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ABSTRACT

In arc welding process, the interesting regions for heat transfer analysis are
thefusion zone (FZ) and the heat affected zone (HAZ), where high tempera-
tures are reached. These high temperature levels cause phase transforma-
tionsand alterationsin the mechanical properties of the welded metal. Inthe
present work, acomparison is made between thermal cycles obtained from
analytical models base on the integral method with Gaussian (distributed)
heat sources and other results base on the concentrated heat source model.
Though the integral method is approximate methods, it have proven to
give simple solutions with acceptable accuracy for transient heat transfer.
The comparison shows that the thermal cycles obtained from the distrib-
uted heat source model are more reliable than those obtained from the con-
centrated heat source model. Also results show that the use of distributed
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heat source prevents infinite temperatures values near the fusion zone.
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INTRODUCTION

Most of the published work on heat transfer during
wel ding processescons dersthat the heat sourceiscon-
centrated in avery small volume of the material. After
such consideration, anal ytical solutionsare obtained
assuming apoint, alineor aplaneheat source, asthose
proposed by Rosenthal . However, measurements of
temperaturesinthefusion and heat affected zonesdif-
fer sgnificantly from the val ues provided by those solu-
tions, sincethe singularity located at the sourceorigin
resultsininfinitetemperaturelevels. These concentrated
source mode spresent higher accuracy inregionswhere

thetemperature does not exceed twenty percent of the
materia melting point.

Inorder to avoid the occurrence of unredlistic val-
ues at the center and inthevicinity of thefusion zone
(F2), itismore adequate to consider adistributed heat
sourceinthemodel development. Inredlity, the heat
sourceisdistributedin afiniteregion of thematerial, a
fact most relevant to the assessment of temperatures
near the FZ. There are several modelsfor heat source
distribution. The Gaussian distributionfirstly suggested
by Pavelicetd.®, isthemost used. Although solutions
considering distributed heat sources can bereached both
andyticaly and numericdly, thereisanincreasing ten-
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dency to the use of numerical methods.

|zadpanah et al.[¥ developed the mathematical
model to analyzethehest transfer characteristicsinarc
welding Process. They used thesimilarity solutionto
model thewelding processusing thin plates.

The present work, whichisan extension of previ-
ouswork done by authors, presentsanew analytical
solution base on theintegral method to estimate tem-
peraturefiddsinwe ding, usng Gauss an heat sources.
A casestudy, using practical material and parameters,
isaso smulated to show the main characteristics of the
thermal cyclesfurnished by the developed model. A
comparison with the results provided by the concen-
trated source corresponding solution iscarried out.

ANALYTICAL DEVELOPMENT

Intheone-dimensional model, the heet flux iscon-
Sdered to occur only inthey direction, asshowninthe
coordinate system of Figure 1. Thefollowing assump-
tionsare made: the heat sourcemovesat asufficiently
high speed (to neglect heat flux inthex direction), and
eachweld passfulfillsthewhol e etched groove (no heet

flux inthezdirection).
“eldm&

/ /:/ » /

Figurel: Coordinatesystem used in themodel.

X

Theformulation of the problem to thefirst weld
passismade up by the one-dimensiona transient heat
conduction equation, and itsboundary andinitial con-
ditions. Itissmilar to theformulation of the point heat
sourceproblem. Intermsof 6 (0 =T-To), itis:

a0(y,t) _ a8°8(y.t)

Bt =a ayz (1)
0(y,0)=0 @
0(o0,t) =0 ©)
Q=pc| 8(y,t)dy @

Totakeinto account thedi stribution of the heat source,
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pleaserefer to Figure 2, whereasourcewith normal or
Gaussandigributionisingantaneoudy appliedatt=0
to the surface of aplate. The center C of the source
coincideswith origin O of the coordinate system xyz.
Thetota power of the sourceisgiven by:

Q=" a,(y)dy ®)

(max

)

&£

Figure2: Gaussian heat source

Solveof thefor mulation

Initidly, itisassumed that thedomainisat constant
temperature; that is,
0(y,0)=0in0<y<o0 (6)
For asemi-infinitedomain, the necessary second bound-
ary condition for both clamped temperature and heat
flux problemsisaconstant temperaturewheny — oo
Namdly,
O(o0,t) =0 ()
We areinterested here by the solution for the disturbed
temperaturefied, whichislimited by thethermal layer
d(t) inferior to the length of the domain. Now the con-
dition (3) can berewritten as,
0(y.t)=0aty =5(t) (8)
By integrating (1) with respect to y over the thermal

layer 5(t), one obtainsthe Heset Integral equation of the
sysem,

”‘f’ae(y Dy =12 Ze(y Dy

©)

For right sideof equatlon (9) canwrite:

8(t) ~2
0 oy y y=8(t) y y=0 y y=0
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Notethat in our system X isnull by thedefinition
y=3(t)

of thethermal boundary 5(t) for left side of equation

(9) canwrite:

o0 d Y ae(yt) By ds t) d?®

=l = y =060} H=

Thususing the equations (10) and (]_’L) theequation (9)

isreduced to:
00 d °®

%), T je(y t)dy

We have used atemperature profile d = a+ by + cy?
wherethe coefficientsa, b, and c arefunctions of (t).
To find the coefficientswe need one additiona bound-
ary condition. For this, already used to construct the
Heat Integral equationisstraightforward and comes
directly from thedefinition of thethermd layer,

20|
% y=3(t)

Using the boundary conditions (2), (4), (8) and (13),
we can formulate asol ution of asafunction of 5(t).

Q (v
o050 2‘5(0’”)

By subgtituting equation (14) into the Heat-Integra equa:
tion (12), we obtain the thermal layer as afunction of
time, subjected to theinitid condition (6),

8®=6a=>8 V12at

By substltutl ng equation (15) into equation (14) can
write

j o(y,t)dy (11)

(12)

=0 (13)

oy =

(14)

(15)

oy t)=>—2 [( Y _yo_pY

1
8 pcv/12at { +/12at J12at )+) 19

Thegaussan distribution

Inthe one-dimensiona case, the Gaussian distribu-
tion of the heat source aong they direction occurssi-
multaneoudy at all pointsof thex direction of welding.
The power g (y) may be expressed by:
ay) =0, eXp(-By?)

Where:

0, = 0, maximumvalue (W/m)
B = coefficient of arc concentration (1/m)

Coefficient B isdetermined consderingadistancey, in
Watorioly Science (o

17

Equation (17), which correspondsto thedistancefrom
theorigintothelocation wherethe power isreduced to
fivepercent of itsmaximumvaue(Figure2). Thus,

B>

sz
Wheny, islarge, g (y) decreasesslowly withy. Substi-
tuting Equation (18) in Equation (17) and thenin Equa-
tion (5), and integrating this equation between -y, and
y, limits, oneobtains:

J3Q

(18)

SR “
Equation (17) may then bewritten as.
Ee) 3 3 20)

0= et () P,

Thediffusion processof aninstantaneous Gauss an heat
source applied to the surface of the material may be
obtai ned by the source method. Let they coordinate,
aongwhichtheheat sourcevaries, bedividedin smal
elementsdy’. Theheat dQ =q y’)dy’ issuppliedto
the element dy’ at t = 0, and may be regarded as an
instantaneous point heat source. According to Equa
tion (16), thediffusion processto aninstantaneous heat
sourceis:
)+ 1) =

do(y,t)=>—99 (( Y_y2_o
(21)

J12at

8 pcv12at | v12at
3q,(y')(dy') ( y )2_ y J”
8 pcvi2at |\ +V12at V12at

Substituting Equation (20) in Equation (21), and al'so
By the superposition principle, thetemperature change
inthey point may be obtained by summing the contri-
butions of al instantaneous concentrated sources dQ,

acting aongthey coordinate of thematerial, between -
y, andy, points:

V3Q ( y ]2
3VJP pcv12rat ybErf(\/_) V120t

8 2
b y y '
-2 +1|exp| ——- [dy

(JlZoct] J [ yé]

Solving theintegral and rearranging the solution, one
obtains

de(y,t) = (22)
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@QErf(fy)
b

pcny,v12otErf (ﬁ)

Hmﬁm |4 1]

Thegeneral solutionto npasses, intermsof T, isgiven

by:

3
e(y!t) =
8 (23)

@QErf(ﬁy)
o(y.1) = 3 Yo ) & 1
8 pcrcybErf(\/g) iz 12at _«i - 1)tp) (24)

(e
J2alt-(-1k,) ) " J120t-(-1k,)

MODEL EVALUATION

A comparison between concentrated and distrib-
uted heat source model swas madethrough smulation
of thermal cyclesfor threeweld passes. Equation (23)
was used to calcul ate the temperatures near thefusion
zone, when aGaussian distributed heat sourcesisap-
plied. The multipass model with concentrated heat
sourceisgiven by Eq. (24). Inthiscase, thevariable
q,(y) doesnot have adistribution, anditis calcul ated

by:
q,=Q="21
vz

Thewaiting time (time between passes) used corre-
sponds to 80 seconds, and the welding process was
simulated during atotal time of 240 seconds. Theam-
bient temperatureis 25°C. Theerror functionin Eq.
(24) wasevd uated using apolynomia gpproximation.
The propertiesand parametersused inthe simulation
are described below.

Material

The evauation of the proposed model was made
consdering butt welding of high strengthlow aloy stedl
(HSLA) plates, withdimensions0.13x 0.10x 0.25m
(thicknessx length bead x width). TABLE 1 showsthe
physica propertiesused inthesimulation. Itisknown
that the physical properties of the metal changewith
temperature. However, thisvariationintheanaytical

(25)
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modelsresultsin anon-linear equation, and it isnot
possibleto obtainthesolutionin closed form. Then, the
physical propertiesare usualy taken at aspecific tem-
perature, for example, at haf the melting point of the
materia. Inthiswork, they were cal culated at 800°C.
Thevaluesrefer to low carbon stedl's, but they can be
used for HSLA stedl, assuggested by Hanz et a ¥

Weding parameters

In order tofulfill thegroove, in butt welding, the
usual practiceisto increase the heat input from one
passtothenext. Inthepresent smulation of ared case,
theincreaseof heat input isobtained by increasing the
welding current, the other parametersin Eq. (25) re-
maining undtered. However, thecurrent increase causes
efficiency to decrease. Then, adifferent value of effi-
ciency must beusedin each pass. Thechoicesof these
valueswere based on the efficiency rangefor the Gas
Metal Arc Welding (GMAW) process, which ranges
from 66 to 85%'.

Thewelding parametersusedinthesmulationare
inTABLE 1. The heat input (HI) valueswere deter-
mined by Eq. (25), multiplied by thematerid thickness.
ThesameHI vaueswereusedinthepoint and Gaussian
heat source models. However, in the Gaussian heat
sourcemodel, only ninety-five percent of HI was ap-
pliedtotheweld. Inorder to adjust such difference, the
HI valuesin TABLE 2were multiplied by 1.05for the
Gaussanmodd.

TABLE 1: Physical propertiesof low carbon steel and weld
parameters

pass  I(A) V(V) v(mis 1% N Jp/(:nl)oﬁ
1 186 264 0005 80  0.79
2 235 262 0005 75 092
3 301 254 0005 70  1.07
k (j / m$C) 31.67
pc (J/ ms®C) 7.14x10°
am/s) 4.44%10°

In order to verify the capability of the proposed
model to reproduce the thermal cycles, somevalues
were chosen for they andy, variables. These choices
took into account the heat input used inthessmulation,
and also known values of y, from the literature, ob-
tained viaexperimentd determination. TABLE 3 shows
they, values obtained by Kou and Wang™, Zachariaet
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al.®, and Wul®, aswell asthe heat input (HI) usedin
their analyses. In the present work, they, parameter
was estimated based on the heat input va ues showed
inTABLE 2. In Eq. (18), the B coefficient was deter-
mined for they, distance, wherethe power isreduced
tofivepercent of itsmaximum vaue. Accordingtothis
equation, by increasing theheset input parameter y, aso
increases, such that the areaunder the curve of Figure
2remainsequa toninety-ninepercent of itsg__ value.
Therefore, different values of y, for each passwere
considered, sincethe heat input increased in the sec-
ond and third passes. They, valuesusedinthesimula-
tion were 0.004; 0.0047 and 0.0054 m for thefirst,
second and third pass, respectively.

TABLE 2: Physical propertiesof low carbon steel and weld
parameters

Author I(A)  V(V) v(mls)  yu(m)
Kou and Wang™® 100 11  0.0055 0.003
Zachariaet al.l” 175 14  0.0034 0.003
wul® 200 20 001  0.002

RESULTSAND DISCUSSION

To compare the point and Gaussian heat source
model sderived from similarity solution® and integral
solution, therma cyclesweresmulated at two different
y locations, namely: y equal to 0.001 m, appropriate
for aposition near thefusionzone(y <y, ), andy equa
t0 0.003m, alocation at adistance of the same magni-

tude asthey, parameter. Figure 3 showsthethermal
2500 T T T

‘ — = = Point Heat source

& Gaussian

...... (Similarity Solution)
Gaussian

(Integral Solution)

2000+

1800

1000

Temperature

500+

1] a0 150 15‘D ZéD 250
Time(s)

Figure3: Thermal cyclesfor the point and Gaussian heat

sourcemodels, at y =0.001 m.

cyclesobtained after the point and Gauissan hest source
models, aty =0.001 m.

It can be observed that the peak temperaturesin
each pass are higher for the point heat source model
than for the Gaussian heat sourcemodels. Thisoccurs
dueto the assumption that the heat input isinstanta-
neously applied over aninfinitesimal volume cross-
sectioned by the thickness-width plane at the center
of thework piece. In the Gaussi an heat sourcemode,
it isassumed that the heat input is applied over the
finitevolume, including they coordinate at the extent
of they, parameter. Therefore, the peak temperatures
produced by the latter model isexpectedly morere-
alistic. The previous determination of the peak tem-
peratureto bereached at aspecificlocationisinter-
esting, Sinceitindicatesfortuitousphasechanges. The
differences between thetemperaturesssimulated by the
threemodelsaredescribedinthe TABLE 3. T, refers
to maximum temperature reached inthefirst pass; T,
inthe second pass, and so on. It isworth noticing that
the correctionin the proposed model affect only the
peak temperature determination, and no differenceis
seeninthecoolingrate.

TABLE 3: Peak temperaturesreached in each

Point Gaussian heat Gaussian heat
Tpeak heat  source-similarity source-integral
sour ce solutiont solution
T1 1810 1503 1645
T2 2320 1892 2010
T3 2495 2280 2345
2800 T T
= = ~ Point Heat source
Gaussian
....... (Similarity Solution)
2000 b Gaussian o
(Integral Solution)
o
= 1500 F b
ﬁ
g
5 |
s 1000
BOOF % E
D L 1 L 1
o 50 100 150 200 250

Tune(s)

Figure4: Thermal cyclesfor the point and Gaussian heat
sourcemodels, at y = 0.003 m.

Watarioly Science  mmm—
A 7WMW



MSAILJ, 6(1) March 2010 M.R.Izadpanah et al. 67

InFigure4, thethermal cyclesweresmulated us-
ingy =0.003 m. Itisinstrumenta to show that, if yis
closetoy,, the Gaussian heat source model isequiva
lent to the point heat source solution. Thethreemodels
provideresultsthat arepractically thesame. Thismeans
that the point source model at distancesfar fromthe
fusion zonecan correctly predict thetemperaturefieds.

1500 -7

o
=1
[=1
G T i

Temperature
i)
=
o

; 005 o :
¥ Time(s)

(@ y=0.001m

1500 -7

Temperature

: 005 g .
¥ Time(s)

(b) y=0.003 m
I
1000

500 -

Temperature

0.03 ;
ao

. 005 0 .
¥ Time(s)

(c)y=0.009 m

Figure5: 3D Temperaturedistribution in singlecyclearc
welding, at y =0.001, 0.003 and 0.009 m.
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InFigure5, thethermal cyclesweresmulated us-

ingy = 0.001, 0.003 and 0.009 m

CONCLUSIONS

Themain conclusionsof thiswork are:

[1]
[2]
(3]
[4]

[5]

[6]

[7]
8]
[9]

the closed form sol ution obtained allowsto esti-
mate the thermal cycles produced by multipass
welding process, near thefusion and hesat affected
ZONes,

thedistributed heat sourcein theproposed solution
isanimportant correction for theknown modd with
point source, sincethisfactor allowsto obtain tem-
peraurevauesmoreredidic near tothefusonzone
theanaytica solution derived fromthepoint source
model can be safely used to predict temperature
fieldsaway from thefusion zone (FZ) and the heat
affected zone (HAZ).
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