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ABSTRACT

In the present study heat flow
simulation was carried out to
predict the microstructure and
examine the effect of preheat and
plate thickness on cooling rate of
the weld metal. SOLIDCAST
software is used for simulating
thermal regime in the base metal.
The results of simulation studies
revealed that cooling rate and
hence the evolution of
microstructure along the parent
metal were functions of the
preheating temperature and the
plate thickness. The
superimposed simulated
temperatures on CCT diagram
indicated the absence of
martensite precipitation in HAZ
region and this was
experimentally verified. The
results also indicated the
possibility of suggesting the
preheating temperature for
defect-free welding of plates of

given thickness.
INTRODUCTION

Fusion
importance in

welding is of great
the fabrication of
engineering structures. It involves
the deposition ofa small amount of
molten steel within a gap between
the components to be joined. When
joins the
Three

steel solidifies, it

components together.
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metallurgical zones, namely, fusion
zone, heat affected zone and base
metal zone, are identified in the
plate completion of the

welding. The

upon
peak temperature
and subsequent cooling rate
determine the HAZ
whereas thermal gradients in the
liguid pool, solidification and

cooling rates atthe liquid-solid pool

structure

boundary determine the
solidification structure in the fusion
zone. A fusion welding process
involves heat flow through the base
metal during welding to accomplish
the desired joint. Depending upon
the heating and cycles,

different types of microstructures

cooling

are obtained in weld bead and heat
affected zone. This leads to varying
mechanical properties in the metal.
Hence it is essential to assess the
effect of heat flow during welding
on metallurgical microstructure
[1]. This can be achieved by the
simulation

use of computer

technique, where the

microstructure of weld before
conducting actual welding can be
reasonably predicted. Based on
this

modifications can be made at the

prediction suitable

design stage itself to produce a
good weld structure. Further, the
simulation results would be useful
variations in the
within the

in predicting

thermal cycle weld

metal, which is very important,
since the temperature distribution
in the base metal controls the final
structure and mechanical
properties. Fujitha etal described a
new system for computing thermal
histories to predictthe properties of
welded joints using the CCT
diagrams data base [2]. 2D and 3D
finite-element models were
developed by Wahab et al. using
the solution of heat-transfer
equations [3]. The accuracy of the
predicted times, weld
penetrations and the lengths of the

weld pools were compared with

cooling

experimentally obtained values for
bead-on-plate welds. A mechanical
weld pool ejection rig developed in
this study provided a quick and
ready means of defining a full 3D
weld-pool shape. Kim et al studied
the temperature profiles, weld pool
shape and size, and the nature of
the solidified pool
during

weld
reinforcement surface
gasmetal arc(GMA) welding of fillet
joints using a three-dimensional
numerical heat transfer model [4].
Chan

mechanism involved in the welding

modeled the heat transfer
process and developed a software
to simulate the pulsed arc welding
of thin plate in which the heat input
is from the weld arc to the weld
thermal

workpiece [5]. Realistic

boundary conditions including
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convection, radiation, the latent-
heat effect during phase change
welding

and other parameters,

were taken into consideration to
predict temperature fields around
the weld pool. Acomputer program
was developed by M. Hang based
model for

on the computation

quasi-steady heat transfer

problems of welding with the
boundary element method [6]. The
model was wused for the
computation of thermal cycles at
heat affected zones with gas
shielded metal arc welding (GMAW)
plates. A

on medium thickness

computational procedure was
suggested by Deng and Murakawa
for analyzing fields

and residual stress states in multi-

temperature

pass welds in SUS304 stainless
steel pipe [7].
Effect of plate thickness on

mechanical properties of arc

welded steel joints was
investigated by Shehata [8]. The
results showed that joint strengths
vary according to plate thickness
and the distance from the weld

root.

Cooling rate plays an important role
in welding. It controls the final
microstructure. If the cooling rate
is very high, hard brittle structure
forms which results in the
formation of cracks in the weld.
This problem can be effectively
controlled by preheating the plates
to be welded. Preheating reduces
not only the cooling rate of weld
and HAZ, but also the energy
required to deposit a given weld.
Another

cooling rate is thickness of plates to

factor that affects the

be joined. As the cooling rate
dictates final microstructure, the

plate thickness also has significant
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Voltage 50V
Current 87 amp
Time to 62 s

complete welding

Electrode Used E6013

Welding Speed 1048 mm/s

Table 1 : gives the welding
parameters.

effect on the microstructure.

Rails are designed to resist wear

and rolling contact fatigue and

thermal stress caused due to

temperature variations. Especially
zone, rail steel

in the contact

should mechanical

strength,

have good

properties like vyield

tensile strength, toughness and
wear resistance. The present study
involves analysis of the effect of
plate thickness and preheat
temperature on the cooling rate in
of final

a weld and prediction

microstructure in the HAZ using
simulated thermal data and CCT

diagram ofthe base metal.
EXPERIMENTAL

The material used in this study was
a 105 X 65 X 9 mm thick plate of rail
steel (%C: 0.6-0.8).

A schematic sketch of the
is shown in
type
& TC2 were

specimen at

experimental set-up
Figure 1. Two K
thermocouples TCI
inserted in the

locations 9 mm and 60 mm from
the weld centerline. Two 0.5mm
holes were drilled horizontally from
the side of the groove in order to
insert the thermocouples. Welding
operation was performed using a
manual metal arc welding process.

All dimensions in nnm

Figure 1: Schematic sketch of weld
plates instrumented with thermocouples
Before welding, the base plates

were mechanically ground to
remove the rust and a V-groove is

incorporated.

A coated electrode type E 6013 was
used as a filler material. The data
logger is activated at the time of
welding.

The welding operation was started
along the V-groove. The
thermocouple and the work piece
shielded with

sleeve to

were ceramic

insulating reduce heat
transfer through the surface by

convection and radiation.

Temperature measurements were
recorded via an off-line data logger.

Thermal conductivity 49.9 W/mK
Specific Heat 489 J/kgK
Density 7822 kg/m’
Initial Temperature 2500°C
Solidification Temperature  1368“C
Freezing Range 108°C
Latent Heat of Fusion 270 ki/kg
Fill Time 62 s

Table 2 : Properties of parent metal
used in simulation

INDIAN WELDING JOURNAL, JULY 2007



After weld

samples were sectioned, polished

experimentation,

and etched wusing 3% nital for

micro-examination.
NUMERICAL SIMULATION

Numerical experimentation was
conducted by using SOLIDCast
simulation software [9].
SOLIDCAST software is based
on finite difference numerical
This software is
used for

method.
generally thermal
analysis of castings. Welding is
a casting process in miniature
and the base metal was
assumed as the mold and
weldment as the casting. The
difference between
and welding is the

in the solidification

main

casting
difference
process. In the case of casting
the solidification
nucleation and growth. But in

occurs by

the case of welding it is due to
growth. The
properties of

the epitaxial
thermophysical
the weldment and parent metal
are given in Table 2 and Table 3

respectively.

Initial Temperature 30°C
Thermal Conductivity 49 W/m-k
Specific Heat 489 J/kg K
Density 7822 kg/m™

Table 3 : Properties of weldment used
in simulation

While thermal properties of the
materials are used to calculate
heat
material,
coefficients allow assessment

flow within a
heat transfer

given
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of heat transfer at the interface
between two materials. Heat-
Transfer Coefficient (HTC) is an
indicator of how well an
interface between
materials can conduct heat. Itis

two

not a property of a material but
a property of the surfaces in
Table 4 gives the
heat
coefficients used in the present

contact.
values of transfer
simulation. Virtual

thermocouples were inserted in

the model before conducting

simulation.

Interface h
W/m™K

Weldment/ambient 150

Parent Metal/ambient 35

Weldment/parent metal 4500

Table 4 : Heat transfer coefficients
used in simulation

RESULTS & DISCUSSION

Welding can be considered as a

casting which base

metal

process in
plates act like a mold of
Since

infinite dimension.

separation between fusion zone
and base metal is not intended, a
non-bonding at the interface in the
form of air gap does not exist in the
case of welding. Further, liquid pool
in the case of welding is not
stationary with respect to mold
axis, unlike in the casting process
where it is stationary. Therefore,
the assumption of quasi-
stationary condition is introduced

in the present simulation model.

The thermal history at locations
TCI &TC2 is shown in Figure 2. The
thermocouple data was used to

predict the heat-affected zone
(HAZ) width and also used as input
to an inverse heat conduction
model to determine the heat flux
transients. The mathematical
details of the inverse model are

given in reference 10.

Figure 2 Thermal history at
thermocouple locations 1 & 2 during
welding

HAZ is the area of base material
where the temperature exceeds
723°C. In this

microstructure and properties are

region,

altered. The peak heat flux was
found to be 12.8 MW/m” The heat
flux transients decreased sharply
after the peak is reached. Figure 3
shows the thermal history of
weldment at the liquid/base metal
interface. The profile in the figure
indicates that the liquid metal
cooled rapidly from the maximum
temperature in the groove. There is
a change in slope in the curve due
to the evolution of latent heat of
fusion at its melting point. The drop
of temperature along the

transverse direction of base metal

is due to the diffusion of heat
through the base metal.
Temperature profiles at various
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distances from the interface are

shown in Figure 4 for a plate
thickness of 5mm. The
corresponding temperature
profiles for a plate of 30mm

thickness are shown in Figure 5.
Due to high

coefficient at the
peak temperature of 1050°C was

heat transfer

initial stage a
recorded. With increase in distance

from weld centerline, the peak

temperature started to decrease.

The peak temperatures attained at

distances of 9mm, 20mm, and

30mm away from weld centerline

Figure 3 : Simulated thermal history
of weldment

Figure 4 : Simulated temperatures at
various distances in mm from the
centerline ; Plate Thickness : 5mm
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Figure 5 ; Simulated temperatures at
various distances in mm from the
centerline; Plate Thickness: 30 mm

are 1050°C, 790°C, and 700°C
respectively. The first curve stays
approximately 40 s at the
corresponding peak temperature
and then decreases drastically. The
second curve stays nearly 300 s at
its peak Similarly
third

275 s but it is well below the lower

temperature.

curve spent approximately
critical temperature (Ac,-723°C).
The thermal status as indicated by
third profile does not influence the
microstructural changes, as it does
not reach the austenitic region. The
region corresponding to the first
curve will not result in a coarse
structure as it spends less time
above 910°C. However, itshould be
noted that the cooling rate in this
condition is quite large and this
could bring about microstructural

changes.

The region 20mm away from weld
centerline was at its peak
temperature (790°C) for a longer
duration causing complete
austenitizing of the material. But
the probability of formation of
martensite is less at this region

since the cooling rate s

considerably lower. The situation is
quite contrary at a region 9 mm
away from weld centerline. Here
the region spends shorter duration
of time (70 s) at its peak

(1050°C)
austinitization. But

temperature causing
incomplete
faster cooling rate in this region
may give rise to a small quantity of
martensite precipitation. The
simulation study suggests that the
chances of formation of martensite
are negligible at both the regions -
9 mm and 20 mm away from weld
centerline. The study also indicates
that there is a region away from
weld centerline where
austinitization is possible and with
rates, different

lower cooling

microstructures (fine pearlite,

coarse pearlite) may be obtained.

The profile of temperature

distribution also indicates that
there is a certain region around the
fusion zone in which temperature
high
(>Ac,=723°C) to bring a change in

has gone enough

microstructure when the region is

cooled.

In order to predict changes taking
place in the microstructure around
the weld pool, cooling curves at
various positions are superimposed
on CCT diagram. If the cooling rate
happens to be more than the
critical cooling rate, precipitation of
martensite is a complete
possibility. If it is less than the
there is no

critical cooling rate

possibility of precipitation of

martensite. The simulation data

indicates that in all the cases the
cooling rate is happens to be less
critical

than the cooling rate

indicating no possibility of
precipitation of martensite.

However a small amount of
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martensite can be dispersed as the
cooling curve at 9mm away from
does not fall

weld centerline

completely in the pearlitic region.

EFFECT OF PREHEAT AND PLATE
THICKNESS

Preheating the metal influences
conditions of heat transfer away from
liguid metal. The temperature profiles
indicated that as the preheating

temperature increases the rate of
cooling decreases. Figure 7 shows the
effect of preheat temperature on

cooling rate.

PREHEAT TEMPERATURE (°C)

Figure 7 : Effect of preheat temperature
on cooling rate at various locations

The cooling rate decreases with increase
in temperature. Preheating of the base
plate is beneficial because lower cooling
rate in any region of base metal implies
less probability of martensitic
transformation. The initial temperature
plays an important role in the
temperature distribution and heat cycle
associated with welding. The soaking
time increases and the cooling rate
with initial

decreases higher

temperature of the base plate

Welding of complex shape jobs involve
joining plates of different thicknesses.
Variation of the thickness is an important
parameter in a welding process. The
effect of plate thickness on cooling rate
is shown in Figure 8. It shows that as the
thickness of the plate increases, the

cooling rate also increases. The
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thickness of the plate influences
maximum peak temperature attained
during welding. Maximum peak
temperature attained in a thin plate
(5mm) was 1050°C and corresponding

cooling rate is4°C/s.

Figure 8 : Effect of plate thickness on cooling
rate at various distances

On the other hand, in the case of thick
plate (30 mm) the peak temperature is
lower But it shows a cooling rate of
16°C/s above 723°C. This indicates that
as the plate thickness increases cooling
rate also increases, but the peak
temperature decreases for a given heat

input.
VALIDATION OF SIMULATION
RESULTS

The parent metal thermal history
(Figure 2)
experimental

derived from
measurements
shows that as soon as the welding
near to the

is over the location

interface is heated rapidly to a
This

remains

maximum temperature.

temperature either
constant for small period or drops
down

depending on the parent

metal thickness and preheating

temperature.

The first shows the

temperature distribution

curve
of weld
structure as recorded by the
thermocouple located 9 mm away

from weld centerline and second

curve shows the corresponding
reading at 60 mm away from weld
centerline. The first curve indicates
the decrease of temperature after
91 seconds. This period
corresponds to the beginning of
cooling of parent metal. After the
complete solidification ofweldment
the temperature at the interface
drops down as heat conduction
inside the parent metal becomes
than heat

more predominant

dissipation in the weldment. The
second curve, which corresponds
to the location 60 mm away from
weld centerline, shows a maximum
temperature of 360°C and drops
with a moderate cooling rate. From
the figure it is observed that the
cooling rate at 9 mm away from
weld centerline is greater than the
cooling rate at 60 mm away from
weld centerline. The soaking time
at 275°C for 9 mm away from
center line is 651 s and that for 60
mm away from weld center line is

431s.

During the very beginning stage of
both

experimental curves show identical

cooling, simulated and
cooling rate. However, at the later
stages there is a deviation from the
experimental data. A temperature
of 400°C is attained in
in 500s. But, the
simulation results show that about
900s is required to reach 400°C.
The experimental data related to

approximately

the later stages show a slow cooling
rate but this is not observed in the
case of simulation. But overall
cooling rate is nearly same as that
of simulated data. This is because
in  simulation the weldment s
considered as a single medium and
the initial temperature is assigned

at the beginning of the simulation.
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During simulation heat transfer from
weldment to base metal starts from
entire weldment portion. But this is not
true in the case of actual welding.
Welding
progress towards the other. The moment
welding starts, a transient condition

starts from one end and

arises and subsequent cooling rate will
be generally high. As welding proceeds it
changes from transient to quasi-
stationary state and as a result, the
cooling rate starts to decrease. In
contrast, during simulation, the quasi
stationary condition is considered during

the whole run.

Figure 9 : Microstructure of base metal
after welding.

The peak temperature at this zone of
base metal rises up to about 550°C. The
microstructure shows pearlitic ferrite
structure similar to that generally found
in a plate prior to welding. Figure 10
shows the microstructure of heat

affected zone.

Figure 10 : Microstructure of the Heat
Affected Zone (HAZ)

Due to grain growth the austenite
decomposition is slower and this favors

ferritic precipitation in the plane of
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austenite with formation of

Widmanstatten structure.

Figure 11 : Microstructure of the weld
metal

Weld metal structure is essentially a
cast structure. It shows a dendritic
structure. At the interface
Widmanstatten structure was
observed. The structure that forms at
weldment region depends upon the
temperature gradient, G and
solidification rate, R. If G/R ratio is
more a planar structure is obtained. On
the other hand, if the ratio is less a
dendritic structure will be observed. In
the weldment region the temperature
gradient will be very less and
solidification rate is high. A dendritic
microstructure is observed in the
weldment region due to extensive

constitutional undercooling.

LIMITATIONS OF THE PRESENT
SIMULATION

Heat transfer coefficients used in the
present simulation are found out by a
trial and error method. The simulation
work can be improved by determining
the actual heat transfer coefficients.
The liquid pool is considered as a single
stationary source but in real welding,
the liquid pool is not stationary but
moves from one end to other. The heat
transfer may be different in two cases.
It was further assumed that the
uniform. This

welding speed is

assumption may not be true,

particularly in manual welding.

CONCLUSIONS

The peak temperature, time
duration spent by the material
above the critical temperature
and cooling rate along the
length of the base meta are
using heat flow
simulation. Predicted
temperature and cooling rate

fairly agree with those obtained

predicted
peak

from the experimental
measurements. Superimposing
of experimentally measured
cooling curves on CCT diagram
steel that
martensitic transformation has
not occurred. The absence of
martensite is practically verified
by metailographic study. The

peak

of rail revealed

cooling rate and
temperature are influenced by
parameters like preheating
temperature

thickness. Using
study, it is possible to suggest
the preheating temperature for
the welding of plates of given
thickness in order to eliminate
the precipitation of deleterious

and plate

simulation

type of martensite in HAZ
region.
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