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Abstract  This paper addresses adiabatic shear local-
ization from a different point of view. New results are
reviewed which indicate that the process can be viewed
as triggered by dynamic recrystallization instead of
being the result of thermal softening as universally
assumed. A simple dislocation dynamics model (mod-
ified ETMB) is used to reproduce the salient features
of the physical observations, namely dynamic recrys-
tallization in the strain-hardening phase with a minor
temperature rise. The main parameters of the model are
discussed from an experimental identification point of
view.

Keywords Adiabatic shear localization -
Dislocation dynamics - Dynamic recrystallization

1 Introduction

Dynamic failure of solids may occur by brittle fragmen-
tation or following a certain amount of plastic deforma-
tion, whose values depend on the material in question.
The plastic deformation will usually proceed homo-
geneously at first, but at a certain stage, it may tend
lo localize. Localization means that the plastic defor-
mation will concentrate into a given plane into
which the strains may reach extremely large values by
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comparison with the surroundings. The exact geomet-
rical shape of the plane of localization varies with the
geometry of the structure, being conical for a dynam-
ically deformed cylindrical specimen or simply planar
when located at the tip of a crack. Long ago, Tresca
(1879) observed the formation of a glowing X-like sign
on forged billets of platinum, and he attributed this
phenomenon to a localized intense conversion of the
mechanical energy into heat. The concept of thermome-
chanical coupling through which part of the energy in-
vested in the plastic deformation process turns into heat
under certain conditions was thoroughly investigated
by Farren and Taylor (1925), and Taylor and Quin-
ney (1934). The thermomechanical conversion mech-
anisms was later identified by Zener and Hollomon
(1944) as the primary factor responsible for the grad-
ual material softening, leading ultimately to the loss
of stability of plastic deformation and formation of a
localized band (plane). Such a plane is usually referred
to as an adiabatic shear band or ASB (Bai and Dodd
1992) to express the fact that in view of the tempo-
ral and spatial scales involved, heat conduction can be
neglected to a first approximation (Boley and Weiner
1960), so that the process is viewed as adiabatic. The
term “shear” here refers to the fact that shear locali-
zation consists of an intense shear strain in the band
itself, while the actual band width requires some heat
transfer to operate (Merzer 1982). Coincidentally with
the adiabatic shear band, a very significant temperature
rise can be observed, of the order of several hundred
degrees (Hartley et al. 1987).
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These observations and physical models are very
well accepted today, and almost every single paper on
adiabatic shear localization mentions a measured, cal-
culated or modeled intense temperature rise in the shear
band with the prevailing assumption that this temper-
ature rise actually led to the onset of the phenomenon,
in the spirit of Zener and Hollomon (1944).

The purpose of this paper is to question these assump-
tions based on several measurements carried out by the
authors, while exposing a different physical picture for
which a preliminary model is proposed.

Therefore, the main points to be addressed in this
paper are the following:

1. Is the thermal softening model universal?

2. Is there another physical mechanism?

3. How to link mechanical and microstructural obser-
vations in a coherent way?

4. A preliminary model for the onset of ASB forma-
tion.

2 Some remarks on the adiabatic shear process

As stated in the introductory section, the first point to
be addressed is that of the universality of a thermal
softening process leading to adiabatic shear band for-
mation. Here one must first remark that in the (nearly)
adiabatic process, heat is generated in the deforming
solid as a result of the conversion of mechanical energy
into heat, a thermodynamical process with a given effi-
ciency denoted by Bin, as follows:
ép
ﬁim/a,-,-é{’jdt = pC,AT (2.1
0

where o and ¢ are the components of the stress and plas-
tic strain tensors, respectively, p is the material density,
C, the heat capacity and AT is the temperature rise.
Here, a common assumption is made that Si,; = 0.9,
following Taylor and Quinney (1934). However, this
assumption appears to be an upper bound, namely when
experimental work on metals and polymers indicates
that Bin is not a constant, but rather a property that is
both strain and strain-rate dependent (Hodowany et al.
2000; Rittel 1999). From an experimental point of view,
when one looks at earlier work on real-time measure-
ments during the adiabatic shear process (Duffy and
Chi 1992; Hartley et al. 1987; Liao and Duffy 1998;
Marchand and Duffy 1988), it clearly appears that the
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Fig. 1 Typical stress and temperature vs. strain for an impacted
Ti6Al4V alloy. The temperature is measured on three channels
and calculated (dashed line) according to Biny = 1. Note that
the measured temperature rise is quite modest during most of
the deformation process, including the peak stress from which a
shear band might be thought to be fully formed. The measured
temperature rise is also significantly smaller that the one that is
calculated using a full thermomechanical conversion. (Reprinted
after Rittel and Wang 2008)

overall temperature rise in the gauge section prior to
localization is quite modest. As an illustration, Fig. 1,
shows the measured temperature rise in a Ti6Al4V
specimen, deformed at a high strain rate, as recorded by
a linear array of infrared detectors with a spatial reso-
lution of 45 x 45m (Rittel and Wang 2008). Note that,
if the localization process is assumed to start with the
stress drop (¢ =~ 0.27), the stress-strain curve is repre-
sentative of a homogeneous adiabatic response. How-
ever, this assumption is based on macroscopic consid-
erations whereas, as shown in the sequel, considerable
microstructural rearragements have occurred until that
point which are deemed to affect the strain homogene-
ity in the specimen.

Setting aside temporarily the issue of B, one should
realize that materials could tentatively be divided into
two categories: high strength-limited ductility to fail-
ure (e.g. Ti alloys, maraging steels), or low strength-
high ductility to failure (plain carbon steels and non
ferrous metals). While strength and ductility to failure
are usually not simultaneously high in a given material,
these two parameters nevertheless govern the amount
of strain energy causing the temperature rise. This phys-
ical observation casts a doubt on the universality of
a thermally induced loss of stability leading to shear
localization. One can indeed argue that the thermal
measurements are made with a given spatial (temporal)
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resolution below which very small spots of heat could
be generated. To get a physical picture of this possi-
bility, one may solve the transient heat equation for
a 1 mm medium whose edges are kept to a constant
temperature of 300 K, while a 45 um long source
is placed at half-length with an initial temperature of
800 K. This evaluation, suggested by V. Nesterenko
(Personal communication, 2009), shows that for com-
mercial titanium, the temperature of the source will
decay within about 1 ns. For a much lower conductive
polycarbonate, the process will take about 100ns, due
to the linearity of the problem with respect for the heat
conductivity. If the medium is made shorter, heat will
be evacuated at a higher rate. This back of the enve-
lope calculation suggests that if a hot spot develops
with a typical size that is inferior to the thermal detec-
tor’s pixel (which is also that of a typical metal grain),
this thermal source will decay in a very short time that
is much too short to significantly affect the material.
Consequently, a first conclusion is that within the exper-
imental limits of the thermal measurement system, the
average temperature of the gauge section of the spec-
imen experiences a rather modest temperature rise for
most materials which is unlikely to cause a significant
softening. In parallel, the eventuality of the develop-
ment of very small spots seems unlikely as their life-
time is necessarily limited as they get quenched by the
colder surroundings. Consequently, one has to look for
a different physical mechanism that would cause a loss
of material stability through local softening.

A series of experiments were recently carried out in
order to investigate the notion of a critical strain for
adiabatic shear banding (Rittel et al. 2006). In these
experiments, specimens were subjected to quasi-static
straining, followed by impact to fracture tests. The
outcome of these experiments was that one quantity
remains constant and un-affected by the quasi-static
preloading phase, namely the deformation (strain) en-
ergy invested in the subsequent dynamic phase only.
When this observation is coupled to the observed lack
of thermal softening in the experiments, one can con-
clude that the stored energy of cold work (Bever et al.
1973) is in fact the relevant factor for the shear localiza-
tion process. This conclusion is reached by considering
the partition of strain energy into thermal and stored
energy, noting that the thermal part is of little influ-
ence. This new approach to adiabatic shear localization
is interesting in the sense that it ties a global mechanical
concept (energy) to the microstructure of the material

since the stored energy is directly related to the density
and configuration of defects such as dislocations. In that
respect, this observation opens a new way of bridging
mechanical and microstructural aspects of the problem
in a way that was not suggested in previous studies.

Having identified the stored energy as related, or
perhaps as the driving force for localization, the next
logical step is to identify those microstructural fac-
tors that are on the one hand representative of adia-
batic shear localization and are likely to trigger it on
the other hand. Here, one must note a quasi-universal
observation for all the metallic materials that failed
by ASB, namely the observation of an increasingly
refined microstructure all the way to the formation of
dynamically recrystallized grains (DRX) in the band
itself (Andrade et al. 1994; Meyers 1994; Meyers et al.
2000). Yet, another universal claim is that DRX devel-
ops in those heavily sheared sections that have reached
very high temperatures due to the localization pro-
cess. In other words, DRX is considered as the out-
come of dynamic shear localization. To investigate this
point, Rittel et al. (2008) carried experiments on a an-
nealed Ti6Al4V for which the propensity to ASB fail-
ure is well documented. Some specimens were loaded
until failure in a well defined stress-concentration area
of the specimen, while a couple of others were loaded
until half this failure strain (interrupted tests). For inter-
rupted tests, the stress-strain curve of the material was
still in its hardening phase while the average temper-
ature rise was quite negligible. Transmission electron
microscopy specimens were prepared from the ASB
of the failed specimens and of the stress concentra-
tion area of the interrupted specimens. To summarize
the main outcome of this work, a striking observation
was that the two resulting microstructures were qual-
itatively identical, showing in both cases the presence
of very small dynamically recrystallized grains. These
grains were also observed to contain a low density of
dislocations. This surprising observation showed that
DRX can actually form well before the localization
band which can be rationalized if one considers the
phenomenon as athermal grain refinement (Hines and
Vecchio 1997). One can now tie this observation to the
stored energy of cold work by postulating that the latter
is the thermodynamic driving force for DRX. Further-
more, one may propose that the formation and the mul-
tiplication of these soft nanograins affects (softens) the
local stress distribution in the gage section, to a point
where a global material instability is observed.
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In the next section, we will present a preliminary
dislocation-based model whose goal is to describe the
evolution of the initially uniform dislocations into cells,
while monitoring the misorientation that develops, ulti-
mately resulting in recrystallized grains.

3 Modeling dynamic recrystallization

Dislocation dynamics is a convenient way to repre-
sent the microstructural evolution during the develop-
ment of plastic straining. We will present and discuss
a preliminary model based on dislocation dynamics
concepts, whose main goal is to qualitatively repro-
duce some of the physical observations mentioned in
the first part of the paper while outlining the influence
and importance of each physical parameter that enters
the model. The basic microstructural evolution to be
addressed here is that of dislocation cells formation and
evolution into dynamically recrystallized grains. Two
options are considered, namely athermal and adiabatic
deformation processes, whose influence is studied sep-
arately.

Following the work of Heidenreich and Shockley
(1948) we consider the formation of dislocation walls
as the polygonization process of an initially uniform
distribution of dislocations.

3.1 Phase 1: evolution of the uniform dislocation
density

At the beginning of the plastic deformation, mobile
dislocations are created to accommodate for the defor-
mation. These dislocations are trapped either by inter-
locking with other dislocations in the grain or by
reaching the grain boundary (sink role only). Thus,
integrating Orowan’s equation (1948) over time we
get:

(3.1a)

1 -1
Legr =(— + (3.1b)
e (D A/ ptot)

o7 is the increase in the dislocation density for a given
strain, D is half the grain size, L.fr-the mean free path
for dislocations motion, b the magnitude of Burger’s
vector, pyo the total dislocation density, and pg the ini-
tial dislocation density of the unstrained material.

Prot (8) = po+p 7 (e)

+ &
g) = ;
pr (&) Lot
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With the ongoing deformation, the dislocation den-
sity keeps growing until, at some point, an ordered
structure consisting of dislocation cell walls is created.

To estimate the critical density for the above men-
tioned transition, we compare the strain energy of the
two configurations (uniform distribution versus struc-
tured dislocation pattern).

The strain energies per unit volume of the two con-
figurations is given in the following set of equations,
when Epiform 18 the energy for the uniformly distrib-
uted dislocation density and Eyaj is the energy for dis-
locations which are organized into dense dislocation
walls surrounding a dislocation-free cell.

AGb? o
Euniform = Prot ( . ) In (me) (3.2a)
E AGb? (£ S 1 (3.2b)
= n — — — .
wall Ptot 4 bV o

where G stands for the shear modulus, A is a constant
depending on the character of dislocation (screw or
edge), and « a constant of the order of 0.5 related to the
core energy of the dislocation, while S and V stand for
the surface and volume of the cell, respectively, (Hirth
and Lothe 1968; Meyers et al. 1996).

When the dislocation density pg is such that the
strain energy given in Eq. 3.2a is higher than that of a
cell structure (Eq. 3.2b), the dislocations will start to
polygonize. From this criterion we get the critical dis-
location density (pocri¢) at which the newly structured
phase is more stable.

To account for the kinetics of this process, we
assumed that once the critical density was reached, the
dislocations which are still uniformly distributed will
start to evolve toward the creation of dislocations cells
and walls. Here, we will use evolution equations that
describe a fully formed structure (Estrin et al. 1998). In
other words, the dislocations at that point are
regarded as a very diffused wall surrounding a smaller
area which will grow to be the dislocation cell as the
wall gets sharper, as discussed in the sequel.

3.2 Phase 2: dislocation cells and walls

To describe the evolution of the dislocations once the
density has reached its critical value, we use the Estrin—
Toth—Molinari—-Bréchet (ETMB) dislocation model
(Estrin et al. 1998; Estrin et al. 2006)
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The ETMB model assumes that the microstructure
can be decomposed into two phases: the dislocation
walls (hard phase) with dislocation density pwa and
the other, softer phase, being the dislocation cell with
peell- The total dislocation density is then given by a
rule of mixture:

Prot = fPwan + (1 — f)pcen
f = foot (fo— fo) exp (—1)
Yo

f being the volume fraction of the wall phase, yy the
shear strain, yp a decay parameter, fy and f the ini-
tial and saturated volume fraction of the wall phase. The
transition between phase 1 (uniform distribution of dis-
locations) to phase 2 (structured dislocations pattern),
is done by taking fj to be close to 1, thus claiming that
the uniformly distributed dislocations are forming into
a dense dislocation wall getting sharper as the value of
f decreases according to Eq. 3.3b.

The evolution equation for the two populations of
dislocation (pwan and peenr) is given in Eq. 5 (Estrin
et al. 1998):

(3.3a)
(3.3b)

6yc
bdyT— f

el = o* 2 \/pwally} _ B
cell = 00 ——= w
3/3 b
1

Ve \ ™ .
—koc ( : ) Ve Peell
Yo.r

68" ve1 — f + 28*pe(1 — f)«/pwall
bdf b3

—1

Yw )" .
—kow ( : ) Yw Pwall
Yo.r

(3.4a)

Pwall =

(3.4b)

where:

a*, B*—numerical constants related to the fraction of
operative Frank-Read sources in the cell and walls,
respectively,

f—volume fraction of walls

V¢, Yw—shear strain rate in the cell and walls, respec-
tively

Y0.-—a reference shear strain rate

d—cell size

koc, koy—recovery term constants in cell and wall,
respectively

nj—recovery exponents expressed as n; = %
B;—material constants

The cell size d is given by Eq. 3.5 with K being a

proportionality constant (Kubin 1993) :
K

d =
A/ Prot

(3.5)

In the original ETMB model, the recovery terms
in Eq. 5 (third term in the rhs of Eq. 5) are identical
for the cell and wall phase. While the recovery in the
walls is mostly done by cross-slip process for which
the constant B; is taken to be the melting temperature,
the recovery in the cells is thought of as more com-
plex, being the result of combined mechanisms such
as dipole—dipole interactions and climb at the higher
temperatures. To account for the difference in recov-
ery mechanisms, we took the recovery constants in the
cell to be different then those in the wall (Hosseini
and Kazeminezhad 2009), and thereby less sensitive to
temperature than in the walls.

Having defined the dislocations populations and
their evolution equations, the resulting stress can be
calculated using the following set of equations (Estrin
et al. 2006; Kocks 1976):

T=fry+0—-ft (3.6a)
Lo

T (’;—O) " = aGb o (3.6b)
LI

=71 (%) " ;75 = aGby/peell (3.6¢)

where 7., and t,, are the shear strain and stress in the
cells and walls, t the total shear stress, y., y,, are the
shear strain rate in the cells and walls, respectively, both
of which are taken equal to the total shear strain rate,
« is a constant of the order of 0.5. Tm is the melting
temperature and yy a reference shear strain rate. The
effective stress is then given by Eq. 3.7 with M being
the Taylor factor (Nes 1998).

o=o00+aMrt 3.7

Estrin et al. (2006) introduced into the ETMB model
the accumulation of geometrically necessary disloca-
tions (GND’s). The evolution equation for the GND’s,
which completes and modifies Eq. 5, is given by :

6 * ‘C 1— 2/3
PGND = E% (3.8)

When ¢ is the fraction of incoming dislocation from the
cell interior that lead to the misorientation, a concept
that will be needed to define dynamic recrystallization.
Equation 5 is then modified to the following:
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P — o 2 ~/Pwall + PGND .
cell 3\/5 b Yw
-1
67c Ye )”f )
*
YL S N A A i
B bdm Oc ())O,r Ve Peell
(3.9a)
Swanl = (1 — g)% vi—-7f
wall bdf
2B%Ye(1 — f)v/Pwan + PGND
+
b3

1

Yw Y™ .
—kow ( : ) Yw Pwall
Yo.r

And the total dislocations density pio; is given by:

(3.9b)

Prot = f(pwan + pGND) + (1 — f)pcen (3.10)

From Eq. 3.8 it follows that as the strain increases
the cells/subgrains accumulate more and more GND’s,
thus enhancing the misorientation angle between neigh-
boring cells. Since the expression given in Eq. 3.8 has
no loss terms, even after saturation of stress, the value
of the GND density and thus the misorientation an-
gle will keep increasing without bounds. This does not
account for the fact that once the cell has rotated to a
certain angle, it certainly needs much less GND’s as
strain incompatibility has been reduced.

To overcome this issue, we introduced an angle (6)
dependent & of the following form :

0
§ =240 eXP(—Q—) (3.11)
0

The misorientation angle between two neighboring

cells can be calculated by (Estrin et al. 2006):

6 = atan (b«/,OGND) ~ bJ,oGND (3.12)

At this stage, a short discussion on the model param-
eters is required. The ETMB model is a constitutive
model which is based on real physical phenomena.
Therefore, we sought a way to choose the model param-
eters not only by fitting the calculated stress-strain curve
to a measured one, but by using a set of microstruc-
tural properties which can be obtained experimentally
as well. One of the readily obtainable quantities from
experiments is the saturation value of the subgrain size.
This value in the model is strongly related to two param-
eters: K, and the wall dislocation density (owalr), which
in turn is strongly dominated by 8*. By taking Egs. 3.9a
and 3.9b to be equal to zero, assuming that all the other
strain dependent parameters such as misorientation and
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the volume fraction of the walls (f), have saturated as
well, we obtain the following set of equations:

68%(1 — 2/3
B (fOKi:o) N

v —7/Tm
—Ky Pwall (_) =0
Yo

V3B*(1 = fo)

bfo A/ Pwall

(3.13a)
a* 68*
E«/ Pwall — W«/ Prot
v —T/B.
—kepeell (%) =0 (3.13b)

Assuming the dislocations density in the wall and cell
interior can be measured at their saturation values or
close to them, along with the values of the average
misorientation angle, and calculating the temperature
using Eq. 2.1, one can solve Eqgs. 3.13a, 3.13b and
Eq. 3.12 to obtain sets of parameters related to a given
microstructure.

The fitting procedure should be done very carefully,
keeping in mind that since the model parameters are
strongly related to microstructural parameters, a set of
parameters predicting the stress-strain curve satisfacto-
rily but not complying with other measured microstruc-
tural quantities is invalid. For example, by adjusting the
ratio between o™ and B*, one easily gets two sets of
parameters with which a nice fit to a measured stress-
strained is obtained, but one of them will exhibit a larger
dislocation density in the grain interior then in the walls,
which is unphysical!

Another significant parameter in the model, espe-
cially when used to determine the point at which a cell
transforms into a DRXed subgrain is the parameter &
introduced in Eq. 3.8. This parameter controls the rate at
which the misorientation angle increases. The physical
meaning of £ is the amount of GND entering the walls.
Without considering a specific material, we tested val-
ues in the range of up to 0-0.1 which accounts for up
to 10% of the incoming dislocations. This parameter,
however, can be easily determined given the average
misorientation angle at two or more strains, as mea-
sured from experiments.

All the model parameters, are summarized in
Table 1. They were not calibrated to a specific metal,
but set such as to show the general picture described in
the previous section, while keeping to the same order of
magnitude as those used for this model in other works
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Table 1 Model parameters

Parameter description Nomenclature Selected value References
Fraction of active sources in cell interior a* 0.08 0.0024-0.065
Fraction of active sources in wall interior B* 0.18 0.0054-0.062
Melting temperature [K] Tm 1,360

Reference shear strain rate [s~'] 0 1 x 104 1

Reference shear strain rate [s~!] Y0.r 1 x 10° 1

Magnitude of burger’s vector [m] b 2.56 x 10710 2.56 x 10710
Saturated volume fraction of the walls foo 0.06 0.06
Sharpening rate of the walls Y0 1.0 2.0-32
Proportionality constant for the cell size K 23 10-25

Taylor factor M 2.05 -

Recovery constant for the walls Kow 1.6 1492
Recovery constant for the cells Koc 2.3 1.4-9.2
Recovery exponent for the cells [K '] B 14 x 103 15000-20100
Decay rate of increase in GND’s [degrees] O 10 NA

Initial value for the volume fraction of GND’s in the walls & 0.1 NA

The reference values are from (Estrin et al. 2006; Hosseini and Kazeminezhad 2009)

(Estrin et al. 1998; Estrin et al. 2006; Hosseini and
Kazeminezhad 2009).

4 Results of the simulation

Using the parameters given in Table 1, we calculated the
evolution of the microstructure of a single grain being
strained at a constant strain rate of § = 3 x 103 s™!, and
compared the athermal and adiabatic deformation pro-
cesses. The temperature was calculated using Eq. 2.1
taking Bini=1. A calculated stress-strain curve, for the
two cases, is shown in Fig. 2 We also indicated the strain
at which the grain starts to undergo dynamic recrystal-
lization, defined to start at & > 3°, corresponding to
e =0.42.

Figure 2 clearly shows that the DRX’ed grains
appear during the hardening stage both for both the
thermal and athermal cases. It is also noted that the
temperature at which DRX starts (Fig. 3) is of the order
of 0.3 Tm which rules out thermal activation. These re-
sults are qualitatively in good agreement with the physi-
cal characteristics of DRX and the related ASB, namely
development of DRX during the strain-hardening phase
with a negligible temperature rise. As stated in the
introduction, it is believed that early DRX favors shear
localization through the growth and coalescence of soft
DRX’ed islands, as proposed by Rittel et al. (2008).

x10
25
2L
ONSET OF DRX
—
g —— Athermal
== 15 ——-Thermal 1
n
[72]
w
o1 g
-
o
ost 4 TTTTee—— 1
O 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4

STRAIN

Fig.2 Calculated stress-strain curve for one grain being strained
ata strain rate of 2 x 103 s~1, for both thermal and athermal cases

Considering now the thermally coupled calculation,
it appears that the evolution of heat, while not affecting
the DRX process, actually limits the maximum stress
attainable, but most of all induces a strain-softening
phase beyond peak stress which is always observed
experimentally. In other words, while thermally acti-
vated processes, as modeled here, do not affect the basic
physics of the DRX, they certainly intervene at the later
stages of the deformation process in the form of thermal
softening, a stage at which the adiabatic shear band is
obviously well developed.
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Fig. 3 Calculated evolution of the homologous temperature

5 Discussion and conclusion

This paper is divided in two parts. The first part pre-
sented new evidence on the genesis of adiabatic shear
band formation, which is interpreted as a microstruc-
tural mechanical transformation (DRX) for which ther-
mally activated processes are obviously of a minor
importance in the investigated cases. The second stage
which is the logical continuation of the first presents the
application of a simple modified model for the micro-
structural evolution. This model, based on dislocation
dynamics, contains many adjustable parameters whose
choice is crucial for the calculated results. Here, we
used most of the constants reported in the literature,
but in parallel we discussed how several of these con-
stants can be identified experimentally (mostly through
transmission electron microscopy). The outcome of the
simulations was qualitatively similar to the physical
observations, in the sense that DRX which precedes
shear localization was shown to occur without a signif-
icant thermal activity, gradually during the strain-hard-
ening phase, which seems to rule out a brutal instability
as previously thought of. While the model is still pre-
liminary and considers only one grain, it can now be
extended to investigate the two dimensional case for
which the initial dislocation distribution, and probably
other parameters, are statistical in nature, so that the
quantitative and spatial evolution of the DRX can be
characterized, thus providing essential guidelines for
future microstructural characterization.

To conclude, a simple dislocation dynamics model
was proposed whose outcome is the correct reproduc-
tion of an identified trend for the onset of DRX
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during the strain-hardening stage for which thermally
activated processes are of minor importance.
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