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Abstract This paper investigates the stress and
strain fields induced by the coherent/incoherent pre-
cipitates of type Mg,Si, in the 6xxx series aluminium
alloys using numerical means. During welding of 6xxx
series alloys, the heat-affected zone experiences high
temperature heating and cooling cycles and hence
results in the non-uniform stress and strain states both
at macro- and micro-scales. In the present work, the
macro-scale finite element (FE) simulations were
carried out to calculate and compare the bulk material
properties with those of experimental findings. Since
the microstructure of 6xxx alloys comprises mostly of
soft a-matrix and coherent/incoherent Mg,Si, pre-
cipitates, the properties of the individual constituents
were used to perform micro-scale FE simulations.
Temperature dependent theoretical yield strengths for
the precipitates were also determined. The simulated
micro-stress and strain fields showed strong depen-
dency over the nature (coherent/incoherent), shape
morphology (needle-like, random etc.) and distribu-
tion of precipitates. Additionally, unlike coherent
precipitates, the plastic deformation of the matrix due
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to incoherent impurities was found to be highly non-
uniform and localized. FE analysis was also performed
to characterize the effect of grain size upon the stress
state of material.
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1 Introduction

The 6xxx series aluminium alloys are used extensively
in the aircraft structures due to their high strength and
weldability (Heinz et al. 2000; Liu and Kulak 2000;
Bardel et al. 2014). For instance, the fuselage panels in
the new generation airplanes are being manufactured
with AA6056 and AA6061 using laser beam and
friction stir welding techniques. However, welding
process exposes the aluminium sheets to temperatures
as high as the melting temperature. Upon solidifica-
tion, the weld bead and the adjacent heat affected zone
(HAZ) possess complex microstructures, which, in
turn, have strong influence upon the residual stress and
strain states. Generally, a non-uniform state of stress is
a major cause of failure or excessive deformation of
the aircraft structure. Knowing the stress and strain
fields at microscopic level is, therefore, of interest
from the perspective of structure design and
fabrication.
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Recently, several studies have been devoted to
investigating the microstructural changes in 6xxx (Al-
Mg-Si based) alloys and their effects upon the
mechanical and physical properties (Sharma 2000;
Chakrabarti and Laughlin 2004; Asserin-Lebert et al.
2005; Cicala et al. 2005; Cavaliere et al. 20006;
Cabibbo et al. 2007; Gallais et al. 2008). In Al-Mg-Si
alloys, the alloying additions dissolve into an Al-rich
single phase solid solution (o) at high temperature,
while at room temperature the o-phase is in a super-
saturated state and hence, in order to achieve equilib-
rium, it must precipitate out second phase Mg,Si,
grains in the form of Guinier—Preston (GP) zone, ", '
and P particles. GP zones are usually the first
precipitates to appear in naturally aged (T4 temper)
and precipitation hardened (T6 temper) alloys. Their
formation is followed by the precipitation of coherent
B” and semi-coherent B’ grains. It has been reported in
literature (Porter and Easterling 1992; Edwards et al.
1998; Miao and Laughlin 1999; Matsuda et al. 2003)
that these precipitates are responsible for the strength-
ening of 6xxx series alloys. The o-phase reaches
equilibrium only upon the formation of incoherent 3
(Mg,Si) precipitates. Here, the equilibrium a-phase is
the softest phase and said to have an ‘O’ temper state.
The temperature dependent elastic—plastic properties
of the 6xxx series alloys in T4, T6 and O temper states
have already been published by some researchers
(Schwartzberg et al. 1970; Ledbetter 1982; ASM
International 2002; Zain-ul-abdein et al. 2010a, b;
Nélias et al. 2014).

Numerical means are generally required where the
use of experimental methods is either practically
impossible or economically infeasible. The finite
element (FE) modeling of the welding induced
distortions and stresses in 6xxx series alloys has been
the subject of many recent publications (Darcourt et al.
2004; Josserand et al. 2007; Zain-ul-abdein et al.
2010a, b; Riahi and Nazari 2011; Zhang et al. 2014).
Most of these works predict stress and strain states at
macroscopic level. This means that the simulated
results assume homogeneity of the bulk material.
While in reality, the material with o-matrix and
Mg,Si, precipitates is microscopically heterogeneous.
Itis rare to find any literature that divulges the effect of
Mg,Si, precipitates upon the stress and strain fields of
6xxx series alloys. Radaj (1992), however, catego-
rized these macro- and micro-stresses as first order
(GI), second order (GH) and third order (Gm) stresses.
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Here, o' refers to the macro-stress averaged over a
volume of several material grains, G represents
micro-stress between the grains of matrix and pre-
cipitates, while 6™ corresponds to the inter-atomic
stress due to impurity atom, vacancy, Frenkel defect
etc.

In the first part of the present work, a 2D macro-
scale simulation was performed for a tensile test
specimen and the results for true stress—strain curves
were compared with the experimental ones. In the
second part, the emphasis is placed upon the compu-
tation of the stress and strain distribution at micro-
scopic level in 2D by the coherent and incoherent
precipitates. Note that no distinction was made
between the coherent and semi-coherent particles
during simulation. This is because, the coherent and
semi-coherent precipitates differ from each other on
account of coherency strains only; yet both of them
increase the overall strength of the material. Simulat-
ing coherency strains is beyond the scope of the
present work. Incoherent precipitates, on the other
hand, result in the overall reduced strength of the
material. In addition, the grain size effects upon the
deformation behavior have also been investigated.

2 Experimental data

Most of the data required for the numerical analysis
was obtained from the published works. Zain-ul-
abdein et al. (2010a, b) reported experimentally
determined true stress—strain curves for AA6056-T4
at temperatures ranging from 16 to 450 °C with
different strain rates. They have carried out tensile
tests using specimens made out of thin sheets of
thickness 2.5 mm. The specimens were heated at a
temperature rate of 25 °C/s up to the test temperature
by electrical Joule heating.

In their work, Maisonnette et al. (2011) and Nélias
et al. (2014) reported the true stress—strain curves for
AA6061 in O tempered state corresponding to the soft
a-phase. They proposed a model for calculating the
yield strength of O-tempered specimens from 20 to
550 °C. They have also shown that the hardening
behavior of the soft phase remains perfectly plastic
over a wide range of temperature. Moreover, they have
performed high resolution transmission electron mi-
croscopy to highlight the shape morphology of
precipitates. Their findings showed that the precipitate
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volume fraction reached up to 1.6 %. The reported
material properties of the soft a-phase are used in this
work for micro-scale numerical simulations.

Note that the published data provides the thermo-
elasto-plastic properties of the bulk homogeneous
material in T4 (naturally aged) state as well as
O-tempered state for the soft o-matrix. However, the
material properties for the second phase Mg,Si,
precipitates are not available and hence, they must
be computed before the numerical simulation of
micro-stresses of the heterogeneous medium.

3 Numerical analysis

A commercial FE code Abaqus was used to perform
2D macro-scale and micro-scale simulations, hence-
forth called macro-simulation and micro-simulation,
respectively. As mentioned earlier, the macro-simula-
tion assumes homogeneous material properties,
whereas the micro-simulation considers heteroge-
neous structure with different material properties of
the a-matrix and Mg,Si, precipitates.

3.1 Macro-simulation

The geometry and the mesh of the tensile test
specimen are shown in Fig. 1. Since the original
specimens were obtained from a sheet of thickness
2.5 mm (Zain-ul-abdein et al. 2010a, b), the plane
stress conditions were assumed for the analysis. In
addition, the specimen is axially symmetric, and hence
a symmetric model was realized in order to reduce the
total number of degrees of freedom. The entire model
consisted of 7935 nodes and 7602 linear elements,
where mostly 4-nodes quadrilateral elements
(DC2D4E, CPS4R) were used while some 3-nodes
triangular elements (DC2D3E, CPS3) were included
to complete the mesh.

A coupled thermal-electrical analysis was per-
formed first to compute the nodal temperatures, such
that each test temperature was reached at a heating rate
of 25 °C/s. Note that the test temperatures for tensile
tests were 16, 100, 200, 300, 350, 400 and 450 °C.
Obviously, 16 °C was merely the room temperature
and hence did not require heating; rather it was defined
as an initial temperature. The nodal temperature
values, so calculated, were used as a predefined field

for mechanical analysis in order to obtain the stress
versus strain response of the model. The specimen was
deformed axially at a displacement rate of
3.3 x 107> mm/s. Since the deformation rate was
significantly slow, the mechanical dissipation can be
ignored. The simulated nodal temperature history at
the mid-point of the 25 mm gauge length and the
applied mechanical boundary condition as a function
of time are also shown in Fig. 1.

3.1.1 Thermal-electrical model

Ohm’s law describes the flow of electric current as
follows:

f:aEE:—oE.gr?i)q) (1)

where, J is electrical current density in A m_z, oF is

the electrical conductivity in Q 'm™, E is the
electric field intensity in V. m™', ¢ is the electrical
potential in V.

J can be calculated by imposing the following
boundary conditions:

. _
o .grade.ii = j(@)
¢ =@,

(2)

where, j(¢) is the applied current density and ¢,, is the
prescribed electrical potential.

In order to calculate the temperature (7) distribution
in space (x,y) and time (¢), the solution of the following
heat equation is required.

div(H(T)emadr) + P = oMM (3)

where, A(T) is the thermal conductivity in
W m™ ' K™, p(7) is the density in kg m3, C,(T) is
the specific heat in J kg~' K™, all as a function of
temperature. The term P,., which is the internal heat
generation rate or the rate of electrical energy in
w m_3, can be stated as:

. —_ —_
P.. = J.E = grade. (O'Egradq)) 4)
Hence, the Eq. (3) takes the following form:
. ¢ _ _— E——
div (i (T)gradT) + grado. (a gradq))

= ()G S (5)
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Fig. 1 Tensile test specimen geometry (dimensions in m), mesh, temperature history within gauge length and prescribed

displacements at both ends

3.1.2 Mechanical model

Since the material was assumed to follow elasto-
plastic behavior with isotropic hardening, the total
strain tensor (¢°°“') may be decomposed into thermal
(ghermaly “elastic (£512%9¢) and plastic (&) strains as
follows:

810ta1 _ 8thermal + 8elast1c + splastlc

= o(T)(T — To)l + C™'(T): ¢ + 't (6)

where, & is the stress tensor, o(7) is the thermal
expansion coefficient in K~!, C7'(T) is the inverse of
4th order stiffness tensor, C(7), and is defined in terms
of Young’s modulus, E(T), and Poisson’s ratio, v(7),
for an isotropic material. Note that all the properties
are defined as a function of temperature.

For the plasticity criterion, yield function (f) to limit
the elastic domain may be stated as follows:

f(e.T,R)<0 (7)
where, T is the temperature and R represents isotropic

hardening parameter. The yield strength (o)) is defined
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as g, = 0, ("1 T), while the plastic flow of the
material may be written in terms of plastic strain rate
as:

e .dg 3 6P
lastic __ _
ﬁp = /,{E = E . GW Wlth 8
. ()
™ _ EO'D : P

Here, g(6,T,R) is the flow potential, J.is the plastic
flow rate whose value is determined by the require-
ment to satisfy the consistency condition f = 0, "™ is
the von Mises effective stress and 6 is the deviatoric
stress tensor.

3.2 Micro-simulation

The microstructure under consideration (see Fig. 2a) is
adopted from Maisonnette et al. (2011), where the light
colored background shows the o-matrix while Mg,Si,
precipitates can be seen as dark colored needles. Note that
the small circular precipitates are most likely the
precipitate needles extending out-of-the-plane. The
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Fig. 2 a Microstructure
[from Maisonnette et al.
(2011)], b geometry,

¢ matrix mesh and

d precipitate mesh

geometry of the microstructure over an area of
0.542 pm x 0.387 pum is shown in Figs. 2b, whereas
Fig. 2¢, d illustrate the mesh of the o-matrix and the
Mg, Si, precipitate, respectively. The mesh is composed
of 6116 nodes and 6149 plane stress thermally coupled
linear elements, which include 5864 x 4-node quadri-
lateral elements with reduced integration (type: CPS4RT)
and 285 x 3-node triangular elements (type: CPS3T).
Given the predefined temperatures of 16, 100, 200,
300, 350, 400 and 450 °C, the left edge of the micro-
mesh was constrained while the displacement rate of
3.3 x 107* mm/s was prescribed on the right edge
along the —x axis. It is to be mentioned that the elastic
material properties of both the matrix and precipitates
were assumed to be identical. Nevertheless, their yield
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strength and hardening behavior were considered
different from each other. For the soft o-matrix, the
yield strength values with perfectly plastic hardening
behavior were adopted from Nélias et al. (2014). For
the precipitates, however, the yield strength values as a
function of plastic strain and temperature have been
calculated using theoretical models.

3.2.1 Theoretical yield strength of precipitates

According to Kocks et al. (1975) and Deschamps and
Brechet (1999), the yield strength of an alloy depends
upon (1) the friction stress (a,), (2) the matrix, or solid
solution, contribution (Ag,,) and (3) the precipitate
contribution (Aa,,). It follows:

@ Springer
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0y = 0o + Aoy + Ag, 9)

where, ¢, for pure aluminium was found to be
10 MPa (Deschamps and Brechet 1999; Simar et al.
2012). The matrix and precipitate contribution
factors are affected by the alloy composition and
dislocation movement.

In order to define the relation among gy, 6,,, and o,
Nélias et al. (2014) proposed an equation of the form
‘Weiner model’ (Weiner 1912). Hence, at a given
temperature:

(1/62) (1 - (\/—_Te_i e) arcsme)

introduces the depolarization factors (M, M), which
also take into account the shape morphology of the
impurities. The model states:

¢y (99 — on) B

— Om 12
Oy 6+(1—¢p)+¢pﬁ (12)

where ﬁ*l 20m + Om
3 om+(0p—0m)ML  0p+(0,—00)M

and

if ¢ <a (oblate)

M=
(1—¢*/2¢*)(In((1+e)/(1 —e)) —2e), if ¢ > a (prolate)
c/a, if ¢ <a (oblate
—(-my e=1-& e={ if ¢ <a (oblate)
alc, if ¢ > a (prolate)
oy = (1 _ ¢,,)O'm + ¢,0p (10) Here, c/a represepts the ratio of t'he longitudinal axis'. to
the transverse axis of the precipitate. For a needle like
where, g, is the yield strength of o-matrix (i.e. precipitate, the depolarization factors converge to

O-tempered soft phase), ¢, is the precipitate yield
strength (i.e. Mg,Siy hard phase) and ¢, is the phase
fraction of the precipitate. Weiner model, however,
intrinsically assumes that only the volume fractions of
each phase are known. A better approximation is in the
form of Hashin and Shtrikman (1962) bounds, since
they, in addition to the known phase fractions, also
assume that the composite structure is macroscopical-
ly isotropic. The upper and lower bounds are:

3¢, (a[, - am)
30, + (1 — qSP) (a,, — am)

3(1-¢,)(0p—0om)
%=% [1 - 30, — dfp (0p —m)

1+

Oy > 0p

] (lower bound)

] (upper bound)

(11)

Nevertheless, Mori and Tanaka (1973) model based
on effective field method is the most conservative one,
where an inhomogeneity is treated as an isolated
particle immersed into a homogeneous medium, i.e.
the matrix. It is, therefore, suitable for the dilute
concentration (¢, < 10 %) of inhomogeneity, which
in the present case is ¢, = 1.6 %. Additionally, it
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M, =%and M = 0.

Figure 3 summarizes the Mg,Si, precipitate yield
strength (a,,) as a function of temperature at &”““ = 0
according to Egs. 10, 11 and 12. It was observed that
at T = 16 °C, the Weiner’s bound yielded a value of
0, = 9.64 GPa; while Mori-Tanaka model gave
0, = 28.14 GPa, which is three times as high as the

Theoretical Yield Strenght of Precipitates at 0% Plastic Strain
)

=4~ Weiner Model (Eq. 10)

25 & Hashi

ikman Bound (Eq. 11) --|

Mori-Tanaka Model (Eq. 12)
20

10

5 \

0 100 200 300 400 500

Yield Strength (GPa)

Temperature (deg-C)

Fig. 3 Theoretical yield strength of Mg,Si, precipitates (c,,) as
a function of temperature at 0 % plastic strain
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Hardening Curves for Precipitates
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Fig. 4 Hardening curves for Mg,Siy precipitates as a function
of temperature and plastic strain

former. For the reasons mentioned above, Mori—
Tanaka equation was further used to obtain hardening
curves as a function of plastic strain values (see
Fig. 4).

3.2.2 Coherent and incoherent precipitates

Since the coherent/semi-coherent precipitates impart
increased strength to 6xxx series alloys, it is of interest
to observe their deformation at microscopic level. On
the other hand, the incoherent precipitates result in the
degradation of material properties, which implies that
they offer little or no resistance to the deformation of
parent matrix. In this work, the precipitates shown in
Fig. 2d were modeled in two different ways: (1)
deformable elements to assume coherency and (2)
inactive elements to represent incoherency. It is to be
mentioned that during welding, the heat-affected zone
comprises almost all types of precipitates depending
upon the acquired peak temperature (Gallais et al.
2008).

3.2.3 Grain size

The Hall-Petch model (Hall 1951; Petch 1953) is the
most well-known relation to determine the effect of
grain size (d) upon the yield strength (o,) of the
material. It states:

ay (splastic7 d) =0, + KHP(gplaxlic) . d—1/2 (13)

where, Kyp is the strain dependent Hall-Petch mate-
rial parameter in MPa pm'?. Clearly, the yield
strength is a function of plastic strain and grain size.

Berbenni et al. (2007) pointed out that the Hall-Petch
relation is widely accepted for heterogeneous material
when the mean grain size is greater than ~ 100 nm,
while the change in yield strength is increasingly
susceptible to the distribution of grains from micro- to
nano-scale. One of the consequences of welding is the
coarsening of grain size in the HAZ. Figure Sa
indicates a typical microstructure of laser welded
AA6xxx plate, where the grain size reaches up to
200 pm. Although the elongated shape of the grains is
mainly due to the prior rolling of the plate, yet their
effect upon the yield strength is unavoidable. In the
present work, it has been assumed that the grain size in
the HAZ varies from 10 to 200 pm. Using Eq. 13
along with the material properties of o-matrix, the
parameter Kyp was calculated and shown in Fig. 5b.
Note that the Kj;p yields insignificantly smaller values
for the grain size of 0.1 pum.

4 Results and discussion
4.1 Stress—strain curves

The results of the macro-simulation are shown in
Figs. 6 and 7. Figure 6 presents the nodal temperature
as well as von Mises stress contours in the tensile test
specimen when the temperature of 100 °C was
reached. It is to be noted that the desired temperature
and maximum stress are present in the middle of the
specimen gauge length, where the cross-section area is
minimum. Although several simulations were run for
different test temperatures (16, 200, 300, 350, 400 and
450 °C), Fig. 6 is a representative of the stress and
temperature distributions for all of them. Neverthe-
less, the contour values were different for all the
simulations. Figure 7 reports the simulated stress—
strain curves obtained for all the test temperatures. In
addition, a comparison is developed with reference to
the experimental results, provided elsewhere in Zain-
ul-abdein et al. (2010a, b). A good agreement was
found between the experimental and simulated results.
Note that the stress—strain curves from 16 to 200 °C
show decreasing strength values at a given plastic
strain. This is because the increase in temperature
results in an increased mobility of dislocations,
thereby reducing the overall strength of the material.
However, the hardening slopes remain the same over
the temperature range (16200 °C). This observation
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indicates that hard coherent precipitates survive at
least up to 200 °C and they even impart significant
strength to the alloy by interlocking the dislocations.
There is, however, a sudden drop in the overall
strength as well as the hardening slopes at tem-
peratures ranging from 300 to 450 °C. At such high
temperatures, the predominant phenomena are the
dislocation glide and climb, while the impurities offer
little or no resistance due to their decreased strength or
dissolution in parent matrix. It may also be observed
from Figs. 3 and 4 that the theoretical yield strengths
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and hardening slopes drop off to negligibly small
values as the temperature increases.

4.2 Coherent precipitates: stress fields

The effect of coherent precipitates (B”, ') over the
micro-stress fields is shown in Fig. 8. Here, the von
Mises effective stress (") within the matrix and
coherent precipitates at temperatures 100 and 450 °C
are revealed. Note that the stress level in o-marix at
100 °C ranges from 28.1 to 67 MPa (Fig. 8a), where
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Fig. 8 Von Mises stress
(MPa) contours in a matrix
at 100 °C, b coherent
precipitate at 100 °C,

¢ matrix at 450 °C and

d coherent precipitate at
450 °C

almost 95 % of the region shows stress values between
65 and 67 MPa. Only a few elements in the vicinity of
the hard needle-like and random precipitates show a
relatively lower stress level. Also note that the 6" in
coherent precipitates at 100 °C lies between 42.6 and
1002 MPa (Fig. 8b). It may be observed that the
maximum stress of 1002 MPa is present only in
random precipitates, the needle-like precipitates show
peak stress level of 328 MPa, while the needle-like
precipitates protruding out-of-plane bear a minimum
stress value of 97.5 MPa. Here, an interesting obser-
vation is that the difference in minimum and
maximum stress is more than ten times; moreover, it
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is solely dependent upon the shape and size of the
coherent precipitates. It is to be mentioned that
random precipitates are in reality several coalesced
needle-like precipitates, and that the needle-like
precipitates extending out-of-plane behave in a man-
ner similar to the in-plane circular impurities.

While the displacement was prescribed normal to
the right edge of microstructure, the stress is distribut-
ed along the longitudinal axis of the needle-like
precipitates. In case of random impurities, the
maximum stress appears where the precipitate width
is smallest. Clearly, this is the region where the
material failure is more likely to initiate provided no
other discontinuities like blowholes, notches etc. are
present. The circular/near-circular heterogeneities
offer uniformly distributed minimum stress in the
radial direction. This implies that the material’s
resistance to deformation may be improved by intro-
ducing circular precipitates and avoiding random
precipitates within the matrix. There are, however,
some critical regions where, instead of complete
coalescence, two or more needle-like precipitates
interact to form ‘partial coalescence’. Excluding
random impurities, the stress at or near the point of
interaction remains the highest (around 328 MPa in
the present case). Figure 8c, d illustrate von Mises
stress in the matrix and precipitate at 450 °C; note the
similarity between the contours with those of Fig. 8a,
b. Here, the only difference is in the stress values,
which range from 6.12 to 12 MPa in matrix and from
8.43 to 176.3 MPa in precipitates.

4.3 Incoherent precipitates: stress fields

It is a well-established fact that the incoherent
precipitates (B) in Al alloys result in the decrease of
strength and hardness (Porter and Easterling 1992;
Silcock et al. 1954). This is because the dislocations
need an extra stress to pass through coherent pre-
cipitates. Due to the coherency loss, however, the
dislocations bend around the precipitates and the
matrix deforms with relative ease. Figure 9 illustrates
the von Mises stress fields in the parent matrix with
incoherent precipitates at temperatures 16, 200, 350
and 450 °C. Compared to the stress distribution in the
matrix with coherent precipitates (Fig. 8), the stress
field is highly non-uniform in the present case. This
was an expected outcome since the coherent pre-
cipitates offer a continuity of the medium; while the
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incoherent precipitates impart discontinuous charac-
teristics to the parent matrix.

It may be observed that the change in temperature
only affects the maximum stress acquired and not the
distribution. For instance, note the difference between
simulated microstructures at 16 and 450 °C. Appar-
ently, the latter is almost unstressed compared to the
former, which is, in fact, an effect of the temperature
softening (i.e. improved dislocation glide, climb etc.).
Nevertheless, the microstructures can be sub-divided
into three distinct zones with respect to the precipitate
shape morphology (see Fig. 9). Here, zones I and III
comprise of random, circular and needle-like pre-
cipitates. The excess of precipitates leads to irregular
deformation and hence alter the stress distribution.
Zone I, however, contains only circular/near-circular
impurities, which results in the uniform distribution of
stress over a larger area. This further means that
randomly distributed needle-like ‘incoherent’ pre-
cipitates severely influence the matrix stress field,
while circular incoherent precipitates affect very small
regions in their vicinity. It may, therefore, be stated
that a desired state of stress can be achieved by
controlling the precipitate volume fraction and shape.

4.4 Coherent and incoherent precipitates: stress
fields

Having discussed the limiting cases of completely
coherent and completely incoherent precipitates, it is
of interest to analyze the situation where a combina-
tion of coherent and incoherent precipitates is present.
Besides, the shape morphology of precipitates (see
Fig. 2) also suggests that the needle-like precipitates
are coherent, while near-circular ones are incoherent.
Figure 10 compares the three cases of (a) only coher-
ent (b) coherent + incoherent and (c) only incoherent
precipitates at 16 °C. Note that the transformation of
circular impurities from coherent (Fig. 10a) to inco-
herent (Fig. 10b) precipitates imparts not only a non-
uniformity to the matrix stress field but also alters the
stress state of the needle-like precipitates. The
maximum stress in needle-like coherent precipitates
reaches up to 1061 MPa in case of all coherent
precipitates, while it remains 578 MPa in case of the
combination of coherent and incoherent precipitates. It
implies that the resistance to deformation offered by
the latter (case b) is almost twice as less as the former
(case a). It further indicates that the increasing fraction
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Fig. 9 Von Mises stress
(MPa) distribution in the o-
matrix with incoherent
precipitates at various
temperatures

of incoherent precipitates results in a decreasing
toughness of the material. In other words, the more
the coherency loss, the weaker the material.

4.5 Coherent and incoherent precipitates: strain
fields

The maximum principal plastic strain fields in the
matrix due to completely coherent, completely inco-
herent and coherent + incoherent precipitates are
shown in Figs. 11, 12 and 13, respectively. A
comparison of the strain distribution at 100 and
450 °C is presented. Consider Fig. 11 at first; since
the coherent precipitates have very high strength as
compared to the a-matrix, they show minimum plastic
deformation i.e. <107, while the matrix deforms up
to a strain value of 0.41. It is interesting to observe that

1. Zone of

\ random and
needle like

precipitates

II. Zone of
circular / near-
circular
precipitates

\

S, Mises

(Avg: 759%)
+7.000e+01
+6.200e+01
+5.683e+01
+5.167e+01
+4.650e+01
+4.133e+01
+3.617e+01
+3.100e+01
+2.583e+01
+2,067e+01
+1.550e+01
+1.033e+01
+5.167e+00
+0.000e+00

II1. Zone of
circular / near-
circular and
needle like
precipitates

the strain distribution is identical at both the tem-
peratures 100 and 450 °C with an only difference of
peak strain values, which are 0.41 in the former and
0.32 in the latter case. Since the difference (0.41 —
0.32 = 0.09) is small over a large range of tem-
perature, it can be inferred that the effect of change in
temperature is less significant as long as the pre-
cipitates are coherent.

A considerable difference in the plastic strain state
is, however, observed once the coherency is lost. This
is quite obvious from Fig. 12, where not only the
maximum plastic strain is 0.69, but also the strain
distribution 1is significantly different. Note that the
microstructure with coherent precipitates (Fig. 11)
shows widespread plastic deformation in the entire
matrix, whereas the one with incoherent precipitates
(Fig. 12) depicts localized deformation in the vicinity
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Fig. 10 Von Mises stress
(MPa) distribution in the
matrix with a only coherent
b coherent + incoherent
and c only incoherent
precipitates at 16 °C

Fig. 11 Maximum
principal strain in the matrix
with coherent precipitates at
a 100 °C and b 450 °C

of precipitates. It has been mentioned earlier that,
unlike the incoherent impurities, the coherent pre-
cipitates offer continuity of the medium. It is, hence,
the continuity effect that is reflected here too. Once
again the plastic strain states in Fig. 12 at 100 and
450 °C resemble each other; yet a nontrivial differ-
ence is observed between the acquired peak strains,
0.39 for the former and 0.69 for the latter. Here, not
only the difference (0.69 — 0.39 = 0.3) is consider-
ably large in comparison to coherent precipitates, but
also the locations for peak strain values are different.
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Coherent Precipitate

Incoherent Precipitate

PE, Max. Principal

(Avg: 75%)
+4.062e-01
+4.000e-01
+3.667e-01
+3.333e-01
+3.000e-01
+2.667e-01
+2,333e-01
+2.000e-01
+1.667e-01
+1.333e-01
+1.000e-01
+6.667e-02
+3.334e-02
+1.000e-05
+0.000e+00

Max. Strain

Figure 13 features the effects of both the coherent
and incoherent precipitates. Here, the peak strain values
are 0.63 and 0.46 at 100 and 450 °C, respectively, and
their difference is (0.63 — 0.46 =) 0.17, i.e. midway
between the completely coherent and completely inco-
herent precipitates. Clearly, the damage will initiate in
the highly strained regions. Compared to Figs. 11 and
12, it is rather easier to predict the path along which
failure of the material is more likely to occur.

Another important observation is that the localized
plastic strain follows a well defined pattern (Figs. 12
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Fig. 12 Maximum
principal strain in the matrix
with incoherent precipitates
ata 100 °C and b 450 °C

Fig. 13 Maximum
principal strain in the matrix
with coherent + incoherent
precipitates at a 100 °C and
b 450 °C

and 13). Circular/near-circular impurities show neg-
ligible deformation of the matrix when they are
isolated. They, however, develop a sort of deformation
‘network’ when present near a needle-like or random
precipitate. Highly strained regions are present at the
end points of needles or between the random particles.
If the needles are aligned in such a way that their end
points are close to each other, they develop a
continuously deformed region. An identical pattern
may also be observed in Fig. 11; however, the plastic
strains, instead of being concentrated, are more
‘diffused’ here. This is because the ability of the
coherent precipitates to withstand high stresses does
not allow uneven deformation of the soft a-matrix. It
can, therefore, be stated that the regions of highly

PE, Max. Principal
(Avg: 75%)

+6.878e-01
+4.000e-01
+3.667e-01
+3.333e-01
+3.000e-01
+2.667e-01
+2,333e-01
+2.000e-01
+1.667e-01
+1.333e-01
+1.000e-01
+6.667e-02
+3.333e-02
+0.000e+00

PE, Max. Principal
{Avg: 75%)

+6.252e-01
+4,000e-01
+3.667e-01
+3.333e-01
+3.000e-01
+2.667e-01
+2.333e-01
+2,000e-01
+1.667e-01
+1.333e-01
+1.000e-01
+6.667e-02
+3.333e-02
+1.000e-06
+0.000e+00

Coherent

Incoherent
7

concentrated localized strains due to incoherent pre-
cipitates are responsible for an increased likelihood of
damage, whereas a distributed near-uniform plastic
deformation due to coherent precipitates provides
more allowance for the deformation before fracture.

4.6 Grain size effect

Given that the yield strength is a function of grain size
(d), it is important to investigate the effect of grain size
upon the stress state of the microstructure. As
mentioned earlier, the grain size was assumed to vary
from 10 to 200 pm. An average value of Hall-Petch
parameter (Kpp_.,,) was calculated using Fig. 5b.
Figure 14 presents the yield strength values of the
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Fig. 14 Yield strength of matrix as a function of grain size

matrix in relation to the grain size, where upper and
lower bounds are shown in addition to the mean
values. It is to be noted that a smaller grain size leads
to a wide range (upper limit-lower limit) of o,. Since
o, of homogeneous material at room temperature
remains around 233 MPa (see Fig. 7), any value
greater than this value in Fig. 14 is obviously unac-
ceptable. It has been explained previously that for fine
grain size (around 10 pm or less) yield strength is
sensitive to the distribution of grains. It is for this
reason that the effect of grain size <10 um is not
considered in the present work.

The FE simulations were performed using the mean
values of yield strength with the grain size of 10, 50,
100, 150 and 200 um. Figure 15 demonstrates the von
Mises stress state within the o-matrix along with
coherent + incoherent precipitates for the grain sizes
of 10, 100, and 200 pum. Note that the grain size affects
only the peak stress level and not the stress distribu-
tion. It has been shown in the previous sections that the
stress distribution is dictated by the nature and
morphology of precipitates (coherent, incoherent or
a combination of both). It may be observed from
Fig. 15 that the peak von Mises stresses in the matrix
reach 194.3, 68.3 and 51.2 MPa for the corresponding
grain size of 10, 100, and 200 pm, respectively. These
values suggest that for a given type and behavior of
precipitates the matrix with d = 10 um behaves
almost three and four times as strong as the ones with
d =100 pm and d = 200 pm, respectively. Like-
wise, for a prescribed level of strain, the precipitates
surrounded by smaller grains (d = 10 pm) experience
maximum stress level (GVM = 1208 MPa) in compar-
ison to the larger grains where the Mises stress is twice
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as less, i.e. ¢ = 568 MPa for d = 100 pm and
"™ = 450 MPa for d = 200 pm.

One of the limitations of the current model is that it
assumes the presence of only one of the grain sizes
(10, 50, 100, 150 or 200 um) and not the combination
of grains of different sizes. Although this assumption
is safe because the area under consideration is small
(0.542 pm x 0.387 um), the real situation is some-
what different since the HAZ is composed of a range
of different sized grains, where the grain size is
smallest immediately next to the weld bead and
increases gradually away from it. Improvement in the
current model with respect to the distribution of grains
may be treated in some later work.

5 Conclusions

The numerical analysis of 6xxx series alloys at macro-
and micro-scale has been carried out to explore the 2D
stress and strain fields due to coherent and incoherent
precipitates. Based on the findings and above discus-
sion, several conclusions can be drawn:

e The macro-simulation ensured uniform distribu-
tion of temperature and stress over a considerable
area within the gauge length. This was important
because the micro-stress and strain fields were to
be simulated at a single test temperature.

e The theoretical yield strength of hard precipitates
(Mg,Siy) is several orders of magnitude higher
than that of the homogeneous bulk material. In
order to correctly model the microstructure, it is
important to know the thermo-physical properties
of each constituent as accurately as possible. Since
the Mori-Tanaka model for the estimation of
material properties takes into account the volume
fraction as well as shape morphology of the
impurities, it was deemed sufficient to estimate
the unknown parameters.

e Although coherent precipitates of different shapes
may be present in the microstructure, the randomly
coalesced impurities are the most critical ones with
respect to the peak stress values and hence are
more likely to favor the crack initiation. The
circular precipitates, however, would be the last to
reach fracture or decohesion stress.

e While the resistance to deformation is influenced
greatly by the loss of coherency in 6xxx series
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Fig. 15 Grain size effect on
Von Mises stress (MPa) in
the matrix with

coherent + incoherent
precipitates

alloys; it is actually the highly non-uniform
stress field induced throughout the matrix that
divulges the reason for reduced strength and
hardness. The more the incoherent precipitates
per unit area, the more the stress field is non-
uniform. The effect of isolated circular impuri-
ties, however, is trivial.

e Very high strength of the coherent precipitates
results in their minimum plastic deformation.

Coherent

Incoherent

S, Mises

{Awg: T759%)
+1.208e+03
+2.000e+02
+1.833e4+02
+1.667e+02
+1.500e+02
+1.233e+02
+1.167e+02
+1.000e+02
+8.333e+01
+5,667e+01
+5.000e+01
+3.333e+01
+1.667e+01
+0.000e+00

Moreover, the plastic strain field in the soft matrix
due to the coherent precipitates is more uniform
and less in magnitude than the one due to the
incoherent impurities, since the latter introduces
discontinuities at the micro-scale.

Grain size was found to influence the strength of
6xxx series alloy such that the smaller grain size
yields improved resistance to deformation and vice
versa.
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The difference between the coherent and semi-
coherent precipitates was not taken care of in the
present work. The role of each type of precipitate can
be further investigated in the future work.
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