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TWO-PHASE MICROSTRUCTURES OF a-Fe-Al ALLOYS IN .
P THE K-STATE '
, ‘ . N
H. Warlimont and G. Thomas
Inorganic~Materials Research Division, Lawrence.Radiation Laboratory,

Department of Materials Science and Engineering, University of
California, Berkeley, California

ABSTRACT

| Electron diffraction’ and microscopy have Bgén utilized to investigate’
the Fe—Al system up to 20 at.% Al. It is found that alloys ét'and above
10 at.% Al aged at low temperatures consist of two phases as indicated by
cohérent particle strain contrast imagés and by electron diffraction. At
‘18 at.% Al and above the partlcles are 1dent1f1ed as the ay phése exhibiting
D03'type strugture.' Thus, the so—called_K-state and other abnormél proper-
ties attriﬁﬁted previously to short range order invthese alloys are associ-
ated with ﬁery-émall ordgred parficlesv(soz‘or 1e$s_iﬁ'diaﬁe£er)."Outside
the convenfipnal two-phase field growth of thesé partiéles is severely

limited.

*, .
Permanent Address: Max-Planck-Institut fur Metallforschung, Instltut fur

Metallkunde, Stuttgart, Germany.
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‘IN;I‘RODIUC;.II“ON
iro§¥éluﬁi;i;ﬁ ééiidlgqlutions 5 to 1§ZwA1* exhibié an increase in
giectriggl.resistiQéty wheﬂ‘qﬁenChed and agéé,'and a decrease when quénched
”éﬁd défofmed. [1,2] Thisfabnofmal beha&ior is not obsefved in pure metalé
 and most dilute allo§ solid soiﬁtions, but has been found in numerous con- -
éentfated éllo§ solid sglutions, has been cailed the "K-state'. [3] Furtﬁer‘
iﬁvestigatidﬁs of pertinent Fe-Al allbys.havé shown that aging of quenébed
'.fétates'reSulfs in ﬁp to 0.03%Z volume contracfioh, formation of Eroad k—ray

.sﬁperlattice reflections compatible with the DO, structure, and an increase

3
. 6£ up ga 25% in:;he 0.05% proof stress. [4]  Some auéhors_have ascribed
‘these ef%éSES)to the 6écurrence §f short'range order or clustering, whose
j physica1 natufe has notrbeen revealed, howevér.v
| It as_useful to‘relate the observatiéns pertaining to short range. =
io:der to the c@nstitﬁtion of the alloys as given in the phase diagram. = The
iroﬁ—rich pafﬁ Bf the Fe-Al system has been’revised recently baSé& on elec-
trpg microscopic observations and on a re-evaluation of publishéd data. [5,6}
xihe equilibria in thé range of températures and compositions ;ertinent to
the present study aré shown in Fig. 1. Anomalous changés of phyéicai and
‘ﬁechaﬁcial properties have. been obséfveqain,ﬁhe shaded region marked A, as
- S i :
.wgll as in thg Fé—ri@h part‘of the o +_ql, two—-phase fegion. [1,2;4]_

.vIn this“investigatiqn, Fe-Al alloys have beén studied by electron micro-
_écppy and elecgrég~diffréction beéause it has %een shown that thése methods'
~,‘afe well'Suitéd t? yiéld information on the sfructural nature of .short fangé

ordered alloys [7-9] which cannot be derived from measurements of;bulk'phy—

'sical properties.

All compositions are given in atomic per. cent. -
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While this invespigatidn waé ﬁndefwéy;iD; Watanébe‘et al. [10] have
'}published some pertinént electron microscopic observations. The éuthoré
interpret .their micrographs to indicate that the "K-state" in'Fe—Al alloys
k-cdntaining i9,60_and'20.02% Al is related-to the inhomogeneous formation

3

o . .
- -of small "domains" of DO

) » :E . : . " PN
maximum in resistivity corresponds to a critical domain diameter'dm <50A.

type structure. These authors suggest that the
: . : Sk oHet
- They did not diétinguish, however, between alloys in région A and in: the

o+ o two-phase. field.

l,
EXPERIMENTAL PROCEDURES |

vAlloys containing 1, 9.9, 15.5, 17.8, 18.7, and 20.5 at. % Al were -
éhosen'for this investigation in ordef]tb cover the o solid soiution and
region A ékhibifing anomalous behaviéur; as well gs;tﬁe coﬁvéntional o + &1
 fwo—phase fieid.s’The métals‘of 99.99% purity were induction melted under
100 torr'He pressureband Chill-cast into copper ﬁouldsg The allbys were
rolled at 1000°1to 110Q7C.into'strips b.3ﬁm tﬁick, which were re-heated
after each pass. Samples of these strips'ﬁere used for wet chemical analy;
sis whose results were accurate to within + 0;2 at. %z Al. All spécimens~j
ifo be investigated micrbscopically wé}e first sealed iﬁ quartz tubes filled
with He to give a'preésure qf 760 torr at the énnealing temperature. They
Qéré aﬁnéaled for about onevhour at 1380°C énd quenched in'water by ctack— :
-iné fhe tubes immédiately after submerging them. The specimens were then -
sealed in glass tﬁbes filléd with He and aged for different times at 200°,
-250°,;and 300°C. Somé specimens were cold—folledvto approximétely 5% elonga-
tion ﬁriorxto the aging trgatﬁent. Thin foils for electron micﬁéécopic in~
vestigation weré prepéred by electro-polishing usingrthe Bollmaﬁh technique.
*In this paper regibns of order in a disordered matrix are called "partiéleé",_

whereas contiguous regions of order which are antiphase to one another are
called "domains". ' ’

M
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*The electrolyte coneisted of 1 part n1tr1c'ac1d and 2 parts methyl alcohol
'i 'Polishlng conditions were 5 to 6V, -5 to ~15°C. |
. o RESULTS
The alloysleaamined in this investigation, which lie Qithin;the region
marked A in Fig.:l, showed contrast effects ("tweed'patternsﬁ) in brigpt_

field and'dark—fielq images of (fundamental) reflections which can be inter-

lpreted in terms of a profusion of weak localized strain fields with an »
'?overallvalignment predominantly i£’<110>, but also in <1OQ>‘depending;on
;the foil normal and on the, operating reflection. Similar‘effeots have been
lobserved .e g., durlng ordering in Nb 0 [ll], Ta~C [12], and during prec1—
:pitation in Cu-Be [13]‘ These features, as well as diffuse diffraction
1phenomena, are 1llustrated in Figs. 2-4, Such'effects‘are not.observed in
pure iron nor in Fe—l/ Al and are not artefacts resulting from sPeC1men
preparation. The results can be explained, however, if prec1pitation of
‘roherent particles ﬁas occured. In'the latter case, under appropriate coa-
;ditions of imaging, eoherent partioles are'expected to show strain contrast-

B | : N o v
‘images if the strain fields are strong enough and when g.ﬁ. # 0, where E

is the operating diffraction vector and_ﬁ is- the displacement vector associ-
ated with the particle. When individual particles are resolved (as in Fig,
’Ac), the two beam dynamical theory can be applied to 1nterpret1ag the nature
:of the particles from the‘appearance of the stralq contrast images, e.g.,
the intensity distribution of the black-white contrast lobes with respect
- to the directionipf:§‘[14—16]. However, eomplications can occurp[lS] whep
?the volume fractioh of particles is so hiéh that strain fields ooerlap, aod
when the particles are too small to be individually resolved (aspin Fig. 2).
When_tﬁe-etrain contrast is'oonsioefed in detail it becomee,impossible

.to.interpret the images in terms of simple displacements [14-16]. For example,
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figs. 2a-e indicate that there is no unique relationship between the strain
contrast images_and:the-direction‘of the diffraction vector E. In.regions
where particles can be resolved, the black-white images typical of cohetent
.gparticles with strain flelds around them are sometimes parallel to, normal
to, or at an angle to g (see Figs. 2b, ¢ and Fig. 4c) This means that
.particles cannot be clearly/distinguished as.being spherical, disc}shaped,
hgr rod—like”[15], ‘Siﬁilar difficulties in identification have been'encoonf
:tered”ih specimens containing vefy large nuhbers of small point defect
clusters, e.g., after qhenching or‘irradiatioh (See:e.g., Ref. 16)." Another
dlfficulty in resolv1ng particles is assoc1ated with the weakness of the
‘strain contrast images (compare the matrix strain fields with those due to
‘dislocations in Figs. 2a, b) -
-Up. to Fe—18/ Al there was no change 1h the type oflimage from those
"shown in Fig. 2 neither when the composition was | changed nor when the time
. of‘heat treatment: ‘was waried (aging ranged up. to perlods of one week at’
'{200° and 300 C respectively). That is, it was not possible to-coarsen the
sttocture hy particle growth thus enabling individual barticles'to be:fesol—_
vwed, Particles could only be resolved in alloys containing more than 187
.Al as is shown in Fig. 4. Even though in Fig. 4a particles can be seen in
the dark-field image of the.superlattice reflections, nowvtesolved ingdiffrac-
ltion patterns (Fig. 3g); the cotresponding bright-field images are not
.different from those in Fig. 2. However, when alloys within the conventional
{two—phase (o + o ) fleld are observed, e.g., Fe—20/ Al (F1g 4b, ¢), particle
_2growth can be accomplished and strain contrast 1mages are more clearly re-
solved. | | | |

'flwhen_the particleslthemSelves can be directly imaged, wis.;iwhen super-

lattice reflections are observed and their dark-field images can be obtained
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;*tkig; 4), theyféreinpt regular.th éﬁpeaf:}dughly isometric'ih.sﬁapé;‘_Their
:ﬁQsizés Vaty upiééfébouﬁiiboz;'tﬁese pérticles are'tbé'ui;phase, i;e., Fé3A1
15,61 |
All of_theéé resﬁlts indicate that the shape of the particles isvédapted o
ioﬁ pfécipitatidn to accomodate- strains. Whilst the transféfmaﬁion o+ oy |

is ;ﬁbic fo cubic ahé the strains are thus purely dilational, due to thé
anisotropic nature éf this allqy, an isometric particle shape is notﬂreélizéd.
'Afcqmplex shape adapting to the strain energy relief as wéll aéJfo inter-
:%acial eﬁergy resfrictions is fhus not'unexpectedf |

A sipilar Situatibnrexists'in Cu-Be alloys [13] when'discé havé preci; 
intated in {100}. Stﬁain patterns in CEK» are observed due to {110} <&1d> ;
‘>sheaf s£rainé when thewvoluﬁe'fraction is so large that strain fields overlap.
'in thé Fe—Ai alloys, it may be similarly éoncluded that  the strain patterns
observed are dué't;‘oveflapping {110} (110) shear strain fields as'a result
of‘a ;éry lafge volume fraction of sﬁall barticles.v A large vpl#me fractién
:6f predipitate appears to be essential for tﬁe described shear stfains to.
téfiéev[l3é]. In ;hese_cases, strain contrast theory as presently developéd
_far iﬁdividual straih’centers [14—16];13 no longer applicable; |

In analysing the alignmeﬁt of image contrast_aé‘a function of foil
:drientatibﬁ apa operating feflection,vit iS'fOQnd that most iméges exhibif
éfriations algng_(110> (e.g.,bFigs. Za,‘2c);fin some images no aligﬁmeﬁt»is
élearly distingﬁiéhable (e.g., Fig. 2d)? but with an; [001] foiy.normél and
 §:# 200 (és.inuFig, 2b) individual centers of contrast can be reéogniied
' Qhose éVérall alignment is along [100]”and>[010];' We conclude pha£ this
?gttérn corresponds to the actualvaiignment of the parficles."ige appgar~ ’

ance of thé‘contrast'in Fig. 2b can arise from overlapping displacements



6 o o ~ UCRL-18610

 as_a result of combinations suchfas ﬁ = fiiO] i_[lle. Such effects are
expected to be sefongest in [001] foils such as shown in Fig. ZB.

The above considerationsare dlso suppgrted by the electron diffraction
upatterns (Flg..3) ‘which show the following effects: All specimens‘pfoducev:

"short range streaklng in directions close to <110) and (21i> which is

:“observed most strongly at slight dev1at10ns from low-index zones. .Sometimee
.. diffuse streaking‘in these_direetioﬁs is extending from relpoint to relpbint,
Fig.v3b; this "long fange" sfreaking is found in freshly quencheﬁ speciﬁens,
end also in alloys within the conventionai‘two#phase field (@192/A1 - .25%
vAi), Fig..3 .”XAt‘lS.SZ Al‘end above superlattice refleetions:of the DOj
eefrﬁcture‘are;;esolved, Figs. 3c, 3e-g. |

The "shoft,range" streaks observed.in the &iffraction1patterhs (Fig;:3)”
‘are probablybdﬁe to the elastic strains set up by the ordering transforma-
4fiqn. -This may be dedqced from the facts,-thatlthese'streaks were not obser-
_Ved at the origip and that»their length increases with ineﬁeasihé order of
the reflection;’ Shape.facter.streaks wﬁich'are produced as a cdnsequenee‘
_of relaxation of Laue conditions‘dﬁe to perticles of smail dimensions‘may
aiso be present. The more‘confinuous streaksvseen predbminantlyvin diffrae—
-tlon patterns from freshly quenched foils (Fig. 3b) could 1ndlcate Very
small plate-1like (or rod—llke) particles which grow on aging to a rather
more isometric shape. |

From these observations, we conclude that in alloys within the region
A of Flg 1, two phases, one disordered (a) and one ordered (a ) ‘are ‘present;
but, the particle size of the ordered phase is too small to be clearly resol—
?ed in'alloys containing less than about 18% Al. The results éiﬁe no indi-
cafiqn of the degree of order in the ¢ particles. As shown inffig. 4,

direct evidence of the presenee'of ordered particles may only be,obtained'
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from éppropriate dark—field images of diffuse, or superlattlce réflectlons
~The observation- of stralﬁ f1elds is the only way of deducing that alloys
contain twp phgsesvwhen non—fundamental refléctions are not resolved or have’
“inéuffiéignt intensity. The apﬁéarahce of superla£ticevreflections may

Se cof%élated with precipation of dl which has_reached a vplume ffaction .

‘and degree of order; sufficient to produce visible superlattice reflections
oo _ ’ L : : .
at‘about'lS.SZ Al. This is in accord with X-ray investigations by Davies

lﬁho found broad o, superlattice lines at 17.9% AL [4].
| The amount of straih.resulting from the transformations may be esfima—
 ted from.thé difféfence in lattice parameter of the two phaééé‘if it is
‘assumed thét"the pertinent two phase field cénsists of région:A énd tﬁe

conventional o + o, region. Based on this assumption, the composition of

1 |
'q is ~10% A1, whilst that of @) is 257 AL at 300°C. From the lattice para- |

1

vmeter data of Taylor and Jones [17], the straln is found to be

Z(a ~'aa1)/(a + aal) mO 5%, which is small compared to stralns aris-
ing during precipitation in systems such as Al-Cu [18] and Cu-Be [13].
~Iﬁis small straiﬁ accounts for the wéakness of the stréiﬁ contrast images,
.Fig. 2. The particle size must exceed a certain value for the effect to
Bé observed at all. | |

In the'Sbécimens containing incipicient precipitation_after.quenéhing,'
which had been cold-rolled prior to aging, dislocatioqs were observed to
,be unlformally distributed, i.e., cell-formation was not detected At 20.5%
 ;A1 the dislocation lines are predomlnantly stralght and parallel to <11i>

”directipns, Fig, 5. This alignment was found to be less pronounced,the

lower the Al content.
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DISCUSSION

‘Microstructural Obsérva£i§ns

The electron.micréscoéip observatidné ha&e’shown that a.fine dispér—
sion of particles, i;é., a two-pﬁase»micrdsfructure is pfesent in all Fe-Al
alloys heat-tre;ted in (or quenched into)'regiop A as well as in the con-
veptionél a ; ay two-phase fiéld as delineated iﬁ Fig. 1_* Tﬁe'partiéle
arrangement, siée aﬁd shape caﬁ be estimated from indirect evidence even
'Ehough the particles cannot bew;esblvédiindiViduélly*By*the.methods'employed
iﬁ this investigation, untii the Al édntent is equal to or gféater than 18%.
| Below 18% Al where the paréicles can only be observed by strain con—:‘
,.trast,'it may be derived from the imagé contfést suéh.as in Fig.IZb, that
‘no dimeﬁsion ofaéh individual'parficle is‘;bnger théhvthe averagé particile

spacing. However, if the phases present in region A are referréd to a two-

1

;strain due to the difference in lattice parameters referred to 300°C is

phaée fieldvcomprisiné region A and the conventional a + a region, the

€ 2 0.5% as derived above. This comparatively low value léads:to isometric
1bérticle shapes in Ni-Al alloys [20] where particles up to d.'= 1002 in -
diameter weré found to be isometric if ¢ = 0.5%2. In fhe present case, how- |
;ever; the straiﬁ.contrast in the images and the streaks due to directional
strains in the diffraction patterné indicate that considerable'anisotfopié
étrains prevail. This anisotropy ié rélated_to the ﬁronounéed elastic ani-
sotropy A'=‘2C44/(Cll - C12) of Fe-rich Fe-Al élloys [21] which'réngés from
A (10-at. % A1) = 3.2 to A (25 at. % Al) = 6.5 at room temperature.

| These relativély high vaiues (compare to A (Al) = 1.2, A (Fe)'= 2.4,

A (Ni) = 2.5) suggest that the particle shape may not be spheriéal because

_*In this context the term particle is chosen as a convenient way of describ-

~ing the observed diffraction effects. It is realized, that the existence
of finite gradients of concentration and degree of order in the interfaces
cannot be excluded nor proved in the present work. '
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eef configurational'efreeé miniﬁization. -This conciusion is supportea by
.the observatioq ef llQ:;strein maxime in.CufBe alloysﬁcontaiﬁing coherent
‘precipieates on'{OOi} [i3]'where'this effect may be uniquely related £o a
,highvvaiue of the eiaétic gpisotropy. Alternatively the observed strain
.eontrast'Can eéually well be'egplained‘as due to overlap of individual
_ éarficle strain fields whee'the Qolume fraction is very large.

. The particle size in region A may be aesessed on the essumption thati
’tegion A end the conventional o + di region‘ere the effective a + o two-
_ﬁﬂase field. The volume ffectiog ef the al—phese £%1 is then giyen by

£91 = (c° - M/ - M, where c®, ¢%, and "1 give the Al-concentrations

" of the alloy and of the phases, respectively, If the particle spacing is

O61)1/3'. From counts on 11 micrographs of

'_b the particle diameter d ='D(f
'alloys contalnlng 15.5 to 17.8% Al and held at 300°C for dlfferent times
the average ‘lateral dlstance of strain centers was found to be 100 <D< 200A
' irreSpectlve of compositioniand'aging time. If this observed;value is takeﬁ
,.#0 correspoﬁd te the average particle spacing we obtain with £%1 = 0.33
(viz. Fig. 1), the particle diameter to be f6.< d < 1402. It will be dis-
:eussed further below thet this value is to be cohsidered as a theoretical
ﬁpper limit of the actual particle:diameter. |

The exact nature of the short range ordered state has not. been uniquely
:establlshed in general. Two dlfferent models are commonly utlllzed, a) a
_’statistical modei, b) a.subdivision of the 1ohghrange ordered state into
femall antiphase domains (see'erg.,.Refs. 22;»235. The present results indi—
‘cate that the shprt range ordered state ie different from both'ﬁbdels con-
'eisting'ef very small ordereavparticleévin a disordered d—matrix; At 18%

Al and above, the particles are resolved and identifyable‘as a

1* Although

the diffraction patﬁerns from alloys below approximetely 15.5% Al
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do not show &iffﬁse-sca;teringﬂéffeqts other than thosevarising from étrains,
it is reasénable to suppbsé that‘particles in such alloys are also ay but -
‘within which‘there may be a Qariabie degree of order depending on composi-
tion and héat treatment. Similar evidence for the particle natﬁre of the
SRO state has been found by Ruedl et. al. [24] in NiAMo, and one can inferf e
pret the results of Blackburn [25] on Ti-Al in like manner. HoweVer,'theS¢
y;ésults weré obtéinéd from alloys quenchedvfrom above Tc when the‘pOSSibility
;Qf.incipient‘ordering exists. That isf.it_may bé questionable to suppose
.Athat<quenched alloys ret;;n the actual short range ordered condition exist-
ipg above Tc' Ténnervet. al'[26] working on Au-Mn and Au~Cr using high
”temperatUre'electfon diffraction (but with no dark—fiéld—imaging)-obtaiﬁed:
frésﬁlts'bn short raﬁge order, at temperature, which contradict tﬁé micro-
:domain concept if the latter islconsideréd to be merely small regions'of
‘> | 4M9 bykaamoéb and -

Thomas (to be published) has resolved this discrepancy and gives-added

"normal long range order. However, recent work on Ni

support to the two-phase particle model of SRO.

‘Correlation‘with"Previous Observations
Regioan of the Fe-Al alloy system has been studied prior to this

.work by resistivity, [1,2] dilatometric, [2;4] Xiray [4] and flow stress [4]
" measurements which will now be discussed in relation to the.preSent observa- -
fibns. “

" The anomalous increase in resistivity which H. Thomas [3] haé calléd
vfhe K-state has been observed not only in Fe-Al alloys, [2;3,4],;Buﬁ also
vin numerous otﬁer.alloy systems (quoted in Refs. 2-4, 27, 28).  Unti1 recently
;hé K-state has been attributed té an enhanced scattering wheﬁ:éﬁall particles
ﬁavé-a sige comparable with the Waveleﬁgth of ﬁhe conduction éiéCtrons [29].

o

Since in Al alloys this wavelength is too small an alternate explanation in
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iterms of:Umklapp49catferiﬁg was:Aevised [SOT and ﬁas found to yiéld a.
'quéntitativé ratiqnélizéfion of the éxperimegtal observétibns on Al alloys
[31,f32] whére ﬁhe mgximum in'reéistivity corresponds to dm'x 15 i.SZ. |
' Recently, a theory based upon. Bragg scattering from clustérs (eig., G. P.
'ZOngs) hasvbeen proposed t33,'34] which may be supported by the present
-obéervatiohs. It should@?eiemphasized in this context thét the K-state .is
obsgrved in so—called short range ordered states as wéll{aé during the early
,stagés of other precipitatioh brocesses. This indicates that éhdrt rénge
ﬁdfder is characterizéd byvthe presence of digprete second-phase ﬁarticles
.bf a particular sizé or size distribution.
'it sﬁould be ﬁbted, however, that in the K—staté,.theitotai_scattering

;éﬁ conduction electroﬁs depends n?t pnly on the particle size,lbut also’on
further pafametérs such_as the volume fractionvof scattering pafticles;

the crystal structﬁres df‘the matrix énd'the'pérticleé, stiaiﬁ'fields,-and
the témperature'éﬁ méasurements. Therefore; fhé relations betWéen resistif
'i§ify and.pérticle si;e in alloys iﬁ tﬁe K-state dé not follow a éimple:
;fuﬁctiqnal reiatiénshig.. For most systems they can only be asseSséd émpiri+
-Eélly.aﬁd‘qualitatively at present. ’ | |

| The results of»fgsistivity measurements 6n FefAl-alloys in ‘the range :
of the’present.investigation may be summarized as follows: Upon'isothermai
iéging; the reéis;ivity changes correspond to those characteristi§ of a
. §foperty whose magpitude depénds'on particle sizé [21; the rate of increase
- in resistivity with time increases continuéusly égross the boﬁnééty between
" “region A and=th¢,conventionél o + @l>two~phase f%eld with incre%éing Ai.
éonceﬁtration; the increase is particularlyvpronoﬁﬁéed abéve'@léz Al [2];
the éteady staﬁgvresistivity_of ah alloy at any one temperatu?e'gn region

A is independent of its thermal history [1]; plastic deformation decreases
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the resistivity of quenched alloys (deformation and measurements at foom_
_,temperatufe) abov§>4Z Ali{l]; the decreaSeviﬁvresistivity dué to plasfic_
"deformation reachés'a constant value if the strain'§,50% [1]: isotbermél'
aging of deformed alloys reéults in.esseﬁtially the same reéiétivity changes -
-.as those occuring in ésfquenched’alloyS'[l];

The présent results combined with the results of the resistivity mea-
surements may be'rationalizéd'asffollowsﬁ ,In.all alioys with more thaﬁ about
 4Z'A1, quenching to room temperature'resulfé in the ﬁucleatidn éﬁd incipieﬁt-'
‘gfowfh of oy particles, Upoﬁwagiﬁg,these ﬁartic;es érevrevealed:by eieétféﬁ
 m;croscopy thfdugh strain contrast. When passihggthrough é critical»tange_
:of"éizes during growth, tﬁqy cause an incréésé in electrical rééistivity
v‘(abOVE that of a randéﬁ solid solution) due to the K-effect. These partiéies
.ﬁéy be ~destroyed by:plastic deformation resulting in a decrease:in resisti-
chty. :If the'pafticles are allowed‘fo grbw by isothermél anneaiing, they'.
reach é constant volumé fraction. Moreover, they reach an equilibrium size
vwhen annealed in feéion A, while they are subjected_to continuoﬁs coarsening

" when annealed in the conventional o + a. two-phase field. These conclusions

l .
;ﬁéy be drawn from direct Qbservatioh as well as from the faét thét resisti-
vity changes in region A lead reversibly to steédy étate values.

The eqﬁiliﬁrium size aﬁd voiume ffactipn of{ul}particles infregion A
:depenﬁ on the Al conpéntration and aging temperature.. This is reflected
ﬁy thevpresent obsérvatioﬁs'as well as by the résisti§ity measufements which
”iﬁdicate, that the K-effect increases with increasing Al concentfation.[l,lB]
- and deqreasing:aging temperature. [1] A quantitative correlation ié not -
ﬁoésible due to the variation iﬁ the temperature coefficient of f§sistivity

with the state of precipitation [2] and the lack of sufficient accuracy in
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direct,observatipnsl

. Dilatometric measurements have shown that quenchedePecimens contract
eLUpon subsequent aging, [4] and that the rate of contractien during iéothere‘
mal aging decreases. contlnuously untll a final value is reached, whlle the
're31st1v1ty of the same spec1men passes through a maximum [2].

The contraction of quenched alloys uponvaging in.region‘A is due‘tej'
the decrease, of the.Al cencentration.acconpanied by a decreaSe inilattice
j'paremetern[‘17] bf the o phese during precipitetion of the (assumed) al'phase..
The decrease 'is, however, compensated for in'part by the oy phase*which has
. a larger lattice parameter than the everageiparemeter of alloys below 19%-
| | fhe X-ray observations [4]‘have shown that quenching of anlelloy cén;
.teining 17.9% Al; i.e., in the range of region A results in the'development.

- of one broad maximum of diffuse scattering, while aging produces_rather_
3}structur_e exhibiting’increasing

intensity with decreasing aging temperature., These results are compatible

broad superlattice reflections of the DO

;w1th incipient growth of al particles during quenching and an 1ncrea51ng

_ amount of ay phase to be formed with decrea31ng aging temperature. ‘In view
©of the present reSuits, the broadness'of the X—ray reflection is‘interpre—
'ted to be.due tq small,particle size‘as well as to strain fields;

- The increase in flow stress due to annealing of an alloy centaining
.16:5% Al in region A {[4] was uriginally ascribed to the presenceﬂof a‘very
lsmall domain size [4]. 'The present results shew; however, thatsthe~effect

is due to disper81on strengthenlng by coherent particles as in systems such

as’ Al—Cu, [18], Cu- ~Be, [13].
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GENERAL CONCLUSIONS

The present findings in combination with the results of previous investi-

gations indicate that the actual o + o, two phaée field in Fe-Al alloys com—

1 - .
prises region A as well gs the conventional‘q‘+ dl region as shpwn in Fig. 1.
In support of,this interpretétioh_it may be'poi;ted out that the Eoundary

of fegion A whén-éxtrapqlated extends approximately to the tie line of~the
‘eﬁtecﬁoid'féaction &2_.2qa-+ o, and to 0% Al at 0°K. The lafterfié’hardly
"féalized for the éanentional a/a + oy phase boﬁndary._ However, .whereas

the particle size is not limited in the conventional o + a region, it appears

_ 1
to be approaching an equilibrium value at any given composition and'tempera—
tqre in region A, 'Thus, it appeafs that the particle grohth invregion A
iig'not impeded for kinetic, but for thermodynamic reasons. If tﬁié is the
case, the free energy felations must depend on sfréin effécts in relatibn
to the particle»size ;n such a way:that a minimum in free enérgy‘of tﬁe
Systém is ob%ained for a pérticular disﬁersidn of particleé. If:this inter-
ﬁretation is accepted, it follows that the lever rule as applied to the
conventi;nal‘free energy v.S. conéenfration curves for deriving the volume
:fractions of the phases is not applicable in region A; The free-energy
fuhcfions would réther have to be modified to incorporate a strain energy
fefm and other terms related to the stable dispersion of pafticiéé, e.g.,
‘fpitheir quasi-periodic array. Consequently, the particle size éﬁd'the.
§trains arising during transformation, which have been'derived aﬁove taking
:he boundary of région A as é conventional phase bouﬂdéfy will oﬁl& give

the theoretical.uppér lTimit ofv;hese quantities.

» . Thus, iF ié concluded thét the range of what has been termed,short
range §rder.in the Fe-Al sysfem up to now, is actually part of a two-phase

field o + a., but within this field two regions may be discerned where the -

l’
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'stablllty of the o -and’ ey phases 1s a functlon of dlfferent varlables
. t . .
»Correspondlng observatlons were made in ‘the Cu-Al system [35] This suggests

that a general princ1ple may be involved and may require a recon31derat10n '

J Qf.the.present concepts of short range order.
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FIGURE. CAPTIONS

'Fig. 1 - Part of the Fe-Al phase-diagrem showing the region of interest'in_

Fig. 2 -

this investigation. The reglon A is dellneated as the range over

fwhlch anomalous property changes occut.

Strain contrast effects in a—Fe—Al'alloys.

(a)

(b)

(c)

(d)

(@

Fe = 15 5% Al aged one' week at 300 c, brlght—fleld 1mage,
g = 110,‘1mage normal: near [115]

200, foil normal tllted from [001]

As (a), dark—fleld of g
towards [013].

4s (a), dark-field of g

‘_[121], after tilting to near [111]
orlentatlon . | _ : .
Fe - 15 5/ Al aged 1 hr. at 300°C, dark-field, E = liO,.inage'
nornal [111]. | | .

Fe - 9.97 Al dark-field image-using 110 reflection.

Electron diffraction patterns of o-Fe-Al alloys.

(a)

(b)
(c)

(d)

(e) F

()

Fe- 9.9% Al aged one week at 200°C.

15.5%7 Al as quenched. |
Fe.:‘15.SZ Al aged one‘Week at>300°C, very weak and'diffuse :
IOOeeuperlattice reflections, [001] orientanion..
As‘(c} showing [111] zone, notice diffuseness and asynmetry_of
spots and dlffuse streaks in <112) |

Fe - 17. SA Al aged one week at 300°C (compare to Fig 3f)

Fe - 20.5% Al aged 1 hr. at 300°C, [001] zone, showlng {110)
streeks.and.Db B )

5 superlattice reflections.



~18~ ' , ~ UCRL-18610

(g) Selected area diffraétion'pattern corresponding to Fig. f4a; '
[001] orientation.
Fig. 4 —vResoiution of the two-phase structure in Fe-Al alloys.
| ta) Fe - 18.7% Al aged one‘week at 360°C. Dark—fiéid'of 100 (D03)
superlattice feflection shoﬁing oy parficles‘(brighﬁ) in dis_
orderea-d.matrix, |
e (b) Fe - 20.5% Al aged one week at 300°C. Dark-field of 111 (DQé)
- | superlattige reflection. : | _
(c) Fe - 20.5% Al aged ohevweek at 300°C, foil tilted off_[llzj
'for.two—beam E = 250 dark-field. Strain contrast images from.
individualiparticleé:afe'fesolvedﬂ ‘The.lines separafiﬁg the
black—ﬁhite'contfaét maxima lie parallel to mainiy'{llO} traéés
indicating displacements in (llO). This gives rise gb (110}
’streaks in diffraction‘pattefns_such as Fig. 3d.
AwFig. 5 - Microstfﬁcture of a speéimen cold~rolléd‘§% prior to agipg for one
| week at 300°C; fe - 20.5% Al. Dislocations aiigned in <11£>

(bright-field).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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