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Johnson-Cook strength material model is frequently used in finite-element analyses of various manufac-
turing processes involving plastic deformation of metallic materials. The main attraction to this model
arises from its mathematical simplicity and its ability to capture the first-order metal-working effects (e.g.,
those associated with the influence of plastic deformation, rate of deformation, and the attendant tem-
perature). However, this model displays serious shortcomings when used in the engineering analyses of
various hot-working processes (i.e., those utilizing temperatures higher than the material recrystallization
temperature). These shortcomings are related to the fact that microstructural changes involving: (i) irre-
versible decrease in the dislocation density due to the operation of annealing/recrystallization processes; (ii)
increase in grain-size due to high-temperature exposure; and (iii) dynamic-recrystallization-induced grain
refinement are not accounted for by the model. In this study, an attempt is made to combine the basic
physical-metallurgy principles with the associated kinetics relations to properly modify the Johnson-Cook
material model, so that the model can be used in the analyses of metal hot-working and joining processes.
The model is next used to help establish relationships between process parameters, material microstructure
and properties in friction stir welding welds of AAS083 (a non-age-hardenable, solid-solution strengthened,
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strain-hardened/stabilized Al-Mg-Mn alloy).

Keywords AAS5083, friction stir welding, Johnson-Cook material

model

1. Introduction

In this study, an attempt is made to modify the conventional
Johnson-cook material-strength model often used in the
engineering analyses of various metal-working processes. The
modified Johnson-Cook material model is then used in a
transient non-linear dynamics finite-element analysis of a butt
friction stir welding (FSW) process of AA5083-H131 (a non-
age-hardenable, solid-solution strengthened, strain-hardened/
stabilized Al-Mg-Mn alloy). Hence, the main topics covered in
this study include: (a) Johnson-Cook material model; (b)
AA5083-H131; and (c) FSW. These topics are briefly reviewed
in the remainder of this section.

1.1 Johnson-Cook Material-Strength Model (Ref 1)

Within this model, the subject metallic material is consid-
ered as an isotropic linear-elastic and a strain-rate sensitive,
strain-hardenable, and (reversibly) thermally softenable plastic
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material. The purely elastic response of the material is defined
using the generalized Hooke’s law. On the other hand, the
elastic/plastic response of the material is described using the
following three relations: (a) a yield criterion, i.e., a mathe-
matical relation which defines the condition which must be
satisfied for the onset (and continuation) of plastic deformation;
(b) a flow-rule, i.e., a relation which describes the rate of
change of different plastic strain components during plastic
deformation; and (c) a constitutive law, i.e., a relation which
describes how the material-strength changes as a function of the
extent of plastic deformation, the rate of deformation and
temperature.

For most metallic alloy grades joined using FSW, plasticity
is considered to be of a purely distortional (non-volumetric)
character and the yield criterion and the flow-rule are,
respectively, defined using the vonMises yield criterion and a
normality flow-rule. The von Misses yield criterion states that
equivalent stress (a scalar, frame-invariant function of stress
components) must be equal to the material yield strength for
plastic deformation to occur/proceed. The normality flow-rule
states that the plastic flow takes place in the direction of the
stress-gradient of the yield surface (a locus of the stress/strain
points within the associated multidimensional space at which
the vonMises stress criterion is satisfied). The Johnson-Cook
strength constitutive law is defined as:

G, =4 {1 +§(§PI)"} 1+ clog(# /&)1 -17] (Bq 1)

where &' is the equivalent plastic strain, &”' the equivalent
plastic strain rate, égl a reference equivalent plastic strain rate,
A the zero-plastic-strain, unit-plastic-strain-rate, room-temperature
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yield strength, B the strain-hardening constant, n the strain-
hardening exponent, C the strain-rate constant, m the thermal-
softening exponent, and 7y = (T — Troom)(Timelt — Troom) @
room-temperature  (7;oom)-based homologous temperature,
while Tiep is the melting temperature. All temperatures are
given in Kelvin.

In Eq 1, the parameter 4 defines the as-annealed material
yield strength, the term within the first pair of brackets defines
the effect of strain-hardening, the term within the second pair of
brackets quantifies the effect of deformation rate, while the last
term shows the reversible effect of temperature.

It should be noted that for a given alloy grade, the parameter
A, depends on the material grain-size. When plastic deforma-
tion takes place at a temperature lower than the material
recrystallization temperature, the material grain-size (as repre-
sented by the grain volume can be considered as being
constant). Consequently, parameter 4 would remain constant, as
postulated by the Johnson-Cook material-strength model.
However, at elevated temperatures (and in the presence of
plastic deformation), one must take into account the effect of
grain-coarsening and recrystallization-induced  grain-size
refinement. Under these conditions, the assumption regarding
constancy of parameter 4 becomes questionable.

Also, the equivalent plastic strain used in the strain-
hardening term is a measure of the dislocation density within
the material. One could expect that, in the absence of annealing/
recrystallization processes that, the equivalent plastic strain and
the dislocation density are correlated. However, this condition
is not generally met during hot-working processes. This is the
reason that the conventional Johnson-Cook strength model
does not adequately represent strain-hardening behavior of a
material under high-temperature deformation conditions.

The strain-rate and the temperature terms in Eq 1 collec-
tively account for the thermally activated nature of the plastic
deformation process. It should be recognized that the effects
represented by these two terms are of a reversible nature and
they do not account for any permanent changes in the material
microstructure (e.g., those brought about by the annealing and
recrystallization processes) due to the exposure of the material
to high temperatures. This is yet another reason that the original
Johnson-Cook material model is not suitable for use in the
computational analyses of hot-working processes.

1.2 AA5083-H131 Al-Mg-Mn Alloy (Ref 2)

Wrought aluminum alloys (AA) are divided into seven
major classes according to their principle alloying elements.
The Al-Mg AASxxx alloys possess high rollability, they are
readily available as plates and, due to their high corrosion
resistance and relatively high strength and good welding
quality, they are often used in various structural and armor
applications. The non-age-hardenable AA5083 (nominal chem-
ical composition: 4.5 wt.% Mg, 0.25 wt.% Cr, and 0.75 wt.%
Mn) is an Mg/Mn solid-solution strengthened alloy and, in
addition, in its H131 temper state is cold-work hardened and
stabilized (to obtain a needed level of aging/over-aging
resistance). While AlgMn precipitates are present in this alloy,
due to aforementioned stabilizing heat-treatment, they are
relatively resistant to both dissolution and coarsening so that
precipitate-portion of the material microstructure can be taken
as mainly unchanged during FSW.

It should be also noted that AAS5083 is often used in
aerospace and in automotive industries for production of
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structural components with highly complex shapes. In these
cases, the alloy is processed using super-plastic forming (a
high-temperature, low-deformation-rate, low-forming-pressure,
open/close-die forming process). After relatively severe cold-
working treatment, the alloy is recrystallized. The presence of
very-fine AlgMn precipitates promotes/stimulates grain nucle-
ation during the recrystallization process resulting in an ultra-
fine grain-microstructure. Such microstructure enables plastic
deformation by grain-boundary sliding (in addition to disloca-
tion-based plasticity) and provides super-plastic behavior to the
material when deformed under low-deformation-rate/high-
temperature conditions. As will be shown below, since the
material residing in the weld nugget FSW region is normally
subjected to very high levels of plastic deformation and tends to
recrystallize dynamically, one would expect formation of a
very-fine grain-microstructure in this region. However, due to
the attendant relatively high deformation rates, one does not
generally expect significant contribution of grain-boundary
sliding to the plastic deformation process.

1.3 Butt FSW

In contrast to the traditional fusion-welding technologies,
FSW is a solid state metal-joining process which is generally
employed in applications in which the original material
microstructure/properties must remain unchanged as much as
possible after joining (Ref 3-5). In this process, as shown in
Fig. 1(a), a rotating tool moves along the contacting surfaces of
two rigidly butt-clamped plates. As seen in this figure, the tool
consists of a cylindrical pin which is threaded, at one end, and
equipped with a shoulder, at the other. Also, during joining, the
work-piece (i.e., the two clamped plates) is generally placed on
a rigid backing support. At the same time, the shoulder is forced
to make a firm contact with the top surface of the work-piece.
As the tool (rotates and) moves along the butting surfaces, heat
is being generated at the shoulder/work-piece and, to a lesser
extent, at the pin/work-piece contact surfaces, as a result of the

Tool Rotation

Retreating Side
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Advancing Si
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(b)

Fig. 1 (a) A schematic of the FSW process; and (b) the main
microstructural zones associated with the typical FSW joint
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frictional-energy dissipation. This, in turn, causes an increase in
temperature and gives rise to softening of the material adjacent
to these contacting surfaces. As the tool advances along the
butting surfaces, thermally softened material in front of the tool
is (heavily) deformed, extruded around the tool to the region
behind the tool and compacted/forged to form a joint/weld.

FSW has become the preferred technique for joining/
welding Difficult-to-weld metals like AA, since its discovery in
1991 (Ref 3). Currently, shipbuilding, marine, aerospace,
railway, and land transportation industries use FSW extensively
as a joining process. Relative to the traditional fusion-welding
technologies, FSW offers a number of advantages such as: (a)
good mechanical properties in the as-welded condition; (b)
improved safety due to the absence of toxic fumes or the spatter
of molten material; (c) no consumables such as the filler metal
or gas shield are required; (d) ease of process automation; ()
ability to operate in all positions, (horizontal, vertical, over-
head, orbital, etc.), as there is no weld pool; (f) minimal
thickness under/over-matching which reduces the need for
expensive post-weld machining; and (g) low environmental
impact. However, some disadvantages of the FSW process have
also been identified such as: (a) an exit hole is left after the tool
is withdrawn from the work-piece; (b) relatively large tool
press-down and plate-clamping forces are required; (c) lower
flexibility of the process with respect to variable-thickness and
non-linear welds; and (d) often associated with lower welding
rates than conventional fusion-welding techniques, although
this shortcoming is somewhat lessened since fewer welding
passes are required.

FSW normally involves complex interactions and competi-
tion between various mass and heat transport phenomena,
plastic deformation and damage/fracture mechanisms, and
microstructure-evolution processes (e.g., Ref 6, 7). Conse-
quently, the material microstructure (and mechanical properties)
in the weld region are highly complex and spatially diverse.
Metallographic examinations of the FSW joints typically reveal
the existence of the following four weld zones (not counting the
unaffected/base-metal zone which is far enough from the weld
so that material microstructure/properties are not altered by the
joining process), Fig. 1(b): (a) the heat-affected zone (HAZ) in
which material microstructure/properties are affected only by
the thermal effects associated with FSW. While this zone is
normally found in the case of fusion-welds, the nature of the
microstructural changes (e.g., recovery, recrystallization, grain-
growth, precipitate coarsening, precipitate dissolution, etc.,
depends on the work-piece material chemical composition and
microstructural state) may be different in the FSW case due to
generally lower temperatures and a more diffuse heat source;
(b) the thermo-mechanically affected zone (TMAZ) is located
closer than the HAZ to the work-piece components contact
interface. Consequently, both the thermal and the mechanical
aspects of the FSW process affect the material microstructure/
properties in this zone. While the original grains are retained in
this zone they experience a considerable amount of plastic
deformation during the FSW process. Consequently, it is often
observed (using metallographic analysis of the transverse and
horizontal weld sections) that the grains have been subjected to
bending; (c) the weld nugget is the innermost zone of an FSW
joint. As a result of the way the material is transported from the
regions ahead of the tool to the wake regions behind the tool,
this zone typically contains the so-called onion-ring features.
The material in this region has been subjected to the most
severe conditions of plastic deformation and high-temperature
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exposure and consequently contains a very-fine dynamically
recrystallized (equiaxed grain) weld microstructure. The width
of the nugget is slightly larger than the FSW-tool pin diameter;
and (d) the last FSW zone which is located above the weld
nugget is generally referred to as the flow-arm. This weld zone
typically contains the work-piece material which was (during
welding) temporarily confined by the upright truncated-conical
profile of the FSW-tool shoulder underside.

The FSW joint-quality is typically affected by the following
welding/process parameters: (a) rotational and transverse veloc-
ities of the tool; (b) tool-plunge depth; (c) tool tilt-angle; and (d)
tool-design/material. Since, in-general, higher temperatures are
encountered in the case of higher rotational and lower transverse
tool velocities, it is critical that a delicate balance between these
two velocities is attained. Specifically, if the temperatures in the
weld region are not high enough and the material has not been
sufficiently softened, the weld zone may develop various flaws/
defects arising from low ductility of the material. Conversely,
when the temperatures are too high undesirable changes in the
material microstructure/properties may take place and possibly
incipient-melting flaws may be created during joining. To ensure
that the necessary level of shoulder/work-piece contact pressure
is attained and that the tool fully penetrates the weld, the tool-
plunge depth (defined as the depth of the lowest point of the
shoulder below the surface of the welded plate) has to be set
correctly. Typically, insufficient tool-plunge depths result in
low-quality welds (due to inadequate forging of the material at
the rear of the tool), while excessive tool-plunge depths lead to
under-matching of the weld thickness compared to the base-
material thickness. Tool rearward tilting by 2°-4° has been often
found to be beneficial since it enhances the effect of the forging
process (Ref 8, 9).

FSW process has been investigated extensively using
experimental means over the last two decades. The research
carried out helped gain a better understanding of the FSW
joining mechanisms and the accompanying evolution of the
welded-material microstructure/properties (e.g., Ref 10, 11), as
well as it helped rationalize the effect of various FSW process
parameters on the weld quality/integrity (e.g., Ref 6, 12). It
should be recognized, however, that the aforementioned
experimental efforts were able to only correlate the post-
mortem welded-materials microstructure/properties with the
FSW process parameters and provided relatively little real-time
insight into the physics of heat/mass transfer and microstruc-
ture-evolution processes. As shown in our previous study (Ref
13-20), this insight can be gained by carrying out a detailed
physically based computational investigation of the FSW
process. However, for this approach to be successful it was
shown that physically based, high fidelity material models must
be available for the work-piece material over a relatively large
plastic strain, plastic strain-rate, and temperature ranges.

1.4 Objectives

The main objective of this study is to modify the original
Johnson-Cook material model, as defined by Eq 1, to account
for the aforementioned microstructural changes in the work-
piece material during FSW. Towards that end, the following
specific tasks had to be accomplished:

(a) Identification of the key microstructural parameters in

AA5083-H131 which control the mechanical behavior
of this material,
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(b) Determination of the microstructure-evolution processes
and the associated material-state-dependent evolutionary
equations;

(¢) Numerical integration of the evolutionary equations over
an arbitrary material deformation history; and

(d) Appropriate modification of the original Johnson-Cook
model to make the material model parameters dependent
on the material microstructure parameters.

1.5 Organization

Details regarding the modifications of the original Johnson-
Cook material-strength model are presented and discussed in
section 2. The fully coupled thermo-mechanical analysis used
in the computational investigation of the FSW process is
presented in section 3. The main results obtained in this study
are reported in section 4. The main conclusions resulting from
the present study are summarized in section 5.

2. Johnson-Cook Model: Modification
and Implementation

In this section, details are presented regarding the modifi-
cations make to the original Johnson-Cook strength model and
of the steps taken to implement these modifications into a user
subroutine which could be readily linked with a commercial
finite-element program.

2.1 Modifications of the Johnson-Cook Model

As indicated in Eq 1, the Johnson-Cook constitutive model
contains four terms: (a) the as-annealed material-strength,
represented by parameter 4; (b) the strain-hardening term; (c)
the strain-rate dependency term; and (d) the reversible thermal-
softening term. The Johnson-Cook material model modifica-
tions proposed in this study include only the first two terms
since it was concluded that the strain-rate dependency and the
reversible thermal-softening effects are, to a first order,
correctly accounted for by the original Johnson-Cook model.

2.1.1 Modifications in the Parameter 4. For solution
strengthened (i.e., non-age hardened) alloys like AA5083,
magnitude of the parameter 4 is mainly affected by the material
grain-size. To capture this effect, the Hall-Petch (grain-size
dependency of the yield strength) equation in the form

A= App + KypD™? (Eq 2)

is adopted, where Ayp(=50 MPa) is the single crystal
annealed yield strength, Kp is an alloy-specific, grain-size
invariant parameter, and D represents the mean grain-size.
For a given material in the as-received condition, 4 and D
are known (or can be determined) then using Eq 2 one can
evaluate parameter Kyp. Subsequently, as the material grain-
size changes (due to the interplay of dynamic-recrystallization
and grain-coarsening processes), one can calculate the associ-
ated value of parameter 4 using Eq 2. When this procedure was
applied to AAS083-H131 with an initial grain-size of 50 um
and the corresponding 4 = 167 MPa, K;;p = 827 MPa um'? is
obtained. The corresponding grain-size dependence of the
Johnson-Cook parameter A is depicted in Fig. 2.
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Fig. 2 Grain-size dependence on the Johnson-Cook parameter 4 in
AA5083-H131

2.1.2 Modifications in the Strain-Hardening Term. As
explained earlier, the strain-hardening term in Eq 1 uses
equivalent plastic strain, €”', as a measure of the dislocation
density within the material. The assumed correlation between
the two quantities is generally valid as long as the extent of
material annealing/recrystallization is relatively small. This
condition, as discussed earlier, is not generally satisfied in the
material residing within the weld region. To overcome this
problem, a modified equivalent plastic strain measure, égod, is
introduced. The main difference between the two measures of
the equivalent plastic strain is that &' continuously increases
with an increase in plastic deformation, while Eﬁiod is allowed to
decrease (as a consequence of the annealing/recrystallization
processes). In other words, " is a measure of the extent of
plastic deformation, while Eﬁiod is the measure of the associated
dislocation density.

2.1.3 Grain-Size Evolution Equation. Implementation
of the proposed modifications to parameter 4 suggested above
require formulation of a grain-size evolution equation. In the
incremental form, this equation can be written as:

D(t + At) = D(t) + DcoarseningAt + DreﬁnementAt (Eq 3)

where Dcoarsenmg (a positive quantity) and Drefinement (a nega-
tive quantity) are, respectively, the rates of grain-size coarsen-
ing due to Oswald ripening and grain-size refinement due to
dynamic-recrystallization.

According to Eq 3, grain-size evolution over any deforma-
tion history can be determined provided the two rate functions
Dcoarsenmg and Diefinement are known (i.e., the corresponding
functional forms are established and the associated parameters
determined). In the remainder of this section, simple expres-
sions are introduced for the two grain-size rate functions and
parameterized for the case of AA5083-H131.

The Dcoarsening function reflects the rate of growth of material
grains when the material is subjected to high temperatures. Under
the most commonly used FSW process conditions, only the
evidence for normal grain-growth was observed. In other words,
grains in the HAZ, TMAZ, weld nugget, and flow-arm regions
are found to grow in a continuous uniform manner and generally
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no evidence is found of the so-called abnormal grain-growth (a
process within which only few grains grow at the expense of the
surrounding grains while the size of the (yet unconsumed)
surrounding grains remains essentially unchanged).

Typically, the kinetics of normal grain-growth is defined by
a function which relates the grain-size growth rate to the inverse
of the grain-size as:

kcoarsening

Dcoarsening = D (Eq 4)

where kcoarsening 1S @ temperature-dependent parameter. Inte-
gration of Eq 4 at a constant temperature yields:

(Eq 5)

Since the grain-growth process is of a thermally activated
character, koarsening 18 generally assumed to be given by an
Arrhenius-type equation in the form:

2 2
D — D() = choa.rseningt

~Qeoarsening

T (Eq 6)
where kcoarsening0 1 the pre-exponential rate term (assumed
constant for a given material), QOcoarsening 1S the activation
energy (also assumed to be constant for a given material), R is
the universal gas constant, and T is the absolute temperature.

According to Eq 4, Dcoarsening can be determined provided
keoarsening,0 aNd Ocoarsening parameters are known for a given
system. To determine these parameters, isothermal grain-
coarsening data at several temperatures reported in Ref 21 are
used. These data are first used to compute an average value of
kcoarsening At @ given temperature and then a linear-regression
analysis was applied to the In (kcoarsening) Versus —1/RT data to
determine kcoarsening,0 (equal to the exponent of the constant-
term linear-regression coefficient) and Q (equal to the linear
term regression coefficient). This procedure yielded
kcoarsening,0(=31.59 pm2/s) and  Qcoarsening = 23.75kJ/mol. The
effect of iso-chronal high-temperature exposure for a 0.5-50.0 s
time range (generally encountered in the FSW process) on the
grain-size in AA5083-H131 with an initial grain-size of 50 um
is depicted in Fig. 3. It is seen that no excessive grain-growth is

kcoarsening = kcoarsening,oe
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Fig. 3 Effect of iso-chronal high-temperature exposure on the
grain-size in AA5083-H131 with an initial grain-size of 50 um
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expected during FSW due to relatively short high-temperature
exposure times. This finding is in good agreement with the
general observations (e.g., Ref 17).

It should be noted that the assumption regarding constancy
of grain-coarsening parameters, Kcoarsening,0 aNd Ocoarsening, Used
in Eq 5, are strictly valid only over a relatively narrow
temperature and equivalent plastic strain range. Nevertheless,
even if this assumption is not employed, one should not expect
significant grain-growth to take place during the FSW process.

As far as the grain refinement rate parameter is concerned,
following the analysis presented in our recent study (e.g., Ref
14-18), it is assumed to scale with an 1ncrement of the
recrystallization-corrected equivalent plastic strain A
(defined below) as:

recrystallized

,p]
- ASrecrystallized
Dreﬁnement = Dreﬁnement T

(Eq 7)

Following the procedure for the assessment of Asrecryslalhzed
(given below) and the experimental grain-size results reported
in Ref 22, parameter Diefinement has been evaluated as 17 pm.

2.1.4 Evolution of the Recrystallization-Modified Equiv-
alent Plastic Strain. Implementation of the proposed mod-
ifications to strain-hardening term suggested above requires
formulation of a recrystallization-modified equivalent plastic
strain evolution equation. In the incremental form, this equation
can be written as:

hoalt + A1) = (1) + A2 4 AF! (Eq 8)
where AgP! (a positive quantity) is an increase in the equiva-
lent plastlc strain due to continuation of plastic deformation
and Asrecwstalhzed (a negative quantity) reflects a decrease in
the equivalent plastic strain which reflects a decrease in dislo-
cation density during a time increment Az due to the effect of
dynamic-recrystallization. Ag?' is directly computed by ABA-
QUS/Explicit, while followmg the procedure proposed in our
recent study (Ref 13-17), AP 4 18 defined within this
study as:

recrystallized

recrystallize

. ~Orecrystallized
_pl [ =pl p1 P “Ereerystallized
A‘C’recrystallized - (Srecrystalllzed( recrystallized e K At

(Eq9)

where srelcrystalhzed and p are a pre-exponential (negative) rate
and a (positive) power term, respectively, and Qreerystallized 15
the associated recrystallization energy. It should be noted that
érpelcrystamzed term ensures that no recrystallization takes place
in a fully annealed material.

By carrying out a separate finite-element analysis of the
so-called equal channel angular pressing process, post-processing
the data using an inverse engineering analysis and comparing
the results with the experimental ones reported in Ref 22, the

following values were obtained: éfelcrysmmzed = —0.15/s,
p =27, and Qrecrystaliized = 21.5kJ/mol. Details regarding this
portion of the study will be presented in a future communi-

cation. An example of the results obtained in this portion of the
study is displayed in Fig. 4 in which Efelcrystamzed is plotted as a
function of time at several temperatures and under a constant
uniaxial plastic strain-rate of 0.1/s. It is seen that, at low
temperatures (e.g., 400 K), plastic deformation dominates

material response and, consequently, € 4 continues to

recrystalhze
increase with the extent of plastic deformation. In fact, the
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Fig. 4 The effect of high-temperature exposure time on the isother-
mal recrystallized equivalent plastic strain in  AAS5083-H131
deformed at a uniaxial plastic strain-rate of 0.1/s

pl
recrystallize

this temperature range. In sharp contrast, at higher temperatures
(e.g., 850 K), an equilibrium is reached between the plastic
deformation and dynamic-recrystallization processes resulting

magnitude of € 4 is effectively identical to that of &' in

in a temperature-dependent steady state value of Erpelcrystamzed. It
pl

recrystallized
with an increase in temperature confirming that, at higher
temperatures, the extent of recrystallization is greater and
results in a smaller value of the dislocation density.

The associated changes in the material grain-size are
depicted in Fig. 5. It is seen that in the presence of considerable
amount of plastic deformation and high temperatures, due to a
high rate of dynamic-recrystallization a considerable reduction
in material grain-size can ensue.

is also seen that the steady state value of € decreases

2.2 Implementation of the Johnson-Gook Model

Since all the calculations carried out in this study have been
done using ABAQUS/Explicit commercial finite-element soft-
ware (Ref 23), the modified Johnson-Cook model is imple-
mented in this program. In our prior study (Ref 13-17),
modifications in the material model were implemented using a
user material subroutine VUMAT. However, since ABAQUS/
Explicit already has the original Johnson-Cook material model
implemented, it was decided that an advantage be taken of this
implementation. Consequently, the so-called VUSDFLD user
subroutine was used which enables introduction of the new
material-state-dependent variables (i.e., variables which quan-
tify the current microstructural state of the material) and new
field variables (i.e., variables which directly/explicitly affect the
material mechanical response). Consequently, implementation
of the modified Johnson-Cook material model included the
following two steps:

(a) The analytical form of the Johnson-Cook model involv-
ing specification of the material model parameters (4, B,
n, ...) is replaced with a piecewise-linear definition of
the same model. Within the latter material model definition,
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Fig. 5 The effect of high-temperature exposure time on the isother-
mal recrystallized grain-size in AA5083-H131 deformed at a uniaxial
plastic strain-rate of 0.1/s

the effect of the equivalent plastic strain as computed by
ABAQUS is excluded and is replaced with its user-
defined analog, Ef;crysmmzed (the first field variable) which
accounts for the annealing/recrystallization effects (as
discussed above). In addition, material yield strength is
made dependent on temperature (in accordance with ori-
ginal Johnson-Cook model) and on the grain-size (the
second field variable). Following the ABAQUS/Explicit
syntax, an analytical representation of the strain-rate
effect is retained. Thus, within the piecewise portion of
the modified Johnson-Cook material model, material-
strength depends on three variables, i.e., temperature and
the two field variables. To represent the modified John-
son-Cook material model in a piecewise-linear fashion,
the three-dimensional temperature versus field variable 1
versus field variable 2 domain is discretized using a reg-
ular mesh and the yield strength magnitude is defined at
each nodal point. Thus, for any combination of the tem-
perature and the two field variables, material-strength (at
the reference strain-rate) can be determined via linear
interpolation. Then the effect of the non-reference strain-
rate is included using the term within the second pair of
parenthesis in Eq 1; and

(b) An appropriate  VUSDFLD wuser subroutine is then
developed within which the two field variables are con-
tinuously updated and returned to the ABAQUS solver
for use. In addition, within the same subroutine three
state variables are also defined: (a) the equivalent plastic
strain which includes the effect of annealing/recrystalli-
zation; (b) the material grain-size; and (c) the increment
in the equivalent plastic strain as computed by ABA-
QUS. These state variables are used to update the field
variables, in a procedure which requires the knowledge
of the two field variables and the equivalent plastic
strain at the end of the previous time increment. How-
ever, ABAQUS explicit does not provide for saving and
the retrieval of the field variables from one time incre-
ment to another.
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3. Computational Analysis of the FSW Process

Modeling of the FSW process carried out in this study
employed the fully coupled thermo-mechanical finite-element
procedure developed in out prior study (Ref 13-17). Since a
detailed account of the procedure was provided in Ref 13-17,
only a brief overview of it will be presented in the remainder of
this section.

3.1 Computational Domain and Meshed Models

The computational domain used consists of a (40.0 mm
radius, 3.0 mm thickness) circular plate/work-piece (with a
concentric through-the-thickness 3.0 mm radius circular hole)
and a two-part tool (consisting of a 3.0 mm radius, 3.0 mm
length solid right circular cylinder, at the bottom, and a 9.0 mm
radius, 3.0 mm thickness circular-plate section, on the top),
Fig. 6(a), (b).

The work-piece and the FSW-tool geometrical models
described above are meshed using ~15,000 first-order eight-
node reduced-integration hexahedral thermo-mechanically cou-
pled solid elements. A close-up of the meshed model used in
this study is depicted in Fig. 7.

3.2 Computational Procedure

3.2.1 Computational Algorithm. The FSW process is
analyzed computationally using a fully (two-way) coupled
thermo-mechanical finite-element algorithm within which heat
dissipation associated with plastic deformation and tool/work-
piece interfacial friction-sliding is treated as a source in the
governing heat conduction equation(s) while the effect of
temperature on the mechanical response of the work-piece
material is taken into account through the use of a temperature-
dependent work-piece material model. As established earlier,
work-piece material in the nugget and TMAZ regions experi-
ence large plastic deformations during FSW. Under these
circumstances, the use of a Lagrangian approach in which the

[18.0mm | .
m m
/ : 8
Tool Shoulder Tool Pin
18.0mm |
[6.0mm |

Fig. 6 Geometrical models with dimensions for the (a) FSW tool
and (b) FSW work-piece
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finite-element mesh is attached to and moves with the material
may display serious numerical problems (due to excessive
mesh distortion). To overcome this problem, an ALE formu-
lation is used within which adaptive re-meshing is carried out to
maintain good quality mesh. The fully coupled thermo-
mechanical problem dealing with FSW is solved using an
explicit solution algorithm implemented in ABAQUS/Explicit
(Ref 23), a general purpose finite-element solver.

3.2.2 Heat Sources. As mentioned earlier, both plastic
deformation and frictional sliding are treated as heat sources.
To account for the fact that a small fraction of the plastic-
deformation work is stored in the form of crystal defects, 95%
of this study was assumed (arbitrarily) to be dissipated in the
form of heat. As far as heat generation due to frictional sliding
is concerned, it is assumed that its rate scales with the product
of local interfacial shear stress and the sliding rate, and that
100% of this energy is dissipated in the form of heat.

3.2.3 Initial and Boundary Conditions. The analysis is
carried out by prescribing from the onset a constant rotational
velocity and a constant downward pressure to the tool. Instead
of assigning a travel velocity to the tool along the (postulated)
butting surfaces of the work-piece, the work-piece material is
forced to move through the work-piece computational domain
at the same velocity but in the opposite direction. This was
accomplished by prescribing from the onset of the FSW
simulation a constant in-flow work-piece material velocity in a
direction opposite to that of tool travel. Due to the use of this
approach, it should be noted that, the circular plate displayed in
Fig. 6(b) represents not the entire work-piece but rather a
circular region around the tool in the otherwise infinitely long
work-piece.

Additional boundary conditions employed are as follows:

(a) zero normal-velocity conditions applied over the bottom
face of the work-piece to mimic the restraining effect of
the work-piece rigid backing plate;

(b) the standard convective boundary conditions are applied
over free surfaces of the work-piece and the tool; and

(c) enhanced convection boundary conditions are applied
over the bottom face of the work-piece (to mimic the ef-
fect of enhanced heat extraction through the work-piece
backing plate).

3.2.4 Contact Interactions. Work-piece/tool interactions
are accounted for through the use of a penalty algorithm within
which the extent of contact pressure is governed by the local
surface penetrations while shear stresses are transferred via a
“slip/stick” algorithm, i.e., shear stresses lower than the

Fig. 7 Meshed models for the tool and the work-piece used in this
study
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frictional shear stress are transferred without interface sliding
(otherwise interface sliding takes place). The frictional shear
stress is defined by a modified Coulomb law within which there
is an upper limit to this quantity (set equal to the shear strength
of the work-piece material). The frictional shear stress is then
defined as a smaller of the product between the static/kinetic
friction coefficient and the contact pressure, on one hand, and
the work-piece material shear strength, on the other. Partition-
ing of the heat generated as a result of frictional sliding at the
tool/work-piece contact interfaces is then computed using the
appropriate thermal properties of the two materials (Ref 24).

3.2.5 Mesh Sensitivity. In order to ensure that the key
results and conclusions yielded by this study are not affected by
the choice of the computational mesh, a mesh sensitivity
analysis was carried out involving the use of progressively fine
finite-element meshes. The finite-element mesh finally selected
is a compromise between the computational efficiency and the
numerical accuracy.

3.2.6 Computational Cost. To keep the computational
cost reasonable while ensuring stability and robustness of the
computational procedure, a mass scaling algorithm is used.
This algorithm adaptively adjusts material density in the critical
finite elements without significantly affecting accuracy of the
computational results. A typical 30 s FSW computational
analysis required 10 h of (wall-clock) time on a 12 core,
3.0 GHz machine with 16 GB of memory.

3.3 Material Models

Since the tool normally experiences relatively lower defor-
mation during FSW, it is modeled using a rigid-material
formulation. Its density and (temperature dependent) thermal/
thermo-mechanical properties are next set to that of AISI-H13,
a hot-worked tool steel, frequently used as the FSW-tool
material (Ref 16).

The work-piece material is assumed to be isotropic, linear-
elastic and strain-hardenable, strain-rate sensitive, thermally
softenable plastic material, and is modeled using the modified
Johnson-Cook material model presented in section 2. Standard
density and (temperature dependent) thermal properties of
AA5083-H131 are used to define the thermal-portion of the
material model.

3.4 Typical Results

In this section, a few typical FSW process simulation results
pertaining to the spatial distribution and temporal evolution of a
number of material-state variables (other than those describing
material microstructure, e.g., grain-size) are presented and briefly
discussed. Spatial distribution and temporal evolution of the
variables describing material microstructure and of the affected
mechanical properties will be presented in the next section.

3.4.1 Equivalent Plastic Strain Field. An example of the
typical results pertaining to spatial distribution and temporal
evolution of the equivalent plastic strain in the AAS083-H131
work-piece during FSW is displayed in Fig. 8(a), (b). It should
be noted that the quantity displayed in these figures is the total
equivalent plastic strain which quantifies the overall extent of
plastic deformation experienced locally by the work-piece
material and not its counterpart introduced in section 2, which
scales with the dislocation density. Examination of the results
displayed in these figures and of the results obtained in this
study (but not shown for brevity) reveals that:
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(a) In general, plastic strains in the 20 and 50 range are
observed with the strain magnitude being controlled by
FSW process conditions such as tool contact pressure,
tool rotational, and translational speeds;

(b) The highest equivalent plastic strains are always found
in the work-piece material right below the tool shoulder
and equivalent plastic strains progressively decreased
from this region as a function of the distance in the ra-
dial and through-the-thickness directions;

(c) Distribution of the equivalent plastic strains is highly
asymmetric. This asymmetry is related to the differences
in the material transport (at the advancing and the
retreating sides of the weld) from the region ahead of
the tool to the region behind the tool; and

(d) In general, equivalent plastic strain differences between
the top and the bottom surfaces of the work-piece are
reduced while equivalent plastic strain magnitudes are
increased as the tool translational speed is decreased and
the tool/work-piece contact pressure is increased. This
finding suggests that under these FSW process condi-
tions the extent of material stirring/mixing (which plays
a critical role in weld quality/joint-strength) is increased.

3.4.2 Nodal Velocity Field. The distribution of nodal
velocities at the outer surfaces of the work-piece at two
different times (0.0 and 0.5 s) is displayed in Fig. 8(c), (d). For
clarity, the tool is not shown. These figures clearly show that
the initially assigned unidirectional velocity field in the
direction of welding, quickly transforms into the velocity field
in which there is a well-defined stir region right below the
shoulder (within which the material circles around the pin) and
the remainder of the field (within which the material tends to
flow around the stir region). A comparison of the results
displayed in Fig. 8(c), (d) clearly shows how the region
underneath the tool shoulder which is initially unfilled becomes
filled as FSW proceeds. Once the space under the shoulder is
fully filled it remains filled as the FSW process continues. The
material in this region is constantly being refreshed as the tool
advances in the welding direction.

3.4.3 Material/Tracer-Particle Trajectories. It should
be noted that the results displayed in Fig. 8(c) and (d) shows
the spatial distribution and temporal evolution of the nodal
velocities, respectively. Due to the arbitrary Lagrangian-Eule-
rian (ALE) character of the finite-element analysis used in this
study, the motion of the finite-element mesh is not completely
tied to the motion of the material. Consequently, the results
displayed in Fig. 8(c), (d) shows the velocities of the material
particles which at that moment pass through the nodal points in
question. However, one must recognize that at different times
different material particles are associated with the same nodes.
In order to observe stirring of the material under the tool
shoulder, one should monitor material-particle trajectories
rather than nodal velocities. This is possible within ABA-
QUS/Explicit through the use of so-called tracer particles which
are attached to the material points (and not to the mesh nodal
points).

Figure 8(e) and (f) displays typical results pertaining to the
trajectory of retreating-side and advancing-side tracer particles,
respectively. The tracer particles displayed in these figures are
initially located in a plane which is halfway between the top
and bottom surfaces of the work-piece. For improved clarity,
tracer-particle trajectories are color coded. The results displayed
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Fig. 8 Typical FSW computational-analysis results pertaining to the steady state distribution of (a), (b) equivalent plastic strain; (c), (d) nodal
velocities; (e) and (f) retreating-side and advancing-side tracer-particle trajectories, respectively

in Fig. 8(e), (f) clearly revealed the following basic aspects of
the FSW process:

(a) At the retreating-side, work-piece material particles (as
represented by the yellow and green tracer-particle tra-
jectories, Fig. 8e) typically do not enter the stir zone
under the tool-shoulder and usually only flow around it;

(b) At the advancing-side, work-piece material particles
which are initially closer to the butting surfaces (as rep-
resented by the white and cyan tracer-particle trajecto-
ries, Fig. 8f), tend to pass over to the retreating-side and
become co-stirred with some of the retreating-side mate-
rial particles to form the welded joint; and

(c) At the advancing-side, work-piece material particles fur-
ther away from the initial butting surfaces remain on the
advancing-side and either enter the stir region on the
advancing-side or flow around it.

3.4.4 Temperature Field. A typical spatial distribution of
temperature in the work-piece during FSW is displayed in
Fig. 9(a), (b). The results displayed in Fig. 9(a) and (b) refer to
the temperature distributions over the medial longitudinal and
medial transverse sections, respectively. Simple examination of
the results displayed in these figures and of the results obtained
in this study (but not shown for brevity) reveals that:

(a) Depending on the FSW process conditions such as tool
contact pressure, tool rotational, and translational speeds,
maximum temperatures in a range between 750 and
850 K are obtained;

(b) The highest temperatures are always found in the work-piece
material right below the tool shoulder and temperatures
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are progressively decreased from this region as a
function of the distance in the radial and through-the-
thickness directions;

(c) As the tool rotational speed and contact pressure are
increased, higher temperatures are observed and temper-
ature differences between the top and the bottom sur-
faces of the work-piece are reduced; and

(d) Typically plastic deformation contributes around 30% to
the overall heat generation (the remainder is associated
with the frictional dissipation at the tool/work-piece con-
tact surfaces) and this contribution increases slowly with
an increase in the translational velocity of the tool.

4. Microstructure and Property Predictions

As discussed earlier, the modified Johnson-Cook material
model introduced in section 2 and the FSW computational
procedure overviewed in section 3 enable the prediction of the
spatial distribution of material microstructure and properties
within the weld. To demonstrate these aspects of the current
approach, spatial distribution of the material grain-size and
material room-temperature yield strength are computed and
analyzed in this section.

4.1 Grain-Size Distribution Within the Weld

An example of the average grain-size distribution over a
transverse cut of the weld is shown in Fig. 10. It should be
noted that the base-material initial grain-size was 50 pm.
Careful examination of the results shown in Fig. 10 reveals the
presence of a region with a slightly increased grain-size and
another region with a considerably reduced grain-size. Based
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solely on this finding, the first region can be assumed to
comprise the HAZ and the TMAZ, while the second region
includes the weld nugget and the flow-arm.

It should be noted at this point that: (a) the extents of the two
regions as well as the grain-size spatial distribution within each
are affected by the selection of the FSW process parameters
(e.g., tool rotational and travel speeds, tool geometry, tool-
plunge depth, etc.); and (b) the grain-size distribution within the
weld greatly affects the mechanical properties (including blast
survivability) of the weld. Thus the present approach can
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Fig. 9 Typical temperature distribution over one-half of the work-
piece obtained by cutting along: (a) the longitudinal; and (b), (c)
transverse directions

Increased
Grain-size
Region

Reduced Grain-size
Region

Fig. 10 An example of the spatial distribution of grain-size across
a transverse section of a FSW joint in AA5083-H131. Material ini-
tial grain-size of 50 pm
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greatly contribute to the establishment of the basic processing/
microstructure/property relations in the FSW joints.

4.2 Room-Temperature Material Yield-Strength Distribution
Within the Weld

An example of the room-temperature material yield-strength
distribution over a transverse cut of the weld is shown in
Fig. 11. It should be noted that the base-material initial yield-
strength was 167 MPa. Careful examination of the results
shown in Fig. 11 reveals three weld regions (not counting the
base-metal):

(a) The inner-most region has an intermediate yield-strength
value and is clearly associated with the weld nugget and
flow-arm weld zones. The values of the material yield
strength found in this region are clearly the result of the
competition of two effects: (i) dynamic-recrystallization
which appears to have not entirely removed the effects
of strain-hardening present in the base-metal and
acquired during FSW; and (ii) yield-strength increase
associated with grain-size refinement observed in this
region which appears to be potent enough to help over-
come strength loss due to the removal of the cold-
worked high dislocation density material microstructure;

(b) The inner, higher-strength region which corresponds to
the TMAZ. In this region, deformation-induced strain-
hardening overpowers dynamic-recrystallization-induced
material softening giving rise to a net increase in the
material-strength; and

(¢) The region adjacent to the base-metal in which very
small reductions in the material-strength are observed.
This region clearly corresponds to the HAZ in which no
plastic deformation takes place during FSW while the
material is subject to slightly elevated temperatures.

As mentioned above, the extents of these different regions
and the spatial distribution of the associated material parameter
(yield-strength, in the present case) is affected by the selection
of the FSW process parameters which enables establishment of
the functional relationships between the FSW process and the
resulting weld properties/performance.

5. Summary and Conclusions

Based on the study presented and discussed, the following
main summary remarks and conclusions can be made:

167MPa

-~
<167MPa
=>300MPa

<200MPa

Fig. 11 An example of the spatial distribution of room-temperature
material yield strength across a transverse section of a FSW joint in
AAS5083-H131. Material initial yield strength is 167 MPa
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1. Key shortcomings in the Johnson-Cook material model
when used in the analysis of the FSW process are identi-
fied and the potential modifications in this model, which
include the effects of grain-size and dynamic-recrystalli-
zation, proposed.

2. To demonstrate the utility of the modified Johnson-Cook
material model, a series of finite-element analyses of the
FSW of AAS5083-H131 (a solid-solution strengthened and
strain-hardened/stabilized Al-Mg-Mn alloy) is carried out.

3. The results obtained are used to predict the microstruc-
ture (as represented by the grain-size) and mechanical
properties (e.g., room-temperature yield-strength) in dif-
ferent FSW zones.

4. Finally, it is discussed how the use of the modified John-
son-Cook work-piece material model and the FSW com-
putational analysis can be used to establish processing/
microstructure/property relations in the weld and, in turn,
guide the selection of the welding-process parameters for
optimum weld performance.
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