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2 An Interpretation of the Haasen-Kelly Effect
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i;‘ Abstract: In 1957, P. Haasen and A. Kelly presented antwatco
13 of experiments which showed that in Al and Ni senglystals
18 the mere act of unloading during a tensile tessedwa small but
e reproducible transient increase in flow stressyiald-point’.
21 The increase is proportional to the current workdbaed stress
2 level. It occurs at the lowest temperatures, wihkffeision is
gg not possible, but it is enhanced at higher tempezat The
26 effect was interpreted as arising from dislocatiawhsch ‘anchor
g themselves during unloading and that this procésschoring,
29 which prevents reverse plastic flow, is also resgaa for the
32 yield-point effect on reloading’. Recent ideasphiasising the
32 role of dislocation dipoles as sources for slipvide a natural
> explanation for these effects.
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1. Introduction: A simplified description of the work-hardened
state envisages three idealised types of dislataomrces: (1)
segments in small-angle boundaries which are mdoynd in
the ‘carpets’ or regions roughly parallel to glianes, but also
In the incidental dislocation boundary (IDB) st within the
geometrically necessary boundary structure (GDBasimg slip
bands (Kuhlmann-Wilsdorf and Hansen 1992); (2) aryn
screw dislocation dipoles which limit slip in a efition
perpendicular to the Burgers vector; (3) primaryged
dislocation dipoles which limit slip parallel tq @as sketched by
Hirsch (1975). The dipole arrays act as stagingtgdor
dislocations, exchanging with the mobile segmeatgroduce
ever finer and more numerous dipoles, but allovilmey mobile
segments to penetrate the array with a certaingtmibty. The
arrays are thus both sources and sinks for molsledtions.
Edge dipoles are the most numerous sources.

In thinking about the dipole arrays, it is impoitam recognise
that the local resistance they pose to primaryodaions is not
proportional to the square root of their dislocatmensity, nor
even to their dipole density, but varies from dgadb dipole
depending only on the heightf each dipole. The dipoles are
spaced about ten times further apart than theirageeheight.
Because the dipole arrays consist of a distributioimeights, the
arrays are ‘statistically deformable’, meaning thisgy have a
mixture of weak and strong points. For screw aydlyere is a
minimum height of dipole which can survive withocrtoss-
slipping to extinction. For edge arrays, the saslldipoles
transform to faulted dipoles, which can act as cesrof
deformation twinning (Steeds 1967, Niewcas and &a2002).
As the applied stress increases, the maximum heijlstable
dipole diminishes, until at the onset of StageéhHtdening, there
are no screw dipoles remaining in the crystal, auge dipoles

! This seems first to have been stated by Friddialdcations, 1964, Pergamon Press, p 248): “. . .in
many cases the distance h between slip planesso small that the maximum elastic interaction. .
.between dislocations in neighbouring planes igdarompared with the applied stress. The whole
Taylor model then breaks down.’

2 The ‘height’ of a dipole is the distance h meadyrerpendicular to the slip plane between the two
dislocations of opposite sign making it up.
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and small-angle boundaries are left. Full confiaetof the slip
bands is then lost.

Within the dipole arrays there is opportunity tocleange
partners. In the case of the edge dipoles, scrslwcdtions
connecting one dipole with another can move to sfiem
partners. In general, higher (coarser) dipoleshawre energy
per unit length than finer (narrower) ones, andabse of non-
linear effects, interstitial dipoles (half-planesimging inwards)
have greater energy than vacancy dipoles. As afioon

proceeds, the dipole array thus not only beconres fit tends
to contain more narrow vacancy dipoles than inteakones.

Niewcas (2002) presents beautiful detailed obseEmstof the
dipole debris produced by the monotonic deformadrCu.

Although the screw dislocations are not retainethethin foils,

the distribution of edge dislocation dipoles isduly consistent
with this simplified description.

2. The Haasen-Kelly (1957) Effect: When their classic paper on
yield phenomena in face-centred cubic single clystaas
published, what was at issue was whether or nosittel yield
points observed after ageing deformed crystals waesto the
formation of Cottrell atmospheres at dislocatiortdaasen and
Kelly showed that the mere act of unloading thesialg
produces a small but measurable yield point. Fightws a
schematic diagram, redrawn from their paper. Tistals must
be unloaded by more than 50% to produce the fidicef The
effect is observed at temperatures too low for defprmation-
induced defect to migrate, but it is enhanced abnro
temperature. The presence of impurities seemsdoce it.
Upon reloading after unloading, the size of thddyigoint as
defined in Fig. 1 is approximately proportional ttee applied
stress above the level at the end of stage | ofhdreening
curve. However, the effect is very small, the ¢ipbint at the
lowest temperature amounting to about 1.5% of tpplied
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stress. It appears that similar effects are olesemm zone-
refined iron (Wray and Horne 1966).

el ep

Fig. 1 (adapted from Haasen and Kelly (1957)). d&&nition
of the observed yield pointys, is shown. The plastic strain
interval is estimated from another diagram in tipaiper.

3. Asimpleinterpretation: The stress required to split an edge
dislocation dipole is given by Brown and Nabarr6(2) as

i [H 67G<1+v><1—zv>3]:(,{1iﬂ]. (1)

Oc” 87(1-v)h 7 (1-v) O

Here, . is the shear modulus, the magnitude of the Burgers
vector, h is the dipole height, is Poisson’s ratio, angd, is the

Grineisen constant, about equal to two for mosenas, and a
measure of non-linear effects. The term outsideltfacket is
the usual splitting stress in linear elasticity, desrived for
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example by Kelly and Groves (1970). Under suchtress,
linear elasticity shows that a dipole can be flgpdeom one
stable configuration to another and split entirelgach
dislocation then becoming mobile, free to travgbasately to
another obstacle. For the dipole to act as a sowft
dislocations, the splitting stress equals the appbtress,s,.
The term inside the bracket is an estimate of treection due
to non-linear elasticity. lincreases the flipping stress but
decreases the splitting stress for interstitial dipoles, athaks the
opposite for vacancy dipoles. One can imagine that
compressive regions are elastically harder thasileeanes, so it
becomes more difficult to force dislocation haléupés over one
another when they point toward each other, bueeadien they
point away from each other.

Brown and Nabarro also show that screw dislocations
connecting dipoles of opposite sign are subjecariceffective
stress tending to convert interstitial dipoles incancy ones.
The magnitude of the stress is about 10% of thesstrequired

to split the dipoles, if the dipoles are spacedualien times
their height. But the stress required to split dif@les is equal

to the current level of the work-hardened flow s$teso the
screws cannot respond to the small conversion $anoéess the
crystal is unloaded.

One has here a possible basis for an interpretatiorihe

Haasen-Kelly effect: upon unloading, screw dislmoet can

move so as to convert interstitial dipoles into araxy ones,
thereby increasing slightly the stress requiredpidt them so as
to release the dislocations. The magnitude ofefffiect is just
proportional to the flow stress. The process neguslip alone,
no diffusion is necessary.

Equation (1) predicts a surprisingly large effedthe fractional
change in splitting stress is predicted to be abbBfb if

http://mc.manuscriptcentral.com/pm-pml
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Poisson’s ratid is taken to be about 1/3. The experimental
value is much less than this. In order to achiageeement
between theory and experiment, a slightly more dmwaued
analysis is required.

4. A morerealistic interpretation: According to Nabarro
and Brown (2004), the action of the mobile scresglatiations is
to convert dipole arrays with equal sizes of vagamnd
Interstitial dipoles into arrays with smaller vacardipoles and
larger interstitial ones, whilst conserving botle thumber of
dipoles and total vacancy/interstitial contentloé &rray. Only
if the array connects with external surfaces carter@ be
extruded or intruded from the slip bands. This gsqs in
persistent slip bands in cyclic plasticity, but unidirectional
deformation most slip bands do not connect witlepaurfaces.
The unloading impact on interstitial and vacancpotks of
equal size is to create smaller vacancy dipoleasidndo split on
reloading, as well as larger interstitial dipoleasier to split on
reloading. Not all dipoles can be modified in tay, only
some of the edge dipoles — those connected to screw
dislocations — whereas the screw dipoles (if ang) the links of
dislocations in the small-angle boundaries arelik® be
unmodified on unloading.

Fig. 2 shows schematically what can happen. Onldfieis
sketchedn,(s), the number of dipoles per unit area which can

act as a source of mobile dislocations under tlesss. Under
load, all the dipoles which can be split at stredewver thans,
are wiped out, whereas the stronger dipoles remai@n
unloading, the step-function discontinuity in dipallensity is
modified: some narrower vacancy dipoles are creatddch
increases the density above the step, but also seider
interstitial dipoles, which increases the dens#olr it. At the

® The value of Poisson’s ratio to be inserted hereoisthe value one uses to produce
accurately the ratio between the line energies of edge aed slislocations, but it is the
value which gives the ratio between the shear modulus and the bulkusoduking the
tables given by Hirth and Lothe (1992) one finds that for all teéal® discussed here the
value can be taken to @33+ 03.
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2

2 step itself, the density is reduced by an appréeidfaction.
2 The non-linear forces producing the rearrangementthe
7 dipoles are small, so only dipoles very close wséat the step
g are affected. The dipole distribution is modifi@dthout
10 external plastic strain, only the motion of the sls@gments of
i screw dislocations can produce some reverse strain

13

i;‘ The relationship between the dipole density and plesstic
13 strain incremente, caused by a stress incremaeatis

18

e de, = 24bn (c)do, (2)

21

5:23 where 2 is the mean free path of each of the two liberated
- dislocations split from the dipole. For straingyeear to the
gg unloading and reloading event, we can assume dagrsource
28 density and a constant mean free path, so

29

30

31 d_O-zZ}ubi_ (3)

32 de, ns(o)

33

34

gg On the right-hand side of Fig. 2 is sketched theesststrain
37 curve upon reloading. We see that the ‘prematigkling’ of
gg Fig. 1 results from the extra interstitial dipol@®duced by the
40 rearrangement, and the ‘yield point’ is producedthg extra
phs vacancy dipoles. The shape of the observed sttess- curve
ji Is roughly reproduced if about half the sourcesthat step
45 undergo rearrangement. We see that the magnifutie gield-
j? point, as defined in Fig. 1, is lower than the fi@tal change in
48 splitting stress estimated in Eq. (1) by a factbrabout 6,
B bringing it much more in line with the experimental
51 observations.
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g (O-) €,

Fig. 2. On the left hand side is sketched the itensf
dislocation sources (abscissa) as a function obfied stress
under load (ordinate). There is a step discortinak the
current stress level. On unloading, screw dislooatmove to
create larger interstitial dipoles and smaller vayadipoles,
thereby modifying the distribution in the immediate
neighbourhood of the discontinuity. The correspogdstress-
strain curve is sketched in the right-hand diagrdarhe slope of
the stress-strain curve is proportional to the memal of the
source density. If no rearrangement occurs, itowd the
dashed line. Rearrangement produces a yield pbitite onset
of plastic flow. The slopes of the straight-liregments on the
reloading curve have been estimated from equa®nusing
the known slope of the basic work-hardening curnvEig. 1.

The sketch of Fig. 2 is the outcome of a crudengiteto
reproduce the experimental curve. It is based upon
assumption that no macroscopic instability occurgoru
yielding. However, the curve of Fig. 1 shows arshmange of
strain in which the stress-strain curve shows zeroeven
negative slope. In this range, the Considére ¢mmdior plastic
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stability is clearly violated. Although Haasen adlly make

no mention of it, some sort of Liders band probadrbpagates
through their specimens at yield. The reducedestighe curve
produced by modelling in Fig. 2 can produce plaststability

and result in an apparent zero or negative slopbkdroutput of
the tensile testing machine. A more sophisticatedlel must
take this into account before one can reliablyw#ethe source
density distribution from the experimental data.

At temperatures where cross-slip of the screw dalons can
occur, the slip required for the rearrangement ballfacilitated
because the screws will be more flexible, not qams¢d to one
glide plane. Rearrangement of more pairs of dgualél occur.

Cross-slip is accomplished by the thermally acédathotion of
jogs, with an activation energy around 0.1eV, iBatross-slip
becomes fast between 20K and 77K, the temperatmger
where an enhancement of the Haasen-Kelly effeobserved.
The action of impurities is to anchor the jogs,atlse slowing

the cross-slip, so impeding the rearrangement.s Ome finds a
simple semi-quantitative explanation for the terapee and
impurity dependence of the effect.

There is one further point worth mentioning: fogedlipoles in
the shape of elongated isolated loops, there mag bewing

stress to overcome, as well as a passing stressving under
stress forces the dislocations to be curved at pbmt of

splitting, so it reduces the nominal splitting sigdor an infinite
straight dipole. The bowing stress is equal to tmeninal

passing stress if the dipole is abeui-v)~17 times longer than
its height. Under these circumstances, it is dasyise the
calculations of Brown (2006) to estimate the remurctin

passing stress: it is reduced by about 50%. Hoxyethe

diagram of Fig. 2 is unchanged. All that happenshat the
contribution of the passing (splitting) stress hie pbverall flow
stress is reduced by a factor that depends uposhifuyge of the
dipole loops. Such a factor will further reduce ize of the
yield point.
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The interpretation of the Haasen-Kelly effect pregab here is
unlikely to be unique. However in the voluminousrature on
work-hardening | can find no other attempt at aplaxation
more detailed than that given by Haasen and Kellythieir
original paper. Their explanation, quoted in tHesteact, is
succinct and correct!

5.Conclusions. The assumption that a major component of
dislocation sources in unidirectional deformatioomprises
edge dislocation dipoles leads to a simple semiifiadive
explanation of the Haasen-Kelly effect.

6. Acknowledgements: It is a pleasure to acknowledge the
many years of discussions and encouragement framg Kelly.

| am grateful to a referee for helpful criticismndato the
Cavendish Laboratory and to Robinson College fppst.
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19

20

21 Fig. 1 (adapted from Haasen and Kelly (1957)). d&&nition
ﬁé of the observed vyield poinyo, is shown. The plastic strain
gg interval is estimated from another diagram in tipaiper.

26

o Fig. 2. On the left hand side is sketched the itensf
29 dislocation sources (abscissa) as a function obfipied stress
- under load (ordinate). There is a step discortinat the
32 current stress level. On unloading, screw disloogtmove to
o create larger interstitial dipoles and smaller vagadipoles,
gg thereby modifying the distribution in the immediate
37 neighbourhood of the discontinuity. The correspogdstress-
> strain curve is sketched in the right-hand diagraihe slope of
40 the stress-strain curve is proportional to the peaal of the
phs source density. If no rearrangement occurs, itofd the
fx dashed line. Rearrangement produces a yield pbitite onset
45 of plastic flow. The slopes of the straight-liregments on the
48 reloading curve have been estimated from equa®nusing
47 . ] .

48 the known slope of the basic work-hardening cunveig. 1.
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