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ABSTRACT 

The later stages of Bl9 ordering in Mg3Cd has been investigated by 

direct lattice imaging. Unit cell high steps (5.3$.) have been clearly 

resolved in the following interfaces: the order-disorder lnterfacej trans-

lational antiphase boundaries and rotational domain boundaries.' These 

observations are thought to indicate a ledge mechanism for ordering and 

domain growth. 

Lattice imaging and corresponding optical diffraction have also been 

used for phase identification and determination of unit cell dimensions. 

In addition, the characteristic domain structure of the B19phase h~s 

been studied in detail, and the unusual multiple domain junctions are 

explained in terms of the orthorhombic lattice distortion upon trans-

---formation. Considerably more information has been discovered by. lattice 

imaging than is possible by conventional electron microscopy. 
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1. INTRODUCTION 

Lattice imaging has great potential in tile area of phase tfansforma-

tion studies, as exemplified by our work on short-range ord~rrlndorder-

ing(1-3) , spinodal decomposition (4) and grain boundary precipitation (5), 

by Phillips' work on precipitation (6,7) and-by various studies of transi-

tions in mineralogical and ceramic systems (e.g. B-ll).An optical 

microdiffraction technique has also been.developed whereby selected area 

o 
apertures as small as the equivalent of lOA diameter may be used to suppIe-

ment the real space information \-lith reciprocal space data (4). In the 

present article results a~e presented on ordering in Mg 3Cd. By directly 

observing the atomic lattice at atomic plane resolution, information is 

derived concerning the transformation mechanism in this alloy. 

Mg
3

Cd was chosen as ordering proceeds at a convenient -rate for study 

at room temperature (12,13). It wa~ intended to fbllow the disorder-to-

order transition in situ in the lattice image mods. Unfortunately the 

intense electron beam necessary for high resolution microscopy immediately 

caused an alternative reaction to occur in thin are~s of the fbil (14), 

inducing sufficient foit movement to preclude imaging during the initial 

stages. Nevertheless, high quality micrographs can be taken after this 

early period and considerable detail is then available. 

In bulk~g3C;d, the disordered h.c.p. lattice transforms to the hexa

gonal D0
19

. structure, ,in which Cd atoms form an hexagonal array separated 

by Mg firSt nearest neighbours (Fig. la). In very thin foils (~500X) a 

closely related orthorhombic phase with the Bl9 structure (Fig. Ib) is 
, ; 

produced either from h.c.p. or 00
19

(14). Here,the Cd atoms are aligned 

in rows along one particular [2110Jdirection and thus the hexagonal 

$)"ml11t'tI'y is II.~st (Fig. Ib). \\\. \,'Ul illustrate how lattice imaging with 
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optical microdiff·raction is a useful combination for identifying these 

two pha~es. Observations will be presented of the atomic planes at 

domain and order-disorder interfaces, for the first time showing directly 

interfacial dislocations and unit cell high boundary steps in alloys. The 

importance of the latter to the transfonnation mechanism will be discussed. 

Finally, the unusual domain configurations produced by this ordering 

reaction will be described and interpreted in terms of the accompanying 

orthorhombic distortion. 

II. EXPERIMENTAL PROCEDURE AND IMAGE INTERPRETATION 

Specimen preparation has been described elsewhere (14). A Philips 

EM 301 electron microscope, operating at 100 kV and fitted with a high 

resolution objective stage, was used for lattice imaging. In the fully 

ordered condition, iniages were taken with axial illumination in specimen 

areas close to a symmetrical basal plane orientation. The objective 

aperture size of 40~ was sufficiently large to allow the transmitted 

beam and all first and second order superlattice reflections (viz. {loIo} 

and {1120} respectively, in the hexagonal D019 notation) to form the 

image. Tilted illumination was utilised for studying partially ordered Mg 3Cd 

with the objective aperture enclosing the transmitted, the first order super-

lattice and first order fundamental reflections along a systematic row. 

The specimen orientation in this case was very close to the exact Bragg 

condition for. the latter reflection and tbe super1attice beam was ti.lted par;'" 

allel to the optical axis of the .microscope. In this way information may be 

gained simultaneously about both the ordered and disordered lattices (2,15). 

o 
Thorough-focal image series were recorded, in 140A focus steps of the 

objective lens. The images correspond well with those theoretically calcu-

lated from the dynamical theory of electron diffraction (15) and accordingly 
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the optimum image was chosen for representing the specimen lattice. In 

the fully ordered structure, fringes with {loIo} s perlattice periodicity 

were obtained at thickness in the range 140-260A and at 280Xobjective Jens 

defocus (15). The former condition could not be specified exactly but 

can be achieved approximately by refer~nce to the thickness contours in 

bright or dark field images. For the purposes of interpretation of plane 

configu~ations at lattice defects, a dark fringe on the image may be 

taken as representing the relative position of the two immediately 

adj acent {olIo} and {O 1. 5 1. 5 O} Cd planes unresolved in the structure. 

At particular objective lens settings for the partially ordered material, 

alternately stronger and weaker fringes are observed, the relative inten-

sity of which yields information on the local degree of order (15). 

Optical diffraction patterns were taken as outlined previously (4). 

For selected area microdiffractograms almm aperture was employed, cor-

o 
responding to 30A dia.at the specimen plane, and for macrodiffraction a 

o 
lOmm aperture (300A dia. equivalent) was used. 

III. RESULTS 

3.1 Phase Identification 

Three methods were ,used for phase ide~tification by lattice imaging: 

(i) the symmetry in the images; 

(ii) the optical microdiffraction p~tterns from the images; 

(iii) the unit cell dimensions as determined by fringe spacings. 

The lattice image shown in Fig., 2 reveals the boundary region 

between the two phases. In the 00
19 

phase the image has characteristi.c 

hexagonal symmetry whereas in Bl9 only two-fold rotational symmetry of 

the 9rthorhombic system i.s present. Thus, the two phases are readily 

distinguished by ,the image. 
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It can be seen tha~ three B19 domain variants have been produced 

by the transformation as also shown hy clark field microscopy experi-

ments (14). The b-axes of the three B19 domains are parallel to each of 

the three l20 o -related principal axes of D019 in turn. One domain type 

displays the B19 orthorhombic unit cell arising from a crossed lattice 

image of (010) and (001) planes. This occurs because this variant is 

closer to the exact Bragg condition for both orientations than the other 

two. The orientation relationships are: 

a) (001) I 1(0110) (010) II (2iiO) (100) 11(0001) 

b) (001) I 1(1010) (010) II (li10) (100) 11(0001) 

c) (001) 11(1100) (010) II cI120) (100) 11(0001) 

The basal plane selected area electron diffraction patterns of the 

two phases are almost indistinguishable: this is also the case for 

the macro-optical patterns, as shown in Fig. 3. However, a distinction 

is readily made by the microdiffraction capability of the optical technique 

if an aperture smaller than the B19 domain size is used. Figure 4 compares 

o 
the microdiffractograms taken with the 30A equivalent aperture. The 

pattern from the DO phase shows hexag'malsynunetry whereas only 19 " 

one pair of diffraction spots i,s produced by a single B19 domain. When 

the patterns from the three variants of the latter are added together (as 

in a macrodiffractogram) they yield an almost identical picture to that 

of the D0
19 

phase. This experiment confirms .the" ease with which micro-

diffraction can be obtained by the optical technique (4) and how it may 

,~ '. 
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be used to identify the individual componcnts (')f 111acro-diffraction patterns. 

The relevante,qtdvalent latti.ce dimens:ionsof the two phasE~s, gJven by 

Pearson (16), are 

o 
b :::: 3.22A c = S.27A (BI9) 

o = 3.lSA 
o 

S.46A 

Measurements on the lattice in13ges aIld optic:::tl diffractograms con-

firmed these differences. Using theD019par::tmeters as standard~ the follow

ing lattice constants were obtained for the B19 structure: 

Lattice Image Opticai Dlffr::tction Optical Microdiffraction 

c 
o 

S.33±O.03A 
o 

S.27±O.OSA S.2ltO.OBA 

b 
o 

3.24±O.02A 3.24tO.03A 

The agreement with convention::tl data is excellent. Lattice para-

meter values slightly higher than perfect are expected by the Mg-dch 

composition of the phase in this study (14), as found in the more ac:curate 

results from the image. 

It should also be noted that quite good accuracy is obtained when 

measuririg directly on the 1at tice image' prints evcn though the number of 

fringes sampled.is curtailed by the small, finite domain size (-lOOA). 

Our data are reproducible to within,tO.S%. The accuracy of the opdcal 

patterns is limited by the diffraction spot width and shape to -±l% 

for macrodiffraction and -±l.S% for microdiffraction. 

Finally the small difference in lattice dimensions ensures that 

the interphase boundary cannot be perfectly coherent. The variation 

of fringe matching across the. interface in Fig. 2 and the disruption of 
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fringe continuity in one segment of the boundary ilhwtrate this fvnture. 

3.2 Partially Ordere~ Mg]Cd 

The striking correspondence between lattice and dark field images 

for partially ordered Mg
3

Cd has already been noted elsewhere (15). 

In the superlattice dark field.image the ordered regions appear bright, 

the disordered dark. In the optimum lattice image the planes of the two 

structures are revealed. Regular intensity, {02~0} fundamental l~ttice 

* 0 fringes with spacing 2. 7A are present in disordered areas whilst the 

ordered regions are manifested by alternately stronger and weaker fringes 

with the 5.3)\ periodicity of the superlattice. They closely reseinble 

images simulated by many beam dynamical electron diffraction theory (15). 

However, the lattice image contains additional information at the 

atomic level. Firstly, the interface between ordered and disordered 

regions is delineated by the transition from one fringe type to the other. 

In the ordered material the relative intensity of alternate fringes depends 

on the local degree of order, with the difference increasing with 

degree of long range order (15). It was found that the transition from 

ordered to disordered lattice fringes does not occur abruptly, but rather 

over a finite region which varies in \vidth from one domain to another, 

o I 

in the range 5-25A (e.g. Fig. 5). Thus the order-disorder interface has 

a diffuse, degree oJ order profile and is not a classic monatomic boundary. 

Secondly, as the disorderd phase lattice parameters are similar to 

those of D0
19

' an approximately 4% mismatch exists between the ordered (001) and 

disordered (OliO) lattice planes. By following the matching of atomic planes 

across the boundary the smaller domains are found to remain perfectly coherent 

but the interfaces of larger domains are seen to be dislocated. An example of 

the latter effect is also shown 1· Fl· 5 n g. . The arrowed (001) superlattice 

*Indices refer to the DO unit cell, shown in Fig. la. 
19 
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fringe transforms to only one (0220) fundamental fringe on crossing the 

interface whereas those on either side become bj.furcated and match up 

as usual with two (0220) fundamentaL fringes. One extra (002) atomic 

plane therefore exist~ in the ordered phase, terminating at the interface. 

This is expected froin the smaller dimension of the ordered unit cell in this 

direction and is consistent with the presence of a van der Merwe inter-

facial dislocation (17). Several such ,observations were made and in each 

case the mismatch is taken up by a fundamental lattice, not a superlatttce, 

vector. The domains are still too small, however, for the dislocation 

separation to be correlated with the macroscopic mismatch. A detailed 

analysis of the dislocation line and Burgers vector, 'which is necessary 

for interpretation of the atomic plane positions from the fringe 

pattern (is,19) was not attempted in the present inve~tigation. 

Nevertheless it is clear that interfacial dislocations may be revealed 

and studied by lattice imaging. 

Thirdly, thin "ribbons" of ordered material are also commonly observed. 

They can be .seen in the dark field micrograph (Fig.6a) to be slightly 

curved, the reason for which can be picked out in the lattice image (Fig. 6b) 

but not resolved in the dark field picture. Unit cell high ledges are 

present in the order-disorder interface. The macroscopic curvature 'of 

the ribbons is caused on an atomic scale by a sequence of such discrete steps. 
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This observation implies the role of ledges in the ordering reaction: 

the passage of an ordered ledge along the interfdce increases the amount of 

ordered material and provides a mechanism for the increase of total J.ong

range order. 

3.3 Domain Configurations in Fully Ordeied B19. 

Figure 7 shows a lattice image of the fully ordered B19 phase, reveal

ing its fine, crystallographic domain structure. A wealth of informati.on 

is present in such images, as the analysis in this and the next sect.ion 

shows. 

The lattice image can be used to identify both the domain and t.he dQmain 

boundary orientations in one micrograph. Thus, the interface between 

two domain variants is found in almost every case to be very close to 

a mirior plane for the (001) B19 planes. For a particular domain pair, 

two boundary planes are therefore possible, at rightangles to one 

another, as shown schematically in Fig. 8a and exemplified from the inlage 

in Fig. 8b. Their orientations are (011) and (Olj), parallel to {loIo} 

and{l~lO} respectively of the hexagonal structure. It can be seen from 

Fig. 8a that the (all) boundary is a rotation twin boundary and the (013) 

boundary is a reflection twin (20). A total of only six boundary planes 

are possible after the hexagonal to orthorhombic transition and conse

quently the domains assume highly crystallographic, polygonal shapes. 

When three domains meet at a point. the angles between the boundaries 

are also limited. Only the following combinations are allowed 

60 0 150 0 1500 
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ignoring at present the orthorhombic distortion of the hexagonal lattice. 

The tabulation has been made in order of frequcney of observation.· Thus 

about 50% of the junctions were found to have the 60° : 150° : 150° con-

figuration, as exemplified in Fig. 9. About 25% possessed the 

30° : 120° : 210° combination and as many as 10% showed the 30° : 30° :300° 

structure. The remainder involved 90° : 150° : 120° or 180° : 30° : 150 0 

angles, in which one Qoundary, usually confined to a short segment, is 

not a mirror plane for the (001) planes. An example of the former is 

shown in Fig. 10 where it can be seen that the non-mirror boundary rapidly 

rotates to assume the more staqle, twin position. 

No observations were made of the last two possibilities, which. is very 

surprising at first sight. In particular, the equiangular 120 0 co~bination 

would seem superficially to be the most stable as it would naturally 

b~lance the three equivalent twin boundary energies. 

The simple analysis above has not taken into.account the orlho-

rt.ombic lat tice distortion. The extent of this effect may be judged by 

measuring the interplanar angles across two boundaries. The·angle between 

(001) planes was thus found to be (57±0.5)0 for the (013) boundaries and 

(117 ±1)0 across the (011) twir). boundaries, in excellent agreement with 

values calculated from the lattice dimensions quoted in sectiori3,1 (viz. 

57.48 0 and 117.42°). The deviation from the he~agonal angles of 60 0 and 120
0 

is sinall but significant. It implies· that the domain junction angles assumed 

above are not exactly correct. The·strange domain configurati.ons can be 

rationalised in terms of these distortions, as discussed later in Section 4.2. 
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Measurement of the interboundary angles themselves is not so 

precise (-±1.5°) as the interplanar data since the boundary planes are 

usually less well defined in the image compared with the lattice fringes. 

Generally it was found that one angle is very close to the theoretic~l 

value while the other two deviated up to 5°, and occasionally 10°, 

away. An absolutely exact morphology was therefore not maintained. 

Several observations were also made of multiple domain junctions, 

which are normally unstable in the solid state (20). The four-domain 

j unction shown in Fig. lla was found about l/lOth as frequently as 

triple junctions. Clearly, two opposite domains must have the same 

orientation. The, degree of their continuity varies from one junction 

to another. We believe this indicates a coalescence of these domains at 

the expense of the other two, similar to the cutting-through mechanism 

of domain growth observed in situ for D019 Mg
3

Cd by high voltage 

electron microscopy (21). 

One six-domain junction was recorded in our micrographs (Fig. lIb) , 

although the reso1ut'ion of the image shows it to be more accurately 

descri~ed as thre~ closely positioned three-domain junction~. Both this 

and the\~four-domain junctions have identical configurations to those 

found after other hexagonal -+ orthorhombic transformations (22) and are 

also thoug~to be stabilised by the orthorhombic distortion (see Section 

4.2). 

3.4 Fine Structure of Domain Boundaries 

Two types of interfaces are peculiar to ordered alloys: translational 

antiphase boundaries·(APB) and rotational domain boundaries (RDB). Small steps 

are revealed to be present in both by the high resolution lattice imaging 

technique, for Bl9 Mg
3

Cd, and these are believed to be important to the 
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mechanism of domain growth. 

(a) Antiphase boundaries (APB) 

Figure 12a shows a lattice image of a translational APB in Olj.e of 

the ordered domains. A shift of half the (001) fringe spacing is quite 

clear, consistent with a translation of a/2[001] (Le. a/6[1210] in D0
19

, 

a fundamental lattice vector and also the APB vector of D019 (13). The 

fringes are continuous right up to the defect, with the shift occurring 

° over a very short distance ("3A). This indicates that the APB has a 

width of atomic dimensions, as observed by us in othe~ ordered alloys 

(1,3,23,24). In addition no change in fringe visibility is observed, 

commensurate with a constant degree of order in the vicirtity of the APB. 

The angle between the APB ?nd lattice fringes is normally close to 

58°, consistent with an (011) boundary plane. The example shown in 

fig. l2a is about 6° away from this plane. Close analysis of the fringe 

terminations shows that a series of steps are present, either of f~ndamental 

lattice or superlattice spacing (1. 7A, 3.6A or 5. 3A), as i11ust tated 

schematically in Fig. l2b. 

In some APB's (e.g. Fig. 13) the progiession of fringes across 

the boundary is not so discontinuous. rhis probably arises from a 

slight deviation of the APB plane from a direction exactly parallel to 
, ' , 

the electron beam, emphasising that careful choice of defect images should 

be made if interpretable infor~ation about lattice planes very close to 

the fault is desired (e.g. the steps detected in Fig. 12). 

A feature frequently observed is the presence of a thin ribbon 

of one domain variant separating larger po.;r.tions of another (e.g. Fig. 

14a). The disappearance of such thin domains "is highly likely during 
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domain coar~ening, resulting in a net loss of two rotational domain 

boundaries from thc system. If the large domains are in antiphase then 

an APB is created, the first stages of which "are indicatcd in Fig. 

l4b. Several ledges can be seen in both figures, normally of super-

o 
lattice height (S.3A). The passage of these steps along the interface 

constitutes a mechanism for the domain collapse, or, iuFig. l4b, for 

the subsequent formation of an APB. 

(b) Rotation Domain Boundaries (RDB) 

Although a proportion of the rotation domain interfaces showed 

overlap of both sets of lattice fringes over a few unit cells, in 

many the fringes terminated and the rotation occurred abruptly. In 

these situations the boundaries are parallel to the electron beam and 

maybe analysed satisfactorily for local structural detail. 

The RDB' sare quite flat at an atomic level (e .g. Fig .. 15), 

possessing a boundary width of one atomic diameter. As with the APB's, 

there is no loss of fringe visibility indicating constant degree of 

order up to the fault. The scheme shown in Fig. 8a is thought to be 

an accurate representation of the boundary structure. 

The common occurrence of unit cell high steps is also readily 

detected. In Fig. 15, one such step is manifested by a line. parallel 

to the interface. Such contrast is a rotational Moire effect arising 

from the passage of the electron beam through both domains at this point. 

The step in this case is not continuous through the foil. In many 

interfaces a series of steps is observed, as in Fig. 16, each individual 
o 

one having a height of one unit cell, S."3A. Multiple steps of greater 

height were not observed. 

, 
"' 
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IV. DISCUSSION 

4.1 Interface Structure. 

The most important structural observation made in this study of 

Mg
3

Cd is thought to be the detection of sinal1 steps, nonnally of unit 

cell (5.3!) or fundamental lattice hei~lt in the following int~rfaces: 

(i) order-disorder interfaces (Section 3.2); 

(ii) translational antiphase boundaries ~ection 3.4); 

(iii) rotational domain boundaries (Section 3.4). 

These are the first direct observation of atomic sca]e steps 

in the metallurgical field, complementing previous studies of unit cell 
o 

ledges in larger spacing (-18A) mineralogical systems {viz. precipitation 

in orthopyroxenes (10,11) }. 

The frequency of observation of these steps indicates that they are 

likely to provide the mechanism botll bf the ordering transformation and 

of the domain growth in this sytem. Thus movement of ledges along the 

order-disorder interface increases the amount of ordered ma~erial and 

concurrently the overall degree of order. Similarly movement of ledges 

along APB and RDB interfaces increases the size of one domain at the 

expense of the other, which describes the process of domain growth. It 

is important to point out that ledges are normally of unit cell height and 

that larger ledges are not responsible for the transformation mechanisms 

in this system. 

In addition, observations have been made f o· the mismatch across 

interfaces between the B19 phase an. d both the DO 
19 and disordered hcp 

phases. In the latter case, the 1.·nterf . 1 d' 1 i . aC1.a 1.S ocat ons present 

to accommodate this mismatch have been imaged, again for the first 

time directly in a metallurgical systenl. Cl 1 ear y the lattice imaging 

technique is extremely powerful in resolving fine-scale structural 

detail at interfaces. 



4.2 Domain Configurations. 

The unusual triple and quadruple domain junctionfo, which arc the 

product of the hexagonal to orthorhombic phase transformatiOl\ are 

thought to be stabilized by the orthorh6mbic distortions of the lattice 

(as recently described by Vicens and Delavignctte (22) for Ta-N). 

Ordering probably initiates by random nucleation of the three domain 

variants of Bl9 in the hcp or DOl9 lattice. On growth and coalescence 

they form the lowest energy domain interfaces Vlhich are the twin planes 

in this system;viz {lola}, {ll~O} or {all}, {Ol~} of the hexagonal or 

orthorhombic lattices respectively (c. f. Fig; 8a). If the alloy remained 

hexagonal the lowest energy junction, and hence the one most commonly 

observed, will occur when three twin bOllndaril's of the same crystallo

graphi~ type meet at 120 0 to each other. However, because the transfor

mation product is not perfectly hexagonal, these interplanar angles 

are no longer exactly 120 0
• 

The angles between the possible boundary planes are given in 

Table 1, calculated from .the B19 lattice dimenBiolls found in Section 

3.1. 

Table 1 

Interplanar angles in B19. Ng.,{d 

011: all 62.58 117.42 180.00 242.58 297.42 

013: 013 57.48 122.52 180.00 237.48 302.52 

011: 013 29.97 87.45 92.55 150.03 

330.03 272.55 267.45 209.97 

-.. 
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It can be seen that if three rOll} type boundaries met at a 120° 

triple jUllction, the total angle wouJd be 7.74° less than 360°. Similarly 

three {of3} boundaries would yji:~ld a total angle 7. 56° ~reater than 

360°. The same argument applies ,,,hen the triple junction is composed 

of twin boundaries of the same crystallographic type (e.g. fhe 60°:60°: 

240° juncti.on). The distortion involved in attempting to form such 

configurations in the solid state is evidently ~o large that they are 

unstable and consequently are never observed. 

On the other hahd~ if junctions arc formed in which the interface~ 

are mixed, then the disruption from 360° is partially cancelled. This 

is the case for all of the domain junctions found experimentally. The 

total angle of the common triple junctions is either ± 2.64° or ±2.46° from 360 0 

depending on whether: two boundary plai1E's are of the {all} or {ofj} type. 

We believe the 60°:150°:150° to be the most stable from classical 

grain boundary energy arguments where the surface energy forces are 

more closely balanced. 

Domain configurations composed of·an even number of boundaries, 

half {all} and half {Ol)} type, have a total angle even closer to 

360°. These are the two-domain junction of Fig. 8, the quadruple 

junction of Fig. lla. and the six-domain junction of Fig. llb, the 

latter two comprising the majority of domain junctions in orthorhombic 

Ta-N (22). However, close examination of the images shows that domains 

of identical orientation are normally continuous across such multiple 

junctions, indicating only momentary stability before they split up i.nto 
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more stable-two or three -domain configurations. Furthermore, the two 

combinations found with one non-twin boundary,viz. the 30°:150°:180° 

and 90°:120°:150° combinations,also yield a total angle very close to 

360°. These are stabilised with their naturally good fit compensating 

for the extra surface energy involved in the non-twin interface. 

The total triple junction angle for twin boundaries must in 

reality be exactly 360°, and hence surface relief or slight deviations 

from the exact configuration must occur to stabilise the above arrange

ments. This is consistent with the observations on interboundary 

angles and with the B19 phase only forming in very thin specimen areas 

where surface relaxation is expected. The severe foil movement which 

accompanies the hexagonal ~ B19 transformation lends further support 

to this viewpoint. 

4.3 Lattice Imaging 

We believe that the information derived from this study clearly 

demonstrates the superiority of the lattice imaging method for obtaining 

fine-scale structural detail down to the atomic level. Firstly, in 

the two phase ordered plus disordered material the local degree 

of order from one region to another may be established with the aid of 

the simulated images. X-ray diffraction yields an average degree of 

order giving little information about the domain nucleation, distribution 

and growth nor about local variations of order. Conventional trans

mission electron microscopy (CTEM) can demonstrate, by superlattice 

dark field micrographs, the presence and distribution of ordered 

domains with a particular structure but not yield information on the 
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degree of order. Sec.ondly, by lattice imaging the interface may be 

studied at atomic plane resolution for the order-disorder transition 

(which is not atomically sharp in Ng
3
Cd),for interfacial dislocations 

and for small steps and ledges. Conventional TEM does not .resolve these 

features, as demonstrated by the comparison in Fig. 6. 

In fully ordered B19 Hg
3

Cd, the complex domain structure may be 

examined in one lattice image picture. The orientation of each domain 

is seen directly as well as the plane and structure of the interface. 

In the present case the interface is found to be"· close to a coherent tw:Ln 

boundary and the boundary junctions assumed minimise tre effect of the 
• 

orthorhombic distortion. By CTEM:a series of dark field micrographs is 

necessary to show each domain variant in turn and these would have 

to be pieced together to illustrate the complete structure. The small 

steps and ledges are also not resolved in such images. 

The structure of the APB's and RDB's can also be observed in remark-

able detail by lattice imaging, being highly crystallographic and flat at 
o 

an atomic level, with unit cell high, S.3A, ledges in the boundary. This 
o 

contrasts with the S-IOA protrusions observed in {lOO} plane APB's of 

Cu
3

Au (1) and the smoothly curved nature of RDB's in Au
4
Cr (3) and APB's 

in Ni
4

Ho (23,24). In all cases the boundary is revealed as being extremely 

narrow, with a width of atomic dimensions, and no loss of degree of order 

is indicated" in its vicinity. The resolution of conventional dark-field 

1~ages is insufficient to capture these details. 
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Finally, attempts at studying short-range order and the enrly 

stages of long-range ordering in _situ by lattice imaging have been 

unsuccessful owing to the rapid formation of the B19 structure. When 

strain effects cause foil buckling and movement it is impossible to 

record a lattice image. However, there is no fundamental reason why 

lattice imaging should not be capable of following in situ transforma

tions in the absence of the special problems described for Mg
3
Cd, and we 

believe that such investigations are indeed feasible. In most materials, 

direct observations of structural changes at the atomic level would 

best be performed by appropriate heat treatments in a microscope hot

stage, or elsewhere, with transfer to the high resolution instrument 

for re-examination of the same area. 

V. SUMMARY AND CONCLUSIONS-

1. Lattice imaging has been successfully applied to studies 

of the fully ordered B19 structure of Mg
3

Cd and to later stages of the 

ordering reaction. Considerably more detail is available from this 

technique over conventional transmission electron microscopy. 

2. Phase identification is possible by lattice imaging and 

accompanying optical diffraction. The lattice dimensions determined 

directly from the images are extremely close to expected values and 

aLe accurate to ±0.5% for a fringe sample of only -50 fringes. 

3. The mechanism of ordering has been deduced from the lattice 

images to occur by the passage of unit cell_high ledges along the interphase 

interface. The presence of interfacial dislocations is also revealed 

in such images. 
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4. By lattice imaging unit cell high steps have been resolved tIl 

translational and rotational boundaries of fully ordered B19 Mg
3

Cd, 

.- indicating a ledge mechanism for domain coarsening. 

5. The relative orientation of domains and their interfaces may 

be revealed in one lattice image. The rotation boundaries are thus 

shown to be very close to coherent twin interfaces, parallel to {all} 

and {0l3} planes (viz. {lOla} and {l210} of the hcp lattice), givlng 

rise to a highly crystallographic domain structVre. 

6. Unusual configurations are observed at domain junctions, 

the most common being a triple junction with interhoundary 

angles being approximately 60°:150°:150°. Analysis shows that the 

boundary planes at such junctions never have the same crystallographic 

identity but are always mixed. Thus both {all} and {013} type bound-

aries are present at the same domain junction, and this may be explained 

on the basis of the orthorhombic lattice distortion caused by forrnatlon 

of the B19 structure. 
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Figure Captions 

Fig. 1. The structures in the Mg-Cd system (a) hexagonal D019 , projected 

down [0001]; (b) orthorhombic B19, projected down [100]. Theoccupnncy 

of the Cd sites in the latter is half Ng: half Cd for the composition 

Fig. 2. A lattice image of Mg
3

Cd in the vicinity of the D0
19-B19 interface, 

showing the hexagonal symmetry of D019 and orthorhombic synunetry of the 

three B19 domain variants. 

Fig. 3. Optical diffrac'tograms taken from a lattice image of Mg]Cd using 
o 

a 300A diameter equivalent aperture: (a) from the B19 region; (b) from 

the DO region. 
19 

o 

Fig. 4. Micro-optical diffraction patterns using a 30A diameter equivalent 

aperture of (a) three separate B19 domains;(b) theD0
19 

phase. 

Fig. 5. Lattice image of partially ordered Mg
3

Cd showing the order

disorder interface. The gradual transition from superlattice to 

fundamental lattice fringe type indicates a degree of order profile at 

the interface. An interfacial dislocationf present to accommodate the 

mismatch between the two phases, is also indicated. Superlattice 

fringes normally become bifurcated on crossing the boundary, but the 

arrowed superlattice fringe is continuous with only one fundamental 

lattice fringe~Thus an extra fundamental_plane exists in the ordered domain. 
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Fig. 6. Comparison of the superlattice dark field image (a) and lattice 

image (b) of·thin ordered domains in partially ordered Hg
3
Cd. U·t ]1 n]. ce .. 

high steps can be seen in the order-disorder interface in (b) but not in 

(a).(The lattice image is a neg~tive print of the original plate.) 

Fig. 7. Lattice image of fully-ordered B19 Hg
3

Cd. 

Fig. 8. (a) Schematic atomic arrangements at the two rotation domain 

boundary types in B19 (assuming no orthorhombic distortion). The 

rotation and reflection twin boundaries are parallel to (011) and 

(013) respectively. 

(b) Lattice image showing such boundaries in the fully ordered 

alloy. 

Fig. 9. Lattice image showing the most commonly observed triple-domain 

junction, with boundary angles close to 60°:150°:150°. 

Fig. 10. Lattice image of a triple-domain junction in which one boundary 

° (at A) is not a mirror plane for the (001) B19 planes (i.e. the S.3A 

spacing lattice fringes). Away from the junction (at B)· this boundary 

rotates to the lower energy twin orientation. 

Fig. 11. (a) Lattice image of a four-domain junction. 

(b) Lattice image of a six-domain junction, which is resolved 

into three closely spaced triple junctions ( arrowed). 

--
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Fig. 12. (a) Lattice ,image of fully ordered B19 Mg
3
Cd, showiIlg a 

translational antiphase boundary, closely l)arnllel to an (011) plane. 

(b) Schematic drawing of the position of the (001) lattice 

planes up to the APB shown in (a), illustrating the position of small 

boundary steps. 

Fig. 13. Lattice image of an APB slightly inclined to the imaging 

electron beam. The fringe translation does not occur abruptly and hence 

such images may not be used for resolving structural detail at the atomic 

level. 

Fig. 14. (a) Lattice image of a thin twin domain, with clearly resolved 

interface steps (arrowed). 

(b) Lattice image of a thin twin collapsing where indicated 

to form an APB. 

Fig. 15. Lattice image of a rotation domain boundary in fully ordered 

B19 Mg
3

Cd, showing the interface to be highly planar apart from the 

presence of a sin~le unit cell high ledge (arrowed). 

Fig. 16. Lattice image of a rotation domain boundary showing the 
o 

presence of several interface steps (arrowed) of unit cell (S.3A) height. 
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Fig. 2 XBB-762-1584 
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Fig. 3 XBB'"'762-1S87 



o Q i' o 

-29-



-30-

Fig. 5 XBB 766-5784 
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Fig. 6 XBB 766-5699 
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Fig. 7 XBB 762-1120 
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Fig. 8a XBL-766-7025 

Fig. 8b XBB 762-1119A 
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Fig. 9 XBB762-1109 
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Fig. 10 XBB 766-5701 
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Fig. lla XBB762-1110 . 
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Fig. llb XBB 766-5698 
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Fig. 12b 

Fig. 12a XBB 762-1111A 
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Fig. 13 XBB762-1112 
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Fig. 14 XBB 766-5697 
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Fig. 15 XBB 766-5696A 
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Fig. 16 XBB 766-5696B 
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