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SERRATED YIELDING IN ORDERED AND
- ORIGINALLY DISORDERED Cu3Au

4

F. A. Mohamed®*, K. Linga Murty** and J. E. Dornt
Inorganic Materials Research Division
Lawrence Berkeley Laboratory
University of California, Berkeley

ABSTRACT
vTﬁe characteristics of serrated flow are studied in both ordered
Au and three types of serrations (A, B and C)

3
are distinguished in both states of the alloy. The activation energy

and originally disordered Cu

_ for types A and B is found to be 17.89 k Cal/mole for the disordered

_ state'end thef for type A in the ordered-alloyiis 22.09 k Cal/mole. These
values are 1dent1f1ed to be the actlvatlon energies for vacancy mlgratlon

in this alloy (m + B) values in the modlfled Cottrell equation are
determined to be 2.18 and 2.98 for.disordered and ordered states respectively.
These values are in essential agreement with theoretical predictions as

well es experimental findings in other alloy systems. iemperature de-
pendeqce‘of the disappearance of serrations is studied in both the states

‘and thus obtained activation energy values (42.72 and 52.8L k Cal/mole

for disorderediand‘ordered respectively) areridentified to be the sum. of

the self-diffusion. energy and the binding energy of solute atom with

dislocations in Cu3Au.

*Reseereh Assistant
#%Research Associate
tSenior Scientist and Professor of Materials Science of the College of

Engineering, University of California, Berkeley, California; deceased
September 1971.
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A stﬁdy of the temperature dependence of yield stress revealed no
simple correlation with the chgrécteristics of serrafed flow. The yield"u
stress aﬁd“its temperature dependence are believed ts have resulted from
the simultaneous preponderanée éf an athermal stress due to splid-solution
hardening and that dﬁe to ordering; change in the degree of order for
the ordered case while short—range ordering in originally disordered alloy.
":Alﬁﬁoush~a peak in strain-hardening coeffiéient ve;SUS‘temperature plot
was observed for the ordered alloy, no céfrelatioh with serrated flow
was noted. In addition onl& temperature*insensitive'gg-was obéervéd in

de

the disordered case. Thus no meaningful corrélation of these findings

with the strain-ageing behavior could be made»in this alloy; However these

observations on the temperature dependence of strain-hardening coefficient

are in line with earlier experiments.

1. INTRODUCTION

"Within certain ranges of temperatures and strain-rates serrated
stress-strain curvés have been observed for metals and, both substitutional
and.ihterétitial solid solution alloys; This phenomenon of. serrated
yielding and flow,lgeneraily referred to as the Portevin-Le Chatelier
effect‘has been 655erved in several alloy; and at present a vast amount
of 1iterétufe ié available on this subject. 'These Serrétions are believed
to arise from solute afom dislocation interactions which may be classifiédi
into two major groups: (i) athermal effects of clusters of solute atops
(Fisher (195h)), and short and long range ordéring (Cottrell (1953),
G. H. Ardley (1955)); and (ii) thermally aétivated_process assoéi;ted

with Suzuki (1952) and Cottrell (19L48) locking of dislocations. . Majority



- 5 - . IBL-193

of exﬁerimentél evidence suggests that Cottrell locking of moving dis-
locaﬁions to solute atom; is responsible>for the appearance of jerky
flow."if.the temperature is high ehough so that solute atmospheres can
migrate with dislocations, the atmospheres can fcatph up' with slowly
moving dislocations and céﬁse them to decelerate, finally lockiné them

completely. In contrast 'fast' dislocations will leave their atmospheres

‘ and continue to accelerate. ~In this way it might be possible to account

for the serrated steps observed in stress—straln curves of solid solution
alloys. Cottrell theory, wlth sllght modlflcatlons was applled by several
investigators to quantitatively explain the observation of serrations

and other details as well as the resulting activation energies for Jerky

flow in various alloy systems (Russell (1963), Nakada and Keh (1970),

‘Ham and Jaffrey (1967), Brindley and Worthington (1969), Mukherjee,

D'Antonio, Maciag and Fisher (1968), Cha.rnock. (1969), MacEwen and
Remasvami (1970), McCormick (1970)).

| In a recent investigation Langdon and‘Do:n (1968) demonstrated that
the_deformation of Cu3Au éeeméd to be congrolled_by_Peiérls mechanism
ovef the lok temperature region exfending upvto about 100°K for ordered
and 330°K for disordered. Above about 370°K originally disordered
Cu3Aﬁ exhibitea se?rated stress-strain cufvgs somevwhat similar to fhose 7
attributable to dynamic strain-ageing (Cottrell (1953)b). On this basis
it appears likely that the;e serrations should be observed in ordered
alloy as well, sinée the pertinent ‘factors of solute-atom diffusion and
interaction with dislocatidns:should also be operative in ordered Cu3Au.
Present inveétigation was‘underéaken to make a detailed study of the
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3Au, the types of

serrations and their dependencies on various parameters such as the

serrated yielding in both disordered and ordered Cu

impoééd sprain4rate,.temperature etc. Although Langdon and Dorn (1968)
did not Obéervevserrated.yielding in ordered alloy at the temperatureé
and strain-rates émplo&ed thé?e, it will be demonstrated in the present
study fhat at suitable strain-rates and temperatures serrated flow was
- observed in both ordered and originally disorderéd alloys. In addition
it is fouﬁd here that the charactéristicsvof serrations in ordered and

disordered Cu.Au are similar and can be accounted fér by dynanmic strain-

-

3
ageing.

.2. ,THEORY

Theories put forward to explain the appearance and othef details of
serrations in stressAstrain curves may‘be broadly classifiéd into ﬁwo
categories based on (i) dislocation multiplication concept (Johnstbn and
Gilman (1959)) end (ii).Cottrelifs dynamic strain-ageing hypothesis.
(;)'ibhnston-Gilman‘Approach: |

'Iﬁitial yield poiﬁts in ceftain materials could be explained in
terms of the rapid ﬁultiplicatioﬁ of dislocations. This idea may be
extended to serrated yielding'by_visualizing.each st:ess—drop to be due -
to somevsudden dislocation multiplication. In a tensile test the ex;
.. tension rate imposed by thevﬁachine is{balanced by the sum. of thé elastic
and‘plaStic strain rates of'thev5pqcimen sb‘that |

. - 1 4do
" Ea |

p. b . ‘ (1)

o |

m
where é* is the cross-head speed, E the effective modulus, P the mobile

dislocation density, b the Burger's vector and v the mean dislocation

]
1!
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Veloéity. A rapid rise in Pa due to the operation of a source results
in a dfop in the averagé velocity. Since the dislocation'velocify is

related to the stress through (Johnston and Gilman (1959))
o ~ (T )n | ) .
vE=E\T s A (2)
. \Tp : : -

a rgsultant drop in stress is realized. As dynamic strain—ageing ocecurs
~and v decreases due to solutefiqcking, the stress passes fhrough a
minimum and again increases at.a rate determined by the raté of ageing
~-and b& the stiffness of the machine. Again'ﬁhen stress increases to\a
level.where another source can operate, Pn inéreases. Thus repeated sourcg
0perétion-and dynamic'strain—ageing will result in serrated stress-strain
curves. ‘Qualitatively therefore the appearance of serrations can be
vaccoﬁnted for. But it is not clear:hdw one canvdeduce the effeqt of
temperature and strain-rate on the observed delay of strain for the onsetv
of sérrations and activation energiés for flow, etc., based on this médéi.
(2) Cottrell's Model:

:In Cottrell's model the solute responsible is considered‘to diffuse
fast‘enough'to keep up with_freely.moving dislocation by forming an
atmosphere around them. The stress then rises until the dislocaﬁions
break away from their solute‘atmospheres. Repetition of such a process
results in Jerky or serrated flow. The avefagé velocity of solute atom
at distance r is givenbby

D A _ DL P o ' ‘ (3)

where V = velocity of solute atom

A = interaction constant
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D

diffusion coefficient of the solute | ' | | |
‘and L = %E-# 'effecti#e radius' or-thé characteristic length of‘tﬁe
‘atméspﬁere. Assuming a dilute cbnceptration of solute, Cottrell (1953b) ‘ v
appfoiimat es | | |

g =2r . | ()
80 fhaﬁ the 'eritical' velocity for the dislocation to escape its'atmqsphere

. 1s given by
Vc T : S ‘ (5)
This critical velocity fixes the critical imposed strain-rate to be ‘ l

D p b
m : o

sc = pm bvc =

~ .vhere phband b are moVile dislocation density and Burger's vector
respectively. Thus if the imposed strain-rate
.. kD pd - : f
g =p bv <« —B .= ¢ ' (7)
n L e ’ : o :

the atmosphere drags behind the dislocation; and if

E> &, ' S | "(8) | %
the dislocation_cah escape and legve-its atmpsphere. Thus once dislocations |
get ?étuck' with their atméspheres the stress risés sufficientiy_tp ] %
vauire é = pbv > éc and then the'disloca@ions get 'freed;' ?hesé free;y. .
moviﬁg dislocationé can be repeatedly locked by solute atoms and unlécked J
by stfessing thereby repdering fhe stress;strain curve serrated.

.In the tempefature region whefé Jerky fiow was observed the diffusiQify

of solute atoms is too low to give this effect in substitutional alloys.

But Cottrell (1953b) pointed out that since a finite plastic strain was
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alwvays bbserﬁéd before the serrations occur,.the.diffusion coefficient
will be eﬁhanced by a non-equilibrium excess vaéahcy concehtration dué to
straining. In addition he observed this initial strain to be temperature
~and straln-rate dependent and thus 1ncorporated in hlS theory, this

delay in strain (e ) as a requisite to create sufficient concentration of
vacanc1es in excess of equilibrium number to enhance the diffusivity of
solute atoms enabling‘theréby their interaction wifh moving dislocations.

Following Seitz (1952) and Mott (1952), diffusivity assisted by vacancies

’

is given by
p=t2zv c. e EfRT . (9)
o Vv. , _ S
where-
Z = Coordin@tion nﬁmber
Vo = Debye freqﬁencyv
_ Cv = Vﬁcapcy ¢oncentrétion - . :

Gibbs free energy of activation for vacancx_migfationr

Ca

and RT = product of Gas constant and absoluﬁe temperature.

In general

T 4 - ’ » N . N
S | | (10)

C =C_ +¢C

v v v
where Cs is the thermal_equilibrium vacancy concentration at temperature
T and C® the excess vacancy concentratlon due to strainlng at straln €.

<

With Eq. 9 for diffusivity the critical strain-rate e becomes

c m v RT.

éc'—'l"ﬂ,"bi Pp D= Ko c, e En/FT y (1)
_ & Sy 2 . . - . .
vhere K = o) , assuming a negligible entropy-contribution. Or
' - , :
Iné =InK+lnp +1nC =z . (12)
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Eq.kiZ‘brings.out.the_need.forvfurther elucidatioﬁ of two important
paremeters in Cottrell's appfoach, namely the méb’iie dislocatior; densify
_(Pm) and the 'total! vacancy concéntfationv(cv). V#ripus inv#stigators
:elatéd these fwo factors to the delsy of plasfic strain (so) obsérved_.‘
before the first jerk starts. |

(2a) Vacancy Concentration-Strain Relation:

In general the excéss'vacéncy conceﬁtration due to straining may

‘be represented as (Seitz (1952), van Bueren (1955))
cc=3 . - : - (13)
From fesistivity measurements on Al alioys Seiti (;952) obtained B = 1o*h
and m = 1 in the above equation. Van Bueren (1955) considered the inter-
section_of two screw dislocations leading to the formation of a jog on

each dislocation capablerof producing point defects as these dislocations

move shead. By considering single as well as multiple glide he predicted

' I4

the rangé of m values to be
l.(25 f__m'_<__2’. s

the lower limit being obtained for single glide and the upper for multiple.
0 | '

His analysis yields a value of about '3.25 x lO1 Q' for B in Eq. 13,

where Q is the atomic volume. A similar relationship with B = 9 x 1072

and m = 1 can'qlso be oﬁtained following an analysis of creation:of
vacanciés at vacancy producing jogs on gliding screws (Wazzan and Dorn
(1965)). Blewitt et al (1955) observed a parabolic increase in ?esistivipy
ﬁith strain in.Cu crysfals at liquid helium temperature while Bolling
(1959). obtained a value of 1.36 for ‘'‘m' from experiments on a~Brass. All.

these prove the‘nominal validity of Eq. 13. However, in these analyses

~
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it was éssumed that there is ﬁo recovery: onég fofmed a vacancy never
anneals out to a sink. This‘is definiteiy invélid‘especially'atvhigher
rtemperatures where vacancy diffusion is fast enough. This annealing of
vacancies to appropriate sinks has been recently considered by Murty
an§ ﬁsrn (1971) who demonstrated that this is of_significance in some
cases énd quantitatively explained the defiat;ons from Cottrell model
observed by MacEvén and Remaswani (1970);
(2b):'Mobil Dislocation Density-Strain Relation:

The mobile dislocation densiﬁylmay be related to piastié strain.
Johnston and Gilman (1959) obtained the following relation from their

mechanical measurements:

Py =107 ;B - ,8=1 . - (14)
Hem and Jaffrey (1967) on the other hend were able to establish, from
their experiments uéing transmission electron microscopy in tin-bronze
elloys, the proportionality
| 1. o
pac T | : (15)

This is the total dislocation density apd in general pm can be taken as

a constant fraction of the total density so that

P, @€ Bl . . "(1_6)

It is believed on the other hand that the dislocation density (p) depends

on fléw stress rather than strain (Bird, Mukherjee and Dorn (1969)). Rider
: / ) : .

and Faxon (1966) found for Al, the relation between the total dislocation

density and the flow stress to be

o=k . - Coan
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while that between the stress and strain to be

o =K, '.f:- , (18)

or the value of 8 in Eq. 14 is unity in agreement with Johnston-Gilman

data.

From the above two subsections we find that Coltrell's equaticn can

be rewritten as

. E
s - _ o .
In € = InK+ (m+8)1n € " RD  ° . (20)

'from which one fihds that.(i) ét'cohstant temperaturc in éc an@ }n €,
are linearly related with a slope equal to (m + B) and (ii) if one plots
1n éc vs T-l at constant €, OF In €y vs T"1 at constant éc’ one should
obtain the activation energy for motion of.vacénCies. Of course Eq. 20
and thevabove predictions are valid only at temperatures lcw.enough s0

. \
that

Lo ¢l << ct . 4 . ~(21)

v R 4

Otherwise thermal equilibrium vacancy concentration should also be con-
sidefed. In such a case we find a more complicated expression for éc

in place of Eq. 20,-nameiy .
. . E
/RT | 5 my B

. ' -E
= 1 .
lnec'an +Blne:°+ln(ef Beo RT,(22)
80 that _
' (a in & ) ‘ mBgel® . -
—ZL) =g+ 0
PR H]
? in eo T e Ef/RT + B ¢ m)
(o]
T
(3 an écj (if e—Ef/R¢ ' ) : :
N1 =E H—7— ’ {23)
_a (1/RT)_ ¢ m ,Ef/RT +Bel
a0 (o] €
. - . [e] B
and , , : ' '
3 1n ¢ E B+ (B +E ) e Eg/RT
o) - O o) f m :
(3 (1/RT)] ¢, B (m + B) e’: + 8 e‘Ef/RT

i
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VariouS’perameters in Eq..22 ebeve can be obtained frou-en‘anelysis of

the experimental data.of éo"éc enu T. Equatious 23 lead to simpler ones
used by various 1nvestigators obtalned from Eq. 20 at low temperatures.
MacEwen and Ramaswami (1970) con51der expre351ons similar to 23a and 23c
above and attempt to qualitatlvely explain some of the deviations in their
plot 9in éo vs 1/T"_at higher temperatures of their results on single
'cryetais of Al—Mg'alloy. Iuclusion of anuihiiation of vacancies sat einks
lieeds'to.still coﬁplicatea expressicn for éc.in lieu of Eq. 22 namely
(Murty and Doru (i971)). ;h "

‘g = ln K'+ 8 ln.e.o + 1n {e-Ef/RT + B! (:o - 3 Z:p Ei); - %.'i .

(2b)

where B' is a cqnetant and p is the dislocation density.

‘3. EXPERIMENTAL TECHNIQﬁES

"In'the course of this investigation the heat cvauBAu was cast into

a graphite mold, forged to 0.75 in. in diemeter'and finally cold swaged
o %iin. rods. Tehsile;test specimene of 0.085 in. in diameter having 0.68
in, long gaée section were then macﬁined from these rods. |
Ihevdisordereu state wes achieved by anneeling under argon at 1000°k

_for'30'min. for the dual purpose of further homogenizing the_epecimeus
'and prov1d1ng a stable grain size. Speciﬁene were next slowly cccled to
725 % (62° K above T ) over 2 hours, then held there for about 15 min, and
finally quenched in water at room temperature. The eff1c1ency of quench
is ev1dent by the fact that in no case even the falntest trace of super
lattice lines could be detected in the Debye-Scherrer photograms.

Specimens for the ordered state were also annealed under argonvat lOOOoK_:

for about 30 min., furnace cooled below the ordering temperature (663°K)
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'ﬁo 6§3°K; hgld at this temperatﬁre for 85 hours, ;nd.then_slowly cqoledv_ B
.:o room temperature. Metallbgraphic exﬁﬁination_following étching'with
a SQ% aqueous solutioh of 12 in KI éevealed that both the disordered and
ordered_s£ates kad the‘éaﬁe'grain size with about 630 grains per cm. .
All tensile tests were condugted on an Ipstron testing machine."FQf
-.tests\abovevthe room,teméerature the tensilé»test specimens were completely
iﬁméfsed in continuously agitaﬂed gnd‘thefmoétatically controlled silicone
oil baths. Temperature remained within 1_19 of the reported falues.
vignsilé‘tests were performed'&tf@emperatures between 163°K and 650°K with

5 -1

' the nominal strain-rate in the range of 10™° to 1073 sec .

 Strésses were calculated from tensile loads and cross sectional
"areas, to an accuracy of + 0.1 x 108 dynes/cmg; Strains deduced from the
elongation data and initial gage lengths are accurate to better than 0.002.

When required the true Strains and true stresses were calculated from the

following equations

€ =1n %—- =1n (1 + e)
" .- o . . . .
o= 09 (1 + e?
where ) !
€ ‘='true strain

‘"
L}

normal extension

- o = true stress

Q
]

nominal stress

L. EXPERIMENTAL RESULTS
(1) Characteristics of Serrations:

Typical load-extension curves for a series of tension tests at a
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machine cross-head speed of 0.02 in/min or & v h;§7 x 1o’h se::_l from

320 to 648°K for disordered and from 380 to 633°K for ordered Cu_Au are

3
presented in Figs. 1 and 2 rgspectively. Serrations, appeared‘in these
cur?es,'may be classifiéd into § types, named tyﬁes A; B and C. It is
interesting to note that thus far in any material, Investigators reported
at most two of these 3 types and in no case other than the present one all
these 3-fyp¢s héva been reported or could be distinguished. v

Types A and B were similar to those firét reported by Rusééll(B) in
. a étudy on copper-tin alloys} Type A known as 'periodic' due to its
regularity is characterized by the size of the yield drop (Ac) increasing
with an increasing‘amount of plastic strain and thus the agging time
betﬁeeh‘sucgessive yield.p§ints. Type B éalled 'fine' appears at relatively
 higher strains and is superimposed on type A serrations. Type C is
éharactérized by having_é-yield drop always below the general level of the
sfress—stfain curve in: contrast to A and B which'show yield drops above,
and oscillating above and below the curve respectively. Type C éérrations,
obsefved'at relatively high temperatures and when the serrations were about
to disappear; are identical to those very recently reported by Soler-Gomez
and Tegaft (1969) in Aﬁ-lﬁ alloys. All theée three types of jerky flow
a;é illugtrated inufigurés'l and 2.' A1l of these were observed in ggﬁg

ordered and disordered Cu_Au. As shown in Fig. 2, type B‘did.noﬁ appear

3
"in ordered alloy at the illustrated ﬁemperatures but was observed at a
temperature of 457°K and a strain-rate 4.57 x lo—s-secfl.

The effects of strain on the yield drop (Ac) and the separation of

serrations (Ae) are recorded in figures 3 and 4 while Fig. 5 reveals the

dependence of Ao on the ageing time. The strain-rate (¢) dependencies
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of the étfain’(é;) to thé>onset of serrations are shown in Fig, 6 for
both_ordéred as well as‘disordered ;tate;. These double-log plots reveal
the_validity'of Eq. 20 for both cases althougﬁ the-slopeé are different
for ordered and disordered alloys: 2.18 and 2.98 for disordered and.

ordered Cu Au respectively. As will be seen later, these values are

3
'éomparéble to those reported for other materials.
.Regultg of an investigation of the effect of témperature on e for
ﬁhe onset of\serratibns are shown in Fig. T. For disordered Cu3Au datum
~points are plotted for both type A as well as B while in the case.of ordered
statevénly for type A ;ihce iﬂ this ordered alloy type B serrations gither
db_notbappear or cannot be distinguished<from background, in the temperature
range enployed here. Again a nice corre;ation with'Eé. 20 is noted. Slopes
' of the Arrhenius plots in Fig. T yield an aversge value of 4.13 + 0.18
for the disordered alloy and 3.73 + Ol for the ordered. These slopes .
dompiqed with (m :_B) values obtained from 1n & vs 1n € plots gave the

following results for the activation energy for serrated flow:

E
m

[}

17.8941;0;78 k Cal/mole for disordered
and o ‘4.

Ey = 22.09 £;0.06 k Cai/mole for ordered.
(2) Disappearance of Serrations:

. The temperafures and the cofrésponding strain-rates at which the
serrations Just disappear from thé stress-strain curves and at which
completely smooth cufvés aré found,were.investigated for both the states.
Fig. 8 is a plot of logarithm of straiq—rate=v€rsus the. reciprocal of

absolute temperature for disappearance of;Jerky flow. Thisvdiéappearance

is also .found to be thermally activated similar to the findings of Keh
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et al (1968) in interstitial solute atom-locking. The resulting slopes
. of these Arrhenius plots yielded values for the activation energy for
disappedrance (Q') of serrations to be

‘§2.72 + 1.65k Cal/mole for disordered

Q'

and . S - - (26)

Q' = 52.8k i_l.S6k Cal/mole for ordered.
(3) Temperature and Strain-Rate Dependence of Deformation Characteristics:
- These results'are'presented in two parts: ohe pertaining to originally

-disordered Cu_Au and the. second one to ordered state.

3
(1) Disordered Cu,Au: From the documented variation of yield stress with

3
témperature in Fig. 9 we note an athermalrbehaviof in the fange 375 to
hSOoK‘wﬁere_the yield stress.i§ insensitive to.both the temperature and
strain-fate. At around hiOOK it starts.to increase rapidly until about
LTSOK ffom when on the stress increasedISICV1y. ‘Over the region of
ihc?easing»yield stress (450 —585°K)'lower strain-rate yielded higher
stress vaiues revealing the existence of a slight 'negative-temperature'
. effect. And, at still higher temperatﬁres abOQe ebout 585°K higher strain-
rate daté gave higher stresses. Shown in Fig.IIO is the températufe
independence of strain-hardening coefficient, (g%). ‘AbOVe ebout 0.001
si?aih, the stfesséstrain curves are all linear and thus the slope§ of
thesé.lines are taken as the measure of the strain-hérdenihg coefficieht.
Tﬁug the variation of flow stress at strains befond 0.00llis identical to
the-temperatﬁre dependence-of tﬁe yield-stress, taken at Q.002 off—set
frdm the modulus iines& .The--range of temperatures and whetﬁér the cur#es
are ser;aﬁed or ﬁot in these ranges are tabuiated bélow fér clarity (Table 1).
Although a slight negative—temperaturé regionbis obsefve& befﬁeen 450 -
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585°K, there seems to be ﬁo correlation of this findihg with the appearance
of serrations. Moreover, it 15 interesting to note tbat there existS'no
additional sirain—ha;dening in the serrated region in contrést to findingé
in some interstitiallsoiid solution alioys (Keh, Nakada and'Lesiie (1968)).
(1) Ordered CusAu:. As revealed iﬁ Fig. 9, belaw 380°K an gxhefmalv
béhavior~wés observed. Abofe about 380°K, yield stress increases first
gradually and then the rate of increase in stress with temperaturé increases
as'teﬁperaturé increases. Thgre is no evideﬂce of negative tempgratﬁre
region."On the other hand, the strain-hardening coefficient aé a function
of temperature revealed a peak (Fig. 10) at abéut 300°K at which temperature
Eé.serréted stress-strain curves were observed at the_strain—rates employed
here. it is to be noted'thét,as Curie-temperature is approached,'both
_ ordefed aﬁd disordered>ailoys seem to give identical values for the yield
stfess as well a; for %gy‘as‘expectgd. Again various regions of temperatures
a}e,tabuléted in Table 1 for the ordered caseiélso. | >
.It might be of significance‘to note that in the case of disprdered

alloys, no superlattice lines could be detectea up to about 596°K while

faint lines were found in’the specimens tested at 614 and 648°K.

5. DISUCSSION

'_ Originally-disordered as well as 6rdered Cu_ Au alloys were tested

3
below the curie temperature of order-disorder transformation. As seen in
the previous section, in some ranges of temperatures the stress-strain
curves of both types of alloys are serrated in contrast to the earlier

observation by Langdon and Dorn (19681.. These serrations were grouped

into 3 types (A, B and C), and in the present section, we will attempt to



- &

_— | o - -17- - : , LBL~193

put all the experimental observations togefher to compare with various

'theoretical models. o o

In general, in a‘materialrsﬂch as disofdered Cu3Au Jerky fiow may /
be attributed to either of the mechanisms: (1) dynamic reordering of
shorf—rapge—order (SRO) and (2) dynamic étrain ageing or solute atom-
disloéation interaction. The fifét possibility is Cottrell's (1953a)
deveioPment of Fisher;s (1954) idea of short range order hardening. When
a dislocation passes through a com;iletely disordered alloy the internal
energylbf the cfystal remains unchanged and only a small stress is required
to mové it. "However if there is some short range ordering present (due
to either quenching from abo&e‘the critiéal,temperature or annealing the
6riginaily disordered structure below Tc)g the stress need be higher to
disorder the short range order across the.slip plane% After this des-
truétion of 5SRO the sﬁréss ﬁecessary to mqvé the second dislocation is
sma}lér, i.e. stress to start deformation‘is léss than that~to continue.
If the conditions are such that the SRO ié allowed to reestablish itself,
stress has to be increased to destroy SRO. -Repetition of suchva‘process

can produce sudden Jerks in a stress-strain c¢urve. However, this mechanism

- Is disqualified for the present case of Cu_Au due mainly to two reasons:

3

(1) serrations observed here have'identicél characteristics with fhose'

obsé'rved in substitutional alloys where dynamic stra.in ageihg vas operating,

‘and (2) the characterisitics of serrations in both ordered and disordered

alloys are similar.
- In the folloWing,'dynamic strain ageing is considered to explain

various experimental findings reported in the last section:
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As mentioned earlier the types of serrations observed in both ordered

and disordered Cu,Au are similar to those found in various substitutional

3
allby systems. Types A and B can be thought to be due to a narroﬁ 'de-
.formation' bénd pessing down the specimen once between each A-type &ielding
(Russell (1963)). Stress concentration built up in the band will unlock
dislocations from_théir solute aimospﬁergs some of which move rapidly

while others, left behind, move reiatively slowly. These lagging dis-
locations will be siowed down further due to the increase in atmosphere

as weli as the degree of locking and thus the‘flow siress should rise.
Sincg'the stress continues to build up'during ﬁhe‘propagation of the band ‘
some deformation must bévtaking place behind the band front (Worthington
and Briﬁdley (1969)). When the band reaches the end of the gauge length,
the‘number of free dislocatiﬁné in the specimen is too low to keep'the im-
posed strain-rate., Such a éituaﬁiOn leads to generétion of new_g}slocations

and produces a new deformation band. A repetition of such a procéss leads

to xYpeAA serrations. When typé B yielding occurs, the fast moving dis-

locations in the deformation band age during straining and thus they require'

higher diffusivity to be unlocked. ThuSvB—fype serrations appeai in the
stress-strain curves at higher temperatures and/or at higher strains in
accordénce with éxperiﬁéntal findings. 'Té start .with, hdwever, these fast
' moving'dileCations are partially_aged and thus a sgpérpositidn of type B.
on A_méy result. But as the diffﬁsivity increases due for example;to
straining, the dislocations get fully aged, the deformation band will be
formed randomly and thﬁs the periodicity of type A disappears rendéring
‘thereby both types indisiinguishable;.é fact in ﬂarmony with éxperimental

observations.
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~As noted.earlier, yet aﬁother form of Jerky flow,.type C, is observed

in the present casé;. At high enough.temperatu:es whe;e the d;ffusion

rate is such that thelsolute atoms can migraie with the dislocations,
“and the balance between the disloqaticns being 'locked' or 'unlocked'

is so critical that any slight déviation-from ideality results in
catastrophic unlocking (Soler-Gamez aﬁd Mc G;,Tegart (1969)). This

critical nature is manifest by the rapid recovery to the relocked Eondition
and by the way the Jerké occur réndoml& on the stress—strainvcurve (Figs.

1l and 2). Thus this kind of serratiéns appéars only in a narrow temperatﬁfe
range'(Table 1) and this fype Cfcén be considered to be dﬁe to ‘'unlocking'
(note that these C type are always below the general level of the stréss—
strain curve) while the type A,'due to 'locking' (type A is always above

the general level). ' -

(l) Strain-Ageing Kinetics of Type A: . |

. As suggested by Russellt(l963) the stréinfaéeing kinetics ofvtypé A
_serrati@ns can be studied Qsing Cottrell-Bilby (1949) eqﬁatioh. The

fraction of total dissolved sdlute Eg_migrating to dislbcationsvin time ﬁ,

. n
at a temperature T is given by °
EE.:.- 3 I1/3 ___._ADt 2/3 l .' | . (27)
o, > PART > | ‘

where_A.is the same interaction constant used in Eq. 3. The size of
the yiéld drop (Ac) can be regarded as proportional to the number ‘of -

solute atoms migrated to the disloéatiqn and so at a certain S£rain,

- o\er3 | | . 
Aot an a (T) . ‘ constant € or-t ,
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SN

or
e m . :
4, = K [““T‘—] e : (28)
so that a plot of -1n (Aot) vs 1n \=—) should result in a straight

line with a slop equal to 2/3. Indeed such a correlation is seen in
Fig. il where two different lines were obtained for ﬁwo different étrains
and the average slope of these lines is 0.73. .
{2) (m + 8) and Activation Energieé:
Figures 6 and T reveal the gehéral validity of Cottrell equation,

for Cu_Au, assuming that (i) thermal equilibrium vacancy concentration

3
is negligible compared to that due to straining‘and (ii) the annealiné of

vacancies to sinks can be neglected at the temperatures employed here.
These assumptions can be shown to be valid here at the temperatures and
. strain-rates employed. Thermal equilibrium vacancy concentration is

T o oE /BT 10

v for disordered Cu.Au

3

at the highest témperature where serrations were observed, namely SQOOK.

= 2,05 x 10

Here a value of 23.05 k Cal/mole was used for Ef as found by Benéi et
al (1964) and also in agreement with the present results, as will be
seen later. Oh the otherhand, the concentration of vacancies due to

'straining is given by Eq. 13 with B = 9;&3'x 10-2 and m = 1 so that

Cs = 9.43 x 1072 for the least value
of € namely 10_3. If one follows Van Bueren (1955) this value b ecomes
S1.72 x‘lO-S. In any case in this material even at the highest temperature'

and least ¢
_ o
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A v

Ekperimental data as shown in Figs. 6 and T did not reveal any deviations

from Eq; 20 supporting the assumed fact that the vacancy annealing in this
material has‘negligible effect on the overail effective vacancy concen-
tration at the strain-;ates and tempera?ures employed here.

Plots of In é vs 1In eo at constent T resulted in streight lines
consistent with the modified Cottrell eqnatlon. Values of (m + B) ob-
tained from these plots are recorded in Table 2 along with those determined

for other alloy systems by various authors. As seen here the present

‘values fall in the range of reported ones.

| " A plot of either.ln.eo or-;n élas g funcpion ofEl/T should result

in a straighﬁ'line wjth slope equel to zﬁiﬁjﬁ' or - ﬁg' reSpective}y.
Using the slopes’of the Arrhenius plots in Fig. 7 the activation energies
for sefreted flow io order and disordered Cu3Au are found to be 22.09

and 17.89 k Cal/mole respectively. Although not shown earlier since only
2jstraiﬁ;rates were employed the above results are found to be consistent
wito the plots of In € vs T-l the lepes.of-whicb yield the activation
energy of 17.6 + 1.03 for the disordered case (Fig. 12). All these |

flndlngs support Cottrell theory and are in line with the modified Cottrell

'equatlon The present value of 17.89 k Cal/mole is close to 16 95 found

for the mlgratlon energy of a vacancy in disordered Cu Au by Benc1 et al

3
(196h) from thelr experiments on anneallng of quenched in resistivity. .
Thus the present conclusion that the aColvation energy for serrated flow

is -identical to that for vacancy motlon is in accordance: w1th various

studies in different alloys. The energy value for the ordered alloy

cannot-be compared due to the unavailability of experimental data on:
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activation énergies in the ordered state. However, as will be explained
later one expects a sligﬁtly higher value for‘Em'in the ordered alloy
compared to that in the disordered. : S o ' \

As demonstrated earlier the dlsappearance of serratlons fram the

stress—strain curves can also be represented by Arrhenius type of plot

(Fig 8) _Keh et al (1968) have shown that the activation énergy for
disappearance of serra@ions~is.given bj the sum of the energies for
solute diffusion and the binding enefgy of the:solute—atom to dislocations.

In the present case of Cu,Au we cbtained values of 42.72 and 52.84 k Cal/

3
mole for the apparent activaﬁion energies for disappearance of serrations
in dioordered and ordered alloys respectively. Benci et al (196h) obfaioed
& value of 1.72 ev (= 39.65 k Cal/mole) for diffusion (Em'+_Ef) in dis-
ordered Cu3Au so that the differehce of 3.07 k Cal/mole may be ascribed

to the binding4energy of the solute atom with the dislocation in this
material Again no such comparison is possible for the ordered case. .
However the same value of 3.07 k Cal/mole msy be regarded as the binding
energy in the ordered alloy also sO that )
ED.= E_+E, = 39. 65 k Cal/mole for dlsordered

| | .‘ E + E, é_hé.?? k Cai/moie‘fo; ordered. g v - )

Thus we find that the ratio of the above values is ' -
5

—a-is'= 1.26 s

which is of the same order as has been found in other alloy systems, and

also in the present case for E , see Table 3.

ord . o S e
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Suéh'a trend of higher activation energieé in ordered alioys is expected
on the grouﬁds.that in an ;lloy with long-range §?der the disturbence
of ﬁearest neighbor relationship requires extra energy.
(3) Temperature and Strain-Rate Depeﬁdénce of Yield Stress:

| Cottrell-Jaswon (1949) model based on dislo¢ation—dragging of solute
latmOSPhefes as well as Schoeck~Seeger (1959) tﬁeory of-yield stress due
to Snéek or@eringvof intérstitiéi.solute atoms around dislocations pre-
dict a pgak in the yield stress versus femperature curve. Ko éxperimental
support 6f such a prediction'éﬂ‘substitutioﬁal alloyé in the dynamic
strain ageing region is available so far. However such peaks weré'observed
in alloys with intersitital solute atoms such as.C or N in Fe. (Keh,
Nakada and Léslie (1968)).' In iron and steél, at least, dynamic strain
ageiné is manifesfed by,negative temperature and high work-hardening rates.

In the present case of Cu,Au theveffeét of femperature on the yield

3
stress is shown in Fig. 9;. In fhe-ordered allby,an athermal behavior of
yield stress is found in the region between.§176.and'¥350°K and from then
on the stress monotonicall&'increased. No serrations were observed ih tﬁe
athermal region and heifher a reéion of negative temperature when:serrated
yieiding occufed. ~Following Ardley (1955) who obtained a similar tegéﬁ
A erature dependence of yield stress, the 1ﬁcrease‘in'the'stress beyond
A3SQ¢K may be at%ributed to the change in tﬁe'degfee of order, c.f. fié; 13.
1VAs_docuﬁeﬁted'in Fig. 9 yield stress in disordered alloy has a com-
pliéﬁted temperature dependence, .Sﬁch a dependence mighf be_ascribéd to

short-range ordering reaction. (Mohamed (1970)). Although a region of

negétive temperature was observed it seems to have no correlation with
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the observation of serrations or dynamic strainfageing since in the
' tempgraturé‘raﬁge (360°—530°K) ﬁhefe completelyisérrated stress-strain -
'curfes_weré obtained, part of this region_(BGO;hhd) has en athermal
_behaviprfwhile the>other part has a negative temperature effect of the
field streés. This complicaéed effect coulﬁ‘be due fq the simultaneéus’
predqminence of both shbrt—range o;dering as well as-aynamic strain ageing.
It might be interesting to note thﬁt Li (1968) after modifying
Mott—Nabérro theory of solid-éplutipn hérdening, shoﬁed that the'hardeqing
due to solute.atoms is nearly athermal and
‘1 = 2pef, for small £,
where T ié the $hear stress due to solid—éoiutipn hardening, u the shear
modﬁlus and e = solufe misfit = %-_%%J with a and f being lattice para-
meter and solute co;centration respectivély. The yiéld stress and ifs
. temperature depehdence observed in both‘orderea and disordered alloys
might have érisen_becausévof the addition of this athermal stress due
'.to'solid—solution hardening apd that due to ordering - change of degree
of order in ordered alloy (Ardley (1955)) and short-range ordering reaction

;in originally disorderd Cu_Au (Mohamed (1970)). Mohamed (1970) has

3

shown that a rapid increase in the yield stress between 450 and 480°K is due

“to the abrupt incfeése'in thé absoluté degfee o} shérf-fange order;v The
slowér'inpreése‘in Shdyt—range order between L90 gn&‘SSO°K was attributed
to the fact phat‘the equilibriuﬁ value for each temperature here is being
approached. Above predictions are ‘still valid since the temperatu?é
depeqdence of the yield stress is unaltered By adding an athermal stress{

Same might be true for the ordered case also.
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Serratiéns in the stress-strain curve arevbelieved.to enhance dis-
locatiog muitipiication thereby inc;easihg the strain—hardening.“Thus
in ihe region of strain;ageiné'one expects.a méximum in the Stfain—
hgrdéning rate while at lower and higher teﬁperatures.strain—hardening—
coefficienﬁ should'decreaée.- Although suéh.a trend seemed to be present

de

3Au (Fig. 10). The observations recorded in Fig. 10 are com-

pleteiy identical to the earlier data in single crystals by Stoloff and

in the ordered alloy, only temperature insensitive g--q-x'ra.s_o'bserved in

disordered Cu

do.
de

with that for the originally.diSOrdered. Thése'observations may be ex-

Davies (1965). At about 630°K the value of for ordered alloy coincides

plained through the mechanism proposed by Stoloff and Davies (196k) in

ﬁhich'the screw component of superlattice dislocation tends to cross-slip
oﬁﬁo another {111} plane to decrease the energy of'aﬁtiphase boundary
(APB)on & {100} plane. Because any further movement of either component
produceé APB the dislocation becomeé'sessile and forms an obstacie for
other glissile dislocations. For tempera@u?es below the peeak in %%5,
rate éf formation of such obstacles inéfeas;s with températuré (since
Erosé—slip of one of the unit diélocations of the SQperdisldcation is

thérmally activated). At higher_tgmperatureé both the.dislbcations

composing the superdislocation can cross-slip onto'{lll} with the result

 of no barriers formed. Stoloff and Davies (1966) preéent micrographic

evidence to support their conclusions.

6. CONCLUSIONS
At the temperatures where serrations were obser&ed in the present

case of Cu Au, annealing of vacancies has only a minute effect on the total

3
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vacancy.concéntration. Equilibrium vacancy concentration at thgée
temperatures is also négligible compared to that due tO’straihing. Thus
an application df modified Cottrell equation yielded activation energies
,fo: serrated flow equal to those for vacancy migfation in ordered and
disdrdered:allo&s. The activation energies for dynamic strain-ageing
in both these states at the disappearance of serrations are found to
be éqﬁal to_the sum of the activation energy for self—diffusion.and the
bindihg energy of solute atoms to disloc;tions. Deduced values for
‘(m + B) in both disordered and brde;ed states are comparable to those
obtained on other alloy sysiemé.

- The many.areés of agreement bétween éxperimental results and
theoreticai prediction§ notwithstanding, the yield stress and strain-
>hardening coefficiént,and théir tempersture dependenéies cannot be accounted

for by, for example, Cottrell-Jaswon model. The complicated temperature

do
de

simultaneous occurrence of short or long-range ordering as well as

dependencies of yield stress and are'thought to have arisen from
strain—ageing. Predictions based on Mott*Ngbarro and Li's models of ~
solid-solution hardening combined with changevin the degree of order
(for ordered) or with short-range ordering reaction (in originally dis-
- ordered) explain, at least qualitatively, the observed temperaturé

depehdénce of the yield stress.
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Table 1

Serrations in various temperature regions:

Ranée of Is g-¢ curve :
Tempséature'. serrated? Comments
DISORDERED | ORDERED
| /<308 - < 355 no completely smooth
310 - k10 360 ~ 426 ‘ yes 6n1y after a finite strain
l;;h - 513 ' 450 - 520 " yes comple’iely serrated
515 - 570 523 - 530 yes _slightly'serrated and only
. type C observed
> 575 1 533 -653 no 1 completéi?lsmooth
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N : ‘ Table 2
- Experimental Values of (m + B8) .in Various Alloys -

Alloy m+ B _ Reference
Cu - Sn 2.2 Ham' and. Jaffrey (1967); Russell (1963)
Au - In 2.1 - 3 Soler-Gaomez and Mc G. Tegaft (1969)
Brass 1.9 " Charnock (1969) |
Al - Mg : 1.7 MacEwen and Ramaswami (1970)
T07T5 AL 3.0 Mukherjee et al (1968)
Cu3Au
Disordered 2.18
‘  Present study
Ordered 2.98

Theory 2-3 Van Bueren (1955), Ham and Jaffrey (1967)
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Table 3

- Activation Energies foq Diffusion in Ordered and Disordered Alloys -

5

Structure ég kCal/mole Ratio ‘Reference
ctu o TUEHEESS - LORD DTS
. . L ED /
D .
) b |
S Ord. bee . 38.3 Lo - 1
B - Brasg Dis. beé 23k ‘ 1‘63, Hren
S e ' .
. Ord. i\ 90.0 : -2
Fe-Al1-Si Dis. 77;0 : 1.17 Schmatz and Zackay
Ord. hcp. 33.5 3
Mg Cd : Dis. orth. 2@,6 1.17 -Soler-Gomez and Tegart
' Ord. bec 92.b J i
Fe3A} : Dis. 'bec 78.0 o L. 8 ngléy,‘Coll and Cahn
Ord. 'sc . 49.8 \ -
CuBAu Dis. foo 39.7] 1.26 Present study
' l. .
' Ord. sc 22.1% : L 5
Cu3Au Dis. fec 17.2* 1.2{. Present Study

.l.

~ % Value for Em

J. A. Hren, Ph. D. Thesis, St

:

anford Univer

sity (1962).

I i
D. J. Schmatz and V. F. Zackay, Trans. ASM, 51 299 (1959).

Soler-Gomez and Mc G. Tegart (196h)."'

A. Lawley, J. A. Coll and R. W. Cshn, Tran

\ .

S

|
B
1
|
|
|

. AIME, 218, 166 (1960).

’
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Figure Captions
i. Load vs elogation curves for disordered.state. The three types of
serrations (A, B and C) are'depicted in the inset.
2. load vs.eloéationecﬁr§es forverdered state.
3. Plot‘of Ao as a function of strain.
h; Dependence of Ae 9n'strain‘ |
5. Plot of Ao‘vs ageing time.
6. peuble—log plot of strain rate versus del&y in strain for the occurrence
of serrations in both ordered and.diserdered alloys.
7. Ar:henius.plot of the delay in strain (e ) for ordered and disordered
ste.tes.
8. Plot of 1n ¢ vsll/T for the disappearance of serrations.
9. Temperature dependence of yield stfess.
10. Temperature dependence of straln—hardenlng coeffic1ent (—*0
11:. Plot of In Ag, vs “1nfexP i -2/ RTﬂjto prove the validity of Cottrell-
Bilby equation for the strain ageing kinetics of type A in disordered

.atate.

12. Plot of 1n & vs %-. ‘ _
.13. Temperature dependence of the degree of ordeffin CugAu.

[
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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