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Topics of Papers Fhys.Rev. B Jan 1,
Magnetism (metals and alloys) 16
Magnetism (non-metals) B8
Fhase relatians 12
Diffusion e
Acoustic effects 3
Electronic effects b
Optical effects and properties I
All other 11
TOTAL &Y
FPhys.Rev. B Dec 15,1985
Electronic structure 286
Optical properties 14
Electronic conduction 9
Thermodynamics™o¥ compounds and alloys B8
Surfaces a
Fhotons, plasmons, excitons, phoncns &
Electrical and magnetic properties S
Defects 4
Scattering X
Acouxmtical properties 3
Elastic properties 2
Amurphous materials 2
Total 96

IMPORTANT METALLURGICAL DESIGN PRINCIFLES

heat treatment, deformation state,...
of design is to make an optimal choice.
The material is fine-tuned to provide the best
features with long life at the least cost.

Strength, corrosion resistance, ductility,.ccc..
- The variety of possible alloys is enormous.

1.
2
3.

Each application must meet a number of criteria.

Chemistry,
The essence
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hﬂ THE HUME-ROTHERY RULES FDR_ALLDYING
1. The solid solubility of one element in another becomes
NT ANTIMOKRY . . , o
10 20 30 40 :gmut&fﬂt[ 10 80 %0 very restricted if the atomic diameters of the two
1 !
1200 e Lo t | { : :

elements differ by more than about 15%.

2. Stable compounds tend to be formed when one element is
very electropositive compared with the other,

100 | 10830 J. Ttz amount o+ solid solution of elements in each other

depends on their relative valency. In general, the

the element of lower valency will dissolve more of the

— element of highoer valency than vice versa.

4. For Cu, Ag and Au, compounds form at definite values of
electran/atam ratios. These ratios are 3/2, 21/13% and 7/4,

900

BOO

2 100

— References: Atomic Theory for Students of Metallurgy

W. Hume-Rothery, The Inst. of Metals, London,1946
630.5*

-2
o
o

Structure of Metals, C. Barrett and T. Masszalski
Mcgraw Hill, New York, 196&6. Third Edition.

3i76.5)
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g
S

Electronic Structure of Metallic Compounds and
Alloys: Experimental Aspects, D. Sellmeyer p 83
Solid State Fhysics, vol 33, 1978, Acad. Fress
_—_—— Eds: H. Ebrenreich, F. Seitz and D. Turnbull,
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: The Electronic Structure of Alloys, H. Ehrenreich
| endt L. Schwartz, Solid State Physics, vol 31, pi1sc
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Acad. Press. Eds: H. Ehrenreich, F. Seitz and
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Fig. 356. Cu-8b. (Sce also Fig. 357 and Supplement.)
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Structure of the Phuses

Fia. 13,—Crystal structures of the phases in the Ag-Cd system, a structurally analogous
aystem.
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THEORIES OF METALLIC PHASES 35
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Fig. 13-2 Phase fields of primary solid solutions based on silver: (a) in terms
of atomic composition aand {b) in terms of ¢/a.
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Figure 3-2 (o) The atom in its equilibrium position. (b) The atom displaced a distance
uin the x direction. The springs in the y and z direction do not change their length

to a first approximation.
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Relationship to elastic properties
Measure sound velocity
E = pv*
Define 2nd and 3Ird order constants

Energy
Energy

Corresponding terms fo

For cubic crystals:

1/2 m....mbh €y €o12 MJM
176 Clidot s €00 3r

Y {4 rxwm&mﬂm!xbﬁj
Sth
3 2nd
0 Mﬁa
H

1 4th



25

WNISOD4HAS SIINOSYHLTIN enuue A{ter1dadsa aag
s483u1HUl DTUCLIDAE[] PUe 'BDTI3IDA[3 40 A3INFIISUI

*anss13y (ea16o101qg
ut uotzebedoud aA®M UD SAHTDTILE SAPNIDU]
eI TU4BWY $0 A331205 TeI13sSN0OdY 40 *JNop

{e21potdad "uopuoT ‘yjzaomuaalzlng *soruosediln

US Ul 835usJajiuo] 1enuuy
USN ‘emol 'sS3uwy ‘AJISA3ATUN 93935 eMOI
tAlojeaoqe sawy ‘uvosdwoyl 0 °Q

zB61T gz abed ;zZ-°10A
SMaTIADY [PIIBJNTIPIN [PUOTIIPULIIUL *HTITS 9 °*W 1SA0UINB DY

*UD IS JBAUDD BPOY
*azIs jda3jap ayi ol paJedwod asem 3o yjibuatasepm
*aj3t1s Duijysatsad ayy 0 4ajdeseyd [eUEUaY
*3283ap Yl TM SAPM PUNOS 30 UOTIIVJAJUT 30 DButpuezsaapun °¢
*3uawubtsse jo ssauanbiun "s3(NsSad 8y3 bBurisuduasjur
*AbJava pajjiwa-aa ayy burjynazaqg
*PIIOS 843 Ul aAem punos ajetudoadde ayy bBuirjeraauag
"SAI}IINDT43TIP [eJUBWIIEdXE Byy *Z

o
Grs——

*30a4ap ayy Incqe ajqissod se yonw

se Aji1dads ‘sjuawadnseaw (edtisnde Buisn yoo
TUMOLI{UN UDT323UaTLO *umbDuzjun adAj)

rumMouiun adeys "uUMOUHUN 8218 "UMOU{UN UuOl3}1sod

*1e35A4D ° UT ST 3ID5343p © asoddng waiqoad ayl -1

STYLSAMI NI 5133430 WOMd ANMOS 40 ONIY3LLIYIS v

~d

18467 *1g abed ‘11 sSWUNTOA

@2UBTD5 Slelialel $0 SMATAIY Tenuuy IATH'A 3DN3Y343d

$30948p (E3SAJD punoJe UOTILOISTIP 33133e)

SU0 1332 Ja3UT Uouoyd-uouoyd4

saswmM puncs ;o0 uoijebBedoud ut uoirjedauab Syuow.ey

S3UP3ISEUOD JBPJO pUZ 40 acuapuadap aunjeJadwal

uotsuedxa (ew.aay]

. 0L JdIHSNOILYTI3Y ¥WO4d IINYLYHOLWI ¢

3AT1Y93IN N3Ld40
SINULISNOD HIAAHD PUZ SY 3I1S IWUYS 1N0dY ATWIIHIWON “Z
13d4¥3INI OL 17INJI13410 3HNsY3W 0L LWNDI441a 1

SINYLISNOD J11S913 H3qUa QUIHL




34

{3

N AR
4

Rl
3ign of glags-metal concave
]
- _L_ S,
R ::, R

transducer

Or

Si
"ig 1 De

UopUOT ‘yIaomMaIIrd ‘SIINOSYNLTN

0861 ‘1y abed ‘g C10A
sSMaTASY [E2THANTIEI8 [PUOIZRPUUSIU]

*SU0UINE-OD pue AD[pEM 13J7UALI333Y

LHDeds syl sajeuaualb yotym Jrun 84l
40 adeys pue aunzeu ‘uorjedal 03 H3ILQ
pase.y a8q SjuswaJnseaw ayl ued Mol
LUDTIIDBAIP  (AITISUAIUT ST ST IRUM
LEBAEM BUY 40 34n3ed Ayl =1 3ITUM
LUDT3}383ap #0 swaigo.d ayl ade IeUM
ipawacy aue

€ Jeud uaym pajedauab punos ST MOH
UG TiPwaDdap Di13setd wody Butyinsad
SAAEM 40 SDT13ISTLAdIIEURYDI AYF aJ2 JeUM

‘q

‘e

tsa030e 4 tedioutad

rssad0.4d uot1jEWwUC AP AYL

40

sa.njeas 2INpap 03 SaAvm PUNOS asayl asn :1P09
rabuela Dr3jse(d ayl ojul passadls aJe Aayy
USUM SPTIIOS WOU$ Pa3IIIWa B4R SBAEM DUNOS 324

NOISSIWI J2115N0dv

seometry for conecave

ion

4
L¥)

Figs 2 Diffrac

transducer



27

;h(dl'\)

26

Acousticel Euly)/ D,.SS'./,“(M”

’- BruJ -Fre

PROTECTIVE MECHANISM

1. During Infiltration Protective Layer Forms
Intermetallic alloy of Cu-Fe-Co.
Shields Iron so that it does not dissolve
in molten Copper.
After some time, Cobalt diffuses into
Iron and protective layer disappears.
Protection disappears.
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._..nv_o 18- Magnetic units

Factor Mks rationalized Cgs emu Conversion
B Webers/m? Gauss { weber/m?
= |0* gauss
H Ampere-turns/m  Oersteds | amp-turnfm
pi d
= g Otriteds
Magnetization M, amp-turns/m {, maxwells/cm? | amp-turn/m
|
o — *
o maxwells/em
Permeability of
vicuum M, henrys/m Hy =1
Relative
permeability . u' He=p"
Susceptibility Lm Tm Xm = 4y,
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A.P. Miodownik

~
™

The Effect of Magnetic Transformations

on Phase Diagrams

By A. P. Miodownik
Department of Metallurgy
and Materlals Tachnology
University of Surray
Gulidtord GU2 5XH

Mugnetic transformations sre generally indicsted on
nhase diegrams by broken lines representing the onset
of magnetic ordering on cooling. Because broken lines
are ulso commonly used where experimental results are
unconfirmed or refer Lo unusual eflecta, magnelic trans-
furmations ure often tarred with the same brush of uncer-
tainty and dismissed as of secondary importance. In fact,
magnetic transformation Lemperatures generally cun be
determined more accuralely than many phase boundaries,
because it 15 nol possible W suppress wuch transformations.
More imporiantly, the energy associated with magnetic
tranaformations 1s deceplively large. and 1t often excreds
that released by normal phase transformations. Therelore,
there can be major effects on the relative stability of vari-
ous phuses on passing Lhrough magnetic transfurmation.
Table 1 indwcutes some of the various ways in which mag:
neuc changes are reflected in phase transformations and
Iuits sume of the avstems tn which these effects have been
experimentally observed

Change in Solubility of Precipitates

The must undeniable effect of & maghetit transition on
phase boundaries is a chunge in solubility of a second
phase. as ilu~iruted m Fig Liat and 1+bt and obeerved in
many systems 1iee Table |, "Changes in solubility of

Table 1 Soma Experimantally Observed Effects
Caused by Magnelic Transiormations on Phase
Dlagrams and Exampies ol Alipy Systems in

Which They Were Observed

Alloy Alloy

aysiem Relerence aysiein Reference
on I solubllity of precipi

FeP ... L Colu .2
Felu............... 3 CoMo.. ... ........§
Fe-Be . A § Co W . -
Feln ... P CaTi_..... 5
FetoX . ... -1 Co-Al ... B
Distorted ml-clbil:iy gapa

Fel'o-Lr . . 6 Co-Feln .. .. ... 8
NIAI.I....‘.‘.‘. _T Co- ¥V 9
Changes in iransus for iron-base -Iloyn

FeLr ... L W0 Fe- v 1
Fe-Co Ll l"eRh 1
Changes in M,

FeMNo L B FeCo ... ... ... 14
1Fe-Mnr, . Fe-Pt ... .. 17
'I\--n-ltlon. Tor mnd-ordcf o firei-order tumfnrmahn--
Fefo o 18 Fe-Al PN L A1
Ch-n;e in lhbnlily of ordered phuu

Fe-Ni .
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Fly. 2 Etfect of Various Co Additions on the
Solublility of Mo in oFe
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Precipitates”t, It occurs whenever the Curie temperature
ntersects m transus hine, and net unly does the eftect coin-
cide with the Curie temperature. but uiso its magnitude 13
prupottiona] to the degree of magnetization involved. This
1n well demonstrated by looking sl the effect of cobalt
additiona on the solubility of other solutes (Fig. 21.

The energy of magnetization is generally a function of two
varables. the ("urie temperature, T,, und the number of
magnetic electrons. B 1Bohr Magnetons!, involved. Unly
the former is usually svailable in phase diagrams, but
fortunately, the two factors are often propostionu lo
ench ather. Therefore, it s possible to gauge the likely
magnitude of an eifect 2imply by looking at the magnitude
of the Curie temperature. Because there can be a con-
unuoua variation in the degree of long-range order ichems-
el or magnetict. the translormation is spread over & range
of temperature below T’ . and because there also is usually
2 substantial degree of short-range order. there is an
equivalent tbut smaliers effect just ubove T..

If the magnetic parameters are known, it is passible to
calculate the expected changes in solubility 18, 221 and
good agreement generally has been oblained hetween
calculated and experimental rexults. Becsuse calcula-
tinns of the magnelic energy have been exlensively re-
viewed elsewhere [#. 100 11 EL25)0 00w not praposed to
deal with thern in thay article They do, however support
the reality of the cflects, and the nature of the changes (o

be expected. Thex hax the consequence that the hcatten of

phase boundurivs in svalemy contirsting magectic phases
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Fig. 4 Comparison of Experimental and Cal-
culated Transus Lines in Co-Al Alioys
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may hute to be revonscdered Figure 1 showy part of the
C'o-Mo dvagram ua depicted by 171 and it shows the ex.
pucted fur: the relevant Lrunsus o magnetic effiects are
ineluded, Experimental data 151 confirmed the caloulated
porition. and i similar siluation has beon shown to exist in
the Lo-Al system |36, 27 (Fy, 9
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Fig. 6 Experimental Confirmation of a Con-
tinuous Transition Between First- and Second-
Order Transformations in Co-V Alloys
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Distorted Miscibility Gaps

1t whould now be clear that magnetic effects can not only
dizplace transus lines, but alwe produce unusus] changes
10 ther shupe, Thanretical predictions |8, 28] suggest that
& symmetrical miscoibility gap would be distorted, as
shawn in Fig Soay, many varants can anse depending on
thr degree of ‘normal chemical or elastic immisaibility. 1t
1% Nt esxv ta find experimental confirmation of such el
fecta 1n binary alluys, hecause many of the aystems
contaning mognetic compenents lend to have stable inter-
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metallic phases that obacure the inherent immiscibility
between terminal solution phases However. it has proved
possible to examine Lthe metavtable immiscibility gap in
the Co-Fe-Cr ternary system {61 tFig. 5b1. which broadly
confirms the expected asymmetry. It should be noted that,
apart from the msymmetry, ¥ig 548) shows another uppar.
enlly anomalvus festure. namely a continuous transition
between Lhe Curie temperature iwhich ix a second-urder
transformation® and the boundariea of the immiscibibity
gup Iwhich denote a first-order transformation. This
effect has been d trated exper: lly in the Co-V
uyatem §9] 1Fig. 8t and emphasizes why one shauld not
relegate second-order transformations as being of second-
ary importance,

Lt is fairty certain that the asvmmetric miscibility gep in
the Ni-Au system 1Fig. 7} in due to magnelic effects. but
the mechanism cannot be the wme as that inveked for
Fe-Cr ar Fe-Co-Cr alloys berause the Curie temperature
of mekel 1n far Loo Tow i relatsun Lo the top of the gup
Several alternative explanations have been invoked,
which depend on different models Tor the state of mickel
iona n gald solutions {29, 31]. A re-exominalion of the
change in gap symmetry in various Au-Ni-X ternary
allovs currently ia heing cunducted 1n oeder Lo differentinte
beiween various suggesiions
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Fig. 8 Fe-Co Diagram

Temperature (*C)

The Fe-Co dsgram st normally cepicied with (8] only paw-
tial rep: ol Cyna 1D . and (b} the melx-
stable contirustion of thate criicel lempershies. Now he
suddan drop &t ihe (i + ¥) Wansus when the valve of T,
begans 10 approach the velue of (o)

Anomalous Shapes for
the a/y Transus in iron Alloys

Dramatic changes 11 the shape of phase boundaries slse
tanh uccut without any obvious connection to the magnetic
propertien of the system. Thix is best exemplified by look.
ing at the Fe-Co system. in which the ta and ¥) field
{Fig. Bt is clearly unexplsingble by raference Lo the chemi-
cal of elastic properiies of 1ron and cobalt.

Thie system differs rom the previous examples in that
buth phaset show atrong magnetic effects, and it is, there-
fore, the relatice strength of the magnaetic contributions in
the « and y phass that matlers Magnetic information
normally in presented only for stable phases, and in this
purtivutar situalion does not give a very good indication
of the importance of the magnelic factor for more than a
very small region at either end of the diagram (Fig. Rat.
However, it is possible 1o messure T in retained y over &
wider range of compositions by using quenched powders
|14) and. likewise, to estimate T by extrapolating mag-
netic measurements for « mlloys to higher temperatures
115]. With Lhis extra information, it is posaible to wee
e¥ig. b1 that the initial rise of the o/y transus is congis-
tent with the rise in the Curie temperature of the y phase
and, more interestingly. that the speciacular fall in the
w/y transus at higher cobalt contents is associated with
the rapid rise of T, in the y phase. The relative phase
stability of o and y. of course, also are affected by many
vther factora, but there 1s little doubt that the relative
magnetism ol the two phases is the dominant factor in
this avstem. Pursuing this argument further. it foliows
that the a/y transun in ol iron-base allovs in sfected
by the way the solutes dilferentially affect the mugnetic
properties of the bee and fec phases, in many instances,
general size Factor or elastic #ffects 1end (o obscure the
magnetic contribution.

Buttetin of Alloy Phase Dingrama
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Magnetic Transformations

There ia na doubt that if bee iron were nit ferromagmtic,
ar 1ron would not be the stuble room temperature allotrope.
The unyet of ferromagnetizm causes Lhe ree energy curves
fur Lhe v und y physes to run almost parallel and very
tlone together for several hundred degrees, »o Lhat not only
in the A, tramsistion very strungly controlled by magnetic
forcew. but wlsn the actual ditference in energy briween o
und y iron becumes fortuatousty small between the A, and
A, 150 to 60 Jomal ) Very small energy changes can,
therefore. have a disproportionute effect on the extension
of these transitions into iron-base systems.

Because of the locativn of the Curie temperature in pure
wrin, the effect of magnetic forces on the A, iy much more
pronounced than on the A,, and various alloying wdditiong
produce asymmetrical effects on the two tranmtions. It i,
therefore, not surprising to find 8 number of unsymmet.
rical "y loops” in 1run-base systems. A simple division
hetween “y.lonp” formers and “open y-field™ formees 18
obviously rather naive in these circumstances. and leaves
oul important varialions such as Fe-Un. Fe-Cr.and Fe-Rh.
the Intter system combiming features from the other
two diagrams.

The transformation characteristics depicted for Fe-Hh
1Fig. % and Fe-Co (Fig. 101 do nut represent equilibrium
situations in the conventional sense. The “phase
toundaries” for the o 7 y region of the Fe-Bh system plainly
refer to & martensitic transformation ¥ = u”, which nst
onky exhibits a high hvsteresis, bat alsn shows a markediy
different “shape” for the forward and reverse directions.
This can be considered as due to a combinglion of mugnetic
and chemical ordering lactors similar ta Lhe effects found
in Fe-Puallovs [17].

Thae colculated trangus lines for the Fe-Co atlovs refer to T,
wmperstures, which can, however. be legitimately com-
pared with 1M, + A.i72 of the Fe.Rh system. The appar-
ently artificial procedure of adding an increment to the
free energy of bee Fe-Co can actually be realized experi-
mentally through the application of an external magnetic
field | 16, 32]. As well au reproducing some of the charuc-
{eriutics of the Fe-Rh system 1 this way, Fig. 10 slso
indicales that the application of » small wmount of energy
120 to 25 J-mo) '1, such as from an external magnetic field.
would cause the phase boundares to shift suffictently
for s suitable alloy to transform revermibly from 1007
sustenite to 1004 ferrite at 1165 K 1320 This confirms
that an externsl magnetic field must be considered an
sdditiona! extensive variable just ke temperature and
pressure, Although the eiffect of such an externa) field is
normally so small that it can be ignored in the seme way
an stmospheric pressures for solid state systems. there
may be important situalions where » phase chanye is in-
duced by a magnetic Meld - particularly where super.
conducting magnets are involved

With so many magnetic eflects occurring in iron-base
alloys, one might well ask why cobalt-base slloys. wilh
their much higher Curie tempersture, are not prone to
similar varistions. The answer seems to be that as far as
solubility changes of precipitates are cuncerned 1he effect
is obvinyaly thete icompare Fig. la, 2, and th, but as far
a3 effects on the foe/cph cquitibrium in cobalt.-hase ollovs
are concerned, these are ol 1o be expected hecause the
magnetic properties of the two cobalt alkdropes are very
simitar tremember thot it in the reintre magnetic proper-
ties that counl)
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Fig-8 a/y Transus in Fe-Rh Alloys
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Fig. 11 EHect of Antiterromagnelism on the
v ¥ Transiion In Fe-Mn Atloys

Fig. 12 Relstion Between Magnalic Ordering |
snd the Existence of Stable Chemically
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Effects Associated with
Antiterromagnetism

All the effects mentioned 3o far have been associated with
ferromagnetic changea, but similar changes can arise from
the presence of antiferromagnetiam. Thus, although man.
gancse is well known as & gamma slabilizer, 1t 15 also
hnown ta Favor the formation of mn wmiermediate hexago-
nal epsilon phase on either deformation or quenching
Gamma ircn has an antiferromugnetic transition (Neel
temperature) of 80 K, which is raised rapuily by man-
gancse, whereas the magnetic properties of the ¢ phase are
hardly affected The result is that y in stabilized relative
ta s in Fe-Mn alloys 1F1g 101 in exwctly the same way thal
¥ 1 stabilized relative to a in Fe-Uo allovs 'Fig. 8,

In all such instances, whether due to ferro- or antiferry-
magnetism. these steep transus lines will be accompanied
by o very composition-dependent M,. It can be seen frum
Fig 10 that the calculatiuns of the relative stability of »
and ¢+ excluding magnetic factars, peedict that 5 would be
the suable phase over sn extensive region, contrary tu the
eaperimental observation thet y s abrupt|y stabilized at
just below 300 Mn.
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The p ¢ dependence of the tization can cuyuse
significunt changes in retative stability and. therefore, in
the ratio of ¥ ahd ¢ when Fe-Mn alloys are transformed
under hydrostatic pressure |33 Other effects of ant1-
ferromagnetiam that might be quoted ynciude changes in
tutragonaiity on pasaing through the Neéel temperature;
this can result in very phicated phase diag . such
us exhibited by the Mn-Ni system, but for the purpuse of
this article must be considered as a secondary factor
superimposed on the general fustures already cutlined.
1See Fig. 110

Interaction of Magnetic and
Chemical Ordering

A number of interrelated effecta can oceur when mag-
netism interplays with chemicai ordering forces. In simple
urdening ayitems, the presence of an AR, ordered phase
field s yed by a corre ding A B phase field on
the other side of the diagram te.g., Mg.Cd and Cd.Mg).
Hluwever. in the Fe-Ni tystem, although there is much
experimenlal evidence for FeNiy, there is no direct con-
firmauon for the existence of Fe,Ni. Although there are

also uther factors at work, it is vers sugpestive that the
Curnie temperature peak< acur FeNi, oin this system and
Plunges teward teen near Yo N1 Fag 124 121, 380 In
FeNi. mugnetic ordering reinlorees chemicnl ordering.
because there 15 o gain i buth chemical and magnetic
energy when icon and nickel atoms are nesrest neighbors
to each other.

Anather more subtle interuction between maygnetic and
chemieal urdersng e evidenced by the Fe-Al system
119. 201 Carcful investpttion has shown the prevence of &
two-phase region where the Lwo secnnd-arder trans-
formations tlor magnetee ardering and chemwal ordering!
intersed 1Fig L

In Fe AL ferromagnetism will not be favored by chemical
urdering, because aluminum decteases Lthe Curie
temperature sharply and the number of Fu-Fe nearest
nerghbors is decreased by ordering. This situation Favors
the alluy sphitting up into & mixture of two phazes, one
ron-pich dvwrdered and ferromagnetic, and the other
alvminum-rich. chemically srdered. and with ferro-
mughelism suppres4 to lower temperatures. Both the
FeNisvetem und the Fe-Al svstem have many additional
leatures. including effects that can be altributed to
the cxstence of antiferromagnetic couphing al cerfain
compusitiony fn mist cases the uhserved cffiets, despite
their complexity, are generally conwistent with fuite
simple Ausdels 391 and L i interesting that the dilfereice
betwien theory und experiment 12 gradual v PATTOMN NG a3
new mignetic models are being develuped 118, 28, 39, 40).
Fur further detaily. a companian article in this issue
should be conaulted 1411

Fig. 13 Partisi Equilibrium Disgram for the
Fe-Al System
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Conclusion

There can be little doubt that magnetism plays a key role
in the phase equilibria of systems contaimng magnetic
campenents. Appreciation of this fact hss, however, only
cmetited in relutively recent tumes, as shown by the dates
of the refeesnges to this article. Thiy curious fuct can be
attributed 10 no smsll measure to the "4 iron” debate,
which took pluce slmost 100 years sgo and was eventually
settled in fuvor ol " 1ron being just the paramagnetic form
ol iron” 142] Thrs formulation satisfied the protagonists
ut the time but completely ignored the fact that a magnetic

transfurmation 1t energetically us significant as an ordi.
nary phase transformation!

{t 15 a subering thought that the phrase, "H’s just a mag-
netic transformation”, cffectively buried the impurtance
of magnetic transformations. together with the demise of
8 iron, far more than half & century.
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The Effect of Continuous Transformations
on Phase Diagrams

By Gerhard inden

Maz-Planch-institut fir Eisenforschung GmbH
Maz-Menck-Sirasss 1, D-4000 Disseldoet

Allay phase di uaually rep the most stable
states of allovs at constant pressure m & lemperature-
versas-composition diagram. The most important informas-
1100 16 he Laken from vuch diagrams is whether the mtable
states are homogensous or heteragenenus Phase und.
arwes subdivide these diageams into single- and mult-
phase regrwons Transformations from ane single-phise
state o another generally occut through intermediate het-
erogenenus multiphase staies However, there are glen
transfurmations that may. but need nol, sccur through
heterogencous equihibria, & g . atomac and mugnetic order.
duirder transfurmations. The dubious character of thal
*and of transformation has led W un nadequate represen.
tatwn 10 phawe dugrams. The critical temperaturer of
these transfurmatinns are drawn esther as hroken lines

412 Bulletin of Allay Phase Diagrams Vol 2 No 4

lthus tresting them on the same level us unrelishle phase
boundaries. € g., Curie temperulures in fermmagnetic ays-
tems such as Co-Ni and Fe-5i |11 or as a pair of broken
lines fthereby Lacitly presuming heterogenrous equilibria
{or these transformationn, too; ... Co-Fe and Fe-Si 110 It
is the aim of this contribwtion te sugpest an appropriale
representation of these order-disorder teansformations in
phane diagrams, the necessity of which becomes con-

npicuous by the occurrence of unusual heterogenenus
phane equilibria.

These unususl phare equilibria are sharply closing mis-
cibility gapa extending cither along a eritiesl trmperature
line of continuous transiormations (thus apening and cloy.
ing ai thin line) or sarting at the critical tempersture and

tonz

wil L ) Ay Ak i

v
Y

T AL VR e

7

opening toward lower Lemperutures. The lemporsture!
cumposition paint al which the gup sharply chmps and
from which the eriticul temperatiare line vontinuen w
catled a tricritical puint {21 The condituena for the oc-
currence of stich tricritica] pontn huve ven discumeed
m general by Landau 1711 Particwlar ciouen Toe alomie
and magnetic ordenng have been treatod n )4 - 71 und
18- 12|, respectively.

Fot the sake of simplicity, this tliscussion witl I confined
to binary slloys. The rewultn. however, remn valid for
higher component systemy. and the trunsposit i L these
situations is straghtforwanl

General Viewpoints

The phase state of sn sfoy i defined by 114 phy
erties, such &3 crystul structure. compasat aly.
viscosity, ete If these proge-rtive do nnt « iy ta the
alloy 88 & whole bul als L every sulwlivisi of o, the
state of the alloy is humeogrencons. The st
hetervgeneous il there re sulwlivisuma of 1
differing physical propertices. 8y thae definti
change of physicul propertics produces o ol
slate of the slloy.

Amang the infinile variety of states, the cquilibnum
stulen at fixed valuek of the variables - Presstre, lem-
perature, and compasitinn--are of party
Changes of theae variabiles produce trinsh
equilibrium states. I is very wustisd (o aitr
denomination to all these stutes th
tunuously into ench other: they all be
phase atafe tor simply phosel. The discont
physical properties ix. by dufinition, o proce
thatinction of phases. | & crystalin v
its phynical prupertive. 1y, the volume by thern,
pansionk, however, an ling as these changen take
continuously, the contiicted state wt low tempwr:
and the expanded wtate at higher temper;
designated wa different phuses. Cosa
wenecus stalea of an alloy must be <y b stlos,
Heterogenesus slaten of an alloy with coart immasly vire
ing physical properticn. o, produced by .t cncen :
gradient, are mingle-phase staten. Heterog
with discontinuuusly varving propertic multiplsse
siates, and each subdivision of the allay rxhibiting

mogenecuy propertics is usaully identified with the cor.
responding phase,

The physical propertics uf an alloy can be
deriv

wli'ihe

the <amne
sty i the

nirulipn
e «lates

|‘IM an
o2 of the molar Gibby energy.* G oy, *ntropy,
s . i .
§= -m’u Jp: volume. V' - 'i'% Iri oF specific heat capacity,
o= -'_';gi,. This inrusdiately soggests ol
the phase transformations according 1o Ehrenfest's
rcheme |13 8 transformation is of ath order if G and its
1n = D-order derivatn e are continuots and the nth order
derivatives change di-continususly at the t snlurmiation.
A typical second-order transfarmation woulbd, thus, pro-
duce & finite jump ol c. at the transformation

Model calculations of .Momie thec, 14, 31 e, 16, 711 wand
magnetic [V2, 141 order- disorder transtorinat wons in alloyy
predict first- and second-arder translormations. 1n real

systems, however. it <ecms la be acceptod that ¢, ok not
take finite values at the transformalon

At least for mag-
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Contlnuous Transformations

natic transformations. this effect has bren established ex-
perimentsily isee 1150 At the Curw temperalure, ¢,
shows a lugarithme singulsnty The same behavior can be
expected for atomic ordening reactions at the criticat tem-
perature of lony-range order. In thew instances, it in more
difficult to decide by experimenta whether or not ¢, takes
fnite values at the critical tempersture Ordenng reac-
tions are difusion controlled, and st 13 difficult to mucertamm
that equilibrium states are in fact established during
the r, messurements. However, a rise of ¢, to wnfinity for
atumic ordering reactions ak the eritical temperature has
been found must recently by Monte Carlo simulations
1161 These "computer experiments™ come closest to an
wlenl experiment. Consequently. Ehrenfest's clasmification
i not apphicable Lo the most general order-disurder trans-
farmations. and one should hiuve recaurse to a more gener-
al classification, such as Lthe one proposed by Tisza 117, 18]

Fortunately. it i not necessury to distinguish second-
order from higher-order teansfurmations in phase diagram
calculations and representations. because they all produce
guslitatively similur contributions Lo the Gikby eneviy.
Therefore. 1t 18 uiten sulficient to classify the trans.
formatinns intoe discentinuous (First-order and continenus
wnerond- or higher-arder) phase transfurmalions. I:Vh!
continuity or discontinuity being ssauciated only with
the physical properties that derive from G by first-order
derivatives.

Phass Transformations Under Consireint oﬂ' Homoge-
Reity. Before considering heterogenecus equilibria, it is
very helpful to consider first the equilibna under the con-
straint of hemogeneity In this instance, each state can be
asrocinted with a single phase. The temperature v com:
pusition diagram indicating the ranges where a given
phase 11 the vquilibrium state 13 called the configuration
diagram Ihflerent single-phase regions are separated by
Lransfarmution hnes which should be drawn as solid lines
for first-order transformations and hatched lines*® for
highet-orter transformutions isew Fig. 20,

At first. atomic ordering in n binary alloy A, B, should be
considered The state of nrder iy delined by twn different
sets of parnmeters.

® The short.range crder isro) parsmeters p. which are
defined s the ratio of A-B bonds between k-th neigh-
bors Lo the totul smount of bonds in Lhe slloy,
pas = l’:—w—v-"" * *** where " it the coordination number

r

of the k-th shell and N, is Avogadro's number 1 mole
of alloyh. ,

® The long-range order tirot parameters pu. whach de-
scribe the Iro by mesns of the lraction pi of B -sloms on
appropristely chosen sublattices, L taee, e.q. 141 and
Fig. | for bec and [8] for fcc lantices!.

With constant pressure, the equilihrium sates minimire
Gibbs energy. Because we also maintain the composition

N thin artiche, all thermmdytami entites will be conndered for | umkn-:
suhalunce Therefute. 11 18 NOU nectsarY tu Intrwducy & special netatinn
thewe quartities .

s+ & hachure for indicating tugher-arder transformalons wan Tl sux:
arsted by Swann, [l Fracher in their THM-wark un fhe nrdering in
Fe Al ablovs 1191

"*7p i taken the velue 2uil -1
gtropi “Cowley. Warren short fam
IM"\:.d Thev atre defined #8 the devistion lram the rendem tute
poa - et avl owg
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Few other property changes can arise so suddenly in
the middle of an alloy system that does not exhibit com-
pound formation.

.—-——"\.
Suggested
symmetrical gap = °
in the absence of \
magnetic effects[29]

0(1 + “2
[30]
- T for alloys

quenched from the
single-phase region
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“"w Table 20-1 Properties of typical soft magnetic materials
Hysterasis
Chemical Msat 105 loss, joules/
Material compesition amp-turns/m =1ﬁamxu p, ohm_ Kg/cycle
fe Nominally pure 17.5 5,000 10 x 10-8 0.03
Fe-2%Si Fe-23Si 16.7 7,500 35 x 1008 o0.02
G.0. Si-Fe Fe+41Si 15.5 30,000 55 x 10-8 0.005
Hipernik Fa+50IN{ 12,7 60,000 45 x 10-8 0.003
78-Permalloy Fe+ 78INi 8.7 100,000 16 x 10°8 0.0005
Supermalloy Fe+5%Mo+79%N{ 7 1,000,000 60 x 10-7 0.0001
- i -2
Mn-Zn ferrite I:H\mwzw\mmmmpr. 3 2,500 20 x 10 0.001

12.7 300,000 125 x 10-8  0.004

Metglas 2605 SC mmmwwww.mmdw.wnm
600,000 130 x 10-8 0.004

6010 nommzthﬂmmmmwmem 4.0
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Fig. 63. Al-Li. (Sce Note Added in Proof.)

Spend your mornings on simple physical
measurements: specific heats, electrical properties,
elastic constants, half lives of decay,.veeeece..

Spend your afternoons working on problems
of "Nobel Prize" quality: Theories of atomic structure,
forces in the nucleus, grand theories of the nature
of magnetism,.......

THE SURFRISING THING 1S5 THIS:

You never know whether the Frize will come from what
you do in the MORNING or what you do in the AFTERNOON!
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FROTECTIVE MECHANISM
During Infiltration Frotective Layer Forms.
Intermetallic alloy of Cu-Fe-Co.
Shields Iron so that it does not dissolve
in malten Copper.
After some time, Cobalt diffuses into
Iron and protective layer disappears.
Frotection disappears.

LIQUID METAL INFILTRATION OF SINTERED FPOWDERS

Fills pores. Gives parts of higher density.
Fills cracks which lead to fracture.
Copper in sintered iron is a good application.
Strengthens alloy. Improves fracture resistance.
Increases fatique resistance.
Absorbs acoustic energy: Gives QUIET-RUNNING gears.
BUT: COne large metallurgical problem.

Iron DISINTEGRATES if exposed to Cu too long.
CORRECTIVE PROCEDURE: Add a bit of COBALT to copper.

Keep infiltration time SHORT.

QUESTION: Why does Co improve the product?
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) Today’s Columns

. Motal alloys that can dramatically change shape with varia-

} . tions in temperature are welcomed by scientists. A square inch of
one particular alloy expands with such strength that it can move a

» 50,000-pound object, Technology. [19.] .

THE NEW YORK TIMES, THURSDAY, DECEMBER 26, 198%

Technology s s

A Phenomenon
o Metallurgy

looka like an orﬂlnnry brau spring But when
l.:.lroppod into a cup of boiling water, it instantly
uncoils to five times its length, pinning itsell
against the cup’s walls. When the water is poured
out, the spring responds to the cooler air by in-
stantly recoiling to its original shape.

This phenomenon, called *‘shape memory,"” typi-
fies what some engineers call one of the most excit-
ing metallurgy advances in decades. Scientists
have found a host of metal alloys that can dramati-
cally change shape based on temperature.

The force of the change can be enormous. A
square inch of one atloy, for example, expands with
such strength that it can move a 50,000-pound ob-
ject. The applications are many: opening and clos-
ing windows, replacing moving parts in engines,
serving as muscles in robot hands. A supercooied
meta) sleeve can be slipped around two pipe ends
and bond them together by contracting as it warms
to room temperature. Such a method replaces
welding, screws and other fasteners.

*“This s an entirely open-ended technology,”
said Thomas W. Duerig, manager of metals re-
search at the Raychem Corporation, a large high-

_technology materials company in Menlo Park,
Calit. mdalenderinmctleld “1 don’t see an end
to itz uses.”

Shape-memory metals were dlsoovered about 50
years ago, advanced by the Navy io the 1960's and
used in some aeruspace applications during the
1970’s. But only in the tast two years has the wide
commercial potential been recognized outside of
research labs. Major efforts to capitalize on the
technology are under way in Japan, China, Bel-

gilum, Britain and the United States.

Westinghouse has chosen the technology for
some electrical equipment. I.B.M. is studying it for
" electrical fasteners. Sharp and others are develop-
ing it for consumer products in Japan. One new
company, Memory Metals Inc. of Stamford, Conn.,
bases its entire business on the technology. Ray-
chern says its sales are about $10 million a year,
the industry’s largest. Others put potential indus-
try sales at hundreds of millions of doflars a year.
*The market is in Its infancy," said C. Marvin
Wayman, a professor of metallurgy at the Univer-
sity of Hlinois/Urbana-Champaign and an expert
+ in the technology.

The most cémmon alloys are titanium-nickel and
copper-zinc-aluminum (aluminum brass). At cer-
tain temperatures, the crystal lattice structure of
the material changes dramatically, causing a
change in shape. Some expand, contract, bend or
unbend. The change is lightning quick: thousands
of feet per second, said L. McDonald Schetky,
Memory Metals’ president and former materials

! research head at M.L.T.'s instrument _laboratory.-
Depending on the materiats and their size, the tem-
perature at which a shape changes varies from 275
degrees below zero to 500 degrees above zero.

One new use for these metals is in operating win.
dows of greenhouses and farm buijldings. Memory

" Metals has devised a water shutoff to prevent

shower scalding. The metals can also activate
building sprinkler systems for fires faster than
conventional methods.

The metals are also used in circuit breakers that
reset themselves when the wires cool. In robot
hands, the metals move fingers by expanding and
contracting as electric current is switched on and
off. They replace motors and géars, thus sharply
reducing robot weight. In the Grumman F-14
fighter jet, a memory metal attaches hydraulic
lines where heat or vibration would make welding
or screws risky. Raychem uses the technology in
air_conditioners and nuclear power plants.

The metals can be made so that they will not re-
vert and break a bond under all foreseeable opera--
tions. The cost is often similar to existing methods
and sometimes cheaper

Medical uses include a small tube — inserted
into the body by a catheter — that expands when it
reaches body temperature, reinforcing an artery's
wall. Brassiere companies are studying the metals
to replace steel as supports and continually restore
the bra to its original shape when worn. Engines
are being designed to use memory metals and run -
on heat, from power plant effluent or from the sun
in third world villages, instead of electricity. The
metals would be exposed 10 heat on one side and

. cool water on the other, causing continual motion.

Dr. Frederick E. Wang, president of Innovative
Technology Inc., of Beltsville, Md., used a memory
metal 10 make a toy boat that sold for §22 as a
Christmas present. Dr. Wang, a physicist, has de-
vised practical engines, too. Of the technology, he
said, people ‘‘see it, but they don't believe it.”
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