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Abstract

A model of a polycrystalline material is studied, where each grain consists of
several zones with different plastic properties. The size and configuration of the
zones as well as their properties are mimicking the situation inside the crystals of
artificially aged Al alloys with precipitate free zones (PFZs). The properties of the
different zones are conjectured based on micromechanical models and
experimental observations of the AA6000 series of Al alloys. A periodic patch of
such a composite material, subjected to plane-strain tension, is modelled using the
finite element method. The material behaviour is described by a single crystal
plasticity model. The results of the simulations show a number of characteristic
features emerging in composite material systems, including sliding and distortion
of grain boundaries and shear band formation at grain boundary triple points. The
assumptions made about the properties of the different zones in the crystals are
evaluated. The distributions of plastic strain and deviatoric and hydrostatic

stresses in the composite crystalline systems are discussed.



1. Introduction
Metallic materials are usually treated as homogeneous in practical applications, and criteria
for yielding, strain localization and fracture are formulated in terms of mechanical fields
acting on a homogeneous material subjected to certain boundary conditions. Any details of
the microstructure are not considered explicitly and the material properties are derived from
the results of macroscopic mechanical tests and some basic assumptions about the material
behaviour (e.g. yielding, work-hardening and rate sensitivity). This approach produces useful
results, but its scope is limited. If the knowledge about the material comes only from
macroscopic mechanical tests, predictions of the material behaviour outside the domain of
these tests will be just extrapolations. The accuracy of these extrapolations will depend on the
accuracy of the basic assumptions. On the other hand, if a connection can be established
between the material’s microstructure and its macroscopic properties, more accurate
predictions can be made, relying more on the underlying physical mechanisms than on
mechanical tests and assumptions. The problem with this approach lies in the complexity and
variety of the microstructural features encountered in real materials at small scales. An Al
alloy is an aggregate of crystalline grains with different orientations and morphologies
divided by grain boundaries. Inside the grains the material includes particles of various
composition, strength, shape and size. The interfaces between all the constituent parts are an
important class of microstructural features with complex behaviour as well. The lattice of the
crystal includes defects, such as dislocations and their substructures (e.g. dislocation cells and
dislocation pile-ups) and vacancies. If a model aims to accurately predict the properties of
such a material, it should include enough of these features to be representative and at the same
time be detailed and precise in their description — this is usually not possible in practice;

neither analytically nor numerically.

Nevertheless, in some cases, a microstructural feature may be so prominent and
important that even including some simplified representation of it in the material model may
already markedly improve the model’s prediction accuracy and reduce the reliance on
mechanical testing. One example of such a microstructural feature could be the
crystallographic texture that plays a central role in defining the plastic anisotropy of a
polycrystalline material. If the crystallographic texture is measured and represented by a
statistical set of orientations, the plastic anisotropy of the material may be predicted using this

set in a crystal plasticity framework [1-7].



Another example is the Kocks-Mecking model of work-hardening. It is based on the
analysis performed by Taylor [8] on a simplified dislocation structure, which resulted in an
equation that connects the dislocation density and the global shear stress necessary to start the
dislocation movement (i.e., to produce plastic strain). Kocks and Mecking added a rule for the
dislocation density evolution in [9, 10] and proposed a model that predicts the work-
hardening rate of a material even if one considers the dislocation cell structures [11, 12]. The
physical nature of the model combined with its simplicity and possibilities for modifications
made it very broadly used. The works that modify and enhance the basic model include [13-
20]. The problems studied with versions of Kocks-Mecking model include the influence of
grain size and grain boundaries on the properties of the polycrystals [21-23], changing loading
paths and latent hardening [24-26], thin film deformation [27, 28], void growth and
interaction [29, 30] and multiphase alloys [31].

One more example of a crucial microstructural feature that may define a macroscopic
property in a certain way is the precipitate particles that form in age-hardening Al alloys after
heat treatment. The most important role of these particles in the alloy is to serve as additional
dislocation obstacles, trapping mobile dislocations and thus increasing the yield stress. If the
particles are non-shearable, geometrically necessary dislocations will accumulated around
them and contribute to an increase of the work-hardening rate. Ashby used a simplified model
to analyse the generation of geometrically necessary dislocations around non-shearable
particles in [32, 33]. His results were used in [34] to estimate the stress-strain curve of the

AA6000 series Al alloys with an arbitrary heat treatment.

In other cases the connection between a microstructural feature and the macroscopic
behaviour is not as explicit or strong as in these examples. Nevertheless the understanding of
the mechanisms operating at microlevel is necessary to improve higher level models. An
example of this type of study may be found in [35-37]. The inhomogeneous deformation in a
crystal consisting of several different phases is studied based on a laminate model, with
varying thickness and strength of the layers. Strain gradient plasticity is used to reveal the
influence of the characteristic lengths and interface conditions on the global response of the
laminate and the local mechanical fields. The simplicity of the laminate model allows the use
of advanced material models and sometimes an analytical solution. While this laminate does
not correspond directly to any physical system, the obtained results may be (with some
reservations) extended to the behaviour of precipitate particles, multiphase crystals or thin

films.



Other works which utilize simplified models to study complex systems include [38],
where the precipitates in the heat-treated crystal are modelled as a periodic cubic array of
spherical particles. The crystal is also simplified to a single slip plane, so that an advanced
strain gradient plasticity model could be used to study the dislocation density distribution
around the particles. In [39] shearing of a thin crystalline strip is studied, and in [40] a soft

plastic channel in a harder medium is used to represent phenomena like slip bands in crystals.

One of the prominent microstructural features, which may be found in heat-treated
alloys, is the precipitate free zones (PFZs) which form on the grain boundary. During the heat
treatment the grain boundary acts as a sink for solute atoms and vacancies. This leads to
formation of large precipitates on the grain boundary and an adjacent zone depleted of
alloying elements and vacancies. The relative purity of the material in the PFZs, i.e., lack of
dislocation obstacles, leads inevitably to the assumption that this zone is softer than the rest of
the crystal, which is reinforced with solute atoms of the alloying elements and precipitate
particles. Nano-indentation tests [41] confirm this hypothesis. On the other hand, one can
assume that under straining dislocations will accumulate in the PFZs and work-harden these
zones in the same way as any other crystal. The influence of the PFZs on the deformation and
fracture of polycrystals has been studied by use of simplified models. In [42] crystals with
PFZs are represented by a regular hexahedral structure. The width of the real PFZs may be
from 100 to 10000 times smaller than the grain diameter. This makes a direct one-to-one
modelling, e.g. with the finite element method (FEM), very complex, so in [42] the PFZs are
much wider relative to the grain diameter. The material in the PFZs is modelled with porous
plasticity, following the aforementioned assumptions about its lower yield stress and high
work-hardening rate. The same regular hexagonal grain geometry and broad PFZs, but with a
more advanced material model, was used in [43, 44]. The influence of grain shape on the
behaviour of such a system was studied, among others, in [45]. The softer PFZ may be
assumed to deform differently than the rest of the grain, thus producing considerable plastic
strain gradients from early stages of deformation. The strain gradient plasticity model was
applied to the same hexagonal grain model type in [46]. The results showed that in that case
the strain gradient hardening will very quickly make the PFZ stronger than the rest of the
grain and prevent further plastic deformation in the PFZ.

An experimental study of PFZs in a material under deformation could answer many
questions, but this is a complicated task. PFZs in the undeformed and deformed states were

studied with electron microscopy since [47] and [48], but even these two studies came to



somewhat opposite conclusions about the deformation mechanisms in a crystal with PFZs.
Later, when the importance of PFZs for the fracture initiation and propagation was
recognized, the behaviour of PFZs with respect to ductile fracture became the focus of the
studies [49-53]. These studies mostly address the late stages of deformation, particle
decohesion, and void nucleation, growth and coalescence. Being the softest part of the grain,
PFZs are the location of intergranular fracture initiation, which separates the grains but leaves
them otherwise intact. Quite often a competition between intergranular and intragranular
fracture is observed, where the latter implies that fracture takes place inside the grains
themselves, instead of in the PFZs. Some attempts have been made to predict the fracture
mode from the loading conditions and the constituent properties of the grains and the PFZs,
see [43-45, 54, 55]. Yet the mechanical behaviour of the crystals in and around the PFZs
remains in many ways in the realm of speculation. In [56] and [49] large plastic deformation
is observed in the PFZs before fracture initiation. Such deformation would normally lead to
immense accumulation of dislocations, but in some cases this was not observed[47, 53].
Instead dislocation pile-ups were only found in the transition zone between the PFZ and the
interior of the grain. Some direct observations of the dislocation movement in the PFZs at the
early stages of deformation were made in [57], which showed that the dislocations in the PFZ
tend to move away from the grain boundary and accumulate just outside the PFZ. This kind of
behaviour may be compared to the behaviour of a dislocation channel subjected to constrained
shearing, a configuration sometimes used to test analytical and numerical dislocation

dynamics models [58-60].

In the present work the primary interest lies in the mechanical fields in a polycrystal
containing hard grains divided by soft layers. The emphasis is on the plastic deformation and
localisation processes and their possible connection to the fracture regime. Compared to real
Al alloys with PFZs, the soft zones in the considered crystalline composite are very wide. The
finer details of the dislocation dynamics and the dislocation-induced hardening are simplified
and a phenomenological approach is used to model the material properties. Therefore, one
should be cautious when interpreting the results, which can be applied to real materials only
with some reservations. On the other hand, the high strength-low hardening Al alloys, in
which the PFZs are found, are prone to strain localisation, like shear banding, which most of
the PFZ models ignore. The modelling of strain localisation in crystalline materials using the
FEM is a well-developed field [61-64], yet it has, to the authors’ best knowledge, never been

applied in the context of PFZ studies. The crystalline composite model and the material



properties of the constituent zones were conjectured based on the results of a TEM study,
presented in Section 2. An AA6060 alloy was heat treated to the T6 temper and used to
produce uniaxial tensile specimens. TEM specimens were cut from different parts of the
deformed tensile specimens, so that the studied material was subjected to strains ranging from
0% (undeformed material) to 120% (near the fracture surface). The most notable result of the
study was that the dislocation structures, characteristic for the forest hardening, were observed
neither for moderately deformed PFZ nor for the extremely deformed ones. The dislocations
that nucleated in the PFZ and carried the plastic deformation through them tended instead to
accumulate in pile-ups in the grain interior. Therefore, the PFZ was assumed to deform
without work-hardening in the crystal composite model, and an additional pile-up layer of
material with very high hardening capacity was added between the PFZ and the grain interior.
The grain interior was modelled in a more traditional way, using the Kocks-Mecking work-

hardening model [10] as it was formulated in [65].

2. Experimental study

Material and methods

An AA6060 Al alloy was extruded into a 10 mm thick and 90 mm wide flat profile. The
chemical composition of the alloy is given in Table 1. The profile has a typical recrystallized
grain structure, consisting of grains, moderately elongated along the extrusion direction, with
average diameter of 60 um and aspect ratio of 1.5. The grain structure is presented in Figure
1. The alloy has a strong cube texture with a minor Goss component. Cylindrical specimens
for tensile testing with 10 mm diameter and 40 mm gauge length were machined from the
profile in the transverse direction. The specimens were heat-treated to T6 temper. Quasi-static
tension tests were conducted at room temperature until fracture. A comprehensive description

of the material, test procedures and results is given in [4].

Transmission Electron Microscopy (TEM) specimens were prepared from transverse
discs of a fractured tensile test sample such that the observation direction was along the
tensile direction (i.e., the transverse direction of the extruded profile). Transverse discs of
about 1 mm thickness were taken from three locations of the tensile test sample, see Figure 2:
the undeformed grip area (section A), the gauge area outside the diffuse neck (section B), and
close to the fracture surface inside the neck (section C). The strain in the gauge area outside

the diffuse neck is about equal to the uniform strain of the alloy, namely 9%, while the strain



inside the neck and close to the fracture surface is much higher. The fracture strain of the
AA6060 alloy in temper T6 is about 120% [4]. In addition, normal discs were extracted inside
the neck and even closer to the fracture surface with observation direction in the thickness (or
normal) direction of the extruded profile (section D). The transverse and normal discs were
ground to foils 80 to 100 um thick using rotating SiC abrasive papers of different fineness,
and from these foils 3 mm diameter TEM specimens were punched. The TEM specimens
were electro-polished using a Tenupol 3 instrument. The electrolyte consisted of 1/3" HNO;

in methanol, and the solution was kept at temperatures from -20°C to -35°C.

A Philips CM30T TEM operated at 150 kV was used for recording diffraction contrast
bright field images, used to visualise bulk precipitates, grain boundaries (GBs) and PFZs.

Results

The image in Figure 3 is obtained from the undeformed material inside the grip area of the
tensile test sample (section A). The material shows a typical bulk microstructure,
characterised by a homogeneous distribution of needle-shaped precipitates with lengths along
<100>Al directions, which usually forms in the 6xxx Al-Mg-Si system. Figure 4 shows two
examples of GBs and the corresponding PFZs. It can be observed that the low-angle GB
(LAGB), see Figure 4 a), has a finer GB precipitation than the high-angle GB (HAGB), see
Figure 4 b). In the LAGB case the adjacent grains share a common <001>Al direction at the
GB, and formation of Mg-Si needle precipitates are favoured along this direction. From
Figure 4 and similar images the extent of the PFZ, including the zones in the two adjacent

grains, was estimated at approximately 200 nm.

The images in Figure 5 are obtained in the gauge area outside the diffuse neck (section
B). The dislocations are clearly visible, interacting with the needle precipitates and being
trapped by them. The dislocation density inside the grain is not uniform, with some areas
displaying higher density than the others. Figure 6 shows TEM images recorded at GBs. The
PFZs contain fewer dislocations than the interior of the grain. Furthermore, most of the
dislocations that penetrate into the PFZs are in projection aligned perpendicular to the GBs,
regardless the crystallographic orientation of the adjacent grains. These images may be

compared with the image of the un-deformed material in Figure 4.

The dislocation distribution in the grain interior and around the GBs in the material

inside the neck close to the fracture surface (section C) is similar to that of the material in the



gauge area outside the neck, see Figure 7 a). However, sometimes dislocation pile-ups were
found close to and along the boundary between the grain interior and the PFZ, as indicated by
the red arrow in Figure 7 b). In this case the amount of dislocations in the PFZ (which are
perpendicular to the GB) is lower. Extreme cases were observed where the dislocation pile-up
close to and along the interface between the grain interior and the PFZ is so dense that the
whole PFZ area (including the GB in the middle) seems to be completely separated from the
adjacent grains, becoming a band-like elongated grain on its own. One such example is shown
in Figure 8 in which both images are taken from different parts of the same GB. The different
diffraction contrast between the grain interior and the PFZ indicates slightly different
crystallographic orientations and therefore the PFZ may be considered as a new band-like
subgrain. It should be noted that this type of structure is an extreme case and was only found
for the material inside the neck and close to the fracture surface, where it was encountered
much less frequently than the structures of the type presented in Figure 8: a). The width of the
band-like structures is larger (400 to 500 nm) than the measured width of the PFZ
(approximately 200 nm). Therefore the dislocations in this case pile up close to the interface

between grain interior and PFZ, but they are still part of the grain interior.

All the results above were obtained from observations along the tensile direction. Figure 9
shows a TEM image with observation direction along the normal direction of the extruded
profile. This image is from within the neck area close to the fracture surface (section D). The
aim was to find the angle between the tensile direction and the direction of GBs that display
similar band-like structures as exemplified in Figure 8: b). The GB shown in Figure 9 exhibits
this band-like structure and its angle with the tensile direction was measured to be
approximately 40°. Another band-like GB was found in this TEM specimen and its angle with

the elongation direction was approximately 30°.

3. Microstructure of model material
The microstructure of a crystal, which consists of several zones with different plastic
properties, and the parameters of the material model for these zones were conjectured based

on the results of the TEM study described in the previous section.

The model material consists of periodic structures made of crystalline grains separated
by border layers, as shown in Figure 10 a) and b). Figure 10 a) shows an approximately

equiaxed structure consisting of 18 grains with random shape, typical for recrystallized Al



alloys, and Figure 10 b) displays a fibrous structure with 5 long grains (fibres) broken into
subgrains by a low-angle boundary, typical for extruded Al alloys. The system was 2D with
an imposed plane-strain condition, i.e., zero strain in the y-direction. Each grain was divided
into three zones, as shown in more detail in Figure 11. The zones belonging to the same grain
had different material properties but the same crystallographic orientation. Random
crystallographic orientations were assigned to the grains of the recrystallized microstructure.
For the fibrous microstructure, each fibre was assigned a random main orientation. The
orientations of the subgrains of the fibres were rotated by 5° around all three axes, away from
the main fibre orientation. The orientations of the neighbouring subgrains were rotated in the
directions opposite to each other. Thus the misorientation between two neighbouring
subgrains is always 10°, and the average of the subgrain orientations is equal to the chosen
main orientation of the fibre. On the top and bottom edges of the fibrous microstructure a
more simple grain with just two subgrains was used to reduce the number of edge nodes and

the computation time.

The largest zone was the bulk of the grain. It represented a typical artificially aged Al
alloy, containing precipitate particles that define its high yield strength and relatively low
hardening capacity. The material model of this zone had one constant characteristic length
associated with it, which was proportional to the average distance between the non-shearable
precipitates. As the results of TEM confirm, the two main hardening mechanisms in this zone
are the forest hardening and the non-shearable precipitate induced hardening. The dislocations
get trapped on the particles and accumulate around them, until further dislocation
accumulation is prevented by shearing of the particle by the produced stresses, particle
decohesion or some other process. The material model used for the bulk of the grain followed
closely the approach developed in [34]. Usually in crystal plasticity simulations this is the
only zone that is included in the polycrystal model. For comparison, more traditional systems,
shown in Figure 12, were also tested. They had exactly the same morphology and
crystallographic orientations as the systems in Figure 10, but with grains modelled as
homogeneous bulk zones and these are further referred to as the homogeneous models (in

contrast to the model with different zones which is referred to as the composite models).

The two narrow zones at the borders of the grains represented the pile-up zone and the
PFZ. Their modelling was based on the observations from [56, 57] and the dislocation
dynamics modelling results from [58], as well as the study presented in Section 2. At the

onset of plastic deformation the PFZ starts deforming first as the softest zone in the grain. The



dislocations move through it with little resistance and exit to the grain interior, as shown in
[57]. There they are trapped by the precipitate particles. The addition of the growing plastic
strain mismatch between the interior of the grain and the PFZ leads to creation of the pile-up
zones just outside the PFZ. Eventually the pile-ups accumulate enough internal energy to
facilitate some sort of qualitative change in the deformation by breaking the PFZ into the
subgrains or leading to decohesion of grain boundary precipitate. In this work only the initial

part of the deformation process was described, before such qualitative change.

The pile-up zone was assigned a characteristic length, which described the trapping of
dislocations caused by the mismatch of the material properties and plastic deformation
between the grain interior and the PFZ. The PFZ has no precipitate particles contributing to
yield strength and work-hardening and the work-hardening mechanisms relevant for the PFZ
are still unclear. The experimental observations in [49, 56] show that PFZs are capable of very
high levels of plastic strain without reaching the strength of the grain interior, although the
dislocation structures associated with forest hardening are not observed in them, as shown in
Section 2 and in [53]. Hence, direct application of the strain gradient plasticity may greatly
overestimate their strength [46]. Therefore in this study it was chosen to try to replicate the
main features of these observations and the PFZs were modelled as dislocation channels with
almost no work-hardening and no accumulation of dislocations in them. No special measures
were taken to model the grain boundary or the grain boundary precipitates. In the present
model the grain boundaries were just the transition lines between the zones with different
crystallographic orientations. Some important mechanisms acting in the PFZs might have
been ignored by the modelling approach adopted here. The pile-up zones could produce long-
range stress fields which may contribute to work-hardening in the PFZs according to [58, 60].
The deformation in the PFZs may be a combination of the plastic deformation of the material

and grain boundary sliding.

In addition to the speculative nature of the utilized modelling approach, one must keep
in mind that the experimental data was obtained for uniaxial tensile tests with almost equiaxed
3D grains, while the numerical model is 2D and with an imposed plane-strain condition. The
main trends of the plastic deformation in our composite material should be defined by the
contrasting material properties of the grain interior, PFZ and pile-up zones, whatever the
loading case. Nevertheless, the quantitative details may depend on the loading, e.g. strain
localisation in form of shear bands develops much easier and earlier in the course of plastic

deformation in the 2D plane strain model than in a 3D case, due to more constrained plastic



flow in the latter. Therefore the results of the simulations are not comparable to the
experimental data in a quantitative manner. Nevertheless, the general characteristics of plastic
deformation in a crystal with soft and hard zones should be reproduced by the present

modelling approach, which was the goal of this work.

4. Constitutive modelling
The finite deformation formulation of single crystal plasticity is used. The deformation

gradient F is multiplicatively decomposed [66] into an elastic part F° and a plastic part F”

as
F=F°F’ (1)

Here F” accounts for plastic slip and transforms the crystal from the initial configuration Q,
into the intermediate plastically deformed configuration Q, while F° accounts for the elastic
deformations and rigid body rotations and transforms the crystal from the intermediate
configuration Q into the current configuration Q. The following relations are formulated as

in [67]. The slip systems are defined by the slip direction vector m; and the slip plane normal

vector n, in the initial configuration. They stay the same in the intermediate configuration

o

and transform into vectors m” and n”, respectively, in the current configuration. These

vectors may be used as a basis of the plastic velocity gradient L? in the intermediate
configuration

D =F’(F") =Y 7"m; ®@n; )

a=1

where y“ is the slip rate on slip system « in the intermediate configuration and » is the total

number of slip systems.

The elastic Green strain tensor E° with respect to the intermediate configuration may

be defined as

E° =l[(Fe)T F¢ —1} =l(6e 1), C'=(F) F* 3)



where C° is the elastic right Cauchy-Green deformation tensor and 7 is the second-order
unity tensor. If the Cauchy stress tensor ¢ is pulled back into the intermediate configuration,

the second Piola-Kirchhoff stress tensor S is obtained
§=detF (F) o(F)" )

By assuming small elastic deformations, it is reasonable to adopt a linear hyperelastic model

to describe the elastic behaviour
S=C5:E° (5)
where C? is the fourth-order tensor of elastic moduli.

The total power per unit volume W consists of elastic and plastic parts

W=w 4w =8 E°+CS: L’ (6)

The plastic power may be rewritten as a sum of powers spent on all the slip systems
WP — z z_a}}a (7)
a=1

where 7 is the resolved shear stress on slip system «, power conjugate to the slip rate y“,
and may be found from the second Piola-Kirchhoff stress tensor as

% = 565:(m§’ ®n5’) (8)

Flow and work-hardening rules

The plastic flow is described by a rate-dependent rule [68]

1
o . z- " o
VEh T Sgn(f ) )
where 7, is the reference slip rate, m is the instantaneous strain rate sensitivity and 77 is the

history dependent critical resolved shear stress of slip system « . The initial value of the yield

strength is equal to 7. =7, for all slip systems.



We introduce work-hardening by connecting the critical resolved shear stress rate 7.

to the slip rates on the slip systems

£ =0 q,7"| (10)
p=1

where 0 =dz,/dI is the hardening modulus defined by a master curve, and ¢, is the matrix

of self-hardening and latent-hardening coefficients. The accumulated slip ' is defined by the

evolution equation

I =

a=1

7| (11)

The master hardening curve is given by an equation proposed in [8]

T, =7, toub\[p,+ P, + Py, (12)

where p, 1is the statistically stored dislocation (SSD) density, responsible for the forest
hardening, and p,, and p,, are the geometrically necessary dislocation (GND) densities

associated with different physical mechanisms. One must distinguish between the “real”
GNDs and the parameters of the present model. The “real” GNDs are generated by the plastic
strain gradient, while here everything is controlled by the plastic strain. The reason why this

designation is used is that the zones where p,, and p,_, are increasing are chosen in such a

way that some plastic strain heterogeneity will always be present in them under plastic

deformation. This approach originates from [32] and is continued in [69].

The dislocation density evolutions are connected to the accumulated slip by

dps :(kl ps _kZps)dr (13)
1 Pgi ’
dp. =—|1-| 22| |ar 14
pgl bLl ( ;é]zt] ( )
1

bL,



where k, and k, are in turn the accumulation and annihilation coefficients for statistically
stored dislocations [10], L, is the characteristic length proportional to the average distance
between the non-shearable precipitate particles [32] and L, is the characteristic length

associated with the dislocation accumulation in the pile-ups near the PFZs. As described

above, the dislocation accumulation around the non-shearable precipitate particles is limited
by some mechanisms and saturates at some value. p”’ is the density of geometrically
necessary dislocations at saturation. The parameter a allows for a smooth saturation of the
density and its value is here chosen to be equal to 10. The work-hardening modulus & is the

derivative of the master curve 7, with respect to the accumulated slip I', viz.

dr, _or dp, ot a’pgl or, dp,,
dr 6,0 dr’ 8p1 dr apg2 dr

0

(16)

which by use of Equations (12)-(15) may be rewritten as

0

P ’ 1
= k. \p, —k,p, + = (17)
2\/,0 +pg1 * Py [pgl bL,

The initial dislocation density in the undeformed material is very low compared to the
deformed material as may be seen in the TEM photographs in Section 2, though not zero. In

the numerical model all the dislocation density variables were initiated at a value of 10 mm™.

At the end of the simulations the densities reached values of the order of 10’mm™. The exact

value used for the initialization was of no consequence for the results of the simulations.

5. Parameters of the constitutive model

The material properties of the AA6000 series Al alloys were used as a reference when
selecting the values of the model parameters. The parameters describing the elastic properties
of the material, the reference slip rate, the rate sensitivity, and the latent hardening
coefficients are common for all Al alloys and may be found in the literature. These values are
given in Table 2. The values of the hardening parameters were calculated using the method
described in [34] and [65] for the AA6060 alloy in T6 temper. The resulting stress-strain
curve does not necessarily fit the experimental one exactly, but for the purpose of this work it

was more important to obtain hardening parameters typical for a peak-aged alloy with PFZs



than to accurately fit a specific curve. The aforementioned method allowed estimating the
microstructure-related parameters, such as dislocation accumulation and annihilation
coefficients and the non-shearable precipitate spacing in a convenient manner without
complex experimental procedures. The obtained values of the hardening parameters are

presented in Table 3.

As may be seen from Table 3, the bulk of the grain and the pile-up zone have common
hardening mechanisms, namely accumulation and recovery of statistically stored dislocations
and accumulation of geometrically necessary dislocations around non-shearable precipitate
particles, and consequently share the values of the corresponding parameters. The additional
characteristic length for the pile-up zone is difficult to estimate. One way is to calculate the
average dislocation production rate in the PFZ and assume that around half of these
dislocations will be stored in the pile-up. This neglects the annihilation process, but at least
provides an estimate. The value in the table is chosen after some preliminary simulations,

based on this assumption. According to [34] the dislocation production coefficient %, is a

constant for a given family of alloys, so it is chosen to be constant for all three zones. For the

PFZ, the parameter k, is chosen to be higher than for the other two zones, which here does

not mean a high rate of annihilation, but rather implies that the dislocations leave the zone and
do not accumulate in it, leading effectively to almost perfect plastic behaviour. Figure 13

presents the slip resistance 7, plotted against the accumulated slip I' for the three zones.

6. Numerical study
The FEM was used to study the behaviour of the described crystalline composite material
system. The model in Figure 10 was represented by a 2D finite element mesh, see Figure 14.
The nonlinear FEM code LS-DYNA [70] was used in the calculations. The crystal plasticity
material model was implemented as a user-material subroutine, using the explicit integration
scheme by Grujicic and Batchu [71]. Four-node plane-strain quadrilateral elements with
reduced integration and Flanagan-Belytschko stiffness-based hourglass control were used.
The explicit solver of LS-DYNA was adopted and correspondingly explicit integration of the
momentum equations was used. Mass-scaling was applied to reduce the computation time and
the kinetic energy was controlled at every step to ensure that it was very small compared to
the total energy and that the simulation remained quasi-static. The grain structure of the FEM

model is periodic and periodic boundary conditions were applied on the edges of the mesh. In



the simulations, the model was subjected to plane-strain tension in the x-direction by applying

a velocity smoothly ramping up to a constant value to the corner node.

The recrystallized microstructure was stretched to approximately 10% engineering
strain and the fibrous microstructure to 15%. The limiting factor in the simulations was the
extreme deformations in the PFZ leading to quick decrease of the time step. The deformed
meshes of the composite and homogeneous models of the two microstructures are shown in
Figure 15. The deformation patterns presented in these two figures are noticeably different.
The composite model demonstrates large shear deformation in a number of PFZs, leading to
grains sliding relative to each other. The sliding causes distortion of the grain boundary near
the grain boundary triple points. The grain boundaries mainly distort as a result of a passing
shear band in the homogeneous model. The overall shape of the deformed microstructure is
not exactly the same between the composite and homogeneous models, but it is still somewhat

similar, due to the same crystallographic orientations of the constituent grains.

Contour plots of the von Mises plastic strain are shown in Figure 16. The plastic strain
distribution is highly inhomogeneous in both the composite and homogeneous models. The
highest plastic strain in the composite model is reached within the PFZs. Its maximum value
reaches around 8.0. Therefore to improve the readability of the contour plot and for
comparison with the homogeneous model, the maximum strain of the colour bar is chosen to
be smaller. For the homogeneous model, the highest value of approximately 0.7 is reached
within the shear band. The shear bands are the most prominent feature in the contour plots of
the equivalent plastic strain. In the homogeneous model of both the recrystallized and fibrous
structures, several larger shear bands cross multiple grains. For the composite model, the
shear bands are always nucleated by the shearing of a favourably oriented PFZ, i.e., a PFZ
that makes about a 45° angle with the tensile axis. The bands propagate through the grains,
they are sometimes stopped at the pile-up layer of the grain or they connect to another
shearing PFZ or another band. If only the grain interior is considered in the composite model,
then the equivalent plastic strain levels are similar to the ones observed in the homogeneous

model.

The large plastic strains in the crystalline PFZ lead to large rotations of the lattice in

the PFZ. Figure 17 shows the contour plot of the first Euler angle ¢, in one of the highly

deformed PFZs in the recrystallized model. The angle is high enough for the PFZ to become a



subgrain-like band structure, which may be compared to a similar structure from the TEM

study in Figure 8.

The mesh influence on the mechanical fields inside the grains was studied by testing a
model, similar to the composite model in Figure 10, but with refined mesh inside one of the
grains. Refining the mesh for the whole model would lead to a prohibitively long FEM
simulation. The von Mises plastic strain contours inside this grain for the coarse mesh and the
refined mesh are shown in Figure 18. The refined mesh did not predict any new or different
features neither in the grain nor in its neighbours. The plastic strain levels in the coarse and

refined meshes are also similar.

Figure 19 presents contour plots of the von Mises stress. The homogeneous model
presents a typical distribution, where the grains with harder and softer orientations reach
correspondingly higher and lower levels of stress. The composite model again demonstrates a
very different distribution. The stress within the grains is varying, again at the levels
comparable to the homogeneous model, but the variations are overshadowed by the stress
concentrations that arise in the pile-up zones. The highest stress concentrations are associated
predictably with the distorted grain boundaries, where the stress reaches up to 400-500 MPa.
Figure 20 shows the details of the distribution in a part of the composite model around a triple
point. Once again the maximum value of the colour bar is the same for the homogeneous and
the composite model for comparison and to improve the readability. Where the grain
boundaries remained undistorted, the stress level is similar to the one in the grain interior. The
PFZs have no means to work-harden and increase their stress, so the stress level in these

zones is consistently low.

Figure 21 shows contour plots of the hydrostatic pressure. The distribution of the
pressure in the homogeneous model is defined by the constraint that the grains with harder
orientations impose on the grains with softer orientations. In the composite model, the
distribution is again more heterogeneous. The PFZs oriented normally to the tensile axis are
subjected to the same load as the rest of the grain but cannot slide. The hydrostatic pressure is
the only way for these PFZs to carry the load and therefore they exhibit the highest negative
pressure. The zones of highest positive hydrostatic pressure are positioned near the triple
junctions of the grain boundaries, where the pile-up zones are subjected to strong distortion
and generate strong stress fields. In some cases the high pressure fields propagate inside the

grain interior. The PFZs that are oriented obliquely to the tensile axis are all shearing to some



degree, which allows them to relax the constraint imposed by the grains and reduce the
hydrostatic stress component. The contour plots of the stress triaxiality in Figure 22 reveal yet
another trend. The low deviatoric and high hydrostatic stresses in the PFZs normal to the
tensile axis lead to excessively high triaxiality values in these regions. The zones of high
negative triaxiality are again associated with the grain boundary distortion at the triple
junction points. The range of the contour plot is again the same for the homogeneous and the

composite model, with maximum/minimum values taken from the homogeneous model.

The distribution of the geometrically necessary dislocation densities p,, and p,, in

the model of the recrystallized microstructure is shown in Figure 23. The GNDs in the
homogeneous model follow the distribution of the plastic strain, which is reasonable both
numerically and physically, as it corresponds to the dislocation accumulation around the non-
shearable precipitates with increasing plastic deformation. For the composite model the GNDs
accumulate in large numbers in the pile-up zones. The levels of GND densities inside the
grain interior are once again similar for the two models, although the distribution of the

densities is different.

Figure 24 shows the engineering stress-strain curves for the composite and
homogeneous models. While the yield stress is reduced by the presence of PFZs, the work-
hardening rate before and after maximum force is reached is very similar for these two
models. Large local deformations in the shear bands and in the PFZs are limited in extent and
do not lead to a global loss of load-carrying capacity. One must remember that the periodic
patches of material, like the ones used in this work, are not necessarily most suited for the
study of localisation bands and the global load-carrying capacity, and may prevent the natural
propagation of the shear bands, see [72] for a detailed discussion. Nevertheless in the present
work only the numerical models with similar periodic constraints are used, which should

make at least a qualitative comparison meaningful.

7. Discussion
One of the most noticeable details in the performed simulations is the extremely large plastic
strains reached by some finite elements in the PFZs. On one hand, it may seem like a cause of
concern, but on the other hand, there are no indications that any sort of numerical problem is
associated with the large strains except the decreasing time step. The deformation mode of the

corresponding elements is a basic combination of shear and stretch. The slip activity, stress



calculations and energy balance in the model are ordinary and predictable despite the large
strains. The exact distribution of the plastic strains in the real PFZ under deformation is not
clear. Experiments presented in [56] show that the neighbouring grains divided by a GB with
a PFZ may shift significantly relative to each other, which corresponds to very high average
strain in the PFZ. Still, the exact local distribution of this strain inside the PFZ is not known.
In the FEM model the same trend of grains shifting relative to each other is observed. The
maximum local plastic strain inside the PFZ in turn depends on the width of the PFZ relative
to the grain and the mesh resolution inside it, as some additional simulations have shown.
Thus one should be careful interpreting the local results of the simulations inside the PFZs.
On the other hand the global behaviour of the PFZ part of the model is a reasonable

approximation to the existing experimental observations.

The contour plots of the hydrostatic pressure demonstrated a checkerboard pattern
locally in both the recrystallized and fibrous composite model, see Figure 25. The pattern is
localized around the highly deformed zones and has very limited extent. The checkerboard
patterns are a sign of volumetric locking, which is quite common in the FE analysis of the
plastic incompressible materials [73-75], especially in case of simple linear elements, such as
tetrahedral or triangular. These studies also show that a more advanced element formulation
could alleviate this problem, at an increased computational cost. It is unlikely that these
patterns had a strong effect on the solution, since the plasticity is driven by deviatoric stresses.
But this may become a more serious problem if ductile damage is included into the crystal
plasticity formulation, because the damage evolution is known to depend strongly on the

stress triaxiality.

The shear bands in the homogeneous models arise naturally as a material instability.
While the understanding of their physical nature is still improved, e.g. by [76], they have been
observed in the crystal plasticity FEM simulations since the first works on this topic, like [77].
The shear bands in the composite model were produced by the constraint caused by the
sliding of the neighbouring grains, usually near the triple junction points. Whether a shear
band would be produced or not depended also on the crystallographic orientation of the
deformed grain. Some orientations were more favourable to the shear-band formation and
propagation than others. Figure 26 shows the contour plot of the von Mises plastic strain of
the composite model of the recrystallized microstructure, which is equivalent to the model in
Figure 16 in every aspect except for the crystallographic orientations of the grains. The new

orientations are a different randomly generated set. The shear bands formed in these two cases



are very different despite a similarity in the constraint that leads to their formation. The
formation of the shear bands at a triple junction in Al polycrystals, similar to what the

composite model produced, was observed in [49].

The PFZs in the composite model were assigned almost perfect plastic behaviour, as
discussed in Section 5. If some work-hardening mechanism was assigned to the PFZs instead,
the results would depend on how close and how fast this work-hardening may strengthen the
PFZ to the level of the grain interior. The simulation of the composite model of the

recrystallized microstructure was run with a value of parameter k, =4.6 (corresponding to a

solution heat-treated alloy in T4 temper), which allowed it to harden almost to the level of the
grain interior, see Figure 13. The contour plot of the von Mises plastic strain for this
simulation is shown in Figure 27. The maximum plastic strain in the PFZs is still very high,
reaching a value of 1.3, but much lower than in the non-hardening case. The plastic strain
distribution is very similar to the homogeneous model. The shear bands only form in the same
location as in the homogeneous model, because the triple point initiation mechanism is not
functioning. From this simulation it may be seen that due to the very small width of the PFZ
and the high plastic strains that arise very quickly in them during the deformation, the lower
yield stress is not as important for the later stages of deformation as some work-hardening

mechanism can sufficiently strengthen them.

The representation of the pile-up zone in the composite model is a rather crude
approximation. Its main problem is that it hardens depending on its own deformation, instead
of hardening because of the deformation of the PFZ and the dislocations exiting from the
PFZ. In most cases this approach still worked, because the grain boundaries in such a model
tend to distort. This distortion lead to dislocation accumulation and still made the pile-up zone
the strongest part of the grain. A better result could possibly have been obtained with a strain
gradient plasticity model, but it would likely lead to a prohibitively high computation time for
a FEM model with the required level of detail.

8. Conclusions
The finite element method was employed to study a model of a polycrystal with
heterogeneous yield and work-hardening properties. The structure of the model and the
material properties were chosen based on the pre-existing literature and new experimental

study results. The experimental study was performed on the AA6060 alloy in T6 temper.



TEM samples were produced from a deformed tensile specimen at different locations,
corresponding to different levels of plastic strain. PFZs were identified in these samples and
their structure at different levels of global plastic straining was studied. The observations of
the dislocation behaviour in and around the PFZs were used as a basis for the composition of
the polycrystal model. Each grain of the polycrystals included three zones: one narrow soft
zone with low yield stress and nearly vanishing work-hardening rate, one narrow stronger
zone with high yield stress and high work-hardening rate, and the broadest zone with high
yield stress and low work-hardening rate. A single crystal plasticity model was used to
describe the material behaviour. The dislocation density was the parameter that controlled the
work-hardening of the single crystal plasticity model, and its evolution reflected the
experimental observations. The model mimicked an Al alloy with either recrystallization or
fibrous microstructure. The 2D FEM models of the composite polycrystals were subjected to

plane-strain tension loading.

The displacement and strain fields obtained from the simulations showed some distinct
features of this kind of a crystalline composite, including sliding of the grains along the soft
zones favourably oriented relative to the tensile axis, grain boundary distortion, especially in
the triple junction points, shear band initiation and propagation, due to the grain sliding in
some grains with favourable crystallographic orientations. The stress calculations in the
simulations produced distributions of plastic strain and deviatoric and hydrostatic stresses in
the composite polycrystals which are very different from the more traditional polycrystal

model with homogeneous grains.

The finite element models of the crystalline composite presented in this work are
based on several crude approximations, and also making some assumptions about the
properties and behaviour of the crystals in and around precipitate-free zones that may be
unconventional. The results show that these approximations and assumptions are at least
partly reasonable. If one aims to describe the local mechanical fields in the artificially aged Al
polycrystals, e.g. to predict the initiation and evolution of the ductile damage, one can ignore

neither the presence of precipitate-free zones nor their crystalline nature.
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Figures

Figure 1: Grain structure of the AA6060 alloy, where the extrusion direction is horizontal and

the normal (or thickness) direction is vertical [4].



Figure 2: Locations on the tensile specimen, from which the TEM samples were produced.
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Figure 3: TEM bright field image of a typical bulk microstructure in the undeformed material

(A section in Figure 2) characterised by a high number of homogeneously distributed needle-

shaped precipitates oriented along <100>Al directions.



Figure 4: TEM bright field images of a) a low-angle GB and b) a high-angle GB in the

undeformed material (A section in Figure 2). The approximate orientations of the grains along

the viewing direction are indicated.



Figure 5: TEM bright field images of the deformed material outside the diffuse neck in the

gauge area of the tensile sample (B section in Figure 2). Dislocations are observed interacting

with needle precipitates in the bulk.
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Figure 6: Bright field TEM images of GBs and PFZs in the deformed material outside the
diffuse neck in the gauge area of the tensile sample (B section in Figure 2). The dislocation
density is higher in the bulk than in the PFZs. In projection, the dislocations in the PFZs are
oriented perpendicular to the GBs.



-" s
- g
. n

| e : ' e E A ‘4.
e jne' "IX i-’#\' A, o4

a) b)

Figure 7: Bright field TEM images of GBs and PFZs in the deformed material inside the
diffuse neck and close to the fracture surface (C section in Figure 2). In most cases these look
similar to those outside the diffuse neck (a)), but sometimes dislocations pile-up along the
transition zone between the grain interior and the PFZ. One such example is seen in b), where

the pile-up is indicated by the red arrow.
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Figure 8: Bright field TEM images of GBs and PFZs in the deformed material inside the
diffuse neck and close to the fracture surface (C section in Figure 2). Images a) and b) are
from two different locations of the same GB, where a) shows a microstructure similar to
Figure 6 and Figure 7 while in b) dislocation pile-ups form a wall close to and along the

boundary between the grain interior and the PFZ. The pile-ups are indicated by red arrows.



Figure 9: GB with band-like structure in the deformed material inside the neck and close to
the fracture surface (D section in Figure 2) which makes an angle of approximately 40° with

the elongation direction.
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Figure 10: Models of a) the recrystallized type and b) the fibrous type of polycrystals with a

layered microstructure at the grain boundaries.



Figure 11: The layered structure between the grains of the polycrystal model.
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Figure 12: Model of the polycrystals without the layered microstructure on the grain

boundaries: a) recrystallized type and b) fibrous type of polycrystals.
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Figure 13: Evolution of slip resistance 7, with accumulated slip I" for different zones of the

crystal.
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Figure 14: FEM mesh for the polycrystals with a) composite microstructure and b) grains

without interfacial layers.



©) d)

Figure 15: Deformed meshes of the composite (a,b) and homogeneous (c,d) models of the

recrystallized (a,c) and fibrous (b,d) microstructure.
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Figure 16: Contour plots of von Mises plastic strain distribution: a) composite and b)

homogeneous models of the recrystallized microstructure; ¢) composite and d) homogeneous

models of the fibrous microstructure.
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Figure 17: Contour plot of the first Euler angle ¢, in degrees in a section of the recrystallized

composite model.
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Figure 18: Contour plot of von Mises plastic strain in a part of the FEM model with a) the

baseline mesh and b) a refined mesh.
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Figure 19: Contour plots of von Mises stress (MPa) distribution: a) composite and b)
homogeneous models of the recrystallized microstructure; ¢) composite and d) homogeneous

models of the fibrous microstructure.
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Figure 20: Contour plot of von Mises stress (MPa) distribution in a part of composite model

of the recrystallized microstructure.
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Figure 21: Contour plots of hydrostatic pressure (MPa) distribution: a) composite and b)
homogeneous models of the recrystallized microstructure; ¢) composite and d) homogeneous

models of the fibrous microstructure.



2.000e+00
1.750e+00 l
1.500e+00 |
1.250e+00 _
1.000e+00
7.500e-01
5.000e-01
2.500e-01
0.000e+00
-2.500e-01
-5.000e-01 |

2.000e+00
1.750e+00
1.500e+00
1.250e+00 _
1.000e+00
7.500e-01
5.000e-01
2.500e-01
0.000e+00
-2.500e-01
-5.000e-01 |

d)

Figure 22: Contour plots of stress triaxiality distribution: a) composite and b) homogeneous
models of the recrystallized microstructure; c) composite and d) homogeneous models of the

fibrous microstructure.
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Figure 23: Contour plots of dislocation density p,, +p,, (mm™) in a) the composite model

and b) the homogeneous model of the recrystallized microstructure, with a more detailed plot

of a part of the composite model in c).
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Figure 24: Engineering stress vs. strain curves for the composite and homogeneous model of

a) recrystallized and b) fibrous microstructure.
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Figure 25: Checkerboard pattern in the contour plot of hydrostatic pressure for the

recrystallized composite model.
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Figure 26: Contour plot of von Mises plastic strain in the composite model of the

recrystallized microstructure with an alternative set of crystallographic orientations.



7.000e-01
6.300e-01
5.600e-01 |
4.900e-01 _
4.200e-01
3.500e-01
2.800e-01 |
2.100e-01
1.400e-01
7.000e-02
0.000e+00 |

Figure 27: Contour plot of von Mises plastic strain in the composite model of the

recrystallized microstructure with a work-hardening PFZ.



Tables

Table 1: Chemical composition of the AA6060 alloy (wt%)

Si

Mg

Fe

Mn

Cu

/n

Ti

0.422

0.468

0.193

0.015

0.002

0.005

0.008




Table 2: Parameters of single crystal plasticity model

Cirs Ci2s Cug > ]}09 m 9up H, a b,
MPa MPa MPa st MPa mm
106430 | 60350 | 28210 | 0.010 0.005 1.4,if | 24400 | 03 | 2.86.107
a+p
1.0, if

a =




Table 3: Parameters of the single crystal plasticity model for different zones of the FEM

mesh.
7,, MPa k,, mm k, L, mm L,, mm p;‘l” , mm™
Grain interior | 73.19 1.51-10° 27.23 1.22:107 — 6.84-10’
Pile-up zone 73.19 1.51-10° 27.23 1.22:107 1.04:10° 6.84:10
PFZ 20.50 1.51-10° 100.00 —
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