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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-4983
DISCUSSION OF "AN ELECTRON DIFFRACTION STUDY OF
SHORT-RANGE ORDER IN QUENCHED Ni4Mo ALLOY"
G. Thomas and R. Sinclair |
Departmént of Materials Science and Engineering and
Materials and Molecular Research Division
' Lawrence Berkeley Laboratory
University of California, Berkeley, Ca]ifornia 94720, USA
ABSTRACT
A close analysis of the quenched NiaMo diffractibn patterns of Chevalier
and Stobbs (C-S) (1) shows hot'only that their conclusions, critical of our
previous work, are unsubstantiated but thét their data in fact support the
multi-microdomain model previously proposed by our group (2-4). Weak
diffraction effects, ﬁrevious]y observed in particular diffraction
patterns (2-4), were undetected by C-S (1) and this is attributed to
“the unneceséary use of thicker foils by the latter. We,a1so emphasise
that real space 1atticé imaging studies are more 1ikely to resolve the

physica] nature of short-range order than conventional electron diffrac-

tion studies as performed by C-S.



-2-
o 1. INTRODUCTION |

A recent publication (1) by Chevalier and Stobbs (C-S) describes
the results of a conventiona]‘electron diffraction sfudy on short-range
order in quenched N14Mo and criticises previous experiments and inter-
pretations by our group (2-4) on this alloy. The purpose of this article
is to reply to the points raised by C-S showing both that their conclu-
sions are unfoundéd.andlthat their data in fact support our previous
suggestions.

Short-range order (SRO) in solid solutions is a highly localised
phenomenon.whichvgeﬁeraily;invo1ves the intercorre]ation'pf_afomic’
.species over a féw unit cells or less. .If is therefdre an extremely
difficult state to study and characterise unambfguous]y., Progress has
" been made in establishing the most probab]e atomic arrangements ffom
detailed diffuse x-ray 5cattering‘data (5-8) and alternatively in our
groub by apb]ication of e]éétron microscopy methods (2-4,l9-14). From
a concerted effort at identifying SRO in a variety of alloy systems
(e.g. NigMo (2,3,12), Fe,Al (9),.N13M0 (3), Au

Cr and Au.Cr (3,10),

4 3
‘AUZV and_Au3Mn_(3) and Cu3Au (11-14)) we have concluded that the best
structural description of SRO is a microdbmain model. In this; sma11,
but highly ordéred, regions exist in a predominantly disordered matrix.
These microdpmains exp]éinrthe presence of weak superlattice reflections
in diffraction patterns, the diffuseness of which is attributed to the
-small domain size and probable imperfect order in the_microdomain.

Our interpretationvisigenerally in agreement with that from diffuse

x-ray scattering analyses (5-8).
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However ; diffraction data can also be explained by an alternative
model, which is couched in terms of the statistica]vdistribution of
atomic species homogeheous]y disbersed in ‘the matéria] (15,16) rather
than heterogeneously as in the microdomain model. Interpretation of
reciprocal space information has therefore not béenvunambiquous and has
'beenvresponsib1e fdr much copfroversyr Accordingly, we have a basic
 critic1sm of the C-S approéch of using electron diffraction alone for
studying'SRO. Their belief that real Space images "are more open to
misinterpretation than diffractionvpatférns"‘(]) (although, in fact, no
real space ana]ysesvwere performed) is contrary to our own experience,
including Ni4Mo. We contend that’reél space images, via direct 1attfce
imaging, is far mofe.1ike1y to resolve the nature of‘SRO.
~ 2. " SHORT-RANGE ORDER IN N14Mo AND THE PRESENT CONTROVERSY

In all electron and X= ray diffraction studies of quenched N14Mo,
the_pr1nc1pa1,feature is the presence of d1ffuse 1ntens1ty at_{140} fcc
positions in reéiproca] space. As fhese do not cdinéide with. the
‘equilibrium long-range ordered, Dla reflections of the alloy, Okamoto
and Thomas (2,17) suggested that microdomains,'observed by fie1d-ion.
microscopy, possessed an imperfect DO22 structure with a short wave-
length, sinusoidal compositibn variation. It was shown that D0,, can
be generated fromvthe Dla structure by periodic_non—cohservative
antiphase boundaries so that the two structures can be appretiated as
being quite closely related. The existence 6f such regfonsvhasvrecently
been given a théoretica] basis in terms of spinodal-ordering models
(18,19) but has hot been conclusively demonstféted'experimenté11y.

The main point of contention between C-S and our group does not
;cbncern this major aspect of SRQ in N14Mo; but rather the suggestion

(2-4,17) that microdomains with other related structures are also present,



principally those based on the equilibrium Dla structure (2) and on the
NiZMo-structUre (3). These were infer?ed from the‘detection'of'extremely
weak.reflections in addition to the stronger {1%0} intensities. C-S

claim that these weak reflections are due to f]%O}bscattering info the plane
of the patterns from nearby'reciprocal lattice séctiohs. Whilét'we have
already recognised that this as a bossibi]ity for some recibroca] Sec-
tions (e.g. the description of fig. 4 by Das et al. (3)), the evidence
presented bv C-S does not rule out our_éuggestion but in fact tends to
‘support it (as the analysis in the mext section shoWs).-

‘Dla and Ni,Mo scattering is indicated by two imporfant"dfffraéfion
patterns. Firstly the [112] batterns of Okamoto and Thomas (2)‘(0-T)
showed scattering'at Dla positions, clearly revealed by microdensito-
meter traces (fig. 5 of 0-T). The presencé of N12Mo"type'order is
indicated by tﬁe shape of the'{l%O} intensities in [001] patterns of:Das
et al (3) . (DOFT), plotted in detail by iso—intensity’Contouks from the
photogrgphic plate. This observation Was‘éonfirmed‘in other feciprocal
space sections, notably [110] and [130], with the effect of off-section
scatt%ring being described for the-latter. o

The aboye features are not detected in the‘corresponding C-S
diffraption patterns. - We believe -this arises-from the ‘use of thick foils
in their study for recording diffraction _information. Unfortunately
the diffuse background'intensity increasgs markedly with foil thickness
and so.when one-is"examining»for very weak effects, it is essential to
use areas as thinﬁaSupossible.' The interested reader may compare the

following figures from the two studies to appreciate the considerably
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inferior quality of the C-S diffraction patterns: vfig. 4(b) (O-T) with
Fig. 1(c) €-5); Fig. 4(a) (0-T) with Fig. 4(a) (C-5); Fig. 4(c) (0-T)
or fig. 4 (DOFT) with fig. 5(a) (C-S); fig. 5(a) (DOFT) With fig. 8(a)
(c-5). | - |

A worse aspect of the majd}ity of the C-S diffraction patterns is
the presen¢e of'strong Kikuchi scattering, which itself introduces
highly non-uniform diffusé background intensity. As well as affecting the
visibility of weak diffraction phenomena, apparently éxtra "reflections"
may be introduced at the excess line intersections and also the positions
Qf existing diffuse spots may be altered. The following C-S patterns
suffer frpm this fault: figs. la, 1d, le, 3a, 5&'(tex£ description),
7a and 9a. B

CQS give the reason for using thick areas as the necessity "to

ensure an accurate knowledge of specimen orientation" (1), presumably
_dfrect]y frdﬁ'the kauchi pattefns; This is quite unnecessary for such
: diffractioh‘studies. tTwo alternative methods are poséible which have
been USed.with success by the present authors. Firstly, the appropriate
bo]e’can be found in bright field by use of the bend contour maps, tilting -
the thin area into the appropriate orientation énd subsequently posi-
tioning the intermediafe aperture. Second]y,;hiéh]y accurate zone axis
orientations cén be achieved'by ti]tinguthe specimen so as to make the
intensity of high éng]e reflections symmetrical in intensity about the-v
transmitted beam. If may be noted that this 1affer approach is also
used by Iijima to accurately tilt minera]ogiCal specimens. for structure
imaging, for which the orientation must be exact to within a fraction of

a‘degkee'(ZO). |
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The discrepancy concerning the detection of weak diffraction effects
in certain orientations is thus attributed to the unnecessary use of
thicker foils by C-S. |

3. ANALYSIS OF C-S DIFFRACTION PATTERNS

While bearing the above reservations in mind, a careful analysis
of the C-S patterns is now described from which it emergéé*that their
data do not preclude the presence of Dla ahd Ni3Mo scattering but in
fact support it. Measurements were made on prints provided by C-S by
ten independent, unbiassed investigators unfamiliar with the N14Mo
system and the present controversy. ) | '

Firstly, the width of the {1%0} spots Was established by the C-S
ti1ting.experiments to be b.]Sa* (1). Although this is sufficient to.
introduce off-section {1550} scattering in non-rational orientations, it
is not diffuse'enough‘to produce scattering on several important
rational sections.. Figure 1 §hoWs a schematic representation of the

[001] diffraction pattern of SRO Ni,Mo with the radius of {1%0} spots.

4
drawn as 0.15a*. It can be seen that, along the [220] and [420)
reciprocal lattice rows, the {130} spots do not reach the following
sections even allowing for curvature of the Ewald sphere: [334], [170],
D, p21], p2a], corrésponding to figs. 3, é; 9, 1, 7 respectively
of C-S. The'scatterihg near %3220 in the first three and §g420 in fhe
latter fwo cannot therefore be ascribed to {1%0} scattering on' the
basis of the C-S {130} spot width. Considerable tilt away from these
sections is ﬁeéessary for the {1%0} spots to appeér, as the 6° tilts of
C-S fig. 1 demonstrate. Iﬁspection of the diffraction patterns.
previously published by our group shows, from the relative spot
intensities, that they are indeed veky c]ose-to.exact zone axes, which
is fﬁrther confirmed by comparison with the corresponding C-S patterns.

This precaution has already been emphasised (2,3). The weak scattering

detected by our group is thus unlikely to be due to off-section {140}



intensity.
Table .1 compares the figures for the predicted position of Dla or
NizMo spots and the projected {150} spots with those'obtained from the

measurements on the C-S prints. It should be noted that an accurate

determination of the projected {1%0} positions on [1T0]1, {1711 and [334]

ig 0.3755220 and not O.Bngzo,as g}ven by C-S (1). A distinction from

the position of the NizMo spot‘at 0.3335220'shoﬁ1d therefore be possible.

Table 1
Ni MO {1%0}
: . 2 ' (C-S)
Measurements (DOFT) T
[334] 0.34 * .02 _ 0.333 0.375
(11012
(ay  0.32 £:03 . 0.333 C o 0.375
(b) 0.65 % .02 ' 0.667 | . 0.625
a~b 0.33 & .04 : 0.33 : : 0.25
[1i1° - : _
(a) . 0.33 £+ .01 0.333 0.375
(b)  0.64 £ .03 0.667 0.625
a-b 0.31 + .03 ' 0.33 ) 0.25
. Figures are fractions of 2490
o - — mﬁizMo Dla {1%0}
- v C—
Measurements (DOFT) (0-T) (C-S)
4 . ‘
[1201" 0.37 + .01 0.33. - 0.40 0.40
Figures are fractions of 8420
1.. Fig. 3 C-§
2 Fig. 8 C-S
3. Pig. 9 C-S
4. Fig. 7 C-S
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The following points can be made:

(i) Measurements on figs. 3; 8 and 9 6f C-S all show that the diffuse

intensity is centred at NigMogpositions rather than {130} projected
‘positions. C-S noted that the inner weak spot in fig. 8a‘“is, if aﬁy—
thing'neaker to the centra]IBeam than WOqu be expected" (1). This is
confirmed by our measureﬁents, Which show ‘that it should not be confused
“with the (150] projection at 0.375g,,,.

(ii) The différence of position between weak spots along <220>
reciprocal lattice rows'is'a_sensitive distinction'of the two models..
The data again are consistgnt.with'the presence pf NizMo spots rather

than {140} projections.

(iii) The positions of Dla and projected {150} spots a1ong.<420>
reciprocal ]atticé rows are identical and no diStinctibn can Be made
.between theml_ ThUS C—S cénnbt disprove the mu]ti-miérodomain model on
this basis. | ” |
v(iv) Meaéufements on fig. 7 indicate that the weak diffuse intensity
occurs at smé]Tef.ang1es than that due to Dla or {130} pfojected posi-
tions. Whiie we hesitate to dréw concTusions from this, it méy be noted
that this is midway-between théNizMo and Dla positions and is consistent
with overlap of these two spots according to thenm]ti—micrddomain’model»
of DOFT (3). |

Our meésurements indicate that the.difoSe iﬁtéhsitfes obsefved on
rational zone sections by C-S are not céntred, as they ;cﬂaim,.on
{1350} projected position% but are extremely close té NizMo spot pdsitions.
Their_dafa'fn fact supports the multi-microdomain model (3,4) rather than

disproves it and their conclusions 3,4 and 5 are thus totally unfounded.



‘ | 4. SUMMARY

The experiments of Chevalier and Stobbs‘(l) essentially repeat
~and support the previous e]ecfron diffractiqn work performed in our group
(2-4). Our ana]ysis.of,their data shows that their observations are in
agreement with ours, not‘otherWise., In addition, the absence.of weak
: NiZMo and Dla reflections from some of their;patterns isvexp1ainéd by
the higher diffuse‘background'due,to their use of unnecessarily thick
foils. Théir'conclusions in contradiction with ours‘afe therefore
incorrect. | | | | |

Two further propositions by C-S are unnecessary. Firstly, the
emphasis (conclusion 1 of C-S), that ana]ysié of the threeQdimehsional
distribution of diffuse intensity is essentié]'for complete data on SRO,
hés already been ﬁade in our original (2,3) and all subsequent research.
Thﬁs.is attested to,.for.iﬁstance, by the differentiation between the shape
of SRO scattering in Au,Cr (see fig. 12 of DOFT) from that in Ni

4 4
_Specific_reciprocal sections were chosen for»pub1ication'purposes, as

Mo.

principa11y dohe by C-S. Secondly, although C-S conclude that their data
"mith be ‘compatible wfth a SRO clustering model reiated to the 0022
StructureA(see deFontaine)," de Fontaine's model is in fact identical to
the oﬁé first propésed by Okamoto and Thomas (2,17), as clearly stated

by de Fontaine (18). |

+ Finally the C-S article does not contr{bute further to our under-

standing of SRO in N14Mo, ‘No conclusive demqnstratioh has been made con-
cerning‘the presence or otherwise of microddméins with the proposed struc-
~ tures. vThis is a disadvantage of using electron diffracfidn alone. A
recent lattice image study (10) of Qrdefing in'Auécr (which 1ike‘Ni4Mo
also gives {140} diffraction peaks) supports the Okémdto-Thomas micro-
domain model-in this system. From this and'other recent experimental work

(11,13,14) we believe that lattice imaging (i.e. real space imaging) is
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the best currently available method for characterising the eaf]y-stages of
phase'tfansitions and short-range order. |
5. CONCLUSIONS
]f_‘The positions of extra diffuse reflections on specific C-S
reciprocalvlattiCe sections have been measured by us and found to be
exfréme1y C]ose to NiZMo positions and sufficiently far frqm'the pro-
'jection‘of {1%0} spbts to rule out the latter. The cone]usfbns 6f_C-S
(1) concerning the multi-microdomain mdde].(2—4) are therefore quite
unsubstantiated.
'_ 2. Wéak diffra;tion phenomena.previous1y reported by our group
(2,3) are not detected in the C-S electron diffraction experiments (1).
This may bé attributed to their use of thick foils whereby low intensity

peaks-are Tost in the high, diffuse background scattering.

3. Lattice'imaging.is more likely to solve the short—fange order
problem than}éonventidna] electron diffraction experiments as'deséribed
by Chevalier and Stobbs. |
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FIGURE CAPTIONS

Figf 1. A schematic diagram of the [001] diffraction pattern of quenched

Ni,Mo. The width of the {140} type SRO spots is insufficient

4

" for them to appear on <420> and <220> reciproca] lattice rdws.
The positions of NiZMo spots along <220> directions (marked A)
can be seen to be Clear]y separate from the projection of {1%0}

spots, whereas the DTa positions marked B along <420> directions

are identical to the projected neérby'{1%0}_positions.
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