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ARTICLE INFO ABSTRACT

Keywords: This work presents a crystal plasticity model for dynamic precipitation in aluminium alloys. It takes into
Dynamic precipitation account both the influence of an evolving precipitate distribution on the critical stress for dislocation glide,
Growth and coarsening kinetics and the accelerating effect of deformation on precipitation kinetics. The effect of precipitates on deformation

Deformation localisation
Precipitation localisation
KWN model

Mechanical properties

behaviour is integrated into the crystal plasticity constitutive law. The effect of deformation on precipitation
kinetics is modelled spatio-temporally using a multi-class precipitation kinetic model (KWN) incorporating
the effect of deformation through accelerated solute diffusion caused by the production of excess vacancies.
The model is applied to growth and coarsening of shearable precipitates in pre-aged AA7075 alloy under
deformation at 150°C, which corresponds to an industrially relevant production. This paper first explores the
influence of dynamic precipitation on the tensile behaviour, showing that dynamic precipitation might be
responsible for a gain in uniform elongation and tensile stress of respectively 2% strain and 50 MPa for the
case at hand. The influence of dynamic precipitation on the development of plastic strain heterogeneities is
discussed. The model demonstrates how spatial heterogeneities in precipitate distribution may develop during
deformation, and how these heterogeneities correlate with the development of strain heterogeneities. The
precipitate distributions obtained under static or dynamic ageing are predicted and compared with each other,
and the influence of texture is discussed.

1. Introduction excess vacancy production has been shown to play the most important
role in diffusivity enhancement [8].

Age-hardened Al-Zn-Mg-Cu alloys from the 7xxx series are a promis- The interactions between precipitation and deformation, known
ing material class for many engineering applications because of their as dynamic precipitation, are of practical importance. Recently, there
light weight and high strength. The main reason for their strength is has been a growing interest in taking advantage of this phenomenon
the presence of reinforcing precipitates, formed during a controlled to integrate the forming of the part and the ageing heat treatment.
heat treatment. The processing of age-hardened alloys usually involves This consists in deforming the material at moderate temperature (100
an ageing treatment at intermediate temperature (80-150°C) during to 200 °C) to give it its final shape, while precipitates form and
which the solute atoms diffuse and cluster to form precipitates. By grow, and confer the material its strength. The potential advantages

acting as obstacles for dislocation motion, these precipitates reinforce
the material.

While precipitates affect deformation, deformation also affects pre-
cipitation kinetics, by considerably accelerating solute transport [1-5].
Deformation influences precipitation through different mechanisms,
including heterogeneous nucleation on dislocations [6], ballistic trans-
port of solute atoms by dislocation glide, and production of excess
vacancies, generated by the non-conservative motion of jogs on screw
dislocations [7]. These deformation induced excess vacancies increase
the mobility of solid solution atoms and therefore enhance diffusion. In
the case of aluminium alloys and for temperatures lower than 200°C,

of such an operation are multiple. First of all, due to the deformation
induced enhanced solute diffusivity, the heat treatment duration can
be significantly reduced if deformation and precipitation treatment
are accomplished concurrently [9]. Further, formability can be greatly
improved if the sample is given its shape at temperatures higher than
room temperature. Additionally, it has recently been shown that under
certain conditions, the precipitate distribution achieved under deforma-
tion could lead to improved mechanical properties compared to static
ageing, with deformation resulting in a higher uniform elongation,
without inducing any loss in the ultimate tensile strength [9]. In order
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to fully exploit the potential of dynamic precipitation, it is important
to understand the coupled effects of deformation and precipitation.
Typically, the warm forming operation will be performed on material
that has been subject to a stabilisation pre-temper and/or a slow pre-
heat to the forming temperature. In such cases, precipitate nucleation
mainly occurs without dynamic effects during these initial steps, and
the problem is reduced to understanding the influence of deformation
on a pre-existing precipitate population.

The effect of precipitates on deformation can be described by differ-
ent models, reviewed for example in [10]. While the smallest precipi-
tates are sheared by dislocations, larger precipitates cause dislocations
to bend around them and eventually form loops, during a process
known as Orowan by-passing [11]. The influence of such precipitate-
dislocation interactions on the yield stress is well captured by simple
analytical models [11,12], that can account for the effect of a full
particle size distribution [13].

While simple analytical models allow to calculate the contribution
of precipitate hardening to the yield stress, embedding precipitation
models in crystal plasticity (CP) simulations takes a step further in
describing how precipitates affect deformation with greater fidelity.
CP models rely on the constitutive description of plasticity at the
single crystal scale — determined in general by the evolution of the
crystal orientation and the plastic resistance on crystallographic slip
systems — and implementation of these constitutive laws into full-field
microstructural simulations using finite element, fast-Fourier (FEM,
FFT) and other numerical methods [14,15]. They can thus describe
the mechanical response of a polycrystal, considering the tensorial
nature of plastic deformation [16], as well as its anisotropy [17]. In the
context of precipitation, CP simulations have been successfully used to
model the effect of precipitates on plastic anisotropy [18], ductility [19,
20], localisation of deformation [21], or Bauschinger effect [10,22] in
various materials. These models require as an input the particle size
distribution in the precipitated microstructure.

The evolution of a precipitate population can be predicted as a func-
tion of time and temperature by kinetic models, based on nucleation
and growth laws [23]. The precipitation rate is mainly controlled by the
solute diffusion coefficient — that determines the solute transport veloc-
ity — and is driven by the supersaturation in the matrix (deviation from
the equilibrium solute concentration). Numerous kinetic models have
been developed to predict the precipitate characteristics in aluminium
alloys [24-26] and a review of the modelling techniques is provided
in [27]. When ageing is accompanied by deformation, the precipitation
process can be significantly accelerated for reasons mentioned before.

Most of the modelling work focusing on age-hardened aluminium
alloys address either the description of precipitate kinetics as a function
of time and temperature [24-26], or the effect of precipitates on
mechanical properties [18,20]. Some studies have combined mechanics
and kinetics approaches to propose tools that (i) predict the precipitate
distribution as a function of prior ageing time and temperature; (ii)
use the calculated precipitate distribution as an input to predict the
mechanical properties, usually considering it as constant over the defor-
mation process [10,13,21,28]. Other models have focused on the effect
of plasticity on diffusivity [2,8,29], on precipitate dissolution [26], on
the precipitate nucleation rate [30], and the modelling of precipitate
growth and coarsening kinetics in pre-aged aluminium alloys under
deformation has been the focus of previous work [31]. However, there
seems to be little modelling work addressing how plasticity and pre-
cipitation kinetics interact during deformation. A better comprehension
of such interactions is of primary importance in understanding warm
forming in age-hardened aluminium alloys. Indeed, warm deforma-
tion is necessarily accompanied by an evolution of the precipitate
distribution and is affected by, as well as determining, this evolution.

The purpose of this work is to model the coupled effect of de-
formation and precipitation in age-hardened aluminium alloys at in-
termediate temperatures. This paper presents a CP model embedding
a modified Kampman Wagner N-class (KWN) dynamic precipitation
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formulation described elsewhere [31], and is used to calculate the
simultaneous evolution of local strain and precipitate distribution. The
effect of precipitates and solid solution atoms on the critical stress for
dislocation glide is calculated using the model of Deschamps et al. [13].
The model is used to explore the influence of dynamic precipitation on
the development of strain heterogeneities, and to calculate how these
strain heterogeneities lead to the development of heterogeneities in the
precipitate distribution. The effect of dynamic precipitation on strength
and uniform elongation is discussed, and a comparison is made between
simulated precipitate distributions obtained after conventional heat
treatment and after deformation. The differences expected between
differently textured materials are predicted and discussed as well.

2. Model
2.1. Overview

The most important features of the full-field dynamic precipitation
model used in this work are as follows:

» The crystal plasticity model uses the DAMASK framework [16]
with a custom constitutive law including dynamic precipitation.
A microstructure containing a pre-existing precipitate distribution
is considered. The supersaturation is assumed to be sufficiently
low for nucleation not to take place, so that only growth and
coarsening are taken into account.

Each voxel of the representative volume element (RVE) is charac-
terised by its own precipitate distribution. Initially, the precipitate
distribution is identical in all voxels and follows a log-normal
distribution.

At each voxel, a KWN model including dynamic precipitation [31]
is run, so that at each time step the local precipitate distribution
is updated. The local precipitate growth rate thus depends on the
local deformation.

The critical resolved shear stress for dislocation glide is calcu-
lated at each voxel and for all 12 face-centered cubic (FCC) slip
systems, taking into account forest dislocations, solid solution
hardening and precipitation hardening.

For the sake of simplicity, the evolution of the dislocation contri-
bution to the critical resolved shear stress is assumed to follow
a phenomenological power-law. The formulation used for the
hardening law supposes that the evolution rate of dislocation
density is not affected by precipitate distribution. This hypothesis
is generally considered as valid in the case where all precipitates
are shearable [32], which is the case in the calculations made
here, as will be shown later.

Strain induced dissolution of shearable precipitates is assumed
not to occur in the conditions studied here; this assumption will
be discussed later.

The model is then used to simulate tensile tests for a single set
of temperatures and strain rates (150°C and 10~4 s~!). The influence
of strain rate and temperature on dynamic precipitation has been
discussed elsewhere [31]. These conditions were chosen since they
were previously demonstrated to provide a strong dynamic effect whilst
being relevant to industrial operations [31].

2.2. Crystal plasticity model

A crystal plasticity constitutive model is used and the plastic strain
rate is given by [16]:
12
L, =Y i ®s" €]

a=1
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where the indices a refer to the 12 FCC slip systems, defined by the slip
plane normal »* and the slip direction s%, and y“ is the slip rate. The
slip rates are given by an empirical power law [33]:

7 —7’0<::> 2

where 7, and n are constants, 7 is the resolved shear stress on the slip
system, and the slip resistance, 72, is given by [13]:

7y =1, + /(1) + (2))? 3)

where 7, 7, and 7] are the contributions of the atoms in solid solution,
of the reinforcing precrpitates, and of the dislocations, respectively. 7

is given by:
-3 @)

where c is the concentration of solute elements in the matrix, which de-
pends on the volume fraction of precipitates as described in Section 2.3,
and k, is an empirical constant [13]. The precipitation hardening
contribution Tps is given by [13]:

3f1) kp

r o 3/2
27['7_%(/0 r-(ﬁ(r,t)dr+/rr r,~¢(r,t)dr> 5)

where p is the shear modulus, k, is an empirical constant, r, is the
transition radius between shearing and Orowan looping [11], f, and
F are the volume fraction and mean radius of the precipitates, respec-
tively, and ¢(r, 1) is the precipitate distribution function. The precipitate
distribution ¢(r, ) and precipitate volume fraction f, change with de-
formation as detailed in Section 2.3. For the parameters (Section 3.1.3)
and simulation conditions (Section 4.1.1) adopted in this work, and
as will be seen later (for example in Fig. 11(b)), all particles in the
distribution are systematically smaller than r,, so that the second term
in the integral in Eq. (5) vanishes, and the precipitation hardening
contribution can be more simply expressed as:

3fy F
2r - \/ri ©)

In Eq. (3), 7] is the resistance to slip due to forest dislocations, and the
hardening rate is given by [33]:

ﬁ a
—hOanﬁy [1——] , @)

where h, 7, and a are hardening parameters, and q,, is the latent
hardening between the slip systems « and g, equal to 1 for coplanar
slip systems and 1.4 otherwise [33].

T, = H

2.3. Dynamic precipitation model

2.3.1. Precipitation kinetics

The alloy considered here is A7075, with composition 5.6% Zn,
2.5% Mg, 1.6% Cu (weight percent) and Al balance. The precipitates
are assumed to be metastable 5/, with stoichiometry MgsZn;Alg [31].
A pre-existing precipitated microstructure is considered, and its initial
distribution is assumed to follow a log-normal law, characterised by an
initial precipitate mean radius r(, an initial precipitate volume fraction
f S, and a dispersion parameter s [31,34].

At moderate temperatures (100 to 200 °C), dynamic precipitation
is mainly controlled by the production and annihilation of excess
vacancies [8]. In the present work, a KWN framework - extended to
account for the effect of deformation - is used, enabling prediction
of the evolution of the precipitate distribution ¢(r,?) in each material
point of the CP simulation domain. This model has been described
elsewhere [31], and only the essential features are summarised here.

Following the KWN method, the precipitate distribution function
¢(r,1) is discretised in N classes of width Ar characterised by their size
r;. At each time step, the new precipitate size distribution is determined

Acta Materialia 247 (2023) 118735

by calculating the growth rate[%] _in each bin of the size distribution,
and reallocating the particles in the neighbouring bins as explained
in [35]. The growth rate is considered to be controlled by the diffusion
of Mg atoms, which are the slowest diffusers in this alloy, and is

calculated as:

[ﬂ] = Dot .Mg—ng (8)
dtli r xPr i
Mg Mg

where D is the effective diffusion coefficient of Mg, enhanced by
deformation as detailed in Section 2.3.2; xﬂg is the concentration of Mg
in the precipitate, Xy, is the average concentration of Mg remaining in
the matrix, and x]'\}'l is the equilibrium concentration at the interface
between the matrix and a precipitate of radius r;. The latter takes into
account the Gibbs-Thompson effect and is calculated as the intersection
between the stoichometric line and the solvus line, which, for a precip-
itate of composition MgsZn,Alg and size r; are respectively defined by
Eq. (9) and Eq. (10)

7- (X(l\)/[g - x;/’lg) =5. (xgn - x;’n) €)]
o 21V NS (T
K*®(T)exp < AT 5+7+6) | = Crpg)” Oz 10)

where y is the interfacial energy, v‘;’f is the atomic volume of the precip-
itating phase, and K*(T') is the solubility product at the temperature
T, calculated as:

AS AH
K®(T) = (———)
() = exp RT

where AS and AH are the entropy and enthalpy of formation of
precipitates, respectively, and R is the gas constant.

(1)

2.3.2. Deformation induced enhanced diffusivity
The diffusivity of solute elements depends on the concentration of
excess vacancies through:

CeX
Dt = Dy, (1 + c—> 12)

th

where Dy, is the diffusion coefficient without deformation, calculated
in the usual way with the prefactor D, and the activation energy for
solute migration Q; c., is the number of excess vacancies, calculated
as outlined below; and ¢, is the equilibrium concentration of thermal
vacancies, calculated as ¢;, = 23 exp(—) [36], where Q, is the
vacancy formation energy.

The rate of generation and annihilation of excess vacancies due to
plastic deformation is given by

N

Cox éQf Zy"’r“+05 exp(—k—T)m Zy—@ (13)
where, y is the fraction of plastic work converted into vacancies, Q
is the atomic volume of the alloy, O f and Q ; are the vacancy and
jog formation energy, respectively, « is a constant related to dislo-
cation arrangement, and D, is the diffusion coefficient of vacancies,
equal to Dgexp(—2 L 2), where 0,, is the activation energy for vacancy
migration. L is the average spacing between vacancy sinks. Assuming
that vacancies annihilate at the closest dislocation, the vacancy sink
spacing is calculated as 1/ \/;_7, where p is the dislocation density, which
is calculated using the Taylor relation as:

maxa=1_N(r2’) 2
)
where f is a constant usually taken as 0.27 [13] and b is the burgers
vector. The dislocation density is therefore related to the plastic shear
rate as stated in Eq. (7).

a=

14
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Fig. 1. Comparison of (a) the calculated mean radius and measured Guinier radius; (b) the experimental integrated density and the calculated volume fraction. The experiments
are made at 185°C after slow and fast heating, respectively, to 185°C, which leads to different distributions at the beginning of the ageing treatment.

Table 1
Model inputs for static ageing.

Symbol Input Fast heating Slow heating
T Temperature 185 °C 185 °C

ro Initial mean radius 0.96 nm 1.86 nm

v(f) Initial volume fraction 0.007 0.02

s Dispersion parameter 0.2 0.2

3. Identification of model parameters

The crystal plasticity model including dynamic precipitation con-
tains several parameters that need to be calibrated to experimental
data. The model parameters can be separated in three groups, namely
the parameters related to precipitation kinetics, the parameters related
to the excess vacancy model, and the parameters for the constitutive
law in the CP simulations.

3.1. Model parameters

3.1.1. Precipitation kinetics parameters

The parameters related to precipitation kinetics were identified
using SAXS experiments — presented elsewhere [37] — measured during
ageing at 185 °C without any deformation, where the temperature is
sufficiently high to allow for significant precipitate evolution in a short
amount of time. The precipitate distribution evolution was measured
during isothermal holding, after fast and slow heating from room tem-
perature, respectively. This produces two different initial precipitate
distributions. The input parameters of the model corresponding to these
experiments are presented in

Table 1.

The kinetics parameters adopted here are shown in Table 2. The
enthalpy and entropy of precipitation for 5/ in 7075 were obtained from
Thermocalc software and TCAL8 database, similarly as in [31] and the
interfacial energy is adjusted here so as to reach acceptable agreement
between calculations and measurements.

Fig. 1(a) shows the comparison between the calculated and exper-
imental precipitate mean radius, and Fig. 1(b) shows the calculated
volume fraction, along with the measured integrated density, which is
expected to be proportional to the volume fraction. An experimental
error of 10% is considered in Fig. 1(a), corresponding to the expected
maximal difference between the Guinier radius and the mean radius for
the distribution considered here [34,38].

3.1.2. Excess vacancy model parameters

The parameters for the excess vacancy model have been determined
and discussed for another alloy from the 7xxx series (7449 alloy) in a
previous study [31], and the same set of parameters is adopted here for
the sake of simplicity (see Table 3).

3.1.3. Crystal plasticity model parameters
The crystal plasticity model parameters were fitted to a set of two
experimental stress-strain curves measured at 150 °C with strain

500
400 A
5
= 300
E 200 ----  Experimental - 1 s~!
----  Experimental - 0.1 s~
100 A —— Numerical - 1 57!
o —— Numerical - 0.1 57!
000 002 004 006 008 0.0
€11

Fig. 2. Simulated and calculated stress strain curve during uniaxial tensile test at 150
°C.

rates of 0.1 s~! and 1 s~!, respectively, under uniaxial tension [37].
The preexisting precipitate distribution for this set of experiments was
the same as the one described for fast heating in Table 1. To fit the
experimental results, a RVE containing 159 grains with a resolution of
32 x 32 x 32 elements was used. The orientations of the grains were
sampled using MTEX to reproduce an experimental EBSD map of the
cold-rolled material [40]. The CP parameters were then fitted to reach
good agreement between calculations and experiments. The adopted
parameters are shown in Table 4, together with reference values from
the literature.

The simulated and experimental stress strain curves obtained with
the calibrated CP model are compared in Fig. 2. In all this work, o,
and e, refer to the Cauchy stress and true strain, respectively, in the
tensile direction. The presented values of 6|, and ¢ are averaged over
the volume of the RVE, unless otherwise stated.

4. Application and discussion
4.1. Effect of dynamic precipitation on mechanical properties

4.1.1. Simulation set up

A representative microstructure of the test sample was generated
with a set of 27 equiaxed grains randomly orientated in a 32 x 32 x 32
box, with periodic boundary conditions. The representative volume
element (RVE) is shown in Fig. 3.

To illustrate how dynamic precipitation affects mechanical prop-
erties, a tensile test was simulated both by considering a precipitate
distribution that changes during the deformation - considering dynamic
precipitation - and for a precipitate distribution kept constant during
the deformation - ignoring dynamic precipitation. For both cases, the
initial precipitate distribution is the same as in Section 3.1.3 and all
voxels display the same initial particle size distribution, shown in
Fig. 3(b).

The model is demonstrated with a tensile test simulated at 150°C
with a strain rate of 10~ s~!. The choice of this strain rate and
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Table 2
Kinetics parameters.
Symbol Parameter Value Literature
D, Pre-factor diffusion coefficient 1%x1075 m2.s! (0.63 to 12)x107° m2.s™! [39]
Q Migration energy 123.5 kJ.mol™! 112.1 to 161.1 kl.mol~!' [39]
y Interfacial energy 265 mJ.m~2 50 to 400 mJ.m~2 [31]
AH Enthalpy of precipitation 290 kJ.mol~! -
AS Entropy of precipitation 62 J.mol™! -
x10%
7N\,
/N
3] / \
TD g 7 \
[ i \
E i \\
24 ! .
2 j \
iz j \
5 | / Y
19 5 \,
111 Al \
/ .
IPF(ND) S
- 0 4 T e —
‘ 0.50  0.75 1.00 1.25 1.50 1.75 2.00
001 011 r [nm]
(a) (b)

Fig. 3. (a) Inverse pole figure (IPF) map of the simulated RVE with respect to the normal direction (ND). RD and TD refer respectively to the rolling and transverse directions.

(b) Simulated initial particle size distribution.

Table 3
Parameters for deformation induced excess vacancy model [31].
Symbol Parameter Value
Dy Prefactor for vacancy diffusion 1.49 X 107 m?.s7!
Q, Vacancy migration energy 0.93 eV
o, Vacancy formation energy 0.52 eV
[oh Jog formation energy 0.3 eV
K Dislocation arrangement constant 10
X Mechanical vacancy production term 0.035

temperature is guided by calculations made with a single point dy-
namic precipitation model [31], which suggested that deformation
significantly accelerates precipitation kinetics for this set of conditions.

4.1.2. Stress—strain response

Dynamic precipitation results in an increase in the tensile stress
of 60 MPa during the deformation, as can be seen in Fig. 4(a). This
increase compared to the situation where the precipitate distribution
is considered as constant (dotted line) - is due to the increase in
the precipitate volume fraction and mean radius, shown in Fig. 4(b).
This can be illustrated by plotting the average contributions of each
hardening effect to the stress (Eq. (3)), as shown in Fig. 5, where r&“a"
is the highest shear stress on all the slip systems (maximum value
of 77) averaged on all voxels. It can first be seen in the figure that
the calculated contribution of the dislocations 7™ is similar with and
without dynamic precipitation at 0.1 MPa, which is a consequence of
the fact that shearable precipitates are assumed not to affect dislocation
storage and recovery [32]. In the case where dynamic precipitation
is considered, the solid solution contribution z; decreases from 91
to 47 MPa during the deformation as precipitates grow and deplete
the matrix in solute, but this weakening effect is overcome by the
concomitant increase in the precipitation hardening effect (z,). As a
result, dynamic precipitation causes a net increase in the flow stress,
as expected from precipitation hardening models [13].

4.1.3. Work hardening

The simulated macroscopic strain hardening rate can be seen in
Fig. 6. The figure shows that dynamic precipitation induces a higher
work hardening rate than if no dynamic precipitation occurs, until the
hardening potential associated with the growth of precipitates is almost

exhausted. This can be illustrated for example in Fig. 5, where the
rate of increase in the precipitation hardening contribution reduces as
strain increases. After sufficient deformation (around 0.13 in Fig. 6), the
work hardening rate becomes similar to the case without any dynamic
precipitation.

4.1.4. Uniform elongation

The crystal plasticity simulations can be used to determine the
influence of dynamic precipitation on uniform elongation. A simple and
frequently used criterion to determine when strain localisation takes
place is the so-called “Consideére criterion” [43], that states that plastic
instability occurs when the flow stress becomes larger than the work
hardening rate. Fig. 7 shows the calculated work hardening rate and
flow stress in the first grain expected to undergo strain localisation,
thus being responsible for the end of the uniform deformation. The
figure shows that the uniform elongation is predicted to be higher with
dynamic precipitation.

These results demonstrate that dynamic precipitation has potential
to lead to an improved strength and ductility, compared to the situation
where the precipitation distribution remains constant during deforma-
tion. This is the case, even though the precipitates remain fully in the
shearable size regime.

4.1.5. Local stress and strain heterogeneities

As deformation takes place, strain and stress heterogeneities de-
velop. Since dynamic precipitation is more significant in regions where
the local strain is greater, it is of interest to calculate how dynamic pre-
cipitation affects the development of strain and stress heterogeneities.
For this purpose, Fig. 8 shows the calculated von Mises stress and strain
distributions with and without dynamic precipitation, for a macro-
scopic tensile strain of 0.18. The results shown in Fig. 8(a) suggest that
dynamic precipitation does not significantly affect the strain distribu-
tion. The von Mises stress distribution is shown in Fig. 8(b). Although
the average von Mises stress is higher with dynamic precipitation then
without it — which is due to a higher volume fraction of precipitates
as previously discussed — it can also be seen that dynamic precipita-
tion does not significantly affect the heterogeneities. Indeed the stress
distributions with and without dynamic precipitation look alike except
for the shift in the average value. It can thus be concluded that for the
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Table 4
CP parameters.
Symbol Parameter Value Literature
12 Initial CRSS for dislocation glide at 150 °C 7.8 MPa [41]
Ty Saturation CRSS for dislocation glide 163 MPa 118 MPa [16]
7o Slip rate constant 1x1073 s7! [16]
h, Hardening parameter 763 MPa 2.48 GPa [16]
a Hardening parameter 2.25 2 [16]
n Slip rate law exponent 50 [16]
k, Precipitation hardening constant 0.035 0.07 [13]
k, Solid solution hardening constant 683 MPa 840 MPa [13]
r Transition radius shearing-looping 3.3 nm [42]
0.06
6001 ——/—— With DP
— - - —/--- Without DP 0.05
E 5
= 400 5,201 0.04'8
o 2 s
= = 0.03%
— S =
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Fig. 4. Evolution of (a) stress and strain along the tensile direction (b) total precipitate volume fraction and mean radius during deformation (150 °C - 1 x 10™* s~!). The grey
curves refer to the volume fraction and right hand side axis while the black curves refer to the mean radius and left hand side axis. For (a) and (b), the plain lines show the
results of simulations where dynamic precipitation is considered, while the dotted lines show the results of simulations where dynamic precipitation is ignored, i.e. where the

precipitate distribution is kept constant during the simulation.
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Fig. 5. Calculated average contribution of dislocation density (z,), solid solution
hardening (z,) and precipitation hardening (z,) to the stress along the tensile direction,
with and without considering dynamic precipitation.
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Fig. 6. Calculated macroscopic strain hardening in the tensile direction calculated with
and without dynamic precipitation (150 °C - 1 x 10~ s71).

conditions investigated here, dynamic precipitation seems to increase
the flow stress of the material without strongly affecting the stress and
strain heterogeneity development. Such behaviour appears consistent
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1
1
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! —
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Fig. 7. Work hardening rate and tensile stress in the elongation direction calculated as
a function of the tensile strain in the first grain expected to display strain localisation,
calculated both considering and ignoring dynamic precipitation (150 °C - 1x 10~ s7!).
According to the Considére criterion, the intersection between the stress curve and the
work hardening rate curve corresponds to the onset of strain localisation.

with what has been observed during dynamic precipitation of GP zones
in an Al-Cu alloy [44]. It should be noted that this conclusion is valid
as long as the dislocation hardening law is not strongly affected by
the changes in precipitate distribution, which should be the case for
shearable precipitates that do not undergo significant strain-induced
dissolution. This assumption is discussed below.

4.1.6. Discussion on deformation-induced dissolution of shearable precipi-
tates

During plastic deformation, dislocations shear the particles, which
can cause them to dissolve [45]. This may promote local softening
and affect the development of strain heterogeneities. One of the lim-
itations of the present model is that, as previously mentioned, this
effect is ignored. However, comparison with experiments from the
literature indicate that shearing induced particle dissolution may be
ignored for the conditions considered here. Indeed, according to the
model proposed by Hutchinson et al. [45], strain-induced dissolution
of precipitates is promoted by slow solute diffusion and by deformation



M. Bignon et al.

8 DP
No DP
6 4
2
Z
o 41
a
2 4
0
0.1 0.2 0.3 0.4 0.5
Von Mises strain
(a)

Density [MPa~']
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at fast strain rate and up to high strain. In experimental work from the
literature, no strain-induced dissolution was observed in an Al-Cu-Mg
alloy deformed at room temperature with a strain rate of 1.5 s~! up to
40% deformation [45]. Since, compared to the aforementioned experi-
mental work, the model presented here is applied to higher temperature
(resulting in faster diffusion), and to deformation at both lower strain
rate and lower strain, it can be confidently assumed that strain-induced
dissolution does not take place either for the conditions studied here.
Strain-induced dissolution may however need to be incorporated in the
model in order to apply it to high strain rate and low temperature.

4.2. Precipitate distribution heterogeneities

Since the precipitate growth rate at a specific point in the mi-
crostructure depends on the local stress, strain, and strain rate, the
strain heterogeneities that develop during the deformation result in
a spatial variation in the precipitate evolution The precipitate dis-
tribution then determines the local micro-mechanical properties, and
is therefore important to quantify how deformation at intermediate
temperature affects the final precipitate distribution.

4.2.1. Development of precipitate heterogeneities

The spatial evolution of the precipitate mean radius distribution
during deformation, for an RVE with a random texture described
previously, is shown in Fig. 9, along with the evolution of the von Mises
strain. In the initial state, the precipitate distribution is identical in all
voxels. As deformation takes place, strain heterogeneities appear, and
Fig. 9 shows how the regions undergoing higher strain also experience
greater precipitate growth. It can be noted, that, although the spatial
distribution of precipitate radius correlates with the level of strain
experienced, the heterogeneities in the spatial precipitate radius dis-
tribution appear qualitatively weak compared to the developed strain
heterogeneities. This seems to be consistent with experimental results,
where, despite deformation, precipitate distribution was observed to
be relatively homogeneous [5,44,46,47]. It may be also be noted that
strong heterogeneity develops at the onset of plasticity, and then ho-
mogenises as deformation carries on. The reasons for this will be further
discussed below.

4.2.2. Differences of growth rate inside and between grains

The spatial heterogeneities in the precipitate mean radius are shown
in more detail for the greatest level of strain in Fig. 10(a). The figure
shows the spatial distribution of the von Mises strain and of the mean
radius in a slice of the RVE containing both the grain of the RVE
experiencing the fastest growth - labelled G; in the figure - and the grain
experiencing the slowest growth - labelled G, in the figure. Fig. 10(a)
shows that G experiences a lower average strain compared to the
neighbouring grains, and contains a region where the von Mises strain
is as low as 0.3% for a macroscopic strain of 18%. As a result, the
precipitate growth in this under-strained region is lower than in the rest
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°C - 1x10™ s71), considering and ignoring dynamic precipitation.

of the RVE, with some voxels containing precipitates of 1.7 nm radius,
significantly smaller than the precipitates in the most highly strained
regions, that reach a radius of 2.6 nm. In the grain experiencing the
fastest precipitate growth (Gy), the von Mises strain is predicted to be
both more homogeneous and higher than in the neighbouring grains.
This results in a rather homogeneous distribution of precipitates inside
the grain, with precipitates predicted to be slightly larger than in the
surrounding grains.

In order to measure the differences in precipitate growth both
inside and between the different grains, Fig. 10(b) shows the evolution
of the mean radius in the previously defined G; and G; grains as a
function of strain. The figure shows that although there is a difference
in growth rate up to the maximum strain used here (18%), it is not
sufficient to produce a large difference in the mean precipitate radius.
The halos surrounding the curves represent the in-grain differences in
local mean precipitate radius for each grain — 90% of the precipitates
in the grain have radius inside this area — and demonstrate that the
variation within a given grain is of the same order of magnitude than
the variation between grains for the case studied here. Indeed, there is
overlap between the mean radius inside the two grains, with the largest
precipitates in Gg having higher radius than the smallest precipitates in
Gy. It can be concluded that, compared to the precipitate growth expe-
rienced by the RVE during deformation, both the variations of growth
inside the grains and between the grains are small. This demonstrates
that for the conditions studied here, dynamic precipitation is spatially
heterogeneous, but that this heterogeneity is rather weak. Reasons for
this mild heterogeneity will be discussed later, along with the influence
of grain orientation.

4.2.3. Comparison between static and dynamic precipitation

Once a part has been shaped, its mechanical properties depend on
the precipitate distribution. It is therefore useful to compare the precip-
itate distribution resulting from dynamic precipitation to that obtained
after conventional static heat treatment. For this purpose, the evolution
of the precipitate distribution without any deformation at 150 °C was
calculated, using the same initial distribution as the one described
in Section 4.1.1. The calculated evolution of the precipitate volume
fraction is shown in Fig. 11(a), along with the evolution of the volume
fraction under deformation. As can be seen in Fig. 11(a), deformation
is expected to result in a significant acceleration of the precipitation for
this strain rate and temperature regime. In order to measure the effect
of deformation on the final precipitate distribution, the distribution
obtained after an arbitrary reference time 7, =10 000 s of static heat
treatment at 150 °C was compared to the distribution obtained after
deformation for a duration ¢,, which is the time necessary to reach the
same volume fraction as after r, in static conditions (Fig. 11(a)). The
distributions obtained after static and dynamic heat treatment at 150 °C
are shown in Fig. 11(b).

First of all, it can be seen from Fig. 11(a) that the precipitate
growth is around an order of magnitude faster under deformation than
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Fig. 10. (a) Predicted evolution of von Mises strain and local mean precipitate radius in a slice of the RVE with random texture after 18% deformation (150°C - 1x10~* s~1). The
grain boundaries are indicated by black or white lines. G is the grain of the RVE displaying the slowest precipitate growth and G; is the grain displaying the fastest precipitate
growth. (b) Mean radius evolution for grains with minimum (G;) and maximum (Gy) growth rate (150 °C - 1x10~* s7'). The lines show the evolution of the average value of the
mean radius in the grain while the halos around the curve shows a 80% confidence interval for the mean radius inside the grain.

under static conditions (1, = r,/8.8). Further, Fig. 11(b) shows that, for
equal precipitate volume fractions, the distribution after deformation
is not the same as that following static heat treatment. The deformed
particle size distribution has a wider distribution, which is a result of
the spatially heterogeneous nature of dynamic precipitate evolution,
as already demonstrated. Such wider distribution for dynamically aged
material compared to statically aged material has been experimentally
reported in an Al alloy [48].

4.3. Influence of texture

4.3.1. Simulation set-up

In order to quantitatively evaluate the effect of texture on dynamic
precipitation, the simulation described in Section 4.1.1 was reproduced
with an RVE displaying a more realistic texture. This RVE was ob-
tained by sampling an experimental EBSD map of a cold-rolled A7075
sheet [40] with MTEX software, using 32 x 32 x 32 resolution and
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Fig. 12. Inverse pole figures with respect to the normal direction (ND) for the simulated microstructures reproducing (a) cold-rolled texture (sampled from EBSD map) (b) brass
texture (c) cube texture. RD and TD refer respectively to the rolling and transverse directions.

159 grains, similarly to what was done to calibrate the model in
Section 3.1.3. Additionally, DREAM3D software was used to create
microstructures with near ideal artificially generated cube ({001}(100))
texture with 180 grains and brass texture {110}(112) with 178 grains,
respectively, using a weight value of 500 000 and sigma value of 2 [49].
These ideal textures develop different levels of strain heterogeneity (as
demonstrated later) and were studied to help quantify the maximum
effect texture may play on dynamic precipitation in aluminium alloys.
The inverse pole figures (IPF) maps of the generated microstructures
are displayed in Fig. 12. The Tensile tests were simulated as described
in Section 4.1.1, at 150°C and with a strain rate of 1 x 10~* s~!, with
the tensile axis aligned with the rolling direction (RD in Fig. 12).

4.3.2. Correlation between macro-mechanical taylor factor and precipitate
localisation

In the case of the cold-rolled microstructure shown in Fig. 12(a),
the influence of the local crystal orientation on precipitate evolution
can be evaluated using the so-called “macro-mechanical Taylor factor”

Mmacro - defined by Raabe and co-authors as [50]:

12

M macro Z yn( /e\g];\(/)lhal (15)
a=1

where efll\?lbal is the externally exerted von Mises strain. To see how the

individual orientation of the crystals — or kinematic hardness — affects
precipitation evolution, the macro-mechanical Taylor factor, as well
as the local volume fraction and local time-derivative of the volume
fraction were calculated in each voxel of the simulated microstructure
and for all time steps. The correlation coefficient? was then calculated
between M™*“™° and v, as well as between M™*"® and dv,/dr. The
results are shown in Fig. 13(a).

It can be seen from Fig. 13(a) that, at the beginning of plastic
deformation, and up to a strain of about 10%, the local precipitate

2 defined as the non-diagonal term of the covariance matrix between the
two quantities.
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volume fraction is strongly correlated with M™2°™_and that the grains
with maximal macro-mechanical Taylor factor experience the fastest
precipitate growth. This is because, for a given level of overall strain,
regions with high macro-mechanical Taylor factor have undergone
more slip activity; these are therefore the regions where the highest
amount of excess vacancies is produced. This can be qualitatively seen
on the left hand side of Fig. 13(b), where the spatial distributions of
M™ar® and v, are displayed for 5% plastic deformation. The figure
shows that the regions displaying a high M™2<© exhibit high precipitate
volume fraction. As the deformation proceeds, however, the correlation
coefficient between local volume fraction and M™a¢© decreases, and
it can indeed be seen on the right hand side of Fig. 13(b) that for
19% of macroscopic deformation, the correspondence between regions
of high M™a¢r® and regions with high precipitate volume fraction is less
apparent. The correlation between M™“ and v, thus confirms that
localisation of plastic deformation results in localisation of precipitates
at the onset of plastic deformation, but that this effect reduces with
further plastic deformation, as already noted above.

The decreasing influence of plastic localisation on precipitate lo-
calisation as the level of deformation increases can be interpreted by
observing the correlation factor between the time derivative of the
volume fraction (precipitate growth rate dv,/df) and M™2, as shown
in Fig. 13(a). At the onset of plastic deformation, the correlation factor
equals unity, which means, that — as already mentioned — grains with
maximal macro-mechanical Taylor factor experience fastest precipitate
growth. However, for higher levels of deformation (¢ > 11%), the
correlation becomes negative, which means that at that stage, the
grains exhibiting the fastest precipitate growth are grains with low
value of M™a, This is due to the fact that, since regions with high
Mmacre experience early and fast precipitation, they quickly reach solute
equilibrium, after which precipitation becomes faster in regions with
low M™acro " that have not yet experienced as much precipitation. The
result of this process is that, after a certain level of deformation,
precipitation appears relatively homogeneous in the microstructure,
despite spatial heterogeneity in plastic deformation.

It should be noted that this weak influence of crystal orientation
on precipitate localisation after a certain level of deformation may
be attributed to the fact that Al is mildly plastically anisotropic, thus
resulting in relatively homogeneous repartition of the plastic work. This
homogeneous repartition results in rather homogeneous precipitation
kinetics. However, the results might be quite different in more plas-
tically anisotropic systems, such as hexagonal-closed-packed metals,
e.g. in magnesium alloys.

4.3.3. Influence of texture on precipitate size distribution

The limited influence of local grain orientation on dynamic precip-
itation discussed in Section 4.3.2 can be emphasised by plotting the
precipitate size distribution after deformation in the three simulated
microstructures of Fig. 12 that represent, respectively, a realistic cold-
rolled texture and two model cases with a cube texture (exaggerated
case of what may be obtained after recrystallisation) and brass texture
(exaggerated case of what may be obtained after heavy deformation).
As can be seen in Fig. 14, despite significant differences between the
strain distributions for the different simulated textures, the differences
in the precipitate distribution obtained after deformation are small.
This confirms that dynamic precipitation is only weakly affected by
overall texture, at least in pre-aged microstructure where nucleation
does not take place.

5. Conclusions

This work presents a crystal plasticity model including the effect of
dynamic precipitation. The model has been applied to the case of warm
deformation of AA7075 aluminium alloy with a pre-aged microstruc-
ture in which all precipitates are shearable. This is the most relevant
condition for industrial warm forming of age hardening aluminium
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Fig. 13. (a) Correlation coefficient between precipitate volume fraction and M™aco,
and between the time derivative of the volume fraction and M™2©, as a function of
external tensile strain. For each level of strain, the correlation coefficient is calculated
using the 323 voxels of the simulated microstructure. (b) spatial distribution of M™acr
and v, in the microstructure for 5% and 19% external deformation.

alloys. The model takes into account the strong coupling between
precipitation and deformation; namely, the accelerating effect of de-
formation on precipitate growth and coarsening, and the strengthening
effect of the evolving precipitates on deformation. The model allows
exploration of the role of dynamic precipitation on the microstructural
evolution, mechanical properties, and micro-scale heterogeneities. The
following conclusions may be drawn from this work:

» Dynamic precipitation is predicted to result in both an increase in
flow stress and uniform elongation compared to a situation where
the precipitate distribution is constant during deformation. For
the case considered here, the calculated gain yields 2% of uniform
elongation and 50 MPa of flow stress.

Dynamic precipitation, in the case of a pre-aged microstructure
at least, is not expected to play a major role in the development
of plastic strain heterogeneities.

The precipitate distribution obtained following dynamic ageing is
predicted to be more heterogeneous than that obtained after static
ageing, but the precipitate growth localisation is expected to be
modest compared to the strain localisation.

Texture only weakly affects the precipitate distribution obtained
following dynamic ageing. While, during the first stages of plas-
tic deformation, precipitates might grow preferentially in kine-
matically hard grains, this effect softens for higher levels of
deformation (above 10% in the present case).
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