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EFFECT OF ORDERING ON THE MECHANICAL PROPERTIES
OF DISORDERED Cu5Au ' '

Farghalli Abdel Rahman Mohamed
Inorganic_Materiéls Researéh Division;.Lawrence Radiation Laboratory,
Department of Materials Science and Engineering, College of Engineering,
 University of California, Berkeley, California
| ABSTRACT
The éffect.of_temperature and strain rate on the flow sﬁress of

disorderéd poiycrystglline CuBAu wasvinvestigated in the range:275°K-
663°K. The serrations in the stress-strain curves are associated with
dynamié reorderingvbf short-range order. From a series of experiments
based bn.annealing,vsingle activafion energy of 3612 kcal/moie Qas
deduced, which is only slighfly less than the sum of Ef+Em~39;kcal/mgle
for formétion and migration of vacancies in CuBAg. For Short.annegiing
times,'andldver the lower range of test temperature, deforﬁation is
pfihéipally contfolled by the degree of thévshort-range order. TFor
higher temperatufes and longer annealing time, the yield stféss:dépends

principally on cutting of antiphase boundaries.
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I. " INTRODUCTION - ’

A good understanding of the structural and thermodynamic properties
v of‘ofaered alloys is now available as a result of emphasis in_reseafch
on these topics. Althpugh a few preliminary prbbes had been made ih‘>
the.pastYOn théir mechanical properties, it is onlj recently fhat a
sustained effort has been,made‘to develop a éystemaﬁic rationalization
of the deformation characteristics of ordered alloys. As documentéd in
two recent reviews on this subjectl’2 subétaﬁtial progreés isbnow being
- made in uncovering the iﬁteresting and'oftén uniQue diélbcétion processes
' reSponSible for the plastic behavior of ogder—disorder alloys.“ Many
issues,vhowever, a}e'yeﬁ controversial and numerous facets of ihe |
‘subject remain unekplained.

Tn a recent investigation, Landon and Dorn5 demonstrated that the

déformation‘of'Cu5Au is controlled by Peierls mechanisms over the low-

3
~330°K for the disordered state. Above ~570°K originally disdrdered

temperature range extending Up to ~100°K for ordered Cu,Au and up to

.Cu Au exhibited serrated stress-strain curves somewhat similar to those

5
that are attributable to dynamic strain aging%L in solid solution>alloys.
In contrast no such serrated stress-strain curves.ﬁeré:obtained under
otherwisé similar ‘covnditio_n.é---for the ordered alloy. On this basis it
appéaré unlikely that the serrated stress—Strdin ;urwég invoriginally

disordered alloys are attributable to Cottrell5

of.Suzuki6 mgéhapisms .
for dynamic strain aging, sinée the pertinent fagtors'of sdlufé-éfém,
diffusion and interaction with'dislocationé'shOuld also be épératiVé‘
.»in.ordered Cu3 .

" strain. curves of the originally disordered Cu

Au. It appears more probable that the:serratéd stress=-

Au arise as a result of

3 .
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other causee such as those dependent on ordering reeetiens that can -
take place at thevintermediete test temperatures., |

Tt was the purpose of this investigation to attemét to identify
the processes and mechanisms that might be resbonsible for the serreted
s#ress—strainvcurves obtained in originally diserdered'CuBAuo "Toward
this end two types‘of‘tesﬁs were planned: .(l) A complefe suréey of the
. _ : . S P
yield strength of origihally disordered material for two strain rates
as a function of temperature over the pertinent range from ~300°K tobl'
slightly less ﬂhaﬁ the Curie temperature of Te = 663°K. (2) Study,of
thermal variations in the yield strength with'time at a series of
temperatures over the range froﬁ 523°K to 603°K, As will be demonstreted
in the text of this report, the serrations in the_strese-strainvcurves_
are associagted wifh dynamic reordering of shorterange order. Conse-
quently‘such‘serrations are not obtained in long-range ordered,CHBAuf
Furthermore, the plastic behavior of originally disordered CuBAu was
observed tc be athermal over the complete range of chditiohs that were
inrestigafed, a fact Jhich is in complete harmony with the proéosed

vmechanism,of dynamic reordering of short-range order.
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II, EXPERIMENTAL TECHNIQUE

Ip the course of this investigation two heats of CuBAu weré pre-

paredkfrom high purity Cu and Au (99.998 wt%)., The heats were cast
'inﬁo a graphite mold, forged to 0.7% in. in diameter and finally cold
swaged to 1/8 in. in diameter rods,i Tensile test specimens of 0.085 in.
diameter:having an O.68_in. long gage section were ﬁﬁen machined from
the rods. The final analyses shown in Table I; which were obtained
from selected'specimens following testing, reveal that the cbmpositiﬁn
of two heats were almost identical and in close agfeement With.the.-
stoichidmetric composition.

All specimens wefe given'the same disbrdering heat treatment. _This
treatmént wés selected to provide a compromise between the quenchithin
of vacancies and short-range order. Whereas very high quenching tempera-
tures are expected to reduce the gquenched-in short-range ordef fhey.
wouid teﬁd to increase the concentration of gquenched-in vacancies. The
specimens were first éﬁnealed under argon at lOOOdK for‘BO miﬁ for the

_duél purpose of further homogenizipg the specimens and providing a stable
grain -size. Next they were slowly cooled.to 725°K (62°K above
Te = 663°K) over 2 hrs, then held at T25°K for 15 min and finally
quencheduin water, After a week or more holding at room temperature,
selected specimens‘were examined by Debye-Scherer back-fefleqﬁion: -
 xFréy diffraction. The efficiency of the quench is evident by the cht
that in no case could even‘the faintest trace of superlattice lines Be_
detected in the Debye-Scherrer photogr?ms. The mean lineal grain

. , \

diameter of selected specimens was determined by means of optical

microscopy following etching of polished surfaces of selected specimens

iz
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with 50%-aqﬁeous solution of I, in'KI. The résuits, also recorded in
Table I, villustvra_te that both heats of cuBAu developed ébqut,bthe g’aine ,
grain size under the;sélected treatment.

Specimens were tested in teﬁsion after bé&hg held fgr one week or
ﬁoré aﬁ.roém températufe. All tensile tests were conducted on an |
instrdn_testing machine.‘ Ténéile tests at 273°K were conducfed with
the speciﬁens totélly emmersed in ice-water béth. Over thé rénge from -
somewhat aBové room temperature thévtensile test spé&imens were coﬁ—
pletely immersed in agitated_and therméstaticaily é§htrolled.silicone
oil bathé. Temperatufé remained with ild. of ihe reﬁorfed values during
isothermal testing.

Tensile tests were conducted by rapidly elevating the éontfolledv
temperature baths so as to completely immerse the mounted tensile
speéimen and its fixtures. 'It took about-B min fér.the specimens ‘to
heat to withih ldK df the desired isothermal test temperature. One set
of ténsilé:tests were started 5 min after the isothermal control témpera-
turg:was fgached.. Other isothermal tests were made_followingva series
of larger hold times at constént temperatures. |

Stresses were calculated from the tensile loads and ‘cross secfibnai
areas to an accuracy of iO.LKlOS dynes/cm2. Strains deduced ffomvthév
elongafién data and initial-gage lengths are accurate to better than..
0.002, Yield stresses were determined as the flow'stfess‘at'0.0QE off-
set from the modulus lines. When required the shear stress was‘takén

to be given by one half of the tensile stress.



Av IIT. EXPERIMENTAL RESULTS

Typical load;extension diagrams for Heat A followiﬁg'a 5 min iso-
'thermal‘hoid.for the series of tension teetSfat a machine cross-head
speed of 0.02 in./min for temperatufes from 2996K te 648°K are shown
in Fig. 1la, lb,‘and lc., Completely similar lOadeextension curves Qere
obtained for similar tests conducted at a cross-head speed of 0.001 in.
'per'min; The follewing commentsvare.pertinent to the theéis‘of thie
investigetidn; | |

(a) Yield points:  Small yield pointe not always cleafly dis-
cernible in the reduced charts of Fig. 1, were observed at all tempera-
tures and strain rates that were investigated. |

“(b) Serrated stress-strain curves: (i).Tests at 299°K2 323°K,

and 5h6dK exhibit serrated stress-strain curves only after breliminary
extension of 0.14, 0.0k, and 0.02 in. respectiﬁely. In general the-
amplitude of the serrations increased wiﬁh increasing straiﬁ.: (ii) Tests
over the range from‘57h°'to 555°K inclusive exhibited serrations from
the beginning of yielding to-the point -of fracture. Agéih the amplitude
of the eerrations increased with increasing extension. (iii) The
test at 556°K exhibited only a few irregular serretions_and those
over the range from 575° to 648°K iﬁclusife reﬁained unserreﬁed'over
the,enﬁire raﬂge of extensioﬁ.

(C) Correlation with x-ray photograms: Followihg testing,
specimens were Quenched in acetohe (used to ihcreaee the coOling rate-

by dissolving the silicone o0il), following which Debye-Scherrer back

h
§

reflection photograms were taken using Cu radiation. No superlattice

lines could be detected in the specimens tested at Mlh°5»h75d, and
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535°K. Very faint superlattice lines were ndted in the specimen tested

il
i

at 5566K, énd faint superlattice lines were found in the Specimens'r
tested at 575° and 64B°K.

(d) Yiela streés versus test temperatures: The variation of
#ield strength of Heat A with témperaturé'is documenﬁed in Fig. 2.
6ver the. range from about 5756 to M50°K, an»athermal behavior was obL
served,_fhe yield stress being insensitive to temperatufé and strain'

.rate. Ffom about 450° to 475°K the yield stress incfeaéed rapidly?"
and frdmvabgut 475°‘£o&610°K;‘it inéreased more slowly° A :
_ maximum value of the.yield stress was obtained at ah)ﬁt»6BO°K following
which the yield stress decreaééd with increasing temperatufe. -Over
the.range of increasing yiéld stress with'increasing teﬁberature, the
yileld sﬁfess was slightly higher for the specimens strained éf ﬁhe
ibwer strain réte whereas the reverse occurred ovef £he range where the
yieid étresé Wésfdecreaéing with increasing'temperature."Thé'féct.fhat
serrated stress-strain were obtained énly.when the superlattice lines
could be detected in the Debye-Schefrer photograms is aiso docuﬁented
in Fig. 2. | .
(e) Effect of time at temperature: ‘The effeét of the hold time
at temperature preceding tensile testing on the plastic behavior of
originaliy disordefed Cu5Au was invgstigated'usiﬁg-ﬂéat B. Figuré b
shdwsfthe experimentally detefmined flow stress versuS'iSOthermal :
hold time. at 549°K for a.cross—head speed of 0.02 in,/min. A
peak flow stress was found for an annealing time of 10.5 hr. A'teét

for 5 min holding time gave completely serrated stress strain curves,

. while a test for 1 hr exhibited a few irregular serrations.’ Tests over
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longer periods of timehshowed no evidence of serrationé. ‘Furthermore
the Deb&e-Scherrer x-ray.photograms, obtained forvtested specimens in
the same manner as previously descfibed, showed no superlaﬁtice lines
for specimens held for 5 min and very faint superlattice lines for
speciméns held. for 1 hr. Specimens held for three andrfive hours gave
faiﬁt superlattice lines and those held for 10 to 24 hrs gave increas-
" ingly stronger superlattice lines.

Additional tests conducted at 523°, 5766, and 60%°K gave similar
trends to those obtained at 549°K., The -same states, however, were
.reached in a shorter.period of time at the higher temperétures. In
fact, as éhbwn in Fig. 4, a éingle relationship. is obfained_when the

-E/RT, where t 1is the

yield strésé is plotted as # Tunction of t e
hold time (hr), RT is the gas constant times the absolute temperature

‘and E = 36 % 2 kcal/mole is the activation energy.

]



IV GENERAL DISCUSSTION

Above the curie temperature of Tc = 6059K, the Cuband Au atOms.
are randomly‘positioned on the (OOO), (05%), (£0}) ahdv(%%O) sites of
the fcc:iéftice. When CuBAu is siowly cooled to below Tc, the st;ugture
brdersfin.éuch-avﬁayﬁthat the Au atoms preferentially -occupy one of.the
four,eq@ivalent fee lattiée sites and the Cu atoms preferentially
oceupy the remaining three éites, theréby prodﬁcing_the Li, érdefed
structﬁre,7 'Since only minor reshuffling of atomsifrom rahdom to
specified sités takes place, the ordering réaction oceurs without
neceésitatihg longQrange.diffusiQn. 'Fufthermofe only a minor change
in lattice.parameter from 3.7538 A just above‘Tc to 3;7&70 A just

below Té accompanies ordering in Cu,Au.

>

. ) i
Cowley'sgltheories*for short and” long-range order will be employed

to provide a basis of discussion and analysis of the ekperimental_data.

The selection of Cowley}s_theories in preference to other approximatiohs
such as‘given'By the G¢rskylo and Braggfwilliamsll;zéroth?order approaches,
a2 - 13 :
Bethe's concepts or the Guggenheim ~ quasi-chemical method, is based
. on the fact that it is in best agreement:with the experimental facts

on ordering of.CuBAu. To simplify the analysis, however, Cowley's

theory will be couched in terms of only the nearest neighbor bondihg.
' Cowley’§9short-range order parameter, ¢, is defined by

P = I, (1<) e (1)

AB

where P, is the observed probability that an A atom is coordinated

AB

about a B atom, and’NA is ‘the atomic fraction of A atoms. TFor a
random mixture of atoms & = O and as short-range ordering takes placé

O becomes negative, The equilibrium degree of order for NAfz ?T’
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appropriate for stoichiometfic Cu Au; is given by

>

(2 +a)(3 +a) .
n 2 - = @

(1 - a)f KT
~where uk .is the Boltzmann constanﬁ and € is the bond reaction energy
for destroying 4 A-A bond and L+ B-B bond and moking an A-B bond,
namely |
€ €

AA BB : : ' f
>~ T 5t €ap (3)

Both o and € are negative for alioysbthat orders

Cowley's long-range order parameter, u, for stoichiometric alloys

- of type Cu Au is defined by

3
: I
z Ty ~r 1 s "%
Bo= T (4)
E’l_% I 1_%;

where Ty and r, are the fractions of correct atoms, Cu and Au respec-

p

tively omn ‘@ and B sites. The equilibrium degree of long-range
order is given by

1. 2y, . 2

(§'+,“ Y3+ W) _8 “?€

in '(l 3 “2 )2 = kT . (5)

'which predicts a curie temperature where u-=»0.given By :
,e _ 2 kT ‘(6)”
B .5 ' . I
The predicted variations of p and - with temperature are given
‘.Ey Curvés of Fig. D. The-datum points represent experimehtal resulbé
by Keating and Warrenly fofﬁloﬁg-range order beloﬁ'TéfandrbyvCleey9v

for short-range ordér aboveiTC; “The .correlation beﬁween theory.ahd;

‘experiment, although-soméwhat.imperfect,1is;noneahheéiess good, .
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The cﬁfvelfor .u illﬁstrates that a first-ordéf'fhermodyhamic
reactioﬁ ﬁekes,piace during 1oﬁg-ranée‘ordering evauBAu as the ﬁempera_
ture is decreaéed below T = 663°K. Overvthe'range.of_temperaﬁufe ofi
major interest to this invesfigation fr.om‘abo{ﬂv;,rMSO6 to 660°K, the
equiiibrium value of u decfeases only slightly from about 0.9:to.about
0.8. | |
| Only'éhort-renge order persists‘above Té = 663°K. The absolute
degreerof shbrt-range’order; Qa, elso.increases with aecfeasing tem-f
perature; The edﬂilibfium.curve>for short—renge erder giveﬁ in Fié? 5
has been'ex£ended‘to temperatures below 665°K.r In this Qegioﬁ shorf-
‘range erder ie unstable and will,'ﬁndef favorable kinetic conditions,
eventuelly transform teward the equilibfium degree of long—renge order.
‘The equilibriUm curvevfor sﬁorterahge order reﬁresehts tbe uppef bound
valueSVof - that can be preduced in this fegi0h5

As aeseribed under experimental results (séc. IiI) no superlattice
lines were detected at'room‘temperature following quenching from 725°K.
This ebservation is consistent with previously reported results3 on
Cu5Au.' Consequently it can be inferred.either that iong-range'order.is
nﬁtﬁpreeent or,if present that either u is eXtiemely émall er the
lOng-range ordered domains occupy only a very smell frection.of the total
volume of the alloy. It is possible that‘ae-quenched sbecimens'arev'
completely ffee of long-range order éince.long—rénge ofdefing can/teke
place only at temperatures below T = 66%°K. Since 663°K is alsov
about-one-half of melting temperature, the.difoSive feshuffling'ef.
atoms required to produce long-range order isvexpectedvte be slow.

Evidence invsupport of the concept that the quenching rates employed
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'in.this.ihvestigation were sufficiently rapid to-preciude'the leng- '
.range order transfomation will be presented later inrthis report.

Uhder ideally_rapid‘rates of 'Quenching to sufficiehtly low tempera-
tures it might be possible to freeze-in the equilibrium aegree'of.short-
range order that prevailed at 725 °K from which the specimens were
quenched.b In general, however, - at thevquenching temperature.repre-
sents a louer bound value of the shorterange order that might be present
in the as-quenched specimens: The absolute degree of short-~range order
can increase somewhat during quenching so as to approach the higher
equilibrium values of -0 that are obtained at the lower temperatures.
The rates.of such trends toward equilibrium will be increased above the
usual isothermal rates as a resulf of migration‘ofiexcess quenched-in
vacancies. |

152k

Several resistometric studies have been made oh the klnetics
of ordering in CuBAu follow1ng quenching. Minor discrepan01es ex1st

in -some of -the reported data and some differences in opinlons have been
expressed.regarding interpretation of theseﬁdata. :Furthermore, several
'facets-ofvthe subject have hot been adequately ekplored. Nevertheless
there now appears to be fair agreement on all major issues, The re-
search of Benci, et al.gu is.most‘pertinent to the bresent investiga~
tion° ,‘g_ Foilowing quenching thin wires 0,04 . in diametef‘from a -
series of temperatures covéring the range T < T < 1073° K they deter-
mined- (RT RT )/RT where R is the res1st1v1ty ‘megsured at room- tempera-_
ture and the subscrlpts refer to the temperature from which the

. specimens were gquenched. (RT ~Ro, )/RT decreased as T was first in-

" creased asbove T o reached a minimuﬁ"value at about T = 725 K and
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increased as T was increased above 7236K. ‘ObVieusly at leastutwoi
fectore'arevresponsible'for the variation of the resisfivity bf
»quenchedTCuBAu as a fnnctionlof'the,quenching teﬁperature;v‘Tne reSis;
tivity of CuaAu is known to dncrease_with Eothwincreasing'Vacency eeh_
centrationl5 and increasing'ébsolnte degree of short-range order,la-and
it decreases with increasing degree_ef ionéfrange order;25 Thevnos;.
.sibilify-that inereasing degrees of iong-range order can acconnt for
the decrea51ng values of (RR -R )/RT with increasing values of T over
the range T < T < 723°K can be dlsquallfled on the bas1s of several
- observations, the most direct being the fact that isothermal annealing
of quenched specimens at h58°K results first in a decrease in the
resiStivity followed by an increase in resistivity. .. The latter

can only‘bevdue tobpredominance of short-range ordering over other.'
factorsr Furtnermere as shown by‘_Dugdale,l6 specimens duenched from
just below TC % 663°K exhibit upon annealing only decreases in resie-
tiviﬁy coincident with'elimination of excess Vacancies and long-range_
orderlng.’ Consequently, the variations of (RT RT )/RT with quenchlng
temperature must be ascribed to short-range order and racancy effects.
Over the lower range of quenchlng temperaturesvwhere TC { T< 723‘K' |
the predominant factor appeers to be the decreasing velue of the
quenched-in ensolnte degree of short-range order with increésing
quencning-tempereture;whereas above T23°K the effect of inereasing EX .
cess vecancies plays:the'predominant role. These'concluéione are”also
in agreement with those presented earlier by‘Damaek.26 Thus CuBAu can

be quenched sufficiently rapidly from above T, = 663°K to avoid

long-range ordering. Furthermore the absolute degree of short-range.
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.order undér:equilibrium conditions ét’the quenching'tempgrature must
be f}ozen into the as-quenched CuBAu with no, or at most, negligiblé
increaseé in value.

Esﬁinates of the energy of formation of Qbﬁovacancies deduced
Trom resiétivities investigations have been reported by several in-
]vestigators.lé’gu’g7 |
Whether excess quenched-in vacancies can be retained over sevéral
dajs in-as-quenched specimens might be estimated from annealing kinetics.

In the light of the previous discussion the early stages of annealing

could invoi?e two simultaneous trends; a decrease in reéistivity arising

from migration'of excess vacancies to éinks and an increase ih resig-
tivity_due to short rénge ordéring. Sihcé the resiétivity is ﬁore
sensitive to Vacancy concentration,this effect will predominéte at first;
resulting in a decrease in resistivity,followed subsequently, when.the
excess ?acancy'concentration is small, by an increése in resistivity

due to an increase in the absolute dégree of short-raﬁge order. Only
followiﬁg much longer times will the resistivity decrease again as a
resultsbf transformation from short-range to ldng—range order. Such

2h

general trendsvupon annealing have been reported by Binéi et al.
| R 15

and Brinkman et al.
v Annealing data at a series of temperatures from 565°K to 473°K
© were obtainedvby Binci et al.gl‘L following quenching from 80%°K. The
ratio R/RO, of the instantaneous to initial resistivity initially de-
creased rapidly, reached a minimum value and then increased very slowly

‘with time. ‘Obviously over the initial stages of annealing the decrease

in resistivity due to migration of excess quenched-in vacancies to
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sinks predominated over the minor concomitant increase in résistiVity
resulting from short—rénge ordering,wheréas in the final stagé the ex— 
cess vacancy concentration was so low that the éffects 5f short-rangé
ordering on the resistivity predominated; Thé”fact that aBout the:same
minimum value of R/RO was obtained fegardless of the annealing te@pefa-
ture cgn be attri?uted.to the fact that the diffefences in thé equilib;
vfium’concentration of vacancieé over thé range'of annealing temperatures
was hegligibly small in contrast to the excess quehched—in»vacancy con-
:centraﬁion. Since both the migration of excess Vacéncies tovsinks and
short range ordering are dependent on the migration of vacancies, the
annealing data for all temperéture should cbrfelate as shown»iﬁ'Fig. 6 Ny
to giﬁe a single curve in terms of the temperature compensated time,'
teéEm/RT) s where E = 16.6 kcal/molé is the acti?atioh energy for
migratioh of vacancies,“Similar values for Em have beep obtained by

a number of investigators;l6’2u’ 28 The upper scale in Fig._6lgivés
anvextfapolation of these data in terms of the tiﬁe of anneal at 2906K.
fAssuming that most_of the excess vaéancies have beeﬁbeliminated,Whén'R/Ro
.reéches,its minimum value, 1t is noted that the éxéess vacancy con-
centratién in qﬁenched CuBAu becbmes small after a 3000 hr hold

at foom teﬁperature.

Tt is Well-knowﬁ that following the previously described initial
‘pefiod of adjustment, CuBAu quenched from above Té; éan be held fdf> 
very long periods of tiﬁe at room temperature without material changeé
in its ordering-sensitive properties. This shows that theéquilibrium

concentration of vacancies is so low and their rate of migration at room

temperature is so slow as %o provide infinitely slow rates of short-range



ordering.' Consequently the terminal -slow inCrease'in resiétivity
documéntedlin Fig. 6 must be due to eXcess &acanéiés. Such order
will continue until the'excess vacancy concéntration reaches some
terminal residuél value.

| ILong~range ordering in CuBAu is thé result of a first-ofder theymo-
dyhamic phase transformation and therefore should be initiated asvé
result of nucleation followed by phase growth, Data by Lord28 on the
variation of Yoﬁng's modulus withAtime of anneal following quenchiﬁg
seems to follow the sigmoidal trend characteristic of this process.
lThe néééssity for nucléétioh can also be inferred from data reported
by Dugdale}é who'found that higher temperatures wefe needed to promote
.lohg-raﬁge,orderingvin specimens.quenched from.jast above Tc;where
nucieatioﬁ of démains acts to precede'ofdering,thanvin those quenched
from Jjust below TC whére brdefed domains ﬁere already present.  As
.might be expected, howevef,'most of the evidence suggésts that nuqleag
tion Ofvlong-range ordered domains is so highly'favorable energeticélly
‘and therefore takes place so readily at many centeré.of the VOiume_of_
the cryg%al'that it is- very difficult to. detect and thus isolate..

Loﬁg-range order domains_undoubtedly nucléate at favoréblé sites

of Shdrt range order.and spread=therefrom. ‘As the& spread,the degree
of long—range'order at the domain centers increases from its initiaﬁing
:Vaiue.fowara the équilibrium;value reéulting in.a range in degree of
order.dVer the spreading domain. In each abmaiﬁ the Au atoms occﬁp&-
one‘of_the four equivalént sites on the fce lattice. When they meet
1domains in which the éame gite 1s occupied by'Au‘atoms coaleéce fo

form a single. domain. Upbn'meeting,'antiphase domainé in which the
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Au atoms occupy different fcc lattice siteé prbduce antiphase—doﬁain
boundaries, APB. . Each domain of CuBAu can form three kinds of APBs

with neighboring domains. Since'longfrangevorder doesinot exténd

acroés AIBs, the average degree of lohg-rangevo‘der is éomewhaﬁ'leSé
fhan‘the.ideal-equilibfium value. The energy of APBS depends én the
'numbef.bf""wfongﬁ bonds.per unit APB areas thsequently ahtiphaée 'f
domains in_CuBAu are sepafated by‘APBs”that fofm d‘foam-like structure;
in soﬁe respects not unlike that for gféin-boundarieé_in pblycrystalline
:aggrégates‘of pure metals., When APDs first contact each other, the
shape and arrangement of the APBs are dictated by‘fhe_geometrical
statistics of nucleéfion and growth, .Readjustmenfs foilow so as to
reduce £he energy of the APBs and produée a somewhaf metastable APD
size. Complete stability, howevef, is only achiéved upon élimination

of all SPBs. Therefore, as shown by Rudman,29

slow growth of AFDs
takes place at ever-decreasing rates producing larger APDs and more :

stable APBs.
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v =V. ;ANALYSIS AND.DISCUSSION OF RESULTS

The plastic bethiOr of quenched and subeequently anneaied Cu;Au
that wes reported under Ekperimental Results can now‘be discussed in’
termé of ehort'and long-range erdering phenomena. The obsefvations
Suggestvthat this discussibh can best be presented‘in foﬁr parﬁs,
namely;

b(a) ’The behavior after énnealing‘for five minutes at temperatures
below about 550°K

(by) The Eehavior after anneeling for five minﬁtes above 550°K

(c) The trends follow1ng 1ncrea51ng anneallng times

(d) Serrations at low temperatures.

.(a) Elastic’properties following five minutes»anneaiing below.5506K

. As ehown by Fig. 2, a thermally?activated mechenism.of deformation
‘becomes operati&e below about 370°K. Langdon and Dorn5 heve associlated
this thermally activated behavior with the Pelerls mechahism. The
introduetion over.this temperature range of serratiens in the stress-
strain curve following prestaining will .be deecribed later.

The plastic behav1or following a five minute anneal at the testing
temperature over the range from about’ 570 K to 550 K can be ascribed to
short-range orderlng phenomena. This interpretation 1e consistent w;th
“the following observations :

(1) The abSence of superlattice lines in'the'Debye-Scﬁerrer' X-ray
photegrams following tensile testing at temperature; | |
| (2) The éresence of a yileld point,which can be ascribed to an
avalaﬁche<of dislocations-sweeping across a slip plane due to introduc-

- tion of disorder across it.
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: (3) $he preseﬁce of serration.in the stress-strain curves due to
re-ordering_that can occur at these temperaturesvas‘prometea'by migration
of vacancies;

(h) The trend of 1ncreas1ng yleld stress w1th 1ncreas1ng teﬁpera-
ture from 570 K to 550 K due to 1ncrea51ng absolute ‘degrees of short
range order as dictated by‘ordering kinetics.

(5) The magnitude of the yield stress.

(6) The athermal plastic behavior over this fahge of temperatﬁres.

In the followihg analysis it will be assumed that“effects arising
from Cottrell atmospheres and'Suzuki locking are smell.relatite to.these-
.due to mutual.interactions of dislocations and the effects of short
range order. On this basis the yield stress Ty‘is determined by the

sum of the stress, T , needed to move dlslocatlons past their mutual

G
long-range interaction fields and the stress, TS, descrlbed by Flsher,50
that is needed to disorder»the crystal across its sl;p plane. As shown
by Flinn?l this ecan be'estiméted'in terms of the product of the number
of.behds crossing a unit area of the slit plane and the averege energy
per bond, 2 Ny, Ny @ €, in the ordered alloy. Thus'fof slip 5ﬁ tﬁe {111}
planes by the §-<llO) Burgers vector, the work done in disordering‘e

unit area across the slip plane is

a b : | 1
2.3 L . 2NN oae (7)
s Jé JB a 4’8 ' ,
Introducing a = 5 75 X 10 8 cm NA = %‘, N E’ and the value of,e

given by. Eq. (6) reveals that.

T, = -h2 « dynes/cm? - . .(8)
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If for example the eQuilibfium dégrée of shoft—fange order at 725°K _
taken from the curve of Fig., 6 could have been quenched-in, T_ éhéuld'have
equaled about. 7.6 X 108 dynés/cm? at 430°K, Af this témperéture T, was
observed to be 6.9 X 100 dynes/ert . In'view of the aamitted‘crudity of

- the aﬁalysis, the above calculations merely reflect that the basic

concept of ascribing the mechanical behavior to short-range ordering
effgcts cannot bé.diSqualifiedu A more reéeliable support for the
hypothesis éf short-range ordering effects can be obtained by'eliminating

the efféct of T For example the maximum value of Ty corresponding to

GC
short-range orderhwas.9.2hX108fdynes/cm2 obtained at 550°K. Assuming that
- this value pertains to the maximum absolute degree of short-range order at

. 5 o
550°K and. that Ty of 7.6 X 108.dynes/cm at ABO K refers to the

quenched in degree of order for equilibriﬁm indicates that

]

Ty(550 K) - Ty(h5o K} 'ua(a5509K41725°K)

' 2
1.69 X 108 dynes/cm

tl

whereaé the experimentally determined value is 1.8K10§ dynes/cm?.
The agreement between tﬁe theoretically estimated and the expefimentally
detérmined value is excellent especially considefing that the theoret-
ically calculated value represents the upper bound. |

Shért range ordering rates af temperatures below about LLO°K are
so slow that no change takes place in the degree.of short fange order
fQiIOWing five minutes anneal. From about 450°K to M906K the absolute
degree.of short range order increases abruptly. Thé glower increase in
shortsrange order Between 490°K and 550°K is undoubtedly attributasble to
the%facﬁvthatjthe equilibrium,value for eéch temperature is now being ap-

proached. As will be shown, the yield stress for the slower‘strain'rates
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falls sbove those for the faster rates merely because of the longer

times of anneal and the corresponding increase in short-range order.

(b) Plastic properties-following five minutes annealvbetweén 550°K
 and 650°K

Tensile test;von_quenched sbecimens foliowing a five minute anneal-
over the range of 550°K to 650°K differed from fhose tested in'ﬁhe
lower température range by the éomplete-absence'of serrations in the
stress-strain curves and by the presence of superlattice liﬁes in the
.Debye-Séherrer X-ray diffraction photograms. Thus it becomes evident
that the serrations'in‘thé stress-strain curves:are aéséciatéd only!
with the short-fénge ahd not long-range ordering phenomena. _The yield
stregs increased toa maximum value at about 6505K gnd decreased at
highér tempeiatures. Below 650°K'the‘teSts.at slower strain rates
gave slighﬁiy higher yield stresses and above'630§K the-reﬁerse ﬁas
observed. This can be eXplained‘in terms of sfrengthening during'the
iniﬁial §tages cf long-range ordérihg féllowed by 56ftening.ﬁpon an-
ﬁeéling for five minuteé at temperature. O&er the fange of temperéfures
from'550dK to 650§K, hoWever, the equilibrium degree of long rénge.
order i decreases uniformly and only slightly from aboﬁt 0.93 -
to O.SH;‘ Obviouély the ébserved trends cannot be ascribea té the
equilibrium degree of ldng-?ahge order and must therefore bg associated
with the kinetics of ordering. This will be shoﬁn in the néxt section' o
of this report. | i

Theories of order strengthening have been offéred by mény invés;
tigafo}s,51-35 but each modél'was”deviséd to explain-théwbehavior'of

a particular alloy. Since there is no change in the shape of'the.CujAu
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ﬁnitvcell qn-ordéring,'the Strengﬁhening effeéts:canﬁot bé'attributéA’
to the infernal‘strains set up by the ordéred phase in thé disordered
mat;ix.BélfIn the CuBAu Sﬁperlattiée, a superdisldcgfibn,37 composed bf
péirs’boﬁﬁd together by a.strip of APB, could move through an ofdefed
regiépvmore easily'fhan an ordinary dislocation.: An ofdinary dis-
lbcagion creates a compiete sheet of AfB when it passes through an
ordered rgéion.v'On the other handvas the disiocationvpair moves, -
the disorder created by the leading disloéatidn is giased by fhe
trailingfdisloéation.

Flinn‘51 poihted out that, the lowest energy cbnfigurétion for
two partial dislocations connected by a'strip.of APB may Eé»suéh;that
:their_éommon plane is not the.slip plane. Thié suggests thét; %f we
have avsuﬁerdileCationilying on the slip plane? theJleadiﬁé'superpartial
should élimb to énofher plané and leave the tfailing compdnent on the
.former slip plane. When this occﬁrs the dislocations become much more
difficult to move, since each one now leaves an antibhase boundary_in
its Waké.-.In order to move the dislocation, the stresé must be large
enough that the work it does is at least equal tg the energ& of the
antiphase boundary producéd. Since Fisher'sBO idea_cah be .applied
to the case of tﬁe pfoduction of APB by:the passage of a Sihgleidis_

locaﬁiqn; as well as o the case of the destruction of Short-range

order, the required stress is given by
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B )

where 7y is the APB energy and b the maghitude of .the Burgers
3

vector. As shown by Flinn, 2 the Yppp On {111} planes of the

lattice is given by

2
. 2 LKT u :
. -2 €L c 2 2 o
v m S SH = 50 u dynes/ecm-, - (10)
APB aajé | BJB 32.. A t . > o _

where g must now be interpreted as an.average degree. of long—raﬁgéforder
over the siaeéimen° From'Eqs.f(Q) and (iQ) andEintroducing value ofu
'Burgers‘vector §=g-_dé

T .= 19 X 108 u2 dynés/cm?
The éxperimental data reveal that the.maximum yield strength.fbr'the
ordered alloy is greater than any value.échieved in thé disordergd state,
It is significant to note that this is in agreement with théory. For
example- ‘ | _
| | ry(650°K) ;'fy(u5o“K) =2,65 XlOa'dyneé/ém?
represents the_difference‘ T(630°K) - TS(55O°K). iUpon introductién.of
a{430) = a(725), aﬁd taking p(630) = O.87tas a reasonable Véiue of

'¢(6506K):- TS(A50°K) = (11.h - 7.6) x 10°

il

3.8 X.108 dyneS/cm?

in géod‘agfeement wiﬁh the experimental results, Above the'fempeféfure
df the'éeak a largé volume of the material iS'ordéred; it Wili be o
energetically favorable for the dislocations to move in pairs. ”FishérEO
suggésted that the long-range order itself provides the driving'forée for

grouping dislocations into pairs. At this stage the tendency will be
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- for the material to soften. Therefore the peak in stréngth corresponds
to transition from deformation by unit dislocations to deformation by
superlatfice disloc;ai‘,:i.on,j5

(¢) Effects of annealing time

The effects of annealing time at temperatufe breéeding tensile
testing are in complete agreement with the preceding:discussion with
the exception that thése data were obtainéd on Heaf B which seems to
have had.slightly higher yields stfengtﬁ than}Héat A, The réésOn for
thié minor difference is not known. Tests designated.by the solid'

. points in Fig. L gave serrated stress—stfain curves whereas alliother
stresS-strain'éUrves“were'freevffom serrations.  Whereas specimens
exhibiting serrations did not exhibit superlattice linés‘fbllbwing
testing, those that'were:free from serrations showed evidence of long-
range ordéring. The singlevéctivation energy of 36%2 kcal/mole éeemed
to be appropriate for éorrelationvof all data. This value'iS'only
slightly less than the sum of Ep +E =39 kcal/mole for mbfionband

16,24,28

migration of vacanéiés. Since the same trends were obtained
over all temperatures, it follows that the mechanical behavior was
éthermal. For short annealing times over'theilowef-range ofatest.
temperatures, deformation depends principally on‘thevdegreé'of the
short-range order. For higher temperatures and ionger énnealing time,

'the'yield stress depended principally on transition from deformation

by unit dislocation to deformation by superlattice dislocation.
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(d) Serrations at low temperatures

The lowest temperaturée at which the stréss;strgin curves weré'”‘
completel& serrated was found £o bek57h°K. It m@st be.p}esumedjthat'
at thisftemperaturevtﬁe vacancy concentrations and their mobility'is'
jusﬁ adéquate for restoration of short;range‘order._ AS a ba;is'of

analysis the parameter P might be defined as : . o

C e - ) S EWERY o
P (Cev cqv) _ o kl;)

where Cq is the concentration of quenched-in vacanciesjgcé'-is the con-
. _ . v

centration of thbseggenerated'during straining, andvEm,is the energy

for wvacancy migration. At the temperature Tl where the serrations just

started after yielding, the equation becomes

Py = que_Em/RTl L - (12)
For lowér temperatures than Tl’ where the serrations start after
straining, , ' _ . v ‘ ,
| - . . -E_/RT, o . |
_ P, =C, o "B/ RT2 | : - (13)
o = & S » S R
putting
Pp =B
. . - qv - R
c_. = (14)
EV e-Em-/RT2 )
Since C_ is unknown, C_(€) should be'répléced by the ratio. C_/C.
_ Ay : v . viq
S = L (15)
C -Ey/RIp -

%, e
-Whenvthe'estimated values of‘Ce‘/C were plotted versus €2, where € -
' v

is the strain required before the serrations éppear, fhey gave straight

line (Fig. 7). This indicates that the concentfatiqn of vacancies
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produced'by straining is proportionalvto the square of strain.
Cottrell supposed the vacancies created by deformation increases with
the strain according to

¢ =B . | . o “ | (16)

Our result can be proved if the following assumptions are considered.

C€
Sy B ' . )
L (17)

where P - is the density of dislocation,A and K are constants. Solving

- Egs. (17) aﬁd (18) for Ce

.
de
< = Ake : (19)
integrating and putting C_. = C_ at € =0
€ q
. v '
2
. _ AKe _
C. o= cq + 5 . (20)
v v

At larger values of strain, C . is negligible compared to C° and
Eq. (20) approximates to,

C_ =~ AKe® . o (21)
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- VI. CONCLUSIONS
| - CO _

1. A mechanism is proposed to explainvthe serratédjgtréss;strainicurVes"ﬁ

obtained'in originally disordered CuBAu; in.which'fhe serratiQnS'are-"

‘associatéd'with djn&hic réordering of éhért-faﬁée:order. _
2. The activation energy determined (~36%2 kcalj'is:théughtito~be.the'
aétiVétiQn'enérgyireqqired tovproduce and ﬁove a vécéncy;in CuBAu.‘.

3 Tﬁe Qoncéntration of vacancieé'created in defofming CuéAu allqy.ig
proportioﬁal to the squére of plastic strain. ”

'
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‘Table I. Composition and grain size. “° ° -

He_ét' oo o Final analysis - -:v-:-'Meén"grairi diaméter
o _(at%) -+ (grains/em) = =~

o Au -

A PR Th9h 25,06 630
B w86 a5k 660
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Figure Captions
1. a, b,”and c. lLoad curves of disordered Cu5Au stréined.in
tension at crosshead speed 0.02 in./min.

2, Flow stress (0.02%) vs temperature for two different cross-

head speedé.

3. The flow stress (0.02%) as a function of annealing time at

5u9°K.

4, The flow stress (0.,02%) as a function of t e_E/RT..

5. = Short-range order parameter () and long-range order
parameter (u)'vs temperature.
6. Ratio of instantaneous to the initial resistivity
© ~E,/RT : '
Vs t e ' :
7. Ratio of concentration of vacanciés produced by straining

to the concentration produced by quenching vs square of

strain (e?).
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LEGAL NOTICE

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

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

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

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