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Abstract

In this study, Manual Metal Arc Welding (MMAW) is carried out for low
carbon steel (AISI 1015) with using electrode (E7018). Direct current straight
polarity (DCSP) with the joint geometry of single -V- butt joint and weld one pass
are used for plate of thickness 8mm. experimentally, obtained temperature
distribution in fusion zone which is measured by insert the thermocouple in weld
metal. Cooling rates are determined for the fusion zone at different welding
currents (100, 120 and 140) Amp with constant welding speed at 3.2mm/s.
Numerical analysis by using the Control Volume Method (CVM), applied to three-
dimensiona heat transfer model to determine the cooling rate in fusion zone.
Cooling rates models are helping in prediction the microstructure (phases, grain
size and volume fraction) and microhardness distribution in weld metal and heat
affected zone. The comparison of cooling curves between numerical and
experimental work have a good agreement, so that deviation was in range ( % -
21%) which is confirming the capability and reliability of the proposed numerical
heat transfer model in manual metal arc welding. The best result for cooling rates
when applying mathematical model is at welding current 140Amp.
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Introduction

Manua Meta Arc Welding
(MMAW) process uses the filler
metal as a consumable electrode
through the center of the weldement
In this case, when the electrode
comes close to the workpiece, an arc
is struck between the filler metal and
the workpiece, and the filler metd
melts and joints two plates by filling
metal droplet simultaneously in V-
groove of plates In the present work
the three - dimensional model main
effort will be used the application of
control volume method (CVM) in the
modelling of rapid solidification
processes. This method is a suitable
for problems where the phase change
occurs and moving the interface at a
high temperature [1]. Svensson et al
[1] (1986) studied experimentally
determined cooling curve for the
fusion zone of manua metal arc
welding for three-dimensiona heat
flow. The welding was carried out in
the flat position, with plate thickness
being 20mm, plae length was
330mm and 4mm diameter electrode
(ESAB OK 48.00). They found that
the microstructure of welds is
complex, consisting of
alotriomorphic ferrite (o),
Widmanstatten  ferrite  @,) and
acicular ferrite (0,). Murugan et al
[2] (2001) investigated residud
stresses and temperature distribution
of AISI 304 stainless steel and low
carbon steel welds. Thy used manud
metal arc welding process to weld
plate of thickness 6, 8 and 12mm.
They found that the temperature
range (250 °C and 700 °C) is
important with respect to formation
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of residual stresses in both of
stainless steel and low carbon steel
welds. Cristiene et a [3] (2002)
studied the simulation annedling
inverse technique to estimate the
temperature history in gas tungsten
arc welding (GTAW) workpiece
The test plate was made of stainless
steel AISI 304, with dimensions (0.2
m x 0.05 m x 0.004 m). In this case,
a two-dimensiona model  with
moving heat source is used, the
component of the heat flux input that
goes into the workpiece The results
indicate a good agreement between
the predicted and the measured
temperature M oneer et al [4] (2006)
studied the evaluation and simulation
of angular distortion in welding
joints. They used shiedded meta arc
welding (SMAW) process to weld
plates of low carbon sted type (A-
283-C).Temperature distributions are
obtained using finite difference
method. In this work transient heat
conduction equation is solved usng
FDM. The most important results are
the vaue of angular distortion
increased with the increased current,
angular distortion decrease with the
increased thickness of plates and the
square butt joints have fewer
distortions than single-v joints. The
aim of this work is to study the effect
of welding current on cooling rates,
microstructure and microhardness of
welded joints, experimentally and
numerically by using finite volume
method to a three dimensional heat
transfer model. A comparison
between the experimental and the
numerical anayses results.
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Experimental Work
1- TheBase Metal
Low cabon steel (AlSI
10150) is used in this work it is
widely used in pipes and large
storage tank structures and other
applications. The chemicd
composition of low carbon steel is
shown in Table 1. The mechanicd
properties of AlISI-1015 are shown in
Table2[5].
2- Plate Preparation
Low cabon steel plaes with
dimensions of (100 mm "~ 50 mm’ 8
mm) were used in manua arc
welding process. The plates were
prepared by milling machine from
both surfaces and V- single butt joint
is desgned by machining the
specimen to angle (3°) from both
sidesasshown inFigure 1.
3- Waelding Electrodes
The chemical composition of the
welding electrode, which is used in
this work, is shown in Table 3.
According to AWS (A5.1) [5], arc
welding specification of electrodes
classification, the mechanica
properties of electrode (E7018) are
showninTable4.
4- Welding procedure
Manual meta ac welding
(MMAW) Process is carried out
using electrode of diameter 3.2mm.
The welding machine used in this
work was type (LHI825), Ideal arc
DC-600-Lincoln Company-
Sweden. Three welding currents are
shown in Tables 5. Butt V-single
joint is designed with one pass for
specimen thickness (8mm) and
fixing the thermocouples type (S) in
the fusion zone which is connected
with readers type (TE9-R10).
Recording the values of welding
temperatures during each welding
process by using video camera (7.2
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Mega pixels) with sensitivity (1SO
1000). The welding time is
recorded using stop watch.
Testsand Measurements
1- Temperature measurement was
caried out by inserting the
thermocouples type (S) in the fuson
zone (weld metal) and the readings
were recorded by video camera
Cooling curves were obtained by
drawing the relaionship between
fuson zone temperature and time.
2- Microstructure test by using
optical microscopy, connected with
computer.
3- Microhardness test by using digital
microhardness tester type (QV-100-

Qualitest company-Japan).

4- Grain size and volume fraction
were measured by using (JImage)
and (S-Image) programs respectively.

5 X-Ray Diffraction instrument
type XRD-6000-Shimadzu, Japan is
used to determine the phases
obtained in weld metal joints. To
determine inter planer spacing
distance (d) Bragg law must be used;
N\ =2dsing.

Numerical Method

In the present work, the
numerical method is Control Volume
Method (CVM) which employed heat
transfer and predict of phase change
with moving interface. This method
is base on the cell-centered finite
volume (FV) method and
conservation principle i.e. energy
balance is expressed for the control
volume method. The computer flow
chat consders the numerica
solution by (CV) method program of
manual arc welding process as shown
inFigure 3.

1- Assumptions

The three - dimensional model

for simulation of welding process of
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the present work used the following
assumptions are
1- The convection and radiation heat
transfer were neglected.
2- The fluid movement within the
welding joint during melting process
was neglected.
3- The energy from the arc welding
heat source is applied at a uniform
rate.
4- The weld metal droplet (molten) is
moving with a constant speed.
5- All the plate boundaries were
assumed to be insulated.
6- Symmetry between right and left
half of the welded plate was
assumed.
7- The heat transfer from the filler
metal droplets is taken into account
using time-volumetric heat source
and filling it instantaneously.
8- The weld physical properties data
used in this analysis are summarized
in Table 6 [6], dependent on the
material type.
2- Initial and Boundary Conditions
Initial conditions are required
only when deaing with transient heat
transfer (weld metal) problems in
which  temperature of materia
changes with time (Figure 4). The
boundary conditions used in the
welding boundary conditions are:-
1-Top surface; the weld top surface is
assumed to be flat and insulated. The
welding velocity component aong
the X, and Y directions equal to zero,
while the velocity of welding aong
Z isvaried with welding parameters.
2-  Symmetrical surface; the
boundary conditions are defined
as zeo flux across the
symmetrical surface.
3- Other surfaces; all other surfaces
areinsul ated.
4- The initial preheat temperatures
before welding is 100°C

3- Governing equations

For most of rapid solidification,
there is no clear boundary between
the liquid and solid; for this case the
enthalpy is more appropriate [6]. A
three-dimensional  volumetric  heat
source model is the conservation of
energy equation in the enthapy (E)
method is considered in term of
enthalpy instead of temperature. The
governing equations are based
directly on the model [7]:-

1rE) _ 1°(cE) , I*(&E), P(F), 5
It x?2 Tv? 1z* @

5_I’'S, TS, 1S
xX* qv* qz°

G=dE),s=3(E)

The energy eguation has been
transformed into a non-linear
equation with a single dependent
variable E. The non-linearity of the
phase —change problem is evident in
the above equation.
In the liquid region, equation (1)
reduces to the norma linear energy
equation [7].
.E). 15 o g Mo 55 Mo
e ™Xg TYe g 1Ze 9Zg
...(2)
Also, in the solid region equation (1)
reduces to

4- Numerical Solution of Wed
Metal Deposits
The welding currents are
affected on cooling cycles result from
the amount of weld metal deposits.
The three- dimensional numerica
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heat transfer from the arc welding,
additional heat from the metd
droplets. The weld metal is moving
aong V-joint with the electrode is
melting and  deposits  droplet
spontaneously in weld joint. The
calculation of weld volume deposits
per second and filling area of weld
metal with different welding current.
The following equation depends on
sensible heat and latent heat is[8]

V =1 x Vxn/p[Cy (T Te) + h]
mmn/s

..(4)
Where:

V’ is the metal volume deposit per
second, | is weld current (A), V is
voltage (volt), n is arc welding
efficiency = 0.70, p: density = (7860
kg/n?), C, is specific heat (450J/kg.
C), AT is temperature difference =
(T.- Ts) and hiis latent heat =2.7x10°
J kg.

The filling area of weld metd
deposits, with different welding
currents are ca culated by,

Deposited Area=(V'/ S) mn? ....(5)

Where; S is travel welding speed
(mm/s)

Results and discussion

1- Effect of welding current on

cooling rate
The results obtained from the
experimental work, increasing

welding current leads to increase heat
input and decrease cooling rates as
shown Figures 5. This reault is in
good agreement with the result of
Andrea Lund back [9].
2- Effect of the Welding Current
on Microstructure
The grain boundary ferrite
increases when the heat input is
increased in the fusion zone region to
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a temperature well above 910°C and
this alowing austenite grains to
grow. The high cooling rate and large
grain size encourage the ferrite to
form side plates from the grain
boundaries caled Widmanstatten
ferrite. This result is in good
agreement with result of Yang. Et a
[(10]. Figure 6a, shows the weld
microstructure which is consisted of
fine acicular ferrite (AF) and
widmanstatten Ferrite (WF). An
increase in the welding currents leads
to increasing the veins of grain
boundary ferrite on prior austenite
grain in fusion zone as shown in
Figure 6b, c. The results of X- ray is
explained the type of phases with
different welding current as shown in
Figure?.
3- Effects of Welding Current on
the Microhardness

Welding current is the most
important factor that effecting on
microhardness. The hardness drops
with increasing the welding current
or heat input which increases the
width of weld metal and hesat affected
regions as shown in Figure 8. An
increasing welding current lead to
decreasing cooling rates and that
effect is decreased the microhardness
of welded joint.
4- Simulation Results

The effect of the welding current
at constant welding speed on cooling
curves, decreases cooling rate with
an increase in wedding current as
shown in Figure 2. These results are
in agreement with results of Gareth,
e¢ a [12] and Chol, and
J.Mazumder [13]. Figure 9 and 10
shows the temperature history at x=0
plane with different welding current
and decrease weld metal deposited
with decreased welding current.
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5- Analysis of Cooling Curves
Equations 6, 7 and 8 represent the
models of cooling rate at welding
speed 3.2 mm/s, preheat temperatures
100°C and welding current (100, 120
and 140 Amp) respectively. An
increase welding current leads to
decrease cooling rates. The data was
fitted as shown inFigure 2.
Using computer program the curves

equations are;

dr/dt = - 11305 * t (19
....(6)

df/dt = - 9338 * t (119
(7

dr/idt = - 7766 * t 1
....(8)

Where;  dT/dt is cooling rate and

(t) isthe time (second)
6- Prediction of Microstructure

The effects of welding current on
cooling curves, as the welding
current is afunction of heat input. An
increase welding current lead to
decrease cooling rates which was
represented by equations (6), (7) and
(9). These equations are helping to
predict the microstructure of weld
metal (WM and (HAZ) regions as
shown inFigures 6.
7- Prediction of Ferrite phase's
volume fraction

The cooling rates are helping to
predicting the volume fraction of
phases in weld metal (WM) and heat
affected zone (HAZ) as shown in
Table7.
8- Prediction of microhardness

Microhardness decreases with
increasing welding current as result
from decreasing cooling rates. Table
8 shows the prediction of
microhardness in weld meta and heat
affected zones with various cooling
rates models.
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9- Prediction of grain size

The grain size increases with
decreasing the cooling rate (increase
welding current). These cooling rates
help us prediction the grain size of
weld metal and heat affected zone as
shown inTable9.
10- Prediction the width of wed
metal and heat affected regions

The cooling rate models are
helping to estimate the width of WM
and HAZ regions depends on
microhardness test. Table 10 shows
the prediction width of weld metal
(WM) and heat affected zones (HAZ)
with various welding currents.
11- Experimental verification

The Experimenta results are
matching with earlier numerical
results. Figure 11 shows the
comparison between numerica and
experimental  results of  cooling
curves at different current. The
deviation between numerical and

experimental causes the different
boundary conditions.

Conclusions

1- Increasing welding current

(increase the heat input) leads to a
reduction in cooling rate and an
increasing the grain size of weld
metal and heat affected zone. An
increases welding current lead to
increases the width of HAZ region
and increases the volume fraction and
decreases the microhardness.

2- Normalizing heat treatment has
clear effect on grain size; it changes
the origind welded microstructure
(columnar structure) to an equiaxia
structure of weld metal.

3- The formation of microphase's
acicular, wedmanstatten and
polygonal ferrites (AF, WF, PF) in
weld metal are affected by welding
currents.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.12, 201(

Numerical and Experimental Analysesfor
Effect of Welding Currentson Cooling
Ratesin (M MAW) Process

4- The mathematical model of
(cooling rate ) of welding current at
constant welding speed (3.2 mm/s),
welding current (140A) and preheat
temperature  (100°C) for plate
thickness (8mm) is[dT/dt = -77.66 *
t (-1.11)].

5- Analysis of cooling rates with
various welding currents helps to
predict of microstructures and
microhardness digtribution of weld
metal and heat affected zone.

6- The result which obtained was a

good agreement between the
predicted and the  measured
temperature
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Table (1) Chemical Composition of L ow Carbon Steel (Al SI-1015)

Element | C% | S% | Mn% | P% | S% | Cr% | M0o% | Ni% | Cu% | Ti% | V% | Fe%
wt% 163 | .252 | 442 .018 | .047 | .081 | .02 .02 .053 .006 | .01 | Rem
Table(2) Mechanical Properties of Low Carbon Steel AlSI-1015[5].
AlS| - SAE, Condition Tenslestrength | Yield Elongation
NO (pa) strength (pa) (%)
1015 Hot roll 32148x10° 179244x10° 28
Cold roll 365382x10° 303336x10° 20
Table (3) Chemical Composition of Welding Electrode 7018 [13].
Element C S Mn Cr Ni Mo P|S|Cu Vv Ti | Fe%
W1t% 0.095 | 0.37 0.88 | 0.043 | 0.019 0.009 0.012 Rem

Table (4) AWS A5.1-69 M echanical Properties of Arc Welding Electrode[5].

AWS Tensile ,min Yield, min Elongation .in V-Notch
Electrode strength( pa) strength(pa) 2in. (%) I mpact
E7018 496368 %104 41364x104 22 20ft/Ib-20°F
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Table (5) Experimental welding conditions of manual metal arc welding
(MMAW), with one pass, electrode E7018 of diameter (3.2 mm) and plate
thickness (8mm).

Welding Welding Preheat Heat input
Sample current (A) | speed temperature (KJ/mm)
(mm/s) (°C)
C1 100 3.2 100 0.48
Cc2 120 3.2 100 0.60
C3 140 3.2 100 0.74

Table(6) Physical Propertiesfor deposition weld metal of electr ode (E7018)

[6].

Symbol Property Value Unit
pL Liquid density 6980 kg /m?
Ps Solid density 7860 kg /m?
k. Liquid thermal conductivity 31 W/m. K
Ks Salid ther mal conductivity 45 W/m.K

Cp. Liquid specific heat 450 J/kg. K
Cps solid specific heat 450 J/kg. K
T, Liquidstemperature 1500 °C
Ts Solidstemperature 27 °C
H Latent heat 2.7x105 J/kg

Tm Melting temperature 1483 °C

Table (7) Prediction of ferrite volumefraction in weld metal and heat affected
zones with various cooling rates models.

Welding
Currents Coolingrate models
(Amp) % Volumefraction
HAZ HAZ
WM Grain Grain
growth refinement
100 dT/dt =-113.05* t (-1.19) 0.42487 0.55637 0.432690.0.
120 dT/dt =-93.38* t (-1.14) 0.44256 0.45128 43328
140 dT/dt=-77.66*t (-1.11) 0.49486 0.46365 0.38834

2284

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.12, 201(

Numerical and Experimental Analysesfor

Effect of Welding Currentson Cooling
Ratesin (M MAW) Process

Table (8) Prediction of microhardnessin weld metal and heat affected zones
with various cooling rates models.

Hardness Hardness
Welding Cooling rate models of (WM) of (HAZ)
Currents refinement
(Amp) HV HV
100 dT/dt =- 113.05* t (-1.19) 220 235
120 dT/dt =-93.38* t (-1.14) 210 220
140 dT/dt =-77.66* t (-1.11) 190 210

Table (9) Prediction of grain sizein weld metal and heat affected zones with
various cooling rates models.

Grain size(um)
Welding Coolingrate models
Currents
(Amp) WM (HAZ) (HAZ)
at center Grain Grain
growth refinement

100 dT/dt =-113.05* t (-1.19) 15.61 16.15 13.21
120 dT/dt =-93.38* t (-1.14) 16.32 18.98 14.49
140 dT/dt =-77.66* t (-1.11) 17.26 19.21 15.60

Table (10) Prediction of Weld M etal (WM) width and Heat Affected Zones
(HAZ) width with various cooling rates models.

Width Width of
Welding Coolingrate models center of (HAZ)
Currents (WM) mm
(Amp) mm
100 dT/dt =- 113.05* t (-1.19) 4 2
120 dT/dt =- 93.38* t (-1.14) 5 3
140 dT/dt =- 77.66* t (-1.11) 6 4
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Figure (1) Single V- joint design of work pieces.

Figure (2) Experimental cooling curve at position fusion zone .Welding
current 100A, 120A and 140A. Welding Speed 3.2 mm/sec and pr eheat
temperature 100 C°.
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Figure (3) Thecomputer flow chart by (CVM) program of welding process.
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Figure (4) A schematic diagram of the boundary conditionsused in this work
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Figure (5) Relationship between welding current and cooling rate and at
constant speed.
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c-Weld metal region at weld current 140Amp

Figure (6) Microstructure of weld metal butt joint at different welding
currents, preheat temp 100 °C and electrode speed 3.2 mm/ s.
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Figure (7) X —ray diffraction examination of weld metal joint C1.
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Figure (8) Effect of welding current on the micohardnessat welding speed
3.2mm/s and preheat temperature 100°C.
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Figure (9) Program temperature history at x=0 plane (welding speed
3.2mm/s, preheat temperature 100°C, time=0.1s at different welding
current.
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Figure (10) Program temperature history at x=0 plane (welding speed
3.2mm/s, preheat temperature 100°C, time=0.5s at different welding current.
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Figure (11) Comparison between computational and experimental results of
cooling curves at fusion zone (FZ). Welding speed 3.2mm/s, preheat
temperature 100°C, and different welding current.
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