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A novel microstructure-based strain-hardening model for precipitate hardening materials is developed, 
accounting, in addition to the usual contributions, for the influence of a supersaturated solid solution as well 

as for a dependence of dynamic recovery on the yield strength and on the presence and stability of Orowan 
loops. This model is the third step of a chain involving: (i) a precipitation model which predicts the evolution 
of precipitate radius distribution and volume fraction with thermal cycles, and (ii) a model which predicts 
the yield strength as a function of the microstructure. The model parameters are identified from quantitative 
characterizations and tensile tests performed after isothermal heat treatments of AA 6005A-T6 samples. A 
critical assessment of the sequential three-steps model is made by predicting, based on local thermal history 
measurements, the local microstructures and flow properties in two friction stir welded joints generated with 
different advancing speeds. The predicted results show very good agreement with the local experimental 
data. This analysis leads to a better understanding of the competing factors controlling the strength profiles 
and ductility of the friction stir joints.
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1. Introduction

Friction stir welding (FSW) is a relatively new welding
process [1,2]. The plates to be welded are rigidly clamped
on a machine table. A rotating FSW tool pin penetrates
the material until the tool shoulder comes in contact with
the upper surface of the plates. The tool moves between
the faying surfaces and forms the welded joint without
any melting. A FSW joint involves several zones with dif-
ferent microstructures and mechanical properties. One dis-
tinguishes different zones from the base material to the
* Corresponding author. Tel.: +1 510 643 3281; fax: +1 510 643 9685.
E-mail address: aude.simar@uclouvain.be (A. Simar).
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joint centerline (see top of Fig. 5a and b): the base material
(BM), the heat affected zone (HAZ), the thermomechani-
cally affected zone (TMAZ) and the weld nugget (WN).
Both the TMAZ and the nugget are highly deformed, but
only the nugget is dynamically recrystallized.

The optimization of FSW with respect to specific struc-
tural demands requires the development of predictive mod-
els to quantify the effects of the numerous process and
materials parameters affecting the joint properties. There
is thus an obvious need for an integrated modeling
approach which encompasses the thermal analysis, micro-
structural evolution, local flow properties prediction and
global properties simulation (accounting for possible
post-welding heat treatments). The main missing ingredient



for success in this integrated modeling approach is the cur-
rent limited potential of microstructure-based mechanical
models to predict the strain-hardening capacity of age-
hardenable Al alloys. Indeed, proper estimation of the vari-
ations in the strain-hardening capacity is essential for cap-
turing both the resistance to plastic deformation
localization and the joint strength which, in turn, control
formability and fracture toughness. Hence, the focal point
of the paper is to build a physically based model for both
yield stress and work hardening behavior in relation to
the precipitation state. This model is then coupled with a
microstructure evolution model and applied to the quanti-
tative modeling of local properties across a FSW joint. This
integrated approach is applied to the AA 6005A alloy. The
motivation for selecting an alloy initially in the T6 state
was to apply the model to a simple ternary alloy in a state
which presents industrial interest, as it corresponds to the
peak strength.

The paper is structured as follows. The integrated
microstructure-based plasticity model applicable to age-
hardenable aluminum alloy is presented in Section 2, with
an emphasis on the new strain-hardening model. Section 3
describes the material and experimental procedures, with
more details about the experimental results published else-
where [3,4]. Section 4 includes the results of the parameter
identification, the assessment of the model on the FSW
joints results and a discussion about the competing factors
controlling the strength profiles in FSW joints.
2. Integrated microstructure-based plasticity model for age-
hardening Al alloys

2.1. Microstructure evolution

The AA 6005A alloy has low copper and low excess sil-
icon contents (see Section 3.1). The hardening phases are
the metastable precursors of the stable Mg2Si phase. The
precipitation sequence is the following: sss! GP
zones! b 0 0 ! b 0(+B 0)! b(Mg2Si). The GP zones are pro-
duced during low temperature artificial aging or natural
aging at room temperature. The precipitates b 0 0 are fully
coherent needle-shaped precipitates formed in particular
during the artificial aging heat treatment T6 and responsi-
ble for the peak hardness corresponding to the optimum
size. The rod-shaped b 0 precipitates and the rectangular
sectioned and elongated B 0 precipitates are both semi-
coherent precipitates. The dissolution and coarsening of
the fine hardening precipitates in the AA 6005A T6 base
alloy is analyzed using the model developed by Myhr
et al. [5–8]. For the sake of simplicity, the precipitates are
assumed to be spherical, with the composition of the stable
Mg2Si phase.

2.1.1. Nucleation law
The steady state nucleation rate j (# (m3 s)�1) is

expressed as
2

j ¼ j0 exp � A3
0

ðRT Þ3½lnðCMg=CeÞ�2

!
exp � Qd

RT

� �
ð1Þ

where j0 (# (m3 s)�1) is a material parameter, R

(8.314 J K�1 mol�1) is the universal gas constant, T (K) is
the temperature, A0 (J mol�1) is a parameter related to
the energy barrier for nucleation, CMg (wt.%) is the mean
solute Mg content in the matrix, Qd (J mol�1) is the activa-
tion energy for diffusion and Ce (wt.%) is the equilibrium
solute content at the precipitate/matrix interface. The
dependence of Ce with temperature, i.e. the equation for
the phase solvus, is given by

Ce ¼ Ce0 exp � Qe

RT

� �
ð2Þ

where Ce0 (wt.%) is a parameter and Qe (J mol�1) is the
apparent solvus boundary enthalpy.

2.1.2. Rate law

When a precipitate of radius r and Mg concentration Cp

(wt.%) is present within a supersaturated solid solution
with a mean concentration CMg (wt.%), the precipitate dis-
solves if CMg < Ci, (r decreases) and grows if CMg > Ci,
where Ci is the precipitate/matrix interface concentration
given by

Ci ¼ Ce exp
2cV m

rRT

� �
ð3Þ

where c (J m�2) is the precipitate/matrix interface energy
and Vm (m3 mol�1) is the molar volume of the precipitate.
The dissolution or coarsening rate v (m s�1) is

v ¼ dr
dt
¼ 1

r
CMg � Ci

Cp � Ci

D0 exp � Qd

RT

� �
ð4Þ

where D0 (m2 s�1) is a material parameter.
In the so-called ‘class model’, these equations are cou-

pled to a continuity equation for the density of precipitates
of size r, which is solved numerically [7]. The precipitates
volume fraction fv is calculated using

fv ¼
X

i

4

3
pr3

i N i ð6Þ

and the mean Mg solute concentration in the matrix CMg is
given by

CMg ¼
C0 � Cpfv

1� fv

ð7Þ

where C0 (wt.%) is the initial Mg content in the alloy,
assuming that the total amount of Mg will precipitate into
fine Mg2Si precipitates.

2.2. Yield strength prediction including the effect of natural

aging

The main contributions to strengthening in an age
hardening aluminum alloy are summarized in this sub-



section. It is assumed that the contribution of the grain
size to the strengthening is negligible compared with
the effect of the solute and small precipitates in heat-
treatable aluminum alloys.1 Indeed, assuming that the
effect of the grain size on the yield strength rd can be
expressed by Hall [9] and Petch [10] law, rd ¼ kdd�1=2,
with kd a constant �0.04 MPa m�1/2 in aluminum
[11–13] and a grain size d of typically 10–50 lm (respec-
tively estimated grain sizes for the WN and the BM [3]),
hence rd is 5–12 MPa compared with the solute and pre-
cipitation contributions of 100–250 MPa (see Figs. 4 and
5).

� The solid solution contribution to the flow stress rss is
given by [14]

rss ¼ kðMg;SiÞeq
ðCMgÞ2=3 þ kCuðCCuÞ2=3 ð8Þ

where kðMg;SiÞeq
and kCu are two constants, and CCu is the

Cu concentration in solid solution.
� The contribution from the precipitates to the flow stress

rpreci is expressed as [15]

rpreci ¼
M
b
ð2kCGb2Þ�1=2

�F 3=2

l
ð9Þ

where M is the Taylor factor, G (Pa) is the shear modu-
lus, b (m) is the norm of the Burgers vector, kC is a con-
stant close to 0.5 and l is the particle spacing in the glide
plane given by

l ¼ r

ffiffiffiffiffiffiffi
2p
3f v

s
ð10Þ

and the average obstacle strength F is calculated using

F ¼
P

iN iF iP
iN i

ð11Þ

where Fi is the obstacle strength of the size class i. If
the equivalent radius ri is smaller than an equivalent
transition radius rtrans, the precipitates are sheared by
the dislocations and F i ¼ 2kCGb2ðr=rtransÞ. If ri is larger
than rtrans, the precipitates are bypassed by Orowan
looping the dislocations and F i ¼ 2kCGb2. The transi-
tion radius is hence defined by the radius at which
the precipitate/dislocation interaction mechanism
changes, and it generally corresponds to the precipi-
tates radius at maximum strength (i.e., the BM in the
T6 state).
1 The yield strength in the weld nugget of both welds is similar to its
value in the TMAZ, see Fig. 5a and b. Considering that the grains in the
weld nugget are much smaller than in the TMAZ [3] while in both regions
the precipitates are fully dissolved, this result confirms the limited effect of
the grain size on the yield strength. The effect of the grain size on strain
hardening parameters requires additional extensions to the model which
go out of the scope of the present study.
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� The forest hardening contribution to the flow stress rpl

is given by

rpl ¼ MaGb
ffiffiffi
q
p ð12Þ

where q is the dislocation density and a is a material
dependent constant between 0.15 and 0.5 [16]. When
estimating the yield strength, it will be assumed that
rpl is much smaller than rpreci.

Neglecting the initial dislocation density, the contribu-
tions to the yield strength ry are added up:

ry ¼ r0 þ rss þ rpreci ð13Þ
where r0 is the friction stress of pure aluminum
(�10 MPa). The additive rule was advocated by Kocks
et al. [17] as a result of the widely different pinning
strengths of the various obstacles.Natural aging requires
a specific additional treatment. It induces an increase in
the yield strength due to the precipitation of GP zones,
see [18]. Here, our interest lies only in the yield strength
corresponding to the maximum possible amount of GP
zones. A low supersaturation in Mg and Cu does not favor
the precipitation of GP zones, and a certain amount of
alloying elements Clim (wt.%) thus remains in solution dur-
ing natural aging. The yield strength after natural aging
ryNA can be calculated as

ryNA ¼ ry þ KNA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CMg � Clim

C0 � Clim

r
� kðMg;SiÞeq

ðCMgÞ2=3

þ kðMg;SiÞeq
ðClimÞ2=3 ð14Þ

where KNA (MPa) is a constant. The last two terms of
expression (14) account for the loss of solid solution associ-
ated with GP zones formation, see the term rss in Eq. (13).

2.3. Strain hardening

2.3.1. KME model with Orowan loops storage around

precipitates

For pure metals, the Kocks–Mecking–Estrin (KME)
model [19,20] links the variation in the dislocation density
q with the local plastic shear strain cp:

dq
dcp

¼ k1
ffiffiffi
q
p � k2q ð15Þ

where k1 and k2 are proportionality constants. Using Eq.
(12) and the definition of the Taylor factor M (i.e.,
M = r/s = cp/ep), one gets

drf

dep

����
pure

¼ h0 � b0ðrf � ryÞ ð16Þ

where h0 = aGbM2k1/2 and b0 = k2M/2 are related to the
dislocation storage rate and the dynamic recovery rate
for pure materials, respectively. Experimental results from
the literature [21–23] have shown that a linear relationship
between the plastic slope and the flow stress holds also for
aluminum alloys in solid solution. For alloys, the apparent



‘dislocation storage rate’ and the apparent ‘dynamic recov-
ery rate’ h and b, respectively, will be defined, while h0 and
b0 will be reserved for pure materials. The question now
addressed is the dependence of h and b on the state of
precipitation.

Several authors [23–25] have taken the storage of Oro-
wan loops into account by introducing a new term inver-
sely proportional to l (see Eq. (10)), in the evolution of
the dislocation density:

dqf

dcp

¼ k1

ffiffiffi
q
p þ 1

bl
� k2q ð17Þ

leading to

drf

dep

¼ drf

dq
� dq
dcp

�
dcp

dep

¼ aGb
2
ffiffiffi
q
p k1

ffiffiffi
q
p þ 1

bl
� k2q

� �
M

¼ h0 þ
a2G2bM3

2lðrf � ry Þ
� b0ðrf � ryÞ ð18Þ

For the sake of simplicity, the variation in (rf � ry) be-
tween 0 and the saturation stress rsat (value at which
(drf/dep) = 0)) was assumed small enough to use a mean
value of (rf � ry) in the second term of (18), i.e.,
ðrf � ryÞ � (rsat � ry)/2 = h/(2b0). The approximate line-
arity in (rf � ry) of the work hardening rate is observed
experimentally in Fig. 1, showing the evolution of the plas-
tic slope as a function of the flow stress for various heat
treatment times at 180 �C (see description later in Section
3). The assumption that h is independent of the flow stress
is thus an acceptable approximation that is reasonably va-
lid for the heat-treated samples if one excludes the elasto-
plastic transition (see Fig. 1). Using (10), one gets, in the
case of bypassed precipitates:

h
G
¼ h0

2G
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0

2G

� �2

þ a2M3b0

b
r

� � ffiffiffiffiffiffiffi
3f v

2p

rs
ð19Þ
Fig. 1. Evolution of the plastic slope (drf/dep) as a function of the flow
stress rf for various heat treatment times at 180 �C, starting for
solutionized samples (ry is the yield strength).
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2.3.2. Efficiency of Orowan loops storage

In the classical approach to precipitation hardening, a
precipitate, when bypassed, systematically stores a disloca-
tion loop. However, it has been shown that, with increasing
stress, the loop initially left by a bypassing process can
become unstable, shear the precipitate and annihilate
[26]. While this process occurs very easily for precipitate
radii close to the shearing/bypassing transition, the critical
stress for delayed shearing increases with increasing precip-
itate radius until it attains the radius corresponding to the
loss of coherence rcl. For r P rcl, Orowan loops can no
longer penetrate the non-coherent precipitates and are thus
stable. An efficiency factor u for the storage of Orowan
loops is introduced and defined as the proportion of Oro-
wan loops that will not annihilate when the flow stress
increases. When r = rtrans and u = 0, Orowan loops just
start forming and directly annihilate. When r P rcl and
u = 1, Orowan loops are efficiently stored. For the sake
of simplicity, a linear variation will be assumed for u as
a function of r. Hence, there will be no loop storage if
the precipitates are sheared (r < rtrans). When they are
bypassed, the storage efficiency will grow from 0 to 1
between the two critical radii, if rtrans < r < rcl, then
u = (r � rtrans)/(rcl � rtrans).

2.3.3. Effect of supersaturated solution

While the work hardening of stable solid solution has
been extensively studied [27], the contribution of unstable
solid solutions is still a matter of open debate. When a solid
solution is supersaturated, its natural evolution is to pre-
cipitate. Precipitation from a supersaturated solid solution
(CMg > Ce) requires diffusion. During plastic flow, the
movement of dislocations favors diffusion by creating
vacancies [28] or by providing diffusion short circuits or
by ballistic transport of a cloud of solute (i.e., non-random
translation of atoms induced by the motion of disloca-
tions). These processes can lead either to solute segregation
at dislocation junctions which increases their strength, or
even to precipitation [29]. Both effects, dynamic segrega-
tion and the so-called dynamic precipitation mechanism,
lead to a hardening of the material proportional to the area
spread by dislocations, i.e., proportional to plastic strain.
Thus, this process leads to an apparent extra strain-harden-
ing contribution. In order to describe this phenomenon, the
dislocation storage parameter h is increased by a quantity
called hdp. Following Deschamps et al. [29], the contribu-
tions of dislocation storage and dynamic precipitation are
added linearly. A linear relationship between the relative
remaining excess solute and hdp is proposed:

hdp ¼ khdp

CMg � Ce

C0 � Ce

� �
ð20Þ

where khdp is an adjustable parameter.

2.3.4. Effect of the yield strength on dynamic recovery

The advantage of the Kocks–Mecking–Estrin formalism
[19,20,24] is that the parameters have a transparent physi-



Table 1
Tensile properties of the aluminum alloy 6005A-T6 with the extrusion
direction and the transverse long direction as loading direction

Direction of loading Extrusion Transverse long

Yield strength at 0.2%, Rp (MPa) 265.6 ± 2.2 255.5 ± 0.7
Tensile strength, Rm (MPa) 287.8 ± 1.2 276.8 ± 0.7
True strain at necking, eu 0.086 ± 0.001 0.078 ± 0.002
Dislocation storage rate, h (MPa) 918 ± 29 806 ± 4
Recovery rate, b 11.8 ± 0.4 10.1 ± 0.3
cal meaning so that the influence of microstructural fea-
tures such as precipitation can be naturally introduced.
The dynamic recovery rate b0 is proportional to the annihi-
lation distance between two dislocations of opposite sign ya

[27]. Dislocations annihilate when the interaction stress
(Gb/ya) exceeds the yield strength. Hence, the dynamic
recovery rate b0 decreases with increasing yield stress (note
that, among other things, this increase can be due to
dynamic precipitation). The dynamic recovery rate b is
assumed to be inversely proportional to the initial yield
strength ry. By defining a reference minimum value bmin

corresponding to the maximum yield strength rmax
y , the

expression of b0 becomes:

1

bmin

� 1

b0

¼ kb

rmax
y � ry

G

� �
ð21Þ

where kb is a non-dimensional constant.

2.3.5. Effect of the Orowan loops formation on dynamic

recovery

The presence of stable Orowan loops has an effect on the
annihilation of mobile dislocations. The strong stress field
associated with Orowan loops favors cross slip of the
mobile dislocations coming nearby, leading to an increase
in the critical distance of annihilation. This effect is presum-
ably responsible for the ‘spreading of plasticity’ observed in
alloys with bypassed precipitates [30]. Thus, a given mobile
dislocation can annihilate with a dislocation of opposite
sign coming from a glide plane further apart owing to
the mechanical driving force provided by the nearby Oro-
wan loop. One can express the annihilation distance
between two dislocations of opposite sign ya as

ya ¼ y0pð0Þ þ yprecið1� pð0ÞÞ ð22Þ

where y0 is the annihilation distance in the absence of Oro-
wan loops, ypreci is the annihilation distance between two
dislocations of opposite sign meeting in the vicinity of a
precipitate having stored an Orowan loop, on average, dur-
ing the time for two moving dislocations to annihilate, p(0)
is the probability to encounter no precipitate before meet-
ing a dislocation of opposite sign, i.e., the probability to
have ya = y0. It is easy to show that p is given by a Poisson
distribution involving the ratio L0/l, where L0 is the mean
distance between dislocations and l the distance between
precipitates, hence p(0) can be expressed as [3]:

pð0Þ ¼ exp �
ffiffiffiffiffiffi
3

2p

r ffiffiffiffi
fv

p
L0u
r

 !
ð23Þ

where L0(m) is the mean distance between two moving dis-
locations of opposite sign. Note that the term u accounts
for the stability of Orowan loops around the precipitates,
as explained in Section 2.3.2. Now, b can be directly writ-
ten in terms of the critical annihilation distance, i.e.,
b = 2ya/b [27], and (22) becomes

b ¼ b0pð0Þ þ
2ypreci

b
ð1� pð0ÞÞ ð24Þ
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2.3.6. Generalized KME model

Eq. (19) can be modified (i) by taking the efficiency of
dislocations storage u into account, i.e., by multiplying
the (1/r) term by u, (ii) by taking dynamic precipitation
or dynamic segregation into account, i.e., by adding hdp

to the expression of h, (iii) by expressing the dynamic
recovery rate using Eqs. (22) and (23), and (iv) by approx-
imating the mean value of (rf � ry) by h/(2b), which leads
to expressions for the dislocation storage and dislocation
recovery as a function of the precipitation characteristics:

h
G
¼ h0 þ hdp

2G
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0

2G

� �2

þ a2M3bu
b
r

� � ffiffiffiffiffiffiffiffi
3f v

2p

rs
ð25Þ

b¼ b0 exp �
ffiffiffiffiffiffi
3

2p

r ffiffiffiffi
fv

p
L0u
r

 !
þ

2ypreci

b
1� exp �

ffiffiffiffiffiffi
3

2p

r ffiffiffiffi
fv

p
L0u
r

 !" #

ð26Þ

3. Material and experimental procedure

3.1. Base material

The material under investigation is a AA 6005A-T6 alu-
minum alloy with 0.81 wt.% Si, 0.48 wt.% Mg, 0.24 wt.%
Fe and 0.11 wt.% Mn, in the form of 6-mm-thick extruded
plates. Table 1 gives the BM tensile properties obtained
with the loading direction oriented parallel to the extrusion
direction and parallel to the transverse long direction. The
mean values and standard deviation of these tensile proper-
ties are the result of five tensile tests in each loading direc-
tions. The fine precipitates were characterized by
transmission electron microscopy (TEM) using the
energy-filtered transmission electron microscopy (EFTEM)
mode. The sample thickness reduction was obtained by
electro-polishing in a HNO3 solution (HNO3 30% in vol-
ume in methanol at �30 �C under 9 V). The precipitates
size distribution shown in Fig. 2 was generated by analyz-
ing 620 different b 0 0 precipitates end-on (i.e., precipitates
with the long axis perpendicular to the plane of analysis)
and 140 precipitates parallel to the plane (i.e., precipitates
with the long axis parallel to the plane of analysis). The
observation was made under the [00 1] zone axis, allowing
the estimation of the mean equivalent radius r. The thick-
ness of the samples was estimated using the electron energy
loss spectroscopy (EELS) method in order to determine the
number of precipitates per unit volume [8].



Fig. 2. Distribution of the b00 precipitates equivalent radius in the BM,
considering that all the precipitates lengths are equal to the mean length.
3.2. Isothermal heat treatments

Isothermal heat treatments have been performed for
various times at 180 �C on samples of supersaturated solid
solution naturally aged for 2 weeks, and at 300 and 350 �C
on samples in the T6 state. Dog bone tensile specimens
with a 12.5 · 6 mm section were machined with the long
axis parallel to the transverse long direction. The strain-
hardening parameters b and h associated with the KME
model were extracted from the tensile curves using a least
square linear fit on the drf/dep vs (rf � ry) plot (see Eq.
(16)). Differential scanning calorimetry (DSC) measure-
ments have also been performed on a solutionized sample
in order to determine the b00 precipitation temperature.

3.3. Welds

The plates have been welded in the T6 state. Two weld-
ing conditions were extensively studied: (i) a ‘hot weld’ per-
Fig. 3. Fine precipitation in the HAZ at the hardness minimum for two frictio
advancing speed of 200 mm min�1 and the cold weld (b) has an advancing sp
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formed with an advancing speed of 200 mm min�1 and a
rotational speed of 1000 rpm; and (ii) a ‘cold weld’ per-
formed with the same rotational speed but with a five times
larger advancing speed equal to 1000 mm min�1. The weld-
ing direction was the extrusion direction. During welding,
thermocouples provided the thermal history at various dis-
tances from the weld centerline (see Ref. [31] for more
details). The measured maximum temperature distributions
are given in Fig. 5a and b.

Fine hardening precipitates were observed in the differ-
ent regions of the weld by TEM. Micrographs extracted
from the HAZ of the ‘hot weld’ and the ‘cold weld’ are
shown in Fig. 3a and b, respectively. The precipitates
are larger in the HAZ of the ‘hot weld’ than in the same
zone of the ‘cold weld’. Vickers 1 kg hardness tests were
performed on the transverse section of the welds at vari-
ous distances from the weld centre, see the results on
Fig. 5a and b. The local tensile properties of the different
zones were measured using micro-tensile specimens
machined in each zone parallel to the weld axis; see details
in Ref. [4].

4. Results and discussion

The parameters of the model were successively identi-
fied, the model was applied to isothermal heat treatments,
and finally it was used to predict the local behavior in a
FSW weld, which involves large temperature variations
depending on the position with respect to the moving tool.

4.1. Parameters identification

The parameters required to apply the model described in
Section 2 are gathered in Table 2. The identification proce-
dure consisted in the following steps. For more details, see
also Ref. [3].
n stir welds with a rotational speed of 1000 rpm. The hot weld (a) has an
eed of 1000 mm min�1. [100]Al zone axis. Note the difference in scales.



Table 2
Summary of the parameters chosen for the application of the microstructural model, the yield strength model and the natural aging model to alloy AA
6005A (SS = solid solution, BM = base material, NA = natural aging)

Parameters Significance Value Origin

r for BM BM equivalent radius Fig. 2 TEM on BM
C0 Mg content of alloy 1 0.48 wt.% Mg content in alloy AA 6005A
Cp Mg content in Mg2Si 63.4 wt.% [5]
A0 Parameter of the energy barrier for nucleation 18.6 kJ mol�1 DSC and �[6–8]
Vm Molar volume of Mg2Si 3.95 · 10�5 m3 mol�1 [5]
Ce0 Pre-exponential term to Ce 290 wt.% [8]
Qe Apparent solvus boundary enthalpy 41 kJ mol�1 [8]
D0 Pre-exponential term to the diffusion coefficient 10�4 m2 s�1 Optimized on heat treatment results
Qd Activation energy for diffusion 130 kJ mol�1 [5–8]
j0 Pre-exponential term to the nucleation rate j 3 Æ 1037 # (m3 s)�1 Optimized on heat treatment results
c Precipitate/matrix interface energy 0.26 J m�2 Optimized + [6–8]
M Taylor factor 2 Textured alloy [39]
G Shear modulus 2.7 Æ 1010 GPa [6–8]
b Magnitude of Burger’s vector 2.84Æ10�10 m [6–8]
r0 Yield strength of pure aluminum 10 MPa [6–8]
kCu Constant for effect of Cu in SS content on rss 46.4 MPa wt.%2/3 [6–8]
K(Mg,Si)eq Constant for effect of Mg and Si in SS content on rss 39.7 MPa wt.%2/3 ry for a solution heat-treated sample [3]
rtrans Transition radius 3.04 nm Mean radius of T6 state precipitate size

distribution (Fig. 2)
kC Line tension constant 0.45 ry in T6 state (Table 1)
Clim Limit CMg for NA 0.39 wt.% DSC, model and welds, see Annex B
KNA Constant for NA model 58.1 MPa Eq. (14) and ry in for a solution heat-treated

sample before and after NA [3]
h0 h if no dynamic precipitation and no Orowan loops 600 MPa h minimum of Fig. 4b
bmin b when ry is minimum 7.5 b minimum of Fig. 4c
khdp Constant for the dynamic precipitation effect on h 1270 MPa h for a solution heat-treated sample [3] and the

BM at T6 state [4]
kb Constant linking ry to b 9.3 b for a solution heat-treated sample [3] and the

BM at T6 state [4]
rcl Radius of loss of coherency 25 nm r of h and b transition in Fig. 4b and c
L0 Distance between two moving dislocations of opposite sign 100 nm L0 � aGbM 2bmin

h0

a Constant linking the dislocation density to the shear stress 0.21 Optimized on h of heat-treated samples for r

> rtrans

ypreci Annihilation distance when at least one precipitate is
between two dislocations of opposite sign

22 nm Optimized on b of heat-treated samples for r

> rtrans
� Fig. 2 shows the BM precipitate size distribution. The
mean equivalent radius is equal to 3.0 nm with a stan-
dard deviation of 0.6 nm.
� The radius of transition rtrans from precipitates shearing

to bypassing almost corresponds to the mean radius
associated with the T6 state (see Fig. 2); i.e.,
rtrans � 3.0 nm.
� The parameter A0 of Eq. (1) was found equal to

18.6 kJ mol�1 in order to maximize the nucleation rate
at 260 �C, which is the temperature corresponding to
the peak of b 0 0 precipitation in the DSC measurements
on the solution heat-treated sample [3].
� The parameters D0, j0 and c were identified from the

yield strength values measured on heat-treated samples
at 180 �C. The value D0 = 10�4 m2 s�1 agrees with the
value found by Van Horn [32] but differs from the result
(D0 = 2.2.10�4 m2 s�1) given by Myhr et al. [5–8]. The
value c = 0.26 J m�2 corresponds to the value given by
Myhr et al. [8]. This value thus constitutes a compromise
between c = 0.02 J m�2 when all precipitates are coher-
ent and c = 0.6 J m�2 when all precipitates are incoher-
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ent. Here, a single mean value of c is used to encompass
both coherent b00 precipitates and larger semi-coherent
b 0 precipitates. The value j0 = 3 · 1037 # (m3 s)�1 is
slightly higher than j0 = 3.07 · 1036 # (m3 s)�1 given
by Myhr et al. [8].
� A large value of Clim = 0.39 wt.% is chosen based on the

weld simulation results of Fig. 5 and previous DSC
results, which showed only GP zones formation at the
HAZ minimum hardness and closer to the WN [4].
� The dislocation storage parameter h is only slightly dif-

ferent from its value in pure Al, h0, when all the alloying
elements have precipitated in the form of coherent pre-
cipitates that are sheared by dislocations [22]. Hence, a
value of the dislocation storage parameter for pure Al,
h = h0 = 600 MPa, is used in the BM.
� The radius of loss of coherency rcl is identified from the

tensile test on the heat-treated samples (see Fig. 4),
which is described in the next section. Both h and b
reach a maximum for r � 25 nm, thus providing a value
for rcl in the expected range for the radius of loss of
coherency [33].



Fig. 4. Evolution as a function of the mean equivalent radius r (predicted
by the microstructure evolution model) of the predicted and measured (a)
yield strength ry, (b) dislocation storage rate h and (c) dynamic recovery
rate b. The samples were solution heat treated and aged at 180 �C or heat
treated at 300 �C and 350 �C from the T6 state. u is the efficiency of
dislocation storage.
� The dislocation spacing L0 can be calculated from
L0 ¼ 1=

ffiffiffi
q
p ¼ MaGb=rpl=0.

� The forest hardening contribution can be estimated as
rpl/0 � h0/2b0, giving L0 = 100 nm.
� The value of ypreci was identified from the experimental

values of b obtained on heat-treated samples. The best
fit is obtained for ypreci = 22 nm. This value is much higher
than the critical distance (y0 � 1 nm) for dislocation anni-
hilation when no Orowan loops are present [27]. Further-
more, ypreci is in the range of b 0 precipitate lengths under
over-aging conditions, in agreement with the simple qual-
itative argument that the dislocations de-localize on a dis-
tance of the order of the precipitates length.

4.2. Models applied to isothermal heat treatments

Fig. 4 shows the evolution of the predicted yield strength
ry, dislocation storage parameter h and dynamic recovery
rate b as a function of the equivalent radius compared with
the experimental results with the transverse long direction
as loading direction. Fig. 4 does not present a systematic
analysis of the scatter, but it would most certainly be sim-
ilar to the BM tensile properties scatter presented in Table
1. Even though the data in Fig. 4 have been used for the
model identification, the good agreement between the com-
puted and experimental curves show that the model is rich
enough to reproduce the different variations. These results
deserve some more comments.

4.2.1. Under-aged conditions (i.e., r < rtrans, u = 0)
The potential of the model to capture the decrease in the

dislocation storage parameter h with increasing precipitate
8

size and hence decreasing solid solution concentration con-
firms that accounting for the effect of dynamic precipita-
tion or dynamic segregation through a linear relationship
with the excess solute concentration seems good enough.
The evolution of the dynamic recovery rate b is qualita-
tively well reproduced, confirming the need for taking into
account the influence of the yield strength on the dynamic
recovery rate.

4.2.2. Over-aged conditions (i.e., rtrans < r < rcl)

As expected for over-aging, the yield strength decreases
with increasing radius when r > rtrans. Within a classical
KME approach, the parameter h would exhibit an ‘instan-
taneous’ jump when r = rtrans and then be inversely propor-
tional to r (see Eq. (19) and the corresponding curve u = 1
in Fig. 4b). The experimentally observed slower increase in
the dislocation storage parameter h is correctly captured by
the modified model proposed here, owing to the introduc-
tion of the efficiency of the storage of Orowan loops
around coherent precipitates. Fig. 4c shows that the exper-
imental increase in the dynamic recovery rate b is much lar-
ger than the increase associated only with b0 (effect of the
yield strength on b), again supporting the need to account
for the influence of the presence of Orowan loops on
recovery.

4.2.3. Massive over-aging (i.e., r > rcl, u = 1)

The yield strength keeps decreasing monotonously. This
experimentally observed effect is well captured by the
model. Both h and b, after reaching their maximum for
r = rcl, start decaying for massive over-aging. This decrease
is due to the stable storage of Orowan loops around inco-
herent precipitates.

4.3. Application to friction stir welds

Class models are well suited to describe precipitation
evolution in non-isothermal treatments. The experimen-
tally measured thermal cycles during welding [31] are given
as inputs for the precipitation model which, with the values
of the various parameters identified above, delivers the val-
ues of the precipitate radius and volume fraction. These
last data are then used as inputs for the mechanical model.
Fig. 5a and b shows the variation in the volume fraction of
precipitates, precipitate radius and flow properties (hard-
ness, yield strength, strain-hardening parameters h and b,
and ultimate tensile strength) as a function of the position
along a transverse section of the weld for both (a) the hot
weld and (b) the cold weld.

The experimental distribution of both the precipitates
characteristics and tensile properties are reasonably well
reproduced by the model, especially considering that the
predictions of the flow properties are based on the pre-
dicted radius and volume fraction which adds an extra
source of error. The various regions of the welds present
the following microstructure and tensile properties
evolution.



Fig. 5. From top to bottom for (a) the hot weld and (b) the cold weld (z = thickness direction, y = transverse position) shapes of the weld zones. See Ref.
[31] for the maximum temperature distribution Tmax (typical error of 7 �C indicated by error bars). Comparison between the experimental results (from [4])
and predictions (where available) at mid-thickness of the precipitates volume fraction fv, the precipitates mean equivalent radius r, the Vickers 1 kg
hardness HV (typical error of 4 HV indicated by error bars), the yield strength ry, the dislocation storage parameter h, the dynamic recovery rate b and the
ultimate tensile strength Rm. y = 0 is the joint line and y < 0 is the advancing side (the rotation of the tool is in the same direction as the advancing
velocity). NA = natural aging. Error bars indicate the standard deviation from the mean values.
4.3.1. Heat affected zone (HAZ)

The HAZ is characterized by a maximum temperature
ranging between 300 �C and 450 �C. Up to a maximum
temperature of 400 �C, the mean precipitate radius
increases, as observed by the TEM micrographs analysis
reported in Fig. 5a and b, and the precipitates volume frac-
tion fv decreases towards the weld axis. As a consequence,
the yield strength decreases. Natural aging has little effect
on the yield strength for medium to high fv owing to the
high value of Clim. In the HAZ, some Orowan loops start
being permanently stored since r > rtrans and dynamic pre-
cipitation is permitted. Those two effects add up to increase
the level of the dislocation storage parameter h. The lower
yield strength and the Orowan loops formation are the
cause of the drastic increase in the dynamic recovery rate
b observed experimentally with the tensile tests performed
on the specimens machined within the HAZ. For a maxi-
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mum temperature between 400 �C and 450 �C, preferential
dissolution of initial precipitates is observed in the hot
weld.

4.3.2. Weld nugget

The WN was not modeled, as no temperature measure-
ments were available for that region of the weld, but the
tensile test results can be qualitatively interpreted based
on the predictions of the model. In the WN, most of the
elements are in solid solution (i.e., very low fv). Hence,
the yield strength is low just after welding but increases
by natural aging up to a level similar to that observed in
the HAZ. Dynamic precipitation favors a high value of
the dislocation storage parameter h which is only slightly
lower than in the HAZ. On the contrary, the dynamic
recovery rate b presents a low value in the WN which is
only slightly larger than in the BM, thanks to a lower yield



strength in the WN. The higher Rm in the WN compared
with the HAZ can be understood by the strain-hardening
model. Indeed, h is high and b is relatively low in the weld
center, while both h and b are maximum in the HAZ.
Hence, it is the dynamic recovery and, in particular, the
ability of dislocations to delocalize owing to the presence
of the Orowan loops which seems to govern the difference
in Rm between the WN and the HAZ.

Two differences are significant when comparing the hot
weld (Fig. 5a), with an advancing speed of 200 mm/min,
and the cold weld (Fig. 5b), with an advancing speed of
1000 mm/min.

For similar maximum temperature, the precipitates
equivalent radius in the HAZ is larger in the hot weld com-
pared with the cold weld (see also Fig. 3). This is a conse-
quence of the lower heating and cooling rates in hot welds,
which favors coarsening. Indeed, the maximum tempera-
ture in the low yield strength region is about 400 �C for
both welds, but the cooling rate in the cold weld is equal
to 42 �C s�1 between 300 �C and 200 �C, while it is equal
to only 10 �C s�1 in the hot weld. This difference results
from the different advancing speeds.

The precipitates volume fraction in the HAZ is larger in
the hot weld compared with the cold weld. This prediction
is supported by post-welding heat treatment experiments
performed on the welds, as described elsewhere [4]. Indeed,
the hardness recovery after a post-welding heat treatment is
lower in the hot weld compared with the cold weld. The
reason for this difference in the precipitate volume fraction
is the sudden change between precipitates’ coarsening and
their massive dissolution, which are two antagonistic effects
on the evolution of the volume fraction. No plateau in fv is
observed in the cold weld (1000 mm min�1), again owing to
the higher cooling rates, favoring dissolution rather than
coarsening, which has a lower kinetic.

The experimentally observed difference in the local ten-
sile properties between the hot (Fig. 5a) and cold weld
(Fig. 5b) can be understood directly based on the afore-
mentioned differences in the precipitation evolution.

The HAZ is wider in the hot weld compared with the
cold weld. This can be concluded from the hardness mea-
surements presented in Fig. 5a and b and is a consequence
of the lower maximum temperatures in the cold weld (see
top of Fig. 5b), compared with the hot weld (see top of
Fig. 5a). Indeed, even though there is a competition
between dissolution and coarsening, the drop of hardness
and yield strength is associated mainly with the start of dis-
solution which is essentially governed by the maximum
temperature.

The yield strength is slightly lower in the HAZ of the hot
weld compared with the cold weld. The lower solid solution
concentration in the HAZ of the hot weld (i.e., higher fv)
does not favor natural aging in the HAZ. The difference
in the dynamic recovery rates of the HAZ in the two welds
is very large. Hence, the lower yield strength of the HAZ of
the hot weld compared with the HAZ of the cold weld has
a second order effect on the global behavior difference
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between the hot and cold welds. The strain hardening gov-
erns the global behavior of the welds.

The dislocation storage rate h and the dynamic recovery
rate b are larger in the HAZ of the hot weld compared with
the same zone in the cold weld, leading to a lower value of
the ultimate tensile strength Rm in the HAZ in the hot weld.
This important conclusion resulting from the experimental
measurements can now be explained by the model as being
due to the larger precipitate radius in the hot weld favoring
the stability of Orowan loops (u increases with r). The
effect is slightly exaggerated by the model, as it underesti-
mates the mean precipitate radius in the cold weld.

5. Conclusions

An integrated three steps model for predicting the (i)
precipitates evolution, (ii) yield strength, and (iii) strain
hardening, relating the thermal history and the chemistry
to the end use plastic properties, was developed, identified
and validated through application on isothermal heat treat-
ments and friction stir welded joints of a AA 6005A-T6
alloy.

A specific effort was devoted to building a new strain-
hardening model which modifies the classical Kocks–Mec-
king–Estrin formalism by including the effects of dynamic
precipitation on the dislocation storage rate, the effect of
yield strength on the dynamic recovery rate and the effect
of the instability of Orowan loops for small precipitates
coherent with the matrix on both the dislocation storage
rate and the dynamic recovery rate.

The main variations in the tensile properties of the welds
are explained by differences in the strain-hardening behav-
iors which control the strength and resistance to plastic
localization. In particular, the lower strength in the HAZ
compared with the WN is due to different dynamic recov-
ery rates for similar dislocation storage rates. The strength
of the HAZ is lower in the hot weld compared with the cold
weld owing to differences in the dynamic recovery caused
by variations in precipitate radius and volume fraction.

A fully integrated approach of the welding optimization
towards enhanced performances in terms of forming oper-
ations or structural integrity requires additional ingredients
in the chain of models. First, a model for the process, cou-
pling the material flow and the thermal analysis, is required
at the beginning of the chain (see recent studies in the liter-
ature [3,34–36]). Secondly, at the end of the chain the pres-
ent microstructure-based strength and strain-hardening
model could be coupled to a micromechanical model for
the damage evolution in order to analyze the risks of frac-
ture during forming operations or within a structure under
loading, see recent development for 6xxx aluminum alloys
[3,37,38].
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Appendix A

The ultimate tensile strength Rm (MPa) and the strain at
necking eu can be deduced from the predictions of the dislo-
cation storage parameter h and the dynamic recovery rate b
by applying the Considere’s necking condition which writes

drf

dep

����
necking

¼ rf ¼ h� b rf � ry

� �
ðA1Þ

Since at necking rf = ru, the true stress at necking, one
finds:

ru ¼
hþ bry

1þ b
ðA2Þ

By integrating Eq. (A1), one obtains the expression of the
true strain as a function of the true stress, which is known
as the Voce law, giving an expression for the strain at neck-
ing eu as

eu ¼
�1

b
ln 1� b

h
ru � ry

� �� �
ðA3Þ

The engineering ultimate tensile strength is given by
Rm = ru exp (�eu).
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[28] Estrin Y, Lücke K. Scripta Met 1985;19(2):221–3.
[29] Deschamps A, Nieuwczas M, Bley F, Brechet Y, Embury JD, Le Sinq

L, Livet F, Simon JP. Philo Mag A 1999;79(10):2485–504.
[30] Dubost B, Sainfort P, traités Mat. metal. M240, les Techniques de

l’ingénieur, October 1991.
[31] Simar A, Pardoen T, de Meester B. Sci Technol Weld Joining

2007;12(4).
[32] Van Horn KR, Aluminium properties, physical metallurgy and phase

diagrams, vol. 1; 1967.
[33] Iwamura S, Miura Y. Acta Mater 2004;52:591–600.
[34] Heurtier P, Jones MJ, Desrayaud C, Driver JH, Montheillet F,

Allehaud D. J Mat Processing Tech 2006;171:348–57.
[35] Schmidt HNB, Dickerson TL, Hattel JH. Acta Mater

2006;54:1199–209.
[36] Williams SW, Colegrove PA, Shercliff H, Prangnell P, Robson J,

Withers P, et al. In: Proceedings of the 6th International Symposium
FSW, Saint-Sauveur, Canada; October 2005, TWI.
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