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Friction stir welding (FSW) is a solid state
joining process invented in 1991 at the Weld-
ing Institute (TWI) [1] that is especially well
suited for joining aluminum alloys [2]. A ro-
tating tool consisting of pin and shoulder is
pressed into the gap between two adjoining
parts. The heat created from the friction be-
tween tool and material as well as in the ma-
terial itself leads to a softening and plasticiz-
ing of the parts. The translational motion of
the tool along the seam line together with the
rotational motion creates the weld. Com-
pared to fusion welding methods, the materi-
als do not melt during friction stir welding,
which results in very good joint qualities,
especially for aluminum alloys. Additionally,
it allows for the joining of dissimilar materi-
als like steel and aluminum [3]. These cir-
cumstances make FSW a well suited joining
technology for lightweight components.

In order to further understand, im-
prove, and develop friction stir welding,
simulations of the process are needed in

A physically based material model, taking into account the interdepend-
ence of material microstructure and yield strength, is presented for an
Al 5182 series aluminum alloy for the simulation of friction stir welding
using continuum mechanics approaches. A microstructure evolution
equation considering dislocation density and grain size is used in con-
junction with a description of yield stress. In order to fit experimental
stress-strain curves, obtained from compression tests at various strain
rates and temperatures, phenomenological relationships are developed
for some of the model parameters. The material model is implemented
in smoothed particle hydrodynamic research code as well as in the
commercial finite element code Abaqus. Simulations for various strain
rates and temperatures were performed and compared with experimen-
tal results as well as between the two discretization methods in order to
verify the material model and the implementation. Simulations provide
not only an accurate approximation of stress based on temperature,
strain rate, and strain but also an improved insight into the
microstructural evolution of the material.

addition to experimental analyses. Since
the resulting joint strength of the weld,
the occurrence of welding defects, and
the height of process forces are all influ-
enced by material behavior, appropriate
constitutive equations considering all rel-
evant effects have to be used. As the lit-
erature review further shows, most of the
material constitutive equations used for
continuum mechanics process simula-
tions of FSW are purely phenomenologi-
cal material models that provide a rela-
tionship for yield stress while taking into
consideration strain, strain rate, and tem-
perature. However, they do not consider
the evolution of the microstructure of the
material during the joining process. Mod-
els that provide insight into the micro-
structure are usually not intended for use
in continuum mechanics simulations. A
material model for FSW that bridges this
gap is, to the knowledge of the authors,
still missing.
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While FSW has often been simulated
using finite element or computational
fluid dynamics approaches, smoothed
particle hydrodynamics (SPH) simula-
tions are scarce. SPH is a Lagrangian
mesh-free discretization method [4] able
to handle large deformations, discontinui-
ties, and topology changes in simulations.
Since FSW is a process with complex in-
teractions, it provides a challenge as well
as new opportunities to further improve
SPH codes. Multiple interdependent phys-
ical phenomena have to be incorporated in
order to yield an accurate representation
of this joining process, including thermo-
mechanical coupling, inelastic material
behavior, friction contact, and heat gener-
ation. According to the literature review,
several successful FSW simulations exist.
One based on the microstructural mate-
rial nature is however absent. The general
characteristics of SPH, along with the abil-
ity to handle large deformations, allow
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straightforward implementation of such a
model.

The aim of this work is, for the reasons
mentioned above, the development of a
physically based material model for alu-
minum applicable to friction stir welding
continuum mechanics simulations, espe-
cially to smoothed particle hydrodynamics.
The model describes the stress-strain behav-
ior of the material at various temperatures
and strain rates. The behavior of the mate-
rial is calculated on the basis of microstruc-
tural properties, that is, dislocation density
and grain size. An evolution equation for the
microstructure is used. This modeling ap-
proach provides further means of validation.
While continuum mechanical simulations of
FSW are usually validated using force and
temperature measurements, the new model
can also be validated by comparing micro-
sections of the welds with simulative re-
sults. The model is kept as simple as possi-
ble. This, in return, means that phenomeno-
logical relationships have to be applied in
order to fit experimental data like stress-
strain curves.

The model is developed as a first step for
non-heat-treatable aluminum alloys. There-
fore, the model does not have to include ef-
fects of precipitation which become impor-
tant for heat-treatable alloys, e.g., 2000,
6000 and 7000 series aluminum alloys. The
material model parameters are identified for
the aluminum alloy EN AW 5182, a repre-
sentative non-heat-treatable alloy used, for
example, in automotive applications. The
chemical composition of EN AW 5182 is
shown in Table 1.

Parameter identification of the model is
performed using results from compression
tests at various strain rates and tempera-
tures which were conducted at the Materials
Testing Institute, University of Stuttgart
(MPA). After parameter identification, the
model was implemented as a VUHARD sub-
routine in Abaqus as well as in the SPH-code
Pasimodo [5]. A model of the compression
test was set up in both simulation codes, and
the results were compared with the experi-
mental outcomes as well as mutually.

| Literature review

Much research has been done regarding the
modeling of the friction stir welding pro-

cess. Various methods, like finite elements
(FE) [7-10], computational fluid dynamics
(CFD) [11] or smoothed particle hydrody-
namics (SPH) [12, 13], have been used to
simulate FSW. While CFD and SPH simula-
tions can cope with the large deformations
that occur during the process, special finite
element formulations have to be used. Meth-
ods employed by researchers are the arbi-
trary Lagrangian-Eulerian (ALE) approach
[7] that allows for adaptive meshing or the
coupled Eulerian-Lagrangian (CEL) ap-
proach [8-10] where a contact is used to cou-
ple Lagrangian and Eulerian material do-
mains. A more extensive review of the nu-
merical modeling of the friction stir welding
process can, for example, be found in [14].
During friction stir welding, large strains,
large strain rates as well as elevated tem-
peratures occur [15] and therefore need to
be considered in the material model of the
simulation. A wide variety of material con-
stitutive laws has been used by researchers
as indicated in [15] or [16]. Examples are
the Sellars and Tegart/Sheppard and
Wright law, the Johnson-Cook plasticity
law, the Hart model, or the Kocks and Meck-
ing model. A comparison of results com-
puted through varied constitutive laws for
an Al 5083 alloy with finite elements [15]
shows considerable variations in calculated
stress, strains, strain rates, and tempera-
tures. Calculations for an Al 6061 alloy
with a CFD analysis and diverse constitu-
tive laws [16] also show considerable varia-
tions in the results. This shows that care
must be taken when selecting a material
constitutive law for the simulation of FSW.
Frequently, the Johnson-Cook model [17]
is used in continuum mechanic simula-
tions of the FSW process, for example in
[8-10, 18]. One reason may be that it is al-
ready implemented and available in FE-
codes like Abaqus or LS-DYNA. The model
was developed originally to simulate ballis-
tic problems. A major drawback of the
Johnson-Cook model when looking at the
simulation of friction stir welding is that it
overpredicts the yield stress for large
strains [19, 20], i.e., the flattening of the
stress-strain curve due to dynamic recrys-
tallization [21] is not taken into account. A
modified Johnson-Cook material model is
presented in [22]. The modifications aim to
overcome the drawbacks of the original

Si Fe Cu Mn

Mg Cr Zn Ti

0.2 0.35 0.15 0.2-0.5

4.0-5.0 0.1 0.25 0.1

Table 1: Alloying elements of EN AW 5182 in wt. % [6]

© Carl Hanser Verlag, Munich. Reproductions

model. Additionally, microstructure de-
scribing variables are indirectly incorpo-
rated through a modified equation for the
plastic strain. However, no indication is
made regarding how well the calculated re-
sults correlate with experimental findings.
In contrast to the Johnson-Cook model, the
Sellars and Tegart/Sheppard and Wright
constitutive law takes into account the flat-
tening of the stress-strain curve. However,
it contains no strain dependency at all.

For this reason, material models spe-
cific to an application in FSW process
simulations have been developed, for ex-
ample in [19] and [20]. In both works, con-
stitutive equations expressing the yield
stress depending on strain, strain rate,
and temperature are presented. Both mod-
els provide a better fit for experimental
data concerning aluminum than the John-
son-Cook model does.

The above mentioned material models,
with the exception of [22], are purely phe-
nomenological, i.e., the influence of the
microstructure on the yield stress is not
taken into account. Information about the
microstructure can only be gained through
post-processing. In [23], the FSW of an
AZ31 Mg alloy is simulated via a contin-
uum mechanical approach using the Sellars
and Tegart/Sheppard and Wright constitu-
tive model. In a subsequent step, a relation-
ship between the Zener-Hollomon parame-
ter and grain size, as presented in [24], is
used to calculate the grain size in a weld.
The grain size in turn is used to calculate
the Vickers microhardness. A similar ap-
proach using a SPH simulation of the FSW
of AZ31 Mg is used in [12]. In [25], another
sequential approach is presented where
temperature histories obtained from a
thermo-mechanical simulation of Al 6111-
T4 are used in a subsequent step in a micro-
structural model to calculate the distribu-
tion of precipitates in the weld.

An insight into the microstructure of the
materials is provided in physically based
material models. A dislocation density evo-
lution equation, as for example shown in
[26] and [27], can be used to describe the
development of the microstructure of the
material with ongoing deformation.

A physically based model for the descrip-
tion of the flow stress of AISI 316L steel for
a strain up to 0.6 and a large variety of tem-
peratures and strain rates is presented in
[28]. The flow stress is calculated based on
evolution equations for dislocation density
and vacancy concentration. The model is
calibrated with results from compression
tests and validated through additional tests
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displaying, for example, strain rate jumps.
In [29], this material model is implemented
into a particle finite element method soft-
ware and used to simulate an orthogonal
cutting process where the workpiece is dis-
cretized via particles and the tool is discre-
tized via finite elements.

A microstructure-based model that cal-
culates the strength and strain hardening
with respect to precipitates for a friction
stir welded Al 6005A-T6 alloy is presented
in [30] and [31]. The model is part of a se-
quential modeling chain that aims to pre-
dict the properties of FSW joints. However,
the model is not implemented in a contin-
uum mechanics process simulation.

In [32], a model for Al 6061 alloy is pre-
sented that takes into account the effects of
precipitates on kinematic and isotropic
hardening. The aim is to simulate the cyclic
behavior of welded aluminum joints, i.e.,
the influence of temperature on the material
and its microstructure is considered. The
experimental and simulation results pre-
sented are for strains smaller than 0.01,
which is considerably lower than the strains
that might be expected during friction stir
welding [15]. Another microstructure based
model for simulating the isotropic and kin-
ematic hardening of an Al 7449 aluminum
alloy while taking precipitates into account
is presented in [33]. Results are provided for
strains smaller than 0.1.

In [34], a physically based model for com-
mercial-purity aluminum for the simulation
of equal channel angular pressing (ECAP)
is presented. The grain size is taken into ac-
count in the microstructure evolution equa-
tion in order to account for continuous dy-
namic recrystallization. ECAP processing
takes place at room temperature, which
means that the model does not consider the
effects of elevated temperatures. The mate-
rial model was implemented in the finite
element code Abaqus/Explicit.

Another material model that takes into
account microstructure for the continuous
dynamic recrystallization of an Al 5052
aluminum alloy is presented in [35]. The
model is validated for strains up to 1.2,
strain rates up to 1 s! and temperatures of
450 °C with values taken from the litera-
ture. However, it is not implemented into a
finite element or SPH code.

A model that predicts the precipitate
evolution during FSW for an Al 7449 alu-
minum alloy is presented in [36]. The
model needs input in the form of time-tem-
perature profiles obtained from continuum
mechanics simulations. Based on this in-
formation, the nucleation and growth of
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precipitates are calculated. A comparison
of the results of the model with in-situ
small angle X-ray scattering measurements
is presented in [37].

More detailed information on the evolu-
tion of the microstructure of materials
can be gained through other approaches
like mean field theory, as presented in
[38] for the simulation of discontinuous
dynamic recrystallization in copper; or
atomistic simulations, as presented in
[39] for the simulation of precipitation in
copper-alloyed alpha-iron. These models
do not however provide a description of
the yield stress for macroscopic simula-
tions but aim at achieving greater under-
standing of precipitations and the com-
plex interactions of materials under vari-
ous loading conditions.

| Material modeling

The yield strength of a metal with a face-
centered cubic (FCC) crystal system like
aluminum can be calculated by adding five
different contributions

Gy = 60 + Gd + Gpl + Gsol + Gprec' (1)
The contributions are the yield strength of
pure aluminum o, a contribution from the
grain size o, a contribution from work
hardening 6, a contribution from solid so-
lution hardening o, and a contribution
from precipitation hardening G,,,. Since
the focus of this work is on a 5000 series
aluminum alloy, the precipitation aspect
can be neglected and the description for
the yield stress reduces to

Gy = G0 + Gd + Gpl + Gsol' (2)
The strength of pure aluminum is assumed
to be 10 MPa [30, 32], as noted in Equation
(3). The influence of grain size on the
strength of the material can be calculated

MECHANICAL TESTING

through the Hall-Petch relationship, as
shown in Equation (4). Work hardening
can be described by the relationship shown
in Equation (5) where p denotes the dislo-
cation density. The influence of solid solu-
tion strengthening can be modeled using
0, = kC/?[31, 32] with a concentration in
solid solution C; of an element j and a
strengthening constant k;. As listed in Ta-
ble 1, the main alloying element of
EN AW 5182 is magnesium, yielding Equa-
tion (6). In this work, it is assumed that C,,,
is constant and influences of temperature
and strain rate on solid solution strength-
ening are accounted for with a phenomeno-
logical equation for the parameter k. The
material constants in

6, = 10 MPa, 3)
o, =k, /D, 4)
o, =MaGbyp, (5)
O = Ky Chig (6)

and their values are listed in Table 2.

The description of yield stress is used in
conjunction with isotropic von Mises plas-
ticity in order to be able to deal with multi-
axial stress states.

The microstructure is described using
an evolution equation as presented in [34].
As evident from

) D,

P _ k ﬂ_k £+d—0 ¢ (7)
1 2 3 pl

Po Pp TP D

dislocation density and grain size are taken
into account. The first term with parameter
k, represents athermal work hardening,
while the term with parameter k, repre-
sents dynamic recovery and the third term
with parameter d, represents dynamic re-
crystallization. The quantity épl is the
equivalent plastic strain rate.

Symbol Name Numerical value Unit Reference

Ky Hall-Petch constant 0.04 x 10732 MPa x mm!/2 [30]

M Taylor factor - [30, 32]

o Material dependent cgnstant ~ 32]

for forest hardening
G Shear modulus aluminum 27000 MPa -
Burgers vector 0.286 x 1076 mm [30, 32]

Chig Concentration Mg % Assumed based on [6]
D, Initial grain size nm Own analysis

Po Initial dislocation density 8 x 103 mm-~2 [34]

Table 2: Constants of the material model

© Carl Hanser Verlag, Munich. Reproductions, even in extracts, are non permitted without licensing by the publisher.
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4 (-) K, ()
106 3 0.1

Xy (-)
0.1667

X, (-)

-0.0625

Table 3: Chosen parameters

Grain size is described using relation

D=D, - (D, —Df)(l—exp(—kxsg’l‘ ), (8)
also from [34]. There, D, is the initial grain
size, D is the saturation grain size and c, as
well as k, are parameters. The initial grain
size D, is determined using a chemically
etched microsection of Al 5182 base mate-
rial. Since the grains in the rolled sheets
are stretched, the average value of grain
size in rolling direction and perpendicular
to it was used. A critical strain, noting the
start of the recrystallization process is used
in [34] with a value of 0.1. Since the aim of
the model is to describe the material behav-
ior at large strains, the critical strain was
neglected, i. e., set to zero.

The equations presented so far do not
include temperature and strain rate de-
pendent terms. In order to fit material
data over a broad range of strain rates and
temperatures, phenomenological relation-
ships (Equations (9-11)) have been devel-
oped in the scope of this work. The satura-
tion grain size in um is assumed to behave
as follows,

D, =107T"¢?2, (9)

é = 0.005 5"
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X5 (MPa)

X6 () X, () Xg ()

689.0 92.1 0.01

131.1

0.043 -0.0083 -0.186

Table 4: Fitting parameters of the material model

where T is the temperature and x, as well
as X, are parameters. The saturation grain
sizes calculated via this equation are in ac-
cordance with values found in other works,
e.g., [40-42]. The expressions developed
for the parameters k, and ky,, have forms

k; = xzexp(x,T), (10)

x_ &6
k = 5l (11)
1+eXp( X, e (T 250))

An exponential respectively logistic function
were found to provide good fits of the experi-
mental stress-strain curves.

In the equations presented, the model
does not take kinematic hardening into ac-
count. Ways to incorporate kinematic hard-
ening, i. e., the Bauschinger effect, into mi-
crostructure-based models of aluminum are
for example shown in [32] or [33]. As men-
tioned in the literature review, the strain
ranges taken into account in these works
are considerably smaller than the values
expected in friction stir welding. In [43], it
is shown that the Bauschinger effect in an
Al2024 aluminum alloy decreases the
higher the temperatures and strains be-

s .
400 € =0.017 s

o 20°C
140°C
200°C
260°C
© 320°C
o 380°C
o 440°C
o _S0C

300

]
200

True stress (MPa)

100

- Experiment
oFit

N
0 0.2 0.4 0.6 0.8
b) Natural logarithmic strain (-)

-k

éE=Ts

True stress (MPa)

150 7 [l s sieneweinisniasloneraiic il

m[]vooamommmmcmc@c_mm \ﬂ
| orFn

a0t
0 [} )

d) Natural logarithmic strain (-)

Figure 1: Comparison of experimental and model data for strain rates € = 0.005 s a), € = 0.017 s

b), €=0.63sc)andd) € =7 s!

come. Therefore, one should carefully eval-
uate whether kinematic hardening needs to
be considered for FSW process simulations.
Additionally, cyclic material testing in the
strain regions relevant for friction stir weld-
ing is most likely very difficult to realize.
For these reasons, only isotropic hardening
is considered in this work.

Curve fitting and
parameter identification

The Al 5182 aluminum alloy was character-
ized using compression tests at various
strain rates and temperatures through a
Gleeble 2000 thermomechanical testing
system. Specimens were tested at four strain
rates and eight temperatures. The experi-
mental stress-strain curves were fitted with
Matlab using a nonlinear least-squares
solver. Using the values listed in Table 3, the
fitting coefficients of the material model
were calculated as listed in Table 4.

Figure 1 shows the experimental curves
as well as the fitted curves calculated using
the material model for four strain rates. It is
evident that the model delivers reasonable
fits especially for higher temperatures. For
lower temperatures, not all curves agree
well. Considering that it is the aim of the ma-
terial model to simulate friction stir welding,
where higher temperatures are prominent in
the process zone, this can be accepted. For a
strain rate of 0.63 s7!, the experimental
curves for 20 °C and 140 °C almost coincide,
which is not the case for the other three
strain rates. These experimental variations
result in problems of matching lower tem-
peratures for this strain rate.

When comparing the various contribu-
tions to the yield strength according to
Equation (2), the solid solution term G, is
found to have the greatest influence. This
means that the model qualitatively cap-
tures the circumstance that the Al 5182
aluminum is alloyed with magnesium to
obtain an increase in material strength
through solid solution strengthening.

Implementation and
model setup

The material model is implemented for

Abaqus/Explicit using the subroutine
VUHARD. The evolution equation is a differ-

62 (2020) 6
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ential equation. Since no closed form solu-
tion exists with the chosen relationships for
the coefficients and the grain size, the evo-
lution equation is numerically integrated
with respect to the plastic strain €, using a
Euler forward scheme. The equation

p. p. D
P, =P, +| Kk, [ —k,~+d,—% Iph (12)
+1 1 po Zpo 3 D 0

shows the discretized version of the evolu-
tion equation. Compared to Equation (7),
the time dependency of p and g, is elimi-
nated.

The grain size is calculated according to
Equations (8) and (9). In Equation (12), h is
the step size needed for numerical integra-
tion. For implementation, the step size cho-
sen is the timestep size calculated and pro-
vided by Abaqus for the numerical time in-
tegration. After the update of the dislocation
density, yield stress can be updated using
Equations (2-6). In addition to an expres-
sion of yield stress, the derivatives of the
yield stress with respect to strain, strain
rate, and temperature need to be provided.
The derivative with respect to strain was
calculated numerically, while the deriva-
tives with respect to strain rate and tem-
perature were calculated analytically.

As a comparison, the material model is
also implemented into the Pasimodo [5] en-
vironment. Pasimodo is a platform that pro-
vides an easy modular way for adoptive
implementation, so that new features can
be added beyond the existing functionality.
In the case of plasticity, it inherits the for-
mulation for the elastic material with its
properties and particle interactions, into
which the additional influences of plastic-
ity can then be incorporated. The modular-
ity of Pasimodo makes it possible to inter-
change already existing plasticity laws
with newly developed ones. The full Pasi-
modo description, SPH theory and imple-
mentation are intentionally not covered in
this paper, since they can be found in other
sources. More details on SPH features with
regard to solids are introduced in, for ex-
ample, [44, 45] and more about Pasimodo
development can be found in [46].

In order to calculate the plastic response
of the material, the common radial return
scheme [47, 48] is employed. The algo-
rithm presented is adopted directly from
the implementation of the Johnson-Cook
material model in [44]. It can be divided
into the following steps:

e calculate trial yield strength assuming
elastic behavior,
e check if yield criterion is satisfied,

62 (2020) 6

 if not - iterate until mapped onto yield
surface.

To find the current true yield strength, the

Newton-Raphson method [49, 50] is uti-

lized. For that purpose, the residual equa-

tion is formed

R =0y(g,(t + At)) + 3G(gy,(t + At) - (13)
8[)]“)) - GvM(t + At)’

where G, is calculated according to Equation
(2), g, (t + At) and g,(t) are the plastic equiv-
alent strains from the current and previous
time steps, respectively, and G,(t + At) is an
initial guess for the von Mises stress in the
current time step. In order to calculate
yield stress o,, Equations (3-6) and (8-11)
are used, while for dislocation density p an
update formula is used

p(t+At) = p(t) + Atp (14)

with the help of evolutionary Equation (7).
Here, At is the current step size.

To reduce the number of unknowns in
Equation (13), the following temporal rela-
tionship for the plastic strain rate is ap-
plied

€ (t+At)— €, (t)

. _pl
€, (t+Ay= =

(15)

The temperature T is simply assumed to be
constant in Pasimodo during each time
step and calculated explicitly after the me-
chanical interactions. That assumption is
acceptable due to the fact that the tempera-
ture change per time step is small.

To solve Equation (13) and to apply the
Newton Raphson rule, the derivative of
Equation (13) with respect to equivalent
plastic strain €;(t + At) is taken. This calcu-
lation is performed with MATLAB symbolic
differentiation due to the complexity of the
equation. Further details on the stress-up-
date algorithm are not provided here, as
they can be found in full extent in [44].

By running a test case for the algorithm,
it can be seen that there are convergence
issues which were solved by using the
strain rate ép, from the previous time step
in term o, see Equations (6,11), and,
therefore, removing its impact on the de-
rivative. Further investigation of this prob-
lem will be required and carried out.

In order to test the subroutines imple-
mented and compare the results, a model
of the compression test is set up in Abaqus
as well as in Pasimodo. The setup of the 3D-
model is shown in Figure 2. A cylindrical
specimen with a diameter of 4 mm and a

MECHANICAL TESTING

X
| 1
/” Va'.ﬂn
l
rigid plates 6 mm
,
B |- specimen
z 4
X ik

Figure 2: Setup of compression test model

height of 6 mm is compressed between two
rigid plates. While the lower plate is fixed,
the upper plate moves at a prescribed ve-
locity. The velocity of the upper plate is
chosen according to the strain rates that
were tested. As in the experiments, a con-
stant temperature is prescribed for the
specimen. Contacts are defined between
the specimen and the two plates.

The Coupled Eulerian-Lagrangian method
was used to simulate the compression tests
with finite elements in Abaqus. This method
is able to cope with large deformations and
is also used by other researchers to simulate
friction stir welding as shown in the litera-
ture review. In the case of the compression
test, the specimen, i. e., the material, is mod-
eled according to the Eulerian approach
while the two plates are modeled as Lagran-
gian bodies. Theoretical background on the
CEL method like governing equations, solu-
tion procedures, numerical implementation,
or contact formulations can, for example, be
found in [9, 51] and [52].

As for the SPH setup, the specimen is
spatially discretized with particles on a
Cartesian grid and the rigid planes are
represented by a triangle mesh. A small
distance with a value twice that of the par-
ticle spacing, see Table 5, is introduced
between the specimen and each plane.
First, planes are slowly moved towards the
body in order to establish the contact.
Then, the simulation proceeds in the same
manner as in the FEM example, as previ-
ously presented. For the interested reader,
all the values employed for the SPH-spe-
cific simulation are listed in Table 5, while
the theoretical background for these can
be found in [44, 45].

| Results

Figure 3 presents a comparison between ex-
periment and simulation results with Abaqus

© Carl Hanser Verlag, Munich. Reproductions, even in extracts, are non permitted without licensing by the publisher.
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Symbol Name Numerical value Unit
L, Particle spacing 1.5x 10 m
h Smoothing length 2.55 x 104 m
Po Reference density 2700 kg x m=3
m Mass per particle (including mass scaling) 0.9112 kg
Po Reference pressure 0 Pa
o, Artificial viscosity linear parameter 1 -
B, Artificial viscosity quadratic parameter 2 -
v Artificial stress scale factor 0.18 -
T Courant number 0.2 -
g Stiffness scale factor 2x107 N
v Friction scale factor 75 -

Friction gradient factor 1 -

Table 5: SPH-related parameters
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and Pasimodo for two different strain rates
and temperatures. To track the values in the
simulations in SPH, a particle at approxi-
mately half of the specimen’s length was
picked, while in FEM, an element at the lower
part of the specimen was selected.

Figure 3a shows compression test outputs
for strain rate 0.63 s~! at a temperature of
140 °C. The two simulation results almost
coincide, however, the SPH curve has a
slightly higher value for equivalent stress.
Additionally, there are some oscillations
present in the SPH simulation. While the
peaks at the beginning of the simulation can
be explained by the elastic behavior of the
material model and contact establishment,
the later ones are due to the strain rate vari-
ation in SPH approximation. This can origi-
nate from either the nature of SPH, which
can be fine-tuned by parameter adjustment,
or from convergence issues in the Newton-
Raphson algorithm. This issue requires
broader investigation for more complex sim-
ulation, e. g., FSW. However, in this case, the
model produces an accurate enough approx-
imation. The resulting model behaves as
predicted by the fit in Figure 1c, producing
a flatter curve than in the output produced
by the experiment.

Figure 3b presents the compression test
results for higher strain rate 7 s=! and tem-
perature 200 °C. In this case, the experi-
ment features a more even stress-strain
curve, yielding a better correlation between
experiment and fit, see Figure 1d. Consec-
utively, the simulation results closely fol-
low the experimental output. Similar to the
previous example, oscillations are pro-
duced in the SPH test case, staying within
the range of acceptable deviation, however.

Additionally, a compression test at vary-
ing temperature and strain rate of 2.1 s™!
was created and the two implementations,
in Pasimodo and Abaqus, were compared.
The temporal evolution of equivalent stress
and temperature can be seen in Figure 4.
Important to notice is that for this test case
the SPH approximation does not show os-
cillations and follows the FEM implementa-
tion well in the case of equivalent stress
(see Figure 4a). Only close to the end of the
simulation time, there is a small deviation
between the results, which most likely
arises from the temperature difference that
can be observed in Figure 4b. The proof for
this statement can be seen in Figure 1,
where the tests at higher temperatures re-
sult in lower levels of stress. The states of
the compression test at a simulation time
of 0.3 s for both simulations can be ob-
served in Figure 5. Both specimens feature
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even stress distribution over the cross-sec-
tion with the same value of about 350 MPa.
Furthermore, the shapes of the profiles are
similar, i. e., the radius is wider at the mid-
dle of the specimen than in the regions
where there is contact with the plates.

To provide an insight into the micro-
structural evolution, dislocation density
was plotted along the timeline of two com-
pression tests at various temperatures. Fig-
ure 6 shows two scenarios with isometric
temperatures 20 °C and 200 °C, both with
a strain rate of 7 s71. As expected, plastic
deformation at lower temperature leads to
more dislocations, therefore providing
higher dislocation density. At higher tem-
peratures, the dislocations can move more
easily which facilitates the reduction of dis-
location density through e.g. polygoniza-
tion. Furthermore, both FEM and SPH have
similar values in the output, but the SPH
method results in more rapid growth in the
number of dislocations at the beginning of
the simulation. The differences in the re-
sults between the two discretization meth-
ods can possibly be explained by the differ-
ent evaluation locations.

| Conclusions and outlook

In this work, a physically based material
model for the continuum mechanics simu-
lation of the friction stir welding of an
Al15182 aluminum alloy is presented. A
microstructure evolution equation taking
into account dislocation density and grain
size is used in conjunction with a descrip-
tion of yield stress. Phenomenological
equations for model parameters are devel-
oped to match experimentally obtained
stress-strain curves over a wide range of
strain rates and temperatures.

The model was implemented for finite ele-
ment code Abaqus/Explicit as well as for
SPH code Pasimodo. In order to test the im-
plementations, a compression test was simu-
lated. The results show that both algorithms
provide an accurate approximation of the

" %107

:

———SPH 200°C
— FEM 200°C

Dislocation density (mm™)

0
] 0.05 1 0.15
Time (s)

Figure 6: Dislocation density evolution for two
different scenarios with isometric temperature

T=20°Cand T =200 °C for € =7 s
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stress-strain relationship for various strain
rates and temperatures. However, small oscil-
lations are present in the SPH results for iso-
thermal compression tests. Causes for this
problem should be investigated as a simula-
tion with temperature change should provide
a smooth output. Since the approximation
yields accurate results with small deviation,
further analysis is left for the future.

The next step is the simulation of friction
stir welding itself using Abaqus as well as
Pasimodo with the newly developed mate-
rial model. In addition to forces and tem-
perature histories, the microstructure of
the weld, i.e., grain sizes and dislocation
densities, have to be compared with those
of the welded specimen. Should the results
show strong deviations, modifications in
the equations will have to be made. Ideally,
the phenomenological equations can be re-
placed by physically meaningful ones. The
model currently does not include effects of
precipitation hardening. In order to simu-
late aluminum alloys of the 2000, 6000 or
7000 series, an extension of the material
model is necessary.

The evolution equation, as it is used in
this work, does not take into account the
possible effects of solid solution strength-
ening on the dislocation density. The equa-
tion could be extended to account for pos-
sible interactions between solutes and the
dislocation density.

Furthermore, the microstructure evolu-
tion equation is integrated using a simple
Euler forward integration scheme via the
timestep provided by Abaqus. This method
works for the simulation of the compres-
sion test. Nevertheless, problems may arise
in more complex simulation setups. A more
sophisticated integration scheme with a
step size control for the evolution equation
is desirable for the future.

As for SPH implementation, further in-
vestigation into the origins of the oscilla-
tion as well as temperature evolution
should be performed. The SPH implemen-
tation provides a good approximation for
the cases presented in this study, but more
complex scenarios, such as FSW, need to be
investigated.
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