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Abstract

Evolution of the microstructure in AISI 1005 steel weldments was studied during gas tungsten arc (GTA) welding experimen-
tally and theoretically. The experimental work involved real-time mapping of phases in the heat-affected zone (HAZ) using a
synchrotron-based spatially resolved X-ray diffraction (SRXRD) technique and post weld microstructural characterization of the
fusion zone (FZ). A three-dimensional heat transfer and fluid flow model was used to calculate the temperature and velocity fields,
thermal cycles, and the geometry of the FZ and the HAZ. The experimental SRXRD phase map and the computed thermal cycles
were used to determine the kinetic parameters in the Johnson–Mehl–Avrami (JMA) equation for the ferrite to austenite
transformation during heating in the HAZ. Apart from providing a quantitative expression for the kinetics of this transformation,
the results are consistent with a decreasing nucleation rate of austenite from a ferrite matrix with time. In the FZ, the volume
fractions of microconstituents were calculated using an existing phase transformation model and the computed thermal cycles.
Good agreement was found between the calculated and experimental volume fractions of allotriomorphic and Widmanstatten
ferrites in the FZ. The results indicate significant promise for understanding microstructure evolution during GTA welding of
AISI 1005 steel by a combination of real time phase mapping and modeling. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During welding, the interaction of the heat source
and the material leads to rapid heating, melting and the
formation of the weld pool. In the weld pool, the
molten metal undergoes strong recirculation and the
flow of liquid metal significantly affects the temperature
fields, thermal cycles and the weld pool geometry.
When the heat source moves away, the weld pool cools
and eventually solidifies. As the temperature drops,
various solid-state phase transformations take place
resulting in the final microstructure of the weldment
[1–3]. The properties of a weldment, such as strength,
ductility, toughness, and corrosion resistance are signifi-
cantly affected by its microstructure. Thus, it is impor-
tant to understand the microstructure evolution during
welding.

A series of phase transformations take place in both
the fusion zone (FZ) and the heat-affected zone (HAZ)
during welding of low carbon steels. The microstruc-
tural history of the FZ is �-ferrite��-austenite��-fer-
rite� liquid��-ferrite��-austenite��-ferrite, while
the typical microstructure evolution in the HAZ corre-
sponds to �-ferrite��-austenite��-ferrite. In the
HAZ, the ��� transformation during heating is of
importance because the grain size, phase fraction and
concentration homogeneity of transformed � phase af-
fects the kinetics of subsequent � grain growth and
phase transformations during cooling [4,5]. On the
other hand, the weld integrity and performance are
largely affected by the solidification transformation in
the FZ. However, the final microstructure in the weld-
ment is fairly complex because the solid-state ���
transformation can significantly alter the solidification
microstructure [1–3,6]. Therefore, during welding of
low carbon steels, the ��� transformation in the HAZ
during heating and the reverse ��� transformation in
the FZ and HAZ during cooling are very important.
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While the need for better understanding of the phase
transformation kinetics is well recognized, the use of
conventional methods, such as dilatometry [7], to study
the phase transformation kinetics during welding is
inherently difficult. First, the conventional methods are
indirect in that they measure a certain change in the
welded sample (e.g. changes in length) and cannot
directly determine the phases present during the test.
Furthermore, these methods can only provide phase
transformation data for heating and cooling rates on
the order of 1 K s−1, which is much less than those of
arc, laser and electron beam welds [8]. A recently
developed Spatially resolved X-ray diffraction
(SRXRD) technique using synchrotron radiation can
largely overcome those difficulties. During welding of
steels, partial and complete transformations to �-ferrite,
�-austenite, and �-ferrite phase regions have been iden-
tified using this technique with sufficient spatial resolu-
tion to identify the location of these phase fields [9,10].
Thus, this newly developed technique is useful to inves-
tigate phase transformations during welding of steels.

Since phase transformations in the weldment take
place during heating and cooling, knowledge of the
weld thermal cycles is a prerequisite for understanding
microstructure evolution during welding. Measurement
of temperature profiles in the weldment still remains a
major challenge today. Although some progress has
been made in the measurement of weld pool surface
temperatures, a unified reliable technique has not yet
emerged. Measurement of temperature fields in the heat
affected zone is time consuming and cumbersome. A
practical recourse is to use a well-tested three-dimen-
sional (3-D) numerical heat transfer and fluid flow
model to obtain accurate transient temperature fields,
peak temperatures and heating and cooling rates
[11,12].

In the present research, by the combination of exper-
iments and modeling, we seek to quantitatively under-
stand the kinetics and mechanisms of ���
transformation during heating in the HAZ and ���
transformation during cooling in the FZ during gas
tungsten arc (GTA) welding of AISI 1005 steel. The
kinetic data of ��� transformation in the HAZ were
determined from the real time phase map by SRXRD
technique. Since this transformation involves nucleation
and growth, the analysis of the kinetic data was based
on a modified Johnson–Mehl–Avrami (JMA) equation
considering non-isothermal behavior. The thermal cy-
cles were computed from the 3-D heat transfer and
fluid flow model. The JMA kinetic parameters for the
��� phase transformation in AISI 1005 steel were
then determined from the combination of real time
phase map and calculated thermal cycles. These kinetic
parameters are useful to quantitatively describe the
��� phase transformation kinetics. Apart from con-
tributing to the quantitative understanding of the phase

transformation kinetics, these kinetic parameters also
provide significant insight about the mechanism of
austenite nucleation from the ferrite matrix.

The ��� transformation during cooling of the weld
metal in the FZ has been examined by Bhadeshia et al.
[13–15]. For a known cooling rate, their model can
provide a quantitative description of the final micro-
constituents in the FZ resulting from the transforma-
tion of ��� transformation. Using the computed
thermal cycles from the 3-D heat transfer and fluid flow
model, the weld metal microstructure was calculated
using their model. The computed volume percents of
allotriomorphic and Widmanstatten ferrites were com-
pared with the corresponding values determined by
quantitative microscopy.

Quantitative understanding of both the ��� phase
transformation during heating in the HAZ and the
��� transformation during cooling in the FZ repre-
sents a contribution to the growing quantitative knowl-
edge base in fusion welding. Expansion of this
knowledge base is necessary, if not essential, to make
progress in understanding and controlling weldment
microstructure and properties based on scientific
principles.

2. Experimental procedure

2.1. Welding

AISI 1005 steel bar of 10.8 cm diameter was welded
by GTA welding. The composition of the as received
bar was (by wt.%): 0.05 C, 0.31 Mn, 0.18 Si, 0.11 Ni,
0.10 Cr, 0.009 P, 0.008 Cu, 0.005 S, �0.005 Al,
�0.005 Nb, �0.005 Mo, �0.005 Ti and �0.005 V.
GTA welds were made on steel bars using a constant
power of 1.9 kW (110 A, 17.5 V) with a W-2%Th
welding electrode measuring 4.7 mm in diameter. High
purity (99.999%) helium was used as both the welding
and shielding gases. The steel bar was rotated below the
fixed electrode at a constant speed of 0.11 rpm, which
corresponds to a surface welding speed of 0.6 mm s−1.
Additional details about the welding procedure are
reported in the literature [10].

2.2. Spatially resol�ed X-ray diffraction

The salient features of the experiments are briefly
described here. More details about the SRXRD setup
are available in the literature [8–10]. The SRXRD
measurements were performed on the 31-pole wiggler
beam line at Stanford Synchrotron Radiation Labora-
tory (SSRL) with Stanford Positron–Electron Accumu-
lation Ring (SPEAR) operating at an electron energy of
3.0 GeV and an injection current of �100 mA. The
focused monochromatic beam was passed through a
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Fig. 1. Diagram showing the two sections where measurements were
made. The welding direction is along the line ef. The plane abcd
represents the transverse section, on which the quantitative point
counting was carried out at the locations 1–5 to determine the
volume fractions of microconstituents within the FZ. The plane efgh
represents the longitudinal section, on which the prior austenite grain
structure was examined.

the welding electrode and collected for 10 s while the
bar rotated under the stationary torch at a constant
speed.

2.3. Metallographic characterization

As shown in Fig. 1, the welded samples were sec-
tioned transverse to the welding direction to examine
microstructures. Fig. 2 shows the optical microstructure
of base metal, which is composed of ferrite and small
regions of pearlite. The HAZ consisted of a partially
transformed region, a fine grained region and a coarse
grained region [10] as shown in Fig. 3(a). The mi-
crostructure in the coarse grained region of the HAZ
was composed of allotriomorphic and Widmanstatten
ferrites, as shown in Fig. 3(b). The FZ microstructure
was largely composed of allotriomorphic ferrite, Wid-
manstatten ferrite and small amount of other microcon-
stituents, as shown in Fig. 4. Under a light microscope,
allotriomorphic ferrite is usually equiaxed or lenticular
in form and Widmanstatten ferrite has a thin wedge
shape [16]. The point counting method was used follow-
ing the International Institute of Welding (IIW) guideli-
nes [17] to determine the relative quantities of these two
ferrites in the FZ. As shown in Fig. 1, various locations
within the FZ were examined. At each location, 100
points were counted to determine the volume frac-
tions of microconstituents. The resulting volume frac-
tions and their standard deviations are summarized in
Table 1.

260 �m tungsten pinhole to render a sub-millimeter
beam on the sample at an incident angle of �25°. The
SRXRD patterns were recorded behind the weld using
a 50 mm long 2048 element position sensitive Si photo-
diode array detector. The welding assembly was inte-
grally mounted to a translation stage driven by a
stepper motor with 10 �m precision and placed inside
an environmentally controlled chamber to minimize
oxidation during welding. SRXRD data were taken
while the beam was at a fixed location with respect to

Fig. 2. Optical micrograph of AISI 1005 steel base metal, etched in 2% nital solution.
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Fig. 3. (a) Macrostructure of the weldment, etched in 2% nital solution. The symbols FZ and BM represent FZ and base metal, respectively, and
the symbols CGR, FGR and PTR represent the coarse grained region, fine grained region and partially transformed region, respectively. The HAZ
consisted of the CGR, FGR, and PTR regions. (b) Microstructure of the coarse grained region in the HAZ etched in saturated picral solution
[16]. The symbols A and W represent allotriomorphic ferrite and Widmanstatten ferrite, respectively.

3. Mathematical modeling

3.1. Calculation of heat transfer and fluid flow

The 3-D heat transfer and fluid flow model used in the
present research has been extensively tested. Details
about this model are available in the literature [11,12],
only salient features are presented here. The transient
problem was transformed into a steady-state problem by

using a coordinate system moving with the heat source.
The equations of conservation of mass, momentum and
energy in 3-D form were discretized using the upwind
scheme and numerically solved by the SIMPLER al-
gorithm [18]. A 65×38×32 grid system was used in the
calculation and the corresponding computational domain
had dimensions of 287 mm in length, 57 mm in width and
41 mm in depth. The data used for the calculation of the
fluid flow and heat transfer are presented in Table 2.
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Fig. 4. Microstructure of the FZ, etched in saturated picral solution. The symbols A and W represent allotriomorphic ferrite and Widmanstatten
ferrite, respectively.

Table 1
Experimentally measured volume fractions of microconstituents in the fusion zone

Average volume fractions (%)Volume fractions at different locations (%) Standard deviation (%)

1 2 3 4 5

30 37 28V� 2835 31.6 3.7
VW 57 56 59 62 61 59 2.2

14 4 10 11 9.4 3.3Vo 8

Locations 1–5 are shown in Fig. 1. The symbols V�, VW, and Vo represent the volume fractions of allotriomorphic ferrite, Widmanstatten ferrite
and other microconstituents, respectively.

3.2. Calculation of thermal cycles

After obtaining the steady-state temperature field, the
thermal cycle at any given location (x, y, z) was calcu-
lated using the following equation:

T(x, y, z, t2)

=
TS(�2, y, z)−TS(�1, y, z)

�2−�1

VS(t2− t1)+T(x, y, z, t1)

(1)

where T(x, y, z, t2) and T(x, y, z, t1) are the tempera-
tures at time t2 and t1, respectively, Ts(�2, y, z) and
Ts(�1, y, z) are the steady-state temperatures at coordi-
nates (�2, y, z) and (�1, y, z), respectively, Vs is the
welding speed and (�2−�1) is the length welded in time
(t2− t1).

Table 2
Data used for the calculation of velocity and temperature fields

Physical property Value

Liquidus temperature (K) 1802
1779Solidus temperature (K)
7.87×103Density of liquid metal (kg m−3)

6.3×10−3Viscosity of liquid (kg m−1 s−1)
Thermal conductivity of solid (J m−1 s−1 K−1) 36.4

36.4Thermal conductivity of liquid (J m−1 s−1 K−1)
754Specific heat of solid (J kg−1 K−1)

Specific heat of liquid (J kg−1 K−1) 754
Latent heat of melting (J kg−1) 2.7×105

Temperature coefficient of surface tension −0.49×10−3

(N m−1 K−1)



W. Zhang et al. / Materials Science and Engineering A333 (2002) 320–335 325

Fig. 5. Calculated pseudo-binary Fe�C phase diagram for the AISI
1005 steel (adapted from [10]).

transformation involving nucleation and growth of �
phase, k0 is the pre-exponential constant, R is the
universal gas constant and T is the absolute tempera-
ture. The values of k(T), Q and k0 are usually deter-
mined by isothermal experiments. Under
non-isothermal conditions, the JMA equation can be
modified as:

f(t(Tm))=1−exp
�

−
� �

m

i=1

k(Ti)×�t
�nn

=1−exp
�

−
� �

m

i=1

k0×exp
�

−
Q

RTi

�
×�t

�nn
(4)

where f stands for the transformed � phase fraction, �t
is the time step, Ti is the temperature at time i�t, and
the symbol m indicates the number of time steps
[25,26].

3.3.3. Transformation of austenite during cooling
In low alloy steels, allotriomorphic ferrite is the first

phase to form from the � phase during cooling of the
weld metal. It nucleates along the � grain boundaries
and grows by diffusion [13–15]. As the temperature
decreases, the growth rate of allotriomorphic ferrite
decreases, and it finally gives way to the growth of
Widmanstatten ferrite. Widmanstatten ferrite nucleates
either directly from the austenite grain surfaces or
indirectly from allotriomorphic ferrite/austenite inter-
faces [3,6]. It grows by a combination of carbon diffu-
sion and an invariant-plane strain (IPS) shape change
[3,6]. At even lower temperatures, the untransformed
austenite completely transforms into bainite or marten-
site depending on the cooling rate [13–15]. It should be
noted that two or more transformations may occur
simultaneously at certain temperatures and compete
with each other.

Based on thermodynamics and phase transformation
kinetics, the TTT and CCT diagrams and the volume
fractions of weld metal microstructures can be calcu-
lated using an available phase transformation model
and the computed cooling rates. The details of the
model [13–15] and its recent applications [27,28] are
available in the literature and the assumptions and the
salient features are described in Appendix A. A flow
chart of microstructure evolution during GTA welding
of AISI 1005 steel by the combination of experiments
and modeling is shown in Fig. 6.

4. Results and discussion

4.1. Temperature and �elocity fields and weld pool
geometry

The computed 3-D velocities and temperature fields

3.3. Calculation of phase transformations

3.3.1. Phase equilibria
The pseudo-binary Fe�C diagram [10] for AISI 1005

steel is illustrated in Fig. 5. On slow heating, the
dissolution of carbides and formation of � take place at
993 K, producing a mixture of � and �. The � phase
transforms completely to � at 1155 K. The � phase
begins to form at 1705 K and coexists with � up to 1735
K where � completely transforms to �. At 1779 K �
starts to melt and it is completely converted to liquid at
1802 K. On slow cooling, the phase transformations
occur in the reverse order.

3.3.2. JMA equation for ��� transformation during
heating

In the HAZ, the ��� phase transformation in low
alloy steels involves the nucleation of � phase from the
� matrix and the growth of � phase by diffusion
[19–24]. Therefore, JMA equation is applicable to de-
scribe the ��� phase transformation in AISI 1005
steel. At a constant temperature, the JMA equation can
be expressed as [25]:

f=1−exp[−{k(T)× t}n] (2)

where f is the phase fraction of transformed �, t is the
time. The JMA time exponent n is a constant indepen-
dent of temperature. Its value is determined by the
nucleation and growth mechanism. The rate factor
k(T), which is related to the nucleation and growth
rate, is a function of temperature and can be calculated
by the Arrhenius equation:

k(T)=k0×exp
�

−
Q

RT
�

(3)

In Eq. (3), Q is the activation energy of the ���
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are shown in Fig. 7(a and b), respectively. In these
figures, the temperature field is indicated by the contour

lines and the fluid velocities are represented by the
arrows. The liquid metal motion in the weld pool is
driven mainly by the surface tension and
electromagnetic forces and, to a much lesser extent, by
the buoyancy force. Due to the temperature coefficient
of surface tension d�/dT has a negative value, the
surface tension force drives the liquid metal from the
center to the periphery at the surface of the weld pool.
As a result of the outward liquid metal flow on the
surface, the weld pool is wide and shallow. The
temperature gradient in front of the heat source is
somewhat higher than that behind the heat source.
These temperature gradients result in slightly greater
liquid metal velocities in front of the heat source than
behind the heat source.

Fig. 7(b) shows the geometry of the weld pool based
on SRXRD [10] and metallographic data. The FZ and
HAZ boundaries, indicated by the horizontal dotted
lines in the figure, were measured on the welded
samples [10], while the superimposed isotherms were
calculated from the 3-D comprehensive heat transfer
and fluid flow model. The calculated liquidus
isothermal line (1802 K) agrees well with the measured
weld pool boundary, and the calculated eutectoid
temperature profile (993 K) matches well with the
metallographically determined HAZ boundary. The
agreement between the calculated and experimental
geometry indicates that the overall features of the FZ
and HAZ in the GTA welds can be satisfactorily
predicted by the model. Furthermore, the spatial
distribution of peak temperatures, heating rates and
cooling rates can be determined. Thermal cycles are
necessary for understanding the evolution of
microstructure in the weldment.

4.2. Thermal cycles

The spatial distribution of temperatures shown in
Fig. 7 was converted into thermal cycles using Eq. (1).
Considering temperatures along a line parallel to the
welding direction (x-direction), the corresponding time
values were obtained by dividing the x-distance by the
welding speed. This conversion from distance to time
coordinates is required to understand the welding in-
duced phase transformations that are affected by both
time and temperature. A series of thermal cycles is
plotted in Fig. 8 for locations at different distances
from the weld centerline. In this plot time equal to zero
was arbitrarily selected to correspond to the heat source
location identified in Fig. 7 as x=0. The peak temper-
ature, the heating and cooling rates at various locations
decrease with increasing distance from the welding cen-
terline. Depending on the local temperatures, different
phase transformations take place in the HAZ. For
example, for a path parallel to the welding direction at
y=5.5 mm from the weld centerline, the peak tempera-

Fig. 6. Flow chart for the microstructure modeling scheme.

Fig. 7. (a) Calculated temperature and velocity fields in three dimen-
sions. (b) Calculated temperature and velocity fields on the top
surface. The weld pool boundary is represented by the 1802 K
isotherm. The molten metal velocities are represented by the arrows
and the velocities are located at the tail of the arrows. The liquid
phase was plotted from the real time SRXRD data. The FZ and
HAZ boundaries were measured on the metallographically prepared
samples. The heat source is positioned at x=y=0 mm. Welding
conditions, GTA, 110 A, 17.5 V; and 0.6 mm s−1 welding speed.
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Fig. 8. Calculated thermal cycles at different locations. Distances from weld centerline: 1, 2.5 mm; 2, 4.5 mm; 3, 5.5 mm; 4, 5.75 mm; 5, 6.75 mm;
6, 7.8 mm; and FL, 4.4 mm. Time equal to zero was arbitrarily selected to correspond to the heat source location at x=0 in Fig. 7.

ture and the time period over the A3 temperature (1155
K) is relatively large. As a result, this location experi-
ences complete ��� transformation during heating,
and the reverse ��� transformation during cooling.
Further away from the weld centerline, at y=7.8 mm,
the peak temperature never reaches the A1 temperature
(993 K), and therefore, does not experience the ���
transformation. Between these locations, the ���
transformation takes place under different heating rates
and peak temperatures, which result in different extents
of completion. Further analysis of kinetic data was
undertaken to understand the ��� transformation
during heating.

For low carbon steels, the ��� transformation dur-
ing cooling usually occurs within the temperature range
1073–773 K (800–500 °C) [28]. In FZ, the cooling
rates vary with position at high temperatures above the
melting point. As the weld metal cools, the spatial
variation of cooling rates in the FZ decreases. In the
1073–773 K range, the cooling rate in the FZ is almost
independent of position, as shown in Fig. 9. This is due
to the nearly constant outward heat loss from all
locations within the FZ [28,29]. A consequence of this
fact is that the spatial variation of microstructure
within the FZ of arc welds is expected to be insignifi-
cant. The computed cooling rates and an available
phase transformation model [13–15] were used to
quantitatively understand the microstructure evolution
in the FZ.

4.3. Phase transformations

4.3.1. Spatial distribution of phases in the HAZ
Fig. 10 shows the spatial phase distribution map

determined from the SRXRD data [10]. This map
assumes mirror symmetry of the weld about y=0 plane
where the stationary welding electrode is positioned at
x=y=0. The welded sample moves from left to right
along the x direction under the stationary arc. Five
phase regions were identified in Fig. 10, � region,

Fig. 9. Calculated cooling curves at different locations. The symbol y
represents the distance from the weld centerline, while the symbol z
represents the distance from the top surface, as shown in the small
figure. Time zero corresponds to the heat source location at x=0 mm
in Fig. 7.
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Fig. 10. Real-time SRXRD phase distribution maps. The superimposed isotherms were calculated from the 3-D heat transfer and fluid flow model.

(�+�) two-phase region, single-phase � region, (�+�)
region and liquid region. The calculated isotherms of
�/(�+�) (993 K), (�+�)/� (1155 K), �/(�+�) (1705
K) and (�+�)/liquid (1802 K) phase transformations
are superimposed on the phase distribution map. It is
observed that the calculated �/liquid and �/(�+�)
isotherms agree well with the liquid region and � region
on the front (heating) side of the weld, respectively.
Therefore, these phase boundaries can be reasonably
predicted by the calculated isotherms. The prediction of
the (�+�)/� boundary requires the knowledge of both
thermal cycles and the kinetics of the transformation,
and therefore, cannot be predicted by the thermal
model alone.

4.3.2. ��� transformation in the HAZ during heating
The rate of the ��� transformation on heating can

be expressed by the JMA equation since the transfor-
mation involves nucleation and growth of � phase. Eq.
(4) indicates that the JMA kinetic parameters (Q, k0

and n) determine the rate of the ��� transformation.
If the values of these three parameters can be specified,
the rate of this phase transformation can be quantita-
tively described for various thermal cycles. Our goal is
to determine these kinetic parameters for the AISI 1005
steel from the SRXRD phase distribution map and the
computed temperature field. Apart from providing a
quantitative basis for the calculation of the rate of
��� transformation in this steel, values of these kinetic
parameters can provide insight about the nucleation
mode of austenite in the ferrite matrix in the AISI 1005
steel.

In low alloy steels, the activation energy for the ���
transformation, Q, does not change significantly with
the variation of carbon and alloy concentrations
[23,24], and its value can be assumed to be comparable
to that for the diffusion of carbon in the � phase

[23,24]. This value of the activation energy is consistent
with the fact that the growth of � phase is controlled by
the diffusion of carbon atoms in the � phase, i.e.
diffusion-controlled growth [19–24]. The activation en-
ergy for this transformation in steels that have similar
carbon and alloy concentrations (0.08 C, 0.45 Mn, 0.03
Si, 0.045 S and 0.04 P by wt.%) as the AISI 1005 steel
has been reported in the literature as 117.07 kJ mol−1

[23]. This value of activation energy was used in the
present investigation.

The values of n and k0 for the ��� transformation
in AISI 1005 steel depend largely on the starting mi-
crostructure and are not readily available. However, the
SRXRD phase map and the computed thermal cycles
can be used to calculate these parameters. This is done
by linearizing the modified JMA equation, i.e. Eq. (4)
representing the non-isothermal ��� transformation
as follows:

ln c= ln{− ln(1− f )} (5)

where the symbol c is expressed by the following
equation:

c=
� �

m

i=1

k0×exp
�

−
Q

RTi

�
×�t

�n

= (k0s)n (6)

where the symbol s is expressed as:

s= �
m

i=1

�t×exp
�

−
Q

RTi

�
(7)

Combining Eqs. (5) and (6) to eliminate c, we have:

ln{− ln(1− f )}=n ln s+n ln k0 (8)

Thus, the value of n can be obtained from the slope of
a plot of ln{− ln(1− f )} versus ln s. Once the value of
n is known, the value of k0 can be calculated from the
intercept of the plot as:
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k0=exp
�b

n
�

(9)

where b is the intercept of this line with the ln{−
ln(1− f )} axis.

During welding, as the distance between the heat
source and the monitoring line NS shown in Fig. 11
decreases, the temperatures at all points along this line
increase. A portion of the temperature histories of
points A through F on line NS are indicated in Fig. 11.
Only the portion of the thermal cycle that contributed
to the ��� transformation is shown. The lowest tem-

perature for the transformation is assumed to be the A1
temperature. The maximum temperatures at various
locations are the computed temperatures when the
phase fractions were measured. These temperatures are
indicated by the solid circles. The distance between the
heat source and the monitoring line, NS, corresponds
to a time of −4.17 s (= −2.5 mm/0.6 mm s−1). The
phase fractions of austenite along NS from y=5.25–
6.5 mm at x= −2.5 mm were determined from the
SRXRD phase map, and are presented in Table 3 [10].
For each location indicated in Table 3, the value of s

Fig. 11. Calculated thermal cycles at different locations along the monitoring line NS (x= −2.5 mm). Distances from weld centerline: A, 5.25
mm; B, 5.5 mm; C, 5.75 mm; D, 6.0 mm; E, 6.25 mm; and F, 6.5 mm. The temperatures indicated by the solid circles were reached when the
distance between the heat source and the line NS was 2.5 mm.

Table 3
Phase fractions of austenite measured from the SRXRD phase map at x=−2.5 mm for various values of y [10]

Location Phase fraction of austeniteThermal cycle Temperature (K)

Y (mm)X (mm)

0.903−2.5 5.25 A 1254
0.7631163B−2.5 5.50
0.276C−2.5 11155.75

6.00 D−2.5 1079 0.130
6.25 0.0521041E−2.5
6.50 F−2.5 1008 0.008

The thermal cycles A through F are shown in Fig. 11.
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Fig. 12. The linearized JMA plot used to extract the JMA kinetic
parameters.

was calculated using Eq. (7) and the respective temper-
ature versus time plot shown in Fig. 11. The summation
of s according to Eq. (7) started from A1 temperature
since no ��� transformation takes place below this
temperature. The summation ended at temperatures
shown by the solid circles in Fig. 11. The linearized
JMA data of ln{− ln(1− f )} versus ln s are plotted in
Fig. 12, and the values of the slope and the intercept of
the plot were determined from a linear regression anal-
ysis. The values of n and k0 were found to be 1.9 and
1.33×105, respectively. For the diffusion-controlled
growth, this value of JMA time exponent, n=1.9,
indicates that the nucleation rate of � decreases with
time [30]. This result is consistent with the sequence of
events during ��� transformation. The � grains first
nucleate at ferrite/cementite interface in the existing
pearlite colonies. As cementite particles dissolve in the
neighboring � grains, other sites, such as � grain
boundaries and secondary particles, may still be active
for the further nucleation of �, but the nucleation rates
at these sites may be lower than those within the
pearlite colonies. After the � nucleates, the growth
occurs by a diffusion-controlled mechanism [20].

Using the calculated JMA parameters, a consistency
check was performed to ensure that the values of n, k0

and Q could produce the correct values and shapes of
the � fraction versus distance plot along the line NS
from y=5.25–7.25 mm at x= −2.5 mm. Fig. 13
shows the calculated and experimental phase fractions
of � along NS. Good agreement between the calculated
results and the experimental data indicates the consis-
tency of the calculations.

The calculated JMA parameters were also used to
calculate the complete (�+�)/� phase boundary. As
discussed earlier, determination of this phase boundary
requires both the kinetics of ��� transformation and
the computed temperature profiles at various locations.
The thermal cycles along various paths parallel to the
welding directions indicated in Fig. 14 are determined.
They are presented in Fig. 8 as thermal cycles 1 through
5. With the knowledge of the JMA kinetic parameters
and thermal cycles, the extent of ��� transformation
along these paths were quantitatively calculated using
Eq. (4). The location where the calculated phase frac-
tion of austenite is equal to 1, 50 and 100% are shown
in Fig. 14. In this figure, the dashed line for 100%
austenite represents the calculated (�+�)/� boundary
for the specific welding conditions used in the present
investigation. It is found that the calculated (�+�)/�
boundary agrees well with that determined from the
SRXRD phase map. This agreement provides an inde-
pendent confirmation of the JMA parameters deter-
mined from the phase fractions along NS.

The kinetic parameters were also used to calculate
the extent of ��� transformation along a direction
parallel to the fusion line at y=4.4 mm. The thermal

Fig. 13. Comparison of calculated and experimental � phase fractions
during ��� transformation at different locations along the line NS
shown in Fig. 11.

Fig. 14. Real-time SRXRD phase distribution maps for single �-
phase region. The superimposed isotherms were calculated from the
3-D heat transfer and fluid flow model. The extent of ��� transfor-
mation was calculated by the combination of the modified JMA
equation and computed thermal cycles 1–5, which are shown in Fig.
8. Good agreement is observed between the JMA calculated (indi-
cated by the 100% austenite profile) and SRXRD measured (end of
vertical bands) (�+�)/� phase boundary on the heating side of the
weld.
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cycle used in the calculation corresponds to the thermal
cycle FL in Fig. 8. The computed � fraction at various
locations along y=4.4 mm is shown in Fig. 15. The
computed start and finish positions of ��� transfor-
mation along the fusion line were found to be x= −
4.9 and −3.0 mm, respectively, while the start and
finish positions determined from the SRXRD phase
map were x= −4.7 and −2.9 mm [10], respectively.
The good agreement between the experimental and
calculated results shows that the JMA kinetic parame-
ters accurately describe the kinetics of ��� transfor-
mation in AISI 1005 steel. Thus, the kinetics of the
��� transformation in AISI 1005 steel during heating
can be predicted using the modified JMA equation and
the computed thermal cycles.

Two of the kinetic parameters in Eq. (4), i.e. k0 and
n depend on the initial microstructure of the base
metal. In particular, recent calculations show that the
kinetics of ��� transformation depend on the geome-
try of the � and carbide phases in the microstructure
[19,31]. In view of the lack of quantitative kinetic data
in the literature, the extent of dependence of the kinetic
parameters on the initial microstructure cannot be de-
termined at this time. The lack of kinetic data empha-

Table 4
Comparison between the calculated and experimental volume frac-
tions of microconstituents in the fusion zone

Experimental volume fraction Calculated volume fraction
(%) (%)

V� 31.6�3.7 35
5459.0�2.2VW

119.4�3.3Vo

The symbols V�, VW and Vo represent the volume fractions of
allotriomorphic ferrite, Widmanstatten ferrite and other microcon-
stituents, respectively.

size the need for quantitative investigations on this
topic and suggest that the parameter values obtained in
this investigation should be used carefully, paying par-
ticular attention to the starting microstructure indicated
in Fig. 2.

4.3.3. Transformation of austenite during cooling in the
FZ

The computed TTT diagram for the AISI 1005 weld
metal using the existing model [13–15] is shown in Fig.
16. The diagram consists of two curves. The upper C
shaped curve at higher temperatures represents the
austenite to allotriomorphic ferrite transformation by
diffusion, while the one at lower temperatures repre-
sents displacive transformations, such as austenite to
Widmanstatten ferrite and bainite [6,13–15]. The ���
transformation during cooling exhibits the classical C
curve kinetic behavior due to the interaction of two
opposing effects, diffusion rates decrease with decreas-
ing temperature while the chemical driving force for the
transformation increases. The martensite transforma-
tion is represented by a horizontal line, which indicates
that the transformation is independent of time. It
should be noted that the initially solidified regions are
depleted of solute and, in principle, these regions are
first transformed to ferrite. However, due to the low
carbon and alloy concentrations in the AISI 1005 steel,
the difference between the TTT curves for solute-de-
pleted and bulk regions was very small. Therefore, only
the TTT curve for the bulk region was considered. Fig.
17 shows the CCT diagram computed from the TTT
diagram based on the Scheil additive rule [32]. The
superimposed cooling curve was taken along the ther-
mal cycle at y=2.5 mm, i.e. thermal cycle 2 in Fig. 8.
It was found that the cooling curve intercepts both the
replacive and displacive curves. Thus, both allotriomor-
phic and Widmanstatten ferrites are expected to form.

The volume fractions of microconstituents in the FZ
calculated using the phase transformation model and
the computed thermal cycle at y=2.5 mm are shown in
Table 4. The calculated transformation start tempera-
tures are presented in Table 5. From Table 4 to Table
5 it is observed that for the cooling curve shown in

Fig. 15. Calculated phase fraction of � along the fusion line at y=4.4
mm. The start and finish positions of ��� transformation were
determined from the SRXRD phase map [10].

Fig. 16. Calculated TTT diagram for the AISI 1005 steel welds. The
symbols �, �w, �b and Ms represent allotriomorphic ferrite, Wid-
manstatten ferrite, bainite and martensite, respectively. In this figure
time equal to zero refers to a temperature of 1273 K.
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Fig. 17. Calculated CCT diagram for the AISI 1005 steel welds. The
superimposed cooling curve 1 corresponds to a location of y=2.5
mm. The symbols �, �w, �b and Ms represent allotriomorphic ferrite,
Widmanstatten ferrite, bainite and martensite, respectively. In this
figure time equal to zero refers to a temperature of 1273 K.

quires consideration of phase transformation kinetics in
addition to the thermal model. The JMA kinetic
parameters for ��� phase transformation in AISI
1005 steel were determined from the experimental
SRXRD phase map. The kinetics of the ��� phase
transformation could be satisfactorily predicted by the
combination of the modified JMA equation and calcu-
lated thermal cycles. The JMA time exponent of 1.9 is
consistent with the fact that during the ��� phase
transformation in AISI 1005 steel, the nucleation rate
of � phase from the � matrix decreases with time. The
growth of � grain is controlled by the diffusion mecha-
nism. The FZ microstructure in AISI 1005 steel con-
sisted predominantly of allotriomorphic and
Widmanstatten ferrites and small amounts of other
microconstituents. An existing phase transformation
model and the computed thermal cycles were used to
calculate the volume fractions of microconstituents in
the FZ. Good agreement was found between the calcu-
lated and the experimental volume fractions of allotri-
omorphic and Widmanstatten ferrites in the weld metal.
The determination of kinetic parameters in the JMA
equation for the ��� phase transformation in the
HAZ, insight about the nucleation mode of austenite
from the ferrite matrix and the quantitative understand-
ing of the microstructure evolution in the FZ during
GTA welding of AISI 1005 steel could only be achieved
by the combination of experiments and modeling.
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Appendix A. Phase transformation model used to
calculate ��� phase transformation in the FZ

Assumptions in the model
In low alloy steel welds, solidification involves the

epitaxial growth of � at the fusion boundary. The final
� grains have an anisotropic columnar morphology,
with their major axes lying along the direction of
maximum heat flow [33]. On further cooling, � grains
nucleate at the � grain boundaries and grow along these
boundaries. The resulting � grains closely resemble the

Fig. 17, the � to allotriomorphic ferrite transformation
starts at 1089 K and 35% of � transforms into allotri-
omorphic ferrite. At 863 K, Widmanstatten ferrite
transformation begins and an additional 54% of the �
transforms to Widmanstatten ferrite. The remaining
11% austenite transforms into bainite and martensite.
Good agreement was found between the calculated and
the experimental volume fractions of allotriomorphic
and Widmanstatten ferrites in the weld metal. The
results indicate significant promise for understanding
microstructure evolution in the FZ of AISI 1005 steel
during welding by a combination of phase transforma-
tion model and transport phenomena based calculation
of thermal cycles.

5. Summary and conclusions

Microstructure evolution during GTA welding of
AISI 1005 steel was studied experimentally by the
SRXRD technique and modeled using a combination
of transport phenomena and phase transformation ki-
netics. The following conclusions can be made from the
investigation. The geometry of the FZ and HAZ, (�+
�)/liquid boundary, and the �/(�+�) phase boundary
on the heating side of the weld predicted from a 3-D
heat transfer and fluid flow model were in good agree-
ment with the corresponding experimental results.
However, the prediction of the (�+�)/� boundary re-

Table 5
Calculated start temperatures of austenite to different phases during
cooling in the fusion zone

Start temperature (K)Transformation

Allotriomorphic ferrite 1089
Widmanstatten ferrite 863
Martensite 724
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Fig. 18. Assumed shape of an austenite grain, where � is austenite
grain, � is allotriomorphic ferrite layer, q is the thickness of allotri-
omorphic ferrite layer, and a is the side length of hexagonal austenite
grain.

along the longitudinal direction, as shown in Fig. 1.
The representative microstructure etched by a saturated
picral solution [16] is shown in Fig. 19, where the
average austenite side length, a, was measured by the
lineal intercept method as:

a=
2×Ll

�×cos(30°)
(A.1)

where Ll is the mean lineal intercept measured ran-
domly on longitudinal sections [26,34]. The measured
value of the average austenite side length is an impor-
tant parameter in the calculation of ferrite growth rate
in the model.

In the calculations that follow, it is assumed that
paraequilibrium exists at the �/� interface during trans-
formation. Paraequilibrium is constrained phase equi-
librium when a phase change is so rapid that one or
more components cannot redistribute within the phase
in the available time scale [13–15]. The paraequilibrium
condition implies that the substitutional solute/iron
atom ratio remains constant everywhere, allowing the
transformation to be controlled by the diffusion of
carbon. The substitutional alloying elements can only
influence kinetics through their effect on the carbon
concentration and activity at the �/� interface [13–15].

Calculation of TTT and CCT diagrams
The TTT curves in the model are classified into two

C curves, the one at higher temperature representing
replacive transformations, and that at lower tempera-
ture representing displacive transformations. The incu-

original � grain morphology. Thus, the morphology of
the � grains in the FZ can be assumed to be represented
as a honeycomb of hexagonal prisms with height c and
cross-section side length a, as shown in Fig. 18 [34]. The
c axes of the prisms are parallel to the direction of the
maximum heat flow. The side length, a, was measured
along the longitudinal sections.

It will be shown later in this appendix that the prior
austenite grain size is necessary for the quantitative
calculation of volume fractions of allotriomorphic and
Widmanstatten ferrites during transformation of
austenite. In order to reveal the prior austenite grain
structure, the FZ of welded samples was sectioned

Fig. 19. Optical micrograph of the FZ, etched in saturated picral solution. The grain boundary allotriomorphic ferrite outlines the prior austenite
columnar grains in white.
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bation times for both replacive and displacive transfor-
mations are calculated by Russell’s expression [35,36]:

�=Ta× (�Gmax)b×exp
�c

T
�

×d (A.2)

where � is the incubation time for a transformation, T
is the temperature, �Gmax is the maximum driving force
for nucleation and a, b, c and d are constants. The
details of calculation of �Gmax and determination of
constants a, b, c, and d are given in [13].

The CCT diagram can be calculated from the corre-
sponding TTT diagram based on Scheil additive rule
[32]:� t

0

dt
ta(T)

=1 (A.3)

where ta(T) is the incubation time to a specified stage on
a TTT diagram for isothermal reactions, t is the time to
that stage for the non-isothermal reactions, and dt is the
time interval at temperature T. In this procedure, the
total time to reach a specified stage of transformation
for non-isothermal reactions is obtained by adding the
fractions of the time to reach this stage isothermally
until the sum reaches unity.

Calculation of phase volume fractions
When the weld metal cools to a temperature below

Ae3, austenite begins to transform into a layer of
allotriomorphic ferrite that grows from the prior austen-
ite grain boundary by diffusion. The start temperature
for this transformation is determined from the intercep-
tion temperature of the cooling curve and upper C curve
in the CCT diagram, as shown in Fig. 17. The comple-
tion temperature for the allotriomorphic ferrite trans-
formation is taken from the interception temperature of
the cooling curve with the lower C curve, because below
this temperature displacive transformations are assumed
to be kinetically favored. At this point, the growth of
allotriomorphic ferrite ceases and gives way to dis-
placive transformations. Under the paraequilibrium as-
sumption, the growth rate of allotriomorphic ferrite is
controlled by diffusion of carbon in the austenite ahead
of the moving allotriomorphic ferrite/austenite inter-
face. The thickness of the allotriomorphic ferrite layer
can be calculated by the following parabolic thickening
relationship [13–15]:

q=
� Th

T l

0.5�1t−0.5 dt (A.4)

where q is the thickness of the allotriomorphic layer, t
is the time, Th and Tl are the start and finish tempera-
tures of the transformation, respectively, and �1 is the
one-dimensional (1-D) parabolic thickening rate con-
stant. Based on the area that allotriomorphic ferrite
occupies in the hexagonal cross section of austenite
grain, as shown in Fig. 18, the volume fraction of
allotriomorphic ferrite (V�) can be calculated as [13–15]:

V�=
[2q tan(30°)(2a−2q tan(30°))]

a2 (A.5)

where V� is the volume fraction of allotriomorphic
ferrite, q is the thickness of allotriomorphic ferrite, a is
the side length of austenite.

The austenite to Widmanstatten ferrite transforma-
tion is a paraequilibrium displacive transformation with
the growth rate controlled by the combination of carbon
diffusion and an invariant-plane strain (IPS) change
[3,6]. Based on the area that Widmanstatten ferrite
occupied in the hexagonal cross section of austenite
grain after the formation of the allotriomorphic ferrite,
the volume fraction of Widmanstatten ferrite (Vw) is
calculated by [13–15]:

Vw=C4G
�2a−4q tan(30°)t2

2

(2a)2

n
(A.6)

where C4 is a constant independent of alloy composi-
tion, G is the lengthening rate of Widmanstatten ferrite,
a is the side length of austenite, q is the thickness of the
allotriomorphic ferrite layer and t2 is the time available
for the formation of Widmanstatten ferrite.

The volume fraction of microconstituents other than
allotriomorphic and Widmanstatten ferrites, Vo, is cal-
culated from the mass conservation equation:

Vo=1−V�−Vw (A.7)

where V� and Vw are volume fractions of allotriomor-
phic ferrite and Widmanstatten ferrite, respectively.
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