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ABSTRACT

Bead-on-plate welds were performed to study the effect of welding 

parameters, current and voltage, and electrode type on the metal transfer behavior 

in shielded metal arc welding (SMAW) through the aid of a computer data 

acquisition system, droplet collection techniques, and a computer software signal 

processing package. The characteristic frequencies of the voltage signal, which 

relates to the metal transfer, the weld pool and the molten drop at the tip of 

electrode oscillation, and arc noise were distinguished. A relationship was 

specified between arc voltage variations (AV) and droplet size. Additionally, 

differences in arc signal characteristics were found between fusion welding and 

nun-fusion welding. The effect of electrode bake time on metal transfer was 

observed. The change of metal transfer behavior from the beginning to end of 

welding along a weld was investigated. Finally, the transfer modes for three types 

of electrodes at the beginning and end of welding along a weld were identified and 

mapped.
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1. INTRODUCTION

Modem industry needs welds to be produced with minimum rework and 

reject rates. These requirements have led to an increased interest in research 

efforts to determine and control the metal transfer mode during welding. By means 

of high-speed cinematography, high-speed video technology, and advanced signal 

acquisition systems, gas metal arc welding (GMAW) is considerably more studied 

and better understood than shielded metal arc welding (SMAW). Typically a 

manually controlled process, the operating SMAW metal transfer mode can be 

affected by the electrode type and the skill/experience of the welder. Additionally, 

the welding performance (optimal parameter setting, arc stability, and spatter) of 

an electrode can be correlated with metal transfer. Due to the complexity of 

SMAW, previous research has not been conducted extensively concerning metal 

transfer modes.

The scope of this research includes:

• Investigate the relationship between the size/rate of the droplets 

transferred and the magnitude/frequency of the corresponding 

welding arc voltage variations.

• Characterize the metal transfer modes that occur during SMAW for 

three commercial electrodes, cellulosic (E6010), rutile (E6013), and 

basic (El 1018).



T-4352 2

• Examine the effect of welding parameters on metal transfer for these

three types of electrodes.

To accomplish these objectives, four groups of welding processes were 

conducted:

1) Double non-fusion welding with a tungsten electrode arcing against 

a graphite tube.

2) Single non-fusion welding with tungsten electrode arcing against an 

A-36 steel plate.

3) Non-fusion welding with three types of covered electrodes, El 1018, 

E6013, and E6010, arcing against a water-cooled copper pipe for 

droplet collection.

4) Fusion welding with three types of covered electrodes, E11018, 

E6013, and E6010, welding on an A-36 steel plate.

During welding experiments, the voltage data were recorded using a computer data 

acquisition system. A computer software package was developed to process the 

voltage data, including spectral analysis using fast Fourier transform (FFT) 

technique, with high pass, low pass, and band pass filtering. Comparisons of the 

arc voltage signal collected from the four groups of welding were made. The 

welding arc behavior of the three different types of electrodes was also compared. 

The characteristic frequency of the voltage signal, which relates to the metal 

transfer, the oscillation of the weld pool and the pulsing of molten drop at the tip 

of the electrode, and arc noise, was distinguished. A relationship was established 

between arc voltage variations (AV) and droplet size.
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Over four hundred bead-on-plate welds (fusion) were performed to study 

the effect of welding parameters and electrode type on the metal transfer behavior. 

Similar to the findings of Brandi, Taniguchi, and Liu [1], short circuiting, globular, 

and explosive (at or before contact with the molten pool) transfer were detected at 

different process parameter ranges for the three electrodes.

Additionally, differences in the arc signal characteristics were observed 

between fusion welding and non-fusion welding. The effects of electrode bake 

time at the baking temperature of 180 °C on metal transfer were observed. 

Compared with the electrodes baked for 24 hours, the electrodes baked for one 

month had less short circuiting and reduced rate of droplets transfer to the weld 

pool. The droplets size increased and melting rate decreased.

The change of metal transfer behavior at the beginning and end of welding 

along a weld was also investigated. Finally, the transfer mode for these three 

types of electrodes at beginning and end of welding along a weld were identified 

and mapped.

The results of this study are of practical interest to electrode manufacturers 

because of the additional tools for the determination of the metal transfer mode. 

The knowledge of metal transfer and electrode performance allows electrode 

manufacturers to produce high quality electrodes with stable arc and good 

deposition characteristics, tailored to the requirements of individual customers.
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2. LITERATURE REVIEW

Shielded metal arc welding was developed in 1907 by Oscar Kjellberg, a 

Swedish engineer, who used a covered electrode to replace the bare electrode [2]. 

Since then, electrode coating has been improved significantly, and the shielded 

metal arc welding process has remained the most popular and convenient joining 

method. For a better understanding of the mechanism of metal transfer, previous 

literature about the principles of the welding arc and the factors that influence 

metal transfer behavior in SMAW, such as electrode coating type, the forces acting 

on the welding arc, and the process parameters, will be introduced in the following 

sections of this chapter.

2.1. The Principles of the W elding Arc

A welding arc is one kind of electric discharge, and can be defined as "a 

sustained electrical discharge through a high temperature conducting plasma, 

producing sufficient thermal energy so as to be useful for the joining of metals by 

fusion [2]."

A welding arc can be divided into three distinct regions: cathode, arc 

column, and anode. The cathode and the anode regions are located immediately 

next to the electrodes, approximately 10-3 mm in length, and exhibit a sharp and
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nonlinear potential drop, known as the cathode drop (fall) and anode drop (fall), 

respectively. The arc column region is located between the cathode and anode 

with a length of 0 to 10 mm or more, and has a uniform potential gradient [3, 4, 5]. 

Figure 2.1 shows schematically the potential drops in the three different regions .

Anode fall voltage

Column
voltageArc

voltage

Cathode
fall

voltage

Arc length

Cathode
surface

Anode
surface

Figure 2.1. Voltage distribution along an arc [4]

2.1.1. Cathode Region

The cathode supplies electrons by emission. After electrons are removed 

from the cathode surface, they accelerate toward the anode under the influence of 

an electric field. Positive ions, on the other hand, are accelerated toward the 

cathode region. Due to the larger mass, and thus slower acceleration of the positive
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ions than the elections, a net positive charge space with a sharp voltage drop 

(cathode drop) is created next to the cathode. This drop was measured to be about 

12-17 volts, depending on the electrode material [3],

To explain the current carried in the cathode for different materials, two 

fundamental models were proposed, the thermionic and non-thermionic cathode 

models. For refractory materials, such as carbon and tungsten, the electrons are 

removed from the cathode surface by thermionic emission, and for the non

refractory materials, such as mercury, silver and gold, the electrons are removed 

by non-thermionic emission. Materials such as iron and aluminum exhibit 

combinations of thermionic and non-thermionic arcs [1, 3].

a. Thermionic Cathode

Thermionic emission is determined by the work function and the 

temperature of the cathode surface. The well known Richardson's Equation gives 

the current density (/0) by thermionic emission in a vacuum:

/0 = A T  ex p (-^ )  yt/c,^ (2.1)

Where: A - Constant, depends on the type of cathode material.

T  - surface temperature, K;

(ft - work function; 

e - electric charge, 

k - Boltzmann's constant.
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It was reported that impurities decrease the work function (j) significantly and 

promotes a sharp increase in current density emitted from the cathode [3, 4]. Table

2.1 gives the current densities of pure tungsten and thorium-doped tungsten 

electrodes computed using Richardson's Equation. Comparing the two sets of 

data, the current densities of a tungsten electrode after alloying with thorium are 

30 to 300 times higher than the pure tungsten. However, to date, constants for 

and work function (j) are not available for most materials, so this equation is 

restricted in its practicality. From the evidence of tungsten, the effect of impurities 

on thermionic emission suggests that thermionic emissions might occur in non

refractory materials if these are covered with some other components, such as a 

flux or oxide coating. For this reason, several authors consider that a covered 

electrode produces a thermionic arc [6, 7,8]. A slag film covering the molten 

metal, decreases the work function of the electrode and results in a thermionic 

cathode as discussed above [6].

Table 2.1 Electron emission calculated from Richardson's Equation. (Constants 

A. and <|) are obtained from [9])

Temp. A (A-cnr2-K"2) [9] 4>(eV) Current density (A-/cm2)

(°K) W W+Th W W+Th W W+Th

2500 60 3.0 4.5 2.63 0.3 93

2800 60 3.0 4.5 2.63 3.7 432

3100 60 3.0 4.5 2.63 27.7 1523
3400 60 3.0 4.5 2.63 147.4 4368
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b. Non-thermionic Cathode

Non-thermionic emission or field emission was observed in the case of an 

electrode made from non-refractory metals, such as silver or gold, and when a cold 

cathode is used [3,4]. When a high enough electric field was applied in front of 

the cathode, the electrons were supplied by electrons drawn out of the cathode.

The voltage potential required to emit enough electrons to reach the 

welding current level is about 107-109 V/cm depending on the cathode material 

[3]. So far there is no data of potential gradient available for covered electrodes. It 

is believed that the potential is much lower than 106 V/cm, due to the low current 

density used in SMAW [3, 4, 6]. For a copper cathode, Ludi (ref: F. Ludi from [3]) 

calculated that a potential gradient of 3.8x107 V/cm is necessary in the cathode 

drop to obtain a current density of 3.9x 104 A/cm2. "Such a field would require a 

cathode drop of 150,000 V., whereas the actual cathode drop is only about 15 

V.[3]" Therefore the field emission theory cannot be used in the case of copper 

electrode or a cold-copper cathode.

Early in 1926, Slepian [3-5] proposed another mechanism to explain the arc 

for a cold cathode. According to Slepian, the current is carried in the cathode drop 

region by positive ions, not by electrons. He proposed that the positive ions are 

produced by thermal ionization. Thus a hot cathode is not necessary for an arc to 

emit electrons or sustain an arc. The high temperature needed to generate ions 

must occur in the region adjacent to the cathode, and not in the cathode itself.
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2.1.2. Arc Column Region

The arc column region consists of electrons, ions, atoms, molecules, flux 

drops, and metal drops. The electrons produced in the cathode enter the column 

region with high velocity. The ions are generated either by collisions of fast 

moving electrons and neutral particles in the anode region and arc column region, 

or by thermal ionization. All charged particles exist individually at an elevated 

temperature, characteristic of this zone, and reach a dynamic equilibrium 

concentration [3, 4, 5], known as electro-neutrality.

Thermal ionization occurring in this region is the dominant process to 

produce the positive ions in the arc. The degree of ionization depends to a large 

extent on the temperature of the arc column and the ionization potential of the 

neutral particles existing in the arc as expressed by the Saha Equation:

a2 P - eV

where a  - fraction ionized;

P/P0 - the ratio of pressure to one standard atmosphere;

Vj - ionization potential;

C - constant.

It follows that as the temperature of the arc becomes higher, the degree of 

ionization degree in the arc becomes higher; and the ionization potential of the 

elements is smaller, ionization occurs more readily [3, 4, 5],

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MW&k 
GOLDEN.CO w n -
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Figure 2.2 graphically shows the dependence of the ionization degree on the 

ionization energy and arc temperature [4]. The metallic elements, which have 

lower ionization energy, ionize more easily than non-metallic elements. This is 

especially true for metals with one valance electron or with heavier atomic mass, 

such as the alkalis group, since their outer electrons are easily extracted.

Therefore, in the welding arc, the metal vapor will be highly ionized, while the 

shielding gas will not be ionized substantially [3-6].

c 0.8 
o
TO
E 0.6 
o

K /Ba/CaMn

O '
o> 0 .4  0)
0503
Q 0.2

1 6 0 0 0120004 0 0 0 8 0 0 0  

Temperature (K)

Figure 2.2. The degree of ionization as a function of temperature for a number of 

elements [4].
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2.1.3. Anode Rezion

The anode receives electrons emitted from the cathode, and in the case of a 

steel anode with surface impurities, it also emits positive ions. Therefore the 

current is carried in the anode mainly by electrons. The high concentration of 

electrons in this zone causes a negative space charge and a voltage drop in the 

anode region, know as the anode drop. This drop generally is about 6-11 volts [3, 

4], which is dependent on the energy required for the electrode to ionize the anode 

metal vapors by collision.

Normally, the current densities in the anode region are lower than in the 

cathode region due to the lower potential drop, thus the temperature is lower than 

that near the cathode. The condition at the anode is satisfied by the principle of 

the conservation of energy, i.e.

Qaget Qaloss 2̂ 3)

where Qaget is the heat generated in the anode and Qaioss is the heat lost in the 

anode.

During welding, the total heat transfer to the anode (Qaget) consists of the 

heat conduction from electrons and heavy particles (Qco„d), radiation from arc 

column (Qrad), convection (Qcony) , and heat from electrons entering the anode 

(Q e ie c \  which can be presented as [10]
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Qaget Qelec Qcond Qconv Qrad 2̂ 4)

Sanders [10] reported that in DCEP case, Qconv is negligible due to the low flow 

velocities near the anode and Qeiec provides the largest contribution, of over 83 

percent, to the heat. The Qeiec is related to the current density, /, and the anode 

drop Va, which is given by

= + K + (25)

where Te is the electron temperature. It follows this equation that during SMAW 

with DCEP, two major variables, current and anode voltage drop, have the highest 

effect on the metal transfer from the electrode to the base metal.

The heat lost in the anode during SMAW with DCEP is given as [11]

Qaloss Qheat Qdrop Q l 2̂ 6)

where Qheat is the heat consumption for heating and melting of metal, Q̂ rop is the 

consumption for liquid drop over heating, and Qt is the heat lost by radiation and 

evaporation. It was reported that Qheat consumed 50-60 percent of the heat 

produced in the anode, which can be represented as [11, 12]

Qheat — P C p ( T meit Telectrode)  + Qf  (2.7)

where P is the electrode mass melted per unit time (kg-s"l), defined as the mass 

melting rate of the electrode, Cp is the specific heat capacity (J-kg-1), Tmelt is the 

melting point of the metal, Telectrode is the temperature of the electrode, and Qyis
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melting point of the metal, Teiectrode is the temperature of the electrode, and Q/is 

the heat transferred to the coating.

Therefore, during welding, the current, anode drop (DCEP), and electrode 

temperatures have the most significant effect on the melting rate of the electrode.

2.7.4 The Characteristics o f Arc Welding

The arc welding voltage drop includes the cathode drop, Vc, plasma drop, 

Vp, and anode drop, Va, i.e.

F = V + V + Karc c p a (2-8)

The cathode and anode drop was measured by Conrady (ref: H. Conrady, 

from [3]), who used probe measurements on iron, copper and aluminum arcs, with 

currents varying between 50 and 250A, and voltages between 32 and 45 V. The 

results are listed in Table 2.2.

Table 2.2 The cathode and anode drop measured in iron, copper and aluminum 

arcs (ref: H. Conrady, 1937, from [3]).

Electrode Cathode Drop. (V) Anode Drop. (V)
Iron 16-17 6 - 9

Copper 13 -  12 11 -  10
Aluminum 14-13 11-10
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Roll (ref: W. Roll, from [3]) studied the dependence of total arc voltage, 

cathode drop, and anode drop on the current and the arc length in bare and coated 

electrode welding. He used mild steel, copper, and aluminum electrodes of 4 mm 

diameter, and varied the arc length between 6 and 16 mm. The results of his 

investigations are summarized below and shown in Figure 2.2.

1. The cathode drop remains almost constant regardless of the current, 

polarity, and the arc length, but changes according to the cathode material.

2. The anode drop rises with the current slightly, and depends on the 

electrode material and covering, but not on the arc length.

40 i — 1 r

Total Voltage

3 0 -

û.S 20

Fe
Al
Cu

Cathode Drop

10 -

Anode Drop

50
T

100
T  
150

Current (amps)
200

T
250 300

Figure 2.3 Dependence of welding arc total potential drop, cathode drop, anode 

drop on current for bare steel, copper and aluminum electrode (ref: W. Roll, from [3]).
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3. The total potential drop, V, of the arc is a linear function of the arc 

length, Z, satisfying Frohlich's Equation:

V=a+bl (2.9)

where a and b are constants depending on the material.

The effect of the arc gas environment on the voltage-current (V-I) 

characteristic of an arc was reported by a number of authors[2, 3, 4]. Figure 2.3 

shows observations of Jackson [2] in GMAW using a steel electrode. From this 

figure, it can be seen that the arc voltage strongly depends on the environment of 

the arc, and weakly depends on the arc current. It can also be seen that there is a 

positive slope for the V-I curve regardless of the gas used. This results is in 

agreement with Roll's SMAW results. Figure 2.3 also gives the arc voltage 

relation to the ionization potential of gas. Argon has a lower ionization potential 

and is ionized better than helium in the arc, and has a lower arc voltage.

The characteristic of voltage - arc length (V-L) is given in Figure 2.5 [4].

In the case of a tungsten electrode with argon shielded gas, the linear relationship 

between the voltage and arc length is very clear, the slope of the V-L line is almost 

constant and the change in the intercept of the V-L line at high current is small. 

According to Figures 2.2 and 2.5, and Frohlich's Equation, the change in the arc 

voltage during welding (AV) can be given as a function of arc length change (Al) as 

indicated in the following equation:

AV -  Aa + bAl (2.10)
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Figure 2.4. Voltage-Ampere characteristics for GMAW for various gases, steel 
electrode with DCEP [2].

(3 )

S 10

Arc length  (mm)

Figure 2.5. Voltage arc length (V-L) curves for Ar-shielded tungsten arcs with 3 

mm tungsten electrodes at currents of (1) 100, (2) 50, and (3) 30 A.[4]
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where Aa are the changes in the intercept of the V-L lines, shown in Figure 2.5, 

which depend on the applied current, welding process, gas environment and 

electrode material, b is the slope of the V-L line which is related to Aa/Al and 

depends on the arc environment, welding process, and electrode material.

2.2. M etal Transfer in SM AW

2.2.1. Modes o f Metal Transfer

a. Classification o f Metal Transfer Modes

The International Institute of Welding (IIW) classified the metal transfer 

modes into three groups: free flight, bridging, and slag-protected transfer. Table 

2.3 shows the classification of transfer modes related to various welding processes 

as suggested by IIW, and Figure 2.6 is an illustration of these metal transfer 

modes.

Shielded metal arc welding is a consumable welding process. The electrode 

is both a heat source and a filler source. The liquid globule formed at the tip of the 

electrode is transferred to the base metal by melting, growing, detaching from the 

electrode, crossing the arc, and then merging into the weld pool.
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Table 2.3. IIW classification of metal transfer [4],

Designation of Transfer Type Welding Processes (examples)

1. Free flight transfer

1.1. Globular
1.1.1. Drop Low-current GMA
1.1.2. Repelled CO2  shielded GMA

1.2. Spray
1.2.1. Projected Intermediate-current GMA
1.2.2. Streaming Medium-current GMA
1.2.3. Rotating High-current GMA

1.3. Explosive SMA (coated electrodes)

2. Bridging transfer

2.1. Short-circuiting Short-arc GMA

2.2. Bridging without interruption Welding with filler wire addition

3. Slag-protected transfer

3.1. Flux-wall guided SMA

3.2. Other modes SMA, cored wire, electrodslag
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Stream ingProjectedRepelled

( Û )o ^ o

Rotating Explosive Short-circuiting Flux-wall-guided

Figure 2.6. Schematic drawing of major metal transfer modes in arc welding 

according to the IIW classification [4].
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Metal Transfer Mode Observed in SMAW

The most commonly observed metal transfer modes in SMAW are: 

globular/explosive, short circuiting, and slag protected transfer [1, 7, 8].

For globular transfer, Becken proposed two modes based on high speed x- 

ray films [7], the "single arc drops" (SAD) and "double arc drops" (DAD). These 

two models are related to two different dominant forces acting on a drop. Figure 

2.7 [7] illustrates schematically these two modes. For the SAD mode. Figure 2.7 

(a), (b) and (c), the molten drop is deformed by the vapor pressure, and then is 

detached by the electromagnetic force. For the DAD mode. Figure 2.7 (d) and (e), 

the arc root is located in the tip of the molten drop, which then is detached by the 

electromagnetic force. A second arc is then formed between the electrode tip and 

the pendent drop. Short circuiting occurs when the arc length is shorter than the 

drop pendent. In this case, the metal transfer to the weld pool is aided by the 

surface tension of the liquid metal.

The explosive mode was proposed by Larson [8]. He determined that the 

gas, which is produced during welding, forms bubbles within the liquid drop. The 

bubbles grew and eventually burst by overcoming the surface tension of liquid 

metal, scattering small drops away from the electrode tip toward the weld pool.

The other mode observed in SMAW is slag-protected transfer, the slag cone 

wall formed at the electrode tip guided the molten metal to the weld pool, and the 

molten slag covers the droplets during transfer.
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9 V 7 Z  7777777.6
(a) (b) (c)

(d) (e)

Figure 2.7. Modes of transfer from coated electrodes:

"Single arc drops",(a), (b), and (c);

"Double arc drops", (d) and (e).

1. core wire, 2. coating, 3. liquid electrode tip, 4. liquid slag, 5. arc, 6. 

workpiece. [7]
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c Techniques in Detecting Metal Transfer

During research of metal transfer modes, several methods have been used to 

observe the melting behavior of the electrode and the process of liquid metal 

transfer from the electrode tip to the weld pool, including photography, high-speed 

cinematography, high-speed video, high speed x-ray film, deposition on a metal 

plate, deposition against a water-cooled tube, deposition with double electrodes, 

and deposition against a carbon electrode. The first four methods deal with 

observing the actual welding transfer behavior, but the observations are obscured 

by fume and spatter. The latter are droplet collection technique. Non-fusion 

welding, in this case, is defined as welding with a covered electrode against a non

fused workpiece instead of a fusible base metal. Due to the different conditions 

from the actual welding, there are also differences in metal transfer modes, which 

will be discussed in greater detail in a later section.

The advantages and disadvantages of the investigations methods mentioned 

in this section have been summarized by Brandy, Taniguchi and Liu, as shown in 

Table 2.4 [1].

Recently, with the progress of computer technology, data acquisition 

techniques have been used in the study of metal transfer. The use of these 

techniques may provide an advanced, quick, and simple method to detect the metal 

transfer and make real time control of metal transfer possible. One complication 

in using a raw, unprocessed voltage signal is that the arc signal also contains noise
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Table 2.4. Comparison of the different techniques used in observing metal droplet 

transfer [1],

Techniques Advantages Disadvantages

High-speed 
video and 
cinematography

Direct observation of droplet transfer 
Medium-to-good optical resolution

Complex experimental setup
Shot sampling time
Imprecise droplet size measurement

Photography Direct observation of droplet transfer 
Simple experimental setup 
Good optical resolution

Short sampling time 
Imprecise droplet size measurement 
Incapable of distinguishing droplet 

from slag covering

Current and 
voltage 
oscillogram

Simple experimental setup 
Large sampling possible

Indirect observation and correlation 
Transfer event difficult to characterize 
Incapable of droplet size and shape 

determination 
Incapable of distinguishing droplet 

from slag covering

Deposition on 
metal plates

Direct observation of droplet transfer 
Simple experimental setup 
Physical evidence of individual 

droplets 
Large sampling possible 
Capable of quantifying metal transfer 
Capable of distinguishing droplet 

from slag covering

Simulated welding 
Droplet may coalesce or fracture at 

contact with chill

Double electrode Direct observation of droplet transfer 
Simple experimental setup

Simulated welding 
AC welding
Electrodes covered by slag

Carbon

electrode

Direct observation of droplet transfer 
Simple experimental setup

Simulated welding 
Oxidation of the carbon electrode 

causing changes in arc atmosphere
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from characteristic frequencies introduced by the power source, which can affect 

the outcome of the metal transfer investigations.

d. Methods in Analyzing the Experimental Data for Determination o f Metal 

Transfer

To determine the transfer mode, the experimental welding data can be 

processed and analyzed in different ways. In the case of droplets size, two 

parameters were proposed, d-50 [13] and characteristic diameter Dc [14]. The 

parameter, d-50, is defined as a diameter corresponding to the 50 percent value of 

the integrated weight. This value is believed to be very close to the particle 

diameter with the greatest frequency of occurrence, and is one that can be obtained 

most precisely. The determination of d-50 is only possible where the transferred 

droplets are collected (non-fusion welding).

The parameter, Dc> can be used to characterize the droplet diameters either 

collected in non-fusion welding or recorded in the films/photos during globular 

transfer. This method was proposed by ver der Willigen [14] based on the idea 

that small numbers of big droplets contribute more toward the transfer of metal 

than larger numbers of small droplets. The definition of Dc is

1
D c = 2 - ( — £-)3 (2.11)

4%-

where Vc is the characteristic volume, expressed as
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K (2.12)

where TV,- is the number of droplets for each group separated in certain size range

term Vj2 will be very small when Vj is small, and very large when Vj is large. In 

this way the contribution of small droplets to the characteristic volume of droplet 

will be reduced and the contribution of the large droplets will be enhanced. 

Therefore, the characteristic diameter (Dc) represents a more reasonable value for

Welding arc signal recorded by an oscilloscope or acquired by a computer 

can be analyzed according to the principle discussed in Section 2.1.4. A droplet 

transfer causes arc length change and arc voltage variation. Lan [15], using high 

speed video and a high speed digital oscilloscope, found that droplet detachment 

from the electrode tip in GMAW caused an elongation in the arc length. Voltage 

variation associated with one droplet transfer can be calculated as the difference 

between the voltage peak (after detachment) and valley (prior to detachment). 

Figure 2.8 is a schematic drawing of his observation. Based on the relationship of 

arc length change and voltage variation found in his research, Lan established a set 

of criteria of voltage variation for different metal transfer modes as listed in Table 

2.5. His experiments were conducted using a 1.2 mm diameter E70S-3 electrode 

and 25 pet. GG^-75 pet. argon shielding gas.

by sieves and Vj is the total volume of droplets in each sieve. In this formula, the

droplet diameter rather than the mean droplet volume ( TNj ■)-
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Figure 2.8. Schematic drawing of a droplet detaching from an electrode tip with 

electrode diameter of 1.2 mm at (a) Current of 100 A, voltage of 36.3 volts and (b) 

Current of 55 A, voltage of 27.3 volts. [15].

Table 2.5. Criteria for metal transfer mode [15]

Transfer Modes Criteria AV
Short Circuiting; 8 V < A V < -

Globular 1 V < A V < 8 V
Spray 0.5 V < AV < IV
Noise - < AV < 0.5 V



T-4352 27

For further characterization of the metal transfer behavior from the arc 

signal, spectral analysis using FFT technique were used to process the arc voltage 

data collected [16]. The principle of FT or FFT is briefly described below.

As any physical processes, a welding signal can be described either in the 

time domain, by the values of voltage v as a function of time t, v(f), or in the 

frequency domain, where the welding signal is specified by its amplitude F as a 

function of frequency f  V(f), with -a> < /< 0 0 . Therefore, v(t) and V(J) can be 

thought of as two different representations of the same function. One goes back 

and forth between these two representations by means of the Fourier transform 

equations:

V(f)=  J v(t)e2m/,dt
(2.13)

v(0= J r c / X 2”̂ /
(2.14)

Often times, a process that cannot be characterized in the time domain can 

be well characterized in the frequency domain by evaluating the frequency of 

occurrence of a specific phenomenon.
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2.2.2. Forces Affected on Metal Transfer

From a physics point of view, the way that metal droplets transfer across 

the welding arc is determined by forces acting on the liquid drop. The forces

which significantly affect metal transfer are [1,4]:
1. Surface tension, Fy

2. Gravitational force, FG

3. Electromagnetic force, Fem

4. Drag force, Fs

5. Vapor pressure, Fp

6. Gas expansion force, Fexp

These forces are schematically illustrated in Figure 2.9 [9]. Depending on the 

balance of these forces, the metal transfer mode, the droplets size, and the metal 

transfer rate can vary considerably.

The balance of static forces on the detachment of droplets has been 

suggested by some authors to be [4]:

where the surface tension force is the only one to oppose drop detachment. When 

the forces that promote the metal transfer are large enough to overcome the surface 

tension force, separation of liquid drop from the electrode tip occurs.
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Figure 2.9. Forces that act on a metal droplet at the electrode tip [1]

When the arc gap is not large enough for the liquid drop to grow, it short 

circuits the arc, and is drawn into the molten pool by surface tension.

During SMAW, a large amount of gases such as H2, CO, C 02, and H20  are 

produced by the decomposition of the flux coating. As a result, the liquid metal is 

supersaturated with gases and nucléation of pores may occurs at the solid - liquid 

interface. The effervescence grows with more gas pick-up and further 

metallurgical reactions in the molten metal and flux. Once overcoming surface 

tension, the bubbles are released in the form of an "explosion”. The force balance 

indicated in Equation (2.15) is disturbed, and an explosive transfer occurs. In this
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case the force balance could be expressed as

F., — = 0 (2.16)

Therefore, Equation (2.15) is applied when the pressure of the gas bubble is 

less than the surface tension of the molten drop. In the case of SMAW, this 

equation establishes the balance of the three indicated forces for globular transfer. 

Equation (2.16) is applied for the explosive transfer mode when the pressure of 

gases produced is larger than the surface tension of the molten droplet.

The data needed for the calculation of the forces and the establishment of 

the transfer mode criteria are too difficult to obtain for each type of electrode 

because of the complex interaction of forces, high temperature, change in 

composition and extremely short time [4]. However, based on experimental 

observation and some theoretical analysis [1,8], it can be conducted that explosive 

transfer mode exhibit smaller droplet size and higher metal transfer rate than 

globular transfer.

a. Surface Tension Force

The surface tension force holds the liquid metal at the tip of the electrode. 

The surface tension force is proportional to the mass of the maximum size of a 

hanging drop that can be supported by the rod as expressed in Equation (2.17) [4]:

Fr - ^ r
1 -0 4 (o‘) (2.17)
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Where mrf is the mass of a drop, R is the electrode radius, and a is a constant of 

capillarity. The constant a is given as:

a = (2 r lPmg)'n (2.18)

in which / is  surface tension of material and pm is the mass density of a metal 

drop.

Surface tension, /  is a function of temperature, which decreases with 

increasing temperature as shown in Figure 2.10 . The temperature of pendent 

droplets during welding has been measured to be around 2400 °K (with minor 

variations) in the current range of 100 to 200 A [4]. Therefore, an assumption has 

been made by some authors (ref: Waszink & Graat 1979, from [4]) that welding 

with the same type of electrode at currents below 200 A, and with the same type of 

electrode, the surface tension force is independent of current.

Meanwhile, surface tension, /  is also affected by impurities. When surface- 

active elements, such as sulfur or oxygen, are added to the liquid metal, the surface 

tension of the liquid metal will change markedly. Figure 2.11 shows the effect of 

various non-metallic elements on the surface tension of iron. The presence of 

surface-active elements also changes the temperature coefficient of surface 

tension, dy/dT, from negative to positive. With oxygen additions in liquid iron, the 

surface tension of the liquid metal will increase with increasing temperature, as 

shown in Figure 2.12. From this figure, it can be seen that at lower temperatures, 

increasing oxygen caused large decreases in surface tension, and at higher
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Figure 2.10. Variation of surface tension of pure iron with temperature [17].
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Figure 2.11. Effect of various non-metallic elements on the surface tension of 

liquid iron [4].
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Figure 2.12. Variation of surface tension with temperature for various 

concentrations of oxygen in liquid iron (Popel et al 1975, from [4]).
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temperatures (above 2000 K), the influence of oxygen on the surface tension of the 

iron becomes much smaller.

In SMAW, the presence of a molten slag film will affect the surface tension 

significantly, and may alter the droplet size. Figure 2.13 (a) and (b) show that both 

the surface tension and the droplet size (d-50) change as a function of the covering 

composition of the covered electrode. In this experiment, 309 stainless steel wires 

0.16 in. diameter were used as the core rod. The initial covering consisted of rutile

1400

A marble 
•  fluorspar 
■ feldspar

1300
E

I
•I 1200
1
8

M
1100

10000 10 4020 30 50
Concentration (%)

Figure 2.13 (a). Variation of surface tension with concentration for covered 

electrode [18].
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Figure 13 (b). Variation o f droplet size with concentration for covered

(60 pet), titanium dioxide (5 pet), iron powder (24 pet.) and soda (2 pet ), with 

sodium silicate as the binder [18]. Figure 2 .13 shows that, the droplet size usually 

increases as the surface tension increases. An exception is observed with marble 

additions that droplet size increases with increasing the surface tension to a 

maximum (at 10 pet. marble content), and decreases markedly with further marble 

additions. This phenomena indicates that the covering composition of electrodes 

not only affects surface tension, but also affect the force that promote the metal 

transfer [18].
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b. Gravitational Force

The gravitational force exerted on the molten drop at the electrode tip is 

equal to the drop mass, times gravitational acceleration, g. i.e.

FS = (2.19)

The gravitational force promotes the liquid metal to detach from the 

electrode tip when welding in the flat position, and resists detachment in the 

overhead position. In the case of overhead SMAW, the effect of gravity may 

cause the metal transfer impossible for some types of electrode. For example, 

when a bare electrode of killed steel or a acid electrode after baking at high 

temperature is used in the overhead position, the liquid metal will run down along 

the rod, drawn by gravity, and no metal transfer occurs [6 ]. This is due to the fact 

that no gas is formed during melting of a killed steel, and that the electromagnetic 

force, which favors metal transfer, is small in SMAW to overcome the force of 

gravity. However, this phenomenon is not observed when welding with a bare 

electrode of rimming steel, or with electrodes of oxide, rutile, or cellulosic type, 

because effervescence occurs in the molten metal. Gas expansion and explosion 

of this effervescence gives the molten metal enough kinetic energy to overcome 

the gravity force and projected toward the workpiece.

c. Electromagnetic Force

In an electric arc, when current passes through a molten droplet located at 

the tip of the electrode, a longitudinal electromagnetic force is generated in this 

conductor, and the body (electrode + droplet) is drawn toward the base metal. In
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1960 [19], Greene derived a mathematic equation to calculate the magnitude of the 

electromagnetic force acting on the drop in the welding arc. In 1965 [20], Amson 

confirmed this equation based on Faraday's Law. Assuming a spherical droplet at 

the tip of the electrode, this equation can be presented as [4]

F , = ^ - [ l n ^ - ^ - ( -  +    ) +-- -----------5-In  ---- ]4# b 4 l-cos# (1-cos#) 1-cos# (2.20)

Where /u0 is the mobility of a charged particle in vacuum, I  is the current, and the 

quantities a, b, and # are defined in Figure 2.14.

Anodic
area

Figure 2.14. Geometry of a drop for calculation of static forces (Greene 1960 

from [4]).
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Figure 2.15 shows the comparison of calculated data from Equation (2 .2 0 ) 

and experiment data of electromagnetic force during GMAW observed by 

Waszink [20]. The experiment data is in good agreement with the calculated 

electromagnetic force (dash line in Figure 2.19). From this figure, it can also be 

seen that, with increasing current, the electromagnetic force acting on a liquid drop 

increases significantly at higher currents. Comparing with GMAW and FCAW, 

the electromagnetic force experienced in SMAW is relative low because of the 

lower welding current selected. In the case of GMAW and FCAW, the 

electromagnetic force can overcome the gravity force, making metal transfer 

possible in the overhead welding position even with bare electrodes of killed steel 

(impossible in SMAW).

*?o

UI 1

Figure 2.15. Electromagnetic force derived from measured data for Cr-Ni steel 

with gas flow rate of 59.3 cfh [20].

Cr-Ni steel V -  28 L/min

200

Welding Current (amp)
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d. Drag Force

During welding, a stream of particles including ionized gases, free 

electrons, disassociated and non-disassociated vapors and gases is accelerated 

away from the electrode. When these particles move away from the electrode, the 

liquid spherical drop experiences an axial friction force which drags the droplet 

towards the weld pool. Therefore drag force is a function of welding current (7) 

and properties of the flowing gas, which includes viscosity ( v), density (/7g), and 

velocity (a). Drag force can be written as (ref: H. Schlichting, 1968, from [2 0 ]):

=  (2.21)

where the radius of the droplet and Cd is the drag coefficient which is a 

function of the Reynolds number (Re) of the flow and current (I) represented as

Q = > +W ^ y )] (2.22)
Re 8  pga

where Re =
v

Figure 2.16 shows the calculated acceleration (a) of droplets across the arc 

and the data of experiment measurement as a function of current for GMAW [4]. 

The calculated data were obtained from Equation (2.21) according to F  = mass o f 

drop x a. From this figure, it can be seen a good agreement between the calculated 

and experiment measurement. The data for the calculation is shown in Table 2.6 

[4]. An increase in the drag force with increasing current can be seen in this table.
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Figure 2.16. Acceleration of drops across the arc as a function of current [4],

Table 2.6. Calculated acceleration of drops across the arc for GMAW of steels 1.2 

mm electrode, 12 mm arc length (droplet temperature = 2400 °K, pg=6 xl0 “2  kg/m^; pm 

= 6.5 x 103 kg/m^; v = 3.4 x 10“3 m /̂s) [4].

I
(A)

103 Rd
(m)

Veff
(m/s)

Re c d Fs
(dyn)

a
(m/s2)

a+g
(m/s2)

60 2.35 7.5 5.2 6 . 6 6 19.5 0.54 10.35

1 0 0 2 . 1 2 2 1 13.1 3.25 60.7 2.33 12.14

150 1.53 47.5 21.4 2.18 108.5 1 1 . 1 2 20.93

2 0 0 1.06 85 26.6 1.98 151.5 46.6 56.4

2 2 0 0.9 103 27.3 2 . 0 1 162.8 81.7 91.5
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During SMAW, the current used usually in the lower range, the drag force 

is not as high as other high currents gas shielded welding processes, such as 

GMAW and FCAW.

/  Gas Expansion Force

The gas expansion force is caused by pressure build-up produced by gas 

forming metallurgical reactions inside the molten metal. The gas is generated in 

the liquid drop mainly by [3-8, 18, 21]:

1. Vaporization of elements such as Mn, and escape of dissolved gases in 

the electrode rod and covering.

2 . Oxidation of carbon in steel to produce CO and CO2

3. Decomposition of organic components and moisture contained in the flux 

coating.

The effect of gas expansion force has been discussed earlier.

Since SMAW is generally a low current process without external shielding 

gas, the electromagnetic force and drag force are relatively low. Consequently, the 

gas expansion force caused by the chemical reactions in the molten droplet is the 

predominant force. The gas expansion force is strongly dependent on the electrode 

type, and is also affected by the baking time [6 ]. Welding with a basic electrode, 

the amount of gas formed is too small, and the gas expansion force is negligible. 

The silicon present in the basic electrode first combines with oxygen, limiting the 

formation of CO and CO2 , and results in a globular transfer mode. Welding with
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acidic, oxide, rutile, and cellulosic electrode usually results in an explosive 

transfer mode. But the transfer mode or droplet size may change by baking 

electrode at high temperature since drying the electrode reduces H2 O and CO2  

[6,18]. The effect of baking temperature on metal transfer and the nature of 

different types of electrodes will be discussed in a later section.

e. Arc Pressure Force

Arc pressure force is the pressure in the plasma produced mainly by metal 

vapor and evolved gas. It exerts a pressure on the weld pool and depresses the 

liquid surface. Electromagnetic force acts on the plasma and its radial component 

also causes an increase in arc pressure. Therefore, this is a force that combines 

most forces that promote metal transfer.

Chen et al. [18] studied arc pressure force affected by electrode covering 

composition and welding current in SMAW. His results are shown in Figure 2.17 

(a) and (b). For marble contents below 10 pet, arc force increases slowly with 

increasing marble content. Above 10 pet. marble, the arc force increase markedly.

During his experiment, a decrease in droplet size with increasing arc pressure 

force was also observed. This phenomenon can be attributed to the decomposition 

of marble. An increase in marble content results in a increase in amount of gases 

during welding. The amount of gas and pores generated in the process eventually 

explode fragmenting the droplets into fine droplets and projecting them to the weld
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2.17 (a). Arc force as a function of composition of the covering [18].
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Figure 2.17 (b). Arc force as a function of current and baking temperature of 

electrode [18].
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pool. Therefore, even with the increase in surface tension with increasing marble 

content (see Figure 2.13 a), droplet size decreased when marble content exceeded 

10 pet. (see Figure 2.13 b).

Figure 2.17 (b) shows that arc force increases with increasing current. It can 

also be seen that electrode baking affects the arc force. Increasing baking 

temperature lead to decreases in arc force. Based on the discussion of above, a 

proposal can be made that in SMAW, the gas expansion force contribute a major 

effect to the arc pressure force.

2.2.3. Electrode Type Effect on Metal Transfer

During SMAW, flux coating is used to refine, alloy, and protect the welds, 

stabilize the welding arc, and produce the required metal transfer behavior. 

According to the composition of the electrode covering, IIW recommenced that, 

the covered electrodes for SMAW can be classified as acid, oxide, rutile, basic and 

cellulosic electrodes [6 ]. Table 2.7 [22] gives some ingredients typically used in 

the manufacture of electrode coatings and the functions that the mineral provides. 

From this table, it can be seen that for the electrodes with different covering 

composition, the products of chemical reactions between the flux and rod metal 

will differ and the composition of the arc atmosphere also differ. As a result, the 

dominant forces acting on the droplets and arc stability are differ, which will lead 

to a different metal transfer mode.
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Table 2.7. Common flux ingredients, chemical formula, and function [2 2 ]
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Cellulose (C6H10°5)X X X X

Limestone CaC03 X X X X X

Lime CaO X X X

Hours par CaF2 X X X

Rutile Ti02 X X X X X

Zirconia Z r0 2 X

Alumina a,2°3 X X

Silica sio2 X X X X

Iron Oxides FeO, Fe203,Fc30 4 X X X X X

Ferro Alloys FeMn.FcSi.FeTt X X X

Dolomite M g0C a0<C 02)2 X X X

Sodium Oxide NaO X X

Sodium Silicate Na2SiO3^tU2O X X X X

Potassium silicate K^SiO^nH^O X X X

Feldspar K20-AI20 3-6Si02 X X X

Talcs 3M g04Si024H20 X X X X X

Clays Al20 3 -2Si02 -2H20 X X X X X

Iron powder Fe X X

Pigments ---- X
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a  Effect o f Electrode Type on Weld Arc Stability

From Table 2.7 it can be seen that, the easily ionized ingredients, alkali 

compounds, are arc stabilizers. These components stabilize the arc by increase the 

intensity of electron emission at the cathode as a result of a reduction of the work 

function of the material, thus producing a highly ionized atmosphere. Figure 2.18 

shows the break length of arc (the maximum distance between electrode that can 

sustain an arc) as a function of the composition of the flux coating for an OSTs-45 

type flux (ref: E. I. Leinachuk, from[22]). From this figure, it can be seen that the 

alkali additions are good arc stabilizers. One percent additions of K2 CO3 can 

double the arc break length.

22 -

2 0 -

18-

16-

14-

12-

2.5 3.0 3.50.50.0 1.0 1.5 2.0
K. Na. Ba content (%)

Figure 2.18 Dependence of break length of arc Ly in welding under OSTs-45 flux 

with addition of carbonates and silicates of potassium, sodium and barium to the flux (ref: 

E. I. Leinachuk, from [22])
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Figure 2.19 shows the properties of a basic electrode arc with different 

amounts of iron powder in the coating [22]. It can be seen that for a given current 

(e.g. 250 A) 75 pet. iron powder addition reduced the arc voltage by half. This 

result indicates that the addition of stabilizers produce a better ionized atmosphere 

and thermionic emission condition for electrons. The resistance for charge carriers 

in the arc decreases and the arc potential decreases.

50

45-
•  B 25%, D/d=1.6
■ C 50%, D/d=1.8
*  D 75%, D/d=2.440-

15-

220200 280 300 340240 260 320
Welding Current (amps)

Figure 2.19. Effect of the iron powder content in electrode coating and welding 

current on arc voltage at different coating diameter (D) with DCEP and electrode 

diameter (dc) of 4 mm: 1) 0 pet., D/dc = 1.4; 2) 25 pet., D/dc = 1.6; 3) 50 pet., D/dc = 

1.8; 4) 75 pet, D/dc = 2.4 [21].
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Since a better stabilized arc can be operated at a higher voltage with longer 

arc condition, the metal transfer can be changed to a different mode, from bridge 

to free flight, or vice-versa, during welding. As a result, a good quality welds with 

minimum spatter and desired bead morphology will be produced.

Figure 2.20 shows the spatter (small non-axially transferred droplets) 

observed in three different electrodes: E6011 (cellulosic), E6013 (rutile), and 

E7018 (basic) by Brandi, Taniguchi and Liu [1]. The parameters relating to Figure 

2.20 are given in Table 2.8. E6013 electrodes had the least amount of spatter.

4 0 0 0
O  E 6 0 1 1 
e E 6 0 1 3  
V E 7 018on4J

O.
2 3 0 0 0
Q
0
flj-Q
1 2000
2

OO-
CZ)
C 1 0 0 0o4)

2

E xperim en t D estgnotion

Figure 2.20. The effect of welding condition on number of small droplets for 

E6011, E6013, and E7018 electrodes [1].
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Table 2.8. Welding process variables for the experiments shown in Figure 2.9

[!]•

Experiment
Designation

Electrode
Diameter

(mm)

Welding
Current

(A)

Welding
Position

Polarity

A B C D
1 4 150 F (a) +(b)
A 5 150 F +
B 4 200 F +

AB 5 200 F +
C 4 150 H +

AC 5 150 H +
BC 4 200 H +

ABC 5 200 H +
D 4 150 F -(b)

AD 5 150 F —

BD 4 200 F —

ABD 5 200 F -

CD 4 150 H - —

ACD 5 150 H —

BCD 4 200 H —

ABCD 5 200 H -

(a) F: Flat; H: Nonflat.
(b) +: DCEP; -: DCEN

which indicated the best arc stability. The metal transfer behavior of the E7018 

electrodes was slightly less stable than of the E6013 electrode. Among the three, 

E6011 electrodes had the largest amount of spatter and the least arc stability.

Cellulosic electrodes contain up to 30 pet. cellulose, which generates a 

large amount of gases, mainly CO and H2, during combustion to form a good
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protecting atmosphere. However, the existence of a large amount of gases 

decreases the degree of ionization of the welding arc, and results in a very high arc 

voltage potential, as high as 50 volts [1, 6 , 23, 24, 25]. A relatively unstable arc 

with a lot of spatter is obtained when welding with this type of electrode. In 

another hand, a deep penetration is also obtained due to the high voltage. This 

voltage field provides a very high kinetic energy to the charged particles and this 

energy is transferred to the base metal.

Compared with cellulosic electrodes, ruble electrodes have less organic 

materials and more oxides and silicates, such as Si02, Ti02, and Zr02. The 

presence of these oxide additions, together with the less amount of gas produced, 

promotes greater arc stability. A lower arc voltage is observed with smaller amount 

of spatter and shallower penetration [1, 6 , 23, 24, 25].

Basic electrodes contain large amounts of iron powder, calcium carbonate, 

and potassium silicate. The basicity index (B. I.) of the slag is above 1.5. B. I. is 

defined by IIW as:

CaO 4- CaF2 + MgO + K20  + Na20  + -{MnO + FeO)
BI = ------------------------------------------%------------- — (2.23)

Si02 + -  (Al203 + Ti02 + Zr02 )

where CaO, CaF2 ,... represent the mass per cent of the component in the flux 

coating. During welding, a heavy slag forms protecting the welds from the
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surrounding. Small amounts of gases, CO and CO2  from the decomposition of 

limestone (CaC0 3) or dolomite CaMg(C0 3 )2 , constitute the shielding atmosphere. 

Compared with the cellulosic electrode arc, the basic electrode arc consists of 

much less gas and much more arc stabilizers, such as potassium and sodium, with 

improved arc stability [1, 6 , 23, 24, 25].

b. Effect o f Electrode Type on Metal Transfer Behavior

Figure 2.21 [1] shows the droplet size distribution, as reported by Brandi, et 

al., for E6011, E6013, and E7018 electrodes at a current of 150 A and DCEP. The 

electrodes had 5/32 inches (5 mm) diameter. Comparisons made for the metal 

transfer behavior of these three electrodes show that droplets collected from the 

E7018 electrode had the largest characteristic diameter (Dc = 3.34 mm); E6013, 

smaller diameter (Dc = 2.60 mm); and E6011, the smallest characteristic diameter 

(Dc = 2.04 mm).

Besides, some large porosity generated by gas reactions was observed 

within the E7018 droplets which indicates that gas expansion force played an 

important role in the metal transfer behavior for these electrodes. The basic 

electrode (E7018) showed globular transfer, while the rutile (E6013) and cellulosic 

(E6011) electrodes exhibited explosive transfer. Their results are summarized in 

Table 2.9.
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Figure 2.21. Droplet size distribution for E6011, E6013, and E7018 electrodes 

with diameter of 5/32 inches (5 mm), a current of 150 A, flat position, and DCEP [1].

Table 2.9. Metal transfer modes for different covered electrodes [1].

Metal Transfer Mode Electrode Type

Explosive Transfer
Before Short Circuiting 
After Short Circuiting

Cellulosic, Rutile, Basic 
Cellulosic 
Rutile, Basic

Short Circuiting Cellulosic, Rutile, Basic

Slag-Guided Transfer Basic
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The presence of these gas pores in the droplets is primarily due to fast 

solidification after the droplet detached from the tip of the electrode. The slag 

layer that envelops the molten metal droplet may also hinder gas transport from 

slag viscosity and solidification temperature will determine the degree of gas 

entrapment. The viscosity and solidification rate increase more rapidly than that 

of the weld metal. Generally speaking, cellulosic electrode has a lower viscosity 

at high temperature with a thin slag layer. Rutile electrode has a higher viscosity 

with a thicker slag layer, and basic electrode has the lowest viscosity with the 

thickest slag layer [24]. All these properties contribute to the stability of a droplet 

and the possibility of explosive transfer.

2.2.4. Process Parameters Effect on Metal Transfer

As discussed before, metal transfer depends on the forces acting on the 

liquid metal of the electrode tip. Unlike the process parameters, these forces 

cannot be controlled individually during welding. By means of changing the 

parameters, such as current, voltage, polarity, position, diameter and baking 

time/temperature of electrode, etc., balance of the forces on each droplet changes 

to cause a change in the metal transfer mode.

a. The Effect o f Welding Current and Voltage on Metal Transfer

It was indicated in the previous section, the welding current and anode drop 

have the most contribution to the heating of the electrode tip. Also, welding



T-4352 54

current is responsible for the electromagnetic force acting on the molten drop. 

Therefore welding current must be the most important role in metal transfer.

Ishizaki [13] used a high iron oxide-type electrode with 0.25 inches (6.4 

mm) diameter at current between 170 to 380 A to investigate the effect of current. 

His results show that with increasing current, the melting rate increases and the 

droplets size (d-50) decreases. Figure 2.22. Recently Brandi, Taniguchi and Liu 

[t] confirmed Ishizaki's results by using commercial E6011, E6013, and E7018 

electrodes.

400
d-50: Melting Rate:

-  O— DCEN
 -O—  DCEP
—-A— AC

- 7
DCEN
DCEP
AC

350-
-6

300 -
- 5c|

I  250-
- 4

II200 -
- 3

150- - 2

100-

SO
150100 300 350200 250 400

Welding Current (amp)

Figure 2.22. The relationship between the welding current, the size of globules, 

and the melting rate for a high iron oxide-type electrode with 0.25 inches (6.4 mm) 

diameter [13].



T-4352 55

The arc voltage is related to the arc length, which is responsible for whether 

or not short circuiting (or explosion at contacting with weld pool) occurs.

However, the arc voltage has little influence on electrode melting rate [26] because 

the total voltage change only affects the voltage across the plasma region but not 

the anode drop (see Section 2.1.4). The heat produced in the plasma region has a 

limited effect on electrode tip heating as presented in Equation (2.4).

b. The Effect o f Baking Time and Temperature ofElectrodes

It was reported that regardless of the composition of the coating, wet 

coatings gave a projected transfer, whilst a perfectly dry electrode gave a coarse 

globular transfer for basic and acid electrodes, and could not be used for overhead 

welding [6 , 27]. The capacity of overhead welding can be restored after immersing 

baked electrodes in water to moisten their coatings [27] indicating that moisture is 

a important source of gases when welding with basic electrode. However, 

electrodes that contain cellulose can not be baked at high temperature since the 

loss of water of crystallization will cause carbonizing of the cellulose and disturb 

the flux coating.

Table 2.10 shows the metal transfer behavior (melting mode) changes after 

baking the electrodes at high temperatures for an acid electrode (EA 1.46 type) [6 ]. 

Welding with an electrode baked at lower temperature (150 °C), the gas expansion 

force was still dominant. While with an increase in electrode drying temperature, 

the loss of moisture and loosely-bonded water of crystallization in the electrode
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Table 2.10. Variations of arc voltage, current, and melting mode for an acid 

electrode EA 1.46 type, dried at various temperatures (4 mm diameter) [6 ].

Electrode
drying

temperature
°C

Current at 
the welding 

set 
A

Arc
voltage

V

Current in 
the welding 

arc 
A

Melting
mode

Overhead
welding

150 200 36 190 spray very good
300 200 35 195 spray very good
450 200 34 200 droplets good
600 200 32 220 drops difficult
750 200 31 230 large drops very difficult

covering increased with increasing the droplet size. As a results, overhead welding 

became more difficult [6 ]. When welding with electrodes baked at about 750 °C, 

very large drops observed and overhead welding became almost impossible.

Table 2.10 also shows that the arc voltage decreased and the welding arc 

current increased with electrode baking for a non-constant current power supply. 

This phenomena indicates that a better stabilized arc was obtained after baking the 

electrode at high temperature. This increased stability is caused by the decreasing 

fraction of gases and the increasing fraction of metallic matter in the arc.
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c. The Effect o f Electrode Temperature on Metal Transfer

As discussed in Section 2.1.3, the melting rate can be affected by the 

temperature of the electrode. During SMAW, the remaining portion of the 

electrode is heated by the joule effect. The temperature of the electrode increases 

with welding time as shown in Figure 2.23 [26]. The higher the current, the larger 

is the temperature increase with welding time. As expected, the specific melting 

rate increases as well, Figure 2.24, and this effect also becomes larger at higher 

currents. The specific melting rate (a) is defined as the weight deposited (W) per 

unit current (/) and per unit time (/), i.e. a - W I  I t .

115 amp1200

100 amp
€> 1000

90 amp

I400 -

200

20 100

Time of welding along a weld (sec.)
40 1 2 0 140

Figure 2.23. Increase in temperature in SMAW electrodes with time for different 

welding currents [27].
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Figure 2.24. Increase of the specific melting rate, a, with time for two welding 

currents [27]

Summarizing the previous work on metal transfer during SMAW, it can be 

seen that some understanding has been obtained on metal transfer modes. 

However, much detailed work has to be conducted to achieve process control 

complex SMAW. Besides, most of the results were obtained by means of high 

speed video and droplet collection technology. Modem computer technology in 

arc signal acquisition and processing was rarely used.
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For these reasons, the objectives of this research are

1. To investigate the relationship between the size/rate of the droplets

transferred and the magnitude/frequency of correspond welding arc voltage 

variation.

2. To characterize the metal transfer modes that occur during SMAW

for three commercial electrodes, cellulosic (E6010), rutile (E6013), and basic 

(El 1018).

3. To examine the effect of welding parameters on the metal transfer

behavior for these three types of electrodes.
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3. EXPERIMENTAL PROCEDURES

This research program was aimed at understanding the metal transfer 

behavior for three types of commercial MAW electrodes, namely cellulose, futile, 

and basic. To minimize the effect of welder skill on metal transfer during welding, 

an automatic SMAW system equipped with arc voltage control unit was used. 

Furthermore, a data acquisition system and a droplet collection system were 

incorporated to examine the metal transfer behavior for three kinds of commercial 

electrodes and study the relationship between metal transfer behavior and arc 

signal. The experimental procedure for this research program is illustrated in 

Figure 3.1

In order to characterize arc signals during the welding process, four 

different experiments were designed and performed:

1. "Double non-fusion" welding by using tungsten electrode arcing on a 

graphite tube. In this experiment, there was no metal transfer across the arc and no 

weld pool. The arc signals in this case were only originated from the arc noise 

and the power source.

2. "Single non-fusion" welding by using tungsten electrode arcing on 

an A-36 steel plate. Therefore, there was no metal transfer but a weld pool was 

developed. The normal movement of the weld pool would affect the voltage 

signals.
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Figure 3.1. Schematic representation of the experimental procedure design for 

this research. * process 1, ** process 2, *** process 3, **** process 4.
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3. "Non-fusion" welding by using three types of covered electrodes, i.e. 

E l 1018, E6030 and E6010, arcing on a water-cooled copper pipe for droplet 

collection. In this case, metal transfer across the arc occurred, but there was no 

weld pool. The effect of metal transfer on the arc signals was recorded.

4. Fusion welding by using the same covered electrodes mentioned 

above, welding on an A-36 steel plate (bead-on-plate welding). Both metal 

transfer and weld pool tormention occurred in this process. The signals recorded 

in this experiment carried all information of the effect of welding process.

The droplets were collected during non-fusion welding and then analyzed. 

The voltage signals were recorded for all experiments and processed through 

spectral analysis using FFT technique.

By comparing and analyzing the voltage data from these four experiments, 

one would be able to distinguish the signals from the power source, from arc 

noise, from the droplet and weld pool vibration, and from the metal transfer.

3.1. M aterials and Equipment

3.1.1. Materials

For the double non-fusion welding (process 1), a tungsten electrode of 3/16 

inches (4.8 mm) diameter and pure argon shielding gas were used to arc on a
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graphite tube electrode. The tungsten and graphite electrode are negative and 

positive, respectively. For the single non-fusion welding (process 2), same 

electrode used as process 1 was used as negative electrode on an A-36 steel plate,

8  x 12 x 0.5 inches (203 x 304 x 13 mm).

For the non-fusion welding and fusion welding, three types commercial 

electrodes, El 1018, E6013, and E6010, with diameter 1/8 inches (3.175 mm) were 

used to arc on a water-cooled copper tube and A-36 steel, 8  x 12 x 0.5 inches (203 

x304 x 13 mm), respectively. In the case of the water-cooled copper tube the metal 

droplets were collected. Prior to welding, the three types of electrodes were baked 

at 180 °C for 24 hours and one month, respectively. The water-cooled copper tube 

and A-36 steel were cleaned with motor iron brush to remove the stain. The 

coating compositions for these three kinds of electrodes are given in Table 3.1.

3.1.2. Welding Equipment

An automatic SMAW system was used to perform the welds. A Hobart 

(CYBER-TIG) power source was used. An ARCON automatic voltage controller 

(VOLCON) was used to maintain the arc voltage at a set value by adjusting the 

distance between the electrode and base metal with a precision servo motor.
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Table 3.1 Composition of flux coating for three types electrode.

Composition of Coating E6010 E6013 E11018
CaO 0 . 8 1 . 6 14.4
Ti02 13.9 30.6 4.0
CaF2 2 0 . 0

Si02 32.9 25.9 20.5
Al2 0 3 1.7 5.9 2 . 0

MgO 4.6 2 . 6 1 . 0

NagAlFg 5.0
Na2Q 8 . 6 1 . 1 1 . 2

FeO 1.3 7.0
k2o 6.7
Si 1.5 1.5 2.5
Mn 2 . 8 4.8 1 . 8

Fe 2 . 1 28.5
CO and C02 0.3 1.7 1 2 . 0

Organics 25 12.7
Moisture 4.0 5.0 0 . 1

B.I. 0.36 0.35 1.56



T-4352 65

3.1.3. Data A cauisition System

As shown in Figure 3.2, a data acquisition system was used for collecting 

the arc voltage and current signals between the welding electrode and base metal. 

The system includes a hardware interface, an analog-to-digital device (DAS-1600 

A/D board) and an IBM compatible PC 386, 2 0  MHz computer.

The DAS-1600 board was used to sample data by transforming an analog 

signal input (A) to a digital signal output (D). It has a 100 kHz data sampling 

frequency, which is adequate for welding data analysis and processing. The DAS- 

1600 was installed directly into an expansion slot of the computer, turning the 

computer into a fast, precise, data acquisition and signal analysis instrument.

The hardware interface was designed to divide the high voltage generated 

by the welding arc. Its output is reduced to below ten volts, which is a 

requirement for the DAS-1600 A/D board input.

The IBM 386 computer was used for storing the digital data output from the 

DAS-1600 A/D board buffer. The computer memory limited the sample 

acquisition size to below 24k samples for each segment. A segment is defined as 

the part of the electrode where data was recorded for 24 k continuous samples for 

a period of time dependent on the acquisition frequency, e.g., 1 kHz for 24 sec, 3 

kHz for 8  sec. Two to four segments were collected for each welding experiment. 

The beginning and ending segments were recorded for each experiment, whilst
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Figure 3.2. Schematic diagram for the data acquisition system in the experiments.
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the middle segments were recorded only when possible because of the melting rate 

of the electrode, as shown in Figure 3.3. The sampling frequency was 1 kHz or 3 

kHz. To minimize the effect of arc instability on the transfer behavior at the 

beginning of welding, a delay of 4 - 8  seconds was introduced before data 

recording for the first segment, depending on the welding current.

MS-EXCEL and ORIGIN, the spreadsheet programs designed to run in the 

MS-Windows environment, were used to display the results of some experiments. 

An additional window based software package was developed for displaying the 

24 k data arrays, which was beyond the limits of EXCEL and ORIGIN. 

Additionally, an FFT software package was developed to process the voltage 

signal data.

3.1.4. Droplets Collection Set up

To correlated the voltage fluctuation with droplet transfer size, the droplets 

detached from the electrode tip were collected using a non-fusion welding 

procedure, with the welding arc struck against a water-cooled pure copper pipe 

that was suspended above a water tank [1], as shown in Figure 3.4. At the same 

time the voltage signal was recorded.

After striking against the cold copper, the molten droplets fell into a tank 

filled with water to a depth of 12 inches. The solidified droplets were partly 

covered with slag. The distance between the electrode arc and the water surface is
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Figure 3.3. Schematic diagram for the data recording.
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Figure 3.4. Schematically illustration o f droplets collection [28].

about 5 inches (12.7 cm). After the flux was removed from the droplets and 

separated by a magnet, the droplets were classified into different size ranges using 

the Tyler standard sieves Numbers. 14, 28, 35, 65, 100, and 150, which 

correspond to open sizes of 0.589 mm, 0.419 mm, 0.15 mm, and 0.104 mm, 

respectively. The average weights (m) were measured for each group of droplets. 

The number of droplets below the Tyler standard sieves No. 10 was estimation
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from the specific gravity (p) of iron on the assumption that the droplets were solid 

spheres, i.e. the total volume of droplets for each size separated by the sieves 

vtotal is given by

tz  - UL
'total —

P (3.1)

The average droplets volume of each size is obtained from

VimpM = \

where, the d^r0piet is the average diameter for each droplet. Therefore, the 

number of droplets of each size is obtained from

M  -  J jo ta l_
droplets y

(3.2)

droplet (3.3)

The larger droplets were measured using an image analysis system.

3.2. W elding Param eters

The welding parameters for double and single non-fusion welding (process 

1 and 2 ) are given in Table 3.2. The shielding gas used was pure argon and the 

polarity was DCEN. The welding parameter for non-fusion welding are listed in 

Table 3.3. Over four hundred bead-on-plate welds for the three types of electrodes
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were performed and the experimental matrix shown in Figures 3.5, 3.6, and 3.7. 

The travel speed for all experiments in this research is fixed at 6  ipm.

The voltages used in the welding experiments displayed on the maps and in 

the tables corresponded to the machine settings. The actual average voltage value, 

^average can be obtained by writing a simple program according to

V«■»«• N  (3.4)

Where Vj  is the voltage of each sample, and N is the total number of samples 

recorded during welding.

Table 3.2. Welding parameters for double non-fusion and single non-fusion 

welding during this experiments.

Welding Polarity Current
(A)

Setting Voltage
(V)

Electrode & base metal 
non-fused welding DCEN 100 20

Electrode non-fused 
welding DCEN 100 20
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Table 3.3 Welding parameters for non-fusion welding during this experiments.

Electrode Type 
(Experiment designation)

Polarity Current
(A)

Setting Voltage 
(V)

E6010 (ASA) DCEP 100 25
E6010 (AM3A) DCEP 125 28
E6013 (B3A) DCEP 100 25
E6013 (BM3A) DCEP 125 28
E11018 (D3B, D1C) DCEP 100 25
E l 1018 (DM3A) DCEP 125 28
E l 1018 (DH3B) DCEP 150 30

3
36

I
34 -

o>
C

32

$CO
30 -

e>O)<0
28 -

5
26 -

1
24 -

•o
I 22  

20 -
60 70 80 90 100 110 120 130 140 150 160 170

W elding Current (A m ps)

Figure 3.5. Welding parameter matrix designed for E6010 electrode, DCEP, 

travel speed = 6 ipm.
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Figure 3.6. Welding parameter matrix designed for E6013 electrode, DCEP, 

travel speed = 6  ipm.
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Figure 3.7. Welding parameter matrix designed for E6013 electrode, DCEP, 

travel speed = 6  ipm.
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4. RESULTS AND DISCUSSION

Three types of electrodes, El 1018, E6013, and E6010 were used in this 

research to investigate and compare metal transfer behavior. The electrodes were 

baked for 24 hours at 180 °C, unless specified otherwise in the text.

4.1. The Relationship Between M etal Transfer M ode and the V oltage Signal

4.1.1 Metal Transfer Characteristic for E11018, E6013 and E6010

The droplets collected from El 1018, E6013, and E6010 electrodes during 

non-fusion welding were collected in bins in a water tank. Larger droplets tend to 

fall in bins directly below the arc, but smaller droplets have a higher degree of 

scatter and were collected mostly in bins farther away from the arc Therefore an 

assumption was made to consider smaller droplets in the range of Tyler standard 

mesh #150 (0.104 mm) and #28 (0.589 mm) as spatter[l].

Figure 4 . 1  (a) shows the number of droplets, collected per 300 mm length 

of electrode, as a function of droplet size using the three electrodes. Figure 4.1 (b) 

shows the spatter as a function of welding current for these same electrodes. 

Characteristic diameter Dc for each experiment was calculated using Equation 

(2 .1 1 ) and (2 .1 2 ).
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140
Dc = 2.12 mm (E  6010)

120 0C = 2.70 mm ( E 6013 )
Dc = 5.56 mm (E  11018)E

E 100- 
o  o  
CO

0
2  4 0 -
1 •
Z

20 -

■0 -
763 4 51 2

Droplet D iam eter (mm)

Figure 4.1 (a) The distribution of droplet size per 300 mm length of electrode 

consumed, over droplet size ranges of0.589 mm, during non-fusion welding for El 1018, 

E6013, and E6010 from experiments

D3B, Current = 100 A, Voltages = 22.7 volts, electrode melting rate = 3.5 

mm/sec;

B3A, Current = 100 A, Voltages = 22.4 volts, electrode melting rate = 4.0 

mm/sec;

A3 A, Current of 100 A, Voltages = 29.5 volts, electrode melting rate = 5.9 

mm/sec.
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Figure 4.1 (b). The number of small droplets, spatter (size ranges below 0.589 

mm) per 300 mm electrode consumed, as a function of current during non-fiision welding 

from experiments:

D3B, DM3 A, and DH3B for El 1018 electrode at currents of 100, 125, and 150 A 

with voltages of22.7, 26.1, and 28 volts;

B3A and BM3A for E6013 at current of 100 and 125 A with voltage of 22.4 and 

25 volts;

A3 A and AM3A for E6010 at current of 100 and 125 A with voltage of 29.5 and 

34 volts.
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Of these three electrodes, welding with El 1018 produced the greatest 

number of large droplets with characteristic diameter Dc of 0.22 inch (5.56 mm), 

and the smallest amount of spatter. E6010 produced the smallest amount of large 

droplets with a Dc of 0.083 inch (2.12 mm), and the largest amount of spatter. 

E6013 had slightly larger Dc than E6010, 0.11 inches (2.70 mm), and produced a 

medium amount of spatter. Additionally, at the same voltage level, an arc length 

difference was observed. El 1018 electrode exhibited the longest arc, E6010 

electrode had the shortest arc, and E6013 the medium. As discussed previously, 

the welding arc with better stability exhibits lower arc energy. During metal 

transfer, the charged particles in this kind of arc will have a smaller kinetic energy 

and result in a better weld with smaller amount of spatter.

To observe the porosity of the droplets in these experiments, a random 

sample was collected from the most typical droplet diameter and polished. Figure 

4.2 shows that for the profiles of these droplets, more porosity was observed for 

E l 1018, and less for E6013 and E6010. However, as indicated before, the 

covering of rutile and cellulosic electrodes consists of much more gases sources, 

like organics, than basic electrode. During welding, much more amount of gas 

will be generated in rutile and cellulosic electrode than in basic electrode. Part of 

these gases may penetrate into the molten metal and produce some gas bubbles 

inside the molten liquid. The bubbles may grow larger in the molten metal with 

further gas reaction from the flux. If the gas expansion force is large enough to 

overcome the surface tension, the bubbles will be released in an ,fexplosion".
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Figure 4.2 (a). Polished section of typical droplets collected from El 1018 

determined by experiments D3B at a current of 100 A and a voltage of 22.7 volts, during 

non-fiision welding, to show internal porosity.

Figure 4.2 (b). Polished section of typical droplets collected from E6013 

determined by experiment B3A, at a current of 1 0 0  A and a voltage of 22.7 volts, during 

non-fusion welding, to show internal porosity.
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Figure 4.2 (c). Polished section of typical droplets collected from E6010 

determined by experiments A3 A, at a current of 100 A and voltages of 29.5 volts, during 

non-fiision welding to show internal porosity.

Otherwise, the droplets detach as a globular droplet from the electrode tip and 

quickly solidify, entrapping the gas inside the droplet to form porosity.

Therefore the conclusion is that, of these three electrodes, welding with 

E l 1018 electrodes produced less gas, and resulted in a globular transfer mode. 

Welding with E6013 and E6010 electrodes produced a large amount of gases, and 

resulted in explosive transfer during or after contact with the cathode. From the 

amount of spatter observed, E l 1018 has the best arc stability, E6010 has the worst.
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and E6013 has a medium stability. These results are in agreement with that of 

Brandi, Taniguchi and Liu [1], except that E6013 was observed to have a higher 

stability in this case.

4.1.2. Arc Signal Characteristic for E l l018

Figure 4.3 (a), (b), and (c) are the arc signal recorded during non-fusion 

welding at different welding current. The top diagrams of each figure represent 

the original voltage data and the bottom ones are the EFT processed data. From 

the original data, it can be seen that the spikes of voltage (AV) appeared 

correspond to the droplet detachment defined as voltage variation. In the other 

hand, the voltage fluctuation generated by the power supply contribute 5 - 1 0  volts 

to the welding arc signal. With increasing current, the frequency of voltage 

variation increased. Due to the noise introduced by the power supply, the voltage 

variation (AV) cannot be characterized quantitatively from the original data. From 

the processed data, however, the variation of AV with current can be established 

(the detail of data processing will be discussed later) that the voltage variation (A 

V) is larger when the current is lower, and the AV is smaller when the current is 

higher.

Figure 4.4 shows the corresponding number of droplets, collected per 60 

second, as a function of droplet size for the same experiments discussed above. An 

increase in current results in a droplet size decrease and a total number of droplets 

increase. This behavior was previously discussed in Figure 4.3. As seen from the
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( 1)

(2)

Figure 4.3 (a) 1. The voltage signal acquired during non-âision welding with

El 1018 electrode in the experiment D3B, at a current of 100 A and a voltage of 22.7 

volts. 2. Processed voltage data.
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(1)

(2)

Figure 4.3(b) 1. The voltage signal acquired during non-fusion welding with

El 1018 electrode in the experiment DM3 A, at a current of 125 A and a voltage of 26.2 

volts. 2. Processed voltage data.
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Figure 4.3 (c) 1. The voltage signal acquired during non-fusion welding with

El 1018 electrode in the experiment DH3B, at a current of 150 A and a voltage of 28.2 

volts. 2. Processed voltage data.
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Figure 4.4. Droplets size distribution for the El 1018 electrode during non-fusion 

welding in experiments

(a) D3B, Current = 100 A, Voltage = 22.7 volts, electrode melting rate = 3 .4 

mm/sec.

(b) DM3 A, Current = 125 A, Voltage = 26.2 volts, electrode melting rate = 4.3 

mm/sec.

(c) DH3B, Current = 150 A, Voltage = 28.2 volts, electrode melting rate = 5.1 

mm/sec.
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voltage signal, smaller droplets with higher droplet rate result in a smaller voltage 

variation and a higher voltage variation frequency.

In Section 2.1.4, a linear proportional relationship between the arc length 

and the arc voltage was expressed by Frohlich's Equation, Equation (2.9). During 

the experiment, the distance between the liquid electrode tip and the weld pool 

was adjusted by the VOLCON system so as to keep a constant arc voltage. This 

arc voltage, in fact, was an average value of that provided by the power supply, 

which woulld be compared with the preset value. If any discrepancy between 

these two values was detected, the VOLCON system would respond by adjusting 

the arc length. The frequency of this adjustment is normally less than 10 Hz and 

is much smaller than that of the power source output. In order to insure the 

stability of the system, the sensitivity of the device is set to low. When a molten 

droplet detaches from the electrode tip, there will be a change in the arc length. 

This change results in a voltage "jump” as schematically shown in Figure 4.5. In 

this figure, LI represents the arc length before droplet detaching and L2, after 

droplet detaching. The bigger the molten drop that detaches, the larger the voltage 

variation. Therefore, the arc voltage variation is related to the size of the metal 

transferred, and the frequency of the voltage variation is related to the number of 

droplets per second, the transfer rate.

Table 4.1 gives a comparison between recorded arc voltage and collected 

droplets over the same time period in these three experiments. The number of 

droplets per second closely corresponds to the frequency of voltage variation.
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This results indicate that:

1 . globular transfer is the dominant mode for the El 1018 electrode, and 

the fragmentation of droplets by explosion rarely occurred;

2 . in globular transfer, the voltage variation is related to the droplet 

size, and the frequency of voltage variation is related to the droplet rate.

W "T—    — ..I— T — I—    -  — -   , .............     — I—

e 0.6 1.6 2.0 2.5
V eM ng Time (see .)

LI - Arc length before droplet detaching 
L2 - Arc length after droplet detaching

Figure 4.5. Schematically drawing of a droplet detachment causing a voltage 

variation during globular transfer mode.
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Table 4.1. Comparison made between recorded arc voltage and collected droplets 

for El 1018 during non-fusion welding.

Current Droiplets Voltage variation
Experiments (A) Dr, (mm) Num/sec AV (volts) frequency (Hz)

(D3B) 1 0 0 5.56 1 . 0 2 higher 1

(DM3 A) 125 3.64 3.18 medium 3.3
(DH3B) 150 2.76 8.28 smaller 7.9

4. L 3. Arc Signal Characteristic for E6013

It was discussed in Section 4.1.1 that the E6013 electrode has an explosive 

transfer mode (at or after contacting with weld pool). During non-fusion welding, 

the voltage signals were recorded, as shown in Figure 4.6 (a) and (b). The 

processed data were also shown on these figures. With current increasing, the 

voltage variation (AV) decreased and the frequency of AV increase.

The number of droplets collected in these same experiments, B3A and 

BM3A, were plotted as function of droplets size, as shown in Figure 4.7. The 

increase in the observed transfer rate, caused by current change, resulted in an 

increase in the number of smaller droplets and a reduction in droplet size.
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(1)

(2)

Figure 4.6 (a) 1. The original voltage signal acquired during non-fusion welding

with an E6013 electrode in experiment B3A, at a current of 100 A and a voltage of 22.4 

volts. 2. The processed data.
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Figure 4.6 (b) 1. The original voltage signal acquired during non-fusion

welding with an E6013 electrode in experiment BM3A, at a current of 125 A and a 

voltage of 25 volts. 2. The processed voltage data.
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Figure 4.7. Droplets size distribution for E6013 electrode during non-fusion 

welding, in experiments

(a) B3A, Current = 100 A, Voltage = 22.4 volts, electrode melting rate = 3.7 

mm/sec.

(b) BM3A, Current = 125 A, Voltage = 25 volts, electrode melting rate = 5.0 

mm/sec.
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Compared with the El 1018 electrode arc signal, a similar phenomenon of 

voltage variation caused by the molten drop detachment was observed in the 

E6013 electrode, even though the two electrodes exhibited different transfer 

modes. The difference between their voltage signals indicates that there is a 

smaller voltage variation and higher frequency of the voltage variation for the 

E6013 electrode.

The similar behavior can be explained as follows. For explosive transfer, a 

liquid drop grows at the electrode tip in the same manner as in globular transfer, 

but detaches explosively because of the increasing gas expansion force, which 

causes an increase in arc length. This phenomenon can be observed in the voltage 

signal as a "jump" in the arc voltage, which is schematically shown in Figure 4.8. 

In other words, the arc voltage variation is related to the change in arc length 

caused by the liquid drop detaching from the electrode, regardless of the transfer 

method of pushing the molten drop away from the electrode tip, either by globular 

detachment or by gas bubble explosion.

The difference in behavior between globular and explosive transfer is 

characterized by the gas expansion force disturbing the force balance on the liquid 

drop. As a result, molten drop growth is more limited before detachment, and 

results in a faster transfer rate (number of molten drops detached per second). 

From the arc voltage signal, a smaller amplitude and higher frequency of arc 

voltage variation was also observed for explosive transfer.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80^01
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E 6013  
1=90 A
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LI - Arc length before droplet detaching  
L2 - Arc length after droplet detaching

Figure 4.8. Schematically drawing of a droplet detachment causing a voltage 

variation during explosive transfer mode.
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Summarizing the results obtained from experiments B3 A and BM3 A, the 

relationship between the voltage signal and collected droplets is given in Table

4.2. A considerable difference can be seen between the frequency of voltage 

variation and the number of droplets per second. There is a higher voltage 

variation frequency observed in the voltage signal than the droplet rate determined 

from the collected droplets which indicates that the liquid droplets were 

fragmented into smaller droplets (less than 0.5 mm in diameter) and were 

transferred non-axially in the form of spatter, due to the explosion of bubbles 

within the liquid.

Therefore, the voltage variation in the explosive mode is related to the size 

of the detached liquid drop from the electrode tip, and not the size of droplets 

transferred to the base metal. The frequency of voltage variation represents the 

explosion rate, not the number of droplets transferred.

Table 4.2. Comparison between the recorded arc voltage and collected droplets 

for the E6013 electrode during non-fusion welding.

Current Dro plets Voltage variation
Experiments (A) Dc, (mm) Num/sec AV (volts) frequency (Hz)

B3A 100 2.70 3.87 larger 4.8
BM3A 125 2.24 5.27 smaller 8.9
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4.1.4. Arc Signal Characteristic for E6010

The E6010 electrode was characterized to have an explosive transfer during 

welding. Figure 4.9 shows the original voltage signal from experiments A3A and 

AM3A and the processed signal. Compared with the E6013 electrode, a much 

higher frequency of voltage variation is observed. A greater amount of short 

circuiting (explosion occurring after contact with the base metal) as well as a 

larger voltage variation were also observed. In addition, a much shorter arc length 

was observed when welding with E6010 than with E6013 even though the welding 

voltage was higher in the former case. Meanwhile, comparing with E6013 

electrode, a much higher electrode melting rate, 5.9 mm/sec (instead of 3.7 

mm/sec) at a current of 100 A, with a deeper flux cone at the tip of the electrodes 

was observed.

Figure 4.10 gives the droplet distribution for experiments A3 A and AM3A. 

The characteristic diameter of droplets was slightly affected by the welding 

current.

During welding, E6010 (cellulosic) electrode produces much more gas than 

E6013 electrode doe. The higher gas expansion force caused a higher explosive 

rate than that of E6013. Which explains the higher transfer rate than E6013, The 

more frequent short circuiting is the result of forming of a deep flux cone at the 

tip of electrode. This flux cone forming caused by the higher melting rate 

difference between the steel rod and flux coating. Besides, the flux coating of



Vo
lta

ge
 

(vo
lts

) 
Vo

lta
ge

 
(v

ol
ts)

T-4352 95

(1)

m

(2)

Figure 4.9(a) 1. The voltage signal acquired during non-fusion welding for the

E6010 electrode in experiment A3 A, at a current of 100 A and a voltage of 29 .5 volts 

with melting rate of 5.85 mm/sec. 2. The processed voltage data.
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Figure 4.9(b) 1. The voltage signal acquired during non-fusion welding for the

E6010 electrode in experiment AM3A, at a current of 125 A and voltage of 31.8 volts 

with a melting rate of 6.95 mm/sec. 2. The processed voltage data.
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Figure 4.10. Droplet size distribution for the E6010 electrode during non-fiision 

welding in experiments

(a) A3 A, Current = 100 A, Voltage = 29.5 volts, electrode melting rate = 5.9 

mm/sec.

(b) AM3A, Current = 125 A, Voltage = 31.8 volts, electrode melting rate = 6.9 

mm/sec.
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E6010 has a better fluidity at high temperature. Therefore, the molten metal and 

flux are possibly guided by the flux cone wall to the tip of the cone, then 

"explodes" at contact (or short circuiting) with the base metal. Figure 4.11 

schematically shows this proposed model. The unexpectedly large voltage 

variation may related to arc instability after droplet detachment, when the arc is 

extinguished and re-ignites at the root tip of the electrode.

From Figure 4.9 (a) and (b), it can also be seen that current and voltage 

both affect the explosive rate. Increasing the current increases the explosive rate, 

and increasing voltage decreases the short circuiting, which causes a decrease in 

the explosive rate.

Comparison of arc voltage and droplets is given in Table 4.3. Similar to the 

E6G13 electrode, the arc voltage signal indicates a higher droplet rate than that 

observed from the collected droplets. The main difference is that the E6010 

electrode has a smaller droplet size and a larger voltage variation regardless of the 

current. The higher voltage and current for experiment AM3 A, resulted in a lower 

explosive rate before droplet contact with the base metal than observed for A3 A.
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Figure 4.11. Schematically drawing of metal transfer behavior mostly occurring 

when welding with E6010 electrode.

Table 4.3. Comparison between recorded arc voltage and collected droplets for 

the E6010 electrode during non-fusion welding.

Current Dro]plets Voltage variation
Experiments (A) Dc, (mm) Num/sec AV (volts) frequency (Hz)

A3A 100/29.5 2.12 4.9 larger 13.8
AM3A 125/31.8 1.84 7.0 smaller 12.5
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4.2. Comparison Between Non-fusion W elding and Fusion W elding

As discussed in Section 2.2.1, non-fusion welding is only a simulation of 

actual welding. The different conditions from the actual fusion welding affect the 

reliability of detection of metal transfer behavior. By means of data acquisition 

technology, the difference between the non-fusion welding and fusion welding can 

be detected.

Figure 4.12 (a), (b), and (c) show the recorded voltage signals from fusion 

welding at a current of 100 A for El 1018, E6013, and E6010 electrodes. The 

welding parameters for these three experiments are very close to the non-fusion 

experiments D3B, B3A, and A3A shown in Figure 4.3 (a), 4.6 (a), and 4.9 (a), 

respectively. At the same voltage, a greater amount of short circuiting (explosion 

at contact for E6013 and E6010 electrode) can be seen in actual welding, 

compared with non-fusion welding. With El 1018 electrodes a higher transfer rate 

was observed in fusion welding. Figure 4.13 (a), (b), and (c) show the arc signals 

for a same current indicating a higher welding voltage higher than the non-fusion 

experiments as illustrated in Figure 4.3 (a), 4.6 (a), and 4.9 (a). At the higher 

voltages, the actual welding is observed to have the same transfer behavior as seen 

from signals collected from the lower voltage, non-fusion experiments. Table 4.4 

gives the comparison of transfer modes identified for the non-fusion and fusion 

welding from Figure 4.3 (a), 4.6(a), 4.9(a), 4.12, and 4.13 for these three different 

electrodes. Regardless of the welding voltage and transfer modes, the non-fusion
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Figure 4.12 (a) The voltage signal acquired during fusion welding at current of

100 A. and voltage of 26 V with melting rate of 3.16 mm/sec. using El 1018 electrode.

Figure 4.12 (b) The voltage signal acquired during fusion welding at current of

100 A. and voltage of 23 V. with melting rate of 3.93 mm/sec. using E6013 electrode.
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Figure 4.12 (c) The voltage signal acquired during fusion welding at current of

100 A. and voltage of 30.2 V. with melting rate of 5.59 mm/sec., using E6010 electrode.

Figure 4.13 (a) The voltage signal acquired during fusion welding at current of

100 A. and voltage of 30.7 V. with melting rate of 3.18 mm/sec., using E l 1018 electrode.
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11-77 sar

Figure 4.13 (b) The voltage signal acquired during fusion welding at current o f 

A. and voltage of 27.9 V. with melting rate of 3.71 mm/sec., using E6013 electrode.
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Figure 4.13 (c) The voltage signal acquired during fusion welding at current of

100 A. and voltage of 35 V. with melting rate of 5.69 mm/sec., using E-6010 electrode.
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Table 4.4. Comparison of metal transfer modes between non-fusion welding and 

fusion welding for El 1018, E6013, and E6010 electrodes.

Electrode
type

Current
(A)

Voltage
(Y)

Welding
condition

Transfer
mode

Melting rate 
(mm/sec)

Transfer/Short 
circuiting rate

E l1018 100 22.7 Non-fus. Glob 3.5 1
E11018 100 26 Fusion S-C 3.1 1.8
E l1018 100 30.7 Fusion Glob 3.1 0.6
E6013 100 22.4 Non-fus. Ex 4.0 5.9
E6013 100 23 Fusion S-C Ex 3.7 4.4
E6013 100 27.9 Fusion Ex 3.7 2.9
E6010 100 29.5 Non-fus. S-C Ex 5.9 13.8
E6010 100 29.1 Fusion S-C Ex 5.5 8.8
E6010 100 35 Fusion Ex 5.5 7.8

welding exhibits a higher melting rate and a higher transfer (explosive) rate than 

fusion welding for all these three types of electrodes. The only exception is for 

the E l 1018, which exhibits a lower transfer rate due to the difference in short 

circuit and globular transfer modes.

As indicated in section 2.1.1, in SMAW with DCEP, welding on fused 

steel, the current carriers in the cathode region are produced by thermionic 

emission. In a non-fusion case, the cathode drop generally was larger than the
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anode drop [2, 3, 4, 5, 25]. In the case of a cold copper cathode, it was suggested 

that the charge carriers in the cathode region are positive ions, which are produced 

in the plasma and anode regions[2]. The different arc mechanisms in these two 

cases may be a result of rearrangement of the arc potential or an arc with a higher 

energy to produce enough charge carriers. These additional positive ions create a 

higher positive column potential and/or anode drop. The increase of positive 

column potential causes an increase in arc length, and results in less short 

circuiting observed in non-fusion welding. The increase in anode drop causes a 

higher melting rate with a higher transfer rate according to Equation (2.4) and 

(2.5) during non-fusion welding.
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4.3. Voltage Signal Processing by Spectral Analysis Using FFT  Technique

To distinguish the voltage signals originated from arc noise and power 

source, spectral analysis using FFT technique was used. The FFT is an efficient 

computational tool for accomplishing certain common manipulations of signal 

data.

4.3.1 Double and Single Non-fusion Welding

Figure 4.14 and Figure 4.15 give the time and frequency domain of a 

double non-fusion tungsten arc signal. In the time domain, the voltage 

fluctuations are observed to be about 7 volts. In the frequency domain, except for 

the characteristic frequency of the power source, the noise from the arc is 

distributed across the entire frequency domain.

Figure 4.16 and Figure 4.17 show the time and frequency domain of a 

single non-fusion tungsten arc signal. Comparing the arc signals between double 

non-fusion welding (without weld pool) and single non-fusion welding (with weld 

pool), it can be seen that the arc signal with weld pool had a slight enlargement in 

the amplitude of the power source characteristic frequencies, 240 Hz, 480 Hz and 

even 600 Hz.
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Figure 4.14. Voltage signal of double non-fusion arc (a tungsten electrode arc 

against a carbon tube) shielded by pure Ar gas at a current of 100 A., voltage of 20.5 V.
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Figure 4.15. Frequency domain of double non-fusion arc (a tungsten electrode arc

against a carbon tube) shielded by pure argon gas at a current of 100 A, voltage of 20.5 V.
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Figure 4.16. Voltage signal of single non-fusion arc (a tungsten electrode arc 

against a A-36 steel plate) shielded by pure Ar at a current of 100 A, voltage of 20.1 V.
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Figure 4.17. Frequency domain of single non-fusion arc (a tungsten electrode arc

against a A-36 steel plate) shielded by pure Ar at current of 100 A, voltage = 20.1 V.
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4.3.2 Non-fusion welding arc

During non-fusion welding, the metal transfer and the vibration of molten 

liquid at the tip of electrode must be reflected in the voltage signal, as shown 

previously in Figure 4.3, 4.6 and 4.9.

Figure 4.18 gives the frequency domain from experiment D3B for non

fusion welding, (the original time domain voltage signal shown in Figure 4.3 a) 

Compared with the frequency domain of welding signal without metal transfer. 

Figures 4.15 and 4.17, it can be seen that the difference existed is in the frequency 

range of 0 - 180 Hz, where the amplitude much higher in the frequency domain of 

non-fusion welding signal. Therefore, the frequency range from 0 - 180 Hz is 

responsible for the metal transfer and molten drop oscillation, and frequencies over 

180 Hz comes from arc noise. In the time domain, it can be seen from Figure 

4.3(a) that high amplitude spikes, corresponding to droplet detachment, occur at a 

very low frequency. In between these spikes is a region of lower amplitude noise, 

which corresponds to the vibration of the molten drop at the tip of the electrode, as 

well as arc noise. According to the principle of FFT, an assumption can be made 

that the metal transfer frequency is in the large amplitude lower frequency range of 

frequency domain, that is, below 20 Hz for experiment D3B. Frequencies with 

lower amplitude, 20 - 180 Hz in this case, are mainly related to the oscillation of 

the molten drop at the tip of the electrode.
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Figure 4.18 Frequency domain of arc signal recorded during non-fusion welding 

(a tungsten electrode arc against a A-36 steel plate) at a current of 100 A and a voltage of 

22.7 volts for El 1018 electrode (D3B).

Processing this signal by using a low-pass frequency and a band-pass filter, 

the corresponding frequencies relating to the metal transfer and the molten drop 

oscillation were retained, and the noise was filtered out. Figure 4.3 (a) (see section 

4.1.2) shown the time domain of the filtered arc signal related to metal transfer 

frequencies of 0-20 Hz. From this figure, it can be seen that, the voltage variation 

(related to the droplets size) can be characterized more clearly and can be 

identified precisely to about 1 volt after filtering out the frequencies which are not 

related metal transfer.
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Figure 4.19 (a), (b), (c), and (d) show the filtered signal resulting from 

molten drop oscillation frequencies of 20-60, 60 - 120, 120 -180, 180 -240 Hz, and 

240 - 300 Hz respectively. Comparing these figures with the signal of double non

fused welding (no weld pool), there is a slight increase in the signal noise 

immediately before, and a slight decrease after the droplet detachment, in each 

range of frequencies. This is contributed mostly by the frequencies in 20 - 60 Hz 

and the least by the 180 -300 Hz. This phenomenon probably relates to the 

oscillation of the molten drop approaching detachment, and the dampened 

oscillation of the molten electrode tip after drop detachment as illustrated in Figure 

4.20. Under the influence of several acting forces, the molten drop vibrates, 

becoming larger as the molten drop grows larger, resulting in a slightly increasing 

voltage fluctuation before droplet detachment. After detachment, the dampened 

oscillation of liquid remaining in the tip of the electrode occurs, which causes a 

slightly decreasing voltage fluctuation. Therefore, Figure 4.19 confirmed that the 

oscillation of molten drop at the tip of electrode is mainly related to the 

frequencies 20 - 60 Hz.

4.3.3 Fusion welding arc

During fusion welding, the voltage signal will pick up the vibration of weld 

pool and molten liquid at the tip of electrode. Figure 4.21 and 4.22 are the arc 

voltage signal in time and frequency domain when welding with the E l 1018 

electrode during fusion welding. Similar to the non-fusion welding, the filtered 

time domain signals, which relate to the metal transfer are given in Figure 4.23.



T-4352 112

m :/x ieo 1 krioy'» i w v ' d * f  vim xo/cf3c. - t cl■ t AvwOoK-2'i ,ee

 ̂M . Â̂Lm à . J i dk. ̂  e ̂

JfcLjj
(a)

(b)

T'r* WV • ^

■-aÀ--

■ ■ ■

(c)
¥*

.
1

 
s

i
_____J...................».................J

...................

„i---------- —— — — — —I1 T

HeWUie TU* «mec.-»

Figure 4.19 Time domain of the signals related to the oscillation of the molten 

metal at the tip of electrode during non-fusion welding at a current of 100 A. and a 

voltage of 34 V. for El 1018 electrode, experiment D3B in frequency range of (a) 20 - 60 

Hz, (b) 60 - 120 Hz, (c) 120 - 180 Hz, (d) 180 - 240 Hz, (e) 240 - 300 Hz.
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Figure 4.20 Schematically drawing of a droplet vibration at the electrode tip.
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Figure 4.21. Time domain of arc signal recorded during fusion welding at a

current of 170 A and a voltage of 32.6 volts for El 1018 electrode.
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Figure 4.22 Frequency domain of arc signal recorded during fusion welding at a 

current of 170 A and a voltage of 32.6 volts for El 1018 electrode.

S

Figure 4.23 Time domain of arc signal related to the oscillation of metal transfer 

during fusion welding at a current of 170 A and a voltage of 32.6 volts for El 1018 

electrode.
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The filtered time domain related to the oscillation of the weld pool and molten 

drop in the frequency range of 20 - 60, 60 - 120, 120 - 180, 180 - 240 Hz, and 240 

- 300 Hz are given in Figure 4.24 (a), (b), (c), (d) and (e) respectively. Comparing 

these figures with the signal of double non-fused welding (no weld pool), there are 

some voltage ramp before and after droplet detachment can be observed. This 

phenomenon may caused by the molten drop at the tip of electrode as it did in non- 

fusion welding. In addition, the dampened oscillation of the weld pool after the 

droplet falls into the pool can be observed from Figure 4.24 (a) and (b), at about 

1/8 second after the droplet detaches from the electrode, as a slight increase in 

voltage variation with the frequencies below 180 Hz.

Figure 4.25 shows the processed signal following the same steps as 

described above with El 1018 electrode for short circuiting mode. The dampened 

oscillation caused by the weld pool and liquid drop can also be observed before 

and after the droplet contact the weld pool.
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Figure 4.24. Time domain of arc signal related to the oscillation of weld pool and 

molten metal at the tip of electrode during fusion welding at a current of 170 A and a 

voltage of 32.6 volts for El 1018 electrode in frequency range of (a) 20 - 60 Hz, (b) 60 - 

120 Hz, (c) 120 - 180 Hz, (d) 180 - 240 Hz, (e) 240 - 300 Hz.
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Figure 4.25. Time domain of original arc signal (a) and the processed data during

fusion welding at a current of 90 A. and a voltage of 24.9 V. for El 1018 in frequency

range of (b) 20 - 60 Hz, (c) 60 - 120 Hz, (d) 120 - 180 Hz, (e) 180 - 240 Hz, (f) 240 - 300 Hz.
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4.3.4 AVcriteria

As discussed previously, the values of voltage variation caused by molten 

liquid transfer from the tip of electrode are difficult to establish because of the 

interference of noise introduced by the arc and power source, which may 

contribute up to 7 volts. However, this noise can be filtered out by data processing 

techniques, as shown in Figure 4.16 (a) and 4.19 (a), and a more precise numerical 

relationship can be established.

For the short circuiting transfer mode, the voltage signal is more easily 

recognized. For the globular transfer mode, the voltage variation is directly related 

to the size of droplets after data processing. During a non-fusion welding with 

basic electrode, the droplets were collected carefully in the order of droplet 

detaching by means of the bins in the water tank. In the same time the voltage 

signal recorded along the weld. After processing this voltage data, the droplets 

diameter as a function of voltage variation (AV) is plotted in Figure 4.26. The 

time of droplets collection and corresponding voltage data recording is 16 seconds. 

The variations of voltage, which were recorded over the same time frame (16 

seconds), are obtained after data processing. From this figure, it can be seen that 

the droplet size is a non-linear function of voltage variation. The detachment of 

droplets below a diameter of 5 mm causes a relatively small voltage variation, and 

above 5 mm causes a considerably high voltage variation.

For an explosive transfer mode, the voltage variations (AV) are not directly
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related to the droplets size, due to the fragmentation of molten drops caused by the 

gas expansion force, but is related to the amount of molten liquid transfer to the 

weld pool. Therefore, the relationship between voltage variation (AV) and droplet 

size (D) can not be established by means of droplet collection with voltage 

collection. But high speed film with data acquisition system may, in this case, 

were appropriate.

6

E
E 5

Electrode
Diameter

O

2

Voltage Variation (volts)

Figure 4.26. AV criteria established by means of data processing, at a current of 

100 A and voltage of 23 volts for El 1018 electrode.
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4.4. W elding Variables Effect on M etal Transfer M odes

4.4.1. Influence o f Baking Time o f Electrode

After baking the El 1018, E6013, and E6010 electrodes for a longer time, 

about one month at 180 °C, a change in transfer behavior was observed, as shown 

in Figure 4.27 (a), (b), and (c). The welding parameters in these experiments used 

were same as experiments D3A, B3B, and A3B (Figure 4.3(a), 4.6(a) and 4.9(a)). 

Comparing these two set of figures, it can be obtained that the effect of electrode 

baking time on metal transfer behavior varies for different electrodes. A slight 

decrease in the transfer rate can be seen when welding with the dryer El 1018, 

while an even larger decrease was observed for the dryer E6013. For E6010, in 

addition to the transfer mode change, short circuiting decreased considerably. 

Besides, an elongation in arc length and a lower melting rate were observed, as a 

function of the electrode types. Table 4.5 gives a comparison of transfer behavior 

for electrodes baked at different times.

This phenomenon indicates that long time baking, even at temperatures as 

low as 180 °C, has the same function as high temperature baking for a much 

shorter time. The effect of high temperature baking on transfer mode investigated 

by other authors [6, 27] was discussed in Section 2.2.4. Therefore, similar to high 

temperature, short time baking, after low temperature, long time baking of 

electrodes, the moisture and loosely-bound water of crystallization will be
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Figure 4.27 (a) The voltage signal acquired during bead-on-plate (fusion) welding 

with electrode baking time of one month (180°C), at a current of 100 A and voltage of 

30.6 volts with melting rate of 3.0 mm/sec for electrodes El 1018.
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Figure 4.27 (b) The voltage signal acquired during bead-on-plate (fusion)

welding with electrode baking time of one month (180°C), at a current of 100 A and

voltage of 26.1 volts with melting rate of 3.6 mm/sec. for electrode E6013.
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Figure 4.27 (c). The voltage signal acquired during bead-on-plate (fusion) 

welding with electrode baking time of one month (180°C), at a current of 100 A and 

voltage of 30.4 volts with melting rate of 4.6 mm/sec. for electrodes E6010.

Table 4.5. Comparison of metal transfer mode for same electrodes and different 

baking time during fusion welding with El 1018, E6013, and E6010 electrodes.

Electrode Current Voltage Baking Transfer Melting rate Transfer/Short
type (A) (V) time mode (mm/sec) circuiting rate

E11018 100 30.7 24 hrs Glob 3.1 0.6
E l1018 100 30.6 1 month Glob 3.0 0.5
E6013 100 27.9 24 hrs Ex 3.7 2.9
E6013 100 26.1 1 month Ex 3.6 2.0
E6010 100 29.1 24 hrs S-CEx 5.5 8.8
E6010 100 30.4 1 month Ex 4.6 6
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removed, and the production of gases from the covering will be reduced. The 

El 1018 electrode produced much less gases than the E6013 and E6010 electrodes. 

The removal of small amount of moisture changes slightly the composition of the 

arc environment. Resulting in an increase in the fraction of easier ionized metal 

vapor and a slightly longer arc. Meanwhile, the smaller amount of gas produced 

decreases the drag force acting on the droplet, and the less effervescence increases 

the difficulty of overcoming the surface tension force. Both these reasons cause 

the molten droplets becoming larger (see [6, 27] and Table 2.8). Therefore, more 

short circuiting (or a lower metal transfer rate) was observed, even in the case of a 

slightly elongated arc length.

E6013 and E6010 electrodes contain a larger amount of organic matter, and 

produce a larger amount of gases during welding by combustion of organics. The 

moisture and loosely-bound water of crystallization of the organics are lost 

significantly after long time baking, especially for the E6010 electrode. The 

amount of gas generated was reduced significantly, the composition of arc changed 

considerably. The fraction of gas decreased and easier ionized metal vapor 

increased. A much better ionized arc with decreased gases expansion force was 

obtained. As a result, a much longer arc length was observed, which caused a 

reduced explosive transfer to occur mostly before contact with the base metal. 

Furthermore, the lower explosive rate (number of explosion per unit time) causes a 

larger molten drop to grow, resulting in a lower melting rate. This phenomenon 

was explained by the fact that the heat produced at the electrode tip transfers to the 

solid rod by conducting through the molten drop. In other words, the molten drop
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is a heat barrier. At the same welding conditions, the larger the molten drop, the 

lower is the melting rate of the electrode.

4.4.2. Influence o f welding time along a weld

The metal transfer behavior was also observed to change along the weld 

length, depending on the type of electrode.

Figure 4.28 (a) and (b) shows an arc signal recorded at the beginning and 

end of fusion welding using an El 1018 electrode. More short circuiting transfer 

(or slightly lower transfer rate for globular transfer) was observed from the signal 

recorded at the end of the welding segment. Besides, a slight increase (about 1 

mm) of the arc length was observed, also at the end of welding. Welding with 

E6013 and E6010 electrodes, less short circuiting (explosion at contacting with 

weld pool) occurred with a lower explosive rate at the end than the beginning of 

welding as shown in Figures 4.29 and 4.30. The arc length increased about 2 - 4  

mm, depending on the current and electrode type, which was more than that for 

the El 1018 electrode. This result is in a good agreement with Bracarense's [30].

There are two possible reasons which cause the arc length change: one is 

that the arc voltage is changed due to the resistance of the un-consumed electrode, 

and another is due to the composition of the arc column. Changes in this 

composition may be caused by the higher temperature at the end of welding, 

similar the high temperature baking phenomenon. Besides, the melting rate
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Figure 4.27 (a) Arc signal recorded from bead on plate welding with El 1018 

electrode at a current of 100 Amps and voltage of 25.5 volts for beginning of welding.

» lânex* .del

Figure 4.27 (b) Arc signal recorded from bead on plate welding with El 1018

electrode at a current of 100 amps and voltage of 25.8 volts for end segments of welding.
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Figure 4.29 (a) Arc signal recorded from bead on plate welding with E6013 

electrode at current of 100 A and a voltage of 24.2 volts, for beginning segments.

Figure 4.29 (b). Arc signal recorded from bead on plate welding with E6013 

electrode at a current of 100 A and a voltage of 24.2 volts for end segments.
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Figure 4.30 (a) Arc signal recorded from bead-on-plate welding with E6010 

electrode at a current of 100 A and a voltage of 30.2 volts, for beginning segment.

BBS

Figure 4.30 (b) Arc signal recorded from bead-on-plate welding with E6010

electrode at a current of 100 A and a voltage of 30.2 volts, for end segment.
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increased with welding time along welds (see Section 2.2.4), which also affects the 

transfer rate.

During welding, the voltage between the electrode holder and base metal 

was kept constant by the VOLCON controller. With consumption of the electrode, 

the electrode length shortens, and the temperature of the remaining electrode 

increases. That is, both of them are a function of welding time (/) along the welds. 

The change of electrode resistance as time can be calculated according to [38]

dR,t,arod, = 1 d^pL)
dt A dt

(4.5)

where A is the area of the electrode, p  is the resistivity of electrode, which is a 

function of temperature, L is the remaining length of the electrode, which can be 

calculated from

= ôriginal ~ CmA (4*6)

where Lorigjnai is the original electrode length (14 inches, 356 mm) and Cmr is 

the electrode length melted per second.

Based on the data published by ter Berg [26], who investigated the 

electrode temperature with time along the welds (see Section 2.2.4 and Figure 

2.14), and the data from these experiments, the electrode resistance with welding 

time along the weld was calculated and shown in Figure 4.31.
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Figure 4.31. Variation of arc voltage and remaining electrode with the welding 

time along a weld at a current of 100 A and a voltage 28 volts for El 1018 with melting 

rate 3.2 mm/sec, E6013 with 3.9 mm/sec, and E6010 with 5.57 mm/sec, using an 

automatic voltage controller.
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From Figure 4.31, it can be seen that the effect of resistance of the 

unconsumed electrode on the arc voltage is too small to be of concern. Therefore, 

this is not the major effect on the arc length and transfer behavior change at the 

beginning and end of welding.

Another explanation is that the arc length increase may be a result of the 

composition change of the arc column. That is, the moisture and loosely-bound 

water of crystallization in the covering is reduced at high temperature during the 

end of welding, similar to the high temperature baking phenomenon. The amount 

of gas produced decreased and the degree of ionization in the arc increased, 

resulting in a longer arc. The degree of effect depends on the electrode type as 

discussed above. For the El 1018 electrode, the effect of higher melting rate at the 

end of welding [26] caused a higher short circuiting rate in the case of short 

circuiting transfer mode, and a lower transfer rate in the case of globular transfer 

mode (or larger droplet size). For E6013 and E6010 electrodes, a decrease in the 

gas expansion force and an increase in the arc length at the end segment of 

welding have more effect than the melting rate has, therefore a lower short- 

circuiting rate was observed in the case of short circuiting transfer, and a lower 

explosive rate in the case of explosive transfer.

4.4.3. Influence o f welding current and voltage

As indicated previously, welding current plays the most important role in

the metal transfer behavior for each type of electrode.

ARTHUR LAKES LimRY 
COLORADO SCM00!.
GOLDEN. CO f:- '
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With increasing welding current, the electrode melting rate increases, as 

shown in Figure 4.32, and the electromagnetic force acting on the molten drop 

(for globular transfer) or gas expansion force (for explosive transfer) increases 

significantly (see Section 2.2.2). These forces will also promote increase in the 

transfer rate or explosive rate as discussed in Section 4.1. Additionally, a deeper 

flux cone was observed at higher melting rate experiments, which became deeper 

with current increase. In addition, the arc length was also affected by the current. 

The interaction of these factors provided the major effects on the transfer behavior 

for each type of electrode.

Arc voltage has almost no affect on the melting rate of the electrode, which 

is in agreement with other observations [26]. However, welding voltage has the 

most responsibility for determining short circuiting during welding because of its 

relationship with arc length. Equation (2.10). Increasing voltage increases the arc 

length, allowing the droplet to further grow without contacting the weld pool. 

Therefore, short circuiting transfer decreased.

Figure 4.33 (a) and (b), 4.34 (a) and (b), and 35 (a) and (b) are transfer 

mode maps developed for El 1018, E6013, and E6010 electrodes at the beginning 

and end of the weld segment, respectively. These diagrams summarize the effect of 

welding current, voltage, and welding time along a weld on metal transfer mode. 

From the transfer mode map of El 1018 electrode. Figure 4.33, it can be seen that 

with increasing current, the voltage decreases for both complete short circuiting 

and complete globular transfer modes for the beginning weld segment. For the end



M
as

s 
M

elt
ing

 
Ra

te 
( g

/s
ec

.)

T-4352 132

E11018
E6013
E6010

500

400

300

200

80 140 160 18060 100 120
Welding Current (amps)

Figure 4.32. Mass melting rate as a function of welding current for three types of

electrodes with diameter of 1/8 inches (3.175 mm).
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Figure 4.33 (a) Metal transfer map for El 1018 electrode with diameter of 1/8

inches (3 .175 mm) in the beginning segment.
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Figure 4.33 (b) Metal transfer map for El 1018 electrode with diameter of 1/8

inches (3.175 mm) in the end segment.
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Figure 4.34 (a) Metal transfer map for E6013 electrode with diameter of 1/8

inches (3.175 mm) in the beginning segment.
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Figure 4.34 (b) Metal transfer map for E6013 electrode with diameter of 1/8

inches (3.175 mm) in the end segment.
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weld segment, the voltage increases for currents above 150 A. It can also be seen 

that more short circuiting and less globular transfer are exhibited at the end 

segment than at the beginning.

For E6013 electrode, when current is below 130 A, the behavior is similar 

to E l 1018. The short circuiting, or explosion before contact transfer mode occurs 

at lower voltages with increasing current at the beginning segment. Above 130 A, 

a deeper flux cone formed, caused by a higher core rod melting rate. The 

combined effect of these factors on metal transfer modes changed the boundary 

curve to exhibit a positive slope. For the end segment, there are some additional 

factors: increased arc length and decreased gas expansion force. Therefore, the 

transfer mode boundary is more complex than the other electrodes studied, as can 

be seen from Figure 4.34 (b).

For the E6010 electrode. Figure 4.35, the arc length is relatively shorter 

than other types of electrodes, and a deeper flux cone forms during welding. The 

short-circuiting boundary locates on a high voltage range. With increasing current, 

the rate of explosion at contact decreases, but the transfer mode is not affected 

significantly. At the end segment, the high temperature baking phenomenon has 

the dominant effect on the transfer mode, as discussed previously, and results in 

much less short circuiting.
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Figure 4.35 (a) Metal transfer map for E6010 electrode with diameter of 1/8

inches (3.175 mm) in the beginning segment.
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Figure 4.35. (b) Metal transfer map for E6010 electrode with diameter of 1/8

inches (3.175 mm) in the end segment.
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5. CONCLUSIONS

1. The basic (El 1018) electrode exhibits globular transfer and short 

circuiting transfer with the smallest amount of spatter. Rutile (E6013) and 

cellulosic (E6010) electrodes have explosive (at or before contact) transfer with 

medium to large spatter, respectively.

2 Amongst all the factors which affect the metal transfer mode, current 

and voltage are the most important ones. These factors determine the melting rate 

and the formation of a flux cone at the tip of the electrode.

3 . Metal transfer modes can be affected by electrode baking time. At 

low baking temperature, the degree of influence depends on the electrode type: 

low for El 1018 electrode, more for E6013 electrode, and significant for E6010 

electrode.

4. Metal transfer modes varies along the weld length. The difference of 

metal transfer behavior is caused by electrode joule heating. The effect is minor 

for E l 1018 electrode, medium for E6013 electrode, and significant for E6010 

electrode.

5. Six metal transfer maps were developed for these three types of 

electrodes

6. Different metal transfer behavior is observed for the non-fusion and 

fusion welding. Non-fusion displayed a high metal transfer rate with a high 

melting rate, and less short circuiting (longer arc length).

7. The FFT is an efficient computational tool for processing the 

SMAW signal because of the large arc noise. By means of FFT, the droplet size
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(or size of metal transferred to the weld pool in explosive transfer) as a function of 

AV can be determined.
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6. SUGGESTIONS FOR FURTHER STUDIES

The methodology used in this research should be of practical interest to 

electrode manufacturers because of the additional tools offered for the 

determination of the metal transfer mode. The results of this study can be used to 

improve SMAW process control with required metal transfer mode and droplet or 

explosive rate. The knowledge of metal transfer and electrode performance allows 

electrode manufacturers to produce high quality electrodes with stable arc and 

good deposition characteristics, tailored to the requirements of individual 

customers.

Continued investigation of the metal transfer characteristics with different 

polarity, such as DCEN and alternative current (AC), and with other positions 

would benefit the understanding and developing of shielded metal arc welding 

consumable.

Further development of the data acquisition technology and data 

processing method would facilitate investigations to characterize weld pool and 

liquid metal at the tip of electrode behavior, as well as metal transfer in other weld 

processes, such as FCAW.
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