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ABSTRACT. Multiple electrode sub- 
merged arc welding (SAW) is often used 
to increase the deposition rate in high 
productivity fabrication. However, while 
the development and application of the 
process have succeeded, the approach 
has not been systematic, and there is lim- 
ited scientific information available re- 
garding the process. This paper is con- 
cerned with the thermal cycles and 
resulting weld bead shape in four-elec- 
trode SAW. The experimental data were 
obtained with embedded thermocou- 
pies, by macroscopic examination of 
sections, and by weld pool ejection. The 
discussion considers the relationships 
between the welding conditions, the 
thermal responses and bead profiles. 
Data describing the geometry of the so- 
lidification boundary during the welding 
process are included and used to aug- 
ment the description of the heat flow out- 
side the weld pool. The study concludes 
that one may anticipate and control 
many features of the thermal response 
and bead profile. 

Introduction 

Multiple electrode submerged arc 
welding (SAW) has been gaining in pop- 
ularity since being described in the early 
'50s (Ref. 1 ), due to its potential for high 
weld metal deposition rates. Currently, 
the process uses from two to ten elec- 
trodes (Ref. 2) to fabricate various ele- 
ments in line pipes, ship structures and 
building structures. The use of higher 
than usual welding parameters (that is, 
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values for current, voltage and speed) al- 
lows the deposition of more filler niater- 
ial at a particular heat input (per unit 
length) than is possible with other 
processes. These parameters, together 
with electrode size, spacing, inclination 
and electrical configuration, all influ- 
ence the resulting weld properties. 

It has been recognized that there is a 
need to study the thermal cycles in the 
multiple electrode process for predictive 
purposes (Ref. 3). In addition, limited x- 
ray fluoroscopy investigations (Refs. 4, 5) 
of weld pool formation, and the occur- 
rence of discontinuities, have been re- 
ported. However, to our knowledge, the 
majority of thermal effects evaluated in 
SAW have dealt with single electrodes, 
and no detailed study during multiple 
electrode welding has been made. Ther- 
mal effects become more complicated in 
multiple electrode SAW due to the mul- 
tiple arc-weld pool interactions, the in- 
fluence of cooling rate, and the effect of 
current, voltage and speed on weldment 
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characteristics. Moreover, since com- 
puter simulation techniques are becom- 
ing more popular with tile fabrication in- 
dustries, the question whether multiple 
electrode welding follows the same 
trends as single electrode welding, or be- 
haves significantly differently, needs to 
be resolved. 

The objective of this study was to 
make a qualitative examination of the 
characteristics of the HAZ thermal cycles 
generated in four-electrode submerged 
arc welding of steel plate. Since the de- 
tailed behavior within the pool is not yet 
well understood, it was considered legit- 
imate to choose experimental conditions 
that were relatively simple, rather than 
those appropriate to a particular welding 
application. The main approach was 
temperature measurement using embed- 
ded thermocouples, but the examination 
of cross-sections, and of the craters left 
after weld pool ejection, were also em- 
ployed. The data from these techniques 
were shown to be consistent with the for- 
mation of four overlapping weld pools. 
However, although the amount of over- 
lap was often considerable, the cumula- 
tive effects on the peak temperature and 
penetration were less than anticipated, 
and as a result, a variety of unexpected 
behaviors was observed. 

Experimental 

Materials 

Commercially available C-Mn steel 
plates of 20- and 50-mm (0.8- and 1.9- 
in.) thicknesses were used throughout 
this investigation. Each test piece was 
500 mm long by 300 mm wide (19.7 x 
11.8 in.). Run-on and run-off tabs were 
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Fig. 1 - -  The electrode arrangement used during the study. Electrode 
extension was 30 mm. 
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Fig. 2 - -  This diagram shows how the probes were placed for the mea- 
surements used in this study. The diagram is il lustrative only, and not to 
scale. 

added to allow the beads to extend over 
the entire length of the plate. The con- 
sumables used in the experiments were 
commercial 4-mm (0.16-in.) diameter 
electrode and a semibasic SAW flux suit- 
able for the joining of such C-Mn steels. 
The chemical compositions are given in 
Table 1. 

Welding Conditions 

The welds were bead-on-plate made 
using a four-electrode process. The 
arrangement of electrodes is shown in 
Fig. 1. The polarity was DCEP, AC square, 
AC square and AC sine, for leading, first, 
second and third trailing electrodes, re- 
spectively. Electrode electrical extension 
was nominally 30 mm (1.2 in.), with al- 
lowance being made for the buildup due 
to metal deposition. 

The welding conditions are detailed 
in Table 2. The decrease in the 
current-to-voltage ratio from the first to 
last electrode was necessary to achieve 
the required bead profiles. The heat input 
given was the calculated overall value, 
and an arc efficiency factor of one was 
assumed. It was apportioned almost 
equally between the arcs. 

Thermocouple Preparation 

The thermal cycles were obtained 
from thermocouples spanning the HAZ 
directly below the weld centerline, as 
shown in Fig. 2. The thermocouple 
depths were decided from cross-sections 
taken from preliminary welds made 
under the specified conditions. The 
depth of the fusion lines below the plate 
surface varied from about 3 to 15 mm 
(0.12-0.6 in.), and the HAZ widths at the 
weld roots varied from 1 to 4 mm 
(0.04-0.16 in.). 

The plates were prepared by drilling a 
set of 15 holes of varying depth along and 
underneath the weld line. The holes were 
1.8 mm (0.07 in.) in diameter, and 
spaced at 10-mm (0.4-in.) intervals. 
Once the holes had been thoroughly 
cleaned of swarf, oil and moisture, the 
probes were capacitively welded into 
position. 

Each probe consisted of a pair of 0.35- 
mm (0.14-in.) diameter Pt-Pt 13% Rh 
thermocouple wires threaded through a 
short length of twin-bore, 1.6-mm (0.06- 
in.) diameter alumina sheathing. The 
wires were fused together at the tip be- 
fore insertion. 

Table 1 - -  Elements Other Than Iron in the Steel 
Chemical Composition of the Flux Used in This Study 

Analysis of plate and filler wire 
Element % in plate % in wire 

C 0.24 0.13 
S 0.16 0.014 
P 0.032 0.012 
Si O.O2 0.57 
Mn 0.83 1.25 
Ni 0.016 0.02 
Cr 0.016 0.05 
Mo <0.005 0.01 
W <0.005 
Cu 0.005 
Sn <0.005 
AI <0.005 <0.002 
Ti <0.005 0.05 
B 0.005 0.005 
Nb <0.005 <0.01 
V - 0.01 

Plate and Filler Wire Metal, and the 

Analysis of flux 
Compound 

SiO2 
TiO2 
AI203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 

LOI 

% in Flux 

16.3 
0.09 

17.8 
0.65 
1.43 

27.2 
26.1 

1.92 
1.23 
0.04 

6.24 

Data Acquisition 

The thermocouple signals were elec- 
trically isolated and amplified before 
being read into an IBM XT computer via 
a 16-channel, 12-bit analog-to-digital 
card. The acquisition software provided 
data conversion and storage to floppy 
disk. The outputs of all 15 probes and a 
temperature reference cell were 
recorded five times per second. 

Weld Pool Ejection 

To provide a visualization of weld 
pool shape as influenced by welding 
conditions, several weld pools were de- 
canted. This was achieved by hinging the 
plate over the edge of the welding table 
and using an arrangement by which it 
could be rapidly swung back to a vertical 
position, impacting heavily with a sta- 
tionary block in the process. The mecha- 
nism was spring loaded, and configured 
such that when triggered, the welding 
currents were simultaneously cut off. It 
took less than 0.2 s from release to im- 
pact. The liquid metal that was not 
ejected produced a skin over the crater 
floor, and since this was thin in compar- 
ison to the crater depths (i.e., less than 
5%), the results were considered to be 
adequate for their purpose. 

Results and Discussion 

Thermal Cycles 

Presentation 

The program of welding trials pro- 
duced too much data for all to be pre- 
sented. However, two complete sets of 
results are shown in Fig. 3 to illustrate the 
characteristics of the thermal cycles. 

Each response was considered in two 
parts: a heating period consisting of sev- 
eral temperature excursions, and a con- 
cluding period of continuous cooling. 
The latter was specified by the time re- 
quired to cool from 800 ° to 500°C 
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Table 2 - -  Welding Parameters Used During This Study 

P l a t e  Heatlnput Speed 
(mm) (kJ/mm) (mm/min) 

20 2.5 1000 400 
20 2.5 1500 550 
20 2.5 2000 850 
20 5 1000 900 
20 5 1500 1050 
20 5 2000 1300 
20 10 600 950 
20 10 1000 1200 
20 10 1300 1300 

Lead 
Electrode Currentand Voltage(A, V) 

Trailing 1 Trailing 2 Trailing 3 

25 400 27 350 30 350 32 
25 500 30 500 35 500 38 
25 700 30 600 35 600 42 
25 700 30 600 32 600 35 
32 900 35 750 40 650 46 
30 1200 35 1100 40 950 45 
28 800 32 700 35 600 40 
35 1100 38 1000 40 1000 45 
40 1200 40 1200 45 1200 45 

50 2.5 1000 400 25 400 
50 2.5 1500 650 25 550 
50 2.5 2000 900 25 700 
50 2.5 3000 1050 32 900 
50 5 1000 900 25 700 
50 5 1500 1050 32 900 
50 5 2000 1300 30 1200 
50 10 500 900 25 700 
50 10 1000 1300 30 1200 
50 10 1300 1350 41 1250 

(Ats/s)(1 472 ° to 932°F), which is taken as 

the solid-state transformation time for 
steel. The heating period was more com- 
plex, but its essential features can be rep- 
resented by the values of the temperature 
peaks and troughs, and the separations 
between them. 

The direct comparison of thermal data 
from different welds was dif f icul t  be- 
cause the thermocouples could not be 
positioned at a common point within the 
plate, or at an exact distance from the 
weld interface - -  Fig. 2. To overcome 
these difficulties, a representative signal, 
or signature, was determined by interpo- 
lation (see Appendix 1 ) from each set of 
data. This signature was defined as that 
response having a maximum tempera- 
ture of 1350°C (2462°F). Some examples 
are given in Fig. 4. Each signature would 
have corresponded to a measurement 
taken just below the point of maximum 
fusion zone penetration. Measurements 
of probe positions made after welding in- 

27 350 30 350 32 
28 480 32 450 35 
30 600 32 600 35 
35 750 40 650 46 
30 600 32 600 35 
35 750 40 650 46 
35 1100 40 950 45 
30 600 32 600 35 
35 1100 40 950 45 
42 1200 45 1100 47 

dicated that the specified peak tempera- 
ture would have been reached within 
200 lam of the weld interface. Cooling 
times at this point should be approxi- 
mately the minimum values within the 
HAZ for a particular weld. This tempera- 
ture was chosen so that rel iable re- 
sponses at both higher and lower tem- 
peratures would  be avai lable for 
interpolation. Responses above 1450°C 
(2642°F) were generally unavailable or 
unreliable due to probe damage. 

Interpretation of the Peaks 

The heating phase of each thermal 
cycle contained between one and four 
peaks. Furthermore, those with less than 
four distinct peaks often exhibited re- 
gions of inflection, so that a common pat- 
tern was evident in all responses (Fig. 4 
for example). This pattern, together with 
the At8/5 values, provided the basis for the 

numerical values in Table 3. 

The most likely explanation given for 
this pattern was that the succession of 
peaks resulted from the successive tran- 
sits of the welding arcs. This was tested 
by comparing the spacing between peaks 
with the spacing between the electrodes. 
The results of these calculations are pre- 
sented in Table 4. The close agreement 
between the mean observed positions 
and the calculated arc positions con- 
firmed the arcs as the causes of the peaks. 

Cooling Behavior 

The Ats/5 values shown in Table 3 

were found to increase with increasing 
heat input, and decrease for increased 
plate thickness. When weld ing speed 
was varied whi le heat input and plate 
thickness were kept constant (Table 3), 
the only significant change in At8/5 was a 

substantial increase in value for welding 
speeds be low 1000 mm/min (39 
in./min). In other cases, the variations in 
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Fig. 3 - -  These plots show the thermal responses recorded at various depths be low the weld roots in two separate trials. The trials were at the same 
heat input but different welding speeds. A - -  500 mm/min ;  B - -  1000 mm/min.  
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Ats/s wi th weld ing speed were small, and 

appeared to be random. 
An exception to the above comments 

was the 2.5 kJ/mm (63.5 kJ/in.) weld at 
1500 mm/m in  (59 in. /min) in 50-mm 
plate. This illustrates how the t ime a par- 
t icular locat ion spends in cool ing be- 
tween two temperatures can generate in- 
consistent results when several arcs are 
present. Figure 5 illustrates this particular 
situation in which the final temperature 
peak was 791°C (1456°F). In this case, 
the t ime spent between 800 ° and 500°C 
was extended by several seconds (17.3 s) 
because the beginning of the interval had 
to be associated wi th one of the preced- 
ing arcs. As a comparison, it took only 

13.2 s to cool from 780 ° to 480°C (1436 ° 
to 896°F). 

The retention t imes above 1100°C 
(2012°F) (RT-1100°C) were also deter- 
mined for these trials, and the results are 
presented in Table 5. This measurement 
is important because both the extent of 
grain growth, and precipitate stability, 
are determined during this part of the 
thermal cycle (Ref. 6). The values varied 
wi th different welding condit ions wi th-  
out any apparent pattern, even for con- 
stant heat input and plate thickness. The 
metallurgical significance of these varia- 
tions is yet to be investigated. 

The highest RT-11 O0 values were 13.1 
and 18.0 s for the 10 kJ/mm (254 kJ/in.) 

Table 3 - -  Thermal Cycles Representing Each Choice of Welding Conditions 

welds on 20-mm plate. These were con- 
siderably longer than for any other weld,  
apparently due to the reduced thickness 
of the plate. Values for equivalent welds 
on 50-mm plate were close to 4 s. 

In summary, the mul t i -arc thermal 
cycle consisted of overlapping responses 
to each arc, resulting in a succession of 
temperature peaks that could be sepa- 
rated by substantial amounts of cooling. 
This thermal behavior gives rise to diffi- 
culties both in definit ion and interpreta- 
tion of conventional parameters such as 
At8/5 and RT-1100°C, and so puts some 

doubt on their predict ive power under 
these condi t ions.  A more appropr ia te 
method of description is required, and 

Heat Input Speed Temperature in °C Atw5 
kJ/mm mm/min Peak 1 Min 1 Peak 2 Min 2 Peak 3 Min 3 Peak 4 s 

20 mm pla~s 
2.5 1000 1195 1004 1350 859 954 1011 1130 17.0 
2.5 1500 562 609 1350 802 897 917 1135 14.8 
2.5 2000 938 777 1140 854 1350 1219 1315 18.0 
5.0 1000 1350 926 1331 804 961 990 1045 61.2 
5.0 1500 192 261 754 613 1350 1250 1236 68.7 
5.0 2000 374 498 1350 1048 1060 57.6 

10.0 600 1008 1054 1350 948 1217 1188 1192 241.2 
10.0 1000 886 765 1350 1321 1331 183.2 

50 mm pla~s 
2.5 1000 673 703 1350 837 891 906 1026 9.8 
2.5 1500 1350 833 884 727 760 758 791 17.3 
2.5 2000 1265 1041 1350 832 989 912 915 11.3 
2.5 3000 909 752 1350 1093 1067 970 970 9.2 
5.0 1000 1284 1121 1350 809 825 809 828 23.8 
5.0 1500 618 661 1350 856 1104 992 983 23.8 
5.0 2000 510 518 1350 1168 1207 18.2 

10.0 500 1350 726 802 812 827 73.8 
10.0 1000 507 499 1350 1187 1174 42.0 
10.0 1300 300 412 1260 1281 1350 42.0 

Note: In some cases the values of the peaks or troughs could only be determined from the second derivative. This can result in a peak with a lower value than an adjacent trough, as has occurred in 

a few instances. 

Table 4 1  Least Squares Fit of the Calculated Peak Positions to the Electrode Spacings (a) 

Heat Input Speed 
kJ/mm mm/min Peak 1 Min 1 Peak 2 

20 mm plates 

2.5 1000 -3 21 31 
2.5 1500 11 26 31 
2.5 2000 7 24 38 
5.0 1000 9 23 32 
5.0 1500 14 21 44 
5.0 2000 36 

10.0 600 11 19 27 
10.0 1000 36 

Position in mm 
Min 2 Peak 3 Min 3 Peak 4 

94 111 128 141 
91 101 106 136 
91 104 118 131 
89 106 112 133 
89 104 111 119 
89 109 122 135 
91 107 129 135 
76 116 122 129 

50 mm plams 

2.5 1000 7 17 27 
2.5 1500 -2 17 27 
2.5 2000 12 25 32 
2.5 3000 -7 12 32 
5.0 1000 4 11 24 
5.0 1500 1 11 16 
5.0 2000 56 

10.0 500 -8 
10.0 1000 49 
10.0 1300 49 

Mean position 4 19 35 
Arc position 0 30 

(a) Refer to Fig. 1. The mean positions are also shown. 

91 104 117 141 
78 103 123 153 
78 98 132 138 

103 112 132 143 
91 104 138 148 
91 106 141 156 
69 89 116 136 
80 112 127 147 
76 92 132 139 
92 109 118 122 
87 105 124 138 

105 145 



i 

o- -  

1400 i 

6O0 

4OO 

200 

0 

1. lO00mrrVmin (at 5,0kJ/mm) 

3. 2. 1500ram/rain (at 5.0kJ/mm) 

3. 2000mnYmin (at 5,0kJ/mm) 

10 sec. 
- -  + 

Time (seconds) 

eom 

i 

200! j 

1400 - 1. 2 .skJ/mmat  i O ~ m n V - m ] n '  
I "' 2 5 0 k  J/ram at lOOOrnmLmin 

i2 ,  3. 
f" i ==L ! . . . .  - ' - -  3. lOkJ/mm at 1000mm/min 

I 10 eec. i 

Time (seconds) 

Fig. 4 - -  These responses show the effect o f  varying welding speed. A - -  at f ixed heat input; B - -  varying heat input at constant welding speed. 
The welds were made on 20-mm plate. 

this may need to consider the tempera- 
ture dependence of the various metallur- 
gical changes taking place. 

The Effect of Welding Parameters on the 
Thermal Cycles 

Variation of Welding Speed and Heat Input 

Plots, such as in Fig. 4A, show that the 
signatures of welds of the same heat input 
differed significantly at different welding 
speeds. These differences occurred dur- 
ing the heating period, and related to the 
amplitudes of the peaks and the times 
separating them. The details of changes 
in peak amplitudes often appeared ran- 
dom, as seen from Table 3. However, as 
speed increased, the separate peaks be- 
came more difficult to resolve, and the 
signatures approached that of a single 
heat source (i.e., consisting of a single 
peak). This trend has also been noted pre- 
viously (Ref. 6). In addition, the signa- 
tures for trials at constant welding speeds 
varied with heat input - -  Figs. 3, 4B. In 
these cases, the differences related to 
both the amplitudes of the peaks and the 
cooling times. The signatures tended to- 
ward that of a single heat source as heat 
input increased. 

Several trials were conducted where 
the currents and voltages applied to each 
arc were kept constant, while both weld- 
ing speed and heat input were allowed to 
vary - -  Table 2. Under these conditions, 
the relative amplitudes of the peaks re- 
mained approximately constant, while 
the time separating them and the resul- 
tant cooling time both varied. These fea- 
tures are evident in Fig. 6A and 6B, re- 
spectively. 

Arc Parameters and Peak Temperature 

The fact that the highest peak in the 

thermal signature usually did not coin- 
cide with the location of the final arc in- 
dicated that the thermal cycle was de- 
pendent on the individual arc 
parameters, as well as total heat input. 
The effects of these parameters, notably 
current and voltage, have not been satis- 
factorily treated and quantified theoreti- 
cally, although they are recognized in 
practice. 

It is standard practice that the first pair 
of electrodes should be used to obtain 
joint penetration, and the last for control 
of bead shape. Penetration of a single arc 
increases with current for a given heat 
input and welding speed, and decreases 
as the angle between the electrode and 
the normal to the plate increases. These 
relationships were used in an attempt to 
achieve satisfactory results. In seven out 
of the ten 50-mm plates, the peak tem- 
perature was associated with either the 
first or second arc (Table 3) consistent 
with the desired penetration behavior. In 
fact, in three cases the higher peak for the 
second pair of arcs was over 500 ° below 
the 1350°C peak, and the associated 
temperature rise was under about 1 00°C 
(180°F). This is 
consistent with a 
reduction in pene- ~ 
tration between the ~400 
leading and trailing 1200 
pairs of arcs. Thus 
the characteristics ~ ~000 ¢# 

(such as penetrat- ~ 
ing power) of an [ 8oo 
arc in a single elec- ~ 6oo 
trode environment 400 
may serve as a first 200 i 
approximation for o " 
its behavior in a 0 
multi-electrode ap- 
plication, despite 
the presumed for- 
mation of a single, 
continuous weld 

pool. However, cumulative effects are 
also important and must be considered 
when explaining the final results. This is 
exemplified by the three above-men- 
tioned responses where the temperature 
peaked during the passage of the trailing 
pair of electrodes, which is not explica- 
ble in terms of single arc behavior alone. 

Plate Thickness 

The influence of plate thickness on 
cooling times has been extensively stud- 
ied by many researchers, including 
Rosenthal (Refs. 8, 9) and Easterling (Ref. 
6). They predicted a lengthening of cool- 
ing time as the heat flow changed from 
three-dimensional ( i .e., thick plate) to 
two-dimensional (thin plate). This effect 
was quite noticeable in this study, as in- 
dicated by the Ats/5 values in Table 3. 

Plate thickness may be taken into ac- 
count by considering the plate bound- 
aries as heat reflectors (a standard math- 
ematical technique)(Refs. 9, 1 0). Since in 
multi-electrode welding the time taken 
for all the electrodes to pass a particular 
point may be ten or more seconds, these 

- _ F - - - -  o.~'-;-"mm at 1~oo~mi. - 
i (50mm plate) ! 
In 
!: 

J " <  ~ - i  . . . . . .  ! 
I 

1&2 seconds between 7 8 0 ° C  and 480°C, I 

i 

5 10 15 20 25 30 
Time (seconds) 

Fig. 5 - -  This figure demonstrates the difficulties that can arise i f  the cool-  
ing behavior is described in terms o f  the t ime required to pass between 
two limits. 
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Fig. 6 - -  Signature from welds with the same current and voltage conditions, but differing welding speeds. A - -  plotted against distance; B - -  plot- 
ted against time. The welds were made on 50-ram plate. 

reflections may become significant before 
the heating period has been completed. 

An example of the effect of plate thick- 
ness on thermal cycle observed is shown 
in Fig. 7. In this case heat input, welding 
speed and welding parameters for each 
electrode were constant and only the plate 
thickness was altered. In general, the 
traces show that the thermal cycles were 
more dependent on plate thickness when 
current density was high (deep penetra- 
tion) or welding speed was low. 

Relationships between the Thermal Response 
and Weld Pool Geometry 

Determinations of the Fusion Boundary 

The thermocouple data were consis- 
tent with a weld interface that varied, but 
did not necessarily increase, in depth 
from the first to last electrode. In order to 
gain some further insight into the rela- 
tionships between the arcs and the ther- 
mal effects, the geometry of the weld 
pools was examined. 

Two approaches were available. The 
first of these involved the extraction of 
cross-sections of completed welds. Four 

examples, representing approximately 
the extremes in the observed profile 
geometries, are presented in Fig. 8. The 
first two (8A and 8B) contain several weld 
interfaces of differing joint penetration. 
For each case it can be argued that the 
line corresponding to the least penetra- 
tion was necessarily the last formed, be- 
cause it would have been destroyed had 
there been a subsequent increase in pool 
depth. Therefore, in these two examples, 
the penetration of the last arc was con- 
siderably less than the maximum. This 
confirms the hypothesis presented earlier 
that in some cases the weld pool was 
deeper below the leading pair of elec- 
trodes than below the trailing pair. On 
the other hand, for Fig. 8C and 8D, the 
joint penetration of the last arc was ap- 
proximately equal to the maximum. 
These observations are consistent with 
the corresponding thermal cycles as 
summarized in Table 3. 

Thermal Cycles away from the 
Root of the Weld 

A cast replica of one of the craters left 
after weld pool ejection is shown in full, 
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~~ "'-'--4_ -~--~- 

20 ~, ~ ~ ~o 120 

5.0kJ/mm at 2000nm/m~. 

1. 20ram pl~de 

2. 501Tlm p~a2e I 

1 ~  1 ~  1 ~  2 ~  
T.~e (,,eco,~,,) 

and in longitudinal 
section, in Fig. 9A 
and B. It shows the 
thermal history of 
the weld as a single 

Fig. 7 - -  These plots demonstrate the effects of plate thickness on cool- 
ing behavior. A - -  5 kJ/mm at 1000 mm/min; B - -  70 kJ/mm at 500 
mm/min; C -  5 kJ/mm at 2000 mm/min; D -  10 kJ/mm at 1000 
mm/min. 

isothermal surface. 
This is made clearer 
in Fig. 10 where 
successive cross- 
sections show how 
the bead profile and 
HAZ developed as 
the weld pro- 
gressed. 

Since the 
voltage always in- 
creased from first to 
last electrode, and 
the bead width in- 

creased with voltage, the width was fi- 
nally established by the last arc. It follows 
that, if the last arc also determined the 
maximum penetration of the weld bead, 
then it determined the entire boundary. 
However, if the maximum depth was 
produced earlier in the weld cycle, then 
different boundary elements must have 
been established at different times - -  Fig. 
8A to D. Thus, for welds with single weld 
interfaces, all points on the fusion bound- 
ary reached their peak temperatures si- 
multaneously. They would therefore 
have experienced similar cooling behav- 
ior. This is reflected in the relative uni- 
formity in HAZ width, as evident in Fig. 
8C and D. On the other hand, weld in- 
terfaces as in Figs. 8A, 8B and 10, were 
made progressively. The temperatures 
under the roots of these welds peaked 
with the second arc, and were less af- 
fected by the third and fourth arcs. In the 
near-surface HAZ the peaks would have 
been after the last arc, with possibly little 
effect from those preceding it. Finally, the 
area near the intersection of the bound- 
ary segments could be predicted to have 
been strongly heated by all the arcs, re- 
sulting in a long retention time at a high 
temperature. This was supported by the 
observation of very coarse grains and 
wide HAZ of that region - -  Fig. 11. 

Applications of Solidification Front Data 

Examination of the weld pool geome- 
try in multi-electrode welding is a pow- 
erful tool for determining the effects of 
each arc and understanding the thermal 
responses. Although cross-sections of 
completed welds are useful, it is believed 
that the three-dimensional view pro- 
vided by weld pool ejection is more in- 
formative. Not only has this approach 
shown that joint penetration may either 
increase or decrease with successive 
electrodes, but it provides a simple 
method of quantifying this behavior. It is 
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also of practical significance that by ex- 
posing the solidification front, the effects 
of each arc is revealed in a visible and 
readily interpreted manner. 

The determination of the solidifica- 
tion front has potential applications in 
two other areas. Since it presents a sur- 
face of known temperature, it should be 
possible to use it to obtain quantitative 
data on the thermal cycle at any point of 
the plate, including within the solidified 
weld metal. In particular, the surface 
would supply the boundary condit ion 
necessary for solving the heat f low equa- 
tions in the weldment. The advantage of 
this approach is that it bypasses the need 
to model the weld pool itself, bringing it 
well within the capabilities of available 
software. On a more practical level, the 
method may well prove useful in the de- 
velopment of multi-arc welding proce- 
dures. This work has shown that the 
shape of the solidification front and the 
thermal cycle are linked, and dependent 
on the chosen welding conditions. How- 
ever, measurements of the thermal cycles 
are diff icult and very time consuming. 
Consequently, by gaining rapid access to 
the sol id i f icat ion front geometry, the 
wel(ting engineer wi l l  t)e in a better po- 
sition to determine the most appropriate 
welding conditions for any application. II 
is suggested that both areas merit further 
investigation. 

Conclus ions 

For the condit ions investigated, the 
fol lowing conclusions can be drawn: 

1 ) The thermal responses consisted of 
a series of temperature peaks, which cor- 
related with individual arcs, followed by 
a continuous cooling phase. The main 
factors influencing the shape of the ther- 
mal response were the inctiviclual arc: cur- 
rent and voltage settings, and welding 
speed. Consequently, welds at different 
welding speeds but the same heat input 
gave quite differently shaped responses. 

2) There was an increase in Ats/s for 

the 10 kl/mm welds with welding speeds 
below 1000 mm/min. At other heat in- 
puts, however, At~/s values did not show 

any definite trend with welding speed, al- 
though welding speeds remained above 
1000 mm/min. The cooling times were 
drastical ly affected by changing heat 
input through variation of either welding 
speed or arc current and voltage values. 

3) The variation in the retention times 
(RT-1100°C) at constant heat inputs but 
different welding conditions were large 
and appeared random. 

4) Conventional indicators such as 
RT-1100°C and Ats/s must be used with 

D j 

Fi,~. 8 - -  This selection of  cross-sections shows some of the w}riation in profi le that occurs as the 
weldin~ ( onditions are changed. Al l  the above cross-sections were taken trom 50-ram plates. A 

5 kJ/mm at 1000 mm/min;  B 10 kJ/mm at 500 mm/min;  C - -  5 kJ/mm at 2000 ranT/rain; D 
- 1 ( )  kJ / l t l l ~7 ,11  1[)(2~) nT/t l /177i lT.  

caution when dealing with muhi-elec- 
trode welding. New measurements that 
al low for the complex thermal behavior 
generated by this process need to be de- 
vised. 

5) Increasing either the welding speed 
at constant heat input or the heat input at 
constant speed in multi-electrode weld- 
ing caused the thermal response to ap- 
proach that of a single electrode. 

6) Reducing plate thickness from 50 to 
20 mm resulted in a large increase tn 
cooling times. The reduced heat dissipa- 

tion capability imreased the preheating 
effects of the first and second arcs, thus 
enhancing the joint penetration of the 
trai l ing arcs. These influen(es I)ecame 
more pronounced with in(reasing heat 
input and decreasirlg welding speed. 

7) The width and depth of the weld 
pool varied nonuni formly  along its 
length, and changes to the welding para- 
meters caused the point of maxinlum 
penetration to be associated with differ- 
ing electrodes. 

8) Weld pool ejection provided a sirn- 

Table 5 --Variability in the Relation Times above 1100°C 

bleat Input Speed 
(kJ/mm) (mm/min) 1 st interval 

2.5 1000 
2.5 1500 
2.5 2000 
5.0 1000 
5.0 1500 
5.0 2000 

10.0 600 
10.0 1000 

RT-1100~'C (seconds) 
2nd interval 3rd interval 

20 mm plate 
O.6 1.5 1.2 
0.4 0.7 
0.4 2.3 
0.3 1.1 
2.2 
0.4 
2.8 

18.0 
10.3 

Total Time 

3.3 
1.1 
2.7 
1.4 
2.2 
0.4 

13.1 
18.0 

50 mm plate 
2.5 1000 1.0 1.0 
2.5 1500 0.3 0.3 
2.5 2000 0.2 0.2 0.4 
2.5 3000 1.7 1.7 
5.0 1000 0.7 1.8 2.5 
5.0 1500 0.8 0.2 1.0 
5.0 2000 2.2 2.2 

10.0 500 3.3 3.3 
10.0 1000 4.8 4.8 
10.0 1300 3.3 3.3 
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Fig. 9 - -  View of  the replica of  the c ra te r .  A - -  longitudinal section; B - -  10 kJ/mm at 500 mm/min on 50-mm plate. The arrows indicate the elec- 

trode positions when the pool was decanted. 

Fig. 10 - -  Cross-sections from a weld that was interrupted and rapidly decanted. The weld was made at 10 kJ/mm and 500 mm/min on 50-mm plate. 
A - -  First electrode; B - -  second electrode; C - -  between second and third electrodes; D - -  third electrode; E - -  fourth electrode; F - -  final profile. 

Fusion Zone ~ ~  N N// 
Fig. 11 - -  Micrographs of  welds shown in Fig. 10 (10 kJ/mm, 500 mm/min ; 50-mm plate). A - -  Below the root; B - -  near the intersection of  the sec- 

ond and last weld interfaces. Magnification, 25X. 
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pie method of studying the weld pool 
boundaries in multi-electrode welding. It 
may offer a visual means for use in tai- 
loring the weld pool shape and resultant 
thermal cycles generated in the base ma- 
terial. 
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Appendix 

The comparison of thermal responses 
obtained under different welding condi- 
tions requires that they should have 
achieved the same peak temperature. Ex- 
perimentally, this was impossible due to 
the uncertainty in weld pool behavior 
and probe positioning. Consequently, the 
responses used in this work were ob- 
tained by interpolation. 

Each thermocouple response con- 
sisted of a set of 1000 temperature read- 

ings spanning the weld cycle, and taken 
at 0.2-s intervals. For each set of re- 
sponses, the two closest to, but on either 
side of, a 1350°C peak temperature were 
selected (T1 and T2). 

Since the responses were sharply 
peaked, the logarithms of tile readings 
(In(T1) and In(T2)) were taken. The two 
sets of numbers (In(T1) and In(T2)) were 
then aligned by offsetting the time base 
of one with respect to the other to maxi- 
mize the correlation between them. This 
was determined numerically. 

At this stage the logarithm of a new re- 
sponse (T3) could be obtained by l ineal 
interpolation: 

In(T3) = In(T1) + k. (In(T2)-In(T1)) 

where k is an arbitrary constant. The ac- 
tual response is the exponential of this: 

T3 = exp(In(T1 ) + k • (In(T2) - In(T1 ))) 

The value of k was obtained by nu- 
merically solving for the desired peak 
temperature of T3 for each pair of T1 - T2 
values. 
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