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CHAPTER I

INTRODUCTION

In many cases, fatigue crack initiation can be asseciated with
regions of localized slip( l), so that, since a general feature of ordered

(2 ¢ might be

alloys is that slip remains fine and evenly distributed
expected that the fatigue strength of these allcyﬁ would be increased
above that of their disordered counterparts, Such an effect has been
demonstrated by Daviaa.qnd steloff(a) in polyerystalline Hiann and FeCo,

LAt in single crystals of Cughu,

and by Rudolph et al
However, for fatigue crack initiation to occur at regions of
localized slip, as proposed above, suggests that the process which pre-
vents slip localization in ordered alloys wust break dewn,(ap. alterna-
tively, a process which causes slip localization must”ﬂovn&%p))
The purpose of this work was to investigate the damage caused by

fatigue of ordered Cu_Au,

3
The progress of fatigue deformation was followed by optical micro-

scopy and microhardness measurements. After fatigue, replicas of the

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

measurements were used to determine the changes, caused by fatigue, in

the ordered structure of Cughu, Specimens were prepaved in the form of

thin sheets to facilitate thin film electron microscopy.

nlu‘



CHAPTER IIX

PREVIOUS WORK

(3,4,5)

Only three investigations have been made into the effect

of fatigue on ordered alloys. In all cases, tests were conducted at small

stress amplitudes. Also, in every case apart from polycrystalline 8«

(5)

brass " *, the slip lines after fatigue were fine and evenly distributed.

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

slip localization occurred at grain boundaries.

() and B~brass(5)

(3), TeC0(3) and B8«

Fatigue crack initiation in ordered Cu_Au single

3
crystals is assoclated with slip lines, In H£3Mn
(5)

brass pelycrystals there is, apparently, a greater tendency for cracks

to nucleate at graln boundaries, This is a common feature in fatigue, and
has been attributed to the stress concentrations at grain boundarica(l).
It was suggested that these would give rise to regions of increased slip
activity, and hence localized acceleration of the fatigue process., Evi=-
dence that this explanation may be applicable, at least in some cases, to
ordered polyerystals, is thought to be provided by the observations made
on the fatigue of B~brass., Due to a large elastic anisotropy in this
alleoys grain boundary stress concentrations are very large(g). In this

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

ocbservable, and did, in many cases, cause crack initiation.

- 8w



(W)

Rudolph et al found, from X-ray intensity measurements, that

no change in the long range order parameter had been caused by fatigue.



CHAPTER III
THEORY

The equilibrium atomic configuration and dislocation structure
in ordered Cuaﬁu are described and theories on the effect of these on

the strength, and work hardening rate arve outlined.

1. Order in Cu,Au

Long Raagp and Short Raggg Order

In a substitutional solid solution the constituent atoms arve often
more or less randomly arranged on the atomic positions of the lattice of
the base metal., However, certain alloys exhibit preferential positioning,
or ordering, of the constituent species, such that an atom is surrounded
by the maximum number of unlike nearest neighbours, with a consequent
decrease in internal energy. The resulting lattice can be described by a
sub-lattice of A-atoms, and a sub-lattice of B atoms, combining to form a

superlattice., In the case of the Cu,Au alloy, the perfectly ordered struc-

3
ture consists of four inter-penetrating simple cubic sub-lattices, one of
which consists of gold atoms, the other three of which consist of copper
atoms, combining to form an f.c.c. structure. The crystal structure of
Cnahu thus remains unchanged upon ordering, but the symmetry is lower than
the parent disordered phase, The latter effect is common to all super-
lattices and gives rise to extra lines or spots--superlattice reflections--

on a diffraction pattern.

o



Long range order is said to exist when a greater fraction of like
atoms than would be expected from consideration of the alloy composition,
choose to occupy the same sub-lattice (or set of sub-lattices) throughout
the alloy. To measure the extent of this effect, a long range order para-

meter is defined as

w P
- P

s =k

where 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 species onte different sub-lattices is complete, i.e.,
for perfect long range apder, and has a value of zero when all sub-lattices
are, on the average, occupied randomly, i.e., for no long range order,
However, very high degrees of order can exist even though the long

(6) has stated that the preference for

range order parameter is zero. Bethe
unlike nearest neighbours always exists in these alloys, and can manifest
itself by the formation of small highly ordered groups, which need not have
a predominant overall sub-lattice allocation, Thus it is convenient to
define a short range order parameter as a measure of the unlike nearest

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

position., This parameter is defined as

n

G 2 ] o s
PR B

where ng, is the proportion of mth nearest neighbours of A to a B atom and
r is the proportion of A atoms in the alloy, such that when every atom has
all nearest neighbours in the proportions expected from consideration of the
composition, Ly has a value of zero, HNon-zero values indicate the pre-

sence of short range order but the relation is not simple (see below).



It is obvious that in CujAu, every atom in the alloy cannot have all unlike
nearest neighbours, and that there must be a large number of Cu~Cu bonds.
In CuaAu with perfect long range order, each Au atem has 12 Cu nearest
neighbours, while each Cu atom has 4 Au and 8 Cu nearest neighbours, Com-
paring the latter with the fact that in completely disordered CuaAu every
atom will have 3 Au and 9 Cu nearest neighbours, it is seen that upon
ordering each Cu atom gains only 1 Au nearest neighbour, and not the 9

rﬁ7) shows that by consider-

required for perfect short range order. Guinie
ing first nearest neighbours only, the short range order parameter, as
defined above, in perfectly ordered Cu3Au is «1/3 and that if 2nd nearest
neighbours only are considered, the short range order parameter is 1,
Successive odd and even orders of nearest neighbours give short range order

parameters of -1/3 and 1 respectively, due to the periodicity of the

lattice.

Ordavins_Pvpcesa

By considering both the fact that Cu
(8)

ghu orders by a first order

reaction’ ', and the thermodynamic relationship

AF = AE - TAS ,

the process by which CujAu orders under equilibrium conditions can be
visualized, in terms of configuration.

The temperature must be lower than a eritical Ta’ where AE = TGAS,
before the ordering is thermodynamically stable., However, above this
temperature, since there is always a preference for unlike nearest neigh-

bours, small ordered groups form and disperse causing a finite short range



order parameter, Just below Tg, these groups are stable nuclei for highly
ordered domains which grow at the expense of disordered material until they
coalesce with other domains, if their sub-lattice allocation is the same,
or form 'change step' boundaries called anti phase domain boundaries (APDB),
if their sub-lattice allocations differ., Further growth of domains is at
the expense of other domains, and is slower than would be expected from
diffusion considerations, being retarded by the formation of a metastable
structure, The details of this metastable structure will be discussed in
the next section, Although it was stated that Cuahu ordered by a fivrst
order reaction, this is not completely true, since the equilibrium degree
of long range order rises homogeneously from 0,8 at Tcs to 1 with decrease

in temperature.

2. Anti Phase Domain Baundaries (APDB)

The first direct observation of APDB's was made in 1958 by Ogawa

et &1( 9)

s who examined thin films of ordered CuAu by transmission electron
microscopy. An excellent review of subsequent electron microscopy of
ordered alloys is given by Harcinkowaki(lo),

Following Marcinkowski, APDB's are distinguished by their plane,
and the vector which would move one domain relative to the other such that
sub~lattice allocation in the two domains were identical. Since there is
a choice of four sub-lattices in CuaAu, there are three 'correcting' vec-
tors, and these are of the 1/2 a, <110> type. These vectors may or may

not be on the plane of the APDB, and would signify a shear on the plane,

or a displacement of the plane, respectively.



It is helpful in visualizing these APDE types to consider the
growth of domains.

When two domains meet, it is possible that the (100) type plane
(determined by occupancy) in one domain would meet the (100) type plane,
rather than the (200) type plane, in the other domain, The APDB thus
formed can be imagined as the removal of a (200) plane from an otherwise
ordered lattice, and the gap filled by the displacement of the crystal on
one side by a vector 1/2 a, <110>, This gives rise toc an APDB whose vec«
tor does not lie on the plane of the APDB, and is known as a 'Type 2' APDB
or an APDB 'of the 2nd kind',

However, should the (100) plane in one domain have met the (200)
plane in the other domain, and had the sub-lattice allocation differed,
the APDB thus formed could be visualized as a 1/2 a, <110> shear on the
(100) plane. In this case, the vector does lie on the plane of the APDB
and these ave denoted 'Type 1' or APDR's 'of the lst kind',

Electron microscopical observations show domains to be continuous
through twin boundaries, and discontinuous at grain bound&ries(lo). This
would seem to be evidence for a short range ordering interaction. Indeed,

(11) (12) have estimated that second nearest

Cowley and Sutcliffe and Jaumot
neighbour Interactions are only 1/10 as strong as first nearest neighbour
interactions in CuaAu. It is obviocus then that the energy of an APDB
depends upon its plane and vector, since, in perfectly ordered CusAu, these
two specify the nearest neighbour interactions involved, and upon the equi-
librium degree of long range order, since a decrease in the latter causes

a fewer number of like nearest neighbour bonds to be ecreated, and hence

a decrease in the APDB energy.



The (100) planes in perfectly ordered CujhAu are 'sandwiched’
between (200) planes which consist entirely of copper atoms, and, since
all its neighbours are on (200) planes, a (100) APDB of the lst kind is
unique in that no new wrong nearest neighbours are formed. It is, there-
fore, a very low energy APDB, its energy being due only to wrong second
nearest neighbours,

However, by removing a (100) plane to produce a (200) APDB of the
2nd kind, two planes of Cu atoms come in contact, producing a high energy
APDB.

It is expected that hipgh energy APDB's are the driving force for
domain growth, while the low emergy (100) type 1 APDR's retard growth.
Thus in a well-annealed styructure it would be expected that the majority
of APDB's would lie on (100) planes.

This is borne out by electron microscopy observations, However,
a '"maze pattern' rather than a complete network of APDB's is observed,
since contrast conditions will not usually be such that all APDE's are
revealed simultaneously. It is noteworthy that even under conditions which
would reveal a complete network of (100) APDB's of the lst kind, this is
not observed, suggesting that such a low energy configuration is never

obtained.

3. Superdislocations

The fact that the motion of an ordinary dislocation in an ordered
structure will create a sheet of APDB was first recognized by Koehler and
Seitz(lS). To minimize the extra energy so produced, such a dislocation
will be followed by one or more identical dislocations such that the order

is restored. This group is known as a Buperdislocation',
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Specifically, in Cu,Au, a superdislocation consists of a pair of

3
ordinary 1/2 a, <110> dislocations separated by a 1/2 a0 <110> APDB of

the lst kind. It should be noted that all APDB's created by dislocations
must be of this shear type.

The smaller the separation of the pairs, the less APDB is created,
but the greater is the repulsive elastic interaction between the disloca~
tions, Thus an equilibrium separation is associated with the plane of the
APDB being created, and the degree of long range order present, since these
determine the APDB energy; together with the type of dislocation, since
screws have a smaller repulsive interaction than edges. For example, on

the (111) plane in highly ordered Cu,Au, Kear(l”) observed the separation

3
of twe screw dislocations to be approximately 140 %, and the separation

of two edges to be approximately 200 R whereas on the (100) plane, the
separation of two screws was approximately 450

It is expected in f,ec.c, that the dislocations will be extended,

(15)

and Marcinkowski and Miller have suggested that the stacking fault

energy will be increased in an ordered material, thus decreasing the sepa-

ration of the partials. However, although this effect has been observed

in Nisnn(ls), Marcinkowski and Zwell(ls) observed the opposite effect in

Cu,Au and concluded that the stacking fault energy in CusAu is, in faet,

3
(17,18)

lowered. X-ray analyses have led to the same conclusion,

4, Opvder Hnrdcnin&

To isolate the effect of order on strength it is necessary to have

3
growth becomes very sluggish after a time. Thus it is assumed that,

a constant domain size. Fortunately, in Cu_Au, as was mentioned, domain
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allowing sufficient time, an equilibrium domain size is obtained, and that
the increase of the long range order parameter which is observed on decreas-
ing the temperature is due only to rearrangement of atoms within the domains,

Experiments carried out on this basis are of two types: those test-
ing specimens at the temperature, and those testing specimens quenched fromw
the temperature, at which they were equilibrated,

Avé&ay(lg) showed, from tests carried out at temperature, that de-
creasing the long range order parameter, by increasing the temperature,
caused an increase in strength, At Te‘ thag@ was a drop in strength as
the order changed from a long range order of 0.8 to short range order,
Further increase in temperature, or decrease in short range order, was .
observed to raise the strength again, These observations are shown in
Fig. 1.

To explain the results below Tc' Ardley extended Fiah&r’s‘zO)
short range order hardening mechanism to apply to long range order, Basi-
cally Fisher's theory says that since a unit dislocation does not recreate
the atomic configuration through which it passes, it will destroy short
range order across its slip plane. This causes an increase in internal
energy so that to pass a unit dislocation through short range order re-
quires a higher applied stress than that to pass one through a completely
disordered material, It was considerations of this type that led to the
theory of superdislocations in long range ordered materials, since these
would recreate tha‘atamiu canfiguratiang> However, Ardley suggests that
in less than perfect long range order, a superdislocation will not recreate

the atomic configuration, and will cause disordering, thus explaining the
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observed increase in strength with decrease in long range order. Davies

and Stmlnffczl)

have pointed out that although superdislocations would not
recreate the initial atomic configuration, on average they would be expected
te correct as many wrong bonds as they destroyed,

To explain the maximum in strength with change in temperature,
Davies and Stﬁl&ff(Ql) used an idea first proposed by Marcinkowski et
a1(22’15) to explain similar behaviour in Niaﬁn. Although NiQMn forms the
same superlattice as Cusaﬁ. it differs from Ca3Au in that short range order
is stable below Te' the order increasing by an increase in the proportion
of long range ordered to short range ordered material with decrease in tem-
perature. Harcinkowski et al drew attention to the fact that the width
of superdislocations depends upon the degree of order, so that superdis-
locations would meet resistance in short range ordered material, Davies
and Btoloff extended this idea to form a universal theory by saying that,
if the degree of long range order was sufficiently low, unit dislocations
would predominate and strength would increase with an increase in order
by Fisher's mechanism; while, if the degree of long range order was high,
superdislocations would predominate and strength would decrease with ine
crease in order, due to the decreasing proportion of unit dislocations,
Thus a maximum at an intermediate degree of long range order would be
expected, corresponding to the transition from a predominance of unit
dislocations to a predominance of superdislocations. Cuyhu, they explained,
is a special case since the transition in this alloy would be expected at
Te as, above this temperature long range order is non-existent, while
below this temperature short range order is non-existent. However, their

explanation that the increase in strength of Cuaﬁu, when the long range
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order parameter changes from 1 to 0,8, 183 due to an increase in the pro-
bability of dissociation of superdislocations would seem to be rather a
fine point when it is considered that unit dislocations would be unstable
in this alloy under the conditions considered., The equilibrium width of
superdislocations in perfectly ordered Cu,Au is approximately 130 3(10),
and since the width is inversely proportional to the square of the long

(10)' the equilibrium separation at 0,8 should be

range order parameter
approximately 200 2.
The specimens Ardley tested above Tc exhibited vield points, an
inverse rate effect (a decrease in strength with increase in strain rate)
and discontinuous yilelding at a constant average stress similar to that
caused by Luders band propagation, Ardley suggeets that these observa-
tiéna are consistent with a strain ageing effect which, he explains,
could be due to any or all of Cottrell locking, Suzuki pinning, and Fisher
hardening, The increase in strength with increase in temperature is
associated with an increase in diffusion rates which, Ardley suggests,
would allow a greater amount of straiu\agning to ocour simultaneously

with deformation, Thsovies(ls*lg'Qltza)

concerned with the effect above Tc,
whether explaining tests at temperature, as does Ardley's, or explaining
tests on quenched specimens, are invariably based on Fisher's short range
order hardening theory., While this may be applicable to many alloys, its
aptness to CuaAu seems doubtful in the light of experiments carried out

by Kuczynski, Doyama and Yina(ﬁu). In these tests, the CusAu polycrystal-
line specimens were equilibrated at temperatures above and below Tc' but,

in contrast to Ardley's experiment, they were then quenched and tested at

room temperature., Similar to Ardley's results, strength increases with
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decrease in order, whether short or long rangej however, in contrast to
Ardley, the strength rises suddenly at Tc as the order changes from a
long range order parameter of 0.8 to short range order. These results
are shown in Fig, 2. Using Fisher's theory to explain behaviour above
TQ, it would be expected, since diffusion is no longer a variable, that
the strength would decrease with increasing quench temperature due to the
resulting decrease in short range order,

It should be added that while Sumine'2)

agrees that Figher's
mechanism should be predominant above Tc, he suggests that short range
order will have an additional effect, This is a locking mechanism due to
the interaction of the stress field of a dislocation with the strain field
caused by the lattice parameter change on ordering, This strain field
should exist when there is a mixture of short range order and long range
order or disordered material, Thus an increase in strength with decrease
in temperature to Tc would be expected with Cughu due to the increasing
amounts of short range order in disordered material, Below Tc the effect
should not apply due te the absence of short range order, BSo that, even
neglecting the fact that the lattice parameter change on ordering €u3Au

is small, the results of Kuczynski et al are inconsistent with this theory.

(14,25) is

The crosseslip pinning mechanism now extended to explain

the observed strengthening of long range ordered CuaAu as its order

decreases,

(344,14 ,25)

There is evidence that the frequency of cross-slip in

Cu,Au decreases with increase in the degree of long range order. This

3
can be explained by consideration of the energy required to constrict the

leading extended dislocation of a pure screw superdislocation, a process
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which must take place before cross-slip can occur, A decrease in the

degree of long range order causes an increase in the stacking fault energy

in CusAu and, hence, a decrease in the sepavation of the partials(lS).

Thus the activation energy required for cross-slip must decrease with
decrease in the degree of long range order, and cause an increase in the

frequency of cross-slip.

(26)

Since (100) type 1 APDB's have an extremely low energy ¢ It

is expected that superdislocations which cross-slip onto these planes

would be virtually Dinned(lu’Qs). Thus it 1s postulated that the strengthen-

sﬁu with decrease in order is due to an increase

in the frequency of c¢ross-slip, and hence an increase in the pinning of

ing of long range ordered Cu

superdislecations on (100) planes, This strengthening effect cannot be
as great as the strengthening mechanism operating in the short range
ordered material, if the increase in strength as long range order changes

{2u)

from 0.8 to 0, as observed by Kuszynskl et al s 18 to be explained.
These workers showed that zs the long range order begins to decrease
rapidly to 0.8, the yield strength increases, but the work hardening rate
decreases, This is interpreted as a decrease in effectiveness of pinning
at higher stresses, rather than a decrease in effectiveness of pinning
with decrease in long range order.

Conducting the tests at temperature should increase the ease of
cross-slip, due to thermal activation, at all degrees of long range order,
but mere so at higher temperatures, the latter corresponding to lower

degrees of long range order., Thus the strengthening effect with decrease

in degree of long range order is accentuated when tests are carried out
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at temperature, and it is postulated that this increase in strength is
sufficient to account for the observed increase in strength of long range
ordered over short range ordered material, observed in tests carried out
at temperature,

Tests at temperature are complicated by the possibility of a
decrease in effectiveness of this cross-slip pinning mechanism due to
thermal activation, as suggested by Davies and Stoleff(27). Isolating the
effect of temperature, by using perfectly long range ordered material,
these workers showed that an increase of temperature from 77 - 250°K caused
little change in the yield strength (Fig., 3). Normally the flow stress of
an f.c.c. alloy would be expected to decrease with increase in temperature,
as in fact does occur with disordered CuaAn. It was pointed ocut by these
workers that this, and the increase in work hardening rate of ordered
CusAu with temperature, indicated a strengthening mechanism which increased
in effectiveness with temperature., The mechanism proposed was the cross-
slip pinning mechanism being considered here. However, they noted that in
the range 250 - 500°K the work hardening rate decreased again (Fig. 4), and
suggested that this meant the effectiveness of this mechanism had been
reduced due to thermal activation., It is now suggested that such an assumpe
tion would require a knowledge of the effect of temperature on yield stress
in this temperature range. This is so since an increase in yield stress,
caused by an increase in the frequency of cross-slip, could also decrease
the work hardaning rate, due to a decrease in the effectiveness of this
pinning mechanism at this higher stress. If the latter is the case, the
decrease in work hardening rate would indicate, instead, an increase in

the effectiveness of this pinning mechanism, Thus it is assumed here, in
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the absence of other data, that an increase in temperature does increase
the frequenecy of cross-slip pinning, as indicated by available yield stress
data, It is of interest, in this respect, to note that Ardley's results
show a c.r.8.8. of 4,5 kg{mm2 at 300°C which, by Warren and xeating(28).
corresponds to an equilibrium degree of long range order of 0,945; while
the room temperature c.r.s.s. of Cusﬁn with a long range order parameter

of 0.95 is shown to be ~2 kg}mmg, i.e., an increase in c.r.s.s. of more

than 100% on increasing the temperature from room temperature to 300°C,

5. Domain Hardaning

To isolate the effect of APDB 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 studied during isothermal annealing

below T .
(7]

(19,29) (30) of

A maximum in the yield strength s and in the hardness
Cugﬁu oceurs at a domain size of 30 - 408, The hardness vs, domain size
results quoted are shown in Fig. 5,

Davies and stnlaff(so) determined both the degree of long range
order and the domain size of the specimens tested, These results are
shown in Fig. 6.

It is seen that the critical domain size, with respect to strengthen-
ing, corresponds to a long range order parameter of less than the equilibrium
value, Since Cuahﬁ orders by nucleation and growth of nearly perfectly
ordered domains, a degree of long range order less than the equilibrium

value is indicative of the existence of short range order, Thus the maxi-

mum in strength occurs when the two phases, long range order and short
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range order, co-exist, Since it is expected that deformation is by unit
dislocations in short range order, and by superdislocations in long range
order, Davies and Stoloff suggeat that the peak in hardness corresponds
to a transition between deformation by unit dislocations and deformation
by superdislocations. Their theory, which was outlined in the previous
section, is that hardening is due to the resistance that unit dislocations

(22) hien

will meet in long range order, as opposed to a similar theory
proposed that hardening is due to the resistance that superdislocations
would meet in short range order., Thus, by Davies and Stoloff, the maximum
in strength corresponds to the greatest amount of ordered material con-
sistent with deformation by unit dislocations, and that the subsequent
decrease in strength is due to increasing deformation by superdislocations.
However, it is seen from comparison of Figs. 5 and 6 that even
when short range order is abszent (correspending to domain size 100 1)
the hardness continues to decrease with increase in domain size, Davies
and Stoloff suggest that this is due to a mechanism originally proposed

by Cottre1’®d)

to explain the maximum in strength in Cusﬁu. Cottrell

drew attention to the fact that although superdisliocations will not create
APDB within a domain, they will jog the APDB's between domains, thus
increasing the intermal energy and hence applied stress. Thus the strength

of Cu,Au will depend on the frequency with which a superdislocation will

3
meet an APDB, i.e., on the domain size, such that with increase in domain

size the strength of CuaAu decreases,
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6. work Hardmingi

The work hardening rate of ordered Cu,Au iz a function of the

3
degree of long range order, domain size, and temperature. The effect of
the degree of order and temperature have been shown to differ qualitatively
for single and polycrystals. However, no work has been done on the varia-
tion of the rate of work hardening with domain size in single crystals,

The rate of work hardening increases with degree of long range

(32)

order in single crystals 3 however, it has been shown that this is so

in polyerystals until the very final stages of order, whereupon the work
hardening rate decreases an equivalent ammmt( 2“), The effect of inecrease
in domain size in polycryatals is small, but does cause an increase in the

rate of work ham!‘ming( 33) « At 77°K the work hardening rates of ordered

and disordered single crystals are approximately the sama(27). With in-
crease in temperature from 77 to 350°K, the rate of work hardening of
ordered single crystals increases, while that for disordered single crystals
slightly decreases, Above 350°K, the work hardening rate of the ordered
erystals decreases until, at ~500°K, the rate is the same as at 77°K,

The work hardening rate of ordered polycrystalline CugAu appears to be
little affected by tmpamtum< i .

There is a characteristic distinction between the slip appearance
of deformed, ordered and disordered materials. Whereas slip in disordered
material localizes to form distinct slip bands, the slip in ordered material
is fine and evenly &iskrih&tedj 2)

S81ip is on {111} planes and in [110] directions in both ordered

and disordered m&terial( / ).« As a result of X-ray rotation studies on
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(14)

ordered single crystale s it was suggested that in stage II, the rapid

work hardening stage, only primary slip occurs, Recently, however, small

localized regions of secondary slip have been observed in thin films of

II(ul). Flectron microscopy has revealed

(1u)

specimens deformed in stage

(35)

that the majority of dislocations in ordered single and polycrystals

are long straight screws with their connecting APDR apparently lying on

(17,34) and electron microaeopy(au’SS) of

(14)

{100} planes, ¥X=-ray studies
ordered polycrystals, and electron microscopy of single crystals have
revealed that (100) and (111) APDB's are produced by deformation, the
relative amounts depending on temperatnra(au)‘

Theories which could contribute to the explanation of these obser-
vations will now be discussed.

The first work hardening theory for ordered alloys, proposed by

F1inn(26)

s attempted to explain the observation that the rate of work
hardening for polycrystalline materials in the ordered condition was greater
than that for the corresponding disordered material. Flinn argued that
since a superdislocation produces APDE on its slip plane, as suggested by

Cottroll(Sl)

» the amount of boundary encountered by a superdisloecation
moving on an intersecting slip plane would be increased, thus causing an
increase in the flow strees, and hence work hardening rate.

Flinn proposed a mechanism based on the climb of disloeatiéns onto
(100) planes to explain the temperature dependence of the work hardening
rate of ordered alloys, but suggested that it would not be applicable to
Cuyhu since the diffusion rates in this alloy would be toc low for climb,

even at Tc‘
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The characteristic difference in slip appearance--goarse and
localized slip in disordered materialsi fine and regular slip in ordered
materials--was explained by Flinn as follows.

It is expected that the 'disordered' material will contain short
range order, and, since a unit dislocation passing through short range

(20)* subsequent slip will be sasier on

order will disorder its slip plane
this plane, thus giving rise toc the characteristic coarse, localized slip.
This explanation has been generally accepted,

In the ordered alloy, the resistance to slip will not be removed
by the passage of a superdislocation since, as Flinn pointed out, a super-
dislocation on an alveady slipped plane will still create the same amount
of APDB 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 suggested that the friction
stress is actually larger on a superdislocation moving on an already slipped
plane, thus providing a definite incentive for slip on other planes, This
is argued as follows: the first superdislocation to move will create APDB
on its slip plane at every domain boundary it meets. The displacement
vector of the APDB produced by the passage of this superdislocation will
be that of the original boundary. Consi&criagkthm typical grown-in domain
structure of Cnaﬁu, i.e., (100) shear APDR, it is seen that there éra two
possible 1/2 a, ci;@» shear vectors for each (100) plane, but that both
of these give identical final configurations. Thus any (111) plane passing
through a (100) APDB will have one slip vector which is the same as the
displacement vector of the grown-in (100) APDB and will, therefore, cor-

rect any slip-produced APDB at this boundary. However, the other two
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possible slip vectors on the (111) plane will not correct this APDB,
Consider the motion of a superdislocation whose unit dislocations do not
have the same Burgers vector as the (100) APDB, and hence will not correct
the APDB created on the slip plane at this boundary by previous slip. Since
neither unit dislocation can correct this APDB, they both will meet, and
leave disorder in this region, so that the resistance to their passage
should be due only to the extension of the APDB on the (11l) plane.
Consider now the motion of a superdislocation where unit disloca-
tions have the same displacement vector as the APDB, The roles of the
unit dislocations comprising this superdislocatien will be interchanged
when they meet the new APDB, This is so since the leading unit will cor-
rect the APDB, while the following unit will create APDB again., The first
unit will be pulled into the APDR to correct it, thus the region between
the two units will now be partly ordered and partly disordered, Once
the following unit meets this ordered portion, further motion will require
that both unit dislocations create APDB, Thus the leading unit must create
an excess of APDB as a driving force before the following unit will move
through the ordered region, This friction force will increase with amount
of previous slip on the plane. Since a specific superdislocation will have
the same (or equivalent) displacement vector as one of the three (100)
APDB types it will meet, it is suggested that on average 1/3 of the APDB's
encountered by a superdislocation in CugAu will give rise to the friction

force outlined above,

(36) (40 )

Vidoz and Brown and Pampillo suggest that Flinn's mechanism

would predict a work hardening rate which decreases with increase in the
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original domain size, such that at very large domain sizes its contribution
to work hardening would be small, The fact that the work hardening rate
of ordered material with very large domain sizes ig greater than that for
disordered material prompted Vidoz and Brown to propose a contribution to
work hardening, complementary to Flinn's, which was independent of the
original domain size,

The mechanism of Vidoz and Brown proposed as a contribution to
work hardening is based on the jog theory of work hardening(a?), However,
they suggest that the effect of ordering would be to cause an additional
contribution to the dragging force of jogs. Their argument is that a jog
in a superdislocation will not usually be aligned such that the APDB created
by the jog on the leading unit is corrected by the jog on the following
unit. The result of such a misalignment will be that a tube of APDB will
be created when the jog on the superdislocation moves, hence requiring an
increase in the applied stress. An increase in the jog density with strain
will cause the work hardening rate. It was suggested that at low strains
the jog density would be too low for this mechanism to be important, and
therefore in the early stages of work hardening, it was proposed, Flinn's
mechanism would be the main source of hardening.,

(1u)

Using single ecrystals of ordered and disordered Cu,Au, Kear

3
showed that, similar to polyerystals, the work hardening rate for the

ordered single crystals was higher than that for the disordered crystals,
However, in contrast to the deformation of polycrystals, for which inter-

secting slip is necessitated, X-ray crystal rotation analyses of ordered

single crystals suggested that no intersecting slip had occurred during
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the rapid work hardening stage, stage II. However, a significant increase
in the friction stress on dislocations in stage II in the ordered alloy
was noted and attributed to the jog mechanism,

(1) has recently published electron microscopical observations

Kear
of stage II work hardening in ordered CuaAu and he observed that although
the X-ray rotation analyses are consistent with slip only on the primary
system, secondary slip does, in fact, occur. 8Slip on the secondary system
was localized, but increased in amount with increase in strain. To explain
the X-ray rotation data, it was assumed that the total amount of secondary
slip, at any stage, must be small compared to that on the primary system,
Kear frequently observed dislocation dipoles, and APDB trails which he
suggested were consistent with the jog theory of work hardening as proposed
by Vidoz and Brown. The observation that slip had occurred mainly on the
primary slip planes is not necessarily inconsistent with the jog mechanism
since jogs will be formed when the dislocations on the primary planes cut
through grown-in forest dislocations. It was stated in the Vidoz and Brown
theory that if the grown-in dislocation remained stationary during the cutting
process, no APDB would, in some cases, be produced by the subsequent motion
of the primary superdislocation. This is so since the leading and follow=
ing units comprising the superdislocation would be jogged in identical
pesitions such that the line connecting the jogs would be the direction
of motion of the superdislocation, and thus the following jog would correct
the APDB created by the leading jog. However, it was suggested that the
leading unit would usually displace the grown~in dislocation, so that the
jogs would then be misaligned, and an APDB tube would be created.

It was also noted that even if the forest dislocation was stationary,

the jogs produced may move along the dislocation as it moves, so that
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an APDB tube would be created due to this misalignment. However, this is
hard to understand, since it suggests that the same jogs formed at the
the same forest dislocation would be expected to follow different paths
depending on whether they were on the leading or following unit, even
though, by following the leading jog, the following jog could restore order,

The suggestion by Vidoz and Brown that the contribution to the
work hardening rate proposed by Flinn should be important in the early
stages of work hardening seems questionable in the light of Kear's cobser-
vation that slip occurred predominantly on the primary system especially
in these early stages,

Recent uork(aa) has shown, although the effect seems to be small,
that the work hardening rate actually increases with increase in original

(40)

domain size, in contrast to Flimn's prediction., Pampillo has re=-
examined the Vidoz and Brown jog theory, and suggested that the effective-
ness of this mechanism should depend on the original domain size, He
argues that since the amount of slip-produced APDB on the primary planes
will depend on the original domain size, then the hardening of the secondary
slip systems will increase with decrease in original domain size. So that,
the greater the original domain size, the easier secondary slip will be,
and hence the more will occur, and the greater will be the work hardening
rate by the jog mechanism,

Onget of stage I1I, corresponding to a decrease in the work harden-

(14)

ing rate, was observed by Kear to be coincident with the onset of

widespread secondary slip. Since the jog mechanism should be important

when slip occurs on intersecting systems, this observation might appear

(38)

to be inconsistent with the jog mechazism, However, Vidoz has explained



26

it as follows, He suggests that the large amounts of deformation which
occurred in stage II will disorder the primary slip planes. The inter-
secting superdislocations observed in stage III will, therefore, encounter
a highly disordered structure, so that Vidoz feels that it is reasonable
to expect that the work hardening rate caused by the jog mechanism in
stage III would be low.

The last two proposals, viz., that by Vidoz, and that by Pampillo,
may appear to be contradictory. Pampillo suggests that the more APDR a
superdislocation meets, the more resistance there is to its passage; while
Vidoz suggests that the more APDB a superdislocation meets, the easier
will be its passage. For both proposals to be correct the resistance
offered by an increasing amount of APDB must first increase and finally

G1) as follows,

decrease. Such an effect has been suggested by Cottrell
For large domain sizes, the stress required to produce a certain amount
of slip will increase with decrease in domain size, since every superdis-
location will create more APDB, At very small domain sizes, however, by
assuming a similar number of mobile dislocations are present as are at
large domain sizes, it will be seen that only a small amount of slip is
required to disorder the slip plane. Thus by assuming that all superdis-
locations create approximately the same amount of APDB, viz,, each creates
APDR in some domains, while other domains it meets are already disordered;
then on average the amount of APDB created by each dislocation, and hence
the resistance to their flow, decreases yith decrease in domain size,

The Vidoz and Brown mechanism has been criticized by Davies and

Stoloff(27), on the basis of the temperature dependence of the work hardening

rate of ordered single crvstals,
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By the Vidoz and Brown theory, any change in the difference in
flow stress between ordered and disordered material is a function of the
jog density, elastic constant (G), and the Burgers vector (b). Thus any
large difference in the temperature dependence of the work hardening rate
of ordered and disordered material must be due to a difference in the rate
of jog production and/or a change in the effectiveness of jog pinning due
to thermal activation., Vidoz and Brown suggest that it would be unlikely
that thermal activation would be large enough to assist the motion of
jogs in superdislocations, since this would require the removal of APDB,
However, it is expected that thermal activation would assist jog motion
in the disordered alloy.

It has been shown that the work hardening rate of ordered poly«
erystals does not vary significantly with temperaturecsu). For the Vidoz
and Brown theory to explain this requires, since there is no change in the
effectiveness of jog pinning, that the rate of jog production in ordered
polyerystals be constant with change in temperature,

(27) have since shown that, with increase in

Davies and Stoleff
temperature from 77 to 300°K, the work hardening rate of ordered single
aryatais inereased continuously, whereas that for disordered crystals was
almost independent of temperature, in this temperature range, They there-
fore suggested that since Vidoz and Brown had predicted no temperature
dependence, their results were inconsistent with the jog theory.

Videz and Brown, however, predicted no temperature dependence for
the work hardening rate in ordered polycrystals, in which intersecting
slip is necessitated, and it would not be surprising if the temperature

dependence was different for the stage II work hardening rate in ordered

aingle crystals where it has been shown that primary slip is predominant.
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To explain the results of Davies and Steoloff by the jog mechanism,
an increase in the rate of production of jogs with temperature would have
to occur during stage II, The work hardening rate in the disordered crystal
would then remain constant with change in temperature, if the rate of increase
of the production of joge was balanced by a decrease in the effectiveness
of pinning due to thermal activation. In the ordered alloy, since thermal
activation of jog motion is not expected, the work hardening vate should
increase with increase in temperature, due to the corresponding increase

in the rate of production of jogs.

(14,34 ,38) (17

Electron microscopy and X-ray data +34) have shown that
(111) APDB and (100) APDR are produced by deformation of ordered Cughu,
Electron microscopy of specimens from stage II showed dislocations to be
mostly screw, i.e., suggesting deformation by edge dislocations, and that

the majority of these screw dislocations had their connecting APDB apparently

lying on (100) piamos(l“). To explain these observations, Koar(l“)

proposed
a work hardening mechanism whereby screw dislocations eross-slip on (100)
planes to decrease their APDB energy, and are thus pinned. Subsequent
deformation occurs at a higher flow stress since the unpinned edge segments
must now be bowed out between the pinned screw segments. For an increase

in flow stress with inerease in strain it is necessary, gince the bowing
stress is ~ %?n, that the separation of pinning points, L, decreases with
inerease In strain., It appears, from 2 private communication to Davies

and stuloff(ﬁl) that Xear has since found little change in L with strain,

£25)

Davies and Stolof suggested that the work hardening rate,

at room temperature, of ordered Cuahu is similar to that expected for some
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at room temperature, of ordered Cuahu is similar to that expected for some
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f.c.c, metals and alloys; whereas the work hardening rate for the disordered
alloy is lower than would be expected, They therefore suggested that work
hardening in the ordered material could be explained by the exhaustion of
sources caused by dislocation pile-ups at barriers on the primary slip
planes, similar to Seeger's work hardening thaavy(sg). The barriers in

the ordered alloy would be due to cross-slip of screws on (100) planes,

Davies and Staluff(27)

explained the temperature dependence of the work
hardening rate using this model as follows, As the temperature is increased
the rate of cross-slip, and hence pinning, increases due to thermal acti-
vation. This effect causes an increase in the work hardening rate and a
constant vield point with increase of temperature to 350°K, The almost
complete absence of stage III in tests at 300°K has been suggested as evi-
dence of strong cross-slip pinning(u‘). Above 350°K, Davies and Stoloff
suggest, thermal activation is sufficient to cause double cross-slip and,
hence, a decrease in the effectiveness of cress-slip pinning, thus explain-
ing the observed decrease in work hardening rate., However, as mentioned
earlier, it is felt here that a decrease in the yield stress would indi-
cate a decrease in the effectiveness of cross-slip pimnning, but that a
decrease in the work hardening rate may correspond to an increase in the
yield stress and a decrease in the effectiveness of pinning at higher
stresses,

(41)

Kear has found no electron microscoplical evidence for disloca-

tion pile-ups of the type proposed by Davies and Stoloff,

(38)

Vidor has criticized the cross-slip theories on the grounds

that they do not explain why cross-slip on (100) planes should occur,
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especially in the early stages of work hardening, which they must do since
there is an almost immediate onset of stage II work hardening., He argues
that a dislocation on a (111) plane will not 'see' the energy well in (100)
planes, but that it will only 'see' the activation energy hill associated
with constriction of its stacking fault,

As a vesult of his recent observation of secondary slip in stage II
Kear proposed that the jog mechanism should be a controlling factor in
stage IT work hardening, He also claimed that the formation of jogs would
facilitate the cross-slip of screw dislocations on (100) planes, thus
explaining the observed production of (100) APDR, and the proposed crosse
slip pinning of screw superdislocations, while overcoming the difficulty,
in his earlier meodel, of the constriction of screw dislocations, Kear
frequently observed long screw superdislocation dipeles which, he sug-
gested, were formed by elastic interaction between long cross-slip pinned
segments of screw dislocations and new dislocations from the same source.
He proposed that these dipoles would annihilate, and form misaligned jogs
with assoclated APDB with increasing frequency as the temperature is
increased, thus contributing to the temperature dependence of the work
hardening rate. Ham has suggested that other contributions to the tempera~
ture dependence of the work hardening rate may be both the temperature
dependence of dialoeat&aprinteraaction. and of cross-slip pinning, both

of which were disqussed earlier.



CHAPTER IV

EXPERIMENTAL TECHNIQUES

1. S8pecimen Preparation

Lengths of wire (0.040" gauge) of 99,899% purity Au and of 99,999%
purity Cu were cleaned in acetone and ether, and welighed out in the pro~-
portion 49,1 wt.% Cu (75.5 at.% Cu). These were melted together in an
Edwards Speedivac Argon Arc Furnace (Model NS,2139). To minimize impurity
pick-up in the alloy during melting, the wires were compacted into a tight
ball to reduce their effective surface area, and the copper hearth of the
melting unit was cleaned with dilute nitric acid and then acetone. The
melting chamber was evacuated, flushed with argon, re-evacuated to a
vacuum of 10"“ mm Hg, as read on a Pirani-type gauge, and finally filled
with argon to a pressure of 400 mm Hg. For several minutes before the
alloy was melted, the chamber was Zr getterved. During this process the
alloy was protected by a copper cap against the possibility of contamina-
tion by evaporated Zr. During welting, the power input was adjusted to
keep the maximum amount of the alloy molten and the current required for
this purpose was usually 350 amps, and never exceeded 600 amps., To improve
the mixing of the constituents, which is retarded at the water-cooled

hearth, the button was turned over four or five times and remelted.
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Reweizhing after melting showed that a 0,05% less in weight had
occurred during melting,

The alloy was hammered and cold rolled from its original butten
shape, whose approximate dimensions were 1,25" diameter by 0,25" thiek,
to sheet approximately 0.020" thick. This was then placed in a 1-3/4"
Pyrex tube and heated to a temperature of 450°C, while being simultaneously
pumped to a fully trapped mercury diffusion pump vacuum of 10'5 mms Hge
The Pyrex was sealed when temperature and vacuum had been attained, and
annealing continued for 36 hours.

To exemine the efficiency of this homogenizing treatment, speci-
mens were cut from the sheet in directions parallel and perpendicular to
the plane of rolling. These were polished to a 1 p diamond finish,
washed, dried, and finally etched for approximately four seconds in the
fumes from a freshly mixed solution of 3 parts HCl and 1 part HNOS.
Dendritic segregation, somewhat squashed by rolling, was revealed.

The sheet was then further cold rolled to ~0,009", and cut into
pieces 3/4" x 3/8", These were placed in a silica glass tube, the speci-~
mens being separated by 1" diameter A.U.C. graphite discs, and given a

$ mm Hg vacuum at 900°C,

further homogenizing treatment of 48 hours in a 10~
To free the graphite spacers of harmful impurities, they had been heated
in contact with commercial purity Cu prior to use. The specimens were
quenched from temperature by admitting argon te the system and finally by
placing the silica glass container in water,

Ltching again with aqua regla fumes revealed that the segregation

had been removed by this homogenizing treatment.
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The material was then given an ordering treatment of 10 days at
380°C (i.e., 8°C below T ) in a 10™% wm Hg vacuum and slow cooled frem
380°C to 150°C at a rate of 10°C per day. The graphite spacers were
again used to prevent fusion of specimens.

The specimens were then water quenched, thus breaking the silica
* glass container, and causing slight surface oxidation. This was easily
removed by the electropolishing technique described below., Specimens
prior to, and after, electropolishing, are shown in Figs. 7 and 8 respec-
tively.

The grain size of these specimens was determined using a technique
involving a count of the number of grains intersecting a randomly orien-
tated line of known length on the specimen surface. The thermal etch,
and contrast between grains due to the slight oxide layer, made the annealed
specimens suitable for this determination., The specimens were viewed on a
Reichert Universal Camera Microscope "Me F" set at a magnification of X59,
so that the 11.8 cm. width ground glass viewing screen revealed 2 mm,
length of specimen. Defining one count as the number of grains intersected
by this 2 mm. length, 150 counts over several specimens were used to deter-
mine a typical grain size for this material of méls mm,

The electropeolishing solution used for surface pelishing of speci-
mens for fatigue contained 25 gm. CrOa, 183 ml. glacial acetic acid, and
. 7 ml, distilled water. A voltage vs. current plaé revealed nc polishing
plateau for this solution, se that slight variation in these quantities
resulted in pitting or etching. The current was found to be extremely

sensitive to the water content of the solution, so that due to uncertainty
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of the water content of the acetic acid, it was found best to start
polishing with a solution containing only a few ml, of distilled water
and to make further additions, if needed to improve the quality of the

polish, The published operating praeedure(ga)

of using 25 volts, a solu~-
tion temperature of 15 ~ 20°C and a stainless steel cathode was usually
found to give a satisfactory polish. It was found that stirring of the
solution during polishing resulted in a poor polish, presumably because

it destroyed a viscous polishing layer on the specimen surface,

2. Testing

The testing method finally adopted was rather crude, but it was
felt to be acceptable for the purposes of the qualitative analysis under-
taken., (An alternative method tried is desﬂribndvin Appendix I.) The
apparatus is shown in Fig, 9. It consists of two identical, freely rota=-
ting 3/8" diameter brass rods whose axes of rotation are rods positioned
on cpposite sides of a rigid rectangular frame. A specimen is placed
between the rolls and clamped in position to the base., The position of
ohe of the rod axles is fixed, by setting it in elips, while the second
axle (and hence roll) is rotated about the first, By reversing this pro-
cedure, the reversed bending cycle is described, To prevent damaging the
complete surface of the specimen, the rolls were recessed in a position
corresponding to the centre of the specimen surface. A rough approxima-
tion, using plastic bending theory, a specimen thickness of 0,010", and
the roll diameter, gives the surface strain amplitude to be £ 2,5%, This

caused failure in 60 cycles.
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The testing procedure was as follows: in cne test, optical
photographs and microhardnesses were taken every few eycles to 20 cyeles,
In another case, microhardnesses and optical photographs were taken every
5 or 10 cycles from 20 cycles until the appearance of the first crack.
Xeray intensity measurements were taken from the specimen cycled te failure,
Replicas and thin films were taken from these and various other specimens
similarly fatigued.

A few tests were carried out at low amplitudes (i,e., an applied
stress well above the initial yield stress, but causing failure in a

number of cycles greater than 10° cycles),

3. Microhardness

Hardness values were taken to determine, on a quantitative basis,
the progress of fatigue deformation.

Due to the thickﬁosa of the specimens (~0,009"), standard macro=
hardness equipment could not be used, so that in effect, an attempt has
been made to obtain macrohardness values from microhardness measurements.

The Reichert Microhardness Tester with a load of 100 gm. was used,
following the recommended procedure. A minimum of ten indentations, both
diagonals of each indentation being measured, were used to determine a
'representative' microhardness value, Indentations were made at random
within a central area of approximately 1/4" x 1/4", since this was thought
to be most ropraaehtative of the deformation caused by the reverse bending
eycling., At greater widths, friction effects, caused by the rolls, were

obtained; at the specimen clamps the material was always in tensionj while
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bending was always stopped short of the other extreme of length to prevent
the specimen from springing out from between the rolls. In some cases,
this sampling procedure was repeated and found to give hardness values

in good agreement with the original ones.

The widths of the slip bands which developed during deformation
were small comparéd to the indentation sizes obtained with a 100 gm. load.
The diagonal length of indentations which straddled one or several slip
bands appeared to be unaffected by them, Indentation sizes of the order
of the slip band width could not be produced, so that a representative

hardness value for these regions could not be cobtained,

4, anlicas

Single stage replicas were produced by evaporating a 50«50 carbon-
platinum film onto the specimen surface using an Edwards Speedivac Coating
Unit (Model 12E6/1112) evacuated to 2-3 x 10°° mm Hg, stripping this film
off the specimen surface with a coating of parlodion, and finally dissolve
ing the parlodion away with amyl acetate.

It was found that thin evaporated films could not be lifted off
the specimen, and in other cases, that they disistegrated in the amyl ace-
tate solution, The latter effect was attributed in some cases to an
extreme shadowing effect at large irregularities on the surface. The
thickness of the evaporated film could be gauged by the interference colour
it produced on th§ specimen surface and best results were obtained with
films which went through the colours to black. For shadowing at a 48°
angle, this usually involved evaporating two C~Pt pellets with the specimen

3 « 4 em, from the pellet in each case. In specimens with large surface
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irregularities, it was found necessary to evaporate a 'backing' film of
carbon at right angles to, and some 5 - 6 cm, away from, the surface.

The evaporated film was given 3 - 4 coatings of parledion (dis-
solved in collodion), one every 3 - 4 hours, and after the final coat,
24 hours were allowed for complete hardening, This coating was then used
to strip the evaporated film from the specimen surface, Suitably sized
pleces were cut from this sheet and placed, parlodion side down, on 3 mm,
diameter, 100 mesh copper electron microscope specimen holder grids. The
filter paper holding these grids was then soaked in amyl acetate and a
minimum of 12 hours was allowed before the specimens were removed for
examination. All replicas were examined in a Siemens Elmiskop I operat-

ing at 80 kV, using a non-tilting stage.

Thin films were produced by the window technique using the electro-
polishing sclution and the operating condition described for the surface
preparation of specimens for fatigue. It was found that the Miccrostop,
used to mask off the specimen edges, was attacked by this solution, so
that a fine film of Miccrostop spread over the specimen surface during
polishing. If polishing was continued under these conditions, the final
specimen film was badly pitted, but by removing the Miccrostop masking in
the final stages of polishing, pit-free thin films could be obtained,

The most even paliah was obtained by regularly changing the edge clamped
by the electrical lead, sc that all edges of the specimen were &ﬁ turn
lower in the solution than the others. To prevent damage to the specimen,

the teeth were removed from the alligator clamp electrical connection.
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With experience, it was usually possible, using this technique,
to obtain at least one film from each specimen which was thin enough for
the electron microscope. All thin films were examined in a Siemens

Elmiskop I operating at 100 kV, using a double tilt stage.

6. Yeray

A Philips Norelco diffractometer was used to determine the inten-
sity peaks associated with the {100}, {110}, {200}, and {220} reflections
from a specimen fatigued to failure, and an electropolished annealed
specimen, respectively. Copper radiation (30 kV; 15 ma), a nickel filter,
1° divergence and receiving slits, and a speed of specimen rotation,
about an axis perpendicular to its surface, of 100 r.p.m., were used for
both specimens. A 1° divergence slit was used since this produced a beam
which was contalned on the specimen at all angles used., A low scanning
speed of 1/8° per minute was employed to increase the efficiency of
intensity measurement by the geiger counter. However, the highest counts
per second obtained was ~55 c.p.s., so that counting losses are expected
to be small, The low scanning speed emploved also resulted in an increase
in the area a peak described on the chart, so that the accuracy of mea~
surement of these peaks was increased.

The four peaks were obtained for both sides of both specimens,
Each peak was scanned individually, and scanning was started before and
continued after the peak, ~1/2 - 1° in both instances, so that a background
level of scattering could be determined. The measurement of peak areas

above background was made using a planimeter.



CHAPTER V

RESULTS

j surfagn Observations

a) Optical

The change in slip appearance with increasing number of cycles

is shown in Figs. 11 - 15 inclusive, The annealed material is shown in
Fig. 8, while the effects of a large tensile deformation and of low strain
amplitude fatigue (see Appendix I) are shown in Figs., 10 and 11 respec-
tively, After 1 cycle, slip is fine and general, as in the specimen
deformed in tension and that by low strain amplitude fatigue, After 3
cycles, however, dark 'scores' of localized slip are observed, and with
inereasing number of cycles these become an increasingly predominant
feature, TFinal failure occurred along these slip bands, as shown in

Figs. 17 and 18,

b) Repliass

Figs. 19 and 20 show single stage replicas of the surface of the
specimen after fatigue. A careful examination of the predominant 'ribbon'
feature reveals these to be caused by extrusions. This is perhaps best
shown in Fig, 20, where it is seen that the lighter 'protected' areas
follow in detail the profile of the dark ribbons, suggesting that these
'ribbons' are due to features raised from the surface, The reverse, of

course, could be argued in favour of intrusions, viz., that the dark
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regions follow in detail the profile of the light areas. However, the

shape of the defect so produced is quite unreasonable.

2., Harduess

The average diagonal length for each of the 10 - 15 indentations
made at each of various numbers of cycles 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 Microhardness Numbers, is shown in Fig. 21.

It is seen from Fig. 21 that the hardening is rapid in the first
10 « 15 cycles, and then apparently 'saturates', Correlation of these
hardness changes with the corresponding changes in the slip appearance
reveals the following: after one cycle at this high strain amplitude,
the hardness increased and no localization of slip was observed., After
three cycles, localized slip was observed and the hardness had continued
to increase, Further cycling caused increased localization of slip with
no obvious transition stage whisch could be associated with the saturation
of hardening,

Since the widths of these bands of localized slip were small come
pared to the hardness indentation, it is suggested that these hardness
measurements are more representative of the surrounding regions of general
slip. Thus, since the amount of general slip, and hence the change in
these hardnesses, decreases with increased localization of slip, 'saturation'

is identified with the almost complete localization of slip,



41

3. Transmission Electron Microscopy

Figs. 22 and 23 ghow the typical grown-in APDB maze structure.
Figs. 24 and 25 show the APDB structure obtained from a specimen fatigued
to failure, and it is seen that the dowains have been distorted, if not
slightly reduced in size, by fatigue. TFigs. 26 and 27 show the APDB
structure obtained from a specimen fatigued for approximately 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.

8ince these specimens were fatigued under the same conditions,
the fact that the greatest amount of APDB produced by deformation was
observed in the 35-cycle specimen, and not in the one cycled to failure,
may at first be surprising. However, attention is drawn to the inhomo-
geneous nature of this deformation process, as was shown by the surface
observation, and the random nature of thinning. For these reasons, it
is suggested that the thin film obtained from the 35-cycle specimen is
associated with a highly deformed region, possibly a region of localized
slip, whereas the thin film obtained from the faliled specimen is asso-

ciated with a region of more general slip.

4 . x"‘rﬁg

The intensity peak areas for the superlattice {100} and {110}
reflections, and the fundamental {200} and {220} veflections, from both
sides of both an annealed specimen and a specimen fatigued to failure

are listed in Table I1I.
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Since superlattice lines are a result of long range order, a
measure of the degree of long range order can be obtained by comparing

the intensity of these superlattice reflections to the intensity of fune-
A A

100 and 110

200 220

x i for
each side of both specimens are shown in Table III, These ratios were

damental reflections. The intensity peak area ratios

calculated using conjugate reflections to eliminate orientation effects.
The peak areas were reproducible; however, some of the scatter

in values may be due to the cheoice of a level of background scattering,

while, as will be discussed later, a greater effect in the annealed

specimens is thought to be due to extinction. Large errors in the actual

measurement of the chosen peak areas are not expected since each measure-

ment was reproducible.
A A
| 100 and 110

200 220
for a degree of long range order of unity, from the scattering factor

Theoretica intensity peak ratios were calculated
equation for each reflection., There were corrected for changes in
intensity due to effects other than changes in the atomic configuration,
viz,, geometric effects, thermal scattering, and effective atomic size
factors (see Appendix II), Comparison of these ratios with those experi-
mentally obtained enabled an estimate of the degree of long range order
to be made. These are listed in Table IV,

Values for the long range order parameter of greater tham unity,
as obtained for the annealed specimens, are suggested to be due to
extinction, These high order parameters would then be due to greater
extinction of the fundamental reflections than of the superlattice reflec~

tions, Such an effect has been previously observed by Mikkela and Cehen‘sn)
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Since this effect could net be corrected for, a true value for the degree
of long range order of the annealed specimens was not obtained, However,
extinction is not expected to occur in the fatigued specimen, since the
mosaic size will have been greatly reduced, so that the order parameters
obtained for these specimens are expected to be real.

It is assumed that the order parameter of the annealed specimens,
by virtue of their heat treatment, is unity. The long range order para~
meter of 0.8 -« 0.9 obtained for the fatigued specimen would indicate,

therefore, a reduction in the degree of long range order by fatigue.



CHAPTER VI
DISCUSSION

The present observation that APDB is produced by deforming ordered

Cu,Au by high strain reverse bending is in agreement with previous exami-

3
nations of this alloy after deformation by rolling of polycryntals(l7),

tension of single'l*s*) (34,35)

(3u4)

and polycrystals s and explosive loading

of polycrystals

As discussed in Chapter II1.6, current work hardening mechanisms

for ordered Cu_Au account for this effect, but are distinguishable by the

3
(26)

type of slip-produced APDB which they predict. Flinn predicts ribbons

of (111) APDB caused by the jogging of grown-in domainsj tubes of (111)

APDB lying in a <110> direction are expected from the Vidoz and Brown

(35); while (100) APDB is accounted for only by the cross-slip

(14,&1)‘ Consequently, the large amounts of

theory
mechanisme proposed by Kear
(100) APDB seen in the present investigation are consistent with the
cross-slip mechanisms suggested by Kear.

In agreement with this observation, large amounts of (100) APDB
have been observed to be produced by rolling, tensile testing, and explo=-

sive loading of polycrystals of ordered CusAu.

- 4 -
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Slip-produced APD® must cause a reduction of the effective domain
size, and a reduction of the degree of long range order,

Long range order could alse be reduced homogeneously, and it has
been suggested that the diffusion of vacancies would give such an effect.

(ug) has obtained good agreement with experiment by cal-

However, likkola
culating stored energy values, on the assumption that disordering was due
only to the production of APDB by slip, from the ameunt and type of APDB

present after straining., Thus, if Cu.Au does not disorder homogeneously

3
by deformation, then the APDB energy per unit area of APDP must remain
constant during deformation.

(31 has calculated the effect of reduction of domain size

Cottrell
on strength, assuming the energy of APDB per unit area of APDR (y) to be
constant at all domain sizes., Consider a circular domain of diameter '2'
lying on the slip plane, Prior to deformation the APDE energy per unit

area of the slip plane is

e X
7

where 'a' is the lattice parameter, After deformation has produced APDB
over all of the slip plane, the APDB energy per unit area of the slip plane
must be y. Thus equating the change in energy to the work done, oi, by

the applied stress, o, the following equation for the applied stress is

obtained:

o= %--‘23%- .

2
Differentiation of ¢ with respect to 'L' shows a maximum applied stress

occurs at the domain size of 1 = 8a,
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While it is felt that this model is too simple to be important
quantitatively, it does suggest the important effect that softening
should eventually occur by reducing the domain size, This effect is
visualized as oceurring as follows.

As the domain size decreases, the amount of APDB intersecting the
slip plane increases, The amount of APDB on the slip plane prior to
deformation has therefore increased, so that the maximum amount of APDB
which can be produced by slip on this plane must decrease, Assuming a
specific number of active superdislocations, the amount of APDB which each
produces must also decrease, resulting in a decrease in the applied stress.
This reduction in the amount of APDR that can be produced by slip is only
important at small domain sizes. At large domain sizes, the effect of
the reduction of the domain size will be to increase the amcunt of APDB
produced by each dislocation, thus increasing the yield strength., Unfor-
tunately it s impossible to test this effect directly since Cu3Au orders
by a process of nucleation and growth, so that small domains co-exist
with short range order.

Such an effect was necessitated, as mentioned In Chapter II.6, to
reconcile the initial hardening of secondary slip systems, as proposed by
Pampillo, with the final softening of these secondary slip systems, as
proposed by Vidoz, by Increasing the amount of APDB on primary slip planes,

By this argument, the slip appearance of a specimen with an ini-
tially large domain size, would be expected to be fine and general, since
localization of slip would cause local increase in strength. Should slip
reduce the domain size below the critical one, softening, and a resulting

localization of slip should occur,
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The various aspects of this process have been observed in the
present investigation. In the early stages of high strain amplitude
fatigue, slip was fine and general, similar to that observed after tensile
deformation and low strain amplitude fatigue. This deformation also caused
an inecrease in hardness, so that this and the slip appearance are consis«
tent with strengthening by the production of APDB, However, in contrast
to tensile deformation and low strain amplitude fatigue, further cycling
led to extensive slip localization, which, judging by the hardness measure-
ments, became complete in the final stages, This localization, in itself,
indicates a breakdown in the mechaniem of strengthening by the production
of APDB, Strong evidence for local softening is afforded by the observed
formation of large extrusions in these bands, similar to those associated
with fatigue softening naterials(“s). These considerations, together with
the obgervation of a gross reduction in the effective domain size suggests
a softening effect similar to that proposed by Cottrell.

Extensive localization of slip and associated extrusion formation

at grain boundaries was observed recently(s)

to oeccur during the low
strain fatigue of B-brasa, These effects were attributed to the stress
concentration at grain boundaries facilitating cross-slip. By the present
argument, the excessive slip activity, assoclated with stress relief at
the grain boundaries, could cause a reduction in the APD size sufficient
to assist localization of slip. This argument is consistent with the
observation that single crystals of f~brass exhibited a higher fatigue

ratio, but that cracks were eventually initiated at regions of slip

localization.
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The slip bands observed in this present investigation were not
restricted to the regions around grain boundaries, although they did appear
to be initiated at grain boundaries im many instances., Nor was cracking
predominantly intercrystalline as it was in B-brass, although, again,
some evidence of this was obtained, For these reasons it appears that the
stress concentrations at grain boundaries were not so large in CuQAu as

() that the large elastic

they were in B~brass, and it has been suggested
anisotropy in B-brass gives rise to this effect,

Recent evidence (reviewed by Ham(un)) suggests that slip bands in
low stress amplitude fatigue are caused by localized regions of high stress
amplitude, so that the structure created by high stress amplitude tests
is indicative of that formed in slip bands in low stress amplitude tests.

Using this argument it is possible to explain the findings of
Rudolph et al(“) that the long range order parameter of ordered CusAu was
unchanged by fatigue at low stress amplitude.

It should first be explained that no measurable change in the
order parameter, as determined by X-ray intensity measurements, does not
necessarily indicate that the APD size remains unchanged, From the results

of Mikkola and Cahan‘an)

s it is found that reducing the APD size of Cu,hu,
by tensile deformation, from 4320 R to approximately 800 R, caused a
reduction in the long range order parameter from 1 to 0,98, Further, by
explosive loading, it is found that the APD size could be reduced from an
original size of 1000 2 to approximately 100 % with no measureable change

in the order parameter.
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From the evidence reviewed by Ham, it would be expected that in
the specimens of Rudolph et al, regions of slip concentration whose struce
ture is typical of the high stress amplitude structure should form. Thus
from the results obtained in the present investigation, these small regions
should have a domain size small enough so that, considered by themselves,
they would cause a reduction in the degree of long range order, However,
the adjacent 'low stress amplitude' areas will not have such a small domain
size, and need not, as was shown above, cause a reduction in the degree
of long'range order, Thus, averaged over the whole specimeny the degree
of long range order need not be, and apparently is not, reduced.
Observations on the fatigue behaviour of FeCe and ¥i_lMn have been

3
(3). ﬁisﬁn has the same superlattice as Cughu,

made by Davies and Stoloff
while FeCo has the same superlattice as B-brass, viz., b.c.c, cell with
one species at the corner sites and the other species at the centre sites.
It was found that by ordering these alloys, the U,T.S, and the endurance
limit were increased an amount such that the fatigue ratios remained con=-
gtant in both cases. These workers suggest that an increase in U.T.8, on
ordering can be attributed to cross-slip pinning. So that they claim in
HiaMn, where cross-slip pinning may occur, the U,T.8. is raised; while in
FeCo, where cross-slip cannot occur, the U.,T,S. will be little affected.
Testing these alloys revealed that there was an equivalent increase in

the U.T.8, and endurance limit on ordering, such that the fatigue ratio
was the sawe for the ordered and disordered alloys. It was concluded that
the propensity for cross-slip pinning also determined the endurance limit.

(34)

However, it has been suggested s on the basis of the negligible tem-

perature dependence of the work hardening rate of Cusau, that cross-slip
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pinning, being a temperature dependent mechanism, cannot be an important
process in the work hardening of polyecrystalline CugAu. Thus we are left
with the underlying assumption of the propesal by Davies and Stoloff, viz.,
that the cause of the strengthening ie the same in both fatigue and ten-

sile testing of polyerystalline ordered Cu,Au. The current theory which

3
appears to explain most of the cbservations which have been made, is the

Vidoz and Brown jog theory. It is of interest to recall that this theory
apparently relies on the same effect, of eventual softening with decrease

in domain size, as was used to explain the present observations.



CHAPTER VII
CONCLUSIONS

It has been shown that deformation by very high strain reverse
bending is initially general, as in tension and low strain ampllitude
fatigue, but, in contrast to these, finally becomes localized, The
large amounts of APDB, which have been shown to be produced, are sug-
gested to give rise to both these effects, This is so, since it is
expected that increasing amounts of APDB will initially cause hardening,
and finally cause softening of the material, The cbserved formation

of extrusions has been proposed as evidence for localized softening.

w Bl =



CHAPTER VIII

SUGCESTIONS FOR FUTURE WORK

A consequence of an increasing proportion of slip occurring
in regions which soften with deformation, must be that the peak stress,
to cause constant strain amplitude cyeling, decreases., The observation
of such fatigue softening in the final stages of high strain amplitude
cycling of ordered Cushu would be strong evidence for the mechanism
used to explain the present observations, Since the development of a
fatigue crack would give a similar effect, caution should be exercised
in interpretation of such a drop in peak stress. However, the growth
of a fatigue crack, in contrast to a geﬁuine fatigue softening effect,
should produce the most marked effect in the tensile peak stress,

An attempt should be made to correlate changes in the surface
slip appearance with changes in APD size, A technique of selective

thinning would have to be developed for this purpose, and this would

have to be, presumably, other than the one attempted in this investigation,
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APPENDIX I

EXPERIMENTAL RIFFICULTIES

) Testina

To preduce failure in thin sheets of Cu,Av by reverse strain

3
proved to be more difficult than anticipated. It was originally
intended to utilize the technique developed by Grosskreutz and Haldow(ua)
for this purpose, These workers bonded thin sheets of Al to the surface
of 2 plexiglass baseplate which was then fatigued in reverse bending,
thus inducing tenmsion-compression cveling in the specimen, Their speci-
mens were then removed for thin film electron microscopy by dissolving
away the baseplate and adhesive. However, a soluble bonding agent ripgid
enough to transmit enough strain to cause fallure in the CugAu sheets

could not be found, WNeverthaless, some observations were made which

represent the behaviour at low amplitude.

2, Polishing

An attempt was made to utilize the P,T,.F,E. polishing technique
in conjunction with cyanide, and chromic aecid electropolishing solutions
respectively, In this technique, polishing has to be stopped at the first
appearance of a hbla in the specimen, so that the lack of controly in
this respect, with these solutions due to the hazardous nature of the
former and the opaqueness of the latter, made the technique difficult.

Of the two, the chromic acid solution, because of its slower polishing



rate, promised the best results. However, it was found that the P,T.F.E,
holder in a chromic acid seolution frequently caused edge attack on the
2,3 mm, discs and even when this was overcome, by prior dishing of the
dises with an aqua regla jet electropolish, thin films could not be pro=-

duced,



APPENDIX II

CALCULATION OF THEORETICAL INTENSITY PEAK AREA RATIOS

The theoretical ratio of the intensity of a superlattice reflection

to that of a fundamental reflection is given by:

2
2 2 l+cos” 26 sin(26-¢)
I Sin® sinze sing + sin , :
™ = , . . e m) o exp(+2H) » exp(+2M')
- 4 Estu*fAuE l+cos” 26 et
W (Equation II,1)
where
£ 4 £, = atomic scattering factors for gold and copper vespectively,
Au* "Cu

§ = long range order parameter,

@ = Bragg angle

# = incident angle of beam,

M= 0,52 (sin E/l)z.

W' = 0,22 (sin 9/2)°,

A = wavelength of radiation,

The first factor in Equation II.l1 is the ratio of the atomic
scattering factor equations for intensity., The second, which Tnylor(so)
calls 'the angular factor', takes into account the change in intensity
produced by a change in the angle of reflection. This includes the
Lorentz factor, the polarization factor, the probability of reflection

factor, and the proportional factor due to the change in size of the



intensity sample. The third factor is for absorption; and since ¢ = 6
in the diffractometer, it reduces to 0.5 in the numerator and 0.5 in the
denominator, and hence cancels, The penultimate and final factors are
thermal scattering, and effective atomic size factors, as given by Baria(nﬁ).

The atomic scattering factors were obtained by graphical inter-

polation of those given in the International Tabloa(uv). 6 was calculated
from
2.2 .2
2 ﬁ‘g h4k" 41
gin 93(2) _—:Sm—u-
using

A= 1,54221 R (Average of Ka wavelengths given by

Taylev‘so))

a=37u i 2

Using this method, theoretical ratios at 8 = 1 of ' v 0,6518 and
A 200

A0 . 1.493 were obtained.
220
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Number of Cycles

Humber of
Inécntatieasr vO i 3 S 7 9 11 13 17 20 20 30 L0 50 60
253.5 229.0 206.5 200.0 196.5 177.5 189.0 186.5 186.5 189.5 187.0 193.0 166.0 208.,5 191.5
2 253.5 215.0 21%.5 197.5 180.5 183.5 190.,0 185.5 181.0 184.5 184.0 170.0 198.0 204,0 190.5
3 248,5 221,0 209.0 201.5 18%8.5 190.0 186.0 203.0 184,5 199.0 182.5 182.0 173.0 185.,0 202.0
i 259.0 206.0 201.5 186,0 208.0 195;9 1%0.5 205.0 19%0.0 195.5 196.0 184.5 188.0 179.0 189.,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%.5 199.5 177.0
6 245.0 230.0 206.0 204.,0 191.5 183.5 194.5 196.0 178.0 181.0 200.0 17&,5 189.5 186.0 188.5
7 2 261.0 224.,0 216.5 196.,5 189.0 164.,0 202.,0 183.0 178.0 186,5 194,0 178.0 153.0 198.0 199.5
239.0 229.5 211.5 204.0 1%88.0 179.5 198.0 197.0 186.5 191.0 19,5 188.5 168.0 202.,0 193.5
9 246.5 227.5 203.5 200.5 205.0 197.0 198.0 193.5 185.0 198.5 193.0 18u.5 191.0 195.0 195.0
10 249,5 214.5 205.0 210.0 200.5 198,0 190.0 190.5 176.5 174.,0 187.0 192.5 186.0 189.,5 196.0
11 263.0 231.5 213.5 193.5 1%1.5 181.0 185.0 200.0 188.0 196.5 178.0 - 182.5 183.0 202.0
12 289,0 230.5 217.5 195,58 198.5 205.0 176.,0 197.5 191.5 185,5 .186.5 - 18s5.5 182.,0 185.5
13 - 222.0 - 202.5 186,85 203.5 201.0 190.0 192.5 188.0 191.5 - - 208,0 177.5
14 - 225,0 - 197.0 195.0 191.5 - 206.0 188.,5 176.5 - - - 189.0 207.5
15 - 221.0 - 196.5 197.5 207.0 v i87.5 181.0 210.0 - - - - -
TABLE I: After Various Numbers of Cycles

Hardness Indentation Diagonals for Ordered 663Au
of High Strain Amplitude Reverse Bending.



100
200
110

220

At00
Ao00

A0
Aa20

Annealed Fatigued (to failure)

lat side 2nd side 1st side 2nd side
2.13 1,42 3.25 3.21
1.22 0,52 7.145 7.49
2,375 3,16 3.115 3,10
1.195 2,25 2,06 2.90

TABLE II: VAraqVUndep,Iutensity Peaks

fnnealed Fatigued (to failure)

lst side 2nd side lst side 2nd side
1,758 2,73 0.5 0.43
1.99 1.70 1.8 1.07

TABLE III: Ratio of Areas Under Intensity Peaks

Annealed Fatiggnd (tq failure)
Avcrage Avargge
A
3522 1.85 0.82
200
A
Kiiﬁ 1.11 0.93
220

TABLE 1IV: Calculated LangARaqgc Order Parameter
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Fige 5 Hardness Vs, Domain Size -~ From Davies and Stoloff
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Yig. 7 As annealed ordered Cu3Au - oxidized. K725

Fig, 8 As annealed ordered Cu,Au = electropolished, X72.5



Fige 9 Reverse Bending Jig



Fig. 10 Ordered CusAu - deformed in tension, ¥150

Fig. 11 Ordered Cu,Au - deformed by low strain amplitude fatigue, X150



Fig. 12 High strain amplitude reverse bending « 1 ecycle. X150

Fig. 13 High strain amplitude reverse bending - 3 cycles, X150



Fig. 1% High strain amplitude veverse bending ~ 7 cycles, X150

Fig. 15 High strain amplitude reverse bending -~ 13 cycles, X150



Fig. 16 High strain amplitude reverse bending - 17 cycles. X150

Fig. 17 High strain amplitude reverse bending « failure, X150



Fig., 18 High strain amplitude reverse bending ~ failure. X150



Fig. 19 Single stage replica « surface of failed specimen, X5,000

Fig. 20 Single stage replica - surface of falled specimen, X12,000
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Fig. 21 Reichert Microhardness Vs. Number of Cycles in High Strain
Reverse Bending, for Ordered Pélycrystalline Cnséu



Fig, 22 Electron micrograph of grown-in demain structure. %20,000

Figs 23 Electreon micrograph of grown~in domain structure, X20 ,000



Fig. 24 [Electron micrograph of APDB structure after high strain
amplitude eycling to failure, X20 4,000

Fig. 25 Electron micrograph of APDB structure after high strain
amplitude cycling to failure. ¥20,000



Fig. 26 Electron micrograph of APDB structure after 35 cycles
at high strain amplitude. 0,000

Fig. 27 Electron micrograph of APDB structure after 35 cycles
at high strain amplitude, 40,000



