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CHAPTER I 

INTRODUCTION 

In many cases, fatigue c:rack iJlitiation can be associated with 

regions of l ocalized slip ( 1 ) , so that • sine a general feature of ord .red 

alloys is that lip rem ins fine and venly dist ibuted( 2 >,it might be 

expected that the fatigue st ength of the e alloys would be increased 

above that of their disordered counterparts . Such an effect bas be n 

demonstr ted by Davies nd Stoloff( 3) in polyc.ryst lline Ni3Mn and FeCo• 

( 4 ) 
and by Rudol ph et al in single cr stals of cu

3
Au . 

However, for fatigue crack initiation to occur t regious of 

l ocalized slip, as proposed above , suggest$ that the process which pre­

vents lip localization in ordered alloyo must break downJ or, altern -
'-. 

tivelyt a process which causes slip localization must d velop~ 

The purpose of this work was to inv stigate th d mage cau ed by 

fa.tiguc of ordered Cu.
3

Au. 

The progress of fatigue deformation was followed by optical micro 

scopy ond microhardness meauurements . After fatigue, repliccs of the 

surface were taken . Thin film electron microscopy and X-ray intensity 

measurement were used to determine the chan es, c-used by fati ue, in 

th<~ ot'dered structure of Cu3Au . Specimens were prepared in the form of 

thin sheet · to ·acili tate thin film lectron fnicroscopy . 
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CHAPTER II 

PREVI US WORK 

. (3 4 5) Only three investigatJ-ons , , h ve been oade into the effect 

of fatig~e on ordered alloys. In all cases. tests were conducted at small 

stress amplitudes. Also • in every case apart from polycrystalline ;3 ... 

(5) 
brass , the slip lines after fatigue were fine and evenly dist r'ibut .d. 

In the case of polycrystalline B-brass this was the general feature, but 

slip localization occurred at grain boundaries. 

(4) (5) 
F tigue crack initiation in ordered cu3Au ond B-brass sin,le 

(3) (3) 
crystals is associated vith slip lines. In Ui

3
Mn , FeCo and 8-

(5) 
bra~s polycPystals there is, apparentl , a greater tendency for cracks 

to nucleate at grain boundaries. Thi' is <'i common feature in fati ,ua t and 

h b t ~ b t d t th t . t • b d • (1) a, ean a tr1 u e · o e otress concentra 1.ons a gra1n oun ar1.es • 

It was suggested that those would . i ve rise to regions of increased li 

activity, and hence localized acceleration of the fati,ue process . Evi-

donee that this explanation may be applicable, at least 5.n so e cases , to 

ordered polycrystals , is thought to be pl~vided by the obs~rvations m de 

on t he fatigue of S .. braas . Due t o · large elastic nisotro.y in this 

( 5) 
alloy• rain boundary stre s concentrations are very large • In this 

case~ slip concentration in the vicinity of the grain boundaries was 

observa le. and did, in many cases, cause crack initiation. 

.... 2 -
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( 4) 
Rudolph et al found. fro X- ray intensity measurements, that 

no change in the lon r nge ordet> parameter had been caused by fatigue . 



CHAPTER III 

THEO Y 

The equilibrium ato ic confi uration nd dislocation structure 

in ordered Cu3Au are described and th ories on the eff ct of these on 

the strew~th • and work hardening ate are outlined. 

1 . Order in Cu~ 

Long Range and Short Range Order 

In a substitutional solid <>olution the constituent atoms are often 

more or less randomly arranged on the atomic positions of the lattice of 

the base metal . However , certain all oys exhibit referential positioning, 

or ordering, of the constituent species , such that an atom i surrounded 

by the maximum number of unlike nearest neighbours , with a consequent 

decrease in int ernal energy . The resultin lattic can be described by a 

sub- lattice of A- atoms • and a sub- lattice of B atoms • combintng t.:> form a 

uperlattice . In the case of the Cu3Au alloy. the perfectly ordered struc­

ture consists of four inter-penetrating imple cubic sub- lattices, one of 

which consists of gold atoms , the other three of which consist of copper 

atoms, combinin to form an f . c . c . struct re . The crystal structure of 

Cu3Au thus remains·unehanged upon ord rin 9 but the sy metry is lower than 

the p ren disorder d phase . The latt r effect is co m n to all super­

lattices and give rise to extra lines or spots-- superlattice reflections-­

on a diffraction pattern . 

- 4 -
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Long range order is said to exist when a greater fraction of like 

atoms than would be expected from consideration of the alloy composition, 

choo e to occupy the same sub .. lattice (or set of sub4attices) tht>oughout 

the alloy.. To measure the extent of this effect • a long range order para-

meter is defined as 

~lhere p is the proportion of A sites filled by A atoms , and r is the pro-

portion of A atoms in the alloy. It has a value of unity when the separa-

tion of constituent specles onto different sub- lattices is complete 7 i . e ., 

or perfect long range order• and has a value of zero when all ub .. lattices 

are, on the average$ occupi.ed randomly, i.e.; for no long range order. 

However , very high degrees of order can exist even though the lon 

range order parwileter is zero . 
(6) 

Bethe has stated that the prefer-ence for 

unlike nearest neighbours ahrays exists in these alloys, and can manifest 

itself by the formation of small highly ordered groups • which need not have 

a p redominant overall sub- lettice <dlocat.ion . Thus it is convenient to 

define a short :range order parameter as a measure of the unlike n arest 

neighbours in excess of that expected fro consideration of the alloy com-

position . This para tater is defined as 

th 
wher•e nBA is the proportion of m nearest neighbours of A to a B atom and 

r is the proportion of A atoms in the a l loy , such t hat when every atom has 

all nearest neighboure in the proportions expected from consider-ation of tbe 

composition, a .. 
1 

has a value of zero . Non• zero values indicate the p re­
m-

ence of short l"an e order but the relation is not simple ( se below) . 
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It is obvious that in cu 3Au; every ato . in the allo cannot h ve all unlike 

nearest neighbours, an that there must be a large number of Cu- Cu bonds . 

In Cu3Au with perfect long range order , each Au atom has 12 Cu near t 

neighbours, whi le oach Cu ato has 4 Au and 8 Cu n arost neighbours. Com• 

paring the latter uith the fact that in completely disordered Cu
3

Au very 

· tom will have 3 Au and 9 Cu nearest neighbours • it is seen that upon 

ordering each Cu atom gains only 1 Au ne rest neighbour. and not th 9 

required for perfect short range ord r . Guinier( 7) sho s th t by consider-

ing first near st neighbours only • the short ran e order paramet r , as 

defined above, in perfectly ordered Cu
3

Au is -l/3 and that if 2nd neare t 

neighbours only are considered, the short rang order para et r is 1 . 

Successive odd and even orders of no :rest nei hbours give short range order 

parameters of -l./3 and 1 respectively, due to th periodicity of th 

lattice . 

Ordering Pr.ocess 

Dy conoiderin both the fact tl.at cu
3

Au orders by a first order 

reaction(S), and the ther dynamic relationship 

/lF e tiE .. T6S , 

the process by 1hich eu
3 

u orders under equilibrium conditions can be 

visualiz d~; in terms of configuration. 

The temperature must be lmver than a critical T ; where t\E ::: 'l' AS; c c 

before the ordorin is thermodyna ically stable. Howev r, above thi 

temperature, since there is always a preference for unlike nearest neigh-

hours, srnall ordered groups for and di pera causing a finite short r n e 
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ordet' parameter. Jus beloH T , these groups are stable nuclei for highly 
c 

ordered domains which grow at the xpense of disordered material until they 

coalesce with other domains, if theiP sub-lattice allocation is the same, 

or form 'chanr stop' boundaries called anti phase domain b•,unda:r.ies (A DB }. 

if their sub- lattice allocations differ. Fu ther ~owth of domains is at 

the expense of other domains, and is slower than would be expected from 

diffusion considerations, being retarded by the for~ation of a metastable 

structure . The details of this metastable structure will be discussed in 

the next section . Although it Has stated that Cu
3

Au ordered by .;1 first 

order reaction, this is not co pletely true, since the equilibrium degree 

of long range order rises homogeneously f ow 0 . 8 t T to 1 >Yith decrease c 

in temperatur • 

2 . Anti Phase Dom in Boundaries (APDB) 

The first direct ob ervat ion of APDB's was nade in 1958 y O ~aw 

t al ( 9 ) , who examined thin films o order d CltAu by transmission electron 

microscopy . An excell nt review of subsequent electron mi cro copy of 

ordered alloys i given by Marcinkowski(lO) • 

Following Mnrcinko'frski, APDB 's are distingui bed by their lane t 

and the vector which would move one do ,ain relative to the other such that 

sub• lattic allocation in th tw< domain were identical . Since there i 

a choice of four sub- lattices in cu
3

Au, there are three 'correcting' vee-

tors, and these re of the 1/2 a <110> type . 
0 

These vectors lllay or may 

not be on the plane of the JI.PDB , and would igni y a hear on the plane , 

or a displacement of the plane, espectively . 
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It 1c help f ul :i.n vbualizing these APDB typcc to consider the 

gr.Ovlth o domains . 

Hhen tuo do ains meet , it is possib le that the (100) t ype plane 

(determined by occupancy) in one domain \WUld meet the ( 100) type pl ne ~ 

rather than the ( 200) type plane • · n tho other domain . The APDB thu 

formed cuu be ir.1agined as the ronoval of a (200) plane fro an otherwise 

ordered lattice, and the gap fil ed by tho di::;placement of the cry tal on 

one side by a vector 1/2 a <110>. This giveB rlnc to an APD whose vee• 
o 

tor does not li on the plane of the .WDB , and is known a" a 'Type 2' APDB 

or an APDB 'of the 2nd kind'. 

Hm·Tever, should the (lOO) plane in one dam in have met the (200) 

pl~le in the other domain, and h d the sub-lattice allocation differed, 

the APDB thus formed could be visualized us a 1/2 a <110> shear on the 
0 

(100) plane . In this case, the vee or does lie on the plane of the APDB 

<:H d the8e <:l'e denoted 1 Type l 1 or ,1\P DB 1 s 'of the lst kind' • 

Electron microscopical observations show dorttains to be continuous 

through twin boundaries • and discontinuous at grain boundarie ( 
10

) . This 

would seem to be evidenc for a short t'riD e ordering interaction. Indeed, 

Cowle/ ll) and Sutcli ffe and Jaumot ( 12 ) have estimated that second nearest 

neighbour interactions are only l/10 as trong as first nearest nolghbour 

interactions in cu3Au. It is obvious then that t he enero:y of a APDB 

depends upon its plane and vector, since , in perfectl ordered Cu
3
Au, the e 

tt.,ro specify the nearest neighbour interactions involv d 9 and upon tho equi ... 

librium degree of long range order, since a decrea e in the latter cau es 

a feHer number of like nea.rest neighbour> bonds to be created, and hence 

a deere e in the APDB ener,y. 



The (100) planes in perfectly ordered Cu3Au are ' andwiched' 

between (200) lan c which consist entirely of co per> atoms , and, sine 

all its neighbours re on (200) planes, a (100) APDB o the 1st kind 's 

9 

unique in th t no new wr>ong nearest neiehbour are for>med. It is, there-

fore 1 very low energy PDll, its cne ',y beinl7 du only to wron second 

nearest nci hbours. 

However, by removing a (100) plane to pro(tuce a (200) A DB of the 

2nd kind, two planes of Cu toms come in contact, produc.'ng a hi h ene gy 

APDB . 

It is expected that hl ,h energy APDB 's are the drivin force for 

domain growth , v-1hile t he low ener y ( 100) type 1 APOF ' s retard grO\rth . 

Thus in >-Tell- annealed tructure it uould he expected that the majority 

of APDB's would lie on (100) planes . 

This is borne out by electron . icro copy observation However~ 

a 'maze pattern 1 rather than a complete network of .1\PDB 's is observed , 

since contrast conditions rlil l not usually be such that all APDB ' s are 

revealed simul taneously . It is notet-rorthy that even under conditions which 

would reveal a complete network of ( 100) APDB 's of the lst kind , t his is 

not ohserved, suggesting that such a low ener y configuratio is neve 

obtained. 

3. Superdislocations 

The fact t hat the motion of an ord'nary dislocation in ·n ordered 

s tructure will create a sheet of APDB was first reco nized by Koehler and 

S 't ( 13) 
e~ z • To minimize the extra energy so produced , such a dislocation 

will be follow d by on or more identical dislocations such tha t the order 

is restored. Thi group is known as a superdislocat 'on' . 
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Spcciftca11y, in Cu3Au , a superdis1ocation consi t of a pair of 

ordinary 1/2 a <110> dislocations epar ted by a 1/2 a <110> APDB of 
0 0 

the 1st kind. It should be noted that all APDB's created by dislocations 

must be of this sh ar type. 

The smaller the epar tion o the irs , t h 1 s APDB is created, 

but the greater i the repulsive lastic interaction betwe .n the disloca-

tions . Thus an quilibrium separation is associated with t he plane of the 

APDB being created• ;md the degree of lon. ran e ord r present , ince th se 

dete mine the PDB cnerp3; together with the type of dislocation, since 

scr ws uve a s ller repulsive interaction than edg s . ror xampl , on 

the (111) plane in highly ord red cu
3
Au, Kear( 14) observ d the eparatlon 

of two scr~w di locations to be cpproximately 140 ~ . and the separation 

of two edges to be approximately 200 K; wh reas on the (100) plane , t he 

paration of two screws was approxi at ly 450 it 

It i expected in f . c . c . th t the dislocations ill be .xtended , 

ru1d Tarcinkow~ki and 1iller(lS) hav suggested that t e stackin f-ult 

energy will b increased in an order d te~ial , thus deere sing the aep -

ration of the partials . Howeve , although this effect haa been observed 

in Ni
3

Mn( 1S) • arc.inkouaki nd Zwell( l 6) observed th oppo ite effect in 

cu
3

Au and conclud d that the tacking fault energy in Cu
3

Au i 8 in fact , 

( 17 18) . • lowered . X- ray analyses ' h vc led to the "'a e conclus~on . 

4. Orde~ .~ardening 

To isol te the effect of order on strength it is neces ary to have 

a constant domain size . Fortunately , in cu
3

Au , as was mentioned, domain 

growth beco es very slu gish after a tim • Thus it is assumed th t 9 
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allowing ufficient time ~ an equilibrium domain sbe is obtained; and that 

tho increase of the long range order parameter which is observed on decrees ... 

ing the temperature is due only to rearran ement of atoms within the domains . 

Experlments carried out on thi"' basis are of' two types; those test ... 

ing specimens at the temperature . and those testing specimens quenched from 

the temper•ature • at which they were equilibrated. 

Ardle/ 19 ) showed • from tests carded out at temperature , that de .. 

creasing the long range order parilmeter, by increasing th temperature , 

caused an i ncrease in strength . At T , there t.JaS a drop in strength as c . 

the ox-der changed from a l on, range order of 0. 8 to short range order. 

Furthet' increase in temp~raturet or decrease in short ran e order , was 

observed t o raise the strength again . These observations are shown in 

Fi. . l . 

• (20) To explain the results below T , Ardley eKtended Fisher's c 

short range order har dening mechanism to apply to long range order. Basi-

cally Fisher ' s theory says tha:t since a un.it dislocation does not recreate 

the atomic configuration through which it passes • it will destroy hart 

range order across its slip l ane . This causes an increase in internal 

energy so that t o pass a unit dislocation through hot't range order r e .. 

quires a higher applied s t ress than that to pass one through a completely 

diso:r:dered aterial . It was considerat ions of thi type that led to the 

theory of superdisl oc tions in lon range ordered materials , since these 

~tould recreat e t he atomi c confi u:ra'tion . Howevex- , A;rdley suggest s that 

in less than perfect lon range order• superdisloc tion will not recreate 

the ato ic c~nf.i -uration , and will cause disorderin , thus explaining the 
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observed increase in strength with decrease in lonrt range order. Davies 

.and Stoloff( 21) have pointed out that although super>dislocations would not 

recreate the initial atomic c<>nfiguration~ on avera e they l'lould be expected 

to correct as many wrong bonds as they destroyed . 

To explain the ma.ximum in strength with change in temperature. 

Davies and Stoloff( 21) used an idea first proposed by t-1EU.""cinkowski et 

al ( 22 
t
15) to explain si!ailar behaviour in Ni

3
Mn . Although Ni

3
Mn forms the 

same supe'rlattice a.s Cu3Au, it differs from Cu
3

Au in that short range order 

is stable below T
0

, the order increasing by an increase in the proportion 

of long range ordet'Gd to short r.ange ordered material with decrea<>e in tern .. 

perature . Harcinkowski et al drew attention to the fact that the width 

of superdis~oc tions depQndo upon the degree of order, so that uperdis­

locations would moet resistance in short range ordered material, Davies 

and 5toloff extended this idea to form a universal theory by saying that, 

if the degree of long range order was <>ufficiently low, unit dislocations 

would predominate and strength would increase ui th an increase in order 

by is her's mechanis . ; >1hile • if the degree of long range o't'der was high, 

superdislo.oations would predom nate and strength would decrease rrith in­

crease in order, due to tho decreasing proportion of unit dislocations . 

Thus a. maximum t an intermediate degree of long range order l-l'ould be 

expected, corresponding to the tramd tion from a predominance of unit 

dislocations to a predominance of superdislocatlons . Cu3Au 6 they explained, 

is a special case since the transition in this allo • 1-muld be expected at 

T c ao .11 hove this temperature long range order is non .. eKistent t while 

below thi temperature short range o'rder is non- existent . However. their 

explanation that the !ncrea e in stren th of Cu3Au , when the lon range 
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ordGr parameter chan es froM 1 to 0.8, is due to n increase in the pro-

bability of d:i.ssociation of supordislocations ~~ould see to be rather a 

fine point when it is considered that unit dis locations would be unstable 

in thic alloy under the condi t5.ons considered. The equiHbrium width of 

n ~Ai 1 t' 'n f tl d ~ C A ~ pprovimatelv 130 q(lO). su¥e~~ s oca 1ons 1 per ec y or creu u3 u ~s h J n • 

and since the lv:idth is inversely oroportional to the square of the long 

rangt~ order par meter(lO), the equilibrium sep ration at o.o should be 

a proximately 200 ~. 

The s pe cimen Ardley tested abov T exhibited yield . oints~ an 
c 

inver.se rate effect (a decrease in trength tdth incr ase in strain rate) 

and discontinuous yieldine at a constant average st.ress siMilar to that 

caused by Luders band propagation. Ardley suggest th t these observa-

t1ons are cons! tent with ~ trai ageing effect "1-thich, he explains, 

could be due to any or all of Cottr ll lockinfh Suzuki pi.nning, and Fisher 

hardening . T'1c incroeasc in strength with increase in tel!lper ture is 

associated with an incre se in diffusion rates which, Ardley suggests, 

wou~d allow a greater amount of strain ageing to occur simultaneously 

with deform tion . Theories 05
»
19 

'
21 

•
23

) concerned with the effect above T c '' 

wh ther explainin tests at temperature, as does Ardley ' , lJ or explaining 

tests on quenched pecimens, are invariably based on Fisher'"' short range 

order hardening theory . While this m y be applicable to many alloys, its 

ptne.ss t Cu
3
Au seems doubtful in the light of experi ent, ca:r•ried out 

by Kuczynski~ Doyama and Fine( 24 ). In these tests , the Cu
3

Au polycrystal-

l ine s ecirnens were equilibrated at temperatures above and below T c , but • 

in co trast to Ardley ' s experime t, they were then quenched and tested at 

roo tempe ature . Similar to Ardley's re ults, stren ,th increases wi'th 
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deere se in order, whether hor or long range; however, in contr t to 

Ardley. the strength rises oudd nly at T as the order changes from a c 

lon rang order p rameter of o. a to short range order. Thes results 

are shown in Fig. 2. Q~ing Fish r's theory to explain behaviour above 

T ; it lould be expected 1 since diffusion i· no longer a variable, that 
c · 

the strength would decrea ·e with increasin quench temperature due to the 

re u.lting decrease in short ange order. 

It should be added th t while Sumlno( 23) agrees th t Fi.,hor's 

mechanism should be predominant above T , he sug ests that short range 
c 

ordet will have an additional effect . This is a locking mechanism due to 

the interaction of the tress field of a dislocation with the strain field 

caused by th latt1ce para eter change on ordering. This str in field 

should exi t when there is a mixtuve of short ran e order and lon range 

order or di ordered aterial . Thu an increase in stren th w th decrea e 

in temperatUl»e t o T c lVould be expected with Cu
3

Au due to the 1ncreasin 

amounts of s ort r n :.o order in disordered material. Below T th eff ct c 

· hould not apply due to the ab once of short range order. So that; even 

n glecting the f ct hat the lattice parametet' chang on ordering Cu
3

Au 

is small, the results of Kuczynski et l ar incon~i.tent with thi theory . 

The cross,..slip pinning m chanis 04•25 ) is now extended to explain 

the observed tren thenin of long range ordered cu3Au as it order 

d creases. 

T.h • "d ( 3•."4 •14 •.25 ) that th . f f 1' i ere ~s ev1 ence requency o cross-s 1p n 

Cu3Au dec ases w th increase in the degree of long range order. This 

can be explained by consideration of the energy required to constrict the 

1 ading • tended dislocation of a pure screw sup rdi locat on, process 
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v;hich 1"\USt take place bc."ore cross - slip can occur . . decreas tn the 

degree of lone ranr,e order causes an incretise in the stacking fault ener y 

. ( 16) in Cu
3

J\u and, Lt nee, a decrease in the scpa at ion of the part lals • 

Thus the activation energy re uired for cross- ::~ ip must decrease with 

decrease in the degre of long range order, and cau13e an incrc .e in th 

frequency of eros - slip . 

( 26) 
Since ( 100) type 1 APDB ' s have an extremely low ener'gy , it 

i expected that superoislocations Hhich cross- sl onto t hese planes 

db . ' 1 . ,,( 14 , 25) 
lWUl e v rtua.L y numeu • Thus it is postulated that the str•engthen-

ing of lon • •anr,e ordered Cu
3

Au 1i th decrease in order is due to an increase 

in the frequency of ..: v'o s - s.lip ~ a d ence · n increase in the pinnin\7 of 

superdis l ocations on ( 100) plan '.!S . Thi a utrcngthen n effect cannot be 

as great a ... the Fltr ngt ening nechanisM operating it the short ranr,e 

ordered material , if the increase in strength as long range order chanee 

from 0. 8 too , a~ observed by Kunzynski et 111( 24), is to be expla .ned. 

These \·wrkers showed that s the long range order begins to decreane 

rapidly to 0 . 8 , the yield stren~th increa"·es 5 .but tt e nN' hardenine rate 

deer ase • This is interprete.d a"' a deer ase in effectiveness of pinnin 

at high r otre::zses ., rather than a decreane in e.:focti eness of pinn.tnli 

with deere se in l ong range order. 

Conducting t1e tests at temperature should incr.ea~e the ease of 

cross~slip , dua t o ther mal activat ion , at all degr e of long range ord r . 

but more so at higher temp ,r< tu1•es 5 the l atter corres ondin _; to 1 er 

de rees of long range order. Thus the strengthening effect toJith deere se 

in degree of long ra.nr;e opder is accentuat ed when tests are carried out 
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at temperature, and it is postulated th t thi increase in strength is 

u£fici nt to account for the observed increas in str n th of long range 

order d over short range ordered material ; observed in test carri d out 

at temperature. 

Tests at temperature are complicated by the possibility of a 

dec ease in effectivene s of thi cross- slip pinning echanism du to 

them l activation • as suggent d by D vie and Stolofi 27). I olatin th 

effect of temperature, by using perf otly long ange ordered material • 

these work r showed that an incre e o temperature fro 77 ~ 250°K caus d 

little change in the yield strength (Fi • 3) . Normally the flow stress of 

an f . c . c . lloy would be expect d to decreas with incr se in te )e ature , 

i n fact does occur with dinor e d Cu3Au. It was pointed out by the e 

worke that thi , and the increa e in work hard ning rate of ordered 

Cu3Au with temperature. indic t d a strengthening mechanism nhich increased 

in e fecti:veness with temp rature . The m ohani m proposed wa the cross ­

s lip pinning mechanism being consld r d here . Iowever. they noted th tin 

the range 250 .. 500°K th work hardening r te deere s <1 ag in (Fig. 4) , nd 

suggested that this meant th effectivene s of this echanis had been 

reduced due to thermal activation . It is now sug ested t hat such an a sump• 

tion would requir a knowled·e of the effect of temp ratur on i ld stres 

in this tem ratur ran e .. This is so since an inot'fla in yield stress, 

caused by an incre s in the frequ ncy of eros. - lip, could 1 decrease 

the work hat-d~nin rate , due to a decrease in th effectiveness of this 

pinning mechanism at this hi hei" st:re s . l: the latter is the c se .. the 

decrease in work hard n!ng rate would indica e * instead , an incr ase in 

the effectiv n ss of this inning mech nis • Thus it is assu ed he:re ., in 
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the absence of other data.6 that an increase in temperature does incl"eaae 

the frequency of cross- slip pinning , as indicated by available yield stress 

data . It is of interest. in this respect, to note that Ardley's results 

2 (28) show a c . r . s.s. of 'V4 . 5 kg/mm at 300°C which, by Warren and Keatin • 

corresponds to an equilibrium degree of long range order of 0 . 945~ while 

the room temperature c . r . s . s . of Cu3Au with a long range order parameter 

of 0.95 is shown to be "-2 kg/rnm
2 , i . e . , at1 increase in c . r . s . s . of more 

than 100 on increasing tl~e tenpet'ature from :room temperature to 300°C . 

5. D~main Hardening 

TQ isolate the effect of APD size on strength. it is necessary to 

maintain a constant degree of long range order within the domains, and 

for this reason domain hardening is tudied dul"ing isotherm 1 annealing 

below T • c 

A maximum in the yield st:rength(lg , 2g) • and in the hardness( 3o) of 

Cu3Au occurs at a domain size of 30 ,... 40~ . 'l'he hardness vs . domain size 

results quoted are shown in Fig. S. 

Davie and fitolof:f ( 30) determined both the degree of long range 

order and the domain size of the spec.tmens tested . These results are 

shown in Fi • 6. 

It is seen that the critical domain s:f.ze r; with t>espect to strengthen_. 

ing, corTespond.s to a long range order pa:rameter of l-ess than the equilibrium 

value . Since cu3Au orders by nucleation and growt. of nearly perfectl y 

ordered domains, a degree of long range order less than the equilibrium 

value is indicative of the existence of short range ordet-. Thus the ma:xi• 

mum in strength occurs when the two phase • lon range order and short 
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range order• co ... ed• t. Since it is expected that deformation i by unit 

dislocation~ in short range order • and by superdislocations in long r nge 

ord r, Davies and Stoloff uggest that the peak in hardness corresponds 

to a transition between deformation by unit dislocation and d formation 

by uperdislooations . Their theory, which w s outlined in the previous 

section, is th·t hardening is du to the r sistance that unit d'slocation 

will meet in long range ord r, as oppos~d to a siMilar theory( 22 ) which 

propoued that hardening is due to the reslstanc that supcrdi location 

would meet in short ran e order. Thu~, by Davies and Stoloff , the ~aximum 

in strength corresponds to the greatest amount of ordered materi 1 con­

sistent wi h deformation by unit di location" , and that the subsequent 

decrease in strength is due to increasing deformation by sup rdislocation • 

Howev$r, it is . eon from comparison of Figs . 5 and 6 that even 

when hort rang order i ab~ent (correspondin to domain ize 100 ~) 

th hardnes continu s to decrease with increase in domain size ., Davies 

and Stoloff su est that thi i., due to a echanism originally propo ed 

by Cottr ll( 3l) to explain the maxi um in ~tren th in cu3Au . Cottrell 

drew attention to the f ct hat althou h superdislocations will not create 

APDB within a domain, th y wil~ jog the APDB' between domains , thus 

increasing the internal energy ~nd h nee applied stres • Thu"' the strength 

of Cu3Au will depend on the frequency with which a su erdislocation \'fill 

mat an APDD, i . e . , on the domain size, uch t:hat wit h increase in domain 

size the strength of Cu3Au d areas •• 
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6 . Wol::'k .Hardening 

The ~tot'k hardenin rate of ordered cu
3

Au is a function of the 

degree of long range order, domain size, and temperature . The effect of 

the degree of ol::'der and temperature have been shown to differ qualitativ ly 

for single and polycrystals . HoHever. no \'lark has been done on the varia .. 

tion of the rate of rrork hardening with domain size in single crystals . 

The l::'ate of wol::' hardening increases with degree of long range 

order in single crystalS ( 32); houever ,. it has been shown that this is so 

in polycroystals until the very final ata·e~ of orde'l", whereupon the work 

hardE!ning rate 2ecreasc}J an equivalent amount( 24) . The effect of increase 

in domain size in polycrystala is small , but does cause an inc!'ease in the 

rate of '<TO!'k hard~nl.ng( 33) . At 77°K the 1r10rk hardening rates of o:t'dcred 

and di order ed single crystals are appl;'oximately the s me( 27) . With in-

crease in temparatur$ from 77 to 350°K, the r> te of work har-dening of 

ordered single crystals increases, Hhile that for disordered single crystals 

slightly decreases . Above 350°K ·• the work hardenin rate of the ordered 

crystals decvea es until, at ruS00°K 11 the rate is the same as at 77°K. 

The work hardening rate of orde:r d polycrystalline Cu3i\u appears to be 

• ff ( 34} 
l~ttle a ected by temperature • 

There is a charactevi tic distinction between the slip appearance 

of deformed, ordered and disordered materials . Whereas slip in disordered 

material localizes to form distlnct slip bands • the slip ln ordered material 

is fine and evenly distributed . <2 ) 

Slip is on Ull} planes and in [110] directions in both ord red 

and disordered material( 7 >. As a result of X•ray votation studies on 
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ordered single crystalt: ( 14 )" it "'as su p,e.sted that in sta~:e II the ra id 

work hardening stage, only rioary slip occurs . , "cently • het-tever, small 

localized re ions of secondary slip h ve been observed in thin films of 

specimens deformed in stage !(41 >. Blectron ~ icro copy ha3 revealed 

that the majority of dis locations in ordered ingle(14 ) and polycry tal:/ 35 ) 

are lon g traight screws uith their connecting APDR apparently l yin on 

{loo} planes . . (17 34) X-ray studles ' and lectron micros co / 34 ' 35 ) of 

• (14) 
ordered polycrystals, and electron rucroscopy of singlP- crystals hav 

revealed that (100 ) and (111) APDB ' s are produced by defor atlon, the 

(34) 
r 1 tive amountP. de endin on te peratur .~ • 

Theories which could contribute to the eKplanation of t ese obser-

vations will now be discussed . 

The first vmrk hardening theory for ordered elloys, proposed by 

• (26) Fl1nn _. attempted to explain the observation that the rat of work 

hat>denin . for polycrystalline materials in the ordcN~d aon i tion was reater 

than that for the cot'rsponding dlsordered aterial . rlinn argued that 

since a superdislocation produces PDB on its slip plane. as su ested by 

Cottrell (31
),. th amount of boundary encountered by a superdislocation 

moving on an intersect ing slip plane would be increased , thus causing an 

increase in the flow stress, and hence \'tork hardening rate . 

rlinn proposed a echani.sm based on the climb of dlslocations onto 

( 100) planes to explain the temper ture dependence of the vrork hardening 

rate of ordered alloys; but su gested th it would no be pplicable to 

cu3Au since the diffusion rates in this alloy would be too low for climb , 

even at T • c 
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The characteristic diffevence in slip appQa;rance--aoarse and 

localized slip in disordered materials~ fine and regular lip in ordered 

materiala ... -was explained by Flinn as follows . 

lt is expected that the 'disordered' material will contain short 

range ordert and 9 Sl.nce a unit dislocation passing through short range 

(20) order will di order its slip plane • ubsequent slip will be easier on 

this plane . thus giving rise to the characteristic coarse; localized slip. 

This explanation hat.> been generally accepted . 

ln the ordered allo , the resist¢mce to slip will not be removed 

by the passage of a SUf9rdislocaticm since, as Flinn pointed out • a super .. 

dislocation on an already slipped plana will st.tll create the ame amount 

of APDD on cutting a domain boundary . Since there is no tendency for 

localization of slip , Flinn suggests,. therefore, that the slip should be 

fine and evenly spaced. It could be further uggested that the :friction 

streem is actually larger on a superdislocation movin on an a lready slipped 

plane ~ thus providing a definite incentive fo.r slip on other planes . Thi 

is argued as follows: the first superdislocation to move will c!'eate APDB 

on its slip plane at every domain boundary it meets .. The displacement 

vector of the APDB produced hy the passage of this superdislocation will 

.be that of the original. bounda:l!"J • Considering the typical grown ... in domain 

structure of cu3Au• i . e. , (100) shear APDB, it is seen that there are two 

possible 1/2 a <llO> shear vGctors for each (100) plane, but that both 
0 

of these give identic 1 final configurations ~ Thus any (111) plane passing 

through a (100) APDB will h ve one slip vactor which is th same al'l the 

displacement vector of the growu ... in (100) APDB and will, therefore, cor-

reot any slip ... produced APOB at this boundary . However& the other two 
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possible lip vectors on the (lll) plane will not correct this APDB. 

Consider the ration of a superdislocation whose unit dislocation do not 

have the same Burgers vector as the (100) APD9• and henc will not co rect 

the APDR created on the slip plane at this boundary by previous lip . Since 

neither unit diolocation can correct this APDB. they both will met . and 

leave disorder in th·,. region, so that the resistance to their passage 

should be due only to the extension o the APDB on the (lll) plane . 

Consider now the motion '>f a :1Uperdlslocation wher unit disloc -

tions have the same displacement vector as the APDB . The roles of the 

unit dislocations eompri sinu this superd1slocation will be interchan ed 

when they meet the new APDn . This is so since tho leading unit will cor­

rect the APDB~ while the following unit will ere te APDB again . The fir t 

unit '1-rill be pulled into the APD'B to correct it, thus the region between 

the two units 1<1ill nol-r be 1artly ordered and partly disordered. Once 

the follor·tlng unit meets this ordered po!'tio , further motion \'fill require 

that both unit dislocations ore t APDB. Thun the leadin unit must create 

an exces of APDB as a driving force before the ·allowing unit will move 

th ou h the ordered re~ion . This friction force will increase with amount 

of previous sli on the pl ne. Since a specific uperdislocation will have 

the same (or e uival nt) di plaaem nt vector as one of the three (100) 

APDB types it 1-1ill meet, it i sug ,ested that on average l/3 of the APDB's 

encountered by a superd·slocation in CJ3Au will tve rise to the friction 

force outlined above . 

Virloz and Brown ( 36 ) and Panpillo (40 ) suggest that Flinn's mechanism 

would predict a work hardenin rate which decreases uith increase in the 
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original domain size _ such that at very lar e domain sizes its contribution 

to Hork hardening would be small .. The fa ct that the \'lork hardening rate 

of ordered material with ve1~ large domain sizes is greater than that for 

disordered material prompted Vidoz and Brown to propose a contribution to 

work hardeni-ng , complementary to Flinn 1 s • which \1as independent of the 

original domain size . 

The mechanism of Vidoz and Bl'olm proposed as a cont ribution to 

work hardening i 
. (37) 

!;ased on the j og theor y of •~ork hardenlng • 

they sugge<>t that the effect of ordering \-roul d be to cause an additional 

cont ribution to tht! dr agging force of jogse Their a r gument is t hat a jog 

in a. superdislocation will not usually be aligned such that the APDB created 

by the jog on the leading unit is correct d by the jog on the following 

unit . The r esult of such a misalignment will be that a tube of APDB will 

be created when the j og an 'the super dialooation moves • hence requir ing an 

increase in the applied tress . An incx-ease i.n the jog density with "'t aln 

will cause t he work hardening rate . I t was suggested that at low "'trains 

t he jog density wou l d be too l ow fot' thi~ mechanism to be important • and 

therefore in the early stagee of work hardening~ it was propo ed, Flinn ' s. 

mechanisn lfould be the main source of hardening. 

{14) 
Using single crystals of or dered and disordered Cu3Au~ Kear 

showed t hat , si ilar to polycry"'tals, the' work hali'dening rate fot' the 

ordered singl e crystals w s hi her than that for the disordered cry tals . 

However, in contrast to the deformation of polycrystals , for which inter• 

aecting slip is necessitated , X- ray crystal t"otation analyses of or dered 

singl e crystal s suggested that no intersecting slip had occurred during 
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the rapid work hardening stage, stage L HoHcver~ a significant increase 

in the friction stress on dislocations in stage II in the ordered alloy 

was noted and attributed to the jog mechanis • 

Kear( 4l) has recently published electron microscopical observation 

of stage II work h r dening in ordered Cul-u and he obsGrved that although 

the X-ray rotation analyses are consistent with "lip only o the primary 

system 9 secondary slip does 9 in fact~ occur . Slip em the secondary syste 

was localized, but increased in amount with increa e i.n strain . To explain 

the X-ray rotation d; ta, .it was a"' ed that the total amount of secondary 

slip , at any stage, must be mall compared to that on the primary system . 

Kear frequently observed dislocation dipoles , and APDB trail~ >Jhich he 

uggested were consistent with the jo theory of >1ork hardenin as p oposed 

by Vidoz and Bro•m . The observation that slip had occurred mainly on the 

primary slip planes is not necessarily inconsistent itl the jog mecha ism 

since jogs will be formed when the dislocations on the pri tary plan s cut 

through grown- in fo!'est dislocations . It o.ras stated in tho Vidoz and Brown 

theory that if the grown- in dislo cation remained stati nary d ring the cutting 

process, no APDB ~ould, in some cases, be produced by the subsequent motion 

of the primary superdislocation. This is so since th~ le ding :tild follow­

ing units co nprising the superdislocation would be jogged in identical 

positions such that the line connecting the jogs would be the direction 

of motion of the superdi location, and thus the following jog would correct 

the APDB created by the leading jog. However, it ms sugr ested that the 

leading unit o,muld USU<."llly displace the grown-in disl oc tion , so that the 

jogs would then be misaligned, and an APDD tube would be ere t ed. 

It >-las nlso not ed that even if the forest dislocation was stationary , 

t he jogs produced may move along the dislocation as it moves,. so that 
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n APDB tube would be created due to this misalignment . However, this is 

hard to under,t nd 9 sine it suggests that the same jogs formed at he 

the aa orest dislocation would b exp cted to follow different path 

depending on \o~hether they ¥1ere on the leading or following unit, even 

though , by following the leading jog, the following jog could re tore order . 

The uggestion by Vidoz and Brown that the contribution to the 

work hardening r te proposed by Flinn should be i portant in tho early 

tages o work hardenin s em question ble in the light of Kea 's ob er .. 

vation that slip occurred pr dominantly on the primary system especially 

in these early tages . 

Recent w rk{ 33
) has hown , although the effect se ms to be m 11 , 

th t the work hardening rate actually increases with increase in original 

domain size! in contraQt to Flinn' pr diction . 
( 40) 

Pa pillo has re-

examined the Vidoz and Drown jog theory, and su ested th t the effective-

n s of this machanl m hould depend on the or'ginal dom in size . He 

argues that since the <:1mount o£ slip- produced APDB on the pt>imary planes 

ill depend on the original domain ize , then the hard ni of the secondary 

slip systems will increase with decrea e in original do in size. o that , 

the greater the orig ' nal domain siz , the easier seconda:ry sl.ip will b , 

and hence the ~ore will occur, nd the rea er will be the work hardenin 

ate by the jog mechanism. 

On et of stage III , corresponding to deere se in the work h rden~ 

in rate, was observed b Ke r(l4
) to be coincident with the onse of 

widespread secondary slip . Since the jog mechani should be 1.portant 

when slip occur on intersect ' ng sy tems . h · observat"on mi ht a pear 

to be inconsl tent with the jo mechil:::is ~ How~ver Vidoz( 3 B) has explained 
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it as follows. H "'Up,g sts that the lar~e mount of de ormation which 

occurr d in sta e II will disorder the primary lip planes. The inter-

s cting supordisloc ti ns observed in sta e III will, therefore. encounte 

a hJ. hly dlsord red tructure, so that Vidoz feelo that it is reasonable 

to expect that the work hardening rate c use by the jog Mechanis in 

stage III would be low. 

Tl1e last two pro o als, vh . ; that by Vidoz. and th t by Pampillo 1 

may appear to be contradictory . a pillo ug e ts that the more APD 

superdislocation meets, tho more re istanoe there is to its passa ,e; while 

Vidoz suggests that the mo APDB a superdi location eets, the easier 

will be its pa sage . or both propo"' ls to be correct the resist nee 

offet-ed by an increa ing amount of PDD must fir t increase nd final! 

decrease . Such an ffect ha been suggested by Cottrell (31 ) as follows. 

For large domain izen, the stress required to produce a certain amount 

of slip till incr ase "~<lith decrease in doma·n siz , since every uperdi -

locatio will create more APDB . At v ry small domain sizes, however, by 

assuminr a similar> number of oblle d·slocation re present as are at 

lar e domain sizes it will be seen that only a s all amount of slip is 

required to di orde:t~ the slip plane. Thus by assuming that aJ.l superdis­

locations create approximately the s me am unt of APD , viz . , aach creates 

APDB in some domains, while other do ains it meets are ·lready disordered; 

then on vera a the amount of APDB created by each dislooation 1 and hence 

the resistance to thelr flow, decrea es with deer ase in domain size . 

The Vidoz and Brown mecha ism has been criticized by Davies and 

Stolo / 27), on the basi of the temperature cl pendence of the work hardeninF" 

r~te of ordered single crystal • 
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y the Vidoz and Drown theory, any chan e in the difference in 

flow stt>esf; between ordered and disordered material is a ·unction of the 

jog density 9 elastic constant (G), and the Burgers vector (b). Thus any 

lar e difference in the tern e:r ture dep ndence of the rork ha:rdenin rate 

of ordered and disorde:red , terial .ust be due to a difference in the r te 

of jog production and/or a chan in the fectivenesa of jo. inninn due 

to thermal activation. Vidoz and Brown suggest that it would be unlikely 

that the .al activation would be large enouo-h to a aist the ,otion of 

jog in superdislocations, since this would require the removal of APDB, 

However,. it is expected that thermal activation would assist jog mot1on 

in t e disordered lloy. 

!t has been shown that the work hardening rate of ordered pol -

crystal does not vary ·igni icantl y with temperoatut>e( 34 ) . For the Vidoz 

and Brown theory to explain this requires, aince there is no chan c in the 

effectiveness of jo pinnin · ~ that th rate of jog production in ord red 

polycryst ls be constant with change in tem erature. 

Davie .. and toloff( 27 ) have since shown that~· t-ti th increase in 

te erature from 77 to 300°K• the work hardening rate of ordered sin l e 

crystals increased continuously, whereas that for disordered cryst ls wa. 

alrr.o t independent o temperature,. in this tempet>ature range . They there.., 

fore sug ested that since Vidoz and Brotm had predicted no te pet>atu e 

dependence, t heir results were inconsistent Nith the jog theory . 

Vidoz nd Brown, however, predicted no temperature dependence for 

the work hardening r te in ordered polycrystals 9 in which intersectin 

slip is n cessituted 1 and it would not be sut> risin lf the temperature 

dependence was different for the sta e II work hardening rate in ordered 

single crystal<> where it ha been shown th t primary slip is predominant . 
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To xplain th rea nd Stoloff hy the jo . mech·nl 

<'ln incr>Oa c in t:h r t • of roduct1on Q Oj(S with t, 1f'!Gl" ture would have 

to occur durin st e Il . The work ha~d ning r t in th · stal 

uld then re ain onstant wi h chanr; in t , ! · th~ rat o Jncr s 

of tha production of jogo \IUS ba:~anccd b deer · sc in the f ectivf}ne s 

of pinnilfl due to th 1 ctivation. In the o o d alloy • inc .. h ~ 1 

ct ... vat!o1 of og r1otion i not expected t the work h~ rdeninp. r· t should 

increa e ith !ncr se in t. np r'attre ,. du to th. cor.raspond·n · increase 

in the rat of. productio o jo~n· 

. (14 34 36) (17 34) Eleetron Jll, eros copy ~ • and X- ay d t • · have sho"~om th · 

(lll) APD and (100) AVDB re prod ce 1 by d format'on o · ord r d eu
3

A • 

tl ~ctr< n icroscopy o spedt~~en fro, t:a . I ·how •d disloc tions t:o e 

mo tly l'lcro • t . o., ugp,er tin d foi'mation by dp, dislocation , and that 

t major! ty of thosa sc w disloc tion h ,d their connoctinr, APDI~ ap rently 

(~) (~) 
lying on ( 100) planes • ·ro explain the o t>bscrvati·ons ., Kear pro ose< 

a or-k h rden.inp; n.echan1 m w et-eby cr >~ d! loc tion cr•oos- 11 on ( 100) 

pl nes to dooreas heir APDD en l:'RY ~ • d a thufl inned . Subsequent 

d for. at ion occur9 t a hi her flow :-trcs. inc~ th unpinned ed11fl s ,rrm · nt 

u t now h bo e.d out hetwe 1 the • nn d sc "'' .Jtrr.~mt · • or a 

in flow tres"' with incl'OaS in stl"' L it is nee sa f''/., sirlc~ th. bo i 

G thtth "\.., ~ ... aepa tion of inn n . point , I. . d · cr qes with 

incl:'ie se in "'train . I app ar • com , Ul !cation to D ... v· es 

and Stoloff( 2l.) that K &r ha 'S!nce foun Uttle c an~ in L with stx•a!n . 

Davi~ nd . tolof~( 2S) st d t ·t th work hard.ninr ~ t • 

at roo. emperaturc, of ord t'Cd cu3Au !G ·lmilar to th t exp cted fot" o. 
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y the Vidoz and Drown theory, any chan e in the difference in 

flow stt>esf; between ordered and disordered material is a ·unction of the 

jog density 9 elastic constant (G), and the Burgers vector (b). Thus any 

lar e difference in the tern e:r ture dep ndence of the rork ha:rdenin rate 

of ordered and disorde:red , terial .ust be due to a difference in the r te 

of jog production and/or a chan in the fectivenesa of jo. inninn due 

to thermal activation. Vidoz and Brown suggest that it would be unlikely 

that the .al activation would be large enouo-h to a aist the ,otion of 

jog in superdislocations, since this would require the removal of APDB, 

However,. it is expected that thermal activation would assist jog mot1on 

in t e disordered lloy. 

!t has been shown that the work hardening rate of ordered pol -

crystal does not vary ·igni icantl y with temperoatut>e( 34 ) . For the Vidoz 

and Brown theory to explain this requires, aince there is no chan c in the 

effectiveness of jo pinnin · ~ that th rate of jog production in ord red 

polycryst ls be constant with change in tem erature. 

Davie .. and toloff( 27 ) have since shown that~· t-ti th increase in 

te erature from 77 to 300°K• the work hardening rate of ordered sin l e 

crystals increased continuously, whereas that for disordered cryst ls wa. 

alrr.o t independent o temperature,. in this tempet>ature range . They there.., 

fore sug ested that since Vidoz and Brotm had predicted no te pet>atu e 

dependence, t heir results were inconsistent Nith the jog theory . 

Vidoz nd Brown, however, predicted no temperature dependence for 

the work hardening r te in ordered polycrystals 9 in which intersectin 

slip is n cessituted 1 and it would not be sut> risin lf the temperature 

dependence was different for the sta e II work hardening rate in ordered 

single crystal<> where it ha been shown th t primary slip is predominant . 
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To xplain th rea nd Stoloff hy the jo . mech·nl 

<'ln incr>Oa c in t:h r t • of roduct1on Q Oj(S with t, 1f'!Gl" ture would have 

to occur durin st e Il . The work ha~d ning r t in th · stal 

uld then re ain onstant wi h chanr; in t , ! · th~ rat o Jncr s 

of tha production of jogo \IUS ba:~anccd b deer · sc in the f ectivf}ne s 

of pinnilfl due to th 1 ctivation. In the o o d alloy • inc .. h ~ 1 

ct ... vat!o1 of og r1otion i not expected t the work h~ rdeninp. r· t should 

increa e ith !ncr se in t. np r'attre ,. du to th. cor.raspond·n · increase 

in the rat of. productio o jo~n· 
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3
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mo tly l'lcro • t . o., ugp,er tin d foi'mation by dp, dislocation , and that 

t major! ty of thosa sc w disloc tion h ,d their connoctinr, APDI~ ap rently 

(~) (~) 
lying on ( 100) planes • ·ro explain the o t>bscrvati·ons ., Kear pro ose< 

a or-k h rden.inp; n.echan1 m w et-eby cr >~ d! loc tion cr•oos- 11 on ( 100) 

pl nes to dooreas heir APDD en l:'RY ~ • d a thufl inned . Subsequent 

d for. at ion occur9 t a hi her flow :-trcs. inc~ th unpinned ed11fl s ,rrm · nt 

u t now h bo e.d out hetwe 1 the • nn d sc "'' .Jtrr.~mt · • or a 

in flow tres"' with incl'OaS in stl"' L it is nee sa f''/., sirlc~ th. bo i 

G thtth "\.., ~ ... aepa tion of inn n . point , I. . d · cr qes with 

incl:'ie se in "'train . I app ar • com , Ul !cation to D ... v· es 

and Stoloff( 2l.) that K &r ha 'S!nce foun Uttle c an~ in L with stx•a!n . 

Davi~ nd . tolof~( 2S) st d t ·t th work hard.ninr ~ t • 

at roo. emperaturc, of ord t'Cd cu3Au !G ·lmilar to th t exp cted fot" o. 
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f . c . c. metals and alloys; \ihereas the work hardening rate for the disordered 

alloy is lower than would be expected . They therefore sug ,c'-'ted th t l<~ork 

hardenin~ in the ordered material could e .x . l ined by the exhaustion of 

sources caused by dislocation pile-ups t barriers on the primary lip 

planes, similar to See er's work hardening theor~ (39 >. The barriers in 

the ordered alloy ;wuld be due to cro"s-slip of screw on (100} planes. 

Davies and Stoloff( 27 ) explained the tem er ture dependonc oft e work 

hardcnin rate us'ng this model as follows . As the temperature is increa ed 

the rate of cross- slip, and enc pinning , increa es due to th rmal acti ­

vation . This effect causes an increa e in the wo k hardening rate and a 

constant ield point with increase of t mperature to 350°K . he almo t 

complete aboence of stage III in tests t 300°K has been su .. Rested s ev.' ­

dence of strong cross- s:li.p pinn ng:{ 4 
) • Above 350°K 1 Davies and Stolof'f 

sug estt the!'m 1 activation is sufficient to cause double cross - slip nd. 

hence • a dec't'ease in the e fectiven ss of cross- lip pinnin ., thus explain ... 

ing the observed decrease in work h rdening rate . Ho~ever 1 as mentioned 

earlier', it is felt lLre that a ecrease in the yield str>es would .indi­

cate a decrease in the effectiveness of crons-slip pinning, but that a. 

decrease in the v10rk hardenin rate may co:r>respond to an increa e i the 

yield stress and a d crease i the effedtivenes of innin ·-t hi -he:r 

stresses . 

Kear(4-l} has found no electron microscopical evidence for di loca .... 

tion pile-ups of the type proposed by Da ,1 s and Stoloff . 

Vidoz( 3s) has criticized the cross- slip theorie on the rounds 

that they do not explain why cro - slip on {100) pl nes should occur, 
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especially in the e rl. st g s of 1-rork hardening, \thich they mu t do since 

there is an alnost lmmqdlate on~et of stage II work hardeni g.. He argues 

that a dislocation on a (111) plane "rill not 'see' the ener s well in (100) 

plane , but th tit will only 'see' the activation eners hill associated 

with con triction of its stackin~ f ult. 

As a result of his recent observation of secondary slip in stage II 

Kea.r proposed that the jog mechanism should be a controlling factor in 

sta~e II ork ha:rdenin • He 1 o clair:ted that the f rmat.ion of jors would 

facilitate the eros - lip of screw dislocation on (lOO) pl nes, thus 

explaining the observed production of (100) APDB , and the ro osed cross­

silo pinning of sere'" auperdisloc tions , while overcoming the difficulty, 

in his earl ier model, o t e constriction of screw dislocations . K ar 

frequently observed lon ~ screw superdislocation dipoles Hhich~ he sue-

eGted, 1-1erc f rmed by elastic . nteract on between lone eros - slip pinned 

egments of sere• dislocations nd new dislocations fro . t e same source. 

He reposed that these dipoles "'ould a nihilate, and form i aligned jogs 

with ar;...,ociated A D "lith increa ln~ frequency as he temperature is 

inc ca ed, thu3 contributin~ to t e t mperature de ende ce of the \ciork 

har cnin rate . !am has su , ested that other contributions to the tempera-

ture dependence of the 1-1 < hardening rate May be both the temper ture 

dependence of di location intersection. and o cro - slip pinnin · , both 

of '"'hich were discussed arlier. 



CHAPTER IV 

EXPERIMENTAL TECHNIQUES 

1 . Specimen Preparation 

I,engths of wire (0 . 040" gauge) of 99 . 999% purity Au and of 99.999% 

purity Cu were cleaned in ace ton and ether, and \<lei bed out in the pro-

portion 49 . 1 wt . % Cu (75 . 5 at . 9< Cu) . These were melted together• in an 

Edwards Speedi vac Ar o Arc Furnace P. odel S. 2139) . To minimize impurity 

pi ck- up in the alloy durin melting, the wires were compacted into tight 

b<1ll to r.educ their e,.fective surface area, and the copper hearth of the 

melting unit was cleaned with dilute nit ric acid and then acetone . The 

melting chamber \-fG.S evacuated • ·lushed with argon, re - evacuated to a 

- 4 vacuum of 10 mm Hg, a.s read on a irani- type auge t and fin lly filled 

with argon to a pressure of 400 mm l!g . For several minutes before the 

alloy was melted, the chamber Has Zr gettered . During this process the 

alloy was protected by a coppe cap a ,ainst the possibility of contamina-

t ion by evaporated Zr. During meltin , the power i put was adjusted to 

keep the maximum amount of the allo molten and the current required or 

this purpose was usually 350 amps, and never exceeded 600 mps . To improve 

the mixing of the constituents, which is retarded a the water-cooled 

hearth, the button was turned ov r four or fiv times and remelted. 

- 31 .. 
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Rer.r i -;h ing a ter meltlng shot1ed that a o.osr.s loss in Height had 

occurred durinr .elting . 

The alloy rr1as harnm red nd cold rolled from its ori inal button 

shape, w-hose p roxinate dime sions were 1.25'' dianeter by 0.25" thic , 

to sheet approximately 0.020" thick. This was then placed in a 1-3/411 

Pyrex tube and heated to a te per tur of 450°C , while bein ci ultaneously 

pu ped to a fully trapped mercu!l'y diffusion - 5 ump vacuum of 10 mm. Hg. 

The Pyrax •ms sealed when temperature and vacuum had bee attained, and 

annealing continued for 36 hours . 

To examine the efficiency of this homogenizing treat ent • speci-

mens were cut from the heet in directions parallel and perpendicular to 

the plane of rollin • These were polished to a 1 l.l diamond finish, 

washed• dried, and finally etched for a proximately four seconds in the 

fumes from a freshly ixed solution of 3 parts HCl and 1 p rt HN03• 

Dendrit ic segregation • somewhat squashed by rolling . was :reveal d . 

The sheet was then further cold rolled to "-0 , 009" , and cut into 

pieces 3/4" x 3/ 8" . These Here placed .i.n a silica glass tube , the speci-

mens being "'eparated by 1" diameter A.u.c. ·raphite discs . and giv n a 

..... s 
further homogenizing treatment of Lf8 hours in a 10 rnm Hg v cuu at 900°C . 

To free the graphite s auers of harmful i purities , th y had been heated 

in contact with commercial purity lu prior to use . The specimens were 

quenched £rom t perature by admittin argon to the system and :inally by 

placing the silica glass container in water. 

Ltching again ~lith aqua re ia fumes revealed tha the s gregatlon 

had been removed by this homogenizing treatment . 
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The material was then given n ordering treatment of 10 days t 

-5 380°C (i.e . 7 8°C below T) in a 10 min Hg vacuum and sl0\1 cooled from 
c 

380°C to l50°C at a rate of l0°C per day . The graphite spacers were 

again used to prevent fusion of specimens. 

The specimens were then uater quenched. thus breaking the silica 

glass container . nd c using light surface oxidation . This \faG easily 

removed by the electropolishing technique describ•d below . Specimens 

prior to, and after, electropolishing, are sho\m in Fi s. 7 and 8 respec-

tively . 

The grain size of these specimens was detennined using a technique 

involving a count of the nu ber of grains intersecting a randomly orien .... 

tated line of known leugth on the specimen urface . The thermal etch, 

and contr st betue .n grain due to the slight oxide layer. made the annealed 

sp cin~ns suit ble for thi<• detennin tion. The specimens we vi ewed on a. 

Reichert Universal Camera i'ticroscol e " Me F" set at a rqagnification of X59 • 

so that th 11. 8 em. width ground glass viewin creen r vealed 2 mm . 

length of specimen . Defining one count as the number of rains inter"'ected 

by this 2 nnn. len 1·th • 150 count over several specimens 1r1e e used to deter-

mine a typical grain size for t his material of ~o . s mm. 

The Glect opolishing solution used for surface polishing of speci-

mens foX' fatig-ue contained 25 g • Cx>0
3

, 133 ml . lacial ac tic acid., and 

7 ml . di tilled water. A volta e vs. current plot revealed no polishing 

plateau fov this solution. so that sli ht variatio in thes , quantiti s 

t•esul ted in pitt in or tching . The current was ound to he extremely 

sen itive to the water content of th~ solution , so that due to uncevtainty 
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of the wate~ content of th acetic acid, it was found best to st rt 

polish ing with a solution containing only a fer ml . of di tilled water 

and to make further additions, if needed to improve the quality of the 

polish . The publi had operating procedure(
43

) of using 25 volts, a solu-

tion temperature of 15 - 20°C and a tainless ~teel cathode was usually 

found to ~ive a ati, factory pollsh . It was found that s tirring of the 

solution dtlr.ing polishing resul .ed in a poor polish, presumably because 

it destroyed a vise p0lishing layer on the specimen surface .• 

2 . Testin r 
• ~ - C) 

The testing method finally adopted was rather crude, but it wa 

felt to be acceptable for' the purposes of the qualitative analysis under-

taken . (An alten1ative method tried is described in Appendix I .) The 

apparatus is shown in Fig. 9 . It consists of t o identical, freely rota-

ting 3/8" diameter brass rod whose axes of rotation are rods po itioncd 

on opposite sides of a rigid rectangular frame. A specimen is placed 

betvfeen the rolls and clamped in osition to the base . The position of 

one of the rod axles is fixed, by setting it in clips~ while the second 

axle {and hence roll) is rotated about the first. B reversing this pro-

cedure; the reversed bending cycle is described. To prevent damaging the 

complete surface of the specim.n, the rolls were rece sed in a position 

cor sponding to the centre of t he specimen surface . A rough approxima .. 

tion, using plastic ben din theory; a specimen thickness of 0 . 01011
, and 

the roll dlam ter 0 gives the surface strain arnplitud to e t 2 . 5%. This 

caused failure in -u60 cycles . 
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The testing procedure was as f llo~lS: in one t st; optical 

photographs and microhardnesses were taken every few cycles to 20 cycle • 

In another case, rnicrohardnesses and optical photographs were taken every 

5 or 10 cycles from 20 cycles until th ppearance of the first crack. 

X-ray intensity measurements were taken from the specimen cycled to failure. 

Replicas and thin films were taken fro these and various other specimens 

similarly fatigued. 

A few tests Here carried out at low mplitudes (i,e., an appli d 

tress well above the initial yield stres , but causin failure in a 

6 
nur.~er of cycles gre ter than 10 cycles). 

3. Microhardness - . -

Hardness values were taken to determine, on a quan itative basis, 

the progress of fatigue deformation . 

Due to the thickness of the specimen ('V0 , 009')t standard macro• 

hardness equipment could not be used. so that in effect , an attempt has 

been ada to obtain macrohardness values fro icroh rdness mea urement • 

The Reichert icrohardness Tester with a load o · 100 gm. was us d 11 

followin the recommended procedure . A minimum of ten indentation , both 

diagonals of each indentation being measured 9 v-1e e used to determin a 

' representative' icrohardness value . Indenta ions were made t rando 

within a central area of approximat ly l/4" x 1/4", since this waf" thought 

to be most representative of the deformati.on caused by the reverse be d ·n 

cycling. At greater widths, f'r'iction effects , caused by th rolls, wer 

obtained; at the specimen clamps the material was always in tension; while 
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bending was ahmys stopped short of the other extreme of length to prevent 

the specimen from springing out from betwe n the rolls . In some case , 

this sampling procedure was repeated and found to give hardness values 

in good a reeroent ith the original ones . 

The widths of the slip bands which developed durinp, defor ation 

were small compared to the indent tion sizes obtained with a 100 gm . load. 

The diagonal length o indentations which straddled one or several slip 

bands ·ppeared to be unaffected by them. Indent tion sizes of the order 

of the slip band width could not be produced, so that a representative 

h·rdness value for these regions could not be obtained . 

4 . Replic s 

Single stage replicas were produced by evapor tin . a 50-50 carbon-

platinum film onto th specimen surface using an Edwards peedivac Coating 

- 5 Unit ( tlodel 12E6 /lll2) evacuated to 2- 3 x 10 mm 'g • stripping t his film 

off the sp cimen surface with a co ting of parlodion . and finally dissolv-

ing the parlodion away with a~yl acet te . 

It t-t.r' found that thi ev poratcd filrns could not be lifted off 

the specimen, and in other cases, that they disinte r ted in the amyl ace .. 

tate solution . The latter effect wa attributed in Qome ca e to an 

xtrene sh dowing ff ct at large irregularities on the urface . The 

thickney of the vaporated film could be au ed by the interferenc colour 

it produced on the specimen surface and best results ;ere obtained with 

fil 1;1hich ~-tent throu h the colour's to black . For hadoldng ·t a 45° 

angle, this usually involved evaporating two C- Pt pell ta with the specimen 

3 - 4 o • from the ellet in each case . In speci en with lar e surface 
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irregularities, 1t Ha found nece acy to evaporate a 'backing' film of 

carbon t right angles to, and so e 5 ~ 6 em. a~ay from, the surf ace. 

The .vapo ated fil \laS g ven 3 - 4 coating of parlodion (dis ... 

solved in collodion), on ~v ry 3 - t~ hours, and after the final coat • 

24 hour we allowed for cmplete hardenin • T is coatirg was then us d 

to strip the evaporated filn from the specimen surface. Suitably siz d 

pieces were cut from this heet and placed, arl odion side down, on 3 mm. 

diameter, 100 m.sh co per electron ~Jcroscope speci en holder gri&q. The 

filter aper holding these grids was then soaked in amyl acetate and a 

minimu of 12 hourr- was allowed before the pecimens were removed. for 

examination . All replicas were examined in a Siemens Elmiskop r op rat ... 

ing at 80 kV, using a non~tilting sta,e . 

S. Thin Films_ 

Thin film were produced by the window technique using the electro ... 

polishin solution and the operating condition des cribed for the surface 

preparation of ed.men for fatigue . It 1-las found that t he r~iccrost p. 

u ed to mask off the specimen edg , was attacked by thio solution, so 

that a fin film of Micc:t"Qstop spread over the specimen surface durin T 

polhhin • If polishing wa continued under these conditions, the final 

specimen fil Has badly pitted, but by re oving the Miccrostop askin in 

the final stages of polishln ~ , pit-free thin films could be obta'ned . 

The mot even polish w s obtained by re ularly ch ngin the edg . clamped 

by the electrical lead• so that all edges of the specimen were in turn 

lower in the solution than the others . To prevent damage to the specimen, 

th t eth were removed from the alligator clam electrical connection . 
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~lith expe ience . it was usually possible. using this technique, 

to obtain at least one film from each specimen which was thin enough for 

the el ct ron ricroscope . All thin films were examined in a Siemens 

Blmiskop I operating at 100 kV, u~in a double tilt sta e . 

6 . x- ray 

A Philips tlorelco diffractoll'teter Has used to determine the inten­

sity peaks associated with the {100} • {110}, {200}, nd {220} r fl.ctions 

fro a specimen fat i ued to failure t and an electropollshed annealed 

spec men , respect ively . Copper radi tion (30 kV; 15 rna) , a nickel filter, 

1° divergence and receivin slits, Qnd a speed of specim n rotation, 

about n axis perpendicular to its urface, of 100 r . p . m. • ·were used for 

both specimens . A 1° diverg nee slit w s used sinct~ this produced a b am 

which r s contained on the specimen at all angles used . A low sc nning 

speed of l/8° per minute was employed to increase the efficiency of 

intensity ~asurement by the geiger counter. However, the hi hest counts 

per second obtained wa"' -v55 c . p • • , so that countin losses are expected 

to be small . The low scanning spee employed also resulted in an increase 

in the area a peak described on the ch rt , so that the accur cy of mea­

surement of these peaks was increased. 

The four peaks were obtained for both sides of both s ecimens . 

Each peak was scanned individually, and scanning was started before and 

continued after the peak, "-l/2 -.. 1° in both instance"' , so that a background 

level of scatterin could be determined . The Measurement of peak areas 

abov background was ade usin a plani .eter. 



1 . Sur.face Obs rvations 

a) Optic ' 1 

CHAPTER V 

RESUL'l'S 

The change in slip appearance with lncreasin number of cycle 

is shown in Figs . 11 - 15 inclusive . The nnealed material is ho~zn in 

rig . 8, 'll:hile the effects of a l rge tensile defo:rmati n and of lou strain 

amplitude fatigue (s~ Appendix I) are shown in Fig • 10 and 11 reapec­

tiv ly . fter 1 cycle, slip i ine and ,.eneral , as in the sp cimen 

deforr ed in tension and that by lo · strain amplitude fati .,ue . After 3 

cycles., hmuJver , darl<: ' sc res ' of localized slip are ohseroved, and with 

increasing nnrribex- of cycles thesf_ beco e an increasingly predominant 

foature . final failure occurred along these slip bands • a. hown in 

Figs . 17 and 18 . 

b) Replicas 

figs . 19 and 20 show single stage replicas of the ~urface o the 

specimen after fatigue . A c reful examination of th. predom nant 'ribbon' 

featu~ reveals these to be caused by ex.truslons . This io perhap be t 

shown in Fig . 20, vher.e it is seen that the lighter •prot ected ' areas 

follow in detail the rofile of the darl<: ribbons , sugt;estin that th e 

' ribbons' ar due to features raised from the surface . The rev rae; of 

course~ c uld bear ued in f vour of intrusions, viz., that the dark 

.. 39 .. 
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regions follow in detail the profile of the li ht area". Hovrever , the 

shape of the defect so pr·oduced is quite unreason b le. 

2. Hardi ess 

The average diagonal length for e ch of the 10 - 15 indentations 

made rtt each of various numbers of cycle are listed in Table I. The 

students' 't' function was used to determine 95 confidence limits on 

the readings for each cycle, and the data so obtained, converted to 

Reichert Mi crohal"dness Humb rs, is shown in Fig. 21. 

It is seen from Fir . 21 t hat the hardenin is rapid in the first 

10 - 15 cycleH .; and then apparently 1 sat urates '. Corl.'elation of these 

hardness chan es with the corres ondin changes in the slip ap earance 

reveals the followin : aftet' one cycle at this high strain amplitude, 

the hardness increased and no localization of clip was observed. After 

three cycles, localized slip \.tas obs rved and the har>dness had continued 

to increase, Fm•ther cycling caused incre sed l ocalizat ·_on of slip with 

no obviou transition stage whi~h cou.ld be associ ted vi th the saturation 

of hardening. 

Since the widths of the e band of localized slip were small co -

pared to the hardness indent tion, it is suspested that these hardness 

meas\lrements are ore representative of the sut>rounding region of eneral 

slip . Thus. since the amount of genernl slip , and hence the change in 

these hardnesses , decreases t-rith increased locali~ation of slip , 'saturation' 

is identif.ed with the almost complete localization of <·lip. 
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3. Transmissiof\, l:leo,tronHicroscopy 

Figs ~ 22 and 23 show th typical grown .. in APDB maze structure. 

Figs . 24 and 25 show the APDB stt''Ucture obtained from a specl1aen fatigued 

to failure • Md it is seen that the domains have been distorted • if not 

slightly reduced in sbe 1 by fatigue . Figs . 26 and 27 show the APDD 

structure obtained from a specimen fatigued for approxim tely one-half 

of its life, viz., 35 cycles. Large amounts of APDB have been produced> 

and analysis of the diffraction pattern in one case revealed these to 

be of the {100} type . 

Since these specimens ~rere futigued under the same conditions 11 

the fact that the greatest amount of APDB produced by defamation was 

observed in the 35 ... cycle specimen, and not in the one cycled to failure, 

may at fil:'st be surprising. H0¥1ever ; attention is drawn to the :.lnhomo .. 

geneous natutte of this deformation process t a<> was shown by the su:x>face 

observation, and the random nature of thinning. ror these reasons, it 

is suggested that the thin film obtained from the 35 ... cycle specimen is 

associated with a highly deformed re ion ." pos<libly a region of localized 

slip., whe~as the thin film obtained from the failed specimen is asso­

ciated with a region of more general slip . 

4 . x ... ray 

The intensity peak areas for the superlattice {100} and {110} 

reflections • and the fundamental {200} and {220} reflections • from both 

sides of both an annealed specimen and a speci en fatigued to failur>e 

are listed in Table II. 
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Since superlattice Hnes are t'e ul t of lon r n e orderj a 

measure of the degree of long range o der can be obtained by comr. aring 

th intensity of these superl attice reflection"' to the intensity of fun-

AlOO AllO 
damental reflectiona . The intensity peak area r tios x--- and x--- for 

200 220 
each side of both spec·~ n ar shown in Table III . These tios were 

calcul ted u ing conjugate r-flection to eliminate orientation effects . 

The peak areas wer reproducible; however , some of the catter 

in values may be du.e to the choice of a level of backg:t'ound scattering, 

\<thile • as tdll be iscussed l ater, a greater effect in the annealed 

specimens is thought to be due to extinction . Large errors in the ctual 

measurement of the chosen peak areas are not ex ectad since each measure ... 

ment was reproducible . 

AlOO AllO 
Theoret cal jf-- and r- intensity pe k ratios were c lculated 

200 220 
for a degree of long range order of unity, from the scattering factor 

equation for ach reflection . There were col'rected for changes in 

intensity due to effects other than changes ;.n the <Jtomic configuration, 

viz . , geometric ef~ects, the al scattering , and effectiv atomic size 

f<. t o r'S (Pee Ap!}endb: II) . Comparison of these l."'atios with tho e exp ri-

mentally obtained enabled an estimate of the dcgre of long rang order 

to be made . These re listed in Table !V. 

Values for the long ran ge oro r arameter of greater than l.mity, 

as obtained for the anne led s pecimens • re SUf,geste to be due to 

extinction . The e high ord para eters would then be due to gre ter 

extinction of the fundame tal reflection•· than of the supe:rlattice reflec­

tions . Such an effect has been previo ly observed by Mikkola and Cohen(
34 >. 
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Since this effect could not be corrected for , a true value for the degree 

of lon~ range order of the annealed specimens was not obtained. However; 

extinction is not expected to occur ln the fatigued specimen, since the 

mosaic size will have been greatly reduced • so that the order parameters 

obtained for the~e specimen are expected to be real. 

It is as umo d that the orde:r. parameter of the annealed pecimens, 

by virtue of their heat treat ment , is unity. The long range order p ra­

meter of 0.8 - 0 . 9 obtained for the fatigued specimen would indicate, 

therefore, a reduction in the degree of lon range order by fatigue . 



CHAPTER VI 

DISCUSSION 

Th resent observation that APDB is >roduced by defovmin ordered 

Cu3Au by high strain rev l'Sa bending is in agreement with previous exami .. 

nations of this alloy after d formation by rolling of polycrystala(l7
), 

t . f · l." 1 (14,41) d 1 1 (34,35) . d 1 i 1 d' f.mslon o s ng an po ycrysta , an exp os ve oa 1ng 

( 31+ ) 
of polycrystal s • 

As discussed in Chapter II.6, current work hardenin me bani m 

for ordered Cu3Au account for this eff ct, but are distinguishable by the 

typ. of slip-produced APDB which they predict . Flinn( 26
} predicts ribbons 

of (111) APDB caused by the jog ing of rotm- in domains; tubes of (111) 

APDB lying in a <110> direction are exp cted from the Vidoz and Brown 

th Ot'Y(
36 ); while (100) APDB is accounted for only by the cross ... slip 

h " d b K · ( 14 ,tH) C 1 h 1 f ec an~sms propose y ear • onsequent y, t e arge amounts o 

(100) APDD seen in the pres .nt investigation are consistent with the 

cross~s lip echanisms suggested by Kear. 

In agreement with this observation , la~ ,e amounts of (100) APDB 

have been observed to b produced by rolling. tensile testing, and explo-

sive loading of polycry tals of ordered Cu3Au . 

- 44 -
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Slip- produced Al'DB must cause a reduct ion of the effective domain 

size, and n reduction of the degree of lonr, range order. 

Lon,... rangE'~ order could also be reduced homogeneously , and it has 

been sugr;ested that the diffusion of vacancies 'Otlld give such an effect . 

However, tJikkola (49 ) has obtained 1;00d a reement with xperiment by ca.l-

culating stored ener gy values , on t ·he assumpt ion that disorderinr 1-1a" due 

only to the product ion o APDB by slip, froM the amount and type of APDB 

present after str•ainin • Thus , lf Cu
3

Au does not disorder homor,eneou~ly 

by deformat ion , then the APDB energy per uni.t area of APDB 1 oat roma n 

constant during dcfornation . 

Cottrell ( 31) has calculated Ue effect of reduction of doMain siz 

on strength , nr.suming the energy of 1WDB per unit area of APDn ( y) to be 

constant at all domain s:i.zes . Consider A circular dornnin of oiameter ' .t' 

lying on the t;lip plane . Prior o deformat ion the APDB en~rr;y pet' unit 

arcn of the slip plano is 

where ' a ' i s the lattice pax•aro tor . Aft er deformation has produced APDB 

over all of t he s lip pl ane , t he APDB enerrs per unit area of the s l ip plane 

must be Y• Thus equat ing the change in energy to the wor done . o£ , by 

the appl ied stress . o ~ the following equation for the appl ied stress is 

obtained J 

Differ ent iation of o with respect to 't' shows a maximum a plied stress 

occurs at the domain size of ! = Sa . 
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ile i is elt that this model is too simple to be impo1~ant 

quantitatively , it does suggent t , c important effect that softening 

should eventually occur by educinr~ the d rn~'\in size . This effect is 

visualized a"" occurrir 1: as follo~o~s. 

Ar:; the domain size decreclser., the amount of APDB intersecting the 

slip plane i creases. The atnount of APDB on the slip plane prior to 

deformation has thercforP. incr ased, so that the maximum amount of APDB 

vrhich can be produced by sl p on this plane T!lust decreas0 . Assuning a 

speci fie number of H.cti ve superd:f.slocations, the amount of APD 3 >·lhich each 

produceG tm::;t also decMase , resulting in a decrease in the applied stress . 

This reduction in the amount of /\F'DD that can be r.oduccd by ~lip is onl y 

important Cit snall dm~ain sizes. At large dor.hl.in ::::izes, tho cffuct of 

the reduction of th doNain size ldll he to incredse the anount of APDB 

prod ced y c<1ch d1slocation, thus incr·easing the yield st:."ongth.. Unfor.­

tunately it :.s imposs5ble to tc'"'t this effect directly since Cu
3 

u orders 

b; n proce·s of nucl eation and Drowth, so that small domains co- exist 

rdt h r hort ranr,e order. 

uch an effect ,.,.as necessitated, as nentioned in Chapter II . 6 , to 

r~concile the initial hardening of socondory slip Bystems, as proposed by 

Pamp:. l lo, Hi t h the ::':'in0l softening of these secondary r.liv systens, as 

p. ·o;,osed by Vidoz , by increasing the .amount of APDB on priMary slip planes . 

By t his argument, the slip al>pearance of a specincn llith an ini­

tiall y l arge domain size , would he P.Xpected to b~ fine and general, since 

l ocal izat ion of slip would cause local increase in strength . Should slip 

reduce the domain size beloH the critical one , softening. and a resulting 

l ocal ization o slip hould occur . 



47 

The various spects of this process have 'been observed in the 

present investigation . l:n the early stages of high strain amplitude 

fatigue~ slip was fine and general, sioilar to t hat observed afte tensile 

deformation and low strain a:rnpl :t1.1de fatigue . This deformation also caused 

an increase in hardness, so that this and the sli appearance are consis-

tent with strengthening by the production of APDB . However, in contrast 

to tens le defoi'tnaticn and low stra.in aTi'pl t tude fatigue, further cycling 

led to ex:tensi ve slip localization; ;thich, j udging by the hardness measure-

ments, became complete in the final st ges . his localization , in itself, 

indic tes a breakdown in the mechanis. of stren thening by the production 

of APDB . Strong evidence for local softening is afforded by the observed 

fo"rmation of large extrusions in these bands, similar to those associated 

with fatigue softening materials( 4S). These considet"ations . together with 

the observation of a ross reduction in the eff ctive domain size suggests 

a softening effect similar to that proposed by Cottt-ell. 

E"tensiv . localization of slip and associated extrur-ion formation 

at grain boundaries ¥ras observed rec ntl/ 5 ) to occur durin the low 

strain fatigue of B-hras, • These effectn were ttributed to the stress 

concentration at rain boundaries facilitatine cross-sli • Dy the present 

argument, the ex:cos ive slip activity~ associated vdth stress relie.f at 

the grain boundaries; could cause a reduction in the Al'D size sufficient 

to assist localization of lip. This argum nt is consistent with the 

observation that single crystals of a-brass exhibited a hi her fatigue 

ratio, but that cracks were eventually initiated at regions of Alip 

localization . 
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The slip bands observed ln this present investigation were not 

restricted to the regions around grain boundaries• although they did ppear 

to be initiated a~ brain boundaries in m ny instances. Nor as cracking 

p edominantly intercrystallin as it was in 6-brn s ~ althou h, again, 

som evidence of this was obtained . For these reasons i t appears that th 

s tress concentrations at grain boundaries l'tere not "o large in Cu3Au as 

they were in f3 ... brass t and it ha"' been suggested(S) that the large ala tic 

ani otro y in 6-bras•· give rise to thi., effect. 

Recent evidence (review d by Ham( 44 )) su gests that slip bands in 

low stress amplitude fatigue are caused by localized regions of high tre s 

amplitude, so that the structure created by hi h stress amplitude te ts 

is indicative of that formed in sli bands in low ~treDs amplitude te ts. 

Usin this argument it i possible to explain the findin ~ of 

Rudo lph t 1 ( 4) that the long ran e order parameter of ordered Cu3Au was 

unchanged by fatigu. at low stress amplitude . 

It should first be explained that no measurable change in the 

order parameter• as determi ned by X- r y intensity measurem nts, does not 

necessarily indicate that the APD size rem in unchanged. From the result 

of Mikkola and Cohen{ 34), it is found that reducin~ the APD size of Cu3Au• 

by tensile deformatJon, from 4320 'A to approximately 800 ~' caused a 

reduction in the lana range order parameter from l to 0.98. Further, by 

explosive loading, it is found that the APD size could b reduced from an 

original size of 1000 ~ to approximately 100 ~ with no mea ureable chang 

in the order parameter. 
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From the evidf>.nce reviewed by Ham , it would be expected that in 

t he specimens of Rudolph et dl, r-egion of slip concentration Hbose struc-

turo is t ypical of the high stress amplitude structure shoul d form. Thus 

.crom the re ults obtained in the present investigation , these small regions 

nhould have a domain size small enough so that~ considered by themselves, 

they Hou l d cause a reuuct·on in the degree of long range order.. However . 

the adjacent ' loH tress amplitude' are(l.s will not have such a small domain 

size, and need not~ as was shown above, ca se a reduction in the de ree 

of lon ranr;e order. Thus , avera red ove the whole s ecimen" the degree 

of l ong range ord_r nead not be , and appr rently is not, reduced. 

Observ t ions on the fatigue behaviour of FeCo and Ni
3

Mn have been 

made by Davies and Stoloff(
3

) . ri~Nn has the sa e super•lattice as Cu3Au, 

hile FeCo has the same superlattic as 8- bx'ass , viz . , b . c . c . cell with 

one species t t he corner sites and the other species at t he centre sites . 

It was found that by orderin these al loys , the U. 1' . S. and the endurance 

limit wore incr·eased an amount such t hat the fatigue ratios rewained con ... 

stant in both cases . These workers suggest t hat an increase in U. T. S. on 

orderin can be attributed to cross- slip pinnin 7 . So that they clai in 

Ni 3 ~ln _, where cr-oss -slip pinning nay occur, the U.T. S. is raised; whi le in 

Fe Co 9 ilhere cross-slip cannot occur, t he U. T. S . will be little affected . 

Testing these alloys revealed that there Has an equivalent increase in 

the u. T. s .. and enduranc limit on ordering , such that the fatigue ratio 

was the same for t he ordered ·nd disordered alloys . It was concluded that 

the propensit y for cross- slip pinning al so determined the endurance limit . 

fowever , it has been suggested( 34 ), on the basis of the negligible tem-

perature dependen ce of the work hardening rate of Cu3Au , that cross-slip 
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pinning :t being a tmnperaturo dependent mechanism , cannot be an important 

process in the work har•dening of polycrystalline Cu3Au . Thus lle arc left 

with the underlying assumption o~ the proposal by Davies and Stoloff , vb .; 

that the cause of the str'engthenjng is the same in both fatigue and ten­

sile testing of polyecystalline ordered cu3Au . The current theory ••hioh 

appears to explain most of the observations which have been made ; is the 

Vidoz and Brown jog t heory. It is of interent to recall that this theory 

apparently r e hw on the same efhct, of eventusl ~oftoning with decrease 

in domain size• as was used to explain the present ob~HD.'vations . 



CHAPTER VII 

CONCLUSIOHS 

It has b en sho\m that deformation by very hi straii rever e 

bending is ini ti lly general, as in tension and low "'train ampll tude 

fatigue, but, in contrast to theae , finally becomes localized. The 

large amounts of APDB , 'ovhich have been ohown to be produced, aro sug­

gested to give rise to both these effects. 'i'his is so. since it i 

expecte d that increa~ing amounts of APD.B will initially cau::>e hardening, 

and finally cause softening of -::he materi l . 'I'h observed formation 

of extrunions has b-en proposed as evidence for localized softening. 
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CHAPTER VIII 

SUGGf:STIONS FOR FUTUPJ: WO K 

A consequence of an increasin propo~tion of slip occurring 

in region tlhich soften vri th deformation, T'lUSt be that the peak stress, 

to c use co stant strain amplitude cycling, decreases. The observation 

of uch fatigue softening in the final stages of high strain amplitude 

cycling of order d cu
3

Au would be strong evidence for the echaniQm 

used to P.xpl ain the present observations . Since the develop . ent of iJ. 

fatigue crack would give a similar effect~ caution should be exercised 

in interpretation of such a drop in peak stres~ . m1ever , the growth 

of a fatigue crack, in contrast to a genuine f tigue softenin effect , 

should produce the mo ... t marked effect in the tensile peak stre.s . 

An attempt should be made to correlate changes in the sul'face 

slip appearance with ch, nges in APD size . A techni<lue of selective 

thinning would have to be developed for this purpose , and thls would 

h ve to be, presuJ .ably, ot:her than the one attempted in this investigation . 
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APPENDIX I 

EXPERII1ENT AL DiffiCULTIES 

1 . Testin!! 

To reduce failUI~e in thin sheets of Cu
3

Au by reve c strain 

proved to or di.fficult tha anticipated. It was or ginally 

intended t utilize the technique developed by arosskreutz and Waldolr ( 43 ) 

f r thi p rpose. These workers handed thin sheets of Al to the su face 

of a p.l.6xlgla£ls haReplate vrhich Has then fati ued ln rev rse bending, 

thm! inducin -r tension-compression cycling in the speciren . Their s )eci-

mens ~:ere then re oved for thin film electr'On microecony by diasolvin~ 

a n.y the baseplate and adhesive . However, a soluble bonding agent riRid 

enough to transmit enour:h stra n to cause failure .n the Cu3Au sheets 

could not be found. N verth less, sor.1e observations 1ere made Hhich 

rep e,ent thn behaviour at low mplitude. 

2. Polishing 

lm attempt wa r.tade to utilize the P T • F . E. polish.ing technique 

in conjunction with cyanide , and chromic acid el ctropolishinr.; solut ions 

respectively. In this technique!! polishing has to be stopped at the first 

appearance of a hole in the s ecimen, o that the 1· ck of control, in 

thi respect ; with these solutions due to the h zardous nature o the 

former and t he opaquene s of the latter, made the techniqu difficult . 

Of the t o, the chromic acid solution., because of its slower polishing 



rate , promised t he best wuul ts . Hot.,ever , i t was round t hat the P. T.F.E. 

holder in a chromic acid solution frequently caused edge at t ack on the 

2. 3 mm. discs and even when this was overcome, by prior dishin of the 

discs wit h an aqua regia jet electropolish • thin fi;tms could not be pro ... 

duced . 



A £1 DIX II 

CALCULATION OF THEOP£TICAL INTENSITY PEAK AREA ATIOS 

The th oretic 1 ratio of tho intensity of a superlattice r~flection 

to that of a fundament l reflection is eiven by: 

wh 

l+co. 2 
2 

slne sln29 

l+cos2 2 
sins sin2e 

x.p( +2H) • p( +21 ') 

(Equ tion II.l) 

fAu' feu= atomic cattering factors for gold nd copp.r respectively$ 

S = long range rd.er param ter, 

A = Br·agg angle 

~ = incident angle of b am, 

= o. 52 ( in ~/1) 2 , 

• • 0.22 {Rln ~/~) 2 • 

The first f ctor in Equation II . l is the ratio of th ato ie 

scatterin factor quations for intensity. The second ., which Taylor(SO) 

calls 'the angular factor', takes into acc.ount the c ange in 'ntensity 

produced by a chan e in the an .le of reflection . Tllis includes the 

Lor ntz factor, tb olarization factor, the probability of refl ction 

f ctor, and the proportional factor due to the change in size of the 



intensity sample . The thil:'d factor is f ab orption; and sine . 0 = 
in the diffractometer , 't educes to 0. 5 in the numerator and o. s in the 

denominator, and hence cancel • Th nultimate and fin 1 factor are 

the~al scattering. and ffective tomic size facto~s. as iven b Borie( ~ 6 >. 

The atomic scatt .ring factors tere obtai ed by r phical inter-

pol tion of those given in the International Tables( 47 ) . was calculated 

fro 
2 sin 9 

~ 1 . 54221 . ( verage of Ka wavelengths .fven b 

Taylor( SO)) 

a :: 3. 744 (42 

Using this T:l thod ; theoretical ratio 

AllO 
- - 1 . 1.!93 were obtained. 
A220 -

AlOO 
at S = l of - e: 0 . 6518 and 

A200 
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number of Cycle"' 

Number of 
Indentations 0 l 3 5 7 9 11 13 17 20 20 30 40 

1 253 . 5 229.0 206 . 5 200 . 0 196 . 5 171 . s 189 . 0 196. 5 186 . 5 189 . 5 187 . 0 193 . 0 166 . 0 

2 253 . 5 215 . 0 219.5 197 . 5 190 . 5 183 ,. 5 190 . 0 185 . 5 1Bl. O 184 .• 5 18'+ . 0 170 . 0 198 . 0 

3 248 . 5 221 . 0 209.0 201.5 189. 5 190 .. 0 186.0 203 . 0 184 •. 5 199 . 0 182 . 5 182 . 0 173. 0 

4 259 . 0 206 . 0 201 .. 5 186 . 0 208 . 0 195. 0 190 . 5 205 . 0 190 .. 0 195 . 5 196 .. 0 184 . 5 188 . 0 

5 251. 0 218 . 5 205 . 0 197. 0 182 .. 0 183 . 0 170 . 5 197'. 5 185,.0 192 .. 0 192 . 5 192 . 0 194. 5 

6 245 . 0 230 . 0 206 . 0 204 . 0 191 . 5 183 . 5 194 . 5 196 . 0 178.0 181 . 0 200.,0 174 . 5 189 . 5 
.. 261 . 0 224.0 216 . 5 196 . 5 189 .. 0 164.,0 202 .. 0 183 . 0 178 .. 0 186 . 5 194 . 0 178..0 153.0 I ' 

B 239 . 0 229.5 211.5 204- . 0 198 . 0 179 . 5 198. 0 l.97 . 0 186 . 5 191 .0 194 . 5 188.5 168 .• 0 

'9 246 .. 5 227 .. 5 203. 5 203 . 5 205 . 0 197 .. 0 198. 0 193. 5 185.0 194.5 193. 0 184 . 5 191. 0 

10 249 .. 5 214 . 5 205 . 0 210.0 200 .• 5 198 .. 0 190 . 0 190. 5 176 . 5 174 . 0 187.0 192 . 5 186 . 0 

11 263 . 0 231 . 5 213 . 5 193 . 5 191.5 181. 0 185 . 0 200.0 184 . 0 196.5 178.0 - 182 . 5 

12 249 . 0 230. 5 217 . 5 195. 5 198 . 5 205. 0 176 . 0 197.5 191.5 185 . 5 18G . 5 ... 185 .. 5 

13 - 222 . 0 - 202 . 5 106,. 5 203 . 5 201 . 0 190.0 192 . 5 1fl9 . o 191 . 5 - ... 
14 - 225.0 - 197 . 0 195. 0 191 . 5 - 206 . 0 188 .. 5 176 . 5 - ... -
15 - 221 . 0 - 196 . 5 197. 5 207 . 0 - 187. 5 181 . 0 no.o ... 

TABLE I: Hardness Indentation Diagonals for Ordered cu3Au After Various Nwnbers of Cycles 

of High Strain Amplitude Reverse t!endinn. 

50 60 -
200 . 5 191 . 5 

204 . 0 190 . 5 

185 . 0 202 . 0 

179.0 189.0 

199 . 5 177 . 0 

186 . 0 188 . 5 

198.0 199.5 

202.0 193 .,5 

195.0 195 . 0 

189 . 5 196 . 0 

183 . 0 202 . 0 

182.0 185.,5 

204.0 177 .. 5 

189 . 0 207.5 



Annealed Fatigued (to failure) 

lst sido 2nd side 1st side 2nd side 

AlOO 2.13 1.42 3 . 25 3.21 

200 1.22 0.52 7.145 7.49 

AllO 2 . 375 3.16 3 .115 3.10 

A220 1.195 2.25 2.0G 2.90 

TABLE II: Area Under Intend t,x: Peak§> 
· ... ' 

Annealed Fatigued (to failur ) 
I 

lst side 2nd side 1st side 2nd side 

A100 
1 .75 2. 73 0 . 45 0.43 

A200 

AllO 
l . 99 l. 70 1 . 51 1.07 -

A220 

TABLE IIIt Ratio of Areas Under tntens!ty P~~k$ 

Ann al d F tigued(to f ilure) 

Avera e Ave.rage 

1.85 0 . 82 

1. 11 0.93 

TABLE IV : . Calculated Long Range O•der Parameter 
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rig . 1 As annealed ord red Cui\u - oxidi.z d. X72.5 

Fig. B As annealed ordered cu3Au - electropolished~ X72 . 5 





Fig. 10 Ordered cu3All - deformed in tension . XlSO 

Fl • ll Or~e d Cu3Au - deformed by low strain amplitude fati u • Xl50 



Fig. 12 High strain am litude reverse bending - 1 cycle. XlSO 

Fig. 13 High train amplitude Nverse bending - 3 cycles. Xl50 



Fig. 14 High strain amplitude reve1~e bending - 1 cycles . Xl50 

Fig. 15 High strain amplitude r verse b nding - 13 cycles . Xl50 



Fig. 16 High stx'ain amplitude reverse bending - 17 cycles. XlSO 

Fig. 17 High train amplitude reverse b ndin r .. failure. XlSO 



Fig. lB High strain amplitude reverse bending ... failure. Xl50 



Fig. 19 Single stage replica ... tlurfac6 of failed specimen. xs,ooo 

Fig. 20 Single $tage replica - surface of failed specimen. Xl2.000 
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Fig. 22 Electron micrograph of grown•!n domain structure. x2o,ooo 

Fig. 23 Electron micrograph o·f grown-in domain structure. X20,000 



Fig. 24 Elect:ron 1nicrograph of APDB structure ft r hi,gh strain 
litude cyclin to •il • X20,000 

Fi • 25 Eleo ron •ioro raph of APD struct re fter hi h tr n 
a litude cycling to failut'e. X2o •. ooo 



Fig. 26 

Fi • 27 

Elect~on mic~ograph of APDB st~uotura after 35 cycles 
at high strain amplitude. X4o.ooo 

Electron 
t hi h 

icrograph of APDB 
tr in amplitude. 

tructure 
X4o.ooo 

ft r 35 ayol G 


