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FOREWORD 

This report was prepared by F. E. Jaunot, Jr., Instructional 
Assistant, under the supervision of Poster C. Kir;, Professor of 
Physios and Prinoipai Investigator.  This report is in the nature of 
a final report and summarises the work on Air Fcroe Contraot Ho. 
AP 33(038)-11057, under Project No. 51-615A.  The work was admin- 
istered under the direotion of the Aeronautieal Research Laboratory, 
Researoh Division, Wright Air Development Center, with Captain 
R. B. Sellers acting as project engineer. 

The graduate students who performed much of the work de- 
scribed in the individual sections of this report are, Charles H. 
Sutcliffs, Sections IV, V and VI: and Woodward W. Sanville, Sections 
II, III and VII.  We would also like to express our appreoiation for 
the valuable technical assistance provided by Mr. Fred Witt, Jr. 
and Mr. Charles Stills. 
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ABSTRACT 

This  report summarises  the  resalt of  studies  on order- 
disorder in copper-gold  alloys  in the  oomposition range from 0 to 
35  atomic peroent gold.     A dilatometrio study of  the  order- 
disorder  transformation in this   composition range  has been made* 
The  nature  of the  order-disorder transformation has been studied 
using x-ray techniques   and  a two-phase  transformation observed  for 
gold-rioh compositions.     The  long-range  order present  in non- 
stoiohiometrie alloys  has been studied  as   a funotion of tempera- 
ture.     The  short-range  order present at various  temperatures  above 
the  critical  temperature  in a sample   containing  23  atomio peroent 
gold  has  been measured.     An experiment designed  to study the 
kinetics of  the  ordering  by x-ray methods  is described  and  some 
general  conclusions  are   presented. 
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ORDER-DISORDER  IN  Cu-Au  ALLOTS 

I.      INTRODUCTION 

General  Background. 

The   principal  motivation for studying order-disorder  in al- 
loys   is  the   need  for  a better  understanding of the  effects  of 
changes   in the  distribution of  atoms  in  solid  solutions  and,   at 
present,   the   phenomena of  order provide   us  with  the   only means of 
changing  that distribution in anything  like   a controlled manner. 
The  way in which the  various   atoms   are  distributed   in a  solid  solu- 
tion affects  nearly all  physical  propertied  of  the   alloy (e.g. 
mechanical,   magnetic,   and  thermal  properties,   resistance  to   cor- 
rosion,   etc.).     The   ultimate  goal,   of  course,   is  an understanding of 
the  detailed   nature  of  tho  forces  between atoms   in  alloys   and  the 
relationship between these   forces   and   the  distribution of  the  atoms, 
particularly in the  special  cases  of order-disorder  alloys,   precip- 
itation systems,   and  ferromagnetic alloys. 

We   chose  the  alloys  of   copper  and  gold  in  the   composition 
range  from 0  to  35   atomic percent  gold   as  the   system in which to 
study order-disorder.     This particular alloy system was   chosen be- 
cause  it is  the   classical  case  of  an order-disorder  alloy on which 
most  theories  of the  ordering  phenomena  in A«B  type   alloys  are 
based.     Further,   we   chose   Cu-Au alloys  because  ve  felt that,   although 
much data was   present  in  the   literature  on  this   system,   there  were 
many gaps   in this  data which  needed  to  be  filled.     Finally,   a prime 
reason for  choosing  this  system was   the   controversy in progress 
over whether or  not the  order-disorder  transformation in the  region 
near  Cu~Au wasaheterogeneous  or homogenlous  transformation. 

Briefly,   the  salient features  of  the   Cu-Au system in the 
composition range   near  Cu^Au are:   both ordered  and disordered  alloys 
have   face-centered   cubic  structures;   at  temperatures  above  a given 
critical temperature   region the   alloy is disordered  with  Cu and  Au 
atoms  oocupying  the  lattice  sites  in a random way;   below these 
temperatures  the  gold  atoms  occupy preferentially the   cube   corners 
and  the   copper  atoms  the  face-center positions*   the   unit  oell  of 
the  ordered  phase   is   considerably smaller  than the   unit cell of  the 
disordered   phase;   there  is  a  severe   decrease  in the  electrical 
resistivity of   these   alloys  as   they pass  from an ordered  to  a dis- 
ordered   condition;   ordering  is  not completed  at  a single  tempera- 

I, ture,   but  increases  in degree  as   the  temperature  is   lowered;  z-ray 
patterns  of ordered  alloys  exhibit superstructure lines,  which can 
be   used   to  detect  order  and  to  obtain a  quantitative  measure  of   the 
degree  of order  present. 

We  elected  to   use   three   principle  tools  to  study the  Cu-Au 
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system:     X-rays,   electrical  measurements,   and dilatometric 
measurements.     The   particular studies  we   concentrated  on were 
designed  to fill  the  gaps  in the  literature   in the  degree  of 
long-range  order  present  in samples  of   non-stoiehiometrio «o*po- 
sltion,   the   nature  of the   order disorder transformation over  the 
entire   composition range   near  CU3AU,   and  the   effects  of ordering 
on the   thermal expansion of  non-stoichiometric  alloys.     These 
studies  hare  been described  in detail  in Progress  Reports and 
publications   and  only the   principal  features  of  each will be 
summarized   in this  report. 

Preparation of   the  Samples. 

The   copper used  in preparing  the   alloys  employed  in this  work 
was  obtained  from Johnson,   Matthey  and   Co.,   and   contained 99*998 
percent  Cu,   with  traces   of  Ag,   Ni,   and  Pb.     The  gold  obtained  from 
J.     Bishop and  Co.,   was  99*99  percent Au with traces  of  ?b,   Fe. 
and  Ag. 

The  metals  were   combined  in proper  proportions  in high purity 
graphite   crucibles   and  melted  with  intermittent  agitation in a 
vacuum single   crystal furnace   similar   to  that described  by Nix   (i). 
After  cooling,   the   Ingots were  melted   and  lowered  through the  heat- 
ing   coil  at  a rate  of   about  2.5  inches   per hour,   with the  pressure 
in the  furnace  less  than 10-4  mi» of   Hg.     After removal  from the 
furnace,   the   single   crystals  were   annealed   in evacuated Vycor  tubes 
for A8   hours   at  temperatures  50°C  below their melting  points* 
After annealing,   filings  from both ends  of the   crystals  were 
studied   by means  of x-ray back-reflection  photographs   to   eheok the 
homogeneity  and  the  composition of the  samples.     The  desired 
saaples  were  then cut from the single   crystal  ingots which were  of 
two  sizes;  -£  inch  in diameter  by 1  to   1-$- inches  long,   or £-  inoh in 
diameter  by 3/4  inch long.     The   various   compositions   used  in this 
work are   listed   in Table   I,   which  also gives   the   phase  of  the 
study in which the   particular compositions were  used.     Throughout 
this  report,   we  shall  use   the   nominal   composition  (Table   I)   to 
identify particular  samples   and  shall  always  mean atomic  percent 
when quoting  a given percentage  figure. 

The   wires   used   in the   resistivity studies  were   drawn to 
0.020  inches  from the   same   homogeneous   ingots  used  to   prepare 
the   single   crystals. 

All  samples  were   polished  and  electrolytioally etched   in a 
five  percent solution of  potassium  cyanide  before  the   ordering 
heat  treatment   and were  etched  only lightly thereafter. 

The   heat  treatment given the   samples   after fabrication was 
as  follows:   48  hours   at 875°C,   24  hours   at 600°C,   24  hours   at 400°C 
200   hours   at  360°C,   300   hours   at  300°C,   slowly cooled   (2-3°C  per 
hour)   to  200°C,   72  hours   at  200°C,   then slowly cooled  to room 
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Nominal 
Composition 
(per cant Au) 

2 

5 

10 

15 

17.5 

19 

20 

22 

23 

25 

?« 

30 

32 

34 

TABLE   I 

Compositions   of     Cu-Au Alloys 

Atomic 
Percent 

Au 

2.0 

5.1 

10.2 

15 .5 

17.6 

19.5 

20.25 

22.1 

23.45 

25.07 

28.25 

30.40 

32.2 

34.2 

Use» 

II,   III 

II,   III 

II,   III 

II, III,   IV,   V 

II 

II 

III, IV,   V 

II,   III 

IV, V,   VI 

VII 

II,   III,   IV,   V 

III,   IV,   V 

II, III 

IV,   V 

•II   Thermal  expansion measurements 

III   Resistivity measurements 

IV  Nature   of  the   order-disorder  transformation measuremsnts 

V  Long-range  order  measurements 

VI  Short-range   order  measurements 

VII  Studies   of  the   kinetics   of  the   order-disorder  transformation 
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temperatures.     This   heat  treatment  produces  what  ve   consider  to  be 
well  ordered  samples.     Most of  the   samples   used   in repeat  runs   in 
the   volume   expansion work were   ordered   using   the   following   treat- 
ment:   24  hours   at 25°C  below  the   ordering  temperature,   cooled   to 
250°C  at  5°C  per  hour,   24  hours   at 250°C,   then cooled  to  room 
temperature   at  10°C  per  hour.     We   do   not   consider  tht»se   samples   to 
be   perfectly ordered  but they were   sufficiently ordered   to   produce 
reproducible   results   in the   volume   expansion studies. 

II     A  DILATOMETRIC  STUDY OF   THE   ORDER-DISORDER  TRANSFORMATION 

Introduction. 

Th3  work discussed  in this  seoticr* has been described  in 
detail   in our Progress  Report #9   (2).     The   principle  results  have 
been presented  before   the  American Physical Society  (3). 

When a Cu-Au alloy transforms  from a random,   or disordered, 
state   to  an ordered  state,   the   transformation is   accompanied by a 
decrease   in volume  which  is  proportional  to  the  final degree  of 
order  attained.     This  decrease   in volume   is detectable  by an inter- 
ferometer,   even when the  degree  of  ordering  is  lower than that 
detectable  by the  usual x-ray measurements  on "super-structure" 
lines. 

The  principal  difficulty encountered  when using  dilatometric 
techniques  to  study order-disorder is   that  absolute   thermal equi- 
librium is   piobably not  attained.     This  difficulty is  minimised   in 
the   present work by the   use  of  photographic recording  of   the data, 
which enables us  to  use  very slow heating rates.     One  of  the  many 
advantages   of  this  method   is  that the   accuracy attainable,   apart 
from equilibrium  considerations,   is   independent  of   the   rate   of 
heating. 

Previous  work on  Cu-Au alloys   using  the   dilatometric method 
(4)   was   carried out for alloys   containing 22,  25   and  30  atomic  per- 
cent Au.     The  present work was  done  on alloys  containing  10,   17.5, 
19)   28,   and  32  atomic percent Au.     Thus  the  entire  ordered  region 
in the   neighborhood  of   Cu^Au has  been investigated  by means  of 
volume   expansion measurements. 

Experimental  Technique. 

The   interferometric-dilatometer  used  in  this   work was 
identical   to  that described by Nix  and  MacNair   (5).     The  desired 
samples  were   cut  from single   crystals   (See Section  I),   pointed  on 
one  end,   and  sized  so  that they would  yield  three  or four fringes 
when placed  in the   interferometer.     They were  then given the order- 
ing   treatments   previously described. 
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The   rats  of  heating of  the  samples   in the   intorferometar was 
controlled  by a Brown program-eontroller-reoorder.     The   heating 
program followed was;     15  degrees  per  hour to  l^C-'C,   20 degrees  per 
hour from 150°C to  270°G,   6 degrees   per hour from 270°C  to JA0°C 
and  20 degrees  per hour  thereafter.     The  fringes  exhibited by tao 
interferometer were  photographed  simultaneously with the  fused 
silica refraotion thermometer  l5),   using the  meroury green line 
(5460 A)   from a meroury aro.     Photographs  were made  once every 30 
seconds  in the  oritioal  region and  onee  every 90 seconds  outside 
the   oritioal region.     The  exposure  time  war   three  seconds. 

The data was  recorded  direotly from the film,   and   M«   tempera- 
ture  indioated by the  refraotion thermometer read from a calibration 
curve.     Then the   inorease   in    length,   A 1,   read  directly from the 
film as fringe  shifts,  was  plotted   as   a function of  T.     The  slopes 
of  the  A 1 versus  T  ourves give  the   true   coefficients  of  expansion 
as  a funotion of  temperature. 

Results. 

Figure  1 gives   the   curve  of  the  coefficient  of expansion as  a 
function of  temperature   for  the 19.5   percent Au  alloy.       Figure  2 
gives   a similar curve  for  a 28   percent  Au alloy.     If  one   regards  a 
single   peak in the   curve  as  the  expected or normal  behaviour on 
going through  the order-disorder transformation,   then it  can be   said 
that the  double  peak obtained from  the   28  percent  sample   is 
anemalous.     However,   multiple   peaks  were  observed  for  all  samples 
containing more  than 25  peroent gold   and  as  shown in Figure  3,   where 
we  have  plotted the   coefficient of expansion as   a funotion of  temper- 
ature   in the   oritioal  region only,   the  multiplicity of   the  peaks  is 
not  confined  to   a two-fold  multiplicity.     There   are   three  distinot 
asymmetric  peaks   in  the   curve  given by the  32  percent Au sample. 

Before  we  discuss  these   results,   it should be  pointed  out that 
changes   in length equal to  1/3   the  wavelength of  the   meroury green 
line  oould be  deteoted  quite  easily.     Also,   almost exaot re prod u- 
eibility was  obtained  for different  "runs1*  on samples of the  same 
composition.     At least  two  "runs"  were  made  in every case. 

Discussion of Results. 

The data indioate   that  sample**   containing less   than 17.5  percent 
Au (specifically samples   containing  2,   5,  10   and  15   percent  An) 
exhibit  no detectable  ordering.     Th«   17.5   peroent sample   showed  a 
slightly anomalous  rise   in the   coefficient of expansion in the 
tauperature   range  between 250°C  and  350°C.     It is   probable  that  some 
long-range  order is   present  and  its  effects would  be   more  marked   if 
absolute  thermal equilibrium  oould  be   attained. 

Samples   oontaining from 17.5   through 25   peroent gold   (including 
the  data of  Nix   and  MaoNair   (A))   show marked  ordering  phenomena, 
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accompanied  by a single   anomalous  peak of   considerable  magnitude 
in the   curves  of expansion ooeffioient, o( ,   versus  temperature, 
T.     More  specifioaliy,   for  all oopper-rioh samples,   the   value  of 

cK    remains   constant from room temperature  to  about  250°C,   at 
vhioh  temperature  it begins   to  rise   smoothly reaching   a peak at  a 
temperature  vhioh  agrees well  with  the   accepted   "critical"   temper- 
ature   (as  given,  for example,   in tht   Handbook of  Metals.   1948 
Edition).     The  values  of  c<   then fall  to  a value   associated  with 
the  disordered  alloy and  remain at that  value   to  temperatures   in 
excess  of  500°C. 

Samples  containing more   than 25  percent Au  (e.g.   28  and  32 
percent Au)   yield  quite  different results.     Here  we   observe   not 
only the  multiple  peaks   shewn In Figure  3,   but ve  find that the 
initial rise  in the   coefficient of expansion is   at about  200°G 
rather than 250°C.     The  gold-rich samples   also exhibit rigorously 
constant  values  of  o<   for temperatures  above   the   critical region. 

Ve  should  like  to emphasise   that the  details  of  the   peaks  in 
the o<   versus  T  curves  depend  upon taking  the   slopes from the   A$ 
versus  T  curves   and  so   cannot be   claimed to be  exact.     However, 
there  is  so  doubt that  peaks  similar to  those  shown  are   present. 

It is  not easy to explain why multiple   peaks  are  observed  for 
gold-rich and  not for  copper-rich  samples,   nor  is   it easy to ex- 
plain the   presence  of multiple   peak*  in any composition in terms 
of  a simple   phenomenon.     The   possible   causes which one  thinks  of 
Immediately arei     The   appearance  of  a second   crystal structure; 
the   coexistence  of  ordered  and disordered  phases   under rather 
speoial  conditions;   or simply a severe  laok of  equilibrium.     The 
appearanoe  of a second   crystal  structure   in the   32  percent  sample 
is   a remote   possibility since   it  is  only a few  composition per- 
cent  away from the  boundary of the- tetragonal  phase.     However, 
this  is  a very unlikely explanation for the  28  peroent sample. 
An explanation in terms  of  simple   laok of  thermal equilibrium 
does   not  seem reasonable either,   since   it is  very unlikely that 
the   lack of equilibrium  could   be  so drastic  and at the   same  time 
make   itself evident only for gold-rich samples   and   also be 
amenable   to entirely reproducible   results. 

The   third   possibility,   the   coexistence  of  ordered and dis- 
ordered  phases  under special  conditions,   seems   to   offer some   prom- 
ise   of explaining  the  results.     First of  sll,   when ws   consider the 
results  of  Section IV,   there   is   some   reason to  believe   that the 
difference   in behaviour of  gold-rioh and   copper-rich samples   is   not 
unreasonable.     That  is,   ve  discuss  in Seotion IV  the   probability 
that,   in the   case  of  copper-rich samples,   the   coexisting ordered 
and  disordered  unit  oells may be  of  approximately the  same   sise, 
notwithstanding  the  fact that  the  ordered   cell  of  a given  composi- 
tion is  smaller than the  disordered   cell  of  the   same   composition. 
This   same   condition could  not  apply to gold-rioh  samples(See  Section 
IV for details   of  this  discussion).   If  this   •sia«-effeet"  does  occur 
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then we  vould export  the  distortion of  the  lattice   to  be greater 
and more  irregular  in the gold-rieh samples  as  the  temperatures  of 
the  two-phase region are reached. 

Although the  proposed  "sise-effeet"  would  lead  us  to expect 
possibly different results  for gold-  and  copper-rich samples,   it 
does not explain neoessarily why we  should observe  multiple  peaks. 
Hoverer,   before we   continue  the discussion along  these   particular 
lines  let us first return to  more  general  arguments   oovering  the 
entire ordering range. 

In general,   there   appears  to be  no  particular reason for 
expecting  the existsnoe  of a heterogeneous   transformation to   yield 
markedly different  results  for volume expansion measurements  than 
these   obeerred for a homogeneous  transformation,   as  long   as one  will 
adult  that long-range  order oould disappear in a manner other than 
cataelysmically in either ease.     Thus,   whether  the   transformation 
fc<e  heterogeneous  or homogeneous we  vould expect  the  coefficient  of 
expansion to increase  at  an increapi ^g  rate   as  the   rate  of  appear- 
ance of  the  disordered   phase   (the  rate  of  disordering,   in the 
homogeneous  ease)   increased;   then decrease   to  the   value  for the 
disordered alloy as the  sample  becomes   completely disordered. 

Now,   what effects might one  expect from the  "else-effeet* 
mentioned  if the   transformation be   heterogeneous.     First,  one  might 
expect to detect  a change   in volume  at  lower temperatures  in the 
case of   the   coexisting  phases  having  markedly different sices,   then 
when they are   nearly the   same  sise  and   consequently produoe  little 
overall  cLiangs  in the  volume.     One  does  observe   changes   in  e<   at 
low«»r  teuperatures  for  the   gcld-rioh  samples.     Seoond,   one sight 
expect the  rate of  inerase  cf   <*.  with  T  to  be  somewhat  smoother  and 
less sharp in the  ease  of the  copper-rich  samples since  here  one 
is observing essentially the  growth of   the  stable  disordered  phase 
only,   without the  looal  inhomogeneities  in volume  produced  by the 
eoexiat^uee   of two  phases of  different  sixes.     This   is  also 
observed.     Third,   one  might expect the  maximum value  reached by   o<£ 
to be   larger in  the   case  of  the   gold-rich  samples   (for equivalent 
composition departures  from Cu.Au)   because  of  the   more   abrupt effeot 
on the sise.     This   it  observed   (See  Table   II)   but probably it  could 
be  better explained  in terms  of rates  of  disordering.     Fourth  and 
finally,  one  might expect that  the  peak  in the   curve   of o<   versus   T 
for  copper-rich samples  might occur  at the   temperature   of  the  dis- 
ordus   line   as  given by resistivity measurements,   and  also  that  the 
first  peak in the   curves   for gold-rich  samples  might occur at  the 
ordus   line.     Ve  were  genuinely surprised   to  find   this  tc   be  true 
when we   compared our results   (obtained  in 1951-52)   with those  of 
Rhines  and   co—workers   (6).     These  data are  given in Table   II.     The 
agreement  is  particularly surprising  since  the   present data is  not 
truly equilibrium data. 

To  return to  our  previous discussion,   it  remains   that the 
"sise-effeet"  vould   in  no way guarantee  multiple  peaks.     Thus  ve 
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XA1LS II 

gwtry 9f   S*p*MlTity gill 

Atomic 
Percent Au V<°c) T b T2 

8,5,10, 15 —_ 

17.5 T 293 

19.5 325 325 

22,1 378 368 

24.8 393 390 

28.5 379 (383) 385 

30.4 360 371 

32.2 326 (339) 343 

Coefficient of 
(°C)  T3e(°C) Expansion at T2 

250 

275 

353 

390 

378 

350 

310 

T 

30xlO~6 

65x10 -6 

120x10"* 

156xl0"6 

60xl0"6 

59xl0~6 

Refer- 
ence* 

II 

II 

II 

I 

I 

II 

I 

II 

I 

a.   Tj.  la  the  temperature  of  the  single  peak in the  currea  for 
Cu-rieh  samples  and is  the   temperature  for the  1st peak 
in Au-rieh samples.       The  second   temperature,   in 
parentheses.,is  the  temperature  of the  final  peak when 
multiple  peaks  occur. 

b. 

d. 

The  approximate  temperature  of  the disordus  line   (6). 

The  approximate temperature  of  the  ordus  line   (6). 

I, Mix «nd MacNair (4). 

II, Present vork. 

• 
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were   forced   to  review  the   experimental  set-up.     Thermal  gradients 
within a sample   oould  easily give   the  observed effects,   but we  had 
checked   the  gradient along  the  axis  of   the  furnace   and  found  it  to 
be   completely negligible  over distances  many times  the   lengths  of  the 
samples.     This,   ooupled  with  the  high thermal   conductivity of  the 
samples,   completely ruled  out verticle  gradients.     However,   we   had 
not  Investigated horisontal gradients  and  the  samples   (3 were   used 
for a  given measurement,   see  references  2,   3,   and U)   were  placed  at 
varying distance  from the  axis.     Unfortunately,   the  furnace  used was 
not tested^   but several  similar furnaces   possessed  horisontal 
gradients   (from the   center out)   varying from one  to  four degrees,   at 
350°R.     Thus,   the  multiple  peaks  oould  have  been oaused  by a hori- 
zontal gradient,  which incidentally does  not allow one  to make  use  of 
the  high thermal  conductivities  of  the  samples  to remove  it.     It is 
interesting  that here  again we  could  expect  the  more  sever?  effect 
in the  ease  of two phases  differing markedly in sise  since  then the 
anomalous, sffeot  produced  by reaohing  the  ordus  line   at different 
times   in different samples  would  be greater. 

Ve  would  like   to  make   it  clear that  although  a horisontal 
gradient  could be  the  oause  of multiple  peaks   (and   probably was 
present)  we   are  not at all  oonvinced  that it was  the   cause  in this 
case.     The  temperature  spread  between the  peaks  is  too great to make 
a gradient explanation very convincing. 

Thus,   ve   oonclude  from the   above  arguments   (recognising  that 
those   arguments  are   indirect  and  cannot be  defended  strongly)   that 
the  existanoe  of multiple   peaks  in the   curves  for gold-rich samples 
lends  support to  the   contention of a  two-phase  transformation.       But 
more   important to us,   they apparently lend support  to  our proposed 
"size-effect*  explanation  as  tc  why we  were  unable  to detect two 
phases  in equilibrium in cooper-rich samples by x-ray techniques 
(Section IV). 

One  of  the  more  outstanding features  of  the data  is the  rigor- 
ously constant  coefficient  of expansion exhibited  by all  samples  at 
temperatures  above   the  critical  region,   to  the  highest temperatures 
attained   in the  experiments.     This   phenomenon was  observed  and dis- 
cussed  previously by Nix  and  MaeNair   (A).     If the   upper portion of 
the   curve  were  to  follow  the  trend expected on the  basis of thermal 
vibrations, the  expansion coefficient would  rise.     On the  other  hand, 
the  disappearance  of  short-range  order  as predicted by the  theories 
of  Be the   and  Peierls   (7,6,9)   and   Cowley  (10),   would   cause  it to fall 
over  a  considerable  range  of   temperatures before   "leveling  off.     At 
first glance,   one  might  think that the   combination  of the   vibrational 
component and   the disordering  component would  lanoel  and  yield  the 
observed  straight line.     This,   however,   is  improbable   since  the 
decrease  due  to  short-range  order  is   rapid   near TQ with the rate  of 
decrease  diminishing  with increasing  temperature,  while  the  vibration- 
al  component increases   at  an almost  constant rate  with temperature. 
Thus,   the  explanation of   a constant  coefficient of expansion over 
such wide  ranges of  temperatures   probably requires   introduction of  a 
different  component  into  the   prooess,   as  first  pointed  out by Nix 
and  MaeNair  U). 
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Ill   RESISTIVITY  MEASUREMENTS 

The   results  of  sone   preliminary resistivity measurements  were 
given  in our  progress  report of  August 22,  1951   (Annual Report; 
Contract  AF-33(038)-11057).     Meohanieal failures of the  equipment 
involved  slowed  this  work considerably,   and  this,   eoupled with 
the  knowledge  of  the  extensive  work on the  resistivities  of 
Cu-Au alloys  being done  at Carnegie  Teoh under  Dr.   Rhines,   caused 
us  to divert our major efforts  toward  other  phases  of our  program. 

Thus,   we   have  little  to add  to  the  results  obtained  by Rhine* 
and   co-workers on the  effects  of order on the  eleotrieal  resis- 
tivities  of  Cu-Au alloys  and  suggest that those   interested  in 
a  thorough treatment  consult their work  (6). 

Inasmuch  as  Rhines  and   co-workers   investigated  alloys  con- 
taining mere  than 19*5  atomic  peroent gold,   our results  on alloys 
containing  2,   5,   10,   and  15   atomic  percent gold,   while  prelimin- 
ary,   may be  of  some   interest.     Briefly,   they can be described  as 
follows:     As  in the   oase  of  all  other parameters  studied,   resis- 
tivity measurements  on alloys   containing  2,   5,   and  10  percent 
gold  exhibited  no  anomalies.     The   curves  of p   versus  T were 
linear for   the  2   and   5  percent samples,   but showed  a slight 
positive  deviation from linearity for the  10  percent samples. 

The  15  percent gold   sample  proved   interesting.     Here  we  observed 
a decidedly anomalous  region extending from about 340°C  to  265°C 
(the   thermocouple   used   was   not  calibrated  so  these   temperatures 
may be   somewhat  in error).     In this  region,   the  average  decrease 
in resistivity with  temperature  was  a factor of  2  larger  than at 
temperatures  above  3A0°C or  be^.ow 265°C.     Although a broad,   weak 
superstructure  maximum was  observed for a 15  peroent  sample, 
evidence  of  ordering   in samples  of   this   composition is very dif- 

(ficult to  obtain using  other  parameters.     It is  a little   sur- 
prising  that resistivity should  give   such  a Barked  indication 
since   it  is  generally aooepted that abort-range  order is  not de- 
tectable  by resistivity measurements,   and   it seems  that other 
parameters would  have   given stronger evidence  of long-range  order. 
However,   as  we  show in other sections  of   this  report,  the  other 
parameters  we   studied  are less  sensitive   in detecting order  in 
compositions   containing  less  than 25   atomic  percent gold* 

It might be   pointed out  that the  temperature  range  over which 
we   observe   anomalous  behaviour  in  the   15  peroent sample does   not 
agree with the  phase  diagram given by Rhines  and   co-workers   (6) 
(In fact,   they indicate   the  ordering  region does   not  begin until 
about  17.5   peroent gold),   but  it does  agree  reasonably well with 
the   temperature  range   over which  anomalies were  observed  in 
x-ray data  (See  Section IV). 
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IV     THE   HAT TIRE  OF   THE   ORDER-DISORDER TRANSFORMATIOB 

Introduction. 

The work summarised  in this  section has been deseribed in 
detail  in our Progress  Report  Mo.   10  (11)   and  has been publish- 
ed   in Aeta Metallurgiea  (12).       The   principle features of the 
work hare been presented before  the  Amerioan Physical 
Society (13). 

One  of  the  principle  aims  of these  Order-disorder studies 
was to resolve  the   controversy over whether the  transformation 
was  a homogeneous or heterogeneous  one.     It was  hoped that this 
could be  aooomplished  in a definitive  fashion by using X-T&J 
techniques  since  it was   a well known fact that disordered 
samples  of  Cu*Au have   a substantially larger  oell  sise  than 
ordered samples.     Consequently,   a fundamental x-ray reflection 
from a sample   containing  both ordered  and disordered  phases  in 
equilibrium woul*   appear as   a split line. 

There were  a number of difficulties  that  could  be   anticipat- 
ed   (12)   and  several  that could  not;   in fact,   the  early x-ray 
work of  Keating  and  Warren  (14)   using  a 25 percent Au sample, 
and on this   contract  (15)   using  a 23  peroent  Au sample  supported 
the  point of view that the  transformation was  homogeneous* 
However,   the  unusual behaviour observed in the  ourves  of 
expansion coefficient versus  temperature   (See Seotion II), 
coupled with the  resistivity data given by Rhines  and  Co-workers 
(6)   convinced  us  that it would  be  worthwhile  to investigate 
possible  line  splitting in s amples  covering the entire  composi- 
tion range. 

Experimental  Technique. 

Single  crystal  samples  containing  15,   20,  25,   28,   30,   and 
34 percent gold   (See  Table  I)  were  studied.     The   angular 
position of  the   (A,0,0)   fundamental  reflection was  observed  at 
the  temperature  of  interest   (from room temperature  to  505GC) 
using  a fairly elaborate  sample   holder and  temperature   control- 
ler which enabled  us  to  keep the  temperature  fluctuations  to 
within 0.05°C over long   periods  of  ti&e.     The  measurements  of 
the  peak  positions were   taken by recording  the   intensities 
using  a  Leeds  and  Northrup Speedomax  Reoorder while  turning  the 
crystal  through the   Bragg  angle  at the  rate  of 0.1°  in  •&• per 
minute.     The  Geiger counter turned  synchronously at a rate  of 
of 0.2°  in 2^ per minute.     The line  positions were  read from 
the  recorder ohart with an aoouracy of t 0.02°  in 2^. 

The  heating  program followed was  to heat  the   initially well- 
ordered  sample   to  a  given temperature   and allow it  to remain at 
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that temperature  until  it reached  equilibrium.     The   criterion 
used  for equilibrium wee  that the   line  position should   not 
change,   or the  half-width of  the  line  diminish,   within a  period 
of  at least 12 hours.     Even so,   it  is  probable  that  absolute 

isi thermal equilibrium was  not  attained,   particularly as  regards 
m. agglomeration of fine,  widely-disposed  nuolii of  a second  puaes, 

Results. 

Figure A gives  a typieal  ourve  of  the   (A,0,0)   line  position 
as  a funotion of  temperature  for samples   containing  less  than 
25  peroent Au and Figure  5 gives   a similar curve  for  samples 
containing more  than 25  peroent gold.     Also  listed   in the  figures 
are   the  half-widths  of  the  lines  below,   in,   and  above  the   crit- 
ical   temperature   region.     Figures   6   and   7  show typical  line 
shapes  for the  same  samples  for temperatures below,   in,   and   above 
the   critical region.     These  line   shapes   are  direct  tracings  from 
the  recorder  chart. 

The  only exoeption to  these   typioal  curves  was  the  result 
given by the  15  peroent sample.     In this  case,   the data points 
(for line   position as  a funotion of  temperature)   can be  fitted  to 
one  straight line  at low temperatures  and   to  another of  slightly 
different slope   at higher temperatures.     These  two  straight lines 
can be   joined  smoothly by a line  with a slight  curvature,   this 
curved  region extending from approxiaatly 290°C  to  360°C.     Thus, 
no marked effeot on line   position due  to  ordering was  detected 
for the  15  percent sample  although  a weak superstructure  maximum 
was detected. 

Disouasion of Results. 
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For generalisation purposes,   the  data oan be  divided  into 
two  regions,   the  gold-rich and  the   copper-rich.     On the  gold- 
rich side  of  GU3AU,   we  believe  the  data definitely indicate   a 
heterogeneous or  classical  phase  transformation.     That  is,   there 
la  strong evidence  of two  separate  diffraction peaks.     The  axaot 
positions  of  these   two  peaks  is   not definite  since   they are   not 
clearly resolved  throughout  the   critioal region,   and  for this 
reason we  show  the   curve  of  line   position versus  temperature   as 
dotted  lines  in the   critical region,   for  both the  ordered  and 
disordered  phases   (See  Fig.   5). 

! -j 
The  manner in which the  seoond  phase  became  evident can be 

seen in Figure  7.     (It  is,   of  course,   much more  striking when 
I one  sees  15  or 20  recorder  charts  in this  region).     First,   an 

asysaetry appears   in the   low angle   side  of  the  line   and   increases 
with increasing temperature   in such a way that  it  can be  regarded 

1 only as  another peak.     At still  higher temperatures,   the  line 
i be0ones quite  level  and relatively flat  at  the   peak  (See Fig.  7), 
! and  finally,   the   asymmetry appears  on the  high-angle  side   of the 

line.     We  believe  this  behaviour  oan be   interpreted  only in 
terms  of  a two-phase  transformation. 
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The  half-widths  of the lines provide equally utrong evidence 
for the  existence of two phases.    We  see  in Figure 7 the anomal- 
ous  broadening of the   (4,0,0)   line  of the  28  percent sample. 
(It is  important to  note  that the   intensity seals  is logarthmle 
in order to get a proper prospective of the  half-intensity 
measurements.     Thsse  are  given In minutes  in 2 I?"    in Figures 
6  and 7).    Ires for the  highest composition sample,  34 peroent 
Au,   the  broadening was  eons id arable.     The  half-width was 7.2' 
in 2^   at room temperature  and only 7.8'   at 352°C.     However,   la 
the   eritioal region the maximum half-width exceeded 13'   ia 2^". 

The valley between the  K <*•»   and  I«(* peaks  provides the most 
striking indication of the   critical region when one  is  actually 
observing the  transformation in progress.     At temperatures be- 
low and  above  the  critical region,   this valley is deep and 
symmetric,  but in the  oritioal region it becomes very shallow 
and  takea  on an asymmetry o«>apatable  with that of the   1^ peak* 

Samples  containing loss than 25 peroent gold  present am 
altogether different picture     As  illustrated  in Figure 6,   none 
of the points mentioned  above  as being evidenoe  for a two—phase 
field are  clearly observed for oopper-rioh samples.     There  is  a 
slight broadening of  the  diffraction peaks  in the  critical 
region with the lines  having their maximum half-widths  there. 
However,   the broadening  is  so slight that it can hardly be   con- 
sidered  anomalous.     Ho definite  asymmetry was  observed in the 
peak of any copper-rich sample,   and the  peak positions were 
relatively definite   throughout  (as   contrasted  to  the wide  ir- 
regular peaks of the geld-rioh samples).       The   curve  of peak 
position versus,   temperature  in the  eritioal region can be drawn 
as  a smooth curve   Joining the  more or less  linear portions of 
the  ordered  and disordered phases.     Thus,  the  data for eopper- 
rieh samples do  not lend support to  the contention of a 
heterogeneous  transformation. 

It is  probable  that the transformation on the  oop^r-rioc 
side  of  Cu~Au is  a heterogeneous one with the failure  to detect 
the  two  phases  possibly being due   to  the  difference  in else of 
the  two  atoms.     The  combination of  clreunstanoes which make  the 
detection of two  phases diff '.cult in this region can be  seem 
more   clearly by referring  to  Figure  8. 

Consider the disordered  composition D,  which when cooled  to 
a certain temperature  separates   into  the  two* .chases E>f   and D". 
D',   the  disordered  phase,   is  relatively poorer ia gold  asd thus 
has   * smaller oell  sise  than composition D.    D",   although 
ordered  and  consequently reduced  in cell  sise  from a disordered 
alloy of the same  composition,   is  rich in gold  compared to D  and 
thus  is  relatively larger.     It is possible  that these  conditions 
combine   to   cause   a superposition of the  peaks  so  that two  phases, 
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if  present,   oannot be detected by the  present method. 

A sort of  "reverse"  reasoning  applies  on the   gold-rloh side 
©f    Cm^au so that there  the  eondition is  acre  favorable  for 
detection of tvo phases  than aight be expected  if both atoms vere 
of  the sane  site. 

However,  we  ean say that if  the  transforaation on  the  oopper- 
rieh side took plaoo  over  an extended range  of   temperatures or 
of  compositions  it should hare  been detected.     Thus  ve  oan con- 
olude  that if the  transformation be  a heterogeneous  one  on the 
copper-rich side of  CujAu,   the  two-phase  region must span a 
marrow composition range* 

Inasmuoh as  we   cannot state  that an equilibrium process  has 
been demonstrated  if the  desired  temperature  has  been reached  from 
one  direction only,  we repeated  the experiment on the  28  percent 
• ample  by cooling  a disordered  sample.       Fortunately,   the results 
obtained in heating  an ordered sample  were  reproduced   (12). 

Ve  shoud  like  to emphasise  that although we hare  used  the 
word   "equilibrium"   in our disoussion we do   not claim  (or believe) 
that we  attained  an absolute  thermal equilibrium in all  cases. 
However,   we do  believe  that we  have  approaohed  equilibrium to 
the degree that the   conclusions  presented are valid. 

Figure  9 gives   a qualitative   picture  of  the  transformation 
as determined  from our data.     There   is  no  olaim made for aoouraey 
since  the  individual points  have  a possible error of  at least 
*5°C.     The   points  on the  gold-rich side  were  taken as   the  lowest 
temperatures  at which definite   asymmetry was  first  visible  on 
the  low angle  side   of   the  line  and  the   highest  temperature  at which 
it was  seen on the  high angle   side  of  the line.       The  points  on 
the  copper-rich side  were  taken at the  temperature   at whioh  the 
slope  of  the line  position ve r a us  temperature were  steepest. 
The  dashed line   then represents what would be  the  critioal 
temperature  for a homogeneous  transformation. 

V     LONG-RANGE   ORDER  IN  CU-AU ALLOTS   OF   NON-STOICHIOMETRIC 
COMPOSITIONS 

Introduction. 

Tzz  rork summarised  in this  section has  been described  in 
detail  in our Progress  Report  Mo.   10   (11)   and  has been published 
in Acts Metallurgies  (12).       The   principle features  of   the   work 
have  been presented  before  the  American Physical    Society (13). 

The degree  of  long-range  order  present  in a particular  alloy 
(which ve  will designate   by the   parameter    S)   ean be   interpreted 
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in two vayji     The  first  interpretation arises  when  it  is  estab- 
lished  that there   is   only one   phase   present  in the   alloy at any 
given tsaperature.     In this  ease,   S   is   to be  interpreted  in the 
manner of  Brass-Williams  as   a parameter  indieating  to what degree 
the  lattice  sites  are   oooupied  by the   eorreot atoms.     On the 
other hand,   if  the   transformation is   a classical  phase   trans- 
formation so  that ordered  and  disordered phases   are   present in 
equilibrium,   then the  square  of  the  parameter S  gives  a measure 
of the material in the ordered state.     Thus,  regardless  of  the 
nature  of the  transformation,  values  of  the  parameter S  are  of 
interest. 

To date,   too little  vork has been done  on the  determination 
of  the  long-range  order parameter by x-ray means   (16,17,14)   and 
this  has been done  for stoiehiometric  compositions.     Hence,   it 
was  deeided  to  measure  this parameter for non-stoichiometrio 
alloys  since  the  samples were  available   under the  proper  con- 
ditions   in the   course   of the  preliminary work on the  nature  of 
the  order transformation.     It mus+< be  admitted  that the   use  of 
dingle   crystals   iu   not particularly desirable  in studying  long- 
range order.     However,   the  nature  of  the  transformation work re- 
quires single   orystals  and  it was  regarded  as relatively more 
important in the   choice  of  samples. 

A value  of S  can be   obtained  experimentally at the  desired 
temperature by comparing the x-ray integrated  intensity of  super- 
structure  reflections  to  the   integrated   intensity of  principle 
reflections.     It has  been shown  (14)   that if  the  long-range 
order  parameter is  SQ  at room temperature,   at some elevated 
temperature   it  can be   obtained  from 

so 
l>Po7sup       V?) fund) 

where        V-  (h2 * k2 • l2) /   (h2 • k2 •  l2) 
• 8Up/ fund 

,P« 
v-jp) s  ratio  of elevated and rooa  temperature   intensities 
ro  BUP       of  a superstructure   reflection 

(!*) ratio of  room and elevated  intensities  of  a 
PT fund       fundamental  reflection 

The  value  of 3Q  can be obtained from detailed  comparison with  a 
fundamental  line,   if extinction can be   ignoreda     This  has  not 
been done,   since  in the  present work single  crystals  were  used 
and   no  reliable  method  has  b?sn derised  to  eorreot  accurately 
for extinction in single   crystals   118).     Instead,   perfect order 
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for the  given composition has  been  assumed  at room  temperature 
and   the  oaloulated  value  of S     used.     In the   present  ease  Sa 
has  been oaloulated   (assuming maximum possible  order)   from 
the  expression: 

s s  V   * P/»    *  1 

where  r^    and  r^    are  the  fractions  of a\   and   fh   sites   properly 
occupied.     This expression for S  has  been chosen from a eon* 
sideration of  the x-ray structure  factors.     It is  important to 
recognise  that  if any different value  for Sp were   the  correct 
one,   the  only result would  be   to  multiply the  given valuee  by a 
oonstant factor. 

Experimental  Teohnique. 

The  same  crystals  were  used  for this  work as  were  used  for 
the  work described  in Section IV,   and ware  given the  same   initial 
"ordering"   treatment.     The  samples  were  mounted   in a specially 
constructed  furnace  which  allowed  us  to  observe  six  samples 
simultaneously.     The  furnace  is described  in detail elsewhere 
(11,   12). 

Monochromatic  CuKA   radiation and  the  following  technique 
were   used  to obtain the   integrated   intensities  of   the  lines. 
The  beam slits  limited   the  monochromatic beam to  a divergence   of 
less  than one-half   a degree,   illuminating  an ares of  0.044  inch 
by 0.20  inch of the  approximately \ inch diameter samples.     The 
reflected   radiation passed  through  a  counter slit wide  enough 
(2.2°  in 2#~)   to  allow  all  the  radiation from a diffraction peak 
to  enter the  oounter  chamber.     The  diffuse  background  was  taken 
on both sides  of   the   peaks  with the  same   slit arrangement,   and 
one-half  the  sum subtracted  from the   peak intensity. 

Results. 

Values of  S were  obtained  for  temperatures  fro* z-oem temper- 
ature  to  temperatures  above  the   oritical  temperatures   (11,12). 
A typical   curve  of  S  versus T  is  shown  in Figure  10.     Since  the 
transformation is  probably heterogeneous  we  have   also  included 
the  values of  S*.     Ve  were   unable  to  obtain quantitative  values 
of the  long-range  order parameter for the  1$   percent sample. 
However,   for temperatures  below about 350°C,   some  order is 
present  as evidenoed  by an exi-reaely broad  maximum in the   region 
of  the   expected   superstructure   peak. 

Discussion of Results. 

Since   the   transformation through  the   region investigated  is 
probably a two-phase   one,   the   "tail"   of the  plot  of S  versus 
temperature  may not  be   as" much  a result  of  experimental 
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limitation*   ad  originally thought.       That  is*   one  would expect 
the  dimuaition of   the  ordered  phase   to  ooour slowly initially, 
becoming  morn  rapid  until nearly all  the  materiel  is  in the 
disordered  state,   followed  by a  "tailing-off". 

The  meaning  of  a oritioal temperature  is  at best  unoertain 
in view of a two-phase  transformation.     However,   since   a oritioal 
temperature   can always  be  defined  from the results  of  long-range 
order studies,  we  hare   included   in Figure  9,  Section  IV,   the 
"critical"   temperatures  taken from the  plots of S  versus  temper- 
ature.     Ve  have  defined  the   oritioal  temperature  in the  present 
work by a extrapolation of  the  relatively preoipltous   portion of 
the   ourves  of S versus  T.     On the  gold-rich side   of  Cu^Au,   the 
points  so  defined  fall generally within the  two-phase  region. 
On the   oopper-rioh side,   the  points  are  all  above   the   points 
determined  from line  position as  a function of  temperature.     No 
particular  significance   is  attached  to  this,   other than experi- 
mental  uncertainty. 

VI     SHORT-RANGE   ORDER  IN AN ALLOT  CONTAINING  23   ATOMIC 
PERCENT  GOLD 

Introduction. 

The  work summarized  in this  section has been described  in 
detail  in our Progress  Report  No.   9   (2)   and  has been published 
in Aota Metallurgioa  (19).       The   principal features  of the work 
have  been presented  before   the   Amerioan Physical Society  (20). 

X-ray measurements  of  short-range  order  is the   alloy CU3AU 
have  been made   previously,   using  powder sampled   and  film 
techniques   (16)   and  Geiger  counter speotrameter techniques   (17). 
A recent theory of  short-range  order   (10)   predicts  that the 
short-range   order parameters  defined  have  maximum values  at the 
50-50  atomic percent  composition.     Thus,   considerable  interest 
is  attached  to measurement  of this  short-range  order parameter 
for  compositions  other than the  stoichiometric.     As   as  integral 
part of   the   study of  order-disorder  in alloys,  we   have  measured 
the  short-range  order present  at temperatures  above  the   oritioal 
temperature,   in a  single   crystal of  Cu-Au alloy containing   23 
atomic percent Au. 

Experimental Techniques. 

The  short-range  order  parameter is  defined  by: 

*lmn «  X ~  Plmn/*A 

4445V   C°S  2TT (Ih, • mh2 •  nh3) hx   ha   R3 
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Sere,   Pi*n 
le  *he   probability that  an atca with  coordinated  I,a,n 

with respect to   a B-aton  is   an A atcs;   mA is   the fraetion of A 
atoms;   h^„   h2»   ho  are   continuous   coordinates   in reciprocal space; 
and   Ip»   is  the  diffuse  x-ray intensity due  to short-range   order. 

The   coefficients,  o< iMn,   provides   us with  convenient short- 
range  order  parameters   as  has  been discussed   in detail by 
Covley (10,17). 

The  details 
described elsevhe 
was  used,   and tk«* 
contained within 
built up from the 
and  the   planes of 
oubio Material, 
values   containing 

of  the  experimental set-up and  techniques  are 
re   (2,19).     A single   crystal £  inch  in diameter 
diffuse   intensities were  measured  as  900  points 

1/32  of  a unit  cell.     The  entire   unit  oell was 
se   intensities  by use  of the  center of symmetry 
symmetry in the   unit  oell  of  a face-centered 

result was  a  oubic  net  of  intensity The  final 
8000  points,  with  cube   axes  h and   h 

3* 
The  measured  diffuse   intensities  were   corrected for  intensi- 

ties  due   to  several  causes   (2,19)   and  the  short-range   order 
parameters   calculated  from the   above  equations. 

Results. 

The  distribution of  the   intensities,   ID1,   was  found  to be 
similar to  that reported  by Cowley  (17).     The  disc-like   eharaoter 
of the  diffuse  maxima reported  by  Cowley for a 25   percent sample 
was   clearly observed  in the   23  percent sample. 

One  would  expect that the  distribution of  ID*   would be 
symmetrical  throughout the  unit  cell with respect  to  hj_,   h2,   ho. 
However,   it  turned  out  that this  symmetry was   not  realized.     Ti.at 
is,   values  of   °^lmn for  various   permutations  of the   1,   m and  n 
were   not equal.     This   asymmetry probably arose  from experimental 
errors,   but it  could   have   been due   to   the  difference   in sise   of 
the  atoms.     If  the   latter were the   case,   a weighted  average  of 
values  of   °*i«n for  various   permutations  of  1,   m,   and   n would 
correot for it.     In any oase,   suoh  an average would  tend  to  reduce 
the  error  and  has  been made  for  all   <*ian.     The  absolute  dif- 
ferences   in the  o< 1 mn were  small  but  for the   higher-  -slues  of 
1,   m,   n the  percentage  differences  became  as  high  as  20  percent. 

Table   III gives  the   values  for the   <\^ for  values  of  X from 
one  to  ten;   for the  temperatures  4.04.°C,   4-50°C,   and   525°C.     Here 
1  is  the   number of  the  shell  of   atoms   surrounding the   origin 
atom.     Also   included   in the   table   are  the   coordination numbers 
Cj,   the   values  of    o^  for the   oase  of  perfect  order,   and the 
coordinates  of  representative   points  in the   ith shell,   referred 
to  half  of  the   length  of   the  face-centered   oubio   cell  as   unit 
distance• 
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7    *48 '      321        '    -0.299      :    -0.014   J    -0.008   :    -0.006 

8    *   6 *      400        J    •0.896     *    •0.093   '    ^0.070   \    ^0.072 

9     *12*       330       »     -0.299     «     -0.020   :     -0.002   *     -0.001 
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10     :24»       420       «     •0.896     i     •0.039   «     •0.012  :     ^0.008 
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I 
Discussion of  Results. 

The  short-range  order  parameters decrease  with temperature 
in all  cases,   as  expected.       Also,   in general,   the   tendency is 
for   o<   to decrease with increasing  distance  from the   origin. 
Further,   in all  oases  except the   6th  and  9th shells   at the   higher 
temperature,   all have   the   same   sign as  for  the   case   of   perfect 
order.     The  departures  from expected  behaviour will  be  discussed 
presently. 

The   absolute   values  of   the   <* ^   are   less  for the   23   atomio 
percent Au alloy than for the  25   percent    Au alloy (23)   as 
predicted  by the   theory  (24). 

Errors  in this  work  are   potentially large   and  somewhat  un- 
certain.     Certainly,   the  major  source   of error was  the   corrections 
for scattering  due   to faotors  other than short-range   order—in 
particular,   the  correction for temperature-diffuse   scattering. 
A rough estimate  of   the  error  involved,   based partly on the 
asymmetry of  the    oi^  and  on the   calculable  error  in the  experi- 
mental  prooedure,   leads  us   to believe  that  the  error  in th*> «<j 
probably does  not exceed  10 percent for  the  inner  shells,   and 
possibly 30  percent for  th« more  distant shells,   which have 
smaller values  of   ©<£. 

It was  mentioned  above   that,   although the  general   tendency 
is  for  the   o<   to  behave  as  if order were   the   predominating 
mechanism,   ther«*   are  deviations from this  behaviour.     For 
example,    o<g  is larger than   *<£,   and  for  i  odd,    <X$   is  larger 
than   otyj.     Furthermore,  while  the   c*±  have,   for the  most part, 
the   same  sign at the  experimental  temperatures  as  for  perfect 
order,   we   have     c*£  and    <*o.  with reversed   signs   at  525°C.     Both 
types  of deviations  were  explained  by Cowley  (17)   in terms  of  a 
"liquid-like"   arrangement of  atoms   about the  origin atom.     By 
plotting  the   radial  distribution of   atoms  in a monatomie liquid 
on the  same   plot as  the  defsot of  copper  atoms   in a given shell, 
he  was   able  to show  comparatively good  agreement with  his 
experimental  data on  a 25   percent  Au alloy.     The  data we  obtained 
for  a 23  atomic percent Au alloy do not show the  effeot  nearly 
so  strongly as     Cowley's.       This   is  evident  in Figures  11  and 
12  where  we   have   plotted  the   copper atoms  in defect  in a given 
shell   as  a function of  the  distance  from the   origin     (D(ju * 
0.77   C^HJ).     We   have  also  inoluded     (dotted   curve)   the  radial 
distribution function fitted   at the  first  sholl.     There   is  some 
tendency to  a  "liquid-like"  behaviour,   particularly at the   higher 
temperatures..     However,   compared  with  the data on a  sample  of 
stoichioaetm  composition  (17),   the  23  percent  Au sample  shows 
a  tendency toward  what  one  would  expect  if what might  be   called 
"medium-range"  order were   present. 

h 
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Cowley (10)   has  related  the   *<^  and  the  interaction energy, 
V.j,   between an atom in the   Ith shell  and  one   In' the   Jth shell, 
through the expression: 

2   21  VIJ   *J 
J (1) 

•  kT In  (iA •   o(i)(2fi •   o<l}    /   (1 -   «K±] 0. 

T is  the  absolute   temperature,   k,   is  Boltsaann's   constant,   m. 
and mB  are  the fraetiono  of  i and  B  atoms  present. 

Thus,   knowing  the   c<i>   the  VJJ oan be   calculated.     If we 
ohoose  a given atom  (say a gold  atom)   as  origin atom,   ve   can nut 
•TJ   —•> ?i»  where  i  is  the  number of the  shell  in which the   J*a 

at©». appears.     The  interaction energies  have  been calculated  for 
the first three  shell?     assuming  that only Vi,  V2,   and V*  are 
appreciable*     The  values  obtained  are  Vj • 394k,   V2 « 43*,   and 
V3 a 65k,   in units of energy ^mr atom. 

The  value  of V*  should be   considered  more   uncertain than 
?X or V2,   since  its  magnitude  is  very sensitive  to the  values  of 
o<£,   and  the  coefficient of V3  in equation  (l)   contains  a pre- 

dominance  of   0(1 with  i  large,   and   It is  these   otA which  probably 
h&vs  the  greatest error. 

The  magnitudes   and  signs  of  the  V^  are of some  interest.     In 
general,   a positive  sign would   indicate  a tendency to  unlike 
pairs  of atoms  and  a negative sign would  indioate  segregation of 
like  atoms• 

(VXJ S  YAAtIJ •  VBB,IJ . yAB   XJ) 
2 * 

However,  when one  considers  shells  beyond  the  first  nearest 
neighbors,   the  relative   values  of  the   interaction energies  of 
like   pairs   (•«_,   VBB^»   *8 w*31  *8  unlike  pairs   (V^g),   must  be 
considered.     Also  ine  variation of  the   interactions  with distance 
becomes  important.     Thus,   it is  not  obvious  that  one   should 
expect a particular sign for V2  in spite of the  fact that  a 
tendenoy to order leads  to  the  first shell about  an Au atom at 
the  origin being  Cu-rioh,   the  second   Au-rich,   and  the   third 
Cu-rieh.     Certainly,   one  would  expect Vj to be  positive  and  large 
compared  to V2  and V3.     At  the  same  time,   lacking detailed   inform- 
ation on the   individual  interactions,   a positive   value for V2  is 
not unreasonable,   nor is  the   faot  that V3  apparently has  a larger 
magnitude  than V2. 
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The   average   number of  copper  atoms   in a given shall  about 
an origin atom can be   calculated  from n^ *  ^Cu^id ~   <*i)«     The 
value  of  n^ for tha  first six  shells  are   given in Table   IV for tha 
eases  of disorder,   perfect order,   AOA°C,   and  525°C.     Also  included 
are   the   number of  oopper atoms   in defect  at  perfeot  order,   AOA°C 
and  525°C.       The  last  two  columns,   labeled  percentage  of perfect 
order,   are  simply the   percentage  ratios   of  the   copper atoms  ia 
defect at  the  temperatures  given,   to  the  defeot  at  perfeot order* 

It  is  obvious  from the  table   that  there  is   considerable 
tendency to  short-range   order even at the   higher temperature* 
Also,   we  see evidence  of  a  tendency to  a "liquid-like"  distribution* 
That  is,   shell  3  shows   an inconsistently small amount of order, 
while  shell  5  shows   an abnormally large   amount.     Shell 6  at  525°C 
actually shows  the  liquid-like  tendency to  such  an extent it 
exhibits  less  than aero  order,   or a negative order*     It should be 
repeated,   however,   that this  tendency is  less  than that found in 
a 25  atomic  percent Au aample   (17). 

For more  specific  comparison with the  results  on the  25  per- 
cent  alloy,   we  have  reproduced  Cowley1 s  data in Table V  (17). 
Notice   in particular that  although the  difference  in magnitudes  of 
the   e<2  for the  23  and  25  atomic  percent Au samples  is  not large, 
there  Is   a change  of  sign* 

From the data in Table     V,   Cowley (10)   computed  values  of  the 
VA  and  found  V^ •  358k,   V2 » -3Ak  and  V* • -19k.     Although we  have 
relative   agreement  in magnitude,   Vj> and  V3   are   of  opposite   sign 
from that found  in  the   present work. 

Cowley (10)   relates  the  V*   to  the   critical   temperature,   T0, 
for   the  stoichiometrio  alloy through the  relation 

= h <Ti - iT 
2    2 • aT3 - •  •  •>• 

Using  this  relation,   we  have   calculated  Te  using  values  of  the  V^ 
obtained  from Cowley1 s  data and  the  present data.     We  find  ?0 • 
2BA°C  and   417°C  respectively.     The  experimental  value  is  generally 
given as   390°C to  396°C.     Using a somewhat different  formula for 
Te  for  the   case  of  Cu-rioh alloys   (10),   we  find for the   23  peroent 
alloys     TQ r  149°C  from  Cowley's  data  and   311°C from  the   present 
data.     The  experimental   value  appears  to  be   approximately 386°C  (12) 

VII   KINETICS   OF  THE   ORDER-DISORDER  TRANSFORMATION 

The   experiment  to  be  desoribed   in this  section was  begun very 
shortly before   the  expiration date  of   the   present  contract  and  had 
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TABLE   V 

Experimental Values  of  Short-Range   Order Parameters  for   Cu.Au 
at Temperatures  above   The   Critical  Temperature* 

Ci 
Coordi- 
nates 

Perfect 
order 405°C 460CC 550°C 

12 1,1,0 -0.333 -0.152 -0.148 -0.131 

6 2,0,0 1.00 0.186 0.172 0.105 

24 2,1,1 -0.333 0.009 0.019 0.026 

12 2,2,0 1.00 0.095 0.068 0.045 

24 3,1,0 -0.333 -0.053 -0.049 -0.032 

6 8 2,2,2 1.00 0.025 0.007 -0.009 

7 48 3,2,1 -0.333 -0.016 -0.008 -0.003 

8 6 4,0,0 1.00 0.048 0.042 0.019 

9 12 
24 

3,3,0 
4,1,1 

-0.333 
-0.333 

-0.026 
0.011 

-0.022 
0.020 

-0.011 
0.007 

10 24 4,2,0 1.00 0.026 0.025 0.007 

*   Permission has  been obtained from The   Journal of    Applied 
Physics   to  reproduce  this   table. 
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barely left  the   planning  stage  when  sponsorship was   saved   to   an- 
other   agency.     However,   since   It   Is   an  Integral   part of  our  order- 
disorder program,   we  feel  that  a description of  the  experiment is 
properly included   here. 

One  of  the   most  important  and  least well-known features  of 
the  order-disorder  phenomena is   the   nature  of  the  ordering  force. 
It would  seem that the   best way to   attack the   problem  is  through 
the   activation energies,   or exoerimentally through   isothermal 
anneals data* 

The   activation energy we  obtain depends  on  what parameter 
we   follow during  the   isothermal  anneal.     For example,   published 
work  to date   has   been done   using  resistivity as   the   parameter  and 
this gives  us  an activation energy for  the  entire   process  of 
ordering.     However,   it   is entirely possible   and even probable   that 
two  or  more  processes  occur simultaneously in the  growth of  order- 
ing.     Specifically they may be   lattice  strain, recovery and  growth 
of the   ordered  domains  which may  not  necessarily coincide   with 
each other.       Fortunately, we  now  have  x-ray techniques  for de- 
tecting   strain and   crystallite  siae   and   separating   their effects 
on the diffraction intensities.       We   are   attempting  to   use   these 
techniques   to  obtain  some   specific  data  on the   kinetics   of  the 
order-disorder transformation. 

When a    Cu.AU alloy,   which  has  been quenched from a high 
temperature,   is  annealed  at temperatures  below the   critical 
temperature  for ordering,   superstructure  lines   appear  in the 
x-ray pattern,   first  as  very broad,   very weak lines which become 
narrower and stronger with continued  annealing  uutll  they reach 
an equilibrium value.     From    Fourier  analyses  of  the   details  of 
the  superstructure  line   profiles  for different orders  of   the 
reflection we   can  compute   the  lattice   strain  and   the  domain size 
of  the  ordered regions*       Then from plots  of strain yersue  anneal 
times   and domain size  yersus  anneal  times for  different  tempera- 
tures  we   can get equal   property curves   and   consequently separate 
activation energies  for  recovery and domain growth-providing  they 
both occur,   of  course.     From these   results   and  similar  results 
from resistivity data we   hope   to  be   able to  say something  of  the 
role   strain plays   in order,   and   perhaps   even say something  of 
the   mechanism of  ordering. 

We   are   also recording  line   profiles  of fundamental lines 
so  that we  will  be   able   to  compute  the   long-range   order  parame ter 
as   a function of annealing  time.     Since  we   are  recording  the 
profile  of several orders  of  several different lines  we  may,   in 
this   case,   be   able   to  do  something   (experimentally)   about 
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extinction  (See   Section V). 

In  addition,   ve   are  folioving  the  entire   process by means 
of   powder  techniques,   employing  a 19  cm  camera with  a very fine 
pinhole   collimater which coupled with  other experimental  pre- 
cautions  should   allow us  to  obtain lattice   parameters   (and 
relative   shifts   in line   positions)     to  about one  part in 50,000. 

It   is   important  to  realise   that the experiment we  hare 
described   is   concerned  with  only part  of  the  ordering  process}   that 
part of  the   ordering  which occurs   after the  initial  appearance  of 
a super-structure  line   and  which could  be   considered  the  "comple- 
tion"  of  the  ordering  process.        The   "initiation"   of  the  ordering 
process which  involves  what we  may call   the   nuoleation of  the 
ordered  phase   and   the   agglomeration or growth of   these   nucleii  to 
a siae  which will  produce   ordered domains   (about  18  atoms  on an 
edge   according   to    Sykes   and  Jones   (21))   ie  also very  important. 
However,   it does   not  lend   itself  so  readily to  x-ray studies. 
It  could   be   studied  by observing  changes   in lattice   parameters 
but  this   not only requires  very precise   measurement  of  the   lattiee 
parameter;   but   also   the   change   in lattice   parameter due   to  short- 
range   order must be   corrected  for.     The   latter statement  is  not 
meant  to   imply that short-range   and  long-range  order   are  different 
phenomena  and  we  do  not  have   the   space   to  note   all  the   arguments 
here,   but  there   seems   to  be   a discontinuity ir  lattice  parameters 
(and  lattice   parameter  change)   as  we   pass through the   "disordus" 
temperature.       At  the   same  time  there   is   an anomolous  change   in 
lattice   parameter above   this  temperature which  is   attributed  to 
short-range  order. 

In any event,   there   is muoh  to  be  learned of the details 
of the   ordering  process  by studying both phases,   and we  are 
presently trying  to   overcome  the   experimental difficulties  in- 
volved   in  studying  the   "initiation "  of the   ordering   process  by 
resistivity and   thermoelectric  power techniques. 

VIII  GENERAL DISCUSSION 

It  appears  fairly well  established  from x-ray evidence 
(this  report),   resistivity data  (6)   and  galvanic  oell measure- 
ments   (22)   that   the   order-disorder  transformation in the   neighbor- 
hood  of  CuoAu is   a  classical  phase  transformation.     Since the 
transformation temperatures  are  e>tdt*  low.   the   nuoleation rate  is 
high  and  the  growth rate   low so  that   the equilibrium problem is  a 
severe   one   and  detection of  the   two   phases   in equilibrium 
difficult.        The  same   statement  will   apply to  many order-disorder 
transformations   and  in some   cases,   even if  two  phases   coexist, 
they may defy detection.     For example,   in the   Cu-Pd  system near 
Cu^Pd  the  volumes  of the   ordered  and  disordered  unit  cells are 
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are equal so  th*t  the  x-ray  techniques  described  in  this  report 
could   not be  used.     In other  systems  such  as  Fe-Pt,   the   resist- 
ance   changes  on ordering   are   negligible.     It  is entirely probable 
that  all  order-disorder transformations   are  heterogeneous,   but 
however  attractive   this  probability may be  it definitely cannot 
be   assumed,   but will   have  to  be  determined for each system. 

Rhines   and   Nevkirk  (6)   have  discussed   in detail  the   ap- 
proach to  equilibrium in Cu-Au alloys  which exhibit order.     Their 
discussion is  based  on resistivity measurement made  in the   course 
of what  amounts   to  isother**j-   ant-eais.       They attribute   the  long 
times  required for equilibrium to  different reasons for different 
oases.     Where   a long  induction period   is   required to  initiate 
parameter  ohanges  nuoleation is   considered  to be  the  time   control- 
ling factor and where  there   is  only a  short induction period   but 
a very gradual  change  of parameter  the  time   controlling  process 
is  the  growth of the  domain  (the  diffusion process).     Further, 
Rhines  and   co-workers  found  that the   induction period  was  much 
longer when the  temperature was  raised   (instead  of  lowered)   so  as 
to  cause  the  alloy to   change  from an ordered  state   to  a two-phase 
or disordered  situation.     From this,   they concluded that  the 
nuoleation rate  is  slower  and  the  required   nuoleil  larger  in the 
disordered  state.     In this  latter respect,   our observations  are   at 
considerable  variance  with theirs.     Although we  believe  that the 
nuoleation rate  is  lower  at  the   (higher)   temperatures  required 
for disordering,  we  found   no  long   induction periods on heating  our 
sampleo,   but we  found   very long   induction periods   in  cooling 
(~10 days).     We  admit  that we did   not have  the  degree  of  equilib- 
rium described  by Rhine   and   co-workers   and  it is   possible  that 
these  induction periods existed  but were  missed  in  the   copper- 
rich samples.     However,   we  held   eopper-rloh samples   at  tempera- 
tures  in the   oritioal  region for as  long  as   two weeks   and further- 
more   in the  gold-rich region the  appearance  of  a second  phase  was 
always  observable within a few hours   (""A)   of the   time  of this 
initial  temperature   change.     It is  possible  that  there   is  a dif- 
ference  in the  effects   produced  by order-disorder  in resistivity 
and  lattioe  structure  which  can explain the  discrepancy,   but  it 
is  not obvious. 

We found,   as  did   Rhines   and  co-workers,   that the  trans- 
formation rates  were   slower for  compositions   considerably re- 
moved from stoiohiometric.     However,   it  is   not  clear whether  this 
is  due   to  the  lower temperatures  of transformation or  to  the fact 
that  the   ordered phase   is  less   perfect and  consequently differs 
less  in energy content from the  disordered phase. 

Let us  return  a moment  to  the  difference  in results  on 
heating  ordered  samples  or  cooling  disordered  ones   to  obtain a 
given  oondition.     When one   cools   a sample  while  studying   the 
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x-ray diffraction lines   produced,   satellite  lines   appear near 
the  diffraetion lines  when the   critical  temperature   region is 
approached.     (The   appearance  of  these   lines  was  first  pointed 
out  to  us   by  Professor Warren of  M.I.T.).     We  hare  obtained  as 
nany as  four satellites   on one   aide  of   a given line   for  34  per- 
cent gold  samples.     These  satellites,  vhioh appear within about 
1  or 1.5 degrees   in 2 &° of  the   principle   line,   appear only on 
cooling  and  were   never  observed  en heating.      (This   observation 
was  also  made   by Professor Warren).     Their  presence   is  difficult 
to explain,   but perhaps   it is  due  to  the  fact that certain mosaic 
blocks  are  ordered  before   others   and  the  difference   in size  of 
the   ordered  and  disordered  phases   causes   a tilting  of  some  of  the 
mosaic  blocks.     This   is   strictly a suggestion and  the   feeling  here 
is  that  it would  be  difficult to defend. 

The  data of  Section VI  have   indicated   that   the   short-range 
order parameters   as  defined  by Cowley  (3)   are  definitely smaller 
for  copper-rich samples   than for  Cu?Au.     In order  to   cheek the 
theory further, there   is  real  need for work on short-range   order 
on gold-rich samples  for which the   oC,   are   predicted  to  be 
larger   (10).     At the  same   time,   our  results  have   indicated  that 
there   is  a stronger  tendency toward  what  might be   called   "medium- 
range"   order  in the  23   percent  Au sample   than in  the   25   percent 
saa-pie.     That  is,   the   "liquid-like"   distribution found   by 
Cowley  (17)   is   not   as   predominant   in the   non-etoiohiometrio 
samples.     It  is  easy  to   interpret  this  effect  as   less   tendency 
for  proper  next  nearest   neighbors   and   probably this   is   actually 
the   case.     However,   more data  on other   non-stoichiometrio 
composition samples   are   needed   (particularly gold-rich samples) 
before  we   can rule   out  less   obvious,   but  perhaps  more   fundamental 
possibilities   (assuming,   of   course,   that we   cannot attribute   the 
whole  effect  to experimental error;. 

It  appears   that   the   overall  behaviour  of  the   1on?-range 
order  parameter  does   not  differ  greatly for  the   various   compo- 
sitions,   apart  from a slight decrease   in the   rate   of  disappearance 
of  S  with  temperature   as  we   depart   from the   stoichiometrie   compo- 
sition.     The  existance   of   the   two   phases   is   not  detectable   from 
a measurement of  S   as   a function of  temperature  when the   measure- 
ments   are   no  more   detailed   than those   reported   here.      However, 
some   interesting   results   have  been obtained   in Fe-Pd   alloys   near 
FePd^  by measuring  S   as   a function of   time   at   a given anneal 
temperature   (22).     Thus,   it   is   hoped   that  similar  measurements 
now being  made   on  CU3AU   (Section VII)   will  be   more   fruitful  from 
the   interpretation  point  of   view.     The   results   of  long-range   order 
studies   reported   h«»^o   are   primarily of   academic   interest since 
such   studies   (on non-stoichiometric   alloys)   had   not  been made   and 

WADC  TR  54-140 39 

•' 

1 



were   needed  not  only for  completeness,   but  to determine  the  over- 
all  value   of   such studies   and  for   comparison with  theory. 

It  Is  hoped  that   considerable   information on the  sise  of 
the  ordered domains  will be  obtained  from the  experiment described 
in Section VII.     The  domain sise   is  of  interest  and   importance  ia 
mechanical   and  magnetic  property measurements  and  their  correlation 
with  the  order  phenomenon.     The  size   of  the  ordered domains  under 
various   conditions  has  been measured  previously by Sykes   and 
Jcses   (21)   who  calculated   it from the  total broadening of x-ray 
diffraction lines.     However,   lattice  strain,   if  present,   contrib- 
utes   to  line   broadening,   and  this   is  one  of  the  points  we  hope  to 
clear up with  the  experiment described. 

There  is   still  considerable  work  to  be  done  on order- 
disorder  and  specifically on  Cu-Au alloys.     Detailed  measurements 
of  the  effects  of  order  on the   temperature   coefficient of  resis- 
tivity,   the  diamagnetic  susceptibility and   thermoeleotrio  power 
should   prove   interesting   (we   are   presently studying  these 
quantities  elsewhere).     A great deal of  work is   needed  on the 
annealing  kinetics;   the   type   and   number  of experiments  which 
come   under this  general  topio  are   practically innumerable.     More 
work  is   needed  on the   effects  of  radiation and   cold-work,   and 
the   relative   behaviour  on  annealing   of   irradiated,   cold-worked, 
and   quenched  e aft piss. 
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