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A HIGH RESOLUTION STUDY OF ORDERING REACTIONS
IN GOLD-CHROMIUM ALLOYS
J. Dutkiewicz* and G. Thomas

Deﬁartment of Materials Science and Engineering, and Lawrence Berkeley
Laboratory, University of California, Berkeley, California, 14720

ABSTRACT

_'The ordering reactions in Au4Cr and Au3Cr allbyé_ﬁave been. investi-
gated using high resolution dark field and lattice imaging techniQueé.
vIn all cases the ordered structures can be described in terms of cdmpo—
- sitional modulations as occur during spinodal decomposition. In
alloys quenched from above the critical temperature s.r.o. microdomains
of size 10-15A have been resolved with struétures resresented by modula-
tions in coﬁpoéition along <420>. After aging the AﬁACr alloy bélovac
‘vthe'Dla lro phase appears as ordered domains of size 50-100A showing
composition modulatibns with wavelength of 5d<531>. ‘These domains grow
inAsize up to SOOZ becoming finally the Dla fully ordered structure.

A new observgtion has been madé in the Au3Cr_alloy, viz that the
1ro structure is non-stoichiometric Llo with A[DOl] = 4A. The transfor-
mation from sro in this alloy occurs with the formation of a transitional
ordered phase,'(similar to D022), which can be described in terms of
composition modulations along [001], with wavelength equal to the c
parameter (8&) of the DO22 structure.

Léttice imagingbof the two varignts of superlattice planes in

" ordered Au4Cr enabled the atomic arrangement in the area of translational

‘and rotational antiphase boundaries to be determined.

*On one year leave from the Institute of Metallurgy, Polish Academy of

Sciences, 30-059 Krakow, ul. Reymonta 25, Poland.



~-2-

~ INTRODUCTION

Gold—chromiﬁm alloys show a wide range of solid solubility of
chromium in gold, viz. up to 43 at ZCr at 1150°C. Disordered fcc
alloyS‘near tﬁe composition AuACr form the ordered Dia structure on

~ordering below the critical temperature ~330°C. As can be seen in

Fig. 1a, the Dla structure has tetragqnal symmetry witﬁ chromium atoms
occupying every,fifth {426} and {620} plané of thesériginal fce solid
solution. Among other stfuctures, which may appear in this syétem are

the tetragonal DO,, and L1° superlattices, which are échematically shown

22
 in Fig. 1b and lc (see refs 1,3).

Ailoys containing up to 25 at %Cr show the existence of short
range order at temperatures close to and above Tc. -The nature of sro

in these alloys is similar to that existing in NiéMdvand Au4V and has

been the subject of a number of investigations.(1_4)’ Alloys quenched

from temperatures above Tc show diffuse‘{l%O} superlattice maxima in the

diffraction pattern, which are probably caused by the presence of im-
3) (2)

perfectly ordered DO22 and Dla microdomains.

o proposed a model of sro based on composition modulations along the <210>

Okamoto and Thomas

directions analogous to the spinodal approach to order disorder transfor-

(5)

mafion due to Cook and de Fontaine. The presence of sinusoidal éomﬁo-
sition modulations of wavelength close to 4(d420) explains the absence.of
"{110}’and {210} éuperlattice spots and the elongated shape of the super-
lattice maxima Sy the presence of weak satellites ﬁear the superlattice
positions. Theldiffuse scattering maxima corresponding to sro are ob-

served at different reciprocal lattice positions to those of the long

range ordered phase existing below Tc. The mechanism of the transforma-



tion from short to long range order (which has the Dla structure) has not
been studied in detail, although it may have significant influehce on
the final domain structure.

The orderihg transformations occur on a very fine atomic scale,
and as shown by dark field electron microscopy studies using the {1%0}
(3) '

reflections in the NiAMo alloy the size of the domains, visible as
light contrast regions, is in the range 20-40A in diameter. These
images may not, however, be representative of the actual size and-dié—
tribution of the micrﬁdomains according to Cowley's theoretical calcula-

(6)

tions, based on the phase object approximation.. The intensity of the
supérlattice dark field image is often very low and therefore the dark .
field micrograph is affected by the electron noiée background. This
-difficulty can be eliminated using the lattice imaging teéhnique, and

it has been recently applied to the study of ordering in Cu3Au(7) and

(8

niobium-tungsten oxides. The interpretation of lattice images of

ordered alloys based on the dynamical theory of electron diffraction

1.(7) It was shown

has been given in the recent paper by Sinclair et a
thaf the contrast of lattice images depends on the-grystal orientation,
féil thickneés, defocus of the objective lens, degree of order and the
position of the domain in the foil. The optimum cdnditions of fringeb
visibility were found to Be at a foil thickness 6f'250—3002, with
objectivellens defocus in the range 0-3003, depeﬁding on the illumina-
tion tilt and aperture position. For latticé images taken with tiltéd
illumination in which ﬁhe superlattice reflection.g'coincides with thé.

“6ptic axis of the microscope, and the 0,g,2g beams are included in the

objective aperture, the optimum fringe contrast occurs at objective
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defocus equal to 300A. Using this mode of imaging the small domains

3
‘_ double fringe periodicity existing in the disordered matrix represehted

)

existing in ﬁartially ordered Cu,Au alloy were revealed as regions of

by the fcc {200} fringes. The application of this technique is
however, more difficult in the case of gold-chromium alloys, because
there is no fundamental spacing 22& in any superlattice row of the Dla

structure. Therefore, only the superlattice'{I%O}Of{gféo}planes can

be resolved. Calculations have been performed of the contrast for
lattice images as a function of thickness, defocus, orientation and

degree of order in Au4Cr and other systems. The detailé of these will

be puBlished elsewhere;‘g)

€))

the results are compatible with the calcula-
tions for Cu Au.
3 _ 1
Recent studies of domain interfaces in NiaMo alloys,( 0 which have
the identical Dla lro structure to that of Au4Cr,.have shown a large
variety of twin, rotational, and dissociated antiphase domain boundaries
(APB). Similar: to results obtained by lattice imaging of ceramic-

materials,(s’ll)

lattice images taken of ordered alloys in symmetrical
orientations are also very useful in the study of domain interfaces.
Consequently, this technique was applied in the present work to study

the geometry of domain interfaces in partially and fully ordered alloys.

2. EXPERIMENTAL PROCEDURE

The Au,Cr and Au,Cr alloys were ‘cast in an arc furnace under an

3 4
argon atmosphere.’ Chemical analysis showed that the chromium content
was 27.1 and 18.3 at %Cr, in Au,Cr and Au,Cr respectively. After

homogenization at 800°C the ingots were rolled down to 0.3mm thickness.



.The Au4Cr thin film gpecimens were obtained from bulk by evaporation
onto a rock salt crystal at a temperature of 450°C; vThe thickness of
the film was calculated from the amount of the material and its‘distance
to the substrate. The heat treatment wéé done with‘ﬁhe films on the
salt éfystals>in a microfurnace contained in the evaporator. Thin foils
from Au3Cr alloy were prepargd from bulk using jét eiectrdpolishing\ |
at,30°C at 18 volts in cyanide sblutién. This was ﬁecessary because
evapo:ation techniques failed to yield the Au3Cr composition (see
section 3).

The chemical composition of thé_ev;porated films was checked by
X~ray diffraction studies of the lattice parameter. The data were |
obtained using a Picker diffractometér with LiF monochromator and
CuKo, radiation.

The Philips 301 and Siemens 102 electron microscopes operating ét
100 and 125 kV respectiyely were used for the high resolution study.

Lattice images were chosen from a through focus series taken in a

o .
900A range of objective lens focal length settings.

3. RESULTS

-In the evaporated Au3Cr alloy the Dla lro superlattice 1is formed

@,3)

"as has also been found in previous research. This superlattice

4

phenomenon may be due to nonstoichiometric ordering in local regions,

" structure corresponds to the A,B stoichiometric composition. This

but may also be caused by a change of éomposition during the evaporation
process. Thé composition of the evaporated films was checked using‘

x-ray diffraction measurements of the disordered fcc unit cell lattice
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parameter (ad); FigureiZ shows the relaﬁionship between this pgrameter
and the chromium content determined by chemical aﬁaiysis. The curve
was plotted based on the x-ray measurements of aé of.bulk,Au3Cr and
Au4Cr of exaétly known composition and the lattice parameter of gold
given by the ASTM standard. The measurements of ﬁhe fcc a of the
evaporated film in the as-quenched state (obtained after three evapora-
tion processes)‘indicate that it has the value ciosé to that of bulk
Au4Cr alloy. This means that during evapor&tion.of the alloy of 27.1
at Z chromium, chromium loss occurs such fhat the final composition of
the evaporated film corresponds approximately to Au, Cr (20 at %Cr).

a) Evaporated Au,Cr
- —%

In order to study the transformation from sro to the equilibrium
Dla lro structure, a series of diffraction patterns_and dark-field
micfog:aphs weére taken éfter different aging times at 270°C. The [001]
- orientation of the evaporated film was convenient to study the ordering
‘reactions because it shows the {;%0} and {%’%’0}1super1attice reflections,

(3)

characteristic for DO,, and Dla structure respectively. Figure 3

22
shows a representative set of [001] diffraction ﬁatterns'and superlattice
.dark-field miérographs taken after 0, 16h and 70h of aging at 270°c.

The [001] diffr#efion pattern shown in Fig. 3a was taken after quenching
from 400°C;v It shows the characteristic srov{l%O} diffuse superlattice
reflections. The dark-field micrograph shown in Fig; 3b was taken

with the superlattice spot marked with a circle on the diffraction

pattern. It shows the existence of a great number of ordered
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microdomains of size 15-40A. Since the majority of them has a size of
203, the appearance of larger microdomains may be caused by partial
overlapping of images formed from domains along the z axis (direction

of the beam.).

The diffraction pattern taken after 16h of aging at 270°C is
shbwn in Fig. 3c. The diffraction pattern taken at slightly tilted
condition (shown in the cornmer of Fig. 3d) shows the presence of the
_superlattice reflections in the <531> row. The(l%’%)‘superlattice-dark—

filed micrograph (Fig. 3d) shows ordered microdomains of size 100-200A.

During further aging the ordering process is gompleted with the
fofmation of the lro Dla superlattice. The diffraction pattern taken
after 70h of aging at 270°C (Fig. 3é) shows the higher intensity

'Lgléo} and {§3%0} superlattice spots, i.e. the'{liO} and {200} spots
of the tetragonal Dla superlattice. Dark-field piérographs taken with
the (%’%0) superlattice reflection show the existence of ordered domains
. of size %50;5003. The dark-field taken with (%’%0)'éupef1attice spot
_shows ordered domains in the areas which match those inAdark contrast
4in Fig. 3f.v'$his'means that twb variants of ordered domains exist in
the specimen.‘ o

Lattice‘images were taken after the same agiﬂg'times (as indicated
in Fig. 3) at close to symmetrical orientatioh, invorder to obtain
paximum fringe contrastf 3.62 lattice ihages of the'{L%O} superlattice
pianés taken from thg Auacr thin film quenched from 400°C are shown in

N

Fig. 4. As can be seen from the diffraction pattern shown in the
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corner of the micrograph, it was taken at the orientation close to
[001] at which two variants of the suberiattice fl%O} spots were
strongly excited. The position of the objective aper:ure, including
all the first order superlattice reflections is markéd on the diffrac-
tion pattern. The micrograph was taken at a defécus of ~150% of the
6bjective lens which is the best condition for friﬁge contrast as
dete:mined ftoﬁ several micrographs taken in a thfouéh focus series.
The contraéﬁ-of fringes is relatively low, probably Bécause of the small
size of the domains (10-15R) depending also on tﬁevloéal degreerof order

@ In places marked by the

and the position of the domain in the foil.
letter A the 6%10) fringes of éﬁacing 3.6A are seen, while in the places
marked by B tﬁe cross grating of fringes is observed, indicating where
overlappingboccurs of images of the two variants of microdoméins.

Figure 5 is a high resolution micrograph taken after 16hr aging
at 270°C, at a foil orientation in order to obtaiﬁ'fwo va;iants of
the f%‘%i} andf%’%ﬂ} superlattice reflections. The 3.44 fringes visiblé
in'the;micrograph correspond to the (I%*%) superlatﬁide planes. 1In a
few places in the micrograph 7.0& fringes are seen; these correspond‘
to the rotétion moiré pattern resulting from overlapping of two varianfs
of the ordeféd domains. This indicates that lro is initiated by a
periodic fluctua;ion in composition with wavelengtﬁ A-= 5d<351> . The
4.53 fringes correspond to the (%‘%0) superlattice planes of the

equilibrium Dla lro superlattice.

In the places marked by letters A and B two interesting types of

domain interfaces were observed. In the region marked A, the fringe



spacing changes such that the distance between two interplanar'
{110} p1a spacings, indicated by arrows, is equal t'o'v9d420 instead of

10d420._ The space between them shows no fringe contrast which meansv
thatAone {§’§0} plane is not occupied by the chromium atoms. Such a
dbmain interface is energetically unstable and it ﬁay lower its energy
when it dissociates into two translational APB's, or ﬁhen it changes its
orientation to become a translational APB. An example of the latter is
marked by letter B, where the distance between the three interplanar
4{110} Dlaqséacings, marked by arfows, is equal to_ljd420 instead of
15d420; As can be seen from the micrograph, such a situation may arise’
when two growing domains join together and the distance between them
differs from a'multiple of 5d420. |
The lattice image shown in Fig. 6 w#s taken from the completely
ordered alloy aged 70h at 270°C. As can be seen from.the diffraction
pattern shown in the corner of the mic;ograph, an orientation has been
chosen such that (%*%O) and C%”%O) supérlattiée‘reflectionsl(included
in the objective aperture) corresponding to the tﬁo variants of the
orderéd domains were equally strongly excited. Rotational APB's
visible in Séveral places in the micrograph run in réndom directions;
no twin interfaces (reported to exist in some.Dla sﬁéerlattice(lo)) cén
"be found in this or other similar micrographs. 1In a.fewlplaces marked .
at A and B, translational antiphasé»boundaries are seen. They are often
assoclated wi;h a wedge-like curvature of the adjacent domain wall.
These two types of translational APB correspond to the %a<420> (A) or
I%;<420> (B).translation of the éuperlattice planes;r_The first type of

APB 1is visible as a line of weak contTast while in the second case

is manifested as a line of no contrast. In a few piaées close to the
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rotational APB, the cross grating of superlattice fripges can be seen.
This indicates that the domain interface is inclined fo.the plane of

the foil.. Although the width of this area is only 5-102? it is clearly
seen and demonstrates the advantage of lattice imaging Qver conventional
‘dark field imaging for resolying fine scale details. Figure 7 shows.

tﬁé scheme illustrating the atomic arrangement in the area marked by a
isquare in Fig; 6. The translational APB following thé'fcc <110> direc-
tioﬁ can be described by a displacement vector R = (llO)a[%OO]. There

15 no unique crystallographic relatioﬁship in the case‘éf rotational
doﬁain interféces. However, it can be seen that some columns of chromium
atoms may be common for two variants of superlattice planes forming

rotational APB's.

b) Au3Cr
Although Short range order in Au3Cr has been found to be identical
to that in AuACr,_the nature of lro in the former has not yet been
(3) |

identified. .Figure 8 shows a set of electron diffraction patterns and
supefléttice dark field micrographs taken of a foil from a bulk Au3Cr
specimen after different times of aging. Figure 8a shows the [001]
diffraction pattern taken after quenching from 400°C. _It is very
similar to the diffraction pattern obtained after queﬁChing the AuACr
alloy. The cérrgspdnding dark field micrograph taken with the (1%0)
superlattice spot (marked in the micrograph) shows sméil bright
microdomains about 20-40A in diameter. The area in the adjacent grain
does not show aﬁy similar type of bright contrast which indicates

that the electron noise effect is in this case smali and the interpre-

tation of microdomain contrast to be correct.
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The diffraction pattern taken after 5 days of aging at 270°C

(Fig. 8c) shows the {100} and {110} superlattice reflections which do

not exist aftér quenching. The diffraction pattern is similar to

that obtained from Ni, V (12) showing DO

3 22
Cr show much lower intensity than the {100} and {110}

1ro, although the {150}
reflections in Au3
éuperlattice spots. Calculations of the structure'factor for the DO22
structure ipdicate that FllO ='F002 = F101 = 2(fA#>-£Cr). (The (110),
(002), (101) reflections of DO22 structure correspbnd to the (110),
(001), (10%)'féc_éﬁperlattice spots respectively). 1In AuSCr‘the‘{l%O}
spots are significantly weaker than {100} and {110} superlattice spots,
which suggests that they originate from a different type of superlattice.
The corresponding dark field micrograph (Fig. 8d)vtaken with the (1%0)

- spot shows the existence of microdomains of size 204405 which is similar
té the quenched alloy. The (100) Superlattice'dafk,field micrograph
(Fig. 8e) shows the existence of a few ordered domains of size close tb
1002,'élonga;ed.in_the <100> direction.

Figure 8f shows the [001] diffraction pattern taken from the
specimen aged for 30 days at 300°C. It indicates much stronger {100}
and {110} superlattice reflections, while the {I%Q} spots have become
significantly weaker. It also shows the pfesence of very weak'{%OO}.
reflections, which do not fit any of the superla;ticés known for fecc
solid solutions. The {100} dark fiéld micrograph (Fig. 8h) shows the
'.éxistence of:a great number of ordered domains of the size 100—200& 
elongated in the <100> direction. The {1%0} superlétticev dark field

micrograph (Fig. 8g) shows two types of ordered domains, a very small

o o !
one of size ~20A and larger ones (50-100A) which appear in the same
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place as the domains visible in the {100} dark field, i.e. they seem to
be a part of the latter ones. The results of Fig.»8:indicate that

the'vl%o weak reflections are those remaining from the Quenched-in sro

2

dark field also reveals larger domains and since this cannot be from

state (~20§ domains). But after longer aging times (Fig. 8g) the llo

the.Llo structure a probable explanation is due to.the:intermediate
stage of ordering as discussed below. |

The next set of micrographs (Fig. 9) was takén from a specimen aged
for 30 days at 300°C in order to provide additional information about
thé nature of the lro. The diffraction pattern (Fig.v95) shows the
symmetrical [001] orientation. In the bright field image (Fig. 9b), the
strain field contrast around the elong#ted domainsfis clearly visible.
In the (010) and (100) dark field micrographs (Fig. 9c,e), domains
elbngated‘in the [100] and [010] directions are shdwn.b'By observing
the bend confours it can be seén that the visibilityvvafies from place
bto place and #t intersecting contours the visibility‘of_corresponding
domains in Figs. 9c-e is not»equal. If during ordering the le structure

had formed (which could be assumed to happen due to the appearance of

3

composition) the image of the_ordered domains near intersecting contours

{100} and {110} superlattice reflections and the A_B stoichiometric -
should be identical of (100), (010), and (110) dark fiéld micrographs.

The fact that this is not so (Fig. 9) supgests that the ordered phase has
the Llo éupeflattice structﬁté,“i.e. thé (100), (010) and (110) spots

are from differenﬁ variants. From the dark field micrographs it can also
be seen that these ordered regions aré disc shaped with {100} habit planés.

Figure 10 shows the lattice image taken at symmetrical orientation
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3
~objective aperture was placed symmetrically to include all the first

from a thin foil of the Au,Cr alloy.aged at 270°C for 30 days. The
order superléttice reflections. As can;bé seen from this micrograph
the (100) superlattice planes 6f spacing equal fo 4R, lying parallel td
the {100} habit planes, were resolved. In some planes fringes of double
pefiodicity, corresponding to the presence of'ﬁhe (%OO)superlatticé |
reflections are seen (at X fig. 11). This phenomenon may be due to
<100> éompositional modulations corresponding to a transitional ordered
phase during the tfansformation from the sro modulafions into the L1o
ordered domains. Finally, a high resoiution micrograph (Fig. 11) was
taken with‘tilted illumination, (aperture including (000)>and (200)
fundémen;al refléctions), and ébout 800& defocus'of_the objective lens.
The absence of»(ZOO) lattice fringes can be due ﬁé 1oés of contrast (non-
ideal defocus or foil thickness). The contrast of theA(IOO) and (%OO)
fringes is very similar to that on the previous micrdgraph. The equiva-
lence of the lattice imagé and the supérlattice dark field (lower

corner of Fig. 11) shows good agreement. 'Only one_domaiﬁ marked by

"x" in the lattice image (Fig. 11) is not seen in the superlattice dark
field. Since in this domain predominantly the (%00)7fringes are seen

- 1t 1s most probably the transitional ordered phaseIWhich may not appear

in the (100) superlattice dark field.

DISCUSSION OF RESULTS

1. SRO in Au-Cr Alloys
(3)

The recent work on sro in Au4Cr and Au4V alloys explains the
presence of weak scattering near various superlattice positions

(predominantly at {1%0} positions) by the existence of imperfectly
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ordered DO and'Dla type microdomains. This observation was confirmed

22
in the present'study by the superlattice dark field and lattice imaging

réSults; The latter technique shows directly the éupériattice periodicity

and gives more reliable evidence of microdomains than conventional dark

(6)

The occurrence of microdomains can be explained by

(2)

field images.

compositiohal modulations similar to spinodal ordering discussed by

(5)

de Fontaine et al. Figure 12 shows a schematicA;epxesentation'of the
sro composition modulationsvalong <420> . Im this model;(z) the
concentration wave is explained by the presence ' of imperfectly ordered
microdomains containing nonconservative antiphase dbmain boundaries.

(5)

The most recent work of de Fontaine has shown th#t the nature of the
' concentration wave can be calculated from the K—spa¢e‘potential. In
the case of sro in Ni-Mo alloys it waé'shown that-<1%0>'waves are
produced which create imperfectly ordered "average clusters".

Within each domain the degree of order is highestvin the middle and
decreases tbward the edge of the domain according to the composition
modulations_(éee Fig. 12)3 The width of'thé domain-can vary from
th:ée to fgqr {110} D1a spacings depending on moduiation wavelength
lro/Ssro rafio. Lattice.images'.in the sro state have

shown that the ordered domains contain a maximum of four superlattice

resulting from the S

planes along A which is in agreement with the above described model

420

of sro. The weak contraét of the fringes is most probably caused by the
small size of the domains, but it may be also due to the low degree of
order or to the position of the domains in the foil{<7)

2. Long Range Order in Au,Cr

In the bulk Au3Cr alloy the Llo superlattice has;been identified;
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a resultIWﬁich hgs not previously been reported for‘this'élloy. The
Dla‘iro superiattice found in thin films prepa?ed by_evaporating Au3Cr(1)
most probably arises from loss of chromium during.th'evéporation process,
yielding a éémpdsition near AuACr. Theéuccéss'of phé present investi-
gation was achieved from high quality thin foils, which enabled the

weak {100} and'{110}‘super1attice reflections to be detected.

Since the ideal Llo superlattice corresponds to the AB stoichio-
metric composition, the formation éf this structure éan be explained
' eiﬁher‘iu term§>pf microsegregation or a Llo.superstructure containing
only 257 of Cr at9ms (i.e. nonstoichiomefric ordering). If micro-
éegregation oécufed with chromium rich regions having the Ll° structure,
the remaining cﬁfomium'poor regions should have the right compositibn
‘ for Dla ordering. Since this is not‘observed,_thebnonstoichiometric
ordering model is more probabie; The absence of reéolVable splitting
of fundamental reflections suggest also that there is little or no
_composition change between the matrix éﬂd ordered domains.

The existenCé of the Llo ordered structure may also be expléined
using’the spinodal approach to ordering. Figure 13a shows the possiﬁle
shape of the composition fluctuations with waveiength.equai to the a
patameter and am?litude 0-50% solute. The atomic arrangement in
ordered domains is assumed to be that of the Llo strgctute, with a 507
pr§bability of océupation of the "rightfsités" by chromium atoms.

The appearance of {%OO} supgrlattice spots can be explained in a simila;
way, 1i.e. they.are due ;o the formation of the transitional ordered

| phase, which may.be represented.in terms of modulations along the [100]
direction (Fig. 13b), with periodicity equal to thé c_parameter of the

22
ordered DO

DO structure. Assuming that the sro is represented by imperfectly

22 microdomains, the change of the position of the (1/2;1/2;
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1/2) chromium atom to a random one in the (001) plane 1eads to the
formation of microdomains having the structure described above. This
kind of modulation is not stable and is succeeded by modulatious of
smaller wavelength with amplitude change such that chromium atoms are

distributed on every (001) plane. This corresponds.to the L1 structure
‘ o
(fig. 13a).
Nonstoichiometric ordering has also been observedvin Cu-29 at %Pt

13) They explained their results in terms

alloy, by Iveronova-et al.
of microsegregation, leading to ordered domains. Such'an explanation
ofvnonstoichiometric ordering should, however, be supported by evidence
of differences in lattice parameter between the'matrik'and ordered
domains enriched in one of the solute components and-from region to .
region in the specimen.' As can be seen from'Fig. 2 in the case of
formation of the stoichiometric LlO structure in gold-chromium alloys
this lattice parameter difference would be about szz and it mould be
easilyvdetectable using conventional diffraction techniques. Without
this evidence the spinodal decomposition model,-corresponding to
composition modulations giving nonstoichiometric ordering seems to be

more probable[

3. Domain Interfaces

The lattice imeging technique has also given information on the
geometry of domain interfaces in Au4Cr. At resolution levelsvclose to
the atomic scale it is possible to measure directly the mismatch of
'superlattice planes and determine the nature of translational and rota-

tional APB's (Fig. 6) without requiring conventional contrast experiments.
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As was shown 1n.Fig. 5, lattice imaging also gives very useful information
concerninghchemical composition on the atomic scale. From the intensity
and distance of the-superlattice fringes one can ohtain information about
the ordering stacking sequence and-the relative degreeicf order of the
particular plane. Using this technique it was found‘ fcr ‘example, that
the dissociated antiphase boundary can also be attached to a faulted |

bordering stacking sequence, while in Ni-Mo alloys,( 0. this kind of

APB was fonnd‘to‘he attached to dislocations, twin tips or translationai
VAPBs; Other information, which can be-obtained from iattice images

is the distributicn‘cf ordered atoms very close to the>APB, and the
ﬁeasurenent of the real width of the domain_boundary. Neither of

"these can be obtained by conventional electron micrdscopy techniques.

- SUMMARY AND CONCLUSIONS

1. New high resolution studies of sro in Au4Cr and Au3Cr alloys
have shown the existence of ordered microdomains of size 10-15&, which
is basically in agreement with the composition modulation model of

( ) proposed for Ni-Mo alloys.

Okamoto and Thomas
2. The transformation from sro into lro in Auaqr alloy which
occurs during agrng helow 'I'c is initiated by the formation of ordered
domains showing crdering of chromium atons.on every fifth {531} fcc
plane. During further aging the crdering is'completed.along each .

fifth {420} andv{620} plane, which corresponds to the formation of the

Dla superlattice.
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3. Lattice imaging has been found tq'be very useful in the study
of the geometry of domain interfaces. Lattice imaging.of the‘{§$%0}
superlattice,plangs at close to symmetrical oriéntation has shown
directly.the hature of translational, rotational aﬁd d;ssociated anti;

phase boundaries. Two types of translational APB, corresponding to the

ai <420> and ag <420> translation of the superlattice planes were

S 5

observed.
4. Disc shaped domains on {001}, having the L1 superlattice

3Cr alloy.

Their.formation is preceeded by a transitional ordered phase, which can

structure were observed after aging below T, in the Au

be described in terms of composition mbdulations”along the [001]
direction, with wavelength equal to the ¢ paraméter.bf.the'Dozz
structure, i;e. 8&. Since no microsegregation of solute was detected
by x-ray and eleétron diffraction measurements, the nénstoichiometric
Llo superlattice may be represented in terms of_compoéition modulations
of chromium atoms of wavelength eﬁual to the a parameter of the fcc

lattice and amplitude 0-50Z solute.
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FIGURE CAPTIONS

The schematic representation of atomic arrangementfin Dla,

2

Au3Cr alloyé.

The relationship between the fcc a, 1atticé.parameter measured

Do 2 and Llo ordered structures existing ih-brdered AuACr and

using x-ray diffraction in the as—quenched state vs. chromium
gontéﬁf. | |

Ev#pofa;ed thin film of Au,Cr (a) [001] diff¥action pattern
after:qhenching from 400°C (b) {%00} superlattice dark field
miérograﬁh (¢) [001] orientation after aging for 16 h at

270?0 (d) {l%*%} superlattice dark field micrograph after

tilting around the [110] axis, with oriehté:idn close to [11§]

(e)‘[001] orientation after aging for 70 h at 270°C (f)'{g’%O}

superlattice dark field micrograph.

The lattice image taken from AuACr after quenching from 400°C;

A shqws (%10) 3.62 fringes, B the cross grating of the lattice
fringes from the two variants of microdomains. The position of
the objective aperture is marked on the diffraction pattern
shown in the corner of the micrbgraph.

Lattice image taken from partially ordered‘AuACr aged for 16 ﬁ
at 270°C showing ;he {%’gi} of spacing 3.43,:{2’%0} of spacing
4.51_and 7.0A Moiré fringes. 1In A, arrowé(indicate the faulted
ordering stacking sequence which dissoéia;es into two transla-

tional APB's. In B, the faulted ordering stacking sequence

.changes its orientation to become a translatibnal APB.
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The lattice image taken-ffqm fully'ordered Au4Cr alloy aged
for 70h at 270°C showing ﬁhe two variants qf the 4.5A {g’%o}
frinées; A and B indicate two types of trahélationai APB's,
corresﬁonding‘to the tra@slatioﬁ vector 3%_€420> and a% <420>
fespeétively.
Scheme; illustrating thé atomic arrangemen;'in the area marked
by a square in Fig. 6.
Electrolytically thinned foil of Au3Cr (a) [001] diffraction
pattern. after quenching from 400°C (b) (—00) superlattice dark
fieId‘micrograph (c) [001] orientation afte; aging 5 days at
270°C (d) (I%O) superlattice dark field micrograph (e)
(100) superlattice dark field micrograph (f) [001] orientation
after aging 30 days at 300°C (g) (I%O) sﬁpéfiattice dark field
miérograph‘(h) (100). superlattice dark field micrograph.
For convenience of display the SAD's are not fotated with
respect to_the images. |
Thin foil of Au3Cr (a) [001] diffraction pattern after quench-
ing frqm 400°C (b) bright field (c)7(010)’super1attice dafk
field micrdgraph (d) (110) $uperlattice dgrk'field microgfaph
(e)f(100) éuperléttice dark field micfograbh3 For convenience
of display the SAD is not rotated with réspect to theAimages.

The lattice image from the thin foil of Au,Cr aged for 30

days at 300°C taken at symmetrical orientation. The 4.0A

. . o
(100)‘and 8A (%OO) superlattice fringes are seen.
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FIG. 11. A comparison of the lattice image taken with tilted illumina-

FIG.

FIG.

12.

13.

Okamoto and Thomas.

Lio‘lro in Au

tion and (100) superlattice dark field of partially ordered

AuéCr; Bright regions in the dark field micrograph correlate

well with ordered domains visible in the lattice image. Only
oné domain marked "x" does not appear igvthe dark field
miérograph. (See text). o

A schematic representation of sr§ state in”Ni4Mb in terms of

composition waves, requiring two 1ro parameters, after

(2)

A concentration wave description of (q);nonstoichiometric

3Cr (b) transitionalvordergd phase appearing in

Au3Cr of wavelength equal to thefDO22 c parameter, i.e. 8A.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
 UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



