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Abstract—A new work-hardening model for homogeneous and heterogeneous cell-forming alloys is intro-
duced. It distinguishes three internal state variables in terms of three categories of dislocations: mobile dislo-
cations, immobile dislocations in the cell interiors and immobile dislocations in the cell walls. For each
dislocation population an evolution law is derived taking into account dislocation generation, annihilation
and storage by dipole and lock formation. In particular, these rate equations take into account the number of
active glide systems and, thus, introduce texture in the model in addition to the Taylor factor. Microstructure is
represented by the dislocation cell structure as well as second-phase particles, which may undergo changes
by precipitation and Ostwald ripening. Interaction of mobile dislocations with the microstructure is taken
into account through an effective slip length of the mobile dislocations.

For the same set of parameters, the predictions are in excellent agreement with measured stress—strain
curves of both a precipitation-hardened aluminium alloy (Al-4.16 wt% Cu-1.37 wt% Mg, AlICuMg2) and a
precipitation-free model alloy (Al-0.35 wt% Cu-0.25 wt% Mg), the composition of which corresponds to
the matrix of the two-phase alloyJ 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd.

Open access under CC BY-NC-ND license

Zusammenfassung—Ein neues Verfestigungsmodellrfhomogene und heterogene Legierungen wird vorge-
stellt. Es werden drei innere Zustandsvariablen in Form von drei Versetzungsklassen unterschieden, mobile
Versetzungen, immobile Versetzungen im Zellinnern und immobile Versetzungen in den'righvaer
Substruktur. Fudie Dichte jeder dieser Versetzungsklassen wird eine Evolutionsgleichung hergeleitet, die
Versetzungsproduktion, -annihilation und -speicherung durch Bildung von Dipolen und sel3haften Verset-
zungsreaktionsprodukten beksichtigt. Insbesondere wird dabei die Zahl der aktiven Gleitsystemeloeru
sichtigt, wodurch die Textur zlsdich zum Taylorfaktor in das Modell einfliet. Die Mikrostruktur wird

durch die Versetzungszellstruktur und Sekimptiasen repsentiert, wobei letztere Ausscheidungs- und
Reifungsprozessen unterworfen sind. Die Wechselwirkung der mobilen Versetzungen mit der Mikrostruktur
wird durch eine effektive freie Weghge der mobilen Versetzungen beksichtigt.

Die Modellvorhersagen stimmen bei gleichem Parametersatz sehr gut mit gemessenen Spannungs-
Dehnungs-Kurven einer ausscheiduriggieren Aluminiumlegierung (Al-4.16 wt% Cu-1.37 wt% Mg,
AlCuMg2) und einer ausscheidungsfreien Modellegierung (Al-0.35 wt% Cu-0.25 wt% Mg), die der Matrix
des zweiphasigen Werkstoffs entsprichbetein. 0 2000 Acta Metallurgica Inc. Published by Elsevier
Science LtdOpen access under CC BY-NC-ND license,
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1. INTRODUCTION commercial alloys is represented by empirical
. . . relationships, mostly in terms of power laws of strain
For a more precise modelling of forming processes,

e.g., by finite element (FE) codes, accurate pre‘dictio‘a}]nd strain rate. Despite their remarkably good fit to

- . . ; . measured stress—strain curves, empirical relations
of the strain-hardening behaviour is required. In th P

majority of FE codes the hardening behaviour o ave no prgdlctlve power beyond thq measurgd range
of deformation conditions and material chemistry. In

particular, such models use macroscopic quantities as
state parameters like strain or chemical composition
* To whom correspondence should be addressed. Tel.: @ describe the mechanical behaviour of a material.
49 241 806 860; fax: 90 49 241 8888 608. This is fundamentally wrong, however, since the
G E-mail  address: gg@imm.rwth—aachen.de  (G. nechanical properties depend on microstructure
ottstein) . .
rather than on overall chemistry, and thus are liable
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to change during processing of the material. In facthe applied stress to accommodate the imposed strain.
an appropriate representation of the hardening behakhis interaction can result in the formation of dislo-
iour has to be based on microstructural state variableation dipoles or even annihilation of dislocations.
which are affected by the processing history of th®ipoles will finally be swept into the dislocation
material. There are micromechanical models that comalls, where they are subject to thermally activated
tain explicit internal state variables, like the modelsecovery processes.
of Robinson and Bartolotta [1] or Chaboche [2], Interior dislocation sources will emit dislocation
which have been successfully implemented in finitops. If we consider the loops to be of square shape
element codes. Although such approaches do defingth length 2L, we represent the loop expansion by
evolutionary equations for the internal state variablethe motion of one of its segments, more specifically
the respective constants are commonly used as dih edge dislocation segment. Hence, we have to keep
parameters and do not relate to specific mechanisiims mind that a slip lengthL corresponds to a total
of microstructure evolution. dislocation loop length of 8land a swept area of
There have been numerous attempts in the past(@L)>. While in the real world a loop will percolate
predict work-hardening behaviour in terms of dislothrough its slip plane and leave debris behind around
cation concepts, with limited success, however, witbircumvented impenetrable areas, we follow the
regard to correctly predicting hardening behaviour iglassical analogon and assume instead that the con-
a wide field of temperature, strain rate and materiaidered dislocation segment will cease to move after
chemistry. In the current study, we present a model slip lengthL. This slip length is determined by
based on contemporary understanding of microstruebstacles which the mobile dislocations encounter on
tural evolution and the interaction of dislocations withheir way through the crystal. Such obstacles will be
microstructural essentials. It will be shown that such ather dislocations, grain boundaries or precipitates,
model gives a reasonable description of the hardenirgch of which has a specific spacibgPst There is
behaviour and accounts adequately for changes @b unique concept to treat the superposition of more
material chemistry, in particular for age-hardene¢han one obstacle type (hardening mechanism) but
alloys. with increasing obstacle density (smaller obstacle
For properly testing both parts of the model (i.e.spacing) the slip length must decrease. This can be
the dislocation—dislocation interaction and the disloaccounted for by the assumption
cation—precipitate interaction) it is essential to separ-
ate the two effects also experimentally. This can be
accomplished by using a single-phase alloy that rep- 1 W
resents the matrix material of the corresponding pre- L= ELTgst (1)
cipitation-hardened alloy. i
The structure of the paper is as follows. First, we
present the three-variable concept and its evolution
laws. Second, the physical parameters are adjusted in
the allowed range to fit the measured stress—stralyyherew is a weight factor), since this will adjust
curve of the single-phase model alloy. Third, théhe sliplength to be dominated by the shortest spacing
same set of parameters is used to model the streg4nong the competing obstacles.
strain curve of the precipitation-hardened alloy by Of course, this does not account for different
optimizing just the parameters for the description gpbstacle strength or the local dislocation arrangement
precipitation that were not used for simulating thélue to the dislocation—obstacle interaction (e.g., geo-
model alloy as it is free of precipitates. metrically necessary dislocations next to non-deform-
able particles), but it reflects an effective influence of
the ensemble of obstacles.
With regard to recovery processes, we limit our
2. THE THREE-INTERNAL-VARIABLES MODEL consideration to the climb of edge dislocations, since
we primilary consider elevated-temperature behaviour
(hot-forming). Cross-slip of screw segments will be
We confine our consideration to cell/subgrain-foraccounted for in an extended version of the model
ming metals and alloys, which includes most comwhen, in particular, low-temperature behaviour is of
mercial aluminium alloys, copper and nickel alloysoncern.
as well as steels. With progressing strain a cellular All dislocation-hardening models are single-crystal
dislocation arrangement develops, composed of cetlodels in their fundamental set-up. The extension to
walls with high dislocation density p(,) which polycrystal behaviour is accomplished by introduc-
enclose cell interiors of low dislocation densify;)( tion of the Taylor factoM, which relates the macro-
Dislocation sources inside the material generatgopically imposed strainedto the total slip on all
mobile dislocations (g), which interact with dislo- active glide systems in the grainsly, and thus the
cations in the cell interior and dislocations in the celinacroscopic flow stress to the acting shear stress
walls upon their way through the crystal forced byr in the slip systems,

2.1. The concept



ROTERSet al.: WORK HARDENING 4183

Edi’ imposed strain raté for a given structure and tem-
o= Mr= " (2) perature. Within the 3IVM, the Orowan equation
€
Y= €M = ppv 4

In polycrystals, besides the Taylor factor, the grain

size is introduced in the effective slip length equatioij| pe used as kinetic equation of state. In equation
[equation (1)] to account for the limited crystallite(4), ¥ is the shear rateM the Taylor factor of the
dimensions. polycrystalline material for the imposed strain path,
2.2. The model and b the magnitude of the Burgers vector. Use of
o ] ) the Taylor factor to relate the macroscopic strain rate
2.2.1. Kinetic equation of state. The basic struc- tg the dislocation behaviour in the crystals implies,
ture of the three-internal-variables model (3IVM)of course, that the dislocation properties are con-
consists of a kinetic equation of state and a set @fdered as population average values. The average
equations for the structure evolution as do many othgfs|ocation glide velocity depends on the effective
dislocation models of crystal plasticity [3-13]. Ins»“ressfeff = 7—%, wheret is the acting shear stress
extension of the various statistical one- [3-6] andndz is the athermal flow stress.
two- [7-13] variable models, the 3IVM suggested
here distinguishes three dislocation categories (see Q ToaV
Fig. 1): namely, mobile dislocation®,{), immobile v = Av, exp(— )sin%<ke_|_),
dislocations in the cell interiorg() and immobile dis- B
locations in the cell wallsd,). For each class of dis-
locations an evolutionary law of the form

keT

©)

whereA is the jump width—i.e., the mean spacing of

o= Pt —px 3) obstacles (the immobile forest dislocations in this
X X X case),V, is the attack frequency*Q is the effective
activation energy for dislocation glide, andis the

will be derived below, where the index assumes activation V°'”T"e- In cor_nmercial_ allpys the solute

atoms present in the matrix result in higher values for

e"hef T (mobile), 1 (cell interior) or w (cell Wa”).' Q than those used for pure metals. Substituting equ-
The p," term represents one or more production

terms whilep; represents the reduction terms. ation (5) into equation (4), equation (4) can be solved

L ; - for Te.
The kinetic equation of state is used to calculate As the forest dislocation spacing is different in the

the required external stress,, to comply with the cell interior and the cell walls, one obtains two differ-

ent values for the effective stress,; in the cell
interiors andr,, in the cell walls. In both cases the
passing stress of dislocations has to be added to
derive the necessary resolved shear stress in the cell
interior 7; and in the cell wallsz,,

Ty = T, + QGbVD,, X =i, w (6)

with o being a constant an@ being the shear modu-
lus, both of which are mildly temperature-dependent.
The required external stress can then be calculated as
[5, 6]

Oext = M(firi + fWTW)7 (7)
whereM is again the Taylor factor for polycrystalline

material, which can be calculated for arbitrary strain
paths as a function of the total strain [15], afdf,,

Fig. 1. Schematic drawing of the arrangement of the three dis-
location classes considered in the three-internal-variables* There are different approaches for the attack frequency,
model: mobile dislocationsp(,), immobile dislocations in the either inversely proportional to the obstacle spacing or inde-
cell interiors ;) and immobile dislocations in the cell walls pendent of obstacle spacing. Throughout the paper we
(ow)- assume the attack frequency to be constant in line with

internal friction results [14].
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are the volume fractions of cell interior and cell Assuming that spontaneousannihilation takes
walls, respectively. place when two dislocations with antiparallel Burgers
2.2.2. Structure evolution equations.While the vectors come closer to each other than a critical dis-

kinetic equation of state determines the flow stress fé?nceda""‘h”"’ the probability for the event can be cal-

a given structure, a set of structure evolution laws Lgéul:tﬁwdo;Tgcgidsllr;%z;goilg&azvleﬁugn(gs?atr;rt?;tIn‘l(':t:irsnent
needed to calculate stress—strain curves. In this sec- : ’

tion an evolution law will be derived for each of thespontaneous gnmhllatl_on V\."” ta_ke_ place if
Gere is a suitable dislocation within the area

dislocation densities considered in the model basé T
on the underlying elementary dislocation processe .da““‘h”'c.v dt (shadgd area in Fig. 2). The number dp
of mobile dislocations to serve as reaction partner

The mobile dislocations carry the plastic strain.. .~ "

They are assumed to penetrate both dislocation waﬁ‘gthm this area reads
and cell interiors. Each mobile dislocation is sup-
posed to travel a mean free paitfy before it is immo-
bilized or annihilated by one of the processes outlined
below. A relationship between the imposed strain anIgiowever for an annihilation event to take place, it
the mobile dislocation density is obtained if the ’ P ’

Orowan equation is considered on a larger time scall i'srlgg::;irgr? (t)cr)1 ft'ﬁg s:maem'ﬂg;a!elsféﬂoclﬂf:;n'ﬁﬁ’bzr
In a time incrementAt, a dislocation density, At 9 4 ’

is produced and immobilized after travelling the dispf active glide systems Is den_otedand ONe assumes
n equal density of dislocations on all active glide

tancel. This is associated with a strain incremen S . o
systems, this gives rise to a normalization term 1/

Ae, s0 for the probability calculation. Taking into account
Ae _ 1 the nl_meer of active glide systems renders thg rate
E;é =ps bLeﬁM, (8) equations texture-sensitive. Under the assumption of
an equal density of positive and negative dislocations,
an additional term 1/2 must be considered as the two

. . . L reacting dislocations have to be of opposite sign. The
Ley is determined by the effective gran ng*and _reaction ratep of an individual moving dislocation
three obstacle spacings: the forest dislocation Spacifg, reads

in the cell wallsL,,, the forest dislocation spacing in
the cell interiorL;, and the spacing of the precipitates 1
L,. The calculation oL, and why it is introduced at p= 2dannih”_Cme§]. (1)
this point will be discussed separately below.

As outlined in Section 2.1, it is difficult to define
an effective obstacle spacing if more than a singl . .
obstacle type interacts I?/vith 'the moving dislocatio?\ihe Oro_wan equation (4) can be used to subsitute
with different strength. From the reasons given infPom 10 yield
Section 2.1, we arrive at

dp = 2dannihil - cV dth (10)

. eM 1
P = 20 - ¢ b 2n (12)

9)

For calculating the reduction rafe, of the mobile

whereB, and,, are constants, which relate the Spacgislocation density dge to annihilaj[iqn, one has to take
ing of the respective dislocations (i, w) to the Slip|nto account that, with each annihilation event, two
length, if only this type of dislocation would deter-
mine the slip distanck.; We assume the mobile dis-
location density to be reduced by three processe
namely, by the formation of dislocation dipolest ant
dislocation locks as well as by annihilation. For eac
process a probability for the decrease of dislocaticJ
density can be derived, as will be shown below i

detail for the annihilation process.

2dannihil-c

* The effective grain size is understood to be somecor ¢« 4y ——
stant fraction of the true grain size.

T Note that dislocation dipoles can still be moved [16]Fig. 2. Geometrical set-up for calculating the annihilation prob-
But since the motion of dislocation dipoles does not contrib- ability.
ute to the net strain, they are no longer considered in the
class of mobile dislocations.
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dislocations are eliminated and that the density afells p;* is equal to the decrease of mobile dislo-
mobile dislocations ip,, cations due to the formation of locks, which was
derived in the previous section [equation (14)]
) - . eM1
p,;(annlhll) = 2me = 2dannihil-cebirpm- (13) . . GM n—1
P = prll0ck) = dde P (16)

The formation of dislocatioocks can be derived
analogously. For this, the critical distance for the
spontaneous formation of locks beconeigs, instead  Since locks cannot glide, the only process to decrease
of dannini.e Moreover, since reaction partners can béhe immobile dislocation density is annihilation by
dislocations on all other active glide systems, thigislocation climb. The velocity of climb, is dif-
leads to a factor (n—21)/mstead of 1/n. The reduction fysjon-controlled
rate of the dislocation densipy, due to the formation

of locks then reads D
Velimb = 7 =TA, 7)
) kgT
eMn—-1

Pm(lock) = 4doac ™ = =P (14)

where D is the self-diffusion coefficient, ané the

_ The third process taken into account is the formasctiyation area. The rate equation for this process is
tion of dipoles. Again, the derivation is very similar toynap given by

that for annihilation. For a dipole to form the distance

between the two dislocations has to exceed the critical 1

distance for annihilationl,,,.i.c but has to be small P = 2Veimpannini - QFP?. (18)
enough to have the involved dislocations trap each
other. For this to happen, the acting resolved shear . . . . .
stress due to the external stress has to be balan%c?s QSa:igI:lg icr:atise ?:felcli |3\I/g;:latlor]rshssr§ g?;ogt?g:s"e
by the stress field of the individual dislocations. This P .

ST o . . ndergo the same processes as those in the cell
implies that the critical spacing for the formation o interiors, but there is one additional process, which
dipoles (di,o) Scales inversely with the externally ntrib t to the incr £ thi rticul r dislo-
applied stress. The respective area that has to be cgﬁi. lées .to Ae ((:j.easte OK tsﬁpa (;:UL"."b sio
sidered amounts t0 @fpo— dannini - JV dt (shaded cation censity. According to wratoctivand LIbov=

area in Fig. 3). The reduction rafe. due to the for- icky [16], it can be assumed that all dislocation
mation of oiipolles then reads dipoles finally end up and accumulate in the cell

walls. As dipoles are created in the whole volume,
but stored in the walls only, the rate of increase

Pr(Cipol) = 2ot ) P (15)  amounts to
The second category of dislocations considered are Pu = flpr;(dipol) = f12(ddip0I (19)
theimmobile dislocationsn the cell interiorsp;. The w 'Mwl
rate of increase of the dislocation density inside the B — QL )
anninil - b npm

2.2.3. Precipitates. Commercial alloys are com-
monly heterogeneous—i.e., comprise second phases
in a solid-solution matrix. Dislocation motion in such
systems has to take into account solid solution hard-
ening and precipitation hardening. Shearable precipi-

J—> tates essentially affect the yield stress only, while the
2dgipt s s s s s 2dannini-e  hardening behaviour of the respective alloy is akin to
that of the pure matrix materials or its solid solution.
Non-shearable particles affect plastic flow mainly in
two ways. First, they increase the yield stress by the
Orowan stress

TOROWAN = — (20)

Fig. 3. Geometrical set-up for calculating the probability for
the formation of dipoles. ) ) o
whereV, is the volume fraction of precipitates and
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the average precipitate radius. Second, they dras
cally increase the hardening rate due to the plast
zone (geometrically necessary dislocations) in th
wake of the particles. The dislocation concept intrc
duced here does not lend itself easily to accommode
these physical processes, but they can be accoun
for qualitatively by the basic equations derived so fai
A higher yield stress can be represented by a larg
glide resistance as expressed by a larger activati
energyQ for glide [equation (5)]. The increased hard-
ening rate is taken care of by modification of the sliy
length, i.e., by incorporating the precipitate spacing
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Fig. 4. Modelled and measured stress—strain curves fer

L = o (21) 1x102%st and T = 350C. Single-phase model alloy (Al-
P, 0.35 wt% Cu—0.25 wt% Mg).

in the effective slip length as already accounted for
in equation (9). In particular, for elevated-temperature
deformation,L, may depend on time, since precipi-
tation and Ostwald ripening may occur during defor3.1. Experimental

mation. We follow a concept proposed by Estrin and In order to validate the model,

co-workers [17] to account for this complication. Fo.rtests were performed @t = 350°C with a strain rate

precipitate coarsening the change of precipitate radu(&?-€ ~ 10 ®s * on AICUMg2 (A4.16 Wt% Cu—-1.37

with time is given by wt% Mg). The experimental stress—strain curve of the
precipitation-hardened aluminium alloy exhibits a
characteristic stress peak (solid line in Fig. 5). This
maximum is caused by the ripening of precipitates.
In order to check this assumption a model alloy (Al—
to the test, andk = 3 for ideal Ostwald ripening 0.35 wt% Cu—0.25 wt% Mg) with reduced copper and

according to the Lifshitz—Slyozov—Wagner theoryrﬂagneziulm”con_tenthwas also testedl._('jIAF |35.O°C ith
(LSW theory) [18, 19]. the model alloy is a homogeneous solid solution wit

If concurrent precipitation occurs the precipitatéhe same composition as the matrix of the two-phase

volume fraction will change, which can be describe&llloy and, t_hus, can be used to study the properties
by an Avrami-type equation [20] of the matrix material of the two-phase alloy. It can

be seen from Fig. 4 that the stress—strain curve of the
t 4 t\m model alloy shows a behaviour typical of hardening
V, = {1—ex;{—( 3 O) ]}Vm
with an Avrami exponentn and the volume fraction

superimposed by dynamic recovery.
V.. of precipitates in thermodynamic equilibrium. Th
characteristic time is

f=——ﬁex h)

3. APPLICATIONS

hot compression

r=c(t+ ty)¥ (22)

with c the kinetic constant,the time,t, the time prior

(23)
3.2. Single-phase model alloy

In a first step the 3IVM was adapted to the single-
e|ohase model alloy. Since the kinetic equation as well
as the structure evolution equations contain a variety

D~ D, (24)

with Ag a constantD the respective diffusion coef-
ficient comprising the pre-exponential terBy, and
the activation enthalpil,,,. The diffusion coefficients
are taken for the main alloy components [20].

It is noted that this concept unlawfully mixes two
kinetics, namely precipitation and ripening kinetics

o [MPa]

experiment — —
simulation

10 - B

0 1 1 1 1 1 I 1 1 1

Since both processes operate on a different time sca
however, the error introduced is small and mitigate
by using effective kinetic constants, e.g., an effectiv,
k in equation (22).
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Eig. 5. Modelled and measured stress—strain curves fer
1x102%s! and T = 350C. Precipitation-hardened alu-
minium alloy (Al-4.16 wt% Cu-1.37 wt% Mg, AICuMg2).
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of physical constants that are not known exactly bt 2 T T T T I

in their order of magnitude, they were set to reasor PR e, e, R
able values before the fitting process. All materie :

constants were chosen for pure aluminium. The vo_. | Pen -
ume fractions were set th = 0.9 andf, = 0.1. In 5 1““? p’fv’ )

accordance with the studies of Essman and Mughra=
[21] and Tippeltet al. [22], the critical distance for ~
annihilation in the direction of climb was set to
Oanninii - = 1 nm. As dislocations have a higher 50 / i
mobility for glide than for climb, bothd,nini.q and _ _ o

dock Were set to 5 nm. The attack frequency wa 0 01 02 03 04 05 06 07 08 09
chosen ag = 7.8X10 Hz [14]. The initial value of e[

all three dislocation densities was'2@n "2 As com- fig 6. Modelled dislocation densities for= 1x10°% s* and
pression tests were modelled, an average Taylor fac= 350°C. Single-phase model alloy (Al-0.35 wt% Cu—0.25

100 | .

tor of M = 3.06 was used for all simulations. Texture wt% Mg).
change during deformation was not taken into
account.

The remaining parameters were optimized to obtain

the lowest possible value for the mean square devi- The diffusional data for precipitation were taken as
ation of measured and simulated stress—strain curvgsat of copper in aluminium. The equilibrium volume
For the fitting process the experimental data wergaction of precipitatesv,. amounts to about 0.06.
used only up to a strain af = 0.7, because at larger optimizing the other parameters of equations (22)—
strains the influence of friction became dominanfo4) for the precipitation and coarsening kinetics
which was not accounted for in the simulation. It caa '= 1.1x104 m= 1.4, c = 6.0x10°% k = 2.3,

be seen from Fig. 4 that the simulated stress—strain—  s) leads to a curve with a well-defined stress
curve (dashed line in Fig. 4), which is predicted bynaximum (Fig. 5). A comparison of the resulting
using the 3IVM without consideration of precipi-cyrve with the experimental data for AICuMg2 shows

tation, is in very good accord with the experimentabgain very good agreement with a mean deviation of
curve (solid line). The mean deviation amounts to lessnout 7%,

than 3%. ) ) .

The optimization process yielded the following3-4- Dislocation densities
values: effective grain siz& = 10 um, whichis 10%  Figures 6 and 7 illustrate the evolution of the dislo-
less than the average grain size; number of activ&tion densities with strain. The shape of the curves
glide systems = 3, this value may seem too low asfy, the total dislocation densitiespges = fip; +
five activc_a glide systems are necessary for compatiblfgvpW + pm, is in both cases quite similar to the shape
deformation, however Kocks and Canova [23}f the stress—strain curve. In the case of the single-
showed that this is true only in the direct vicinity ofyhase alloy all dislocation densities reach their satu-
the grain boundaries and that the number of actigtion level after a strain of about 0.25, while in the
glide systems is lower in most of the crystal volumeyyo-phase alloy due to precipitate ripening all dislo-
activation energy for dislocation glid® = 1.96 eV, cation densities reveal a maximum, but do not attain
looking at equation (5) this value could be expecteq steady-state value within the tested strain regime.
to be much lower as the activation energy for foregh general, dislocation densities are about three to five

cutting is of the ordeGb’/4Tt But it has to be taken times higher for the two-phase alloy than for the sin-
into account that the model alloy is not a pure metal

and the solute atoms result in an increase of the yield
stress which can be represented by higher values{ 600 L
Q (see Section 2.2.3). Secondly, many of the mobil
dislocations are jogged rather than ideal straight disli : e

cations. Therefore, the activation energy for thi_ a0 e R
movement of jogs has to be taken into account 575 ‘ Pges —
well, andQ actually is an effective activation energys  **F o —
for dislocation glide which is impossible to predict'«

pw ceee
200 n
without making additional assumptions on the exac u

dislocation configuration. 100 | .

3.3. AICuMg2 Oﬁ. L

In a second step the stress—strain curve for the pr ' €1]
cipitation-hardened alloy Was quelled us]ng th%ig. 7. Modelled dislocation densities fer= 1x10*s* and
same set Of_ parameters with additional consideratian= 350° . Precipitation-hardened aluminium alloy (Al-4.16
of precipitation kinetics. wt% Cu-1.37 wt% Mg, AICuMg2).




4188 ROTERSet al.: WORK HARDENING

gle-phase alloy. Even though the dislocation densiiy all consecutive time steps. An explicit differential
in the cell interiors is in both cases significantly loweformulation is given elsewhere [25].
than that in the cell walls, the cell interiors do sig-
nificantly contribute to the total dislocations density
and, therefore, to the flow stress as their volume frac-
tion is 90%. In the single-phase alloy the mobile dis-
location density amounts to only 7% of the total dislo- A new microstructural strain-hardening model of
cation density, while in the two-phase alloy almospolycrystals is introduced based on three internal state
30% of the total dislocation density are mobile dislovariables. Three dislocation populations are dis-
cations. tinguished: mobile dislocations and immobile dislo-
cations both in cell walls and the cell interior. Precipi-
tation and ripening of second-phase particles are
The model presented readily lends itself taonsidered—for isothermal conditions—via their
implementation in FE codes. Owing to the formatiofinfluence on the mean free path of the mobile dislo-
of flow stress development in terms of differentiakations. By comparison of the behaviour of a two-
microstructural evolution equations, the spatial anghase commercial alloy with a precipitate-free model
temporal changes of the flow stress can be used &loy, it was shown that the model is capable of
update the properties of any specific finite elemenadequately predicting the stress—strain curves of two-
Of course, the strain used in the model correspong#iase aluminium alloys at elevated temperatures. The
to the von Mises equivalent strain as conventionalljhodel lends itself as a material constitutive law in
output from FE codes. A particular advantage of theEM simulations. As the number of active slip sys-
hardening model is the explicit use of the number akms is explicitly used in the evolution laws for the
activated slip systems for dynamic recovery t@jislocation densities, the model is particularly suited
account for texture effects besides the macroscopfier crystal plasticity FE simulations.
Taylor factor. This is particularly useful for advanced

FE codes based on crystal plasticity. Acknowled . ‘ thors (0. R.) gratefull
- . - Acknowledgeme ne of the authors (D. R.) gratefully
In fact, interactive work hardening and FE COmpuac nowledges the financial support by the Deutsche Forschung-

tations of the rolling process have been conducted aggemeinschaft through the Heisenberg program.
reported elsewhere [24]. From the results it is obvious
that the predictions of stress distribution in the rolling
gap from this model are quite different from FE com-
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