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In many solid solutions plastic deformation becomes unstable at sufficiently high temperature due to dy-
namic strain aging, i.e., repeated breakaway of dislocations from their solute clouds and recapture by mobile
solutes, producing stress serrations in constant strain-rate tests or strain bursts in constant stress-rate tests. The
instabilities of this well-known Portevin—Le Ctadier (PLC) effect are closely connected with localization of
strain in “PLC deformation bands” with a width of the order of the specimen thickness and sometimes
propagating like a soliton along the specimen. In the present work, the nucleation and propagation of PLC
deformation bands is studied by means of a multizone laser scanning extensometer, providing information on
local strain along the main part of the specimen, in addition to the conventional measurement of stress
serrations. This enables one to differentiate clearly between the bands of types A, B, and C, and to explore their
ranges of existence at various temperatures, stresses and strain rates as well as transitions between them along
the stress-strain curve. The laser extensometer provides independent data on propagation rate, concentrated
strain and width of the bands. These experimental data are compared with a theoretical space-time analysis of
propagating PLC bands, which explicitly combines a physical description of the kinetics of dynamic strain
aging and plastic deformation. This model provides not only analytical predictions for the above band param-
eters and their dependences on deformation rate and specimen thickness for Type-A PLC bands, but—by
considering types B and C as perturbation modes—is also able to explain the observed transitions between the
various types of deformation bands. Moreover, the effect of strain hardening on the appearance of PLC strain
localization is elucidated. The analytical predictions are validated by numerical simulations of the model and
by comparing them to the experimental findings reported here.
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[. INTRODUCTION tween dislocatiorf§#% while the suggestion to explain the
PLC effect from cooperative dislocation motion without
The Portevin—Le Chalier (PLC) effect, which manifests ~ diffusion®>**seems restricted to certain conditiding., high
itself by serrations in the load trace or sudden elongation#cal stresses
during plastic deformation of many alloys in a certain range The prominent role of solute diffusion in the PLC effect
of temperatures, strain rates, and appropriate predeformatioffl Solid solutions was recently established by detecting three
is one of the most prominent examples of plasticinstabiIitiesd'ﬁere?tzsagﬁusﬁon mechanisms in Cu-Mn and Cu-Al
Discovered in the 19th century by Savart and Masson, anﬁ”o_y§ ~“>™which, due to their different stacking-fault en-
first investigated systematically in the 1920s by Portevin an§'91€S: Permit one to distinguish between solute pipe diffu-
Le Chaelier, the PLC effect was explained in principle by sion in the core regior{“lower tempe.ratu.re$ and n the
Cottrell} who proposed the now famous concept of “dy- stackmgﬂfault ribbon betwe_en the partlal Q|slocat|6n§ter—
namic strain aging’(DSA) by solute diffusion with disloca- mediate” temperaturgs while bulk diffusion prev_a|I|ng at
tion breakaway from and recapture in solute “cloudsiith more elevated temperatures finally causes the disappearance

an important modification by SleeswjkIn the period fol- of the PLC effect, as the diffusional motion of solutes keeps

. . ; ) X up with the dislocation motion such that breakaway can no
lowing, this effect was extensively exploited by experlment:s|onger occufe47

in the 1970s(e.g., Refs. 3—12 1980s(e.g., Refs. 13-19 While the kinetics of DSA, with its effect on the effective
and 1990ge.g., Refs. 20—27 with increasing refinement of  5ctivation energy for dislocation motion, was thoroughly
phenomenological modeling.g., Refs. 28—42 studied in macroscopic stress-strain experiméhts, an-

While the temperature and strain rate dependencegther important feature of PLC behavior is less well under-
strongly suggest solute diffusion in and around the movingstood, i.e. the development and propagation of localized de-
dislocations as the main reason for the PLC effect, contribuformation bandg}'33'34 which in some cases resemble the
tions from deformation-induced vacancies were discus%ed L(iders phenomenon. From the appearance of the recorded
to explain the observed strain dependence of the PLC rangiad serrations, three types of PLC bands have commonly
More important, however, appears the evolution of the disbeen distinguishet!*’type-A bands, which are nucleated
location populatiofP242and the cooperative interaction be- near one specimen grip during a slight yield point, and then
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propagate continuously along the specimen with only slight 3.7 - - 156
load fluctuations; type-B bands, which are also nucleated
near one grip, but propagate discontinuously along the speci 35

men accompanied by rather regular load serrations; anc
155

type-C bands, which nucleate at random along the specimer— 35 a

length and cause strong regular load drops at rather hig®, E

frequency. B T
Only few investigations of the band propagation behavior «~ 3-4 —

exist, the most thorough one by Chihabal® on Al-Mg 154

alloys and a more general one by Zuetval,*® and contro- 3.3

versial discussions about the mechanism of propagation an

selection of propagation velocity have persisted in the litera- 5, ) 153

ture for several year&f. Ref. 34 and references thergiAs 6500 6600 6700 6800

propagation micromechanisms, either a cross-slip of screw time s ]

dislocations'® dislocation pile-ups at grain boundari®spr

intergranular compatibility stress&$iave been suggested, as ~ FIG. 1. Increase of the local tensile strain vs time observed

well as nonuniaxial stress fields arising from local sh¢fae ~ Within a single specimen zon@one width 2 mm and the corre-

Bridgman factott). sponding stress vs time curve during the passage of a PLC type-A
In the following we report recent experimental investiga-Pand(Cu-15 at. %AI,T=323 K, €,=6.67X10°° s1).

tions on PLC behavior in Cu-Al polycrystals. By employing

a laser scanning extensometer technique, the ranges of exisr two clip-on extensometers to approximately determine

tence of the various types of PLC bands, their propagatioRharacteristic deformation band parameters such as the band

behavior, and their local strains are investigated systematvebcity cp, the band strain concentratiohe,, and the

cally in dependence hanthe temperature, strain rate, graifangwidthw, . To the disadvantage of this technique, strains
size, and specimen thicknegSec. I). Since theoretical re- -, he ghserved only in a very limited part of the sample,

?g::}?u?;[etgofﬁe;tgcgﬁgd ?S;i;nier:eézcarﬁl nor:_ar\]/ agable, WFhereas observation of the whole specimen gauge length is
e L PP - [ whieh, Ycom'required in order to correlate the PLC events. In an earlier

b|n|_ng In an explicit way(anc_j not only pheno_menol_ogmally investigation by Chihalet al, this was achieved by a spe-

as in previous attemptshe kinetics of dynamic strain aging cial illumination and video technique, but these observations

with that of plastic deformation, provides predictions for thed.d it the d . f the local plast .
types and propagation rates of PLC deformation bands withd!d ot permit the determination of the local plastic strains
within the PLC bands.

out resorting to further microstructural assumptions. ' o
Having identified the transition to plastic instabilitlopf To obtain the relevant parameters describing inhomoge-

bifurcation from a stable focus to a limit cycle behayiand ~ neous deformation in the PLC regime, polycrystalline Cu-15
the range of occurrence of the PLC effect by a linear stabilityat. %Al samples(specimen dimensions %X 1.4 mnt,
analysis(Sec. 1), we address the problem of PLC band grain sizes @. .. 530 um) were deformed, applying a wide
propagation both from theoretical and numerical points ofrange of strain rates (B. ..5300x 10" ® s™!) and deforma-
view. Approximate solutions of the nonlinear model describ-tion temperatures (2. .. 573 K). Thetensile experiments
ing uniformly propagating solitary waveg/pe-A bandsare  were performed using a multizone laserscan extensometer.
derived in Sec. V. Analytical expressions for the band paramTo this end, up to 22 white reflector markinggidth 1 mm,
eters are presented, which are in good agreement with nigpacing 1 mmare applied on the sample surface, such that
merical simulations and the experimental results reported igach pair, consisting of a white and of an unlacquered seg-
thi_s work. Furthermore, in Sec. VI, strain-rate regimes wherenent, represents an extensometer of 2-mm gauge length. The
uniform band propagation either becomes unstable with remarkings are detected from the reflected signal of a laser
spect to jerky propagatioftype B) or tends to be suppressed peam scanned along the specimen axis by means of a prism
(type O are explored, using perturbation theoretical meth-gating at a constant frequen¢§0 H2). Local strains asso-
ods. In this way, a qualitative understanding of the varioug;jated with the displacement of the segment edges are then
types of PLC bands and their ranges of occurrence, as Objetermined from the time delay between two successive re-
served experimentally, is obtained. cordings of reflections from the same marking. In this way
the laser extensometry allows for a simultaneous recording
of the local strains of up to 22 neighboring extensometer
zones at a frequency of 50 Hz along a total gauge length of
The fact that the load instabilities associated with the PLG44 mm. In addition to the high spatiotemporal resolution, this
effect are closely related to spatiotemporally inhomogenougechnique offers the advantage of being noncontacting. Con-
plastic deformation is well establish&dFrom the experi- trary to traditional clip-on extensometry, the strain measure-
mental point of view, however, a direct observation of strainment itself can, therefore, not affect the nucleation and
localization in PLC deformation bands is not straightfor- propagation of the PLC bands.
ward. Usually clip-on extensometers with a limited gauge As an example for the strain localization associated with
length are used. Most experiments were performed using orthe PLC effect, Fig. 1 shows the abrupt increase of the local

II. EXPERIMENT
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FIG. 2. Correlation diagram showing the location of deforma- and the recorded stress drops vs time characterizing PLC type C;
. . o - the marked stress drops correspond to the two local deformation
tion events vs time, as it is characteristic of the correlated propaga- - - 6 1
tion of PLC bands of type A. The propagation velocities of the threet VeNts =383 K, €,=6.67<10°" s77).
successive bands are determined from the slopes. The arrow indi-
cates the event shown in the previous figure. range of temperaturég>425 K. Similar to the PLC type C,

) i ) each stress drop is accommpanied by a strain burst, now
tensile strain during the passage of a PLC band across ofgcajized in the front of the advancing deformation band
extensometer zone. The corresponding global stress-str 'ﬁig. 5. In contrast to PLC type C, the strain bursts are
curve reflects the stress drop that goes along with the ”UC|%trong|y correlated as they relate to a discontinutsisp-
ation of the deformation band. The strain record indicates @nd-go propagation of the bantFig. 6).
localized tensile strain of 0.4%& local extension of one zone According to Nortmann and SchwifR who investigated
divided by the zone lengihcarried by the PLC band. An he giffusion processes responsible for DSA in Cu-10 at.
important feature of PLC deformation is the strongly corre-o4a| the activation enthalpy for solute diffusion can be de-
lated propagation and repeated nucleation of successive Plygrmined from the transitions between the various PLC types
bands. To reveal this correlation, the locati@xtensometer 5nd stable deformation behavior. If one plots the reduced
zong of any abrupt strain increase caused by the passage gfress at which the PLC type changes as a function of tem-
a PLC band is plotted versus its time of occurrence. Figure 2erature and strain rate, the critical stresses limiting the PLC
is an example of such a correlation plot, where the Propaggegimes show an Arrhenius-type behavior in terms af 1/
tion of three suc_cessive PLC_ bands is clegrly visible_. ThiS(Fig 7) and loge (Fig. 8. Assuming that the boundaries of
2;?5225?58%3;21 ngoé?llq';ag t?g‘;ggigme?;giég cdleex the PLC_regim_es represent the defor_mation states at w_hich
sification of PLC type&:1417:5253 S’the plastic st_ram_ rate matches the aging rate by solute diffu-

During deformation at temperaturds<425 K, a transi- sion, the activation energy for the diffusion process control-
tion from PLC type Ato type C has been observed. This type

is characterized by rapid serrations in the stress-strain curve 42 = " LT L LI
with each stress drop indicating a sharp local increase in ] ] " = . .
strain (Fig. 3. As opposed to type A, these strain bursts do s, - g .
not spread as solitary waves along the specimen axis, but — 30p - - - "
they appear at random positions along the gauge length with- E o5 L . o . " ]
out propagatior(Fig. 4). Hence the spatiotemporal correla- — . . . . "
tion of plastic deformation is much less pronounced in this ¢ 20f . "". Ve T ee U
case.(Strictly speaking, these type-C bands are not com- § Y . \/ . . "
pletely uncorrelated but tend to self-avoid, since each bandis 3 = . " - .
associated with some local strain hardenirihe transition = 100 . . - " 1
from type A to type C with increasing strain is accompanied 5L« " - - - -
by a decrease in the local strain concentration. This is an " . - " -
indication of a decreasing efficiency of DSA which, ulti- 13500 14000 14500 15000
mately, leads to the disappearance of the PLC effect at even time [ ]

larger strains due to an exhaustion effédtlore commonly,
the transition from type A to type C can be observed by FIG. 4. Correlation diagram of deformation events characteriz-

decreasing the applied strain rate or increasing the deformang the uncorrelated PLC type C. While the two arrows indicate the
tion temperaturdFigs. 7 and 8 beloy strain bursts shown in the previous figure, other events are noted in

PLC bands of type B were observed only in the higherthe time slot in between.
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FIG. 5. Stepwise increase of the local tensile strain vs time ina g1 7. Map of the regimes of different PLC types for Cu-15 at.
single specimen zone and the corresponding stress drops vs tim}EAl, as characterized by the reduced tensile steessr, and re-
during the discontinuous passage of a type-B bahd 473 K, ciprocal temperaturee(,= 6.67x 106 s7Y).

€,=6.67x10°¢ s71).

preserves its shape during propagatiomhereas the second
ling DSA follows directly from the slopes of the Arrhenius relation states that the whole applied strain rate is accommo-
plots. For the present Cu-15%Al alloy the activation energyqated inside a narrow band of width, (the deformation
is Q=0.74+0.05 eV, which, within the limits of confi- activity outside the band is negligible
dence, agrees with the value determined for phase In earlier investigations usually only one of the param-
CuAl-alloy?*** This activation energy is less than half the eters: grain size, temperature, or strain rate was varied. As
volume diffusion energyQp~2 eV. The ratioQ/Qp~0.4  |aser extensometry allows the simultaneous observation of
is typical of a pipe-diffusion process along the dislocationa|| band parameters by a single measurement, more extensive
cores, as estimated by Balluffi and GranatoQupe/Qp  parameter studies have become possible. Here we report on
~0.3...0.7. systematic observations of band parameters for various tem-

An important point for the understanding of PLC band peratures, strain rates, grain sizes, and sample thicknesses.

dynamics is the effect of various material parameters, such ass the strain rate is increased systematically by about three
grain size, and of the specimen geometry on the band velogrders of magnitude, the band strain, the bandwidth and the
ity c,, the bandwidthw,, the local tensile strain rate,;,  band velocity are observed to incred$ég. 9). It is impor-
and the tensile strain incremente, concentrated in the tant to note that all of these parameters have been determined
band. Provided that the band propagates uniformly, thosgydependently without making use of the solitary wave prop-
characteristic band parameters are related to the appliastties. As one infers from the double-logarithmic plots, the
crosshead velocityv according to v=Ae,C, and v  strain-rate dependences are well fitted by power laws with
=€, Wy, . The first relation expresses the solitary wave charthe exponents given in the inset of Fig. 9. One notes that the
acter of a type-A deformation bandhe strain-rate profile band velocitycy, is not directly proportional to the applied

strain rate, because the band strai, also increases

40} - 1 200 . . .
35 r - -
- F _- 150 stable
g sof _ 1 =
I ¥
~ 25f - . =)
'S m » R 100 i
S 20f - . ©
onm |
= - 5 = type A
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FIG. 6. Correlation diagram of deformation events characteriz-
ing the discontinous propagation of a PLC band of type B. The FIG. 8. Map of the regimes of different PLC types, as charac-
arrow indicates the series of strain bursts shown in the previouterized by the reduced tensile stress- oy and the logarithmic
figure. applied strain rate =373 K).
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FIG. 9. Double-logarithmic plots of the band strak¥,, the FIG. 11. Dependence of the band straig, and the bandwidth
bandwidthwy,, and the band velocitg, as functions of applied w,, on the specimen thickness as determined for three different
strain rate aff=373 K. deformation temperaturg$ull symbols:w,, open symbolsA ey,).

The solid lines are linear regressions through the origin, and the

slightly with increasing strain rate. While this trend had beendashed lines are horizontal linear regressions.
noted beforé® the present work confirms this behavior more . . .
accurately for a wider range of strain rates. According to ;elevagtf prohpagag%n mechanism, tef.‘s"i tests We;; per-
=A¢,Cy,, the exponents oA e, andc,, should add to unity. ggn<e53oor t re_[t_ah : erep[t gLaln S||zes Itn the range M ffect
The fact that this is the case confirms the solitary character of F pm. The reiu SS OVrV] aimost no glram Slize eflec
the type-A deformation bands. While the bandwidik on the PLC band strail e, and the bandwidthw, (Fig. 10.

oo . 5g57 According to the solitary wave properties, this also implies
S a_3|m|I§1r tfe”d as the band straig, , ) the present that the band velocitg,, is unaffected byd, which has been
observations indicate that the corresponding exponents a

) . : Aonfirmed by independent measurements. This compares
slightly d|lf'£erent: 0.25 and 0.2, respectively. Results by Chi-ith early results ona-brass reported by Munz and
hab et al.

_ who reportedwy, to decrease with increasing \acherauch, provided that the proper reduced-stress inter-
strain rate in an Al a||0y, seem to be at variance with theva|s are Considered_SOme grain_size dependence can be
present observations. However, it should be noted that thosgoted as to the onset of the PLC effect. For instancd, at
measurements refer to PLC type B. At higher deformation=293 K type-A fluctuations set in at 4.7% strain for a grain
temperatures (42...573 K),where Cu-15%Al exhibits a size of 70 um, whereas deformation is stable until 9.1%
type B band, we also observed the inverse behavior oftrain for the coarse grain size of 53@m. Hence results
wp(v).%® should not be compared at constant strain, but at constant
From experimenta®®° as well as theoretical points of reduced stress, in order to describe theéependence of the
view,>34161there is an interest in the effect of the grain sizePLC band parameters. From this point of view, results re-
d on the PLC band dynamics. It was proposed that interported for an Al-Mg-Si alloy in Ref. 59 also show no signifi-
granular compatibility stresses provide the spatial couplingant effect ofd on the PLC dynamicsThe absence of grain
between adjacent volume elements that controls the propagéize effects on the band parameters, especially on the band

tion of the PLC band&! To clarify the question as to the Width, suggests that intergranular compatibility stresses are
not controlling PLC band propagation.

3.0 : : : : : As opposed to grain size, the specimen thickredses
— o« J0.55 possess an important influence on the appearance of PLC
25| bands>’ To see this, we conducted a series of tests with
- J0.50 increased from 1.4 to 2.4 mm. From Fig. 11 one gathers that
_ 20¢f \/- / the bandwidthw,, increases in proportion & while the band
g w, (T'=20°C) A (T=20°C) {045 B velocity ¢, and the band straid e, are almost unaffected.
E 158 (T=80°C) - This is in accordance with observations on an
< AN o {040 B Al-Mg-Si-alloy.”’
1.0 o The identification of the prevailing propagation mecha-
10.35 nism and its implementation in a spatiotemporal PLC model
] AN have to be done in the light of these results. Before we come
Bl— A¢,(T=80°C)  10.30 back to this point in Sec. V, we are going to present a new
0-00 1(')0 260 360 460 5(')0 500 model of the PLC effectSec. Ill), and discuss some of its

o basic propertiegSec. V).
grain size [ um ]

o . . Ill. FORMULATION OF THE MODEL
FIG. 10. Variation of the band straike, and the bandwidtfwy,

in dependence on the grain sideat 293 and 353 K for Cu-15 at. A major objective of the present work is to formulate a
%Al (full symbols:T=293 K; open symbolsT=353 K). PLC model which goes beyond previous models, inasmuch
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as DSA is to be considered on a physical base. This is ander stationary deformation conditions. Plastic instability
prerequisiste for a quantitative interpretation of the experithen goes along with negative valuesSf (strain-rate soft-
mental findings. At the same time, the model should be kepéning instability.

simple enough as to allow for the derivation of analytical In principle, the temporal evolution cAG can be ob-
solutions for the fundamental properties of plastic deformatained from solving the solute drift-diffusion problem in the
tion bands(band velocity, width, and strairand for the con-  stress field of a dislocation. While this is a formidable task in
ditions of occurrence of the various band tygés B, and itself, that has been solved formally for special cases only
C). To combine these goals let us start from the previouscf. Ref. 62, we note that th& G dynamics incorporates two
ide@ that aging occurs while glide dislocations are tempo-counteracting effects(i) strain aging itself gives rise to an
rarily arrested at localized barries.g., forest dislocations increase ofAG with time, while (ii) unpinning of disloca-
that are overcome by means of thermal activation. Thigions is accompanied by the loss of the solute cloud such that
is expressed by an Arrhenius law for the plastic strainAG is reset to zero. DSA then encompasses the combination
rate € ; with an effective Gibbs’ free activation enthalpy of these effects, which is taken into account by the following

G=Gyt+AG: differential equation:
Go+AG G, |- €
€= ex;{—"l(—T+%f. (1) HAG=7 E) (AGOO—AG)—E’IAG. (4)

Here v is an appropriate attack frequeney, is the elemen- Heren denotes the characteristic exponent of the aging ki-
tary strain accomplished when all mobile dislocations haveetics(see below and 7 is the aging rate which is in pro-
been activated onces, is the basic activation enthalpy in portion to the solute mobility. One notes that, even in the
the absence of DS/ is the Boltzmann constant, aridis ~ casen=1 (linear aging, Eq.(4) is strongly nonlinear owing
the absolute temperature. The additional, DSA-related erio theAG dependence of ; [cf. Eq.(1)] which figures in the
thalpy AG represents an internal variable of our model.depinning term.

SinceAG is in proportion to the solute content accumulated The role of the aging terrfffirst term on the right-hand
at the glide dislocations, the plastic strain ratedepends on  side of Eq.(4)] is clarified if one considerstatic aging (e ;

the aging history. =0). Then one hasd,AG=(AG./AG)1"VN(AG,
Thermal activation is facilitated by the effective stress—AG), which reproduces the well-known behavior as a
which drives the mobile dislocations, function of aging time(waiting timg: (i) For small waiting
times,t<% ! and AG<AG,,, the initial behavior is gov-
Oeii(€,€ (,AG) = 0l €,€(,AG) — oipy( €), (2)  erned byd,AG=nAGY"AG! " Integrating with the ini-
tial condition AG(0)=0 then gives the power lawAG
and which is defined as the externally applied stress ~AG.,.(5t/n)" with the aging exponen. As a matter of

(flow stresg diminished by the internal stresg,, (athermal  fact, n depends on the specific type of dislocation pinning by
back stress Owing to strain hardening, the latter dependssplute atoms(lineal pinning along the dislocation line, or
explicitly on the plastic straire. Finally, theinstantaneous pointlike pinning at the intersections of the dislocation with
strain-rate sensitivitySRS of the flow stress is denoted by forest dislocatiorf§), and on the mode of solute diffusion
So=00ext/ 3 In €4lcac - This quantity describes the material’'s (bulk diffusion or pipe diffusion along forest dislocatiGiis
response in the absence of variations in strain hardeandg [Many experimental investigations point at=1/3 (Refs.
aging state, i.e., processes which cannot respond instantal—25 which is associated to DSA by pipe diffusion of sol-

neously to changes in strain rate. ute atoms along the dislocation ling&i) For long waiting
According to the premise that aging occurs during thetimes, t>»"! and AG=AG.., one hasd,AG=5(AG.,
Waltlng time of mobile dislocations at ObStaC|$G INn- _AG)' meaning that aging saturates exponentia”y accord-

creases with increasing waiting time and, hence, decreasingg to AG~AG..(1—exd — 7t]). HenceAG.. is seen to rep-
strain rate. While this has been recognized to be the origin ofesent the “aging potential” given by the maximum increase
strain-rate softening instability, here we do with@upriori of the activation enthalpy experienced by completely aged
fixing the strain-rate dependence &fG, but consider this djslocations.

quantity as a dynamical internal variable of the model which  The second term on the right-hand side of E4.stands

is allowed to depend not only on the momentary value of  for the decay ofAG due to the thermally activated depinning
but also on the strain-rate history. This idea is closely relate@t dislocations. As during depinning the solute cloud around
to distinguishing the instantaneous SBgwhich is always  the glide dislocation is released, the solute contastrepre-

positive, from theasymptoticSRSS.., sented byAG) relaxes at the rate /(). One notes that the
AG dynamics incorporates two characteristic time scales
_ 00ext doex| dAG 5 Yeyand 7~ 1, a proper balance of which represents a nec-
S.= dline, . JAG Ed Ine;’ ®) essary condition for strain-rate softening instability to occur.

This will be elaborated in more detail in Sec. IV.

which accounts for the material’s response observed after the As the plastic strain rateeq. (1)] depends not only on the
internal degrees of freedom associated with DSA have reaging stateAG but is also controlled by the effective stress
laxed to a new steady stat8, describes the effect of DSA o at which the system is operating, the model equat®n
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has to be coupled to the mechanical behavior of the systenparameters by scaling the stress rate and the strain hardening

Instead ofcey itself, it is more convenient to consider the coefficient according tdzgem/(nso) and 6=Qh/S,, re-
generalized driving force spectively. '

In what follows we considelinear aging with n=1 and
O eff
exg —=
F{ So

(5) m=0, for simplicity. [Although this “standard model”
seems not to have a physical realization, it already exhibits
as a nondimensional control variable. The temporal evolutio
of f decomposes into a contribution from the externally ap

all the salient features of a strain-rate softening instability,
"4nd it shares the behavior of the deformation band param-
. oo “eters with the general case>0 (cf. Sec. \J. A generaliza-
plled stres](str:atgrtext’t "’}”Ot' a cc()jntrlt;utltt)n _fr%m éhe.fgate L tion of the results to non-standard aging is straightforward,
increase of the internal stress due to strain hardejund=q. but detracts from the compactness of representdtiorthis
(2)]: 0f =(0ext1/So—he/Sy)f. Here we have assumed a
linear strainhardeningg;,.=he, where hzaaext/adft,m
denotes the strain-hardening coefficient. This assumption

case, Eq(10) reduces to
does not represent any loss of generality for the subsequent 9=9-.—g—fexd—glg.
analysis, as the plastic strain carried by a deformation band
sufficiently small as to ensure quasilinear hardening wit
parametric changes imonly.
Using definition (1) of the plastic strain ratee
=y exd —AG/(kT)]f, we finally arrive at the following set

11

h"?o investigate the possibility of strain-rate softening instabil-
ity associated with Egs(9) and (11), one calculates the
asymptotic SRS as defined by ES):

of constitutive equations: Ooe €
R R PP ) S
Ooqr . 7Qh AG [1+€/(nQ)]
o f= “f— ——exp — —|f?, (6)
So So kT We note that DSA provides a negative SRS contribution
(1-n)/n which may outbalancé&, and, hence, gives rise 18,<0
JAG— (AGM) (AG.—AG)— nf ex _AG AG provided that the aging potential is sufficiently largg.(
t 7 "AG * 7 kT ’ >4) and that the plastic strain rate matches the aging rate

D (e~70).
Additional information about the loss of stability is ob-

Unless constant stress-rate testing.,(,=const) is consid- . . s .
ered, this has to be supplemented with the machine equati&ﬁme.d from Imeafr stakﬂhtfy afnaly3|s of Eqﬁ)) anq(;l). If ¢
for a tensile test, one introduces &f, 59) = (f — f5,g—gg as the deviations o

f andg from the steady-state values

v 1/l AG _
Gou—ul 71| dxm0eq -t @ s lel
=N o % 1vore 13
according to which the elastic strain rate and the overall plas- 7 7
tic strain rate combine to comply with the imposed crosshead , . . .
velocityv. Here we have introduced the gauge lergththe and linearizes with respect @f and 4g, one obtains
tensile specimen and the effective elastic mod@gsof the ] )
tensile system composed of the specimen and the machine. 5F -0 ofg
B A [ ™
IV. BASIC PROPERTIES OF THE MODEL oYe| A 5(95_ 1)—-1 g
S

Equations(6)—(8) represent the nonlinear coupling be-
tween the aging kinetid€qg. (7)] and the mechanical behav- With (6f,8g) =(5fq, dgo)exdAt] one calculates the eigen-
ior of the tensile systerhEgs. (6) and (8)]. Before investi- values\ of the evolution matrix,
gating the model, it is convenient to introduce scaled

variables to reduce the number of independent parameters. In A= rK* K2 02 (15)
f=of—gexd —g]f?, 9  with
9=(9/9.) "(g.—9)—fexf —glg, (10 1(;, ) o
==|=(gs—1—6)— 2=l —+1].
g=AG/(kT) and g.=AG./(kT) denote the nondimen- k=35 5@1=0~1], o'=a{H+l]. (16

sional additional free enthalpy and its value at saturation,
respectively, and a dot stands for differentiation with respecThe requirement that the real part ®fbecome positive as

to non-dimensional timEn: nt. The exponenin is defined as i_nstability sets in is tantamount to the conditia>0, or
m=(1—n)/n. Moreover, we have introduced dimensionlessa/ 6> 1/(gs— 1— #). Using definition(13) of g, yields
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stress rate | hQn ]
strain rate [ €n |
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saturation DSA enthalpy g_

FIG. 12. Semilogarithmic p|0t of the unstable stress-rate range FIG. 13. Limit Cyc'e(so"d |ine) in the (f'g) p|ane as calculated

[PLC regime as deﬁr?ed by Eq17)] as a funption ofg.. numerically for a weak hardening case= 6=10"2, g.=6). The
=AG, /KT for various dimensionless strain hardening rateNote . . - p -
intersection of the characteristic curvéss0 and g=0 (dashed

that the stress rates map to strain rates accordirg 00y /h. . : . .
P G * W extt lines) defines the unstable working point of the system. In the weak

[9.—2— 60— gu(gn—24-20)] s hardening case, the valuesff., minandgmin maxare approximately
ad ok — fixed by the extrema of thg=0 characteristi¢adiabatic approxi-

2(1+0) o mation at g, ,, respectively.
[9-—2— 0+ V(9. —4—20)]
and
= 2(1+0) @n
for the unstable range of stress rates. The corresponding : (@) _ (9=
strain-rate range follows immediately from the equivalence g=0 = f= E_l expg. (19

€= 7Qal 6 under steady-state deformation conditions. Fig-
ure 12 shows the PLC range ina semilogarithmic p|0t Onerhe parameterg;,-: 6=0.01 andgw:6 were chosen such

notes that the PLC range sh_rinks as t_he hardening rate fRat the steady state “working pointintersection pointf
increased, meaning that strain hardening has a stabilizing - —0) lies on the unstable ascending branch of ghe0

effect. In the absence of strain hardenitg=0), g..>4 is a —9 o -
necessary condition for instability to occur. characteristic. For sufficiently small values 6f the me-

The conditionk=0 defines the onset of an oscillatory chanical behavior of the system as represented by(%ds

instability associated with &lopf bifurcationfrom a stable SI.OW as compared to the aging kineticsg'r[Eq. (1D)]. AS
focus to an unstable ona(x=0)= *iw. [The Hopf bifur- Fig. 13 illustrates fo®=0.01, the nonmonotonic behavior of

cation is subcritical meaning that the unstable rafagepre- the g=0 characteristic then causes a bistable switching of
dicted by linear stability analysiss surrounded by a meta- the system in thef(g) phase plane. Most of the time the
stable range where instability can be triggered by thesystem stays close to the stable descending branchgs of
presence offinite-amplitudé noise®* In practice, the transi- =0 (tantamount to an adiabatic approximation with respect
tion to deformation localization is facilitated by intrinsic to the fast variablg which follows the slow evolution of).

strain-rate fluctuations induced by dislocation interactionsc|ose to the extrema of thg=0 characteristic, however, the
and by quenched-in fluctuations of the material parameterssystem has to switch from one stable branch to the other one,
This represents a generic feature of velocity-softening instags the unstable ascending branch is inaccessible. The switch-
bilities associated with solid friction and earthquakeijng occurs on a fast time scale such thia almost unable to

dynamic§® or thermomechanical instabilities at low- follow (f~const), which is why the actual contour of the
temperature plastic deformatiéhThe unstable focus is sur- limit cycle is governed by thgzo characteristic

trgn;d;iebgdz;lrg;sgg%\i;.ntar;egp;\uags: Elr?grﬁqgﬁ ltr;]: tseegile Figure 1.4 shows another limit cycle calculated for faster
specimeiy, the revolution around this limit cycle corresponds hardeningio=6=0.5, g.=6. In this case, time scales are
to the repeated nucleation and propagation of deformatiofi®t Separable, and the four intersection points of the limit
bands(Sec. \j. cycle and the characteristic curvies 0 andg=0 just define
Figure 13 gives an example of a limit cycle which was the horizontal and the vertical tangents of the limit cycle,
calculated numerically and plotted together with the zeros ofespectively, while the system no longer evolves closg to
Egs.(9) and(11): =0. A quantitative distinction between the cases of weak and
. strong hardening is postponed to Sec. V.
P hH_? In concluding this section, we point to the close analogy
f=0 = 1 0 expg (18 which exists between the present problésothermal plastic
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70

coupling, it is not obvious which coupling mechanism pre-

50 vails in the PLC problem. This question is addressed in

Sec. V.
50
V. CALCULATION OF TYPE-A DEFORMATION
40 BAND PARAMETERS
f 30 A. Band propagation and effect of strain hardening
50 In order to relate plastic instability to the concomitant

strain localization in deformation bands, some kind of spatial
coupling has to be introduced, as was suggested in earlier
work by Aifantis® Formally this coupling provides a propa-
gation mechanism for the deformation bands, as a character-
istic length scale is introduced, which affects the width of the
8 bands. While, for symmetry reasons, the leading-order cou-
pling is expected to be a second-order gradient term with
respect to the tensibe coordinate, the physical nature of the
prevailing propagation mechanism remains a controversial
issue! In principle, band propagation may be provided ei-
ther by someextrinsic mechanism(related to specimen ge-
ometry and deformation conditionser be anintrinsic mate-

rial property.

o ) In Appendix A, where various propagation mechanisms
deformation in the presence of DJAnd thermomechanical are discussed, we argue for long-range dislocation interac-
instabilities during low-temperature plastic deformationtjgng governing the band propagation in rate-insensitive ma-
(plasticity coupled to deformation-induced generation ofierials. As mobile dislocations correlate over a distagice
hea}.*! Returning to the Arrhenius lafEqg. (1)], one notes S, 12 67-89 |oss of strain-rate sensitivityS,—0 corre-
that the internal variablAG of the DSA problem plays gyonds to an infinite stress sensitiVitgoes along with a
much the same role deeciprocal temperaturdl in the ther- iyerging dislocation correlation length. Macroscopic dislo-
momechanical problem. As illustrated in Table |, the evolu-cation correlations associated with the PLC effect were con-
tion equation(4) then compares to the energy balance: defimeq by glide band observatidifsand acoustic emission
pinning acts like a heat source due to the dissipation ofgchniqued? In the context of the present work it is interest-
mechanical work, and strain aging corresponds to heat 10Ss§g 1o note that the observed influence of the specimen thick-
to the surrounding bath. In both cases, instability is due to &qcs can then be attributed to a finite-size effect eannot
positive feedback between the internal variable and the plagsyceed the transversal specimen dimension. In Appendix A
tic strain rate. In view of this formal analogy it is not sur- \ye estimate the dislocation correlations to result in a diffu-
prising that the phenomenological aspects of thermomesiynike coupling in the dynamics gfwith the pseudodiffu-

chanical deformation at low temperatures closely resemblgj,., coefficientD .~ (W/SVe.. 2. Here u is the shear
the PLC effect(ocalized deformation bands, serrated stresss, 4. us ands ioﬁg%mg(e’lgn%’ét?; factor xhich combines
. . . . , ¢=~0.

strain curves In fact, also in thermﬁmechan|cs an Instanta-geails pertaining to the dislocation arrangement and to the
neous SRresponse to adiabatic changes in strainratel i, cjination of the deformation bands with respect to the ten-
an asymptotic SR3temperatureT relaxed to dynamical = g 4yis(cf. Appendix A). Inserting typical experimental pa-
equilibrium) have.to be d|st|nQU|§hed, and bands of types Aameter valuesD, is estimated to be of the order of
andeC Ca?] be dlscgrnéH.Whlle .'g the tngqum?Ehan|ca! I1 mn¥/s. Hence the spatial coupling provided by disloca-
problem, heat conduction provides a diffusionlike spatial,, ¢qrrelations is sufficient to explain the observed band

widths from a quantitative point of vieWSec. V Q.

10

0

FIG. 14. Example of a numerically calculated limit cy¢solid
line) pertaining to strong hardenirig-= 6= 0.5, g..= 6 initial con-
dition: g(0)=6, f(0)=10"%]. The characteristic curve&lashed
lines) coincide with those shown in Fig. 13. Note tlgatannot fall
below 6, while the adiabatic approximation fgris no longer valid
anywhere.

TABLE I. Comparison between the Portevin-Le ‘CHer In the following we investigate the deformation banding
effect and thermomechanical instabilities. associated with the second-order gradient introduced in the
- dynamics ofg,
PLC effect Thermomechanical problem
f=of—0exd —g]f? 20
Go Oeff Gy O n: g] 20
Eyt:VQeX —ﬁ—g+§ E’[:VQeX _k_T+§ .
. . 9=9"+0.—g—fexd—glg, (2D
9=9"-(9-9) —(e/72)g T=T"=(T-To) t €10ext _ _ - .
spatial coupling ? heat conduction where primes stand for differentiation with respect to the
strain aging heat losses to bath dimensionless spatial coordinate= Vn/DgX. Let us focus
depinning dissipation of mechanical work On deformation bands of type A which, once nucleated, are
g\, =€, T/ =€,/ solitary waves that propagate along the tensile axis at a con-

stant speed such that the band strak, accommodates vir-
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tually the whole applied strain rate/l. Then the relation- strong hardening, and compare the results with numerical
shipsv = A epc,, andv = €, W, hold between the propagation simulations and with the experimental findings reported in
speedcy,, the local plastic strain rate in the baeg;, and  Sec. Il, respectively.

the bandwidthw, . While it is readily verified that such a

particular solution type exists for Eq$20) and (21), the B. Weak hardening regime
stability issue of the solitary wave solution is postponed to _
Sec. VI. 1. Analytical results

To calculate the band parameters, we note that sol- To proceed with the calculation of the band velogitEq.
itary waves fulfil f=—-cf’ and g=-cg with c (23) is multiplied byg’ and integrated along the tensile axis.
=(Dgy7) Y2, denoting the nondimensional band speed,This yields

and that the dimensionless stress ratean be neglected to a

. + oo
good approximation during band propagati¢fihe o term f dxfgg’exy —g]
in Eqg. (20) is only appreciable during the quasielastic defor- o= - :|_1 (26)
mation preceding the nucleation of a new band, whereas dur- e, 5
ing the propagation of a fully developed band the effect of f_w dx(g’)
strain hardening in the band largely exceeds that of the ap-
plied stress rat¢.Then Eqs.(20) and(21) read After integration by parts and inserting E@2), the numera-
tor 1, reads
cf’—gexgd —glf?=0, (22
O (+> - )
g//+cg/_fexn:_g]g+goc_gzo. (23) |1—Ef_w dX(l-I—g)(feXF[—g]) . (27)

Before we analyze this set of nonlinear ordinary differentialThis integral can be evaluated if one notes that
equations, we have to consider in more detail the effect of= () f exd —g] is a sharply localized function that can be
the strain hardening coefficiefiton the limit cycle behavior approximated by adé function. For weak hardening 0(

displayed by Figs. 13 and 14. <gmin), We obtain
According to the definition of the plastic strain raie,

=y f exd —g], the peak strain rate in a deformation band 0 €pt)?
corresponds to a relative maximum éfexd—g] or g’ |1=E(1+gmin)(7’—(’1) w (28
=f'/f. Combining this with Eqs(22) and(23), for the band
strain rate one finds wherew= \/5/D 4wy, is the dimensionless band width.
For the evaluation of the denominatarin the regime of
€t 9o Omintg” weak hardening, one notes that, according to the switching-

' (24) curve approximation, the deformation band profile is divided
into three substagew=w,+w,+w,,, with different ap-
whereg®, denotes the residual DSA enthalpy which is ac-ProXimations pertaining to different types of dynamics. As
tually realized at the peak strain ratef. Fig. 14. As gn, llustrated schem_atlcall_y b_y Fig. 15, stages | and Il corre-
fall below & (singularity, deviations from the spond to fche rapid d_epmnmg of dislocations in the front_and
cannot fa sIngL ' . to the rapid recapturing in the wake of the band, respectively.
switching-curve approximation must become appreciable

9 approaches,.. from below. This is evident from a com- Fhese stages are associated with the switching aif virtu-

parison of the limit cycles shown in Figs. 13 and 14, respec-aIIy constant values$=fina, andf= frin, respectively, which

tively. To determine the critical value at which finite- follow from the extrema of thg=0 characteristi¢Fig. 13.
hardening effects become appreciable, we compareth In the intermediate stage Il, howevgris in equmbnum with
the minimum value of the DSA enthalpgn,,, in the the evolution off (adiabatic approximationg=0) and,
switching-curve approximatioriFig. 13. For g.>1 one hence, the dynamics is controlled by strain harderigg.
readily calculates),, from Egs.(18) and(19): gin~0-(g.  (22)]- As g’ is negligible in stage II, the denominator of Eq.
—1)exd —(g.—1)], which amounts to about 0.2 far,.=6  (26) is approximated by

and becomes as small ax20 © for g.,=20. Accordingly,
the transition from weak to strong hardening occurs for

7€) g:"lin_ 0

2= (Imax— gmin)2

! ! 2 2, (29

. V7|+W_||| =~ (gmax_gmin) . ( )

0= =—>=0.(0-—1)exd —(9..—1)]. (250 Here it should be noted that unity width of substages | and
So Il is assumedw,~w,;,~1, which represents just a rough

Owing to this exponentiafy.. dependence, weak hardening order of magnitude estimate. Agaifax andgpm are defined
(and, hence, the validity of the switching-curve approxima-by the extrema 0§=0 (Fig. 13.

tion) is realized only if DSA is not too strong, say<4., To estimate the widthv, of the central part of the band,
<8. In the following subsections we derive analytical ap-we use Eq(23) in the adiabatic approximatiom, ~g"~0,
proximations of the band parameters for weak hardening andccording to whichf exd —g]~g../9—1~0../0nin—1. Inte-
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emplary numerical results are discussed in the following sub-
section, proving the validity of resul{81)—(33).

2. Numerical simulations

In order to check the accuracy of E¢81)—(33), numeri-
cal integrations of Eq920) and(21) and the machine equa-
tion (8) have been performed in the weak hardening regime.
The model parameters assumed for the simulation are the
following: #=0.1 s, Q=107° Sy;=1 MPa, Eqeria
=Emachine= 10 MPa (E=0.5x10° MPa), f(0)=10 *3
9(0)=g.=6, Dg=10"" m?/s, andl=0.1 m. The govern-
ing equations are discretized both in time and in space, and
solved through a fully implicit finite-difference integration
scheme on the space coordinate at each time step. A nondi-

mensional time stept=0.1 and an array of 100 segments
(“blocks™) along the specimen length have been considered.
Fixed boundary conditions have been imposed, namely, for

the first and last blockd,=g=0 at each instant of time. To
trigger the PLC instability, the initial conditioh(0) is per-
turbed in space by a random multiplicative factor varying
between 1 and 30, which alters the local yield strength by up
to 10%.

Figure 16 (top) shows numerical results concerning
type-A PLC band propagation for an applied strain rate of
v=1x10"" m/s, right in the center of the PLC range. In

FIG. 15. Schematic illustration of a solitary deformation band inthis case, PLC band nucleation is triggered by an initial per-
terms off andg (upper par, as well ase, and e (lower par). A turbation at the second block only. Parabolic plastic strain
clear distinction between the three substa@esnpinning; Il: rapid  hardening is prescribed by a nondimensional hardening co-
glide; IlI: recapturing can be made in the weak hardening regime efficient which decreases parametrically with the spatially
only, while for strong hardening the profiles are smeared out.  averaged plastic straig,, according to the linear dependence
6= 00— 2%10 % (€,,/Q), wherefy=Qhy/Sy=10? is the

f.og

gration of Eq.(22) yields ¢ In(fax/fmin) = (G /Omin— L)Wy, initial nondimensional hardening coefficient corresponding
and according to definition(5), one has Ifm,/fmn 10 hg=10° MPa. During the imposed loading history, the
=6A¢,/(, and therefore resulting hardening parametérthen ranges from 1000 to
about 200 MPa. Note that the corresponding nondimensional
Omin v hardening coefficient is#=0.01...0.002, such thaté
Wu:gx_gmmﬂ\/D—gn- (30 <gmin~0.6 refers to the weak hardening case. In Fig. 16

(top) the space-time correlation map of the strain-rate activ-
Note that the actual value of the strain-hardening coefficientty is displayed together with the post-yield stress evolution
has dropped from this expression. in time. The correlation map is derived from the full plastic
Combining Egs.(28)—(30) and returning to dimensional strain rate field by scoring a mark in the space-time plane
units, we obtain the following set of band parameters in thevhenever the local plastic strain rate reaches a relative maxi-

weak hardening regime mum above a certain threshold. The information about the
band propagation behavior obtained in this way, can be com-

Dy Y4 J(1+9gmin/2 v pared to the space-time correlation plots from laser exten-

Cr=|— I O \/EQ\/— (3D  sometry (Sec. I). The PLC bands are seen to propagate

K max: Zmin Wb smoothly through the specimen and display a reflective pat-

tern of type A. The corresponding stress-time curve shows a

Dy Gmin v staircase profile, which is typical of this zig zag propagation

Wp=2 7*‘ GO 700 (32 | odes?
% min :
As another example, Fig. 1®ottom) summarizes the nu-
v merical simulation of a tensile test with the same parabolic
Aep=— (33  hardening, but at somewhat lower crosshead velocity,

Co namely,v =0.6xX10 ' m/s. Here the initial conditions fdr

We note that the functional dependenciescgf w,, and are perturbed by a random factor at all blocks. Again the
A€, on the crosshead velocity remain valid for any aging space-time correlation map is shown together with the corre-
kinetics with n#1. While systematic simulations of the sponding stress-time curve. A full spectrum of PLC bands
present PLC model will be presented elsewHérspme ex-  ranging from type C to A is observed during the tensile test,
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FIG. 17. Numerical results of a uniaxial tension test simulated at
constant applied crosshead velocity=1.0x10"" m/s (y
=0.1 s, S=1 MPa, Q=10 5). Band speedleft axis, numeri-
cal results represented by solid symbols, power-law fit by full)line
and band widtHright axis, open symbo)s/s hardening coefficient.

The type-A band velocityc,, and bandwidthw, for v
=1x10 ' m/s are represented in Fig. 17 as a function of
the imposed hardening coefficiefit The band velocity is
calculated from the slopes of the space-time correlation pat-
terns shown in Fig. 16top), while the bandwidth is deter-
mined from the base width at threshold of the plastic strain
rate bursts. One notes thay, is virtually independent of in
accordance with Eq32), noting some minor variation ow-
ing to the strain-hardening dependence of the varighlg.

FIG. 16. Uniaxial tensile tests simulated under constant applied N€ Variation range ofv, in Fig 17 is actually confined to
crosshead

velocity v=1.0x10"" m/s
X107 m/s (bottom), with the parameters;=0.1 s and S,

(top)

and

v=0.6

one block, i.e., 1/100 of the specimen length. Quantitative
accordance with Eq.(32) is achieved for 2D4/7%

=1 MPa in both cases: space-time correlation map of strain-rate= 2 blocks andy,,;,;~0.6.

activity (left axis, scatter plot with circlgsand post-yield stress-

time curve(right axis, continuous line

It is apparent from Figs. 1@op) and 17 that, decreases,
while 6 is decreasing during the tensile test, in good agree-
ment with the square root dependence predicted by(Fy;

in qualitative agreement with experimental observations. Inisee the power law fit,> #%>* shown in Fig. 17. The band
tially, isolated plastic strain bursts of type C erupt randomlyvelocities range from about 0.05 to 0.10 blocks per second,
along the specimen length. Then, as the hardening coefficiemthich, with the assumed length=0.1 m divided into 100
6 decreases, the plastic bursts tend to correlate in time arfelocks, translates into 0.05-0.10 mm/s. Wigh;,=0.6 the
space to form PLC bands partially traveling and hoppingsimulated band velocities are about twice as large as the
through the specimen. Genuine type-B propagation sets itheoretical resultfEgs.(31) and(32)]. This discrepancy rep-
toward the second half of the loading history. Later on, atesents an immediate consequence of the crude approxima-
even lowerd, these bands stabilize further and approach thdion made in the last step of E(9). In fact, better agree-
fully correlated type-A propagation mode. As opposed to thgnent results if the factor of 2 is suppressed there.
previous case, the type-A bands now repeatedly propagate in In order to check the functional dependence of the band
the same direction, giving rise to a serrated stress-timgelocity c, on the bandwidtiw, predicted by Eq(31), it is
curve:
Those patterns have been observed in the whole PLGtrain ratev/l for various simulation runs performed with
range, depending on the simulated strain rate and the hardifferent constant hardening coefficients in the weak harden-
ening rate. As a general trend, it has been noted that typesi8g range, 103<6<10 2, and with linearly increasing
and -B bands are favored during the initial loading phasestrain rates. Figure 18 confirms that the data almost collapse
(large hardening rajeand towards the lower bound of the on a common straight line through the origin, as expected
strain rate range where the PLC instability develops, whereagom Eq. (31), and proving the validity of analytical expres-
a type-A band prevails at high strain rate and-or low hardensions(31) and(32). Moreover, we have checked that Eg3)
ing rate. A theoretical interpretation of these observationdolds, provided that there is not more than one band propa-

will be given in Sec. VI.

convenient to plotc,ywy/6 as a function of the imposed

gating at any time.
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FIG. 18. Numerical results for the rescaled band velocities 190

cy\VW, /6 as a function of the applied strain rate=v/I for various ;

nondimensional hardening coefficients=(Q2/Sy)h in the weak 801 §
hardening regime4=0.1 s!, S,=1 MPa,Q=10%). Note that

the data collapse on a common master curve, which is approxi-

mately represented by a straight line through the origin. Simulated
results(scatter plotsand linear regression fit to all dataull line).
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In concluding this subsection, we point at the complexity 20¥
of band propagation patterns observed experimentally, a 1% 7
well as in the simulations of the model. Figure 19 shows two il IREELIE RN . i 29
typical examples of space-time correlation maps of the 0 200 400 600 800 1000 1200 1400 1600 1800 2000
strain-rate activity, the simulation resulbottom obtained (b)
toward the upper strain-rate range of the PLC regime, the

laser extensometric resultop) referring to the lower tem- FIG. 19. Comparison between an experimentally observed
perature range of the PLC regim@ote that for the ther- gpace-time correlation map of strain-rate activity with the corre-
mally activated processes under consideration, lowering theponding stress-time curve superimposgp) and a qualitatively
temperature has qualitatively the same effect as increasingmilar numerical simulation resulbottom. Top: polycrystalline
the strain ratg.In both cases, one observes a variety of bandCu-15 at. %Al alloy tested with an applied strain rate of 6.67
propagation modes(i) subsequent PLC bands traveling in x107® s™* at 20 °C(Ref. 58. Bottom: same as Fig. 16, but with
the same directior{no reflection, (i) zigzag propagation v=2.0x10"’ mis. In both cases, one notes a wealth of PLC band
with reflections at the ends of the specim@in) and multiple  propagation modes, including parallel propagation, zigzag propaga-
band propagation with phase shifts suffered during the collition, and multiple band propagation with phase shifts during band
sion of bands traveling in opposite directions. While the ac<collision.

tual material system certainly exhibits a considerable degree o . . .

of quenched-in randomness.g., flow stress variations due duced in Fig. 14. Combining those equations and using the
to the polycrystalline structuyeit is interesting to see that localization conditione, (w,=v, we arrive at the band pa-
the present PLC model reproduces those patterns withoti@meters for thestrong hardening regime

any element of randomnepsxcept for the random perturba-

F31

—Joooneannaseasis™ ™

time [n']

tions imposed on the initial conditiof(0)]. Additional re- Cb:iv, (34)
sults of systematic numerical simulations of the model are 20
given in Ref. 71. .
2 1l+gp D
Wy=— ——=mh /=2 (35)
. i 0( * ko )2 n
C. Strong hardening regime 9max~ Imin
It is obvious from Fig. 14 that the three band substages v 20
I-IIl can no longer be distinguished in the strong hardening Aebzc—z 5 (36)
regime (0=gmnin)- To calculate the band parameters, the non- b

dimensional bandwidtlw is now identified with the charac- Again these results approximately hold for any aging kinet-
teristic decay length of. According to Eq.(22) one has ics n#1, apart from insignificant correction factors of the
f'/f=0e,/(cnQ)~2/w and, hencew,=2Q/(e,6)cCy. order of unity. As opposed to the weak hardening case pre-
On the other hand, one easily checks that E2{8) and(29) sented above, band velocity and strain do not depend on the
and, consequently, E¢31), continue to hold iy, andgax ~ Spatial coupling provided by the pseudodiffusion coefficient.
are replaced by the actual extrerg¥;, and g%, as intro-  With Dyecs?, this compares to the observation that those
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band parameters are not affected by variations in specimen
thicknesss, whereas the bandwidth scalesvagxs.

To compare those results with the experimental findings
reported in Sec. Il, we note that for Cu-15%Al one I&s
~1 MPa, Q~5x10"% gf.~0.~8, 7 =60 s, h
~1000 MPa, andu~4x10* MPa atT=353 K. Hence,
0~0.5>0,,,~0.05 such that the strong hardening case is
applicable. With a band strain ratg ;~3x10"* s™* ob-
served at the basic applied strain raté=6.67x10"°¢ s71,
the pseudodiffusion coefficierippendix A follows asD 0
~1.2 mnts L. This leads to the following theoretical band
parameterscy, ,=0.25 mm/s, w, ,=0.9 mm andAe 4,
=0.2 % which is to be compared with the experimental re-
sults from Fig. 9, ¢, =0.195-0.01 mm/s, Wy, ,,=0.6 X —
+0.2 mm, andAep =0.25+0.05%, determined fou/I
=6.67x10"% s 1. Consequently, quantitative agreement is
satisfactory.

Regarding the functional dependence of the band para

FIG. 20. Plot of the double-well potentidEqg. (B10)] corre-
sponding to the limit cycle shown in Fig. 14. If perturbations which
tend to localize in the frontright well) start growing monotoni-

h lied . hat th dodi ally, a transition from type A to C occurs, whereas oscillating
ete_rs on't € applie str_aln rate, we note t att _e PSeudodiertyrbations give rise to a periodically modulated band propaga-
fusion coefficient itself is rate dependemyx e, =v/wj,. tion associated with type B.

Therefore, the theoretical band parameters obey the power
laws ¢y, v e, Wy v W, and A e, pocv “e with the expo-
nentsa.=1, «,=1/3, ande,=1—a.=0. The experimen-
tal investigations compiled in Fig. 9 yiel&.=0.8, «,
=0.25, anda,.=0.2, respectively. While the fundamental - _
trends are corérect, we ntlnote som)t/a systematic deviation, inas- loytHy==D. 37
much as the observed band velocities do not completely acrhe left-hand side of this equation is formally equivalent to a
commodate the applied strain rate;<1 anda.>0. The  schralinger equation with the “Hamiltonian=— ¢+,
reason for this discrepancy is related to the fact that materig|pjle the right-hand side’ describes the effect of the feed-
parameters have been assumed to be constant, but actuglly-k of the tensile machine on the aging kinefict Eq.

are not completely rate independent. In particular, this is tr“?Bll) of Appendix Bl. The “potential” V which is defined in
for the strain-_hardening coefficieht In fact, if one corrects  orms of the unperturbed type-A solutifef. Eq. (B10)] has

for the experimentally observed rate dependencé,ahe  he form of a double well. The example depicted in Fig. 20
band velocity exponent increases d@=0.9, which comes  (efers to strong hardening associated with the limit cycle of
close to the theoretical predictian,=1. At present, it can- g 14, Accordingly, perturbations tend to be localized

not be excluded that additional rate corrections have to aMmainly in the front(the deep minimum iR(x) to the righy
plied, for instance, to the instantaneous strain-rate sensitivitynq o a lesser extent. in the waltke shallow minimum to

So- Further experiments are required to clarify this point. e |efy of the band. In the case of a temporally oscillating
and growing perturbatioffR(w) #0, J(w)<O0] this gives
rise to a “breathing” of the deformation band which is asso-

VI. ANALYSIS OF BAND TYPES B AND C ciated to the discontinuous band propagation of type B in the
boratory coordinate frame. On the other hand, type-C be-
avior is associated with exponentially growing perturba-
ns without oscillationg R (w) =0, J(w)<0].

To a first approximatiorn(cf. Appendix B the real and

imaginary parts ofv are given by

the form expiwt]y(X) with complex-valued frequency
=R(w)+iJ(w):

From the experimental observations we know that, as th
applied strain rate is lowered, the solitary behavior of type-A
deformation bands tends to give way to a less regular behall©
ior associated with bands of type @termittent propaga-
tion) and type C(propagation suppressedhis leads us to
investigate the stability of type-A bands with respect to small
perturbations. As we shall see, transitions to types B and C
can then be related to bifurcations from stable to unstable__ -
behavior of type-A bands subjected to certain perturbation[J(“’)]z_(52_|7‘1|)~’(w)+51Y11_ 52|>\1|—[9“(w)]2=(3)§
modes. (39

The perturbation analysis, details of which are presentegyhere SIZ[QEeﬁ/(SOD],/Dg/y, and s,=(E¢0)/(Spnl)
in Appendix B, is performed in the comoving coordinate are combinations of material parameters, ah¢is a matrix
frame of a type-A bandvelocity c) where the band profile is  element defined in EqB15). The ground state of( with the
stationary. The analysis applies both to weak and strongigenvalue\ ;<0 represents the only bound state of the ei-
hardening. Denoting deviations from stationarity in DSA ac-genvalue problem. From Eq&38) and (39), the following
tivation enthalpyg by #(x,t), we arrive at the following conclusions are derived.
linearized equation governing the growth of perturbations of (1) For R(w) # 0 the solutions to Eq$38) and(39) read

[S2=[N1|=23(w)]R(w)=0, (39)
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Sp— [N

Jw)=

2
(40)

Hence, oscillatory type-B instability is expected to occur for

$H<I\q|<2Vs1Y11—S;, (41)

where the lower boundary ensures the growth of the pertur-

bation[J(w)<0] and, hence, the instability of the type-A

solution, while the upper bound follows from the require-

ment thatR(w) be real(oscillatory instability.
(2) For R(w)=0 (no oscillation, Eq. (38) is trivially
fulfilled, while Eqg. (39) yields

Vi

The occurrence of a type-C instability then requires

IN1|>2Vs1Y11—s,. (43

(3) If 5,>2+/5,Y 11— Sy, Namelys,>(s;/s,) Y41, the type-B
range[Eq. (41)] does not exist, and a type-C instability oc-
curs for

Sp+ [N
2

S,—|A
Hw)= 22| 1|+

7
) —S$1Y11- (42

S1
|)\1|>S_Y11- (44)
2

In principle, inequalitie$41)—(44) can be used to set up PLC

PHYSICAL REVIEW B 65 134109
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FIG. 21. Schematic illustration of the strain-rate ranges of the
various PLC typescf. the tex}. Fors,<(s;/s,)Y;; an intermedi-
ate type-B range shows uppper part which is absent in the op-
posite casélower par}.

only weakly on#). As 6 decreases during plastic deforma-

maps like Figs. 7 and 8 representing the experimental result§on, |\,| also decreases, and a type-C behavior tends to give
However, this necessitates a detailed knowledge of the stres&@y to a type-A behaviofcf. Eq. (44)]. This trend has been
strain rate, and temperature dependences of the parametégnfirmed by the numerical simulations of the model equa-
S;, Sy, Y11, and ;. Since a comprehensive discussion oftions (20) and (21), as reported in Sec. VB2, Fig. 16ot-

the implications of condition&41)—(44) is quite intricate, we

tom), and Ref. 71.

shall concentrate on the leading dependences on crossheadTo summarize, when the PLC regime is scanned by in-
velocity v, which governs the occurrence of the various bandereasing the crosshead veloaitythe following sequences of
types. To this end it suffices to note that, according to Eqsband types are possible in principlg:C-B-A-s, s-B-A-s,

(B6) and (B15), one hass;=constp), s,>v, andY;%v?.
Hence the characteristic functions; (s,) Y11 and 2ys;Y;
—S, both increase in proportion t@, while the modulus of
the ground-state eigenvalli,| is a monotonically decreas-
ing function ofv [cf. Egs.(31) and(B10)]. Figure 21 gives a

s-C-B-s, s-C-A-s, s-A-s, s-C-s, and s-B-s wheres stands

for stable deformation behavior. As one infers from Fig. 8,
the Cu-Al alloy of the present work exhibits a direct transi-
tion from type C to type A as the crosshead velocity is in-
creased ¢-C-A-s), whereas the intermediate type-B behav-

schematic view of those dependences together with the iOF (S-C-B-A-s) was observed, for instance, for an Al-Mg

resulting types of deformation bands. In the upper part of th

figure s,<(s;/s,) Y4 gives rise to the occurrence of an in-

@lloy by Balik and Luka®

as well as in our numerical simu-
lations (Fig. 16; also see Ref. 71

termediate type-B regime which is missing in the opposite

case[s,>(s;/s,) Y1 (lower parj]. Out of the various pa-

VII. CONCLUSIONS

rameters affecting the ocurrence of type B, we just point out

that this oscillating deformation mode is facilitated by a soft

maching[the conditions,<(s;/s,) Y11 is the easier to fulfill
the smallerEq4; cf. Eq. (B6)]. It is important to note that

The experimental investigations reported in this work
have shown that laser extensometry provides a most valuable
tool to analyze the spatiotemporal dynamics of plastic defor-

regimes of types A and C may also be absent if their velocitynation bands associated with the PLC effect. A major advan-

ranges are masked by stable deformation behg(dtirresult
(17) of the linear stability analysjs

The influence of the strain-hardening coefficiénon the
deformation banding is governed by tl#fedependence of
[N1] (sinces; ands, are independent of, and,; depends

tage of this technique consists of the unambigous identifica-
tion of the various types of deformation bands in terms of
high-dimensional space-time correlation plots. This typifica-
tion turned out to be not always possible in terms of scalar
stress-strain curves alone. Moreover, laser extensometry al-
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lows the precise determination of the band parametersas by the European TMR network FMRX-CT96-0062 on ‘In-
propagation velocity, band width and band strain. stability in Deformation and Fracture’ is gratefully acknowl-
Stimulated by the extensive data provided by laser extenedged.
sometry and noting the lack of theoretical results on PLC
deformation bands, a model of the PLC effect has been pro- APPENDIX A: ESTIMATES OF SPATIAL
posed in the present work. Our main concern was to account COUPLING PARAMETERS
for DSA on a microphysical base, and not only in a phenom- ) o . o N
enological way, thus avoiding a shortcoming of previous Deformat_lon ba_ndlng is as_somated Wlth inhomogeneities
models. Attention was also directed to the nature of the spdll the plastic strain and strain rate which act back on the
tial coupling which governs the propagation of the deforma-£ffective stress state in the deformation band. To leading or-
tion bands. It has been argued that long-range dislocatiofler this effect can be expressed by diffusionlike coupling
interactions lead to highly correlated dislocation glide which,!erms entering the balance of the DSA activation enthaglpy
in the PLC regime, becomes manifest on the macroscopignd/or of the mechanical driving From a qualitative point
scale. of view, various intrinsic propagation mechanisms can be
The salient feature of the model is the explicit incorpora-magined as follows. o _ _
tion of the DSA kinetics. The additional time scale associated (1) Obviously, the solute diffusion associated with DSA
with DSA plays an important role in the qualitative appear-9ives rise to a diffusive coupling in the dynamics@fThe
ance of the PLC effect. For instance, at the onset of PLcEorresponding diffusion coefficient, however, hardly exceeds
instabilities, the DSA time scale determines the type of bi-D~10"° mn?/s. Hence this mechanism is too inefficient to
furcation (Hopf bifurcation. Moreover, DSA represents the €stablish the macroscopic spatial coupling observed with the
reference time scale with respect to which the machine rePLC bandgon the mm scale with characteristic times in the
sponds during discontinuous type-B band propagation. Thesefange. _
features could not be explained appropriately in terms of (2) Similar arguments hold for the double cross-slip of
previous models which implicitly assume the DSA kinetics Screw dislocation¢Refs. 49 and 61 While this mechanism
to be in equilibrium with the dislocation dynamigas in ~ @lso provides a random exchange of dislocations between
Penning's mode(Refs. 28—3§] or which assume DSAto be Parallel slip planes and, therefore, can be mapped on a dif-
close to dislocation dynamical equilibriutias in McCor- ~ fusionlike coupling, cross-slip is unlikely to govern PLC
mick’s model*”**where a linear relaxation is postulated for Pand propagation from a quantitative point of view.
the DSA kinetics. (3) As to polycrystalline materials investigated here, an-
The differences between the present theory and the earli@ther spatial coupling is established by the compatibility
approaches become particularly pronounced if mechanic&tresses in the granular systéhRrovided that intergranular

fests at a constanstress rate are to be describeder( stresses cannot be relaxed efficiently by plastic deformation,

=const). Under this testing condition staircase-type stresst-hIS mecha_nlsm may carry over to the macroscopic scale for
oarse-grained materials. However, as no grain-size depen-

strain curves are observed with PLC bands propagating ra‘%ence of the band parameters was observed in the range

idly at virtually constant stress and quasielastic loading in- L
tervals separating the nucleation or propagation of successi e0 .- - 530 um, we conclude that compatibility stresses do

bands. From a glance at the characteristic times inva(tresd not prevall during bar_1d propagation. . .
duration of band propagatidg;, ~10 ! sis much less than Since the prgdomlnance of those .couplmg_m(.achanlsms
the duration of the intermedia?e loading phasgs~10 s) seems unlikely in view .Of the expgnmenta] flndm.gs, we
we conclude that most of the aging occurs during the elasti grr?cpearvsi:r\:v?hgtg%rsg?yg;gg :E:ffsﬁglzf;ﬁd\\llvv?ICh;r; (Ier;, ?rt]:cor-
loading. In fact, as the characteristic time of solute diffusion : . . : vlt.!;]

7 1=~10...100 s lagely exceeds,,,, dynamicstrain ag- proport_lon to thg specimen thlckness(|) bendmg moments
ing during band propagation is r‘;g{’ significant at all butaccordlng to Bridgman'’s analysis of a cylindrical neck, and

static aging occurs during elastic loading. Obviously, this (i) fnIgzgiﬁ?cgerfo;riﬁgidrgésgﬁgﬁtifmn gllc?ec;se din Refs. 39
case cannot be described in terms of a DSA kinetics which is propag o prop :
: P . ; . .~ relates to the nonuniform, multiaxial stress state that devel-
in, or close to, equilibrium with the dislocation dynamics. : . X
; ops around a PLC band. Due to the plastic strain gradients
The present model, however, also covers dheconst case, associated with deformation banding, deviations from the
since it combines the interplay between static aging and dygniaxial tensile stresgbending moments associated with the
namic depinning of dislocations. The extension of the theorlBridgman effect®Y arise which scale with the square of the
and a quantitative interpretation of the experimental observas-pecimen thickness To see this, we note that, according to
tions pertaining tar= const tests will be presented in a forth- Bridgman, the actual stress in the presence of a cylindrical
coming publication. neck iso= e 2 Where o, represents the nominal ap-
plied stress and the correction factor
-1

r r
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pressing the variation im due to a spontaneously formed As opposed to this, dislocation correlations affect mainly the

neck by the plastic strain variatior/ro=—Ae/2, the ac-  (nondimensional depinning term in Egq. (11), g
tual stress can be approximated by =—fexd—glg=—[e/(7)]g of the dynamics ofg. As

) 92(In e)~Zg, this leads tay' ) =g§ )~ (D4/7)#2g with

r
1+ —0&26

il (A2)

07 O ext

1pmoin €, &2

| | | Pam2 0 5 09
where ry denotes the specimen radius outside the neck.
While this holds for a cylindrically necked specimen, a simi-Using the well-known relation between the internal stress
lar stress correction is applicable to a deformation band in @nd the total dislocation density;,= aub Vpw and express-
flat specimen when the specimen radius replaced by the ing the elementary strain b =bp,,/\/p; (shear modulug,

(A7)

specimen thickness length of the Burgers vectob, and numerical factora
~0.4), Eq.(A7) simplifies toD g~ ByGmin(1/S) €S Which
Ao=0— 0ey= BrS?Texd>€, (A3) is, up to a factor ByQmin/Br)(W/ e ~ 107, of the form of

Eqg. (A6). From this we conclude that dislocation correlations

with a geometry factop;~0.25. provide the more efficient spatial coupling mechanism. Fur-

As opposed to that extrinsic geometry effect, correlatedhermore we note that, for simplicitfp 4 is considered con-
dislocation glide affects, through long-range internal stresstant by replacing ande ; by g, ande, ;, respectively, i.e.
fields, the average effective stresgz= oex— oint aCting on  the values attained within a deformation band.
the mobile dislocations,

APPENDIX B: PERTURBATION ANALYSIS
Pr/2] €4(X+E) —€4(X)  €x(X—&)—€4(X) OF BAND TYPES B AND C

Ao o= Oiny +
+ —
P €x+&2) €x=¢l2) We perform the perturbation analysis in the comoving
g P2 Aq)  frame of a type-A bandvelocity c). Here[fo(x),go(X)] is
Ncr"“z_ptg l(Iney), (A4)  associated with the stationary profile of a type-A band which

represents a steady-state solution of
wherep,, and p; stand for the mobile and the total disloca- _ .
tion density, respectivelyy;, is the average internal stress f=cf’'+of— gexd —g]f?, (B1)
(back stressproduced by dislocation interactions, and

g=9g"+cg'+9g.—g-fgexd—gl. (B2)
~ '“—b Let us now introduce deviations from solitary type-A behav-
(A5) .
AN TintSs ior by writing (g,f)=(go,fo) + (exd —cx2]y,u). (Extract-

ing exg —cx/2] from the perturbation iy makes the differ-
ntial operator ofy self-adjoint) Linearization with respect
0 the small perturbationg andu gives, for the aging kinet-

denotes the correlation lengtlglide plane distangeover
which dislocation interactions are strong enough as to induc
correlated dislocation motiot~®°Equation(A4) reflects the
idea that half of the mobile dislocations gliding on the planes'cs’

x=* ¢=const(those having the appropriate sjgsupport or ) c2

obstruct dislocation glide on the reference plateconst, y=y”—<foex;{—go](l—go)+1+ 7T y
depending on whether they move faster or slower. The ex-

pression in square brackets then represents the relative fre- — goex —golexd cX/2]u, (B3)

guency at which dislocations on=const are overtaken by,

or overtake, dislocations an+ £= const. In the front and in  While the mechanical perturbations obey the linear equation

the wake of the band wherg,— 0, the correlation length ) ) )

diverges, such that correlations are only limited by the finite u=cu’'+oou+fooy

specimen thickness Assuming the band to be inclined at ~

45° with respect to the tensile axis, one Rass/+/2. — 0fgexd —gol(2u—foexd —cx/2]y).  (B4)
According to the different physical mechanisms reflectedHere the stress rate is split into the unperturbed contribution

by the stress correctiofEq. (A3)] owing to a gradient in ' 4 the perturbationr; associated with deviations from

plastic strain and by the strain-rate dependent corre€Egn ype-A behavior: =g+ iy, According to the machine

(A4)], the corresponding coupling mechanisms are formall)} . .
distinct. To a first approximation, the Bridgman effect can beequatlon(8), the stress-rate perturbation reads

expressed as a diffusionlike coupling fir(i.e., atf=Dfa§f

+---), with the pseudodiffusion coefficient &1=31f d?((foex;{—go]exp[—c§</2]y—exp[—go]u)
_, Oext Sz ~ ~
D= B; ge,ts ) (AB) ~— f—u+sl dxfoexd —golexd —cx/2]y, (B5)
0
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with with coefficientsc,, and d,,, respectively. Then Eq(B9)

reads
QE¢ [Dy Eet U
S;=———\/—, So=— —. B6
TSl Vgt TS ol =0

For an investigation of types B and C bands, we may focus
on the reaction of the tensile machine to plastic strain-ratwaking use of orthonormality of the eigenfunctions,
fluctuations. This nonlocal mechanical feedback occurs on ?d?(q& 4% =5 we obtain
fast time scalgEq. (B5)]. For this reason, the following nFm- Fnm:
approximations can be applied to E§4). < o

(1) The stress rater, in the absence of fluctuations is dn:—(im+hn)cn=f dx¢r Y= d > CmYam
small and will be neglected. S2tlo m=1

(2) Variations associated with thecal strain hardening (B14)
(coefficient #) are negligible as compared to tme@nlocal  \yith the coefficient matrix
machine response.

Zl [(iw+N\p)cy+dy]éa=0. (B13)

(3) For the same reason, gradientswofemain small, as ~ -

the machine responds uniformly along the gauge length: Ynm:f dx¢y, fodoexrd —golexp cx/2]

u’'~0.
With these approximations E¢B4) reduces to XJ A% b, Foexe] —golexd —cx'/2]. (B15)
UNfof-fﬁ—SzU*'SlfoJ’ dxfoexd —golexy —cx/2]y. The solvability condition of the algebraic problefiEq.

(87) (Bl4)]reads
Equations(B3) and (B7) represent a system of linear inte- S _
grodifferential equations the solution of which will tell us d S2_|_tir1m+(|w+7\n) Onm|=0. (B16)

about the possibility of deformation bands of types B and C.
To this end we integrate the mechanical response and writthe determination of the set of eigenfunctidrs,} and of
Egs.(B3) and(B7) in formal analogy to a Schdinger equa-  the corresponding spectrufi .} is complicated by the fact

tion. with additional inhomogeneity. This is achieved by inat the explicitx dependence of potentiéB10) is not ex-
setting actly known. However, from definitiofB10) and the quali-
B : B : tative behavior of the unperturbed type-A solution, we know
y=exfliot]y, u=exdiot]e (B8) that V represents a double-well potential, as depicted in Fig.
with a complex-valued frequency="R(w)+iJ(w). This  20. Corresponding to the minima ®f perturbations tend to
ansatz gives be localized preferentially in the band front where disloca-
tions are depinned from their solute clouds, and in the wake
iwip+Hip=-=)), (B9) of the band where dislocations are recaptured. Furthermore,
] . . 2 . o we know that the ground state 6f represents the only
with the “Hamiltonian” = —d+ V) the “potential bounded state of (\,<0, A,=0 for n=2). This is clear
) from the fact that the Goldstone mode, while having a zero
V="foexd —go](1—go) +1+ C_ (B10) eigenvalue,=0, possesses one nod¢:20<exq5</2]g(’).
4 (This zero mode restores the translational invariance which is

and they dependent “inhomogeneity” broken by the presence of the type-A bdmg(x),fo(x)].)
As the eigenvalues of a Sturm-Liouville problem increase
Sy ~ with increasing number of zeros of the corresponding eigen-
Y= St foJoexXH —golexr cx/2] functions, the node-free ground stéitedexn= 1) must pos-
sess a negative eigenvalue. This state is governing the stabil-
Xf d?(’foexp[—go]exq—&’/Z]z//. (B11) gyaor:‘dthéa type-A band with respect to perturbations of types
For a qualitative discussion of the way a type-A band
es stability, we restrict ourselves to the perturbations in-
duced by that ground-state eigenfunctipn This represents
a bimodal function with extrema in the front and in the wake
with respect to the unperturbed type-A band. If the ground
mode is oscillating f3(w) #0], the superposition with the

Note thatys describes the perturbed aging kinetics, while thelos
mechanical response enters through the inhomogepkeity
The formal solution of B9)—(B11) is obtained by an ex-
pansion ofy and) in terms of the Hamiltonian’s eigenfunc-
tions ¢, pertaining to eigenvalues\,,, namely, Ho,

=Nnén, type-A solution represents a breather mode in the comoving
o o frame. Transferred to the laboratory frame, this breather is

_ Codb _ d ¢ B12 associated with type-B behavior, i.e., intermittent band

v n§=:1 . Y nz'l nén (812 propagation with the concomitant serrations in the stress-
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strain curve. If, however, the ground mode is growing with-elements of the coefficient matriX,,,~0 for m>1, such

out oscillations R(w) =0, J(w)<0] the resulting solution

is either blowing up while it is slowing down or it is fading
away, depending on the sign of the ground mode. In both
cases, type-C behavior results as the propagation of the band
After separation of real and imaginary parts, one obtains Egs.

tends to be suppressed.

that Eq.(B16) is solved by

Ly 0
St ntio—|\y|~0.

(B17)

To obtain a more quantitative idea, we assume that th€38) and (39), which are discussed in Sec. VI.
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