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Abstract

Mnii, is one of meny alloys, which, in equilibrium,
have disordered (randon) and ordered atomic arrmngements
at temperatures above and below the so-cazlled transition
temperature respéctively.

Specimens of Mhﬂis, previousiy quenched from a
temperature at which the structure is disordered, were
heated at different constant temperatures below the
transition temperature. The nmagnetization and fesistance
of these specimens were measured after different inter-
vels of time at these temperatures for the purpose of
obtaining data for a study of the kinetics of the iso—
thernal ordering Drocess.

The mechanism of the isothermal ordering process of
1 ﬁia can be Interpreted as first loczal ordering and then
the growth of ordered domains. This mechan is& is the sane
as that qualitatively described by Sykes in 1935 for AuCu..
The mechanism of the local ordering, however

is viewed

"in the present work as the sharpening of the Gaus

53}
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distribution curve of local composition wit the alloy.

Previous studies on the kinetics of ordering in Mwmili

37

wuCu, CoPt and Auld : P d '
AuCu, CoPt and AUCU. are also reviewed and analyzeds and

three different t'pes of ordering mechanisms sre provosed,
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I Introduction

gSome =lloys c=n be in different states of order,
ranging from the fully ordered state to the completely
disordered state. When the alloy is in the fully‘ordered
state, different kinds of atoms are arranged in a definite
pattern on the array of zstomic sites. When the alloyr is
in the completely disordered state, these atoms are
distributed randomly on lattice points.

Trnne purpose of the present work is to studyvfhe

kinetics of isothermal ordering of InNi i. e. the

3!
manner in which the atomic arrangement of disordered
Hnﬂis changes to the ordered atomic arrangementr The
method of analysis used in this investigation is also
applied to the kinetic data of previous investi”atérs to

LE

CoPt and AuCuSE



II. Order-Disorder Transformation

A Ordered and Disordered States

In some binary alloys of composition corresponding
approximately to 1 to 1 (4B) or 1 to 3 (ABS) atomic ratios
a2, change 1in atonic arrangement takes pnlace at a certaln
temperature, vhich is called the transition temperature.
Delow this temperature the structure is ordered and above
it is disordered. In an ordered alloy the different kinds
of ztoms are arranged in a definite pattern on the array
of atomic sites and usually atoms of one species tend to
surround themselves by atoms of the other species.
Consequently the internal energy and also the free'energy
of the alioy at low temperature are decreased by the
ordering process. In the disordered alloy atoms of differ-
ent kindé are distributed randomly on lattice pbints, with
the result that the entropy of thé alloy iéilarge; Hence
the free energy at high temperatures is lower for the
disordered alloy than for the orderedfalloy. Since minimum
free energy is the requirement for equilibrium, at each
temperature the alloy has a definite state of order. This
fact is confirmed both theoretically and experimentally.

One conclusive evidence of an ordered arrangement is
furnished by the presence of "superlattice lines" on

x=ray diffraction patterns. Superlattice lines‘are
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reflections from the new and larger spacings, which are
present in patﬁérﬁs of ordered alloys only. These new and
larger spacings are caused by the distribution between
qifferent sets of lattice points. In the ordered alloy,
esch set contains all the atoms of one species and atoms
in different sets are different from each other. In the
diécrdered alloy the distribution of atoms on lattice
points is statistically random and hence there is 1o
distinetion between lattice points.

Surprisingly enough the first suggestion of the
existence of ordered structures was based not on X=Tay
evidence but on the chemical behavior of Aulu solid |
solutions. In 1919, Tarmann (1) found that in golid-
copper alloys containing more than 50 atomic‘per cent ¢
the copper in excess of 50 per cent was rapidly,dissolved
by nitric acid. ¥e concluded that the alloy_having the
stol ehiometric composition AuCu contained an ordered arrange-
ment of atoms and the extra Cu-atoms which did not fit
into this arrangement were easily removed.

The first direct ohservation of sﬁperlattice-lines
in x-ray diffraction pattern of A.uCu3 wa.s re?orted by
Bain in 1925 (2). The {irst analysis of au ordered struc-
ture from its x=-ray pattern was made by,Johansson and
Linde for the alloy AuCu in-1923 (3).

Following these investisations, order~disordér

reactions have been found in many Loy systems.
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rs on this subject were wrlitten

(]
[0

Comprehensive review pap

- 2 " % a”Rn 5Y .
1 TTix and Shockley in 1938 (4) and by Lipson in 1950 (5)
v Iix -

S crystal Struciure and Properties of Ordered and
Disordered Alloys |
The difference in the atonic arrangements in-ordered
~-nd disordered alloys leads to different crystal structures.
The fundamentsl important types of lattice chang§ from the
disordered to the ordered structures, vhich are shown in

Fig. 1, for substitutional binary alloys are as Tollows

5)s

i. Body-centered cubic to simple cubic of same size
unit cell such as @ brass and Feil.
ii. Face-centered cubic to tetragonal 1t1 like atoms

on alternate planes, exzamples being AuCu and CoPt.

i. TFace-centered cubic to simple cubic of same size

unit cell. In the ordered structure the A-ntoms
are on one set of lattice points and the B-ztonms
are on the other three sets¥*, examples being

AuCuyz and i, .
P

fde
ot
L]

Dody-centered cubic to face~centered cubic of
twice the original 1lattice parameter with A-

o

ot corners of the tetrahedron,

3

atoms arranged

I

3
;

The face-centered cubic structure can he considered ag

four interpenetrating simple cubic structures.
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these corners ore located at body-centers of
the disordered cubic systen. FeSAl is =zn
exaiple. |
iii. Uexagonal close packed to hexagonal having an
g porameter twice that of the disordéred hexs-
conal cell, but the same ¢ paramneter, examples
being 11@50(3. and E‘Egt‘.dré.
The phvsical properties of an alloy also change as
a consequence oY ordering. Examples of properties in-
fluenced by the atomic rearrangements ares Andﬁalous

specific heat near the transition temperature, heat of

evolution on ordering arising from the fact that the
ardered alloy has less internal energy thon thnt of the
disordered one, elastic modulus, hardness, density,
color, electrical resistivity, fhermoelec’cric‘powers
susceptibility and other magnetic properties; In sdme
cases, the ordering introduces lattice strains,_which’can
be observed under the microsco?e as striations on a
‘polished surface. TFor a particular alloy, only = few of
the above-mentioned properties change appreciably during
the ordering process, and those properties which do vary
considerably on ordering =re generally used for measuring

the state of order of the sglloy.
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Ce The Kinetics of Ordering

The mechanism by which the cehange from 2 disordered
to anhordered structure occurs depends on the type of
2lloy, its p=st history, and the time and temperapure of
ordering. In some 2lloys the change from the disordered
to the ordered sfate is almost instantaneous, in others
the reaction may be extremely_slow,

gince some of the physical properties of an»glloy
and its x-ray diffraction pattern are influenced by the
atomic arrangement, they can be used as an indirect
measure of the state of order.

The first problem in the study of ordering kinetics
is to establish a relation between the state of order and
the measured phrsical properties. These measurements are
usually teken at room temperature from the guenéhed speci-
men, since the atomic arransement existing‘at the ordering
tempef&ture can be retoined in most alloys by'quenohiﬂg.
The diffusion rate at room temperature is negligible. The
second probiem is to find a relation between the variation
' of the measured physical nroperties with time, temperature

and other relevant factors.



III. Survey of Previous Work on the Ilinetics of Ordering

liost of the previous studies of ordering kinetica,
as shown in Table I, have been concerned with change in
physic&l properties with time during isothermal ordering.
In several of these studies, the total length of time at
a given temperature was too short to reach a2 state of
equilibrium. Alloys studied were of the AB =nd 4B, types
with the disordered structure being face-centered cubiec,

the ordered structure being tetragonal and simple cubic

respectively.



(8]

Table I

Alloyf

AuCu

Physical Properties I

Heat of evolution

Intensity and displacement of

x~-ray diffraction line

HFlectrical resistance

CAxial

X=ray and ﬂlcrostructure

CoPt

'Llectrloal

¢e31stance

Hardness

'lagnetic properties

uUJ:"t

Aul 3

'A-raj mnd ﬂlcrostructure

eraness

flectrica=l resistance
width of superlattice line
Hlastic modulus

Electrical‘resistance

llagnetization

easvred Invest

rztio of ordered Aulu

r,tors

Dorelius and

collaborators
(5, 7, 9)

Diennes (9)

Gorsky (10)

harfer (ll)

MuWnketal

;(12)

Fowaek (13)
Djkes et al

(14, 15, 16) -

Siegel (17)

Thompson (18)



Borelius and his collaborators investizated the
kinetics of orderin@ of AuCu by studying the X-ray
diffraction patterns (8). From their results the ordering
process of AuCu, from disordered face-centered cubic to
ordered tetragonal structure, seems to occur in two

different ways. First, near the transition temperature

03

the disordered structure mey gradus=lly disappear, bein
replaced by the ordered structure; this effect wbuld be
evidenced by 2 gradusl decrease of the intensity of the
(311) cubic reflection, =nd = gradusl increase of the
intensity of the (311) tetragonsl refiection, ﬁo change
being observed in the Braogg angle (3). Second, at\teﬁperan
tures considerably lower than the transition temperature
the aziél’ratio c/a may chenge graduslly from unity to
the equilibrium value; =nd this effect would be evidenced
b7 a gradual shift of the (311) cubic reflection to its
position for the equilibrium tetragonsl structure (3, 10).
Eéar the transition temperature, 403 C, kinétic data have
been obtained for AuCu by measuring the heat of evolution
(6, 7) together with the intensity of (311) cubic and
tetragonal reflections (3). At low temperatufes, between
200 and 300 C, measurements have been made from the dis-
placement of the (311) reflection (3).

Borelius and his collaborators (8, 7, 3) normalized

the measurements of physical properties by meking the
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totsl change for complete ordering equal to unity. e
normslized volues were plotted against the log time of
ordering at constant temperntures. The activation energy
of the process at tererstures cway frot the tranéition
teperature was obiained by measuring the slope of the
stroizht-line portion of the plot of log time for
the totzl chance versus the reciprocszl of ordering tem-

serature in degrees ilelvin. The retardat on of the order-

-

ing and disordering process near the transition tempera-

o

ture wes explained by the potentizl barrier for the for-

qmetion of ordered nuclel. This borrier does not eixist ot

temperatures gway from the transition temperature becaouse
i :

of the variztion in free energy with desres of order (8).

Borelius =z2nd his collaborators also analyzed the beginning

part of their data of heat of evolution and stated that
the ordering process of AuCu starts with constent nuclea-
tion snd constent radial growth of spherical nuclei.
Diennes (9) mezsured the resistance of AuCu at room
temperature during the isothermal ordering process. The
»specimens used were not completely disordered prior to
this treatment. The range of temperature was 250 to 360 c
which is considercbly below the transition temperature.

The correlstion between the resistance and long-range

order paraueter used by Diennes mey not be valid for his

9
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investigation, since the state of order of the specimen
é¢uring the ordering process can hardl; be desofibed Dy a
long-range order paramneter alone. The ordering time was
notilong enouzh %o attain equilibrium, this would have
been apparent if the time scale used had besn locarithnic
instead of lineaf.

Prom the wire specimen of AuCu, Jones and 3vkes (15)
measured the breadth of superlattice lines during ispther-
mal ordering at 298, 346 znd 376 O to determine the size
of ordered domzin. Also they measured the electricsl resis-
tance at room temperature. Their results may be summarized
as followss first, from the plot of size of orderéd domain
vs. log ordering time, rate of growth are slower in cold-
worked specimens than in annealed specimens; second, in
the plot of electricel resistance vs. reciproéé;vof the
gize of the ordered domazin, curves for both annealed and
cold-worked specimens become =2 single straight line for
sufficient large domein sizes, say 100 & at 208 Q3 third,
the boundaries between ordered domsins are:narrow and are
2bout two interatomic distances wide, 7.5 & for Au8u5,

Based on the experimental results on AuCu the

N
>

mechanism of isothermal ordering of AuCuS was qualitative-
1y described by Sykes and Jones =z=s first the loecal order-
ing and then the growth of "enti-phose" ordered domains,

i. e, domaine vhich are not in resistry.
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A previous study of ordering kinetics of Fzﬁig

appeafs primaril; in Thompson's pzper (18). He obtained

some kinetic data Tor Bhfiw Dy measuring resistance and
<

nagnetization of the specimen both at room teuperéture

and at the ordsring temperature. Thompson qualitatively

i g

described the mechanism of ordering of Imili_, Following

O

the concept that 3ykes proposed for AuCus (L5), first
local ordering and then the growth of "anti-phase“ ordered
domains. The time scale used in the plot of meésured
physical porperties was linear, and probably equilibrium
was not rezched.

v can be seen from this survey that most of the
previous'data have not been analyzed to describe the
kinetics of isothermsl ordering. Only the beginnihg nart
of the ordering process of AuCu near the transition
température has been anslyzed by Rorelius éﬂd his
collaborators (6, 7). In section VII of this thesis
isothermel ordering deta will be =nalyzed and the order-
ing process will be described, 2s is done in section VI

el
i

for the present investigation on hnjis.
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IV. Experimental Technique

The temperature of order-disorder tramsforwation In
the alloy corresponding to composition MnNi5 is 510 C
as shown in Fig. 2. The disordered crystal structure is
face-centered cubic with each lattice point ocecupied
randomly by eiﬁher manganese or nickel atoms. The
ordered structure 1s simple cubic¢c with In-atoms on one
set of lattice points and Ni-atoms on the other three
sets, as discussed on page 4 and shown in Fig. 1.

L. Preparation of Specimens

Specimens used in the experiments were prepared
by the Materials Section of the Jet Propulsionviabera-
tory of California Institute of Technology.

Nickel and manganese powders were mixed and pressed
t0 a bar 3/8 in. square and 1 in. long uhdef a pressure
of 80,000 pounds per square inch. The bar was sintered
4 hours at 980 ¢, in hydrogen, quenched in‘water and
then reduced in cross section by about 20 per cent by
cold rolling. This procedure was repeated tw1ce. The
' densely packed % in. square bars were turned to disks
of 1/8 in. dia. x 1/16 in. thickness or rolled to strips
of 0.008 in. x 1/8 in. x 1% in. The disks were used for
magnetization measurements and the strips for resistance
measurements. The specimens were sealed in evacuated
quartz tubes. They were then heated about 10 minutes at

980 C and quenched in water to retain the disordered

Structure.
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3. Isothermal Ordering of the Specimen
The isotherual ordering of the specimens was accon-

a

QliSiéu by heating the vacuum-scaled specimens in copper
blocks in auvtomatically controlled rurnaces at constant
temperatures. The average temperature fluctuationfof

these furnaces was about $3 C during these thermal treat-
nents. 3ome megnetization dota were obtalned from specil-
aens not sealed under vacuum, since there was no detect-

~

able difference in magnetization data between the vacuwn-
sealed and non-sealed specimens. ‘
C. leasurement of Iagnetization

The mnegnetization of isothermelly ordered specimens
was measured at room temwperature with a mawmetic»torsion
balance showvm in Flg. 3. iieadings on dials, 1 and 2,

Al
L

‘correspond to the twigt of the vertically suspended steel

o

wire, 3, whose upper end is Tastened on the dial, 1, and
whose lower end is fixed to the frane. The ﬁorsiona1
aoment produced by the elastic twist of this sﬁéel wire
3, balances that of the magnetic force acting on the
specimen. The specimen is fastened at the end, 5, of the
aluainium rod, 4, and is located in the middle of the
convergent magnetic field of the magnetron magnet, 68,
which hag a field strength of about Z,QOO Gauss. The
sensitivity of readings on dial, 2, is one hundredth of

one degree of the twist of the steel wire, 3, 2nd the

sccuracy 1s about one fiftieth of one degres=.
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Readings on dials, 1 and 2, give the velue of magne-

e

tization II, vhich is proportional to the masnetization of

the specimen. 3ince only relative values of change 1in

phj cal properties are of interest in the study of

‘ki etics of ordering, no unit has been given to the value
of M. |

D. Ilieagurement of Resistance

The resistance of the isothermslly ordered strip
specimen was determined =t room temper~ture by comparing
the potentizl Ex across the specimen with the QOuenul"l
Ty =cross 2 stendord resistor of 0.1 ohm in fheFSame
circuit. The resistance of the Ehﬁis specimen isvfhus
equal to 0.1(B,/Eg). Fig. 4 shows the wiring dizgrem used
for the measurement of resistance. The standard resistor

P .

2nd the Mnlii, strip specimen are connected’inVSeries in
a direct current circuit, which is supplied by =2 1.5 volt
Gry cell battery. The current reverse switch permits the
reversal of the battery voltage in the circuit, so that
the thermocouple effect produced by the teﬁ@erature diff
erences ot different junctions in the circuit -ore compen-
sated by teking recdings with the current reverse suitch
in both positions. A type K potentiometer is connected
by the selector switch to the ¥ Iig specimen or to the
standard resistor for measuring the potentiﬁls Exyand Es
respectively. The sensitivity of this potentloweter is
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one microvolt and the readings are reproducible within
0.5 millivolt because of the thermocouple effect in the
circuit of the potentiometer. This effect causes'only
negligible error in the resistance measurements. The
more important source of scatter of the resistance data
results from the fact that the specimen could not be
clamped in exactly the same position in each measure-
ment .

As in the case of magnetization measurements only
relative values of resistance are of interest-in the

study of kinetiecs.
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Ve Ixperimental Results

PT e

Hoznetization and resistance readings versus.lo

r

AT .
carl
thm of oxde

ing ftime at severzl constant sub-transition
temperatures are shown in Fig.

)

5 and 6 respectivelys the

data ore listed in Table II and III respectively}

o
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Table II

Magnetization Data

416 o 443 B
157 161
t (ming 4 t (min) M
0 0.55 0  0.55
12 2.1 Vi 1.9
49 2.7 ~4r 3.48
184 4.2 215 7.4
474 6.2 652  12.7
1114 9.4 1394 - 16.7
2234 13.1 5916  22.2
4062 16.15 8711 23,1
7334 19.3 14057 24.45
1558 21.6 22159 25.14
26567 23.16 4525 25,75
50679 25.25 70565 26 .61
82459 25.81 93352 25,9
124279 26.18
1.9 1.9
22 o9
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Table II {continued)

Vagnetization Datae

3799  22.36 22908  21.6

3096 235.1 38143 21 .83
20061 23.6 69933 22.25
86333 22.46
1.7 1.7
20 18
25.5 23

(C) 460 % 488 ¥
Mo. 170 154
t (min) i t (min) 11 £ (mind
0 0.5 5 0.4 0
10 1.89 6 1.85 16
34 3.41 15 2.7 43
92 5.88 54 5.9 119
150 7.5 402 14.45 330
278 10.73 1005 17.2 1163
506 13.87 1965 18 3631
766 15.64 4678 19.7 7599
1366 17 .7 8209 20.65 10120
2874 20.08 11478 20.8 15374
5723 21.2 19313 21.3

(o]
i
o

11.8

15,05
15.3
16.05
16.25

16.25

v}

l._l
(&M
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Table II (continued)

EX

llacnetization Data

Tep. (C) 503 x
SPeC. 0. AlD
t (min) i
0 0.72
o) 1.31
17 1.38
29 2.24
51 2.81
o8 3.36
136 4,32
233 5,382
524 5.4
774 6.98
1325 7.28
2133 7.65
3184 7.94
4868 83.13
7304 8.36
13012 8.54
1 0.72
15 7



t (min) 2 (ohn)
0 0.031394
2 0.032708
7 0.032980
17 0.033L30
51 0.083397
121 0,033322
708 2,033034
1518 0.022770
3204 0.032357
AN Q.OSOQOB
155633 0.02569234
42535 0.023671
101815 0.01882
13499% 0.01758
Zy ".0334
iy ]

Table IIT

“agistance Data

416 &

4 (ninJ 2 (ohn)
0 0.0237008
10 0.030419
37 0.030635
64 0.030645
112 0.030411
150 0.030683
209 0.03045
404 0.03006%7
775 0.029255
1498 0.027597
3483 0.0244%
N434 0.021536
15681 0.019217
34209 0.017204
60104 0,0153%0
101529 0.0154

71,0307



J

330

I

4125
3070
16233
3708

46383

Table ITI {(continued)

Registance Data

452 + 483 9

110 R3
R (ohm) t (113) . {ohmn)
0.0337 0 0.023624
0.03577 10 0.030327
7.03585 o3:! 10.030071
0.036 56 9.029558
0.03535 108 0.029373
0.035L7 178 0.028618"
7.0349 370 0,027534
0.0345 735 0.027003
0.0334 1457 0.025988
0.0319 2030 0.025720
1.0304 7972 1.02555%
1.0295 16214 0.025255
1.0282 34200 0.025235
0,027 60104 0,025
0.02677 78564 7,02444
0.025
1.024
0.,0235
. 0231

2,036 150553'

7.032 0,027

7.022 ‘
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VI. Discussion of Kinetic Data

A Haznetization Measurements
i. Specimens quenched from sbove the transition

temperature.
Mognetization dats obtained by heating specinens
for various lengths of time at constant terg~vture

are plotted in Fig. 5. T=ch of these curves can be

<

approximated by two straight lines corresponding to tvo

steps during the ordering process as shown in Piz. 7.

. . . -1
The first step, locel ordering, is plotted as lnln(l~fl)

ve, In(t) and is fitted by solid stroight liness and the

second step, corresponding to the growth of anti-phnse

ordered domains, is plotted as 1n{l-f,) vs. 1n(t) =rnd is

itted by dashed strzight lines. The parameter f equal

19
to (11-153)/(i -2 ), is = dimensionless paraneter-represenﬁ«

ing the fractional change in magnetization ;eﬂfi ngs during
the local ordering. The value of f. is zero near the

1
beginning of the ordering process, where =11, , 2nd is
unity nesr the end of the local orderlng, vhere T"dl,
Similarly £,, equal to (M”P-)/(lm~; J, is a dimensionless
- — i 2 ‘ 5 T L4, & ae

naraneter representing the fractional chanse of magnetiza-

process. As in the case of'fl the value of fg is zero

»

'near the beginning of the ordering process, vhere M=1T.

and is unity, with the magnetization reading =iy, when



the specinen reaches the state of equilibrium =2t the
ordering temperature. Values of Il and i, can be directly
estiméted from the bezinning =nd the end, respectivaly,

of ‘the isotherm-l curve in Fiz. 5. The velue 4 , however,

‘is ovtained by »lotting the masnetization data as- 1n{l-Io)

vs. In(t). ot sreater values of orderinz times, the

i)
1,-

nasnetization date e Titted D" a2 straizht line with

slope =0.5. A plot of this kind is illustrated in »ig. 3
Tor a specimen heated at 443 C. As is seen in this Tigure,
the straight line A3 can be used to fit the dgta af ter
5,700 minutes. 3Sut the part of the data cor“esp0inng to
tines less than 5,700 minutes does not fall on this stra-
ight line and 1n(l-f,) approaches the value 1n(l) asymp-
toticallj as time ig decreased to zero. This deviation of
the earxly part of the dats from the straizht lin means
that the plot of 1n(l-f5) vs. 1ln(t) is not suitable “or

describing the local ordering. The point A in Figz. 3,

wvhere the plotted data start to deviate from o straizht

|,_1

line, is teken as representing the end of the Tirst part

b}

of the ordering process; consequently, the mammetizatio

J
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recding corresponding to thisg point is tsken =2s esqual +to
Hl“ It is realized that the deternminstion of the value

of i is not precise. However, o consigtont method

o
LoT

locating the deviation points in plots similar to that

shovn in Tig. 3 was used Tor 2ll magnetization‘curvese
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after a value was chosen for I, the dats correspond-

>

t of the orderinsg process were plotted

o

ing to the fTirst »=

28 showvn in the left part of Tig. 7. Thlis »nart of the

2 ik
date 1s plotted as 1nln(1~fl

T211 on a straight line with slope equal to 0.75 (ef.

solid lines in Fig. 7). The linearity of the plot in this

part of the ordering nrocess leads to 2n expression of

-4

the tpe:

ln 1n 1/(1-f4) = 1n ( comst. %°.79). (1)

=
[0)
e:
R}
1y
{D
9}
]
B
ct
;_Jc
1)

=1 form of equation (1) is:

Afy = const. (1-F)a(tY-75) (2

3
i’ .
The following discussion may explain the Tirst step

of the ordering mechanisa of Enﬁig corresponding to

equation (2).

JAN]

Al

Atoms in the alloyfﬁﬁﬁg marr he considered to form
groups, wiﬁhin vhich the concentration w of z2lternate
regions of equeal size Tluctuates because of thermal
agitationo In one rezion the concentration hecomes WAY
and in the immediately =djscent recgion the conceniration
becones w-Aw. At equilibrium the number of atoms, n, in
these two regions presumbly depends on'the tempergture of
the specimen z2nd is a result of a balance between the
ordering effect due to the interatomickactioné =nd the

disordering effect due to the thermal agitation. At hich
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temperature the number of =toms involved in = fluctuating
group 1s small because of strong thermsl agitation. Con-
versely the nunber of stoms in a fluctuating sroup is
lafge at low tempersture.

The state of order of the alloy mey be approximately

desceribed by the Gaussian distribution of the composition

in fluctuating groups. The probability P of o fluctuatin

g

croup hoving composition betwesn (wiaw) and (wpaw)+dw 1is

ziven as (20)s

-5 5 =a(aw)”

B o= Bl L ye = dw (3)
’IT(k‘T ngl-w}) oodw 3

The peck of the Gaussian distribution, wvhere the local

composition is equal to the avera~e composition w of the

alloy, is ziven by

or Tox IImil.,

-
i
g

IT the local composition

[N

o
v

25 =2tomie per cent of

IIn, then the local dezgree of or

joN

.

er is high. Fence expre-
ssion (4) corresponds to the portions of the allov which

zre fTully ordered. hen thé temperoture is hish and con-

. wy . 3
sequently the number of ctoms n in the Tluctuating zroup

1s small, expression (4) has a2 smell numericsl value snd

therefore the Gaussian curve is fla

= L) L]
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The first step of the isothermal ordering process
corresponds to cheonging a flat Gaussian distribution curve
(characteristic of a disordered state) into = gharp one
(characteristic of an ordered state) by increasing the

‘number of atoms in the fluctuating group. This inerease

is the result ofastrOﬂger interactions hetween atoms a2t
the ordering temperature. The probability of composition
fluctuations is reduced for larger fluctusting srouvs

and thus the degree of local order is incresgsed.
The magnetization reading maoy be assumed to be pro-
~portional to the area of a narrow strip under the peak of

the Gaussian distribution curve. A reason for this assump-
tion may be found in a paper by Smoluchowski}(Ql),'who
computed’tne saturation magnetization of ordered and
.disordered alloys from their local electron canceﬁtration
by using the Pauling-Shockley curve of saturation magne-
tization versus electron concentration. The computed
results agreed generally well with the experimental data.
The contributions of the Ni~-Ni pair, Wi-Mn pair, and
 Mn-Mn pair interactions to the saturation magnetization
of the disordered MMNiz alloy were determined to be 0.71,
0, and some unknown negative number of Bohrmagnetons
respectively. In order to explain why the éisordered
Mnlliz alloy has a very small saturation magnetizatién
whereas the ordered zlloy has a very large one, one may

suggest that the magnetization of HnNiB would be propor-



tional to the portion of the alloy in which the concen-
tration of lin is very close to 25 atomic per cent. The
contribution of the regions in which the concentrztion of
in is either smaller or larger theon 25 per cent cancel
each other. The magnetization reading is thus @robortional

to the area of a narrow strip underneath the peak of the

it

Gaussian distribution curve of composition. Ixpression
(4) shows that this erea is proportional to n% during

the isothermal ordering process, since all parameters in
(4) except n are constant. If the number of aﬁoms, n, in
the fluctuating group incresses =8 t1+5 in thebdiSOTdered
nmatrix, =2s in the case of the growth of sphericfi parti-
cles by diffusion (22), then the increment of ﬁhe magne-
tization reading is proportional to the prodﬁct of the
mass of the availsble disordered region and thezincrement
of nF. Equation (2) may be explained, since the avgilable
disordered region is proportionsl to (1-f;) and the incre-

hd . . o ..]:.
ment of my is proportional to the increment of (tl.9)%,

A physicel interpretation of the second step of the

! d
fed)
s

ordering process will now be attempted. As shown in Fig.
7 the data describing the chonge of magnetizstion during
this step in the ordering process lie on =z straight line

with slope -0.5 (d=shed lines in the right-hand part of

Fig. 7). The coordinates of the nlot are 1ln(l-fs) and

i

in{t), where
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is the fraction of change in magnetization during the

i

process. The equation of this linear portion o

ln (L-f5) = 1n (coust. t“3‘5) (5)
Its differential Torm is:
4 £, = - const. A(‘-’{,_O'S) (6)

During this period of the ordering @rodess the
increasse in the m;;netl tion is presumbly the result of
the decresse in the mass of the disordered domsin-bounde-
ries. Theée boundaries are progressively absorbed by the
crowth of enti~phase ordered cdomains, which are[not in

e~1st:y with one snother. According to the results of
sykes (15) 28 mentioned in section IIXI the domﬂln-ooundary
has a const nt thickness during the course of the growth
of the ordered domeins. The mess of domain-boundaries
" with constant thickness 1s inversely ﬁroportlon gl to the
size of the domain, the size of the domain being defined
as some linear dimension of the domain. This proportiona-
1ity is true 2%t least for domains having cﬁbic shape =nd
should be also true, to the first aporoximation, for
domains with other ordinzry shapes, If the growth of the

size of an ordered domsin is assumed to be proportional



to t7 (a5 discussed in section VII for Au0u5), then the
inerease ih magnetization reading in this step of the
process is given by eguation (6).

The change in mognetization during the second stagze

= s

of the ordering nrocess is about one third of the total

change. nece the change in magnetization in this stone

4]

of the process ig caused by the zrowtry of the ordered
comaing, the domain size at the beginning of this stasze
of the process can be estimated as follows. Assume, for

simplicity, thot the domain is cubie in shape, and ini-
9

Gy sl 2 L

ey

tially has d atoms along cach edge of the cube. Also,
let the thickness of the domain-boundaries e be equal to
two atomic distances durins the growth of the doszins
o

as verified by Sykes (15). Then the fraction of magneti-

zation increase during this stage of the process, vhich
amounts to 1/3, is equal to the frsctional incressge of

e ordered volume of the domein, nzmely:
= 245
1/3 = 1 - 6ed”/a»

since the cubic domain has six fsces of disordered
boundary. The donmgin-size at the bezinning of the second
stage of the process is thus estimated =25 18 atomic dis-

tances from the sbove equation, vhich was used by 3vkes

Tfor AuCug.
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From the above cnaslysis of the kinetic data of
magnetization, the isothermal ordering nrocess of Mnlfi
may be considered to consist of first the locel ordering,
being described in the present work as the sharpening of
the Gausslen distribution curve, =nd then the growth of
the anti-phase ordered domains. These two steps of order-
ing process were first qualitatively sugsested by Svkes
and his collaborators in 1935 (14, 15, 16) for AuCux.
Since the crystal structures of both ordered and disorder-
ed aulu, and if WiS are same, the ordering mechanism of

these two =2lloys might be the same.
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ii. Influence of initisl mognetization reading.
Specimens quenched from the sane high temperature
should have the sane low initial mognetization reading.
However, becsuse of slight discrevcncies in compositions
vfrom specimen to specimen or because of small varistions
in quenching ratés, the initial magnetization readings of
quenched specimens may not be exactly the same. For
example, the initiaol megnetization of specimens quenched
from 980 C ranges from 0.35 to 0.603 when specimens were
guenched from 543 ¢, the range was from 0.55 to 1955;
the order-disorder transition temperature heing at-510 C
For the purpose of investigating the influence of the
initi=zl megnetization reading on the ordering kinetics,
specimens quenched from the same temperature (but having
slightly different initizl megnetizations) were heated
simultaneously for various lengths of time at the same
ordering temperature. Tour pairs of isothermal curves
are shown in Fig. 9. Tach pair of these curves shows
that the magnetization curve of the specimen hﬂv1*g the
loter initial magnetization (full line curve) rises

faster and eventuslly is higher then thot of the specimen

heving the hicgher initial nagnetization during the first
part of the ordering nrocess (local ordsring). During the

second part of the process (growth of the snti-phose

'y

domains), however, magnetization re of both speecimens

( 3
[
,)
m

risge in the same manner.



These observations may be explained by assuming that
the hiagher the initizl nmagnetization reading, the larser
is the number of ordered nuelei in the specimen. The
growth of ordered nuclei is negligible during the first
part of the process, which corresponds to therlocél'order—
ing. These nuclel however are surrounded by disordered
boundaries, and presumbly these boundaries countéraot
the ordering process. Therefore, the first part of the
ordering process is reterded in a specimen having ini-

tielly & large number of such nuclei.
]
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Specimens having been partizlly ordered.

e
[ 3add
e

The experiments described previously were made with
specimens in vhich the initial degree of order was as
emall as possible, since these specimens were guenched
from high temperature. It can be showm thet the specimens
heving a certain degree of order before the isothermsl

rdering treatment can be deseribed by the same;analyticzl
treatment as for specimens guemnched from szhove the
trensition temperature.

Some gpecimens were partially ordered at a tempers«
ture of 493 C, the transition temperature being at 510 @.
‘Following this treatnent, the kinetics of isothermal
ordering at some lower temperature, zs 443 O, was
studied. As was done in Fig. 7 for the data obtained from
specimens quenched from above the transition teﬁperature,
@ﬁring thie Tirst step of the ordering process the data
are plotted as 1nln 1/(l-fl) vs. In(t), to thch is fitted
a straisght line of slope 0.753 and during the second step
of the ordering process the data are glotted as in(l~f2)
vs. 1n(t) and can be fitted by = straight line with slope
-0.5. Thus the ordering process for specimens previously
partially ordered is presumbly the sane as that of the
specimens quenched from above the transition temperature.
The isothermel ordering process of IMnlliz hence always

consists of two steps, whether specimens were quenched



O
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from tempe rmtures above or Trom temperstures below the
transition temperature. The first part of the process
(1opal ordering) is the process of changing the local
state of order from one corresponding to a hlﬁher teq-
perature, either above or below the transition tempera-
ture, to that corresponding to the ordering temperature.
After the state of order in each domain attains the
value corresponding to that for the ordering temperature,

the second pert of the ordering process 1s operative,

consisting of the growth of anti-phase ordered domains.
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iv. Interpretation of results based on the concept of
nucleation and growth

One may use the terminolozy of “anucleation and growth®
to describe the first part of the isothermal ordering
process of Imili,. The fact, as shown in Fig. 9, that
spécimens havingﬁinitially lower magnetization readings
elways have higher magnetization rendings after = certain
ordering time indicates that the growth® of the ordéred
region can not be important during this part of the process.
In other words, this part of the process can be described
28 the "nucleation’ of ordered domains with nesli~ible
Hgrowth" of these ordered domains.

The increase in wmagnetization reading in this first
part of the ordering process can be assuned to be DYODOL -
tional to the number of ordered nuclei. These‘ntclei have
the same size, vhich is the domain size (18 étomic'distan-

-

ces) at the begimning of the second part of the ordering

process (zrowth of ordered domain). ZBquation (2) can thus

e stated in the differential form:

Tumber of volume available T . =
&{,rdered nuelei) ("sor nucleation )‘3(tu°7a)“%1“11)bit033)

by} " oS ata W 3 3 3 7 : )
the nucleation rate Ng, which is the number of nucleil

formed per unit time, is thus:

3

) ‘ . .
Mg e (1-F1 ) Ett (1-£7) - (£79:25) (7)
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Equation (7) may be used to describe the mechanism

.

of othermsl ordering during the first part of the

process. The local ordering of @nNi5 is = process of

nucleation of ordered domains and the nucleation fate

per unit disordered mass, Mg/(1-fy), is proportional to
the -} power of the ordering time.

The previous description of the first pﬂrt of the
ordering process, nzmely the sharpening of the Gaussion
distribution curve, affords an explanation of felation
(7) and gives 2 physicsl interpretation for the time

exponent.
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Do Flectrical Resistance leasurements

Specimens used in the electrical resistance neasure-
ments were 211 guenched from above the transition tempera-
ture.

The variation of the electrical resistance with tine

gt:

o3

nece incresses at the

m’
}«J»

is showm in Pig. 6. The res

beginning of the ordering process then decreases. This

[N
2

nitisl increasse in resistance dur1“J he ordering process
was 2lso observed by Thompson (12). One misght ouggest

thzt this anomelous effect is due to the disspnearance of

internsl stress set up during quenching. The nresent

igcussion of resistance data does not cover this rising
portion of resistance data, which lasts = short portion
of the ordering process.

The anelysis of dats nreviougly used for the MEETC
tization measurements is applied to the electrical re-
sistence messurement data. The curves of Fig. 6 are re-
plotted as showvm in Fig. 10. The two sets of straisht
lines in Tige. 10 correspond to ﬁhe twd steﬁs during the
ordering process. These two plots are “lnln(l-rl)’l TS
In{t)" and “1n(l-r2) vs. ln(t)" for the part of "local
ordering’ and "growth of anti-phase domains' resnective-
1. The dimensionless parameter T, equal to
(F=2)/(81-R,), represents the fractional change in

resigtivity during the local O”dbl ings ry has the value
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zero, when i=k,, near the meximum resistance, and the
velue one, when R=Ry, near the end of the first part of
the ordering process. Similarly the parameter rg,'equal

to (R-Rp)/(Ro-Rp), is the dimensionless parameter re-
presenting the fractional change of resistivity during

the second part of the ordering process; it has the value
one, when R=Rg, at the time the specimen reaches the state
of equilibrium at the ordering temperature. Values of Rm
and R, can be estimated directly from the pesk and the

end of the isothermel resistance curves in T'ig. © res~

o
(o)
o
<
)
o
)
s
IS
(0]

pectively. The value of iy cen be obtaine
procedure used to determine I in Fig. 7. The procedure
consists of taking the value of resistance corresponding

o

to the point vhere the plot deviat

@

s Trom the straicht
line vhich Tits the later part of the resistance datas in
the plot of In(l-r.) vs. In(t).

a8 shown in Fig. 10, vhich is analogous to Tiw. 7

Tor nmagnetization data, the straisht line vhich fits the

late for the first part of the process has = slope egual

in In 1/{l-r7) = 1n {const. tl‘25) {3)
in {1-r2) = 1n {(const. t=0+9) (9)
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he time dependence of change in resistivity may
then be obtained b differentiating equation (8) and (9)

and the following relations are obtaineds
Ary = const. {l-x;) a(tt-=d) (10)
A To = -const. A(t"‘g'5) - {11)

A probable explaonstion for the
ordering process, thot corresponding to equation (10),
is as follows. The change in resistance is pronortiona
to the change in the product of the probability thet the
conducting electrorshit the ordered region in théir nath
and the cross section of the ordered Tluctuating groups.
fhe probability thot conducting electrons hit the ordered
fluctuating groups is proportionszl to t9°35, Thig can he
shown a8 follows: This probability is proyoftionsl to the

linear fraction of ordered fluctuating groups, which in

turn is proportionsl to the 1/3 power of the spatinsl

; . . ' ERe “«i
Traction of ordered fluctuating groups, namely (n¥) or n .

- L] > l." L4
Since n 1ig proportional to t D, it may be concluded

>

thet the probability that conducting electrons hit the
(AN

ordered fluctuating groups-is proportionsl to t ¢ , or

t0025
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It c=n be shown that the cross gection of the flue-
tuating group is groéor tionzl to thé ordering time +%.
Sinee the cross section is proportionsl to the 2/3 power
of the volume of the fluctuating group and the volune of
the fluctuating groun is »roportionsl to the %/2 pbwer

-

o:vﬁhe time, the cross section of the fluctuating group
2

is therefore proportionsl to (ti)g, namely prOpor%ional

to t. By combining the time dependence of the zbove-

mentioned probability and the cross section, the change

of resistivity in this part of the ordering process is

therefore proportionsl to the change in the §roduct of

.

time t and tine to the power 0.25, i. e. pr0portional to
the change of t%°~°,

The second step of the isothermal orderinv DIOoCEss
is represented by eguation (11) based on tae reszsbance
data. The explanation for equation (11) is prinecipally
the same as that for equation (6), since both equations
(6) and (11) describe the same step of the ordering pro-
cess =and they have the same time dependence. As before,

if the nunber of disordered domcin-boundsaries is inverse-

1y proportional to the sizé of the ordered dom in and if

o2 5!"

the growth of ﬁhé ordered domain is proportioncl to 1%,
then equation {11) will be proved by sssuming that the
decrease in registance is proportional fto the decresnse
of the nutber of disordered domain-boundaries ner unit

length as also mentioned by Sykes (13).
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VIL. analysis of Previous Jork on Ordering Vinetics

(o]

i

It hes been shown in section III, that o number o
order-disorder reactions were studied by previousfinves-
tigators. Vorious methods of measuring the rate of order-
ing were used in these studies. Some of the most imnor-
tent kinetic date will now be snalyzed to obtain the time
dependence of the changes in the particular nhysical pro-
perty messured. Then the ordering process will be descri-
bed by utilizing this time dependence and sn assumed re-
leotion between the chanze in physical property an& the
incﬁease in the ordered mass of the alloy. These proce=
dures of énalysis and of interpretation of ordering data
zre anslogous to those used for th13 in the previous

section.
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Thompson's results of megnetization and resistance

.
Fe W

measurenents (Tig. 8 in his paper of reference 18) have

3

-

been replotted in Fig. 11 using a logerithmic tine scale.

wvidently the measurements were not carried out Tor =

peee)

.

sufficient length of time and an eguilibrium state was

present study. The results Tor specimens pre#iéuély
quenched from the disordered state (520 ) ore shown by
curves A and A' of Fig. 11 =2nd do not agres well with
those found in the present study. On the other hand,
both maghetization and resistance curves for specimens

previously partially ordered (curves B and 3' of Fig. 11)

show a satisfactory agreement with those found ia this

gtudy under similar condition.



B. AuCu

As mentioned in section III that the mechanism of
isothermal ordering of AuCu may be different in the ﬁw
tenmperature ranges, one being near the transition. tempera-
ture and the other being away from the transition temvera-
ture, it is therefore desirable to treat the kinetic data
of AuCu separately in these two temperature regions.
i. fear the transition temperature (350 to 408 C)

a. Heat of evolution

The internal energy of an alloy is decreased during

the ordering process as disordered rezions change to

‘ordered regions. If the released energy is measured at
constaﬁt-temperature9 it can he used as messure of the
fraction of ordered mass present in the specimen.
dystronts data {(6) for the heat of evolutiongyU/q”
versus log time, are shown in TFigz. 12. In order to
analyze these data as was done fTor Inﬁiz in'the previous
section, the data of heat of evolution are now plotted as
1nln 1/(1-U/Uw) vs. 1n{%t) in Fig. 13. Two straizht lines

can be fitted to these data with slopes 4 (cCashed line)

and 2.5 (full line) for the beginning and the second part

&

~

of the ordering process respectively. The straizht line

of slope 4 corresponds to the period during which constant
nucleation and constant radi=al growth of ordered sphericnal
nuclei sre operative (23). This interpretation of constant

nucleation and constant growth was =2lso mentioned by



Iystrom in his originel peper (8). In the second bart of

&

the ordering process, the strzight lines having slope 2.5

..;)

PR

correspond to the growth of the plate-like ordered domnins,
since generally the zrowth of the plate~like transformed
1858 1in the untransformed matrix is proportionﬁl to the
2.5 power of the time of the reaction (22). The plate-

1

ike ghiape of ordered domains may be necessary

W

in order
to give the least strain enerzy during the
tetrogonal ordered struciure in the matrix of cublc dis-
orcered structure. This possibility was qualitatively
discugsed and experimentally verified by a study of
microstructure and x-ray ciffraction patterns in Tarier's
pé@er {ll) for aulu and by Wewkirk et 2l in their paper

(L2) on CoFt.

ntensities ol x~ray diffraction lines.

o
-]
F-i

The intensities of reflections from ordered and dis-
ordered planes having the same Miller indiceé should bé
proportional to the mass of the ordered and disordered
- regions respectively.

~

Borelius' results (8) of intensity, Io/(iO+Id) Tersus
log time, are shown in Fig. 14. As was done in the case

of the heat of evolution, these data are plotted as
1nln(1-i)’1 vs. 1n{t) in Tig. 15. The parameter i used in
Fig. 15 is equal to (1.5I,)/(1.5I,4I) instead of
Io/(Io+Ig), since the originel (311) cubie reflection

88

*(J

erates into the tetrazonsl reflections (311) and (113),
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v factors of these two latter reflec-

and the multiplicit

tions are in the wratio of 2 to 1.
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slope of the StI"l”ht lines in TFiz. 15 is 2.5 and.

result asrees oulte well with that based on heat of

evolution me=sureménts,

ii. Low temperature rrnge (150 to 350 2) from méasure—
ment of the digplacement of (3L1) diffrasction line.
The shift of the ordered tetrazonal‘(ﬁll)'line durs

ing the ordering nrocess may mean that local ord ring

occurs homozeneously =211 over the specimen in this réﬁge

tal

of owxdering temperatures.

In‘?ig. 16 are shown deta from Jorelius' messurements
(8) of the distance D between the ordered (311) reflection
and the (222) reflection, which rem=ins essentiélly‘flxed
aﬁd thus was used as =2 relference line. In order to analyze

-~ [

the dats as was done fox 3xwi3 in the previous section

ok
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ent of {311) Line are now »lotted as
in Fiz. 17. The paraneter s is equal

)
40 (3-31)/(36-31) end 1s the fraction of change of posi-
( 1

tion of (311) line. Thus s has the value zero at the
bezianing of the nrocesgs, where D=D: 3 and ﬂ“s the vzlue

one at the end of the process, vhere D=D.. A5 shown in
Tiz. 17 the data can e f£itted b straisht lines with

slope cqual to -0.75. The differential form of this

ci-
[=5
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straisht line isgg
As = const. a(t-0.75) (12)

Equation (12) may now be explained. From the geome-
try of the x-ray camera, the change in position of the

(3L1) reflection line is proportionzl to the ohaﬁoe in

Bragg angle 6,, . Tence as is proportionsl to aDd, vhich
ig proportion m:a%r Tor small change of Bragzm ancle,

A6, is proportional to A( ing,) . and according *o

Srazgte Lav, aul%” is proportional to 1/d{511) .
1 e

hange in the [311) interplanar

e po e S d Gl

.. e TP . - - PO he ] 4. ES g ~ s 2
1n sectlon VI lg »nronortionzl to the sgusre root of +the

s -2 Ly 3 3 - Ea 3
aumocr oL avoms n in the fluctuating group, then

A[2/d(cryy v a b/mE valn) )7F a6t +8)F]va (17007

. . .o . P o e

is proportionsl to the risht side of eguntion (12). This

znalysis provides a2 physical interpretotion fTor eguation
2), wnd confirms the homoseneous ordering of AuCfu in

this temperature ranze.



L

e

- oy LR N oyt , EX . L T Papmy L
Cnly resistance measurements were analrzed Trom the

T = - [ 8K -
study of CoPt by Mevlkirk et 21 {12), because the hardness

Pt
r
®
w
pers
Q@

stence data for CoFt (43 atomic mer cent Co)

are shown in Tiz. 13. As was done for the date on the

nlotted =28

d"
g._l
Qo
o
ct
oy
ot
X1
i
9

shows the linesrity ol exmerimen

J.

1nin 1/{1-B = :d) vs. 1n(t) and 1n(l E~:m§i) vz, 1n(t)
= B3 H2= el

for .the first and the second sten of the ordering process
respectively. The resistence dats in these two parts of
the olot are slso Titted by straisht lines with slope
1.25 =2nd -0.5 respectivel:r. 3ince the physical nropert
measured, the coordinates of the plot and thé slope of

the straicht lines are sane in both Tig. 12 for CoPt

and Tig. 10 for ﬁhﬂis, the desc

mechanism used for the olloy

to the =1llov Cort.



termt hes been nade to snzl-me the curve of

.
E
W

19242

s
I

line with 2o slope equal to 0.5, Decruse of the ziaili-

tude in structure beltween avlu, =nd IMTi-, this tine dew

~andence @f the eize of the ordered domein o Aulu, ~i0o
: <)

™ -+

be extenc ed to ITmili,. Tig. 20 thus constitutes exnerimen-
L

tec)l evidence of the r~gaur

uged in gaction VI for th

O

purpese of expleining the ordering inetics of fM?ive
As Svkes mentioned in his poper (15), the CBSnge of
resistance of Am8u5 is inversely pronortional to the
chrnge o the size of ordered nuclei for the later n=art
of the ordsring nrocess. If this result ig covbined with
the tine dependence of the size of the ordered nuclei o8
ziven Oy Tig. 20, it czn be seen thot the change of resis

m

tivity of ordered iulu, is vroportion-l to the change of
Ul .

e}

t=z during the later p-rt of the ordering vrocess as in
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O

auCu, CoPt and auCu, and thus provides = Jechnique br-
vhieh the mechanism of ordering may be understood-

Thess sonzl-ees indicste that 2t least th“ée mechani -
gms nay be operative durings the ordering‘process; &8
sumnerized below.

s Muclection and Zrowth {as ordering of AuCu near

the transition temperature).

The ordering process starts witn a consﬁant-nﬁcleatiom
rate, sue rate of forming nuclei per unit disordered
volume being constant. At the same time, the ordered
nuclei grow radially at a constant rate. After nuclesation
ceaseé, the ordered nueclei continue to groWﬁin the

nite tins relation

!Jo

disoxrdered aat*lx according to soms def

shipy an example of this process is glven by the plate-

like growth of AuCu near the transition temperature.

Do landon Locsl Ordering and then Growth of Anti-phase

ordered Domains (as IDUTL 3 and possibly AuCus and CoPt)
-

Loczl ordering, vhich is described by the sharpen-
ing of Geaussian distribution curve of local composition

in this woxrlk, occurs randomly in the disordered matrix

until the entire snhecimen is Ffilled with anti-phase



ordered domains, which have the egquilibrium state of

order for the ordering temperature. Then, by the growth

5

(o}

gome domains, the Jisorderecd donein boundaries.are

cradially eliminated.

C. Uniform Ordering {os AuCu at low temmerature)
The whole specimen is being uwniformly orderéd

during the ordering process. Thisg is the case of aulu

2t temperatures relatively low with respect to the

transition temperature.
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Yiad

0 valueg nezr

sothernnl

i

2L ordering
sumver of stoms alont an

Interplenar spocing

rree enerzy per aton

Dinensionlesgs paraneter

tage of the lsothermal

\1aexulonless porameter representing the fractional
chenge in magnetization readings during the é@* re
isothermal ordering process of Hnﬂiz

Intengity of x-ray diffraction line, with subscrints
o 2nd d to represent that of the ordered and disor-

1"\

reprezenting

H

reaz

rdering process of

nlones
voundary ol the

the frac

dings during. the

Dimensionless naranmeter, eocus=l to (1”310)/(1°:To+15
¥ ! A ,
revreszenting the Troctionsl chrnine in intensitr of
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1

a2}
S

Doltzmarnn constant

L e e A e 3 PO I R “q o ‘r . =

sofgnetizatlon readings with subseripts 1, 1 and 2
(R SV ST X P R - Y VY. 2V L A =~

Telieryivys O volues near the esinning, the end of

) ) N L e o oy mm A N oo iy e .
the Jirst stage of, ond the end of the entire

Tumber of atoms involving in the Tluetusting zgroun
uclention rate, nunber of ordered nuclel Tormed

per unit ordering tine.

tion botwesn (weaw) cnd {(ireavw)+dw

mesistonee of ovdered specinmeny with subscriéts Myl
1 end 2 referring to values near the maximum, the
beginning of, the end of the
the entire ordering nrocess respectively.

Dimensionlesgs paraneter representing the fractionsl

chonge in resistance during the first stage of the

isothernal ordering process.

oh

Dinensionless prrgneter representing the Tractional

change in resisgtance durins the entire isothermrl

- Py

Dinensionless parametier representing the Troctional

shifting of (311) x-vor diffraction line.
Temperzture of the =zlloy in dezree Ilelvin

Time at the orderins temeratire.
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eat of evolution of the ordered allor, with sub-
seript eo refeorring to the hent of evolution

the entire isgothermal ordering nHrocess

Difference of binding ensrgies, (V. 4V-m)-T 1 0,
vhere V.., Vg ond Vi » cre binding energies he-
tween pairs of L-a, B=-B and -3 atoms respectively

ina

tion number, the nurber of nearest neirh-
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Battery 1.5 v. Ammeter
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Registor Switch
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Wiring Diagram For Resistamée® Measurement
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log t(sec.)
Heat of evolution of AuCu vs. heating time

(Nystrom's Data)

Fig. 12
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Intensity of the line (311) of AuCu
versus logarithms of heating times

(Borelius' Data)

1 362 367 377 387 392 403 deg. C.

log time (sec)
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1 2 3 4 5 6 log time (sec.)

Distance of the lines (211) and
(222) ves. logarithms of heating times
(Borelius' Data)
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log t (hn)

per cent change in 0 deg. C resistance
of 48 atomic 7 Co alloy vs. time

(Newkirk's Data.)
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