage éffcét in high voltage TEM (14), have their limitatibns when applied
to ordered systems. It has been found that lattice imaging pro§ides several
important improvements for obtaining—atomic'level information,vwhich are
summarized below. |

i) Local variations in deg?eé cf order can be detected by variations

in fringe profile. Conventional superlattice dark field images reveal
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ordered regions as bright, disordered as dark, and.it is impossible

to assess whether the structure is intermediate between these extremes.
Thus the order—disorder interface in Mg3Cd was found to possess a
degree of order profile over at least 25 8 (7).

ii)w The présence or absence of ordered microdomains in SRO alloys
;may not always be demonstrated by dark field microscopy alone. In
latticé images regions with the éuperlatticé structure can only arise
if a high degree of order is present, thus providing unequivocal
evidence of ordered microdomains (e.g. 9,15).

iii) The images of lattice qefects in conyentipnal bright and dark'
field micrographs are considerably wider than their true width. For
example transiational antiphase boﬁndaries (APB's)vin NiAMo and Cu3Au
appear to bhe 20 R and 50 8 wide respectively in dark field (8,16,17)
whereas.iattice imaging shows them as having atomic dimensions only
‘(8,15,16). This ad&antage is émpﬁasized in section IV.

i) ‘Coﬁ;csitianal information can be derived frbm the fringe spacings,
the resﬁlucion being determined by the degree of segregation'and.the
variafion’of interplanar spaéing with- composition (8); In favoraﬁle
circumstances such as at non-conservative APB's, individual plane
resdlntioh méy be achieved. bf course ﬁonventional images and

diffraction patterns yield no data on 10calizedICOmposition.

v) Tﬁé direct measurement of lattice strain is possible from lattice.
images so long aé appropriate experimental gonditioné are‘met-(e.g. s =0,
in a pérallel faced flat foil region). 'Again this is impossible by
cdnventiénal TEM. étrain ofteﬁ has an important effect on ordering

reactions and subsequent microstructure (18). In partially ordered
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alloys any variation in S (with its commensurate variation in.d—spacing)

may complicate the analysis (8).

Direct lattice resolution is. clearly a powerful technique in examining
the structure of ordered alloys, affording many advantagesiover-conventionél L
TEM. More recently the latter itself has becoﬁe‘more vefsétiie, through
the use of scanning TEM modes. It is now possible to obtain electron
microdiffraction patterns at about 30'X resolution on a conventional TEM
with scanning capability (19) and to perform chemi;al analyses with about
several huﬁdred R resolution (20).. (These compare with lattice image micro-
diffraction of 10 p (11) and indirect chemical analysis over tens of R (8)).
Further electroun optical developments through dedicaféd STEM'instrumenﬁs
will continue to imprer these capabilities and expand the ability to-exaﬁine
structure at higﬁ resolution.

IV. SUMMARY OF RESULTS

A wide range of alloys has been investigated in this'prograﬁ (6-16) ,

Mo, Au Cf, NiTi and MgéCd. A compiete review

including Cu3Au, CuAu, Ni4 4 3

would be impossible here and so only a few significant results are described.

Cr, Au

Iv. 1 Shqrt»kange Order

The main conclusion from previous TEM work (1-3) is that the best
description of SRO is in terms of a microdomain model, subject . to the reserva-
tions discussed above. Lattice imagiﬁg has confirmed this interpretation in
the particular case of two important binary alioys, CuBAu (lS) and.Au4Cr:(7). Co.
'This model has advaﬁtages in theoretical descriptions ofvordering (21).

In Cu3Au, SRO‘is’manifested by.diffuse scattering at the supeflattige o
positions in diffraction patterns. A series of at-temperature 650 kV electron
" diffraction patterns obtained in this study reproduced the Behévior'described
preVipusly (22,23). A nﬁtable feature is the e#act intensityIAistribﬁtion,
with elongation of {hOO}.scattering (h odd) in <0n0> reciprocal l#;tice

directions and an Maltese cross shape for {hk0} scattering. Cu3Au foils



quenched from above the critical ordering temperature (Tc) stlow the same
features, except that the scattering is stronger than that at the témperature
from which the specimen was quenched. For instance the péttern of a foil
quenched from 400°¢ above TC corresponds to an at-temperature pa;térn of
about 40°C above Tc' Thus the SRO state is maintained 5ut is characteristic
of a’ temperature nearer Tc’ which probably arises from atbmic rearrangements
during the quench. This is an important poipt.as high resolution microscopy
is, at present, limited to room éemperature, and hence on quenchedvsamples.
A lattice image of this material shows the presence of roughly equiaxed
ordered regions 3-8 unit cells dia., possessing the superlattice periodicity
(e.g. fig. 3). The size ana distribution of these ordered domains.is ideﬁtibal
‘to those predicted from x-ray diffuse scattering analyses (23,24). However,
.in a previous analysié (15) it was not clear how the diffusevspot shape arose.

A similar behavior in partially ordered Cu,Au can be clearly correlated with

_ 3
a distribution of domain groups, with successive domaihs_invantiphase (11,15).
No such groups were found in the SRO stape'(lS)., More_recently it has been
ppraciated that z single APR can create superlatfice spot splitting (255.
The'degfee to which'this occurs varies inversely Qith fhe diffracting apefture
size for an APB in a fully ordered structure, or as thé domain size in an.
:alloy posseassing small isolated domains. The proportion of the ordered.
domains seen in the lattice image to possess APB's (15)‘is sufficient to
ﬁroduce the observed elongation of the‘diffuse scattering. This ié further
confirmed by the shabe ofbsuperlattice §éattering‘in tﬁe opticai diffraction
pattern from the 1attice image (fig. 3).

Au,Cr, like Ni,

a position of the superlattice reflections, the interpretation of which has

1 o o
Mo, shows {130} type diffuse scattering. This is not

resulted in some controversy (1-3. 26).  Ordered domains
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appear in the lattice images, 10-15 s dia., with a faint {13 }_Superlattice.

fringefprofile (9). It is concluded that microdomains; similar to tBose
predicted b; Okamoto and Thomas {(2); do indeed exist in this system and,
since many other alloys show ; similar hehavidf (1), that they proBably
occur eléewhere also. Such doméins now have é theoretical basis, through
a s:inodalfar ering model (21). Howéﬁer, the determination'of thé exact
composition profile.in the domains (2,21) requires resolution of the (420)
fce 1éttice planes (0.8 X.épacing)vwhich is extremely.difficﬁlt to achieve
Qith current instrumentation.
IV.2 Fine Structure of Lattice Defects

As indicatedvin section IITI, considerably more stru@tural.detail‘can be
perceived abéuﬂ defects in ordered alloys frém:the lattice imaging_method.
Somz quite fundamental information has thus been obtaiﬁed, |

Figure 4 compares translations APB's in Cu Au'andngBCd.. The conven-—

3

tional TEM images indicate that both are flat and appear on_partiéular
crystallographic planes. However, their fine structure is quite different.

In Mg, Cd the APB is virtually flat at an atomic level but contains small

3

discrete interface steps (7). 1Inm Cu3Au there is considerable roughness on
R (-‘ . : . . 3 - . »
a scale of 5-10 A, which is not resolved conventionally (). APB's in

Ni,Mo and Au,Cv appear to be smooth and curved (8,9). In all cases the

4 4

lattice fringe visibility is constant right up to the defecﬁ,nihdicating
there is little wvariation in degreé df order in their vicinity;

Similar structural details can be obtained for rotational aomain
boundaries. In CuAu it had l;ng Beeh predicted (27) tﬁét the rotational
domain variants would form the lowest strain energy configuraﬁion by producing
boundaries on {101} planes; -Although tﬁis idea has been.confirmed |

by conventional TEM (27), lattice imaging veveals that the interface is not



so simplévand in fact resembles a "staircase".arrangement. Thus instead

of a perfectly flat'{101} .type interface, the boundary is composed of

small {100} steps, often one,‘two and océasionally ﬁhrge»(OOl) spacings

in height (fig. 5). On the other hénd the fotapional domain Boundaries

in Mg3Cd are predominantly flat at an»aéomic level (7). 1Individual unit

cell high steps occur in thesé boundaries (e.g. fig.f6) rather than the

fegular.arrangement in CuAu. The order—-disorder interface in Mg3Cd is also

found to éontain stepé'énd it is thought that these observations indicate

a ledge mechanism for both ordering and domain growth in fhis system (7).

Corresponding béundaries iﬁ AuACr are smoothly curved (9) -and so é different

mechanism is fesponﬂiblé here.. \.
The lattice image of dislocations must be interpreted with caution

(28) but nevertheless soma interesting observatiops-hgve still been made .

The APB vhich separates the dislocations comprising a superdislocation

)

in CUBAU, has been imaged and its width found to be consistent with that
obtaingd b conventiona} TEM observations (6). Dislocations in ‘an order-
‘disorder interface, necessary to ac;ommodate the lattice contraction on
ordéring, have also been detected and shown to possess a Burger's vector
equal to a fundamental lattice vector (7).
V. SUMMARY

Our recent work on lattice imaging of ordered alloys has béen reviewed,
with examples chosen from‘a range of systems. For studyiﬁg fine-scale
structure, this technique has‘béen shown to be.considerabiyvsuperior to the
conventibnal TEM approach, particularlybin the areas of short range 6rder |

and the detailed structure of ordered lattice defects. The lattice image.

has its own limitations, not least because the information is obtained.
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about one set of lattice planes only. It is expécted that-wheﬁ atomic
resolution TEM's become available, furthér diversification of high resolu~
tion méthods will occur. Thus thé study of ordering should benefit consider-
ably both from these and the new.scanning-TEﬁ methods. An. area meeding
considerable improvement is high rgsolution_(?O'X épatial) spectroscoéy in order
to obtain composition directiy. In the meantime estimates of composition for.
suitable solutes can be obtained by combihing lattice imaging with optical
microdiffraction (8,13) so as to obtain locélizedv"d" spacings (10-20 R areas).
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FIGURE CAPTIONS

Ezgure 1. The variation of {010} lattice images with objective lens defocus

in MgBCd. "The microdensitometer traces (b) from the areas marked on the image,

and the computed fringe profiles (c) can be seen to be in excellent agreement.

Figure 2. A comparison of the lattice image (a) and superlattice dark field
image (b) of partially ordered MgBCd. Bright areas in thg latter are ordered,
and appear with Superiattice periodicity in the former. |
f}ﬁggﬁ_&. (a) A léttice image of short-range ordered Cu3Au showing the
preéence of ordered'microdomains. The electron diffraction pattern from

the specimen (b) and optical diffraction pattern from ﬁhe image (c) are
similar.

Eiﬁfff_ﬁf Lattice images of translational antiphase_boundéries in (a) Cu3Au,
(b)_tdg3Cd.

Figure 5. Lattice image of a rotational domain boundary in CuAu showing the
fine staivecase-type structure.

Figure 6. Lattice image.of a rotational domain boundary ip Mg3Cd shéwing

the presence of interface ledges.
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