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Computational Modeling of Microstructural-Evolution
in AISI 1005 Steel During Gas Metal Arc Butt Welding

M. Grujicic, S. Ramaswami, J.S. Snipes, R. Yavari, A. Arakere, C.-F. Yen, and B.A. Cheeseman

(Submitted July 13, 2012; published online October 2, 2012)

A fully coupled (two-way), transient, thermal-mechanical finite-element procedure is developed to model
conventional gas metal arc welding (GMAW) butt-joining process. Two-way thermal-mechanical coupling
is achieved by making the mechanical material model of the workpiece and the weld temperature-
dependent and by allowing the potential work of plastic deformation resulting from large thermal gradients
to be dissipated in the form of heat. To account for the heat losses from the weld into the surroundings, heat
transfer effects associated with natural convection and radiation to the environment and thermal-heat
conduction to the adjacent workpiece material are considered. The procedure is next combined with the
basic physical-metallurgy concepts and principles and applied to a prototypical (plain) low-carbon steel
(AISI 1005) to predict the distribution of various crystalline phases within the as-welded material micro-
structure in different fusion zone and heat-affected zone locations, under given GMAW-process parameters.
The results obtained are compared with available open-literature experimental data to provide validation/
verification for the proposed GMAW modeling effort.

Keywords AISI 1005, finite-element analysis, gas metal arc
welding (GMAW), microstructural-evolution

1. Introduction

In this study, advanced coupled thermal-mechanical
finite-element methods and tools are combined with basic
physical-metallurgy concepts and principles to investigate
microstructural-evolution in a prototypical steel-weldment
structure welded using a conventional gas metal arc welding
(GMAW) process. It is believed that this approach may help
design welds and identify ‘‘optimum’’ welding-process param-
eters which could yield weldments with superior mechanical
properties. Thus, the main aspects of this study include: (a) the
basics of the GMAW process; (b) essential features of the
microstructural evolution in steel weldments; and (c) an
overview of the main past efforts dealing with modeling of
the fusion-based welding processes and the associated micro-
structural-evolution. A brief overview of these aspects is
presented in the remainder of this section.

1.1 The Basics of GMAW

GMAW is one of the fusion-welding processes in which:
(a) the required heat is produced by an electrical arc established
between a continuously fed filler-metal wire-shape consumable
electrode and the workpiece components to be joined; and

(b) weld protection from the environment during the welding
process is attained exclusively via the use of an externally
supplied (shielding) gas/mixture of gases (Ref 1). A schematic
of the basic gas metal arc butt-welding process with all its
major components labeled is shown in Fig. 1. The process is
normally automated with respect to the attainment of a stable
electrical arc (through the control of the automated feeding of
the filler-metal wire) and, when the remaining aspects of the
process are not automated, the welder is required to provide/
control only the input regarding welding-gun positioning,
guidance, and travel speed.

The main advantages of the GMAW process can be
summarized as: (a) it can be used for welding most of the
commercially available metallic materials, in particular, steels
(including stainless steels), super alloys, aluminum alloys, etc.;
(b) welding can be carried out in any standard position such as
horizontal, inclined, vertical, and overhead; (c) the process
produces clean welds due to the use of the externally supplied
shielding gas; (d) it enables relatively high welding speeds, in
particular, in the case of thicker weld sections; (e) high level of
process robustness due to the short and stable character of the
arc; (f) relatively high (93-98%) electrode-utilization efficiency;
and (g) it is highly amenable to process automation. The main
limitations/shortcomings of the GMAW process can be sum-
marized as: (a) it may not be suitable for joining highly reactive/
oxidation-prone metallic materials; (b) due to the substantial
heat input and the attainment of high temperatures, it may cause
significant changes in the microstructure/properties of the
welded components in the regions adjacent to the weld (the
so-called heat-affected zone, HAZ); (c) the weld region (also
known as fusion zone, FZ) may possess inferior material
properties relative to the ones found in the remainder of the
weldment; and (d) it may not be suited for producing complex
and small welds due to the bulky nature of the GMAW gun.

During the GMAW process, the filler metal is transferred
from the feed wire into the gap between adjoining components.
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Depending on the welding-process conditions, one can distin-
guish between five basic modes of metal transfer (Ref 1):
(a) short-circuiting in this case, metal is transferred during
repeated (50-250 times per second) short circuits (defined as
periods within which the electrode is in direct contact with the
weld pool and, hence, the arc is absent). The condition required
to achieve this mode of transfer is that the feed rate exceeds the
electrode melt rate. The overall heat input is relatively low in this
case so that this mode of metal transfer produces a shallow, fast-
freezing weld puddle. Consequently (i) this process may not be
suitable for welding thick workpieces; (ii) it enables welding in
all positions; (iii) it can be used in sheet-metal welding
applications; and (iv) it minimizes the tendency for weldment
distortions and burn-throughs; (b) globular in this case, molten-
metal is transferred in the form of large drops (typical size is 2-4
times the electrode diameter) and, to achieve this transfer mode,
the arc voltage/current should be placed between the short-
circuiting and spray transfer/mode counterparts. Typically, using
carbon dioxide as a shielding gas promotes this mode of metal
transfer; (c) spray in this case, as a result of the increase in the
welding current, the average size of the molten-metal droplets
being transferred, decreases, while the number-based transfer
rate increases to a value that causes formation of an axially
directed molten-metal spray; (d) pulsed in this case, welding
voltage is cycled at a high frequency (several hundred times per
second) about a mean value (sufficiently high to produce a
steady arc but not high enough to produce metal transfer) and
metal transfer is accomplished only at peak levels of the welding
voltage. The process (i) enables a more direct control of the
position rate, through the selection of the peak voltage and
frequency; (ii) is characterized by an overall lower heat input;
and (iii) enables welding to be carried out in all positions; and
(e) high current density in this case, a unique combination of
high wire/electrode feed rate, electrode length (a longer length
causes higher temperature and, in turn, filler-wire tip melting),
and shielding gas (a proper selection of the shielding gas can
increase molten-metal surface tension, promoting droplet for-
mation at the molten electrode-tip) is used to obtain a particular
state of the arc which enables significantly higher molten-
metal-transfer rates. At lower welding currents and in the
presence of helium-/carbon dioxide-rich shielding gases, non-
rotational version of this metal-transfer mode is observed which
is characterized by: (i) narrower/stationary, axial arc; and
(ii) localized, deeper FZ. On the other hand, at higher welding
currents, rotational version of this metal-transfer mode is
observed, which is characterized by: (i) wider, helically moving
rotational arc; and (ii) wider and shallower FZ.

The main GMAW-process parameters can be identified as
(Ref 1): (a) welding current/voltage temporal profile and
magnitude; (b) filler-wire material and geometrical dimensions;
(c) electrode length; (d) feed rate; (e) electrode travel speed;
(f) shielding gas type/composition; (g) welding-components
material(s); and (h) weld type/geometry and size.

1.2 Steel-Weldment Microstructural-Evolution During
the Welding Process

As discussed above, during GMAW, the filler metal is
melted and transferred into the gap separating the components
being welded. The molten-metal within the resulting weld pool
is subjected to electro-magnetic stirring/mixing, a process
which greatly affects heat transfer within the weld pool and, in
turn, spatial distribution of the temperature and thermal history
of the material in the weld region (Ref 2). As the electrode
advances along the weld line, the previously formed weld pool
begins to cool and ultimately solidifies. Following complete
solidification of the material within the weld pool, solid
material within the resulting FZ typically undergoes a number
of (material-system and thermal-history dependent) solid-state
phase transformations and microstructural-evolution/rearrange-
ment processes (Ref 3-5). Simultaneously, the material in the
HAZ experiences an exposure to high temperatures and
subsequent cooling, and this thermal history also gives rise to
a number of solid-phase transformations and microstructural-
evolution/rearrangement processes. It is, hence, not surprising
that the overall mechanical (e.g., strength, toughness, ductility,
etc.) and environmental resistance (e.g., corrosion resistance)
properties of the weldments are greatly affected by the thermal
histories of the material within the FZ and the HAZ.

In this study, microstructural-evolution in a GMAW butt
weld of a prototypical (plain) low-carbon steel (AISI 1005) is
analyzed computationally. In this type of steel, material within
both the FZ and the HAZ undergoes a series of phase
transformations during the GMAW process. Neglecting details
regarding some of the low-temperature displacive/diffusionless
phase transformations as well as details regarding the diffusion-
controlled phase transformation produced microstructural con-
stituents, the material within the FZ generally undergoes the
following sequence of phase transformations: liquid fi
d-ferrite fi c-austenite fi a-ferrite, while material within
the HAZ undergoes the following sequence of phase transfor-
mations: a-ferrite fi c-austenite fi a-ferrite (Ref 2). It is
generally recognized that: (a) the overall quality/soundness of
the weld is controlled by the solidification process within the
weld pool; while (b) the overall performance of the weldment is
controlled by the portion of the material within the FZ or HAZ
which is associated with the most inferior (thermal-history
governed and material-system dependent) mechanical proper-
ties (Ref 6, 7). In the latter case, the thermal history affects the
rate and the progress of various solid-state phase transforma-
tions as well as the material as-welded microstructure.

Asmentioned above, in this study, development of thematerial
microstructure within the FZ and the HAZ during GMAWin AISI
1005 butt welds will be studied computationally. Traditionally,
evolution of the as-weldedmicrostructure and the associated solid-
state phase transformations are investigated experimentally using a
variety of approaches, such as: (a)Dilatometry (Ref 8) a technique
which relates dimensional changes in the test sample to the
progress of the assumed/predicted phase transformations;
(b) spatially and time resolved x-ray diffraction (Ref 2) a

Fig. 1 A schematic representation of the conventional GMAW
process
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synchrotron radiation-based techniquewhich can not onlymonitor
the progress but also identify the nature of the phase transforma-
tion(s); and (c) post-mortem as-welded microstructure character-
ization in this case, weldments are sectioned and examined using
various microscopy, diffraction, scattering, and spectroscopy
techniques. The results obtained are combinedwith the knowledge
of the basic physical-metallurgy principles and the thermodynam-
ics/kinetics phase transformations to infer the progress of phase
transformation during GMAW.

As mentioned earlier, evolution of the FZ/HAZ material
microstructure during GMAW is investigated in this study
using computational methods and tools. Important inputs to this
computational approach are the thermal history of the material
points located at different portions of the FZ and the HAZ.
Determination of these histories using a purely experimental
approach(es) is quite challenging (if possible). Consequently,
the thermal histories will be obtained in this study by carrying
out a computational thermal analysis of the GMAW process.

1.3 Welding-Process Past Modeling Efforts

A comprehensive overview of the public-domain literature,
carried out as part of this study, revealed several past efforts
aimed at modeling the GMAW process. In general, the available
GMAW-process models can be classified as: (a) models
emphasizing heat transfer from the arc to the weld pool
(Ref 9-11). In these types of models, thermal interaction of the
arc with the stationary weld pool is analyzed, while mass
transfer from the electrode to the weld pool via the process of
molten-metal droplets generation and transfer is not considered;
(b) combined heat and mass transfer GMAW-process models
(Ref 12, 13). In this type of GMAW-process model, coupled
heat/mass transfer analyses are utilized to account for the variety
of the GMAW phenomena such as electrode-tip melting, droplet
formation/detachment/transfer and impingement onto the weld-
pool, dynamics of the weld pool and the interactions between
the arc/plasma, molten-metal transfer, and the weld-pool
surface; and (c) models focusing on the weld-pool heat/mass
transfer and solidification processes and subsequent solid-state
microstructure phase transformations and microstructural-
evolution processes (Ref 2, 14). In this case, the weld pool is
assumed to be subjected at the onset to a predefined temperature
and velocity field and the heat/mass transfer analysis is
combined with the basic physical-metallurgy principles to study
the evolution of material microstructure during the welding
process. The computational model developed in this study falls
into this class of the GMAW-process models.

1.4 Main Objective

The main objective of this study is to develop a computa-
tional model which can be used to predict the distribution of the
material microstructure in different FZ and HAZ locations of a
GMAW butt weld produced under a given set of welding/
process parameters. To reveal the details of the model, it will be
applied to a prototypical (plain) low-carbon steel (AISI 1005).
The results obtained will be compared with available open-
literature experimental data to provide validation/verification
for the proposed GMAW modeling effort.

1.5 Organization of the Article

A brief overview of the basic physical-metallurgy concepts
and principles related to AISI 1005 and the associated family of

plain low-carbon steels is provided in section 2. Details
regarding the definition of the problems at hand, formulation
of the corresponding mathematical models and the transient
combined thermal-mechanical, finite-element analysis used are
presented in section 3. The results pertaining to the spatial
distribution of the final volume fractions of the key phases and
microstructural constituents in the weld region of an AISI 1005
butt weld are presented and discussed in section 4. The
main conclusions resulting from this study are summarized
in section 5.

2. Basic Physical Metallurgy of AISI 1005

2.1 Chemical Composition and Phase Diagram

AISI 1005 is a (plain) low-carbon steel with the following
nominal chemical composition expressed in wt.%: C—0.05,
Mn—0.31, Si—0.18, Ni—0.11, Cr—0.10, P—0.009,
Cu—0.008, S—0.005, Al—<0.005, Nb—<0.005,
Mo—<0.005, Ti—<0.005, V—<0.005. To analyze the
equilibrium state of this material at different temperatures
(and under ambient atmospheric pressure), one should use the
corresponding multi-component (equilibrium) phase diagram
whose axes are the weight percentages of all the AISI 1005
main alloying elements (i.e., C, Mn, Si, Ni, etc.) and
temperature. However, this is highly impractical due to the
multi-dimensional nature of the phase diagram. Instead, one
typically utilizes the so-called quasi-binary para-equilibrium
Fe-C phase diagram. Such a phase diagram is alloy system
dependent and is based on the assumption that the concentra-
tion of non-carbon alloying elements is the same in all the
phases present and equal to that of the alloy system itself. In
other words, it is assumed that due to their low diffusivity,
partitioning of the non-carbon alloying elements between
various phases does not take place. The quasi-binary para-
equilibrium phase diagram of AISI 1005 is displayed in Fig. 2.
Examination of this diagram reveals that it is quite similar to the
true-binary Fe-C phase diagram except that the values of the
characteristic concentrations and temperatures have been
slightly changed. This is to be expected considering the fact
that AISI 1005 is a (plain) low-carbon steel in which carbon
dominates the thermodynamics of all the associated phase
transformations.

2.2 Austenite Transformation(s) Within the FZ

2.2.1 Time-Temperature-Transformation (TTT) Austenite-
Decomposition Diagram. As will be discussed later in greater
detail, duringcoolingof thematerialwithin theFZ, austenite (ahigh-
temperature c-phase with face-centered-cubic, FCC crystal struc-
ture) undergoes transformation into a number of low-temperature
ferrite (a low-temperature a-phase with body-centered-cubic, BCC
crystal structure)-based phases/microconstituents. Some of these
transformations are not predictedby the phase diagramas they occur
under finite cooling-rate conditions and not under extremely slow/
equilibrium cooling conditions. The first step towards investigating
austenite-decomposition phase transformations under finite cooling
rates is to construct and analyze the so-called TTT diagram for AISI
1005. In general, this diagram is experimentally constructed by
quenching the steel in question from its fully austenitic region to a
temperature below the austenite-transformation (also known as A3)
temperature and determining the so-called incubation time, i.e., the
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time at which the phase transformation begins to occur (at the
holding temperature). However, over the last 25 years major
advances have been made in computational methods and tools for
constructing the TTT diagrams non-experimentally by simply
specifying the alloy chemical composition.

The TTT diagram for AISI 1005 is constructed, in this study,
by following the procedure outlined in Ref 15 and previously
employed in Ref 2. The result of this procedure is displayed in
Fig. 3. Examination of the TTT diagram displayed in this figure
reveals the presence of: (a) a high-temperature C-shaped curve
which represents a locus of time/temperature points at which
the replacive transformation of austenite into allotriomorphic
ferrite (a variation of ferrite possessing a featureless external

morphology which does not reflect the symmetry of the
associated underlying crystalline structure) begins; (b) a low-
temperature (upper half C-shaped) curve which corresponds to
the displacive transformation of austenite into acicular/Wid-
manstatten ferrite (a version of ferrite possessing an acicular/
lenticular-plate morphology which grows into the untrans-
formed austenite from the austenite/austenite grain boundaries
and/or allotriomorphic ferrite/austenite interfaces); and (c) a
constant-temperature line denoting the highest temperature (the
so-called martensite-start, MS temperature) at which, during the
initial quench, displacive/diffusionless austenite fi martensite
transformation takes place. For the two non-martensitic types of
austenite-decomposition, Russell�s formula (Ref 16, 17)

s ¼ Ta � DGMaxð Þb� exp
c

T

� �
� d ðEq 1Þ

is used to calculate the corresponding incubation time, s, as a
function of the maximum driving force for allotriomorphic
ferrite nucleation, DGmax, and the associated rate-constants a,
b, c, and d. The values of the required nucleation driving
force, rate-constants and the MS temperature are all obtained
using the procedure outlined in Ref 15.

It should be noted that a constant-temperature line corre-
sponding to the equilibrium austenite fi allotriomorphic fer-
rite transformation (the so-called A3-temperature) is also shown
in Fig. 3. The value for the A3-temperature (under the
aforementioned para-equilibrium conditions) is also determined
using the procedure outlined in Ref 15.

2.2.2 Continuous-Cooling-Transformation (CCT)Austenite-
Decomposition Diagram. The TTT diagram was constructed
under the unique thermal-history conditions within which austenite
is quenched to a given temperature and then held at that temperature
until the associated austenite-decomposition phase transformation
begins to take place. Clearly, this is not a time history that a typical
material point within the FZ will experience during its cooling to
room temperature. Consequently, a procedure is needed that will
enable determination of the start of the austenite-decomposition
phase transformation under any thermal-history conditions. The
procedure adopted in this study is based on the Scheil additive rule
(Ref 18) as

Z t

0

dt0

s Tðt0Þð Þ ¼ 1; ðEq 2Þ

where t is the (non-isothermal) incubation time associated
with the cooling history T(t¢), t¢ is a dummy-time variable
and t¢ = 0 corresponds to the instance when the material point
in question, during cooling, crosses the corresponding (i.e.,
c fi aallotriomorphic or c fi aWidmanstatten) equilibrium trans-
formation temperature. In the case of the austenite fi allotri-
omorphic ferrite transformation, this temperature corresponds
to the A3 temperature, while in the case of the austen-
ite fi Widmanstatten ferrite this temperature can be opera-
tionally defined as the horizontal asymptote for the associated
half C-shaped curve. The Scheil additive rule simply assumes
that the material has to reach the same critical state of incuba-
tion for the transformation to proceed. The progress of the
material towards this critical incubation state, at a given tem-
perature T during cooling, is simply defined by the dt0

s Tðt0Þð Þ
ratio, and the time integral of this quantity at the onset of
phase transformation, hence, has to be equal to 1.0.

Fig. 2 A portion of the quasi-binary para-equilibrium Fe-C phase
diagram corresponding to the non-carbon alloy additions at a level
nominally found in AISI 1005 (Ref 36)

Fig. 3 The TTT diagram for AISI 1005 steel, showing the loci of
time/temperature points associated with the transformation of austen-
ite into allotriomorphic ferrite (aA), Widmanstatten ferrite (aw),
bainite and/or martensite
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The procedure described above is used to construct the CCT
diagram for a series of austenite cooling histories, each
associated with a constant cooling rate. The outcome of this
procedure is displayed in Fig. 4. For improved clarity, the TTT
curves are denoted in this figure using dashed lines. For the
same reason, the resulting CCT curves are drawn as heavy,
while representative cooling curves are denoted as light solid
lines. It should be noted that, due to the athermal nature of the
martensitic transformation, the MS transformation temperature
is not affected by the details of the material cooling history.

2.2.3 Phase Volume-Fraction Calculations. The TTT/
CCT analyses presented above enable determination of the
time/temperature condition at which, during cooling, austenite
begins to transform into either the allotriomorphic or Wid-
manstatten ferrite. While this information is necessary, it is not
sufficient relative to the main objective of this study which
involves computational determination of the phase volume
fractions. In addition, a complete analysis of the microstructural
changes in the weld region must encompass both the FZ and the
HAZ, while the TTT/CCT analyses were focused only on the
microstructural changes within the FZ. In the remainder of this
section, procedures are presented for computing the final
volume fractions of the main phases/microstructural constitu-
ents within both the FZ and the HAZ.

2.2.4 Allotriomorphic Volume Fraction. Various exper-
imental investigations have clearly revealed that growth of the
allotriomorphic ferrite is greatly affected by the austenite grain
structure, which, in turn, is greatly affected by details of the
solidification process (Ref 2). Typically, in low-carbon steels,
the as-cast microstructure, at high temperatures, consists of
d-ferrite. The d-ferrite grains adjacent to the FZ/HAZ interface
are equiaxed and very fine, forming the (quite thin) so-called
chill zone. In the remainder of the FZ, the d-ferrite grains are
substantially coarser and columnar with their major axes being
aligned with the direction of maximum heat extraction (Ref 19).
During subsequent cooling, d-ferrite fi c-austenite phase
transformation takes place mainly through nucleation of the c

phase along the d-ferrite grain boundaries and its growth in a
direction normal to the grain boundaries. Consequently,
austenite essentially inherits the d-ferrite microstructure which
is dominated by coarse columnar grains. For modeling
purposes, the cross section of these grains is idealized as being
of equal regular hexagonal shape. In other words, the columnar
austenite grains are assumed to form a perfect honeycomb
structure, as shown schematically in Fig. 5(a). It should be
noted that the axis of the hexagonal prisms is aligned with the
direction of maximum heat extraction. Also, it will be shown
below that, within the c-austenite fi allotriomorphic ferrite
growth model used in this study, the growth rate for allotri-
omorphic ferrite is affected by the austenite grain hexagonal
cross section edge-length, a. The latter, in turn, is mainly
affected by the maximum cooling rate attained by the melt at
the FZ/HAZ interface during solidification. That is, the higher
the cooling rate, the smaller the austenite grain transverse cross-
sectional area (as quantified by a). No attempt was made in this
study to model the solidification process accompanying
GMAW and, hence, no functional relationship between the
austenite grain size, a, and the GMAW-process parameters
could be established. Instead, a prototypical value of
a = 47 lm was used (Ref 20). In our future efforts, an attempt
will be made to couple the present GMAW-process model with
the type of GMAW-process model which emphasizes heat
transfer from the arc and mass transfer from the electrode to the
weld pool and, in turn, to investigate as-cast microstructural-
evolution during the welding process.

The allotriomorphic ferrite growth model utilized in this
study assumes a parabolic relationship between the ferrite-
thickness growth rate, dq

dt ; and the instantaneous ferrite-plate
thickness, q, as

dq

dt
¼ a1ðtÞ

q
; ðEq 3Þ

where a1(t) is a one-dimensional temperature-dependent para-
bolic growth-rate constant.

Integration of Eq (3) between the time at which the growth
starts, ti, and the time at which the growth ceases, tf, along the
given temperature history, T(t¢), yields the allotriomorphic
ferrite finite-plate thickness, qf, as

qf ¼ 0:5

Ztf

ti

a1ðTðt0ÞÞt0�0:5dt0: ðEq 4Þ

For any austenite cooling history, time ti (and the associated
c-austenite fi allotriomorphic ferrite phase transformation-
start temperature) is obtained using the aforementioned CCT
procedure and the upper TTT curve in Fig. 3. Likewise, tf
(and the associated c-austenite fi allotriomorphic ferrite
phase transformation-end temperature) is determined using
the same procedure, but with the lower TTT curve in Fig. 3.
In other words, transformation of austenite into allotriomor-
phic ferrite is assumed to cease once kinetically superior aus-
tenite fi Widmanstatten-ferrite transformation initiates. As
far as the parabolic growth-rate constant is concerned, it is
assumed to be controlled by carbon diffusion within austenite
from the advancing allotriomorphic growth front. In other
words, a para-equilibrium condition is assumed to prevail
during the austenite fi allotriomorphic ferrite transformation.
This assumption is fully consistent with previous investiga-
tions (Ref 2). Temperature dependence of the parabolic

Fig. 4 Calculated CCT diagram for AISI 1005 steel: CCT curves
and the Ms temperature line are denoted using heavy solid lines,
while representative cooling curves are shown as light solid
lines. The TTT curves and the A3 temperature line are denoted using
dashed lines
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growth-rate constant, a1, for AISI 1005 is depicted in Fig. 6
(Ref 20). It is seen that, as the temperature decreases, a1 first
increases as a result of an increased thermodynamic driving
force for the austenite fi allotriomorphic ferrite transforma-
tion. However, when the temperature becomes sufficiently
low, the associated reduced carbon diffusivity begins to con-
trol the overall rate of this transformation leading to a reduc-
tion in a1.

Using simple geometrical arguments and the schematic
displayed in Fig. 5(b), pertaining to a partially transformed
section of austenite, a functional relationship can be established
between the allotriomorphic ferrite-plate thickness, qf, and its
volume fraction, VaA, as

VaA ¼
2qf tanð30�Þ 2a� 2qf tanð30�Þð Þ½ �

a2
: ðEq 5Þ

2.2.5 Widmanstatten Volume Fraction. As mentioned
above, the onset of austenite to Widmanstatten-ferrite phase
transformation causes the kinetically more sluggish austenite to
allotriomorphic ferrite transformation to cease. The growth rate
of the Widmanstatten ferrite is assumed, in this study, to be
controlled by the rate of lengthening of this lens-shaped phase
in a direction normal to the local allotriomorphic ferrite/

austenite interface. A schematic of partially transformed
austenite grains containing prior grain-boundary regions trans-
formed into allotriomorphic ferrite and lenticular-shaped Wid-
manstatten plates advancing from the allotriomorphic ferrite/
austenite interfaces toward the grain centers is depicted in
Fig. 5(c). While this rate is affected by the para-equilibrium
condition still present at the ferrite advancing front and the
associated carbon diffusion from this front into the untrans-
formed austenite, the displacive character of the austenite to
Widmanstatten-ferrite transformation also plays an important
role in the kinetics of this transformation (Ref 5, 21). Following
the procedure described in Ref 5, 21 which is based on the
calculation of the Widmanstatten-ferrite area fraction within the
hexagonal-shaped austenite grains, Fig. 5(c), the following
expression is used for determining the Widmanstatten-ferrite
volume fraction, VaW

VaW ¼ C4G
2a� 4qf tanð30�Þt2aW

ð2aÞ2

" #
; ðEq 6Þ

where C4 (=7.367 s�1, Ref 20) is an alloy-composition inde-
pendent constant, G (=52 lm/s, Ref 20) is the Widmanstat-
ten-ferrite lengthening rate, and taW is the total time available
for the austenite to Widmanstatten-ferrite transformation (it
should be recalled that once temperature drops below MS, the
austenite to Widmanstatten-ferrite transformation ceases and it
is replaced with an athermal martensitic transformation).

2.2.6 Volume Fraction of Other Microconstituents
Resulting from Austenite Transformation. In addition to
allotriomorphic and Widmanstatten ferrite, the room-temperature
FZ as-cast microstructure may also contain other phases/
microconstituents, primarily bainite, martensite and retained
austenite. As it is generally difficult to make a clear distinction
between Widmanstatten ferrite and bainite, austenite to bainite
phase transformation is not modeled explicitly, and it is simply
lumped with the austenite to Widmanstatten-ferrite transforma-
tion. Hence, no separate volume fraction of bainite is calculated
within the present procedure. As far as retained austenite is

Fig. 5 Schematic representations of the columnar-grain microstruc-
ture in (a) untransformed austenite, (b) austenite partially trans-
formed into allotriomorphic ferrite, and (c) austenite partially
transformed into allotriomorphic and Widmanstatten ferrite

Fig. 6 Temperature dependence of the one-dimensional parabolic
growth-rate constant for the austenite fi allotriomorphic ferrite
phase transformation in AISI 1005 (Ref 20)
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concerned, its volume fraction in AISI 1005 is typically very
small and, hence, it is assumed to be zero in this study. Thus,
the only remaining major phase/microconstituent which could
be found in the AISI 1005 room-temperature FZ as-cast
microstructure is martensite, and its volume fraction VMs can be
simply computed as

VMs ¼ 1� VaA � VaW: ðEq 7Þ

2.3 Phase Transformations within the HAZ

2.3.1 Ferrite to Austenite Transformation During
Heating. While the material within the FZ undergoes, during
GMAW, cooling from its deposition temperature to room
temperature, the material within the HAZ initially experiences
heating and then subsequent cooling. The HAZ is operationally
defined as a region surrounding the FZ within which thermal
cycling described above causes noticeable and significant
changes in the weldment-material microstructure and proper-
ties. It should be noted that the material within the workpiece
components to be welded can have a variety of as-received
microstructures depending on the prior thermal-mechanical
history of the material. While details of various such micro-
structures can have some effect on the extent of microstructural
changes in the HAZ, these details are beyond the scope of this
study. Instead, the as-received workpiece-material microstruc-
ture is assumed to be fully ferritic (simply stated, allotriomor-
phic ferrite, Widmanstatten ferrite, bainite and martensite are all
considered as different renditions of the same crystalline phase,
ferrite). The main microstructure changes in the HAZ during
the heating portion of the thermal cycle are associated with a
ferrite to austenite transformation, while during cooling aus-
tenite transforms back into one or more phases/constituents, in
accordance with the thermodynamics and kinetics relations
provided in the previous section.

In AISI 1005, as in most low-carbon steels, ferrite to
austenite transformation involves nucleation of austenite and its
subsequent carbon-diffusion-controlled growth (under para-
equilibrium conditions, assumed in this study). Consequently,
the progress of this transformation is generally represented
using the so-called Kolmogorov-Johnson-Mehl-Avrami
(KJMA) relation (Ref 22). In the case of an isothermal ferrite
to austenite phase transformation, the KJMA relation can be
expressed as

Vc ¼ 1� exp � k Tð Þ � tf gn½ �; ðEq 8Þ

where Vc represents the austenite volume fraction, k(T) is a
nucleation/growth-rate-related kinetic parameter, t is the iso-
thermal-holding time at temperature T, and n (=1.9, Ref 2) is
a temperature-invariant exponent. Temperature dependence of
k is normally defined using an Arrhenius-type relation in the
form

kðTÞ ¼ k0 � exp � Q

RT

� �
; ðEq 9Þ

where k0 (=1.339 105 s�1, Ref 2) is a pre-exponential con-
stant, Q (=117.07 kJ/mol, Ref 2) is an overall nucleation/
growth activation energy for the ferrite to austenite phase
transformation while R is the universal gas constant. It should
be noted that the KJMA model parameters k0, Q and n are
normally obtained using multiple-regression of the isother-
mal-kinetics experimental data.

Equation (8) cannot be directly used in the analysis of the
ferrite to austenite phase transformation within the HAZ, as this
transformation proceeds under continuous heating rather than
under isothermal-holding conditions. Instead, one should first
approximate a T(t) continuous heating function, as a sequence
of N isothermal-holding steps each associated with a temper-
ature Ti (i = 1, 2,…,N) and of a duration Dt. Then Eq (8) could
be modified to account for the cumulative contribution of all the
isothermal-transformation steps as

Vc t TNð Þð Þ ¼ 1� exp �
XN
i¼1

k Tið Þ � Dt

( )n" #

¼ 1� exp �
XN
i¼1

k0 � exp � Q

RTi

� �
� Dt

( )n" #
:

ðEq 10Þ

2.3.2 Austenite Transformation During Cooling. The
austenite formed within the HAZ during heating transforms
back to ferrite during subsequent cooling of this weld region to
room temperature. As the HAZ microstructure at the peak
temperature contains ferrite/austenite interfaces, the austen-
ite fi ferrite transformation is assumed to involve only the
carbon-diffusion-controlled growth of the existing ferrite plates
(and not the ferrite nucleation process). Consequently, the
progress of the ferrite fi austenite transformation during
cooling within the HAZ is assumed to be given by the same
kinetic relations as those defined in the previous section.

3. Computational Procedure

Modeling of the GMAW process carried out in this study
employs a modified version of the transient fully coupled
thermomechanical finite-element procedure which was devel-
oped in our prior work dealing with friction stir welding (FSW)
(Ref 23-31). As a detailed account of the procedure was
provided in Ref 31, only a brief overview of the features unique
to the GMAW process will be presented in the remainder of this
section.

3.1 Geometrical Model

The computational domain used consists of a (1209 60-
2409 15 mm) rectangular parallelepiped with the parallelepi-
ped axis aligned with the global Cartesian x-y-z coordinate
system, Fig. 7(a). The parallelepiped is oriented in such a way
that the weld contact interface is orthogonal to the x-axis, weld
gun travel direction is along the y-axis, while the workpiece
upward normal is along the z-axis. The coordinate system
origin is placed at the center (x = 0)/front (ymin = 0)/bottom
(z = 0) point of the computational domain. A V-shaped
through-the-thickness section centered at x = 0 and running
along the y-axis is created initially by removing the associated
workpiece material, and the removed material is added, in a
gradual manner, to mimic groove filling in the spray mode
during the GMAW process. In addition, the geometry of the
restored material has been changed to form a dome-shaped
weld top, Fig. 7(a). It should be noted that the computational
domain described above possesses a symmetry plane at x = 0
and, hence, only one (left) half of this computational domain is
explicitly analyzed in this study.
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3.2 Meshed Model

The selected half of the computational domain is meshed
using between 54,000 and 216,000 first-order eight-node
reduced-integration hexahedral thermomechanically coupled
solid elements. A close-up of the typical meshed model used in
this study is shown in Fig. 7(b).

3.3 Computational Algorithm

As mentioned above, the GMAW process is analyzed
computationally using a transient fully coupled, thermome-
chanical, unconditionally stable, implicit finite-element algo-
rithm within which the ‘‘V-grooved’’ workpiece components
are supported from the bottom, made stress-free and initially
placed at the ambient temperature, while a high-temperature
welding/filler material is gradually replaced within the groove.
Three basic heat transfer modes, conduction, convection and
radiation, are activated while non-uniformity in the temperature
spatial distribution is allowed to produce thermal stresses
which, if sufficiently high, could induce plastic deformation
and residual stresses. To account for the fact that a small
fraction of the plastic-deformation work is stored in the form of
crystalline defects, 95% of this work was arbitrarily assumed to
be dissipated in the form of heat.

3.4 Initial Conditions

As mentioned above, the workpiece and the welding/filler
material are initially assumed to be stress-free but at different
temperatures, i.e., (a) the workpiece material is assumed to be at
the ambient temperature; while (b) the welding/filler material is
assumed to be at a temperature which exceeds the material
liquidus temperature. No attempt was made in this rendition of

the GMAW-process model to relate this temperature to the
basic welding-process parameters. This will be done in our
future efforts, which will include coupling of the present
GMAW-process model with the type of GMAW-process model
which emphasizes heat transfer from the arc, and mass transfer
from the electrode, to the weld pool.

3.5 Boundary Conditions

As the computational domain explicitly analyzed represents
only one half of the workpiece/weld assembly, symmetry
mechanical and thermal boundary conditions are applied
across the x = 0 symmetry plane. As mentioned above, the
‘‘V-grooved’’ workpiece components are supported from the
bottom and no other mechanical boundary conditions are
utilized/prescribed. As far as the thermal boundary conditions
are concerned, natural-convection and radiation boundary
conditions are prescribed over all external surfaces of the
workpiece/weld.

3.6 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 finer finite-element meshes.
The finite-element mesh finally selected is a compromise
between the computational efficiency and the numerical
accuracy.

3.7 Material Model

It should be noted that the finite-element-based computa-
tional procedure described above was used in this study mainly
to generate thermal histories of the material points within the
FZ and the HAZ. In other words, no allowance was given
within this analysis for the occurrence of various phase
transformations accompanying material cooling within the FZ
and the material heating/cooling within the HAZ. However,
these transformations will be investigated, in section 4, for the
obtained cooling histories, in a post-processing analysis which
utilized the TTT/CCT procedures developed in section 2.

Based on the description provided above, it is evident that
the material utilized within the finite-element analysis was
assumed to be homogeneous, single-phase and non-transform-
ing/stable. In addition, the workpiece components and the
welding/filler material are assumed to be represented by an
identical material thermal-mechanical model. The mechanical
portion of the workpiece/weld-material response is assumed to
be isotropic, linear-elastic and strain-hardenable, strain-rate
sensitive, thermally softenable plastic and that it can be
represented using the Johnson-Cook material-model formula-
tion (Ref 32).

Within this model, 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 mathemat-
ical 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.

Fig. 7 Typical (a) geometrical and (b) meshed models used in the
present analysis of the GMAW process
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For AISI 1005, as for the most metallic materials, plasticity
is considered to be of a purely distortional (volume-preserving)
character and the yield criterion and the flow rule are,
respectively, defined using the von Mises yield criterion and

a normality flow rule. The von Misses yield criterion states that
equivalent stress (a scalar, frame-invariant function of the
deviatoric stress components) must be equal to the material
yield strength for plastic deformation to occur/proceed. The

Table 1 Johnson-Cook strength model material parameters for AISI 1005

Parameter Symbol Units Value

Young�s Modulus E GPa 205-215
Poisson�s ratio m N/A 0.285-0.295
Reference strength A MPa 310.0
Strain-hardening Parameter B MPa 350.0
Strain-hardening exponent n N/A 0.3
Strain-rate coefficient C N/A 0.02
Room temperature Troom K 298.0
Melting temperature Tmelt K 1492-1526
Temperature exponent m N/A 0.5

Table 2 General, thermomechanical, and thermal parameters for AISI 1005

Parameter Symbol Units Value

Material mass density q kg/m3 7800-7900
Coefficient of linear thermal expansion a 1/K 1.15e�5-1.3e�5
Specific heat Cp J/kg ÆK 465-505
Thermal conductivity k W/m ÆK 50-54
Heat transfer coefficient h W/m2 ÆK 40-50
Sink temperature Tsink K 298
Emissivity e N/A 0.77
Ambient temperature Tamb K 298

Fig. 8 An example of typical results pertaining to the spatial distribution and temporal evolution of temperature in the weld region at relative
welding times of (a) 0 s, (b) 10 s, (c) 20 s, and (d) 30 s
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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 multi-dimensional
space at which the von Mises stress criterion is satisfied). The
Johnson-Cook strength constitutive law is defined as

ry ¼ A 1þ B

A
�epl
� �n� 	

1þ C log _�epl=_�epl0

� �h i
1� Tm

H


 �
;

ðEq 11Þ

where �epl is the equivalent plastic strain, _�epl the equivalent
plastic strain rate, _�epl0 a reference equivalent plastic strain
rate, A the zero plastic strain, unit plastic strain rate, room-
temperature yield strength, B the strain-hardening constant, n
the strain- hardening exponent, C the strain-rate constant,
m the thermal-softening exponent and TH = (T�Troom)/
(Tmelt� Troom) a room-temperature (Troom)-based homologous

temperature while Tmelt is the melting (or more precisely, soli-
dus) temperature. All temperatures are given in Kelvin. In Eq
(11), the parameter A 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.

The thermal-portion of the material model is defined using
the: (a) material mass density, q, specific heat, Cp, and thermal
conductivity, k, for the heat-conduction part of the model;
(b) the heat transfer coefficient, h, and the sink temperature,
Tsink = Troom, for the natural-convection part of the model; and
(c) emissivity, e, and the ambient temperature, Tamb = Troom, for
the radiation part of the model.

A summary of the values for all the AISI 1005 thermal-
mechanical model parameters used in this study is provided in
Tables 1 and 2.

3.8 Computational Tool

The transient fully coupled thermomechanical problem
dealing with GMAW, as described above, is solved using an
implicit solution algorithm implemented in ABAQUS/Standard
(Ref 33), a general purpose finite-element solver. In addition,
Matlab (Ref 34), a general purpose mathematical package was
used to automate ABAQUS input file construction, as progres-
sive replacement of the welding/filler material required using a
large number of computational steps involving mesh models
with a continuously increasing number of elements.

4. Results and Discussion

In this section, typical results obtained using the present
transient fully coupled, thermal-mechanical analysis of the
GMAW process are presented and discussed. Some of these
results (such as the ones pertaining to the spatial distribution of
the equivalent plastic strain and the residual von Mises stress in
the weldment) are presented to merely demonstrate the
capabilities of the present analysis. However, these results
were not used in the current rendition of the microstructural-
evolution and phase volume-fraction computational procedure.
On the other hand, detailed results pertaining to the temperature
history of the characteristic material points within the FZ and
the HAZ are used in the analyses of microstructural-evolution
and during the calculations of the phase volume fractions.

4.1 Typical Results

4.1.1 Spatial Distribution and Temporal Evolution of
Temperature. An example of typical results pertaining to the
spatial distribution and temporal evolution of temperature in the
weld region are presented in Fig. 8(a) to (d). The results
displayed in these figures are obtained at relative welding times
of 0, 10, 20, and 30 s, respectively. For improved clarity, the
workpiece portions residing on the ambient (298 K) tempera-
ture are shown as light gray regions. Examination of the results
displayed in Fig. 8(a) to (d) clearly reveals that: (a) deposition
of the high-temperature filler material into the groove causes an
instantaneous increase in temperature in the adjacent region of
the workpiece/weld; (b) as welding proceeds, previously
deposited filler material cools by losing its heat through natural
convection and radiation to the surroundings and by conduction

Fig. 9 An example of typical results pertaining to the temporal
evolution of temperature (a) along the workpiece mid-plane within
the FZ (the labels used represent the distance of the material point in
question from the weld yz-symmetry plane) and (b) along the work-
piece mid-plane within the heat-affected zone, HAZ (the labels used
represent the distance of the material point in question from the
HAZ/FZ interface)
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through the adjacent workpiece-material region; and (c) prop-
agation of the thermal-conduction wave within the workpiece
can be clearly observed by monitoring the expansion of the
400 K temperature contour over the workpiece top surface.

4.1.2 Thermal History of the FZ and HAZ. Typical
results pertaining to the thermal history of the material points
lying on the workpiece mid-plane during the GMAW process
are displayed in Fig. 9(a) and (b). The results displayed in
Fig. 9(a) are obtained within the FZ and the curve labels used
represent the distance of the material point in question from the
weld yz-symmetry plane, while the results displayed in
Fig. 9(b) show the corresponding HAZ results where the curve
labels used, in this case, represent the distance of the material
point in question from the HAZ/FZ interface. It should be noted
that the results, such as those displayed in Fig. 9(a) and (b), but
for a substantially larger number of material points, will be used
in the next section to determine the phase volume fractions in
the weld region. Examination of the results displayed in these
figures reveals that: (a) material points within the FZ undergo
continuous cooling; (b) the initial cooling rate is highest for the
FZ material points which are closest to the workpiece/weld
interface; (c) as far as material points within the HAZ are
concerned, as expected, they experience a complex heating-cooling

thermal history; and (d) material points within the HAZ
which are closest to the workpiece/weld interface experience
the maximum temperature during the GMAW process.

4.1.3 Plasticity and Residual Stresses. As mentioned
earlier, large temperature gradient-induced thermal stresses in
the weld region combined with the attendant thermally softened
workpiece/weld material(s), can lead, during the GMAW
process, to plastic deformations, and during the subsequent
cooling to room temperature, to the development of residual
stresses. An example of the typical results obtained in this
portion of the work is displayed in Fig. 10(a) and (b). For
improved clarity, contour-level legends are not displayed, but
instead, the maximum values of the equivalent plastic strain and
the von Mises residual stress are denoted in Fig. 10(a) and (b),
respectively. Examination of the results displayed in these
figures reveals that, as expected, the largest plasticity/residual
stress effects are observed in the regions surrounding the HAZ/
FZ interface. It should be noted that the displacive-type
austenite-ferrite transformations are expected to be affected
by both plastic strains and the residual stresses through the
so-called deformation-induced and stress-assisted effects
(Ref 35, 37, 38). However, inclusion of these phenomena is beyond
the scope of this study, but will be addressed in our future efforts.

Fig. 10 An example of typical results pertaining to the spatial distribution of (a) equivalent plastic strain and (b) residual von Mises equivalent
stress over a transverse section of the weld and the workpeice region adjacent to the weld
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4.2 Prediction of the Room-Temperature Weld
Microstructure

The thermal history results like the ones reported in the
previous section, Fig. 9(a) and (b), is used as input to the FZ and
HAZ microstructural-evolution analysis presented in section 2
to determine the final volume fractions of different crystalline
phases in the weld region. The microstructural-evolution
analysis presented in section 2 revealed that the nature of the
phase transformations encountered and their thermodynamic/
kinetic relations are drastically different for the material points
residing in the FZ and in the HAZ. Consequently, different
microstructural-evolution functional relationships had to be
applied to the material points residing in these two portions of
the weld region. Once these relations have yielded the results
pertaining to the spatial variation of the phase volume fraction
within the FZ and the HAZ, the results are combined to generate
phase volume-fraction contour plots, one contour plot for each
crystalline phase analyzed. In this analysis, it was assumed that
the as-received AISI 1005 was in a normalized (heat-treatment)

condition and that its microstructure consists fully of ‘‘normal-
ized’’ ferrite. Based on this assumption, and considering details
of the analysis presented in section 2, any portion of the weld
region can contain up to four crystalline-phase/microconstitu-
ents: (a) allotriomorphic ferrite; (b) Widmanstatten ferrite;
(c) martensite; and (d) normalized ferrite.

An example of the results obtained using the aforemen-
tioned procedure is depicted in Fig. 11(a) to (d). These figures
display, respectively, the spatial distribution of phase volume
fraction for: (a) allotriomorphic ferrite; (b) Widmanstatten
ferrite; (c) martensite; and (d) normalized ferrite over a
transverse section of the weld and the workpiece region
adjacent to the weld. Examination of the results displayed in
Figs. 11(a) to (d) revealed that:

(a) The allotriomorphic ferrite volume fraction takes on the
largest value along the weld xz-symmetry plane, Fig. 11(a).
This finding is consistent with the fact that the average
cooling rate in this region is the smallest, Fig. 9(a)

Fig. 11 An example of typical results pertaining to the spatial distribution of phase volume fraction for (a) allotriomorphic ferrite, (b) Wid-
manstatten ferrite, (c) martensite, and (d) normalized ferrite over a transverse section of the weld and the workpeice region adjacent to the weld
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(b) As the distance from the weld xz-symmetry plane
increases, the allotriomorphic ferrite volume fraction
decreases in a fairly monotonic fashion (until the FZ/
HAZ interface is reached), Fig. 11(a). As one enters the
HAZ from the FZ, slightly higher values of the allotrio-
morphic ferrite volume fraction are encountered,
Fig. 11(a), indicating that, in this region, a significant
extent of the normalized ferrite fi austenite transfor-
mation was attained. As one moves towards the base-
metal/HAZ interface, this volume fraction monotonically
decreases and ultimately becomes zero, Fig. 11(a). This
demonstrates that, as expected, no normalized
ferrite fi austenite transformation takes place in the
base-metal.

(c) The Widmanstatten-ferrite volume fraction within the FZ
initially increases with the distance from the weld
xz-symmetry plane, Fig. 11(b). This finding is fully con-
sistent with the fact that the associated average cooling
rate also increases. However, near the FZ/HAZ interface,
the cooling rate becomes sufficiently high to kinetically
inhibit the progress of the austenite fi Widmanstatten-
ferrite transformation and to promote formation of mar-
tensite. Consequently, this region of the FZ contains a
lower volume fraction of the Widmanstatten ferrite,
Fig. 11(b) and a substantial volume fraction of the mar-
tensitic phase, Fig. 11(c).

(d) As expected, material within the FZ which was initially
in the molten state does not contain any normalized fer-
rite, Fig. 11(d). At the FZ/HAZ boundary, the normal-
ized ferrite volume fraction jumps to a value slightly
lower than 1.0. As one approaches the base-metal/HAZ
interface within the HAZ, this volume fraction monoton-
ically increases towards 1.0, Fig. 11(d). The locus of the
points at which this volume fraction acquires a value of
1.0 constitutes the base-metal/HAZ interface.

4.3 Model Validation

The analysis of the results pertaining to the spatial distribu-
tion of different crystalline phases and microstructural constit-
uents within the weld region presented in the previous section
established that the model predictions are in good qualitative
agreement with their experimental counterparts. Unfortunately,
quantitative validation of the present model cannot be carried
out for a number of reasons: (a) the present model does not
enable determination of the effect of the GMAW-process
parameters on the weld-material microstructure spatial distribu-
tion. Namely, the present model uses the weld-pool temperature
as an initial condition and is not capable of relating this
temperature to the GMAW-process parameters. As was men-
tioned earlier, this deficiency of the current model will be
addressed in our future work; (b) as part of a larger-scale effort
dealing with the problem of computationally assisted develop-
ment of the GMAW process and high-performance weldments,
GMAW experimental facilities are currently being developed/
assembled. These facilities have not yet yielded results which
can be used to help quantitatively validate the present model;
and (c) no open-literature experimental results pertaining to the
spatial distribution of various crystalline phases and micro-
structures within the AISI 1005 weld region could be found.

To temporarily overcome the problem of insufficient
validation of the present model, the microstructural evolution

model within the FZ is combined with the cooling-rate results
obtained in Ref 2 for the case of the Gas Tungsten Arc Welding
(GTAW) of AISI 1005 steel and compared with the experi-
mental results reported in the same reference. The present
model predictions and the experimental results reported in
Ref 2 are found to be in reasonably good agreement.

5. Summary and Conclusions

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

1. A conventional GMAW butt-joining process is analyzed
computationally using a fully coupled, transient, thermal-
mechanical finite-element procedure within which ther-
mal-mechanical coupling is attained by accounting for
the temperature dependence of the workpiece-material
mechanical model and by treating the plastic deformation
as a potential heat source in the heat-conduction equa-
tion.

2. The finite-element procedure is subsequently combined
with the basic physical-metallurgy concepts and princi-
ples to model microstructural-evolution within the weld
FZ and weld HAZ.

3. To demonstrate the utility of the present approach, the
procedure is applied to a prototypical (plain) low-carbon
steel (AISI 1005). Detailed examination of the predicted
spatial distribution of the volume fractions of various
crystalline phases and microconstituents established that
these are in good qualitative agreement with general
experimental observations/findings reported in the open
literature.

4. Issues related to a more quantitative validation of the
present model as well as those related to the future
improvements in the model are also discussed.
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