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Threshold energy input and threshold voltage conditions for 
weld penetration are used to establish a lower boundary for 

successful weld penetration 

BY R. H. FROST, G. R. EDWARDS AND M. D. RHEINLANDER 

ABSTRACT. The objectives of this 
work are to develop functional rela
tions between electroslag welding 
process variables, and to investigate 
the process conditions under which 
successful electroslag welds can be 
produced. Functional relations are 
derived for: 

1. Weld velocity as a funct ion of 
electrode velocity and weld geome
try. 

2. Welding current as a power func
tion of electrode velocity and poten
tial. 

3. Critical heat input for fusion of 
the base metal plates as a function of 
current, potential, arid weld geome
try. 

Previous authors have used a linear 
relation between welding current and 
electrode velocity. Analysis of experi
mental data for welds in 4 in. (10.16 
cm) thick steel plate shows welding 
current to be proportional to the 
square root of the electrode velocity, 
and to the cube root of the potential. 

An analysis of process conditions for 
penetration or non-penetration of the 
base metal is based on the energy 

input per unit of plate surface area 
(specific energy input). Consideration 
of welding variables shows that the 
specific energy input is proportional to 
voltage to the 5/3 power, and inversely 
proportional to the welding current. 

A threshold specific energy input for 
weld penetration is assumed at high 
power inputs. This is based on the fact 
that an increase in current at constant 
potential is coupled wi th an increase 
in electrode and weld pool velocities, 
and with a decrease in the exposure 
time of any point on the parent plate 
surface to the molten flux. At a high 
specific energy input the amount of 
heat absorbed by the base metal plate 
wil l approach a constant. Thus, an 
increase in current at constant poten
tial leads to a decrease in specific 
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energy input, and to reduced or non-
penetration of the base metal plates. 

At low power inputs the weld veloc
ity is slow, and the fraction of heat 
absorbed by the base metal plates is 
substantial. An analysis of one dimen
sional, unsteady state heat transport 
yields a constant voltage threshold for 
weld penetration. 

The threshold energy input and 
threshold voltage conditions for weld 
penetration are used to form a lower 
boundary for successful weld produc
tion in current-potential process 
space. Below this boundary the weld
ing process wi l l operate, but non-pen
etration- wil l be observed. The two 
other boundaries which in close pro
cess operating space include a high 
power limit based on the maximum 
output of the welding power supply, 
and a minimum electrode velocity 
(current) below which the electrode 
melts by l2R heating before reaching 
the flux pool. The validity of these 
boundaries to process operating space 
is demonstrated by experimental data 
for electroslag welds of 4 in. (10.2 cm) 
thick steel plate. 
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Introduction 

Electroslag welding has been a par
ticularly appealing process for thick-
section welding because of the high 
deposition rate.1-1 Paton1 reviewed the 
metallurgical and process control as
pects of electroslag welding in 1959, 
and numerous investigations and ap
plications of the process have been 
made in subsequent years.4-6 

Bridge construction and pressure 
vessel fabrication are two applications 
where electroslag welding can offer a 
distinct advantage wi th respect to 
deposition rate over multiple-pass 
welding techniques. However, utiliza
tion of the process in these areas has 
been hampered by welding defects 
such as lack of fusion of parent (i.e., 
base metal) plates, center-line crack
ing, and embritt lement of the heat-
affected zone (HAZ). Culp ; has 
reviewed the application of electroslag 
welding to bridge construction, and 
Okumura et a/.R have examined the 
electroslag welding of 2'A C r -1 Mo 
pressure vessel steel. 

Lack of fusion in base metal plates is 
one of the major defects associated 
wi th electroslag welding. The objec
tive of this research is to investigate 
the control of electroslag welding pro
cess variables to determine the cause 
of, and find the remedy for this type of 
defect. The degree of fusion of the 
base metal plate is a function of the 
heat transported to the base metal 
plate surface. Therefore, the process 
variables which control heat input are 
of primary importance. 

A major objective for all welding 
processes is to control the power input 
per unit length of weld, since this is 
the major variable influencing the 
degree of melting of the base material, 
the amount of di lution of the weld 
metal, and the thermal history of the 
HAZ.1 ' " In arc electron beam and laser 
welding, the energy input and travel 
speed of the weld may be indepen
dently control led. However, in elec
troslag welding, the energy input per 
unit area of weld and the weld pool 
velocity are not independent variables. 
For a constant voltage power supply, 
the current and power are both func
tions of the resistance of the slag pool ; 
hence they are functions of the elec
trode velocity, the mechanics of elec
trode melting, and the nature of elec
trical and thermal transport at the elec
trode/slag interface.1-2 

The purpose of the study discussed 
in this paper was to derive functional 
relations between the various electro
slag welding process variables, and to 
use experimental data as well as theo
retical concepts to predict conditions 
for sufficient penetration of the base 
metal as a function of voltage, current, 
and weld geometry. The resulting 

welding parameter plots would be val
uable for process control. The primary 
objective was to select the voltage and 
current levels such that the energy 
input would be just sufficient to 
achieve penetration of the base metal 
without excessive overheating of the 
HAZ. 

At a constant voltage, it wou ld ordi
narily be assumed that an increase in 
the current would provide a greater 
energy input per unit surface area of 
the weld—hence, deeper penetration 
into the base metal. For electroslag 
welding, however, such is not the case. 
An increase in current requires an 
increase in wire electrode velocity, 
which increases the weld pool velocity 
and decreases the energy input per 
unit surface area of weld. 

As demonstrated in this paper, an 
increase in the current at constant 
voltage can shift the process from pen
etration to non-penetration of the 
base metal. This situation is peculiar to 
electroslag welding and is not general
ly understood. All concepts governing 
the interrelationship of electroslag 
welding parameters, therefore, de
serve careful consideration. 

Experimental Procedure 

A conventional welding machine 
with oscillating consumable guide was 
used to weld sections of 4 in. (10.16 
cm) thick A335 2VA Cr-1 Mo steel 
plate. Hot shoes of Vk in. (4.44 cm) 
thick 2VA Cr-1 Mo steel plate were 
applied to establish a 1% in. (2.85 cm) 
opening. No starting flux was used, 
and an entire charge of Hobart PF-201 
running flux required to establish a 2 
in. (5.1 cm) flux pool depth was added 
at the start of the weld. Welds approx

imately 18 in. (45.7 cm) long were 
made. 

Electroslag welds were produced to 
provide data for two principle con
cepts: 

1. The functional relationship be
tween current, voltage and electrode 
velocity. 

2. The threshold or critical value of 
energy input required for fusion of the 
base metal. 

Welds of constant voltage and vary
ing electrode velocity (current), as 
well as welds of constant electrode 
velocity and varying voltage were 
made to generate the necessary data. 

The weldments generated were sub
sequently evaluated with regard to 
penetration. The welds were cut, 
machined, and macro-etched to ex
pose the fusion line on a plane per
pendicular to the plate thickness. The 
welds were logged by means of volu
metric pool velocity to correlate 
changes in amperage or voltage wi th 
corresponding vertical locations in the 
weldment. Incomplete fusion ob
served at the edge where the hot shoe 
contacted the plate could thus be cor
related with changes in process pa
rameters. 

Functional Relations between 
Process Variables 

The relations between electroslag 
welding process variables involve two 
important concepts: 

1. The relation between electrode 
velocity and the velocity of the weld 
pool. 

2. The mechanism of current con
trol, and the relation between the 
welding current, the voltage, and the 
electrode velocity. 

Weld 
Pool 

Fig. 1-Schematic representation of the electroslag welding process 
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Relation between Electrode and 
Pool Velocities 

The relation between the velocity of 
the wire electrode and the upward 
velocity of the weld pool can be de
rived with reference to Fig. 1. The wire 
electrode of cross-sectional area (Aw) 
moves downward into the slag pool at 
a velocity (W). The weld poo! with a 
weld gap area (Ap) moves upward with 
a pool velocity (P). The relation 
between the electrode and pool veloc
ities can be determined by means of a 
volume balance: 

P = (F/1 - F)W (1) 
The fill ratio (F) is the ratio of the 

electrode to weld gap cross-sectional 
areas: 

F = area of electrode cross-section/ 
area of weld gap 

This expression would be used for 
cases in which the cross-sectional area 
of the electrode is a substantial frac
tion of the weld pool cross-section. 
For the case of electroslag welding 
with a wire electrode, the cross-sec
tional area of the electrode is very 
small compared to the weld gap area. 
In this case: 

F/(1 - F) ~ F (2) 
The relation between wire and pool 

9 0 0 

8 0 0 

7 0 0 

velocities can then be approximated 
by: _ _ 

P = FW (3) 
For a wire electrode radius (rw), a base 
metal thickness (/) and a weld gap 
between the base metal plates (g), this 
relation becomes: 

Ig 
W 

(4) 

Welding Current Control 

Electroslag welding is generally ac
complished with a constant voltage dc 
power supply, where the welding cur
rent is controlled by the resistance of 
the flux pool. Several investiga
tors"313-16 have found a linear relation 
between the current and electrode 
velocity at fixed voltage. The present 
data, however, indicate that at con
stant voltage the current is proport ion
al to the square root of the electrode 
velocity: 

I = /3W'/2 (V = constant) (5) 
Figure 2 is a plot of current vs. 

electrode potential for an electroslag 
weld made at a constant potential of 
48 volts (V). The data fol low the func
tional relationship suggested by equa
tion (5) very wel l ; the coefficient of 
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Fig. 2—Experimentally determined parabolic relationship between welding cur
rent and electrode velocity 

determination for this particular fit is 
r2 = 0.997. Note that the current falls 
off when the power output of the 
welding machine (37.5 kw in this case) 
is exceeded. Points above that limit 
were excluded from the data reduc
tion analysis. 

The current at a given electrode 
velocity is not independent of the 
voltage during electroslag welding, 
although the voltage dependence is 
not strong. A limited study of the 
relationship between current and volt
age at electrode velocities between 3 
and 10 cm/s indicates that current is 
approximately proportional to the 
cube root of the voltage: 

I = /JW^V'/s (6) 
Figure 3 illustrates this relation for 

three welds made at constant elec
trode velocities (two at 3.8 and one at 
10.4 cm/s) wi th the voltage for each 
weld varying from 30 to 50 V. The slope 
of the resulting log l/W1/2 vs. log V plot 
(Fig. 3) was 0.33, and the coefficient of 
determination was r2 = 0.864, indicat
ing a good statistical fit. 

Figure 4 is a summary plot for all 
experimental welds, wherein current is 
expressed as a function of W V * . A 
coefficient of determination for this 
overall data correlation was r2 = 0.923, 
again indicating a good statistical fit 
for the power funct ion, equation (6). 

A Constitutive Equation for 
Energy Input to Base Metal 

The energy variable pertinent to this 
study is energy input per unit surface 
area of the weld, including the surface 
areas of the base metal plates and the 
welding shoes. Let the specific energy 
input (e) be defined as the total energy 
input to the process per unit area of 
the weld surface: 

VI te 

2 (/ + g) d 
(J/cm2) (7) 

where tp = exposure time of any point 
on the weld surface to the molten flux 
pool; / = base metal thickness; 
g = gap between base metal plates; 
d = flux pool depth. 

The specific energy input represents 
the total energy delivered by the pow
er supply; thus, it includes heat losses 
as well as the heat required to melt the 
electrode. 

Let Q be the actual energy per unit 
area delivered by the molten flux pool 
to the weld surface. This wi l l be some 
fraction (5) of the specific energy 
input, and it wi l l be equal to the 
product of the heat flux to the weld 
surface (q) and the exposure time: 

Q = Se = qte (8) 
Equation (7) could be expressed in 

terms of the actual heat delivered or in 
terms of the heat flux, but these vari-
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Fig. 4—Summary plot of the electroslag welding results fitted to 
empirically determined relationships between the welding current, 
electrode velocity and potential 

ables are d i f f i cu l t to eva lua te exper i 
men ta l l y . For a dc w e l d i n g process, t h e 
speci f ic energy i npu t can be eva lua ted 
f r o m t h e p r o d u c t of measured cu r ren t 
and p o t e n t i a l . 

The exposure t i m e of t he w e l d sur
face to t he f lux poo l is equa l to the 
d e p t h o f t he f lux p o o l d i v i d e d by t he 
w e l d p o o l ve l oc i t y ( P ) : 

t„ = d / P (9) 
By s u b s t i t u t i n g e q u a t i o n s (4), (6), 

and (9) i n t o e q u a t i o n (7), t he speci f ic 
energy i n p u t can be expressed as a 
f u n c t i o n of vo l t age , cu r ren t , and w e l d 
geome t r y : 
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(10) shows that at cons tan t vo l t age the 
speci f ic energy i npu t decreases w i t h 
increas ing w e l d i n g cu r ren t , a result 
w h i c h m i g h t not be i n t u i t i ve l y ex
pec ted . Recal l , h o w e v e r , tha t an 
increase in w e l d i n g cu r ren t is o b t a i n e d 
by increas ing the e l ec t r ode ve loc i t y . 
This, in t u r n , increases t h e w e l d p o o l 
ve loc i t y , decreases the exposure t i m e 
of any p o i n t o n the w e l d sur face to t he 
m o l t e n f lux, and thus decreases the 
speci f ic energy i npu t . 

Process C o n d i t i o n s f o r W e l d 

P e n e t r a t i o n 

The ma jo r o b j e c t i v e fo r w e l d p r o 
cess c o n t r o l is to p red i c t the process 
c o n d i t i o n s unde r w h i c h p e n e t r a t i o n 
can be ach ieved w i t h o u t excessive 
me l t back or o v e r h e a t i n g o f t he heat 
a f fec ted zone . This requi res a d e t e r m i 
na t i on of the m i n i m u m , or c r i t i ca l , 
speci f ic energy i npu t (e*) r equ i red fo r 
fus ion o f t he base meta l sur face. 

This is t e r m e d the c o n s t i t u t i v e e q u a 
t i on w h i c h relates t he spec i f ic energy 
i npu t to w e l d i n g process var iables. 

Care fu l e x a m i n a t i o n of e q u a t i o n 
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High Power Levels 

At high power levels the process 
approaches steady condit ion, in which 
the energy input, the depth of pene
tration of the base metal plates, and 
the heat losses are constant. The situa
tion is similar to that of steady state 
ablation, where a constant heat flux to 
the surface produces a constant melt
ing velocity. 

Under steady welding conditions 
the constitutive equation represents the 
heat input to the base metal necessary to 
maintain the process at steady state, and 
the critical specific energy input (e*) 
represents the threshold or minimum 
energy input per unit weld surface area 
to achieve fusion of the base metal 
surface. At specific energy inputs less 
than the critical value, the process wil l 
operate, but the weld pool wi l l not fuse 
to the base metal plates. 

Figure 5 is a graphical interpretation 
of the constitutive equation in volt
age-current coordinates, for a constant 
value of the specific energy input. This 
value is an empirically derived specific 
energy input of 57.6 k j /cm2 , which 
represents the experimental minimum 
required for base metal fusion. The 
curves are drawn for several base met
al thicknesses. 

At a constant current, equation (10) 
predicts that the required voltage wi l l 
increase as the plate thickness de
creases. A decrease in weld pool cross-
section at a constant electrode feed 
rate wil l raise the weld pool velocity, 
and lower the exposure t ime of any 
point on the base metal surface to the 
molten flux pool. Thus, a higher vol
tage wil l be required to bring the base 
metal surface to the melting point. 
Figure 5 indicates that a current 
increase at constant potential can shift 
the process from penetration to non-
penetration of the base metal plates. 

required to bring the plate surface to 
its melting point: 

tm = 
ir kp C„ (Tm - T„)2 

4q2 
(11) 

where q = heat flux into base metal 
surface; p = density; k = thermal 
conductivity; C„ = specific heat; 
T„ = starting temperature; Tm = melt
ing temperature. 

An expression for the heat flux can 
be obtained by combining equations 
(7) and (8). 

SVI 
q = 

2 (/ + g) d 
(12) 

Equating the exposure time with the 
melting time (equations (9) and (11)), 
and substituting equations (4), (6), and 
(12), an expression is obtained which 
describes the welding conditions nec
essary for fusion of the base metal 
surface: 

kp Cp d[w r„ 
( T . - T . ) ( / + g)]*L (13) 

V = 
Ig pr- 8* 

3/8 

This relation is independent of cur
rent and provides a threshold or mini
mum voltage for weld penetration. 
Thus, unsteady state heat f low into the 
base metal plates eliminates the possi
bility of making welds at very low 
power levels; it thus provides an addi
tional constraint to the constitutive 
relation given by equation (10)— 
Fig. 5. 

Process Operat ing Space 

The relationship of the critical ener
gy input to potential, current, and 

electrode velocity provides appro
priate information necessary for ob
taining a weld of good integrity. Figure 
6 represents a schematic of the boun
daries to process space wi th in which 
successful welds can be produced. 
Boundary A represents the voltage 
threshold for base metal plate fusion 
at low power inputs. This is imposed 
by non-steady state heat conduction 
into the base metal plates—equation 
(13). 

Boundary B represents the constitu
tive equation for weld penetration at 
higher power levels—equation (10). 
This boundary provides both a lower 
limit on welding voltage for good pen
etration, and an upper limit on current 
or electrode velocity at a constant 
voltage. The upper limit on current 
reflects the fact that an increase in the 
weld velocity decreases the exposure 
time of the base metal surface to the 
flux pool. 

In addition to boundaries A and B, 
which are imposed by conditions nec
essary for weld penetration, there are 
two other boundaries imposed by 
equipment and process geometry. 
Boundary C represents the maximum 
power output of the welding power 
supply. Thus, it is a practical limit on 
the available power. Boundary D rep
resents a limit on the electrode veloci
ty at which the wire electrode melts by 
l2R heating during passage between 
the end of the guide tube and the flux 
pool. At electrode velocities lower 
than this the process becomes discon
tinuous. 

Boundaries A through D enclose a 
process space within which successful 
welds can be produced. Outside of 
these boundaries the process may 
appear to operate wel l , but adequate 
penetration of the base metal plates 
wil l not be achieved. Wi th in the pro
cess space, metallurgical reasoning 

Low Power Levels 

At low power input levels, the weld 
pool wi l l be moving slowly. It might be 
expected that a considerable amount 
of heat wi l l f low into the base metal 
plates during passage of the flux pool. 
Equation (10) and Fig. 5 indicate that 
adequate weld penetration can be 
achieved at very low power levels. This 
is clearly not the case; therefore, heat 
conduction to the base metal plates 
must be taken into account. 

The influence of heat conduction by 
the base metal plates can be investi
gated by uti l izing well developed solu
tions to the time dependent heat 
transport equation. Carslaw and Jaeg
er17 give a solution for one-dimension
al heat conduction in a plate subjected 
to a constant surface heat flux. This 
solution can be rearranged to give an 
expression for the minimum time (tm) 
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Fig. 7—The penetration results for electroslag weldments of 4 in. (10.16 cm) thick 
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dictates operation as close to the two 
lower boundaries as possible. This wi l l 
minimize the total heat input to the 
base metal plates, the width of the 
HAZ, the depth of the weld pool, and 
the size of the mushy zone between 
the liquidus and solidus isotherms. 

Figure 7 is a plot of experimental 
data for a number of electroslag welds 
made on 4 in. (10.16 cm) thick, 2'A 
Cr—1 Mo steel plate. Welds were made 
both at constant potential over a range 
of electrode velocities, and at constant 
electrode velocity over a range of 
potentials. The objective was to pro
duce single welds which crossed the 
boundaries of process operating space 
between penetration and non-pene
tration. The squares show locations 
where voltage and electrode velocity 
were held constant for a sufficient 
period to achieve stable welding con
ditions. The closed squares indicate 
conditions under which penetration of 
the base metal was achieved, and the 
open squares indicate non-penetra
tion. 

Based on these data, an empirical 
critical heat input of 57.6 kj /cm2 is 
required for weld penetration at high
er power levels. At low power levels, 
the threshold voltage for penetration 
is experimentally found to be about 
35 V. The fraction of the total power 
input which is required to heat the 
base metal plates to the melting point 
(5) may be found by substituting the 
threshold voltage into equation (13). 
At a penetration threshold of 35 V and 
low electrode velocities, about 45% of 
the total power input is used to heat 
the base metal. The minimum elec
trode velocity required to prevent 
electrode melt-off is shown at the 
left-hand side of Fig. 7. This boundary 
provided a minimum operating cur
rent limit for welds 13, 16, and 18. 
Below this limit the wire electrode 
melted off between the guide tube 
and the surface of the flux pool, and 
the process became discontinuous. 

Welds 16, 17, and 18, as well as a 
portion of weld 21, were made below 
the low power voltage threshold for 
weld penetration. In these cases the 
process operated as normal, but the 
weld pool did not penetrate the base 
metal. Weld 19 illustrates the case of 
non-penetration below the critical 
heat input at higher power levels. This 
weld was run at a constant electrode 
velocity with the voltage increased in 
steps, and the process conditions sta
bilized at each step. Penetration was 
not achieved until the critical heat 
input had been reached. 

Welds 9 and 14 were run at constant 
voltage. They represent the case of a 
maximum current or electrode velocity 
for weld penetration. These welds 
were made in opposing directions of 
current change, i.e., weld 9 was made 
beginning at low current and progress
ing to high current, whi le weld 14 was 
made beginning at high current and 
progressing to low current. Thus, little 
preheating occurred in weld 14, and 
insufficient penetration persisted to 
lower current values than would 
normally be expected. 

Conclusions 

1. Functional relations have been 
developed between the various elec
troslag welding process variables. In 
particular, the specific energy input 
per unit area of the base metal surface 
was expressed as a funct ion of current, 
potential, electrode velocity, and weld 
geometry. The specific energy input 
was shown to decrease wi th increasing 
current and electrode velocity at con
stant potential. 

2. Relations for the minimum or 
threshold heat flux necessary for 
fusion of the base metal plates have 
been developed based on welding 
process and on heat transport consid
erations. These relations together pro
vide a lower boundary for process 
operating space in potential-current 
coordinates. Above this boundary suc
cessful welds can be produced. 

3. Addit ional boundaries to process 
operating space are provided by power 
and process continuity considerations. 
The maximum power is l imited by the 
capacity of the welding power supply. 
The minimum electrode velocity (min
imum current) is controlled by l2R 
heating of the wire electrode between 
the guide tube and the flux pool sur
face. Below this threshold velocity the 
electrode melts off before reaching 
the flux pool, and the process 
becomes discontinuous. 

4. Experimental data were obtained 
for welds of 4 in. (10.16 cm) thick steel 
plate. These data demonstrate, in prin
ciple, the validity of the proposed 
boundaries to process operating space. 
The welding process may be operated 
outside these boundaries, but ade
quate fusion of the base metal plates 
wi l l not be obtained. 
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