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ABSTRACT

Welding tests were conducted in an attempt to
identify a through-the-arc weld sensing parameter which
responded to contact tube wear. The arc voltage was found to
contain characteristics related to wear. A relationship
between contact tube wear and the area under the power
spectral density curve (PSDA) of the arc voltage in the 0 to
4 Hz'range was identified. The number of low frequency
fluctuations in the arc voltage, represented by PSDA, steadily
increases due to the erosion of the contact tube by the
eleétrode. PSDA reaches a peak value when the maximum line
contact between the electrode and the contact tube is reached.

Past the peak PSDA values become erratic.
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Chapter 1
INTRODUCTION
1.1 Gas Metal Arc Welding (GMAW)

Gas metal arc welding uses a continuously fed,
consumable electrode (drawn wire). The electrode passes
through a contact tip tube, is then melted and the metal is
deposited on the base metal. Current conducted through the
contact tube (usually made of copper) and through the
electrode melts the electrode by resistance heating and
heating from the arc. The arc between the electrode and the
base metal, provides the heat necessary for melting the base
metal. The molten electrode is deposited on the heated base
metal by the force of the arc.

An externally supplied gas, generally an argon mixture,
is used to shield the molten weld metal from the atmosphere.
Most molten metals react with oxygen and nitrogen causing
entrapped slag, porosity, or embrittlement. In addition to
shielding the electrode and the base metal from contamination,
the inert and reactive gases form the plasma which stabilizes
the arc.

Two types of power sources used in GMAW are constant
voltage and pulsed current. A constant voltage power source
maintains a relatively fixed voltage during welding. A

contant voltage power source operates by the following self-
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correcting mechanism; the arc 1length is determined by
adjusting the arc voltage at the power source, and the wire
feed rate is preset. Any variation in contact-tube-to-work
distance, CTWD, is then compensated by an instantaneous change
in the current (AWS Welding Handbook, 1991).

In a pulsed current power source, the arc current is
pulsed between a high and low current. The high current melts
the electrode intb droplets and propels them through the arc
onto the base metal. The low current maintains the arc
between pulses and preheats the electrode. A pulsed current
power source typically requires a feedback control system in

the wire feeder to compensate for changes in CTWD.
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1.2 Definitions
Figure 1.2.1, identifies the following parameters:

CTWD Contact-Tube-to-Work distance, the distance from the
contact tip to the base metal. -

Ls Electrode Extension, the point of current transfer
from the contact tube to the electrode, assumed to be at
the exit of the contact tube.

La Arc Length, the distance from the point of wire melt to
the weld pool.

vt Total Voltage drop from power source to base metal.

va Arc Voltage is the voltage drop from the tip of the

electrode to the base metal.

Vs Voltage drop from the point of current transfer to the
tip of the electrode, in this figure the point of
current transfer is assumed to be at the contact tube
tip. '

_/

TO POWER
SOURCE

‘\\\\‘——-GAS cup

1 & CONTACT TUBE

Vs, Ls | :
T~ ELecTRODE

%

AN
7

CTw

(-]

I ARC PLASMA
Vo, La

BASE METAL

Figure 1.2.1 Contact Tube and Electrode
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The electrode orientation can be defined by two angles;
the travel angle (leading or trailing) and the work angle,
Figure 1.2.2. The travel angle is the angle formed by the
axis of the electrode and the plane normal to the direction
the welding torch travels. When the tip of the electrode
trails the welding gun it creates a stable arc, with little
spatter and a narrow bead. Work angle is defined as the angle
of the axis of the electrode to the plane normal to the work
surface and the work path. Often times the work angle is
limited by the accessibility of the weld. For example, fillet
welds require a work angle greater than zero degrees in order

to deposit the weld bead properly.

®TRAVEL INTD THE PAGE DIRECTION OF TRAVEL

>

I

I _—l WORK ANGLE

| | |

T o T | A

| V A [\
L BASE PLATE

Figure 1.2.2 Electrode Positioning:
Work Angle and Travel Angle
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Travel speed is the rate at which the arc moves across
the weld joint. It affects the bead width, penetration, and

the amount of heat input to the base metal.

1.3 Contact Tube Wear

A contact tube is usually a copper alloy with bore size
0.2 mm to 0.5 mm larger than the welding electrodé, depending
on the tube hardness, (DeNale & Lukens, 1986). The tube
maintains the electrode position and serves to transfer the
welding current from the tube to the electrode.

Maintaining fixed welding parameters such as, CTWD, WFS,
Va and current, should result in a consistent deposit of weld
metal onto the base metal (constant deposition rate).
However, when welding with a steel electrode, the contact tube
bore size increases due to wear, causing process
instabilities. For GMAW of titanium, the tube bore size
decreases with weld time and the electrode eventually stops
(Denale & Lukens, 1986).

When a contact tube wears during a manual GMAW process,
the welder compensates for changes in arc length by moving the
welding torch toward or away from the base metal. The welder
uses visual and audio feedback as well as years of welding
experience to identify a worn tube. As automation of the GMAW
process advances a method of automatically monitoring the wear

of the contact tube must be developed. An automatic welder
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would either compensate for a worn tube or instruct the

operator to replace the tube.

1.4 cContact Tube Failure

Failure of the contact tube can be defined as (1)
catastrophic obstruction of the electrode or (2) generation of
instabilities in the steady~-state welding process.
Catastrophic failure interrupts the weld process and
replacement of the tube is necessary to continue welding.
Instability in the weld process may or may not stop the weld
process, but weld quality can deteriorate until the weld will
not pass visual acceptance criteria. )

There are three types of catastrophic failure of contact
tubes; melting the wire to the inside of the contact tube,
clogging of the tube due to weld spatter or other debris, and
melting the tip of the contact tube. If current consistently
transfers to the electrode through a specific region of the
tube, the electrode may fuse to the inside of the tube at the
current transfer point. This fusion results from the
temperature of the system reaching the melting temperature of
either the tube, the electrode or both at the current transfer
point (Denale & Lukens, 1986). A contact tube tip can also
melt from the heat of the arc as the arc length increases.
Catastrophic failure happens when debris accumulates inside

the tube, causing the wire feed to hesitate and ultimately to
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stop.

A contact tube fails to perform ©properly when
instabilities in the steady-state welding process develop.
Two examples are; 1l. Enlarged contact tube bore diameters
created by continuous feeding of the electrode through the
tube, causing instability of the current, arc voltage and
electrode feed rate. 2. Restriced contact tube bore diameters
created by accumulated debris from the electrode or weld
spatter, can cause the electrode feed rate to become erratic.
The variations in current, arc voltage and electrode feed rate
affect weld quality, such as weld profile, penetration,

porosity and strength.

1.5 Tube Wear with a Constant Voltage Power Source

In a constant voltage GMAW process, the total voltage
(Vt) is maintained at a constant setting by the power source.
It is assumed that the current transfer point is at the exit
of the contact tube, and that electrode extension (Ls) is
constant during the weld process. However, it is generally
assumed that as wear occurs, Ls may change as the point of
current transfer varies (Siewert; 1991). If Ls increases,
current decreases due to an increase in electrode resistance.
This results in an increase in voltage drop across the
electrode and a decreased voltage drop across the arc (Va).

The decrease in Va, arc length (La) and welding current result
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in a decrease in power or heat input to the base metal. This
reduction in heat may cause insufficient melting of the base
metal. With a constant wire feed rate the lower current
decreases the electrode melting rate and the electrode may hit

the weld pool, causing the arc to short circuit.

1.6 Tube Wear with a Pulsed-Current Power Source

A GMAW process which uses a pulsed-current power source
and a voltage feedback control of the wire feed speed reacts
to contact tube wear in the following manner. The current is
maintained at a set value by the power source. When the arc
length (La) changes due to wear, it causes a change in arc
voltage (Va). Then the feedback control system responds by
increasing or decreasing the wire feed speed. Overshoot in
the WFS creates oscillation in the arc length until the system
stabilizes. If operating with a high travel speed, the
variations in arc length affect weld quality by changing the
bead width.

Weld quality may also be affected by increased contact
tube wear due to changes in the electrode position which may
exceed position tolerances. Catastrophic failure of the
contact tube can occur when the increase in arc length is so
large that the heat of the arc melts the contact tube,

stopping the electrode.
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1.7 Wear Mechanisms

Wear, in the case of sliding contact between two bodies,
is the removal of surface material and severe transformations
in surface appearance. Several possible wear mechanisms may
be occurring simultaneously in a contact tube during GMAW.
This adds to the complexity of identifying specific wear
mechanisms, however it appears the combination of abrasion and
adhesion contribute to the deterioration of a contact tube.

Abrasive wear is the removal of material by a hard
asperity between the contact tube and the wire, or the
addition of a foreign body. Foreign bodies may be oxides
embedded in the surface or wear particles formed during
sliding. Resistance to abrasive wear is a function of
hardness and experiments have shown that abrasive wear occurs
when the Vickers Hardness (HV) of the asperity is 1.5 times
greater than the abraded surface (Schey, 1983). Even if the
difference in hardness between the electrode and the contact
tube were less, oxides and intermetalics (formed by diffusion
when heat is present) may meet this criterion.

A steel electrode (ER 100S) with a tensile strength of
100-110 ksi corresponds to a hardness of 205 HV to 222 HV
(Technical Data Handbook, 1984) and the HV of a copper alloy
is approximately 70 (ASTM, 1991). Therefore the electrode
hardness is 2.92 to 3.20 times greater than the contact tube

and abrasion is a viable wear process.
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Adhesion wear can be due to cold welding or hot welding.
In a GMAW environment the electrode may become contaminated by
debris, develop an oxide or be coated with a lubricant to
enhance feeding. In spite of this cover, virgin surfaces can
be exposed. New surfaces are generated by asperities plowing
through surface films of lubricants or oxides. Cold welding
between the virgin surfaces of the electrode and the contact
tube, creates a junction which can be destroyed by the sliding
motion of the electrode. If the junction is as strong or
stronger than the contact tube material, the junction
separates either at the electrode or at the contact tube. A
GMAW process using a steel electrode and a copper alloy
contact tube, would indicate junction failure at the tube
surface, because the tube diameter increases with weld time.

A GMAW process using a titanium electrode and a copper
alloy contact tube, is an example of adhesion wear due to hot
welding. With a welding temperature of 1493 K a localized
pool of copper develops within the tube. Any titanium added
to the molten copper decreases melting temperature until the
eutectic point is reached. Any additional titanium added
increases the melting point until the pool solidifies
resulting in an accumulation of intermetallics inside the
contact tube (Denale & Lukens, 1986).

The removal of surface material can be quantified by wear

volume. Wear volume (V) is proportional to the distance (1)
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or time of sliding.

The following equation reflects this relationship:

Y. X
1

H

where H is the hardness of the softer material and K is some
constant specific to the wear conditions. This constant may
be a function of the normal load, the area of contact or the
shape of the asperity (Schey, 1983).

1.8 Weld Ouality

Weld integrity can often times be determined by the
physical appearance of the weld. Properties such as,
dimensional accuracy, amount of distortion, cracks, undercuts,
underfills, overlaps, porosity, slag inclusions and 3joint

penetration affect weld gquality, Figure 1.8.1.

——— DVERLAP
ONDERCUT 4

Figure 1.8.1 Weld Flaws
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Chapter 2

SCOPE

As part of this study, experiments were conducted to
discover a through-the-arc sensing parameter which would
indicate contact tube wear. The first set of tests attempted
to simulate wear by drilling increasing bore diameters for the
contact tubes and analyzing the current and droplet frequency
data. Plots of mean, standard deviation and power spectral
density of the current with changing bore size were developed,
along with standard deviation of droplet frequency.

Actual wear tests were conducted ranging from 1 to 8
hours using a pulsed-current power source. The power spectral
density of the voltage was analyzed to determine its variation
with wear. A comparison of the area under the power spectral
density curve of the voltage in the low frequency range (0 to
4 Hz) and change in bore outlet diameter were compared to the
total 1length of electrode consumed during welding. An
additional weld test was conducted with a 1Hz weave to
determine the effects of the low frequency weave on the power

spectral density voltage data.
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Chapter 3

EXPERIMENTAL PROCEDURE

3.1 Simulated Wear Tests

A test was designed to simulate wear of a contact
tube by changing the tube bore diameter. Using a constant
voltage power source and constant wire feed rate, the voltage
and current were monitored and analyzed. Droplet frequency,
the rate of formation of drops of molten electrode which are
propelled to the weld pool, was calculated by using a through-
the-arc imaging system (Heald, 1990).

A Miller power source [DeltaWeld 650] set at 32 Volts and
300 Amperes, continuously fed the electrode through the tube.
The constant potential power source was then filtered by a
Kusko DC current regulator. The polarity was direct current
electrode positive (DCEP) in which the welding electrode is
positive and the base metal is negative.

A Miller [Millermatic model A-54A] wire feeder set at 10
m/min, in conjunction with a stationary Bug-0 tracking system
was used. A stationary, water-cooled, straight welding gun
was positioned with the work and travel angles set at zero.
The base metal velocity or travelspeed was 20 cm/min (8"/min),
the CTWD was 13.5 mm and the shielding gas was a mixture of

95% argon and 5% carbon dioxide.



T-4094 14

The through-the-arc imaging system consisted of a helium-
neon laser [Spectra-Physics, model #106-1], a high speed video
camera [Kodak Extapro 1000), a mirror, two focusing lenses, a
narrow band-pass laser filter, and a frosted glass projection

screen, Figure 3.1.1.

FOCUSING LENS MIRROR

FOCUSING LENS

FROSTED RLASS STREEN

Figure 3.1.1 Through-The-Arc Image System
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Standard contact tubes [L-Tec 045H] with a 0.055 in/1.4
mm bore diameter were drilled to 1.5 mm, 1.6 mm, 1.7 mm, 1.8
mm, 1.85 mm, 2.0 mm, 2.1 mm, and 2.24 mm diameters. One
contact tube [UCAR 030H] with a 0.050 in/1.3 mm bore diameter
was used to represent an undersized bore. The electrode was
a stainless steel E70S-3 with a 0.45 in/1.14mm diameter.

Three welds of 8 seconds duration were conducted on each
contact tube, for a total of 30 welds. The welding voltage
and amperage were acquired using the program ASYST (ASYST,
1988) at an acquisition rate of 2000 samples/sec.

The following data was calculated for each contact tube;

1. Mean and standard deviation of current

2. Power spectral density of current PSD

3. Droplet frequency

4. Length of electrode from the gas cup to the arc

3.2 Actual Wear Tests

3.2.1 Wear Test, Group I. The actual wear tests were

conducted in three groups. Group I used a pulsed current
power source [Hobart UltraWeld 500] with feedback control of
the wire feed speed. The polarity was direct current electrode
positive (DCEP). A curved water-cooled weld torch was used
with a 0° work angle and a 10° trailing travel angle. The Bug-

O tracking system was set at a travel speed of 14.7 cm/min (6
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in/min) and the CTWD was 19 mm. Shielding gas was a mixture
of 95% argon-5% oxygen at 1.13 m’/hr (40 cfh) and contact
tubes designed for long life [Tweco 14L-45 1.2 mm] were used.
The acquisition rate was 2000 samples/sec and the average
current setting ranged from 225 A to 250 A.

The average dimensions of the carbon steel base metal
plates were 25 cm x 50 cm X 2 cm (10"x 20"x 3/4"). With the
curved torch, welding proceeded along the length of the base
metal plate for approximately 3 minutes and after each weld
the CTWD was checked and the torch was repositioned.
Repositioning was necessary to maintain a consistent direction
of travel and corresponding drag angle.

The current and wire feed speed were measured from
internal test points provided by Hobart (TP14.for current and
TP26 for WFS). The internal WFS test point measures the input
voltage to the wire feed motor, and is generated by the
internal feedback control system of the UltraWeld 500 power
supply. It is not necessarily indicative of the actual wire
feed speed. The voltage was measured across the power supply
to the base metal. A computer based data acquisition system
was used to sample and store large amounts of welding data for
later analyses. ASYST, a high level programming language, was
used for data  acquisition of the voltage and WFS, with
acquisition rates of 200, 800 and 2000 samples/s and the low

pass filter (to eliminate the aliasing) was set at the Nyquist
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frequencies 90 Hz, 360 Hz and 900 Hz, respectively. The power
spectral density, PSD, of the voltage was calculated for

analysis.

3.2.2 Wear Test, Group II. Group II is similar to Group
I except that Tweco tubes model 14-45 1.2 mm were used
instead. The mean amperage setting ranged from 150 A to 220
A and the data acquisition rates for voltage and WFS were 200,
220 and 2000 samples/s. For the lower sampling rates the
signal was first sent through a 90 Hz and 100 Hz low pass
filter [KROHN-HITE CORPORATION Model 3202] before computer
acquisition. The power spectral density of the voltage and
area under the curve of the PSD of the voltage from 0 to 4

Hertz were calculated from the acquired data.

3.2.3 Wear Test, Group III. Group III used the Hobart

UltraWeld 500 pulsed-current power source and a straight
water-cooled weld torch with 0° work and travel angles.
Hobart tubes models HB177000 .045-54, HB177059 .045-54 and
HB379296 .045-52 were used. The straight torch did not
require repositioning, however, every 9 to 18 minutes the
welding was stopped to check CTWD (12 mm) and measure the
change in contact tube diameter with calipers. The shielding
gas was 95% argon-5% CO,, the mean operating amperage was 300

A, the voltage and WFS data acquisition rate were 200
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samples/s and the low pass filter was set at 90 Hz. The
following information was calculated from the acquired data;
1. Power spectral density of voltage PSD
2. Area under the curve of the PSD of Va

3. Wear volume, contact surface and arc length for tube

3.3 Weave Test

A weave of 1 Hz was introduced to the actual wear tests
to determine its effect on the low frequency PSD data. The
low frequency voltage signal, introduced by changes in the
CTWD due to weave geometry, 1is within the 0 to 4 Hertz
frequency range of the power spectral density data. The test
utilized the Linde torch set at a 0° work angle and a 10° drag
angle, with a Tweco 14-45 1.2 mm tube. The shielding gas
mixture was 95% argon-5% CO,, the travel speed was set at 14.7
cn/min (6"/min) and the acquisition rate was 220 samples/sec.
A 6 mm thick steel bar was tack-welded to the base metal plate
and tilted to approximately a 45° angle to simulate a V-groove
joint, Figure 3.3.1. The stroke on the horizontal oscillator

was set to 10 mm and the CTWD was 19 nmm.
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WELDING Tﬂ?CH SUPPORT BLOCK

WELD TABLE

BASE METAL
TACK WELDED BAR

Figure 3.3.1 Weave Test
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Chapter 4

RESULTS AND DISCUSSION

4.1 Simulated Wear Tests

4.1.1 Current Analysis. The mean and standard deviation
of the welding current were calculated and plotted for the
three weld tests conducted for each bore size. Figure 4.1.1
is the graph of average mean current versus bore size (1.4 mm
is standard bore), and Figure 4.1.2 1is the graph of the
standard deviation of current taken at each bore size. From
previous experiments, (Heald, 1990) a small increase in the
standard deviation of the weld current occurred with an
increase in bore diameter. However, the results of these
tests do not show a definite or consistent increasing trend in
standard deviation of current.

The power spectral density (PSD) curve from 0 to 1000
Hertz is calculated using the Fast Fourier Transform method
(Bendant and Peirsol, 1971). Figure 4.1.3 shows the PSD
current curves for varying bore diameter from 0O to 100 Hertz.
This range was selected for analysis because it contained the
most diversity in the PSD magnitude. However, no consistent
trend in current PSD magnitudes corresponded to increasing

bore diameters.

ARTHUR LAKES LIBRARY

COLORADO SCHOOL GF My
GOLDEN, CO s0dg1 O
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Figure 4.1.3 PSD Current - 0 to 100 Hz for Varying Bore
Diameter

4.1.2 Voltage Analysis. One effect of wear in a contact
tube is erratic arc length and corresponding arc voltage (Va),
therefore the PSD of the arc voltage data was calculated and
plotted Figure 4.1.4. The lower frequency range of 0 to 50
Hertz was selected for observation, and does not show a steady

increase in magnitude of the voltage PSD with bore diameter.
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4.1.3 Droplet Frequency Analysis. The droplet frequency

was calculated counting the number of frames which passed
during the development of 10 drops of molten electrode. Each
frame was a thousandth of a second. Figures 4.1.5a and
4.1.5b, graph the droplet frequency and standard deviation

versus bore diameter. The average droplet frequency increases
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Droplet Frequency (drops/s)

Figure 4.1.5a Droplet Frequency Versus Bore Size
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with bore size with a low SDEV until the bore diameter of 1.85
mm is reached, at which point the average droplet frequency
and SDEV peak. From observation, all contact tubes had
smaller secondary droplets along with a‘méjor droplet. The
major droplets were counted to determine the plotted droplet
frequency. The droplets changed in form from small discrete
droplets with short necking of the electrode, to elongated
droplets generating from a long narrow neck. Between 1.98 mm
and 2.2 mnm bore~diameters the mode of transfer changed from
discreet droplets to a stream of molten electrode, Figure
4.1.6. Current affects droplet transfer mode (Heald, 1991),
and the increase in average current with bore diameter may

explain the change in droplet formation.
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Figure 4.1.6 Droplet Profile with Enlarging Bore Size
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4.1.4 Arc Length Analysis. Using the wire diameter 1.14
mm (.045") as a reference on the video monitor, the scale for
the monitor was calculated as 5 mm = 1.14 mm. The extremes in
arc length were calculated by measuring the visible electrode
length for each tube. It was hoped tﬁat an increase in arc
length would correspond to an increase in bore diameter. But

as Figure 4.1.7 indicates no such correspondence appears on

the graph.
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Figure 4.1.7 Range of Visible Electrode Length Versus Bore
Size



T-4094 27

4.1.5 Discussion of Simulated Wear Tests. The SDEV of
droplet frequency may be of use in selecting an optimum ratio
of contact tube diameter to electrode diameter for a constant
potential GMAW process. The low standard deviations of
droplet frequency occur with a contact tube to electrode
diameter ratio less than 1.62 mm/mm, as shown in Figure 4.1.8.

The preferred droplet transfer mode occurs at a bore
diameter less than 1.98 mm or a tube diameter to electrode

diameter ratio of less than 1.73 mm/mm.
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4.2 Actual Wear Tests

4.2.1 Wear Test Group I. Group I used a curved torch, 10

Tweco L14-0.45 1.2 mm tubes and 95% argon - 5%0, shielding
gas, see Table 4.2.1. Wire feed speed data (acquired at 2000
samples/s) was analyzed by counting the number of "outliers",
points where the WFS exceeded a set limit. The limit was a
multiple of the SDEV of wire feed speed and it was varied to
find an increasing trend in the number of "outliers" with
welding time.
TABLE 4.2.1

Actual Wear Test - Group I

Tube Welding Mean Sample Comments
Number Time Amperage Rate
(min) (Amperes) Samples/sec

LWO 20 225 2000 E708-3 wire did not
operate properly

LWl 19 250 2000 Switched to ER100S-1
wire.

LW2 42 250 12000 Switched from 250 A to
225 A after 28 minutes

ILW4 135 250 2000 Wire ran out at
135 minutes

ILW1l0 48 220 200,2000 Wire ran out

Lwil 62 220 200,2000 Leaky gas O-ring,

moved contact tube,
stopped welding

Note: Shielding Gas was 95% argon - 5%0,
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This increasing trend in "outliers" appeared in the WFS data
of contact tube LW4 with limit of 3 times the SDEV. Wire feed
speed variations are a low frequency phenomena, therefore the
acquisition rate was changed to include,both 200 and 2000
samples/s for later tests in Group I. The "outliers"
technique was not successful in providing a consistent rising
trend relative to wear.

The analysis of the PSD curve for the arc voltage showed
an increased area under the curve in the 0 to 4 Hertz
frequency range for LW10 and LW1ll. An example of this event
is shown in Figure. 4.2.1. It shows the actual voltage
recorded during welding with a single contact tube. The
envelope of the voltage appears more ragged as wear
progresses, this variation was also observed in the arc during

Contact Tip Wear

100

82

71

50

39

Welding Potential (v)
Welding Time (min)

27

12

Time (s)
Mean voliage = 24 + 0.2 (v) for all sampies

Figure 4.2.1 Voltage Signal with Increasing Weld Time
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testing. As wear advanced, the arc became more erratic and at
times appeared to pulse. The voltage (V) was sampled at time
zero with a new contact tube at 200 cycles per second for a
total of 90 seconds, and every 10 to 15 minutes thereafter.

The voltage data was normalized according to

pﬂ=)t2.

\%4
where V is the mean voltage and V' is the normalized voltage.
Since the majority of voltage variance occurred in the 0 to 4
Hertz range, the power spectral density in this frequency
range was calculated from the normalized data, PSDV. Then the
area under the PSDV curve was approximated using the Riemann
Summ. The area under the PSDV curve is the mean square
voltage, MSV, Figure 4.2.2.
n

MSV = ) = {{

i=0

PSDV, +2 PSDViiy, ar}

The mean square voltage from O Hertz to 4 Hertz was
normalized by dividing it by the mean square voltage at time

zero. The normalized mean square voltage is called PSDA.

MSV
MSV,

DPSDA =

The length of the electrode consumed was caculated by
multiplying the average WFS by the welding time for each tube.

Arc voltage was selected for further analysis.
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4.2.2 Wear Test Group ITI. Four Tweco 14 -.045 (1.2 mm)

contact tubes were used in Group II, see Table 4.2.2.

TABLE 4.2.2

Actual Wear Test - Group II

Tube Welding Mean Sample Comments
Number Time Amperage Rate
(min) (Amperes) Samples/sec
SW1 105 150 200,2000 95% argon - 5%0z
shielding gas

Sw2 99 150 200 Tube accidently moved,
stopped at 99 minutes

SW3 102 150 200

Sw4 140 220 200 SW4 used in weave test

and bore was measured

i

Note: Shielding gas for SW2, SW3 and SW4 was 95% argon - 5%

Figure 4.2.3a and b show PSDA of arc voltage versus
length of electrode consumed for contact tubes with different
compositions and designs, different weld gases and different
average amperages. The PSDA steadily increased, reaching a
peak (PSDAp) in all cases. After PSDAp was attained, the wear
parameter became erratic, leveling off or decreasing in value.

PSDAp can be identified in each case. However, before it can
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be used as a wear monitor, it must be correlated with weld

guality.
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Figure 4.2.3 PSDA of Group I and Group II Versus Length of
Electrode
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4.2.3

Wear Test Group IIT.

34

Group III used the same

pulsed current power supply as Group I and II, but a straight

Hobart torch and contact tubes were used, see Table 4.2.3.

The amperage setting was increased to 300 A, in order to

TABLE 4.2.3

Actual Wear Test - Group III

Tube Welding Mean Sample Comments
Number Time Amperage Rate
(min) (Amperes) Samples/sec

Al 252 300 200 Tube: Hobart model
H17700 (C12200)
1.4 mm/.054"

A2 90 300 200 Hobart H17700

Bl 418 300 200 Tube: Hobart model
H177059 (C18100)
1.4 mm/0.054"

Cl 90 300 200 Tube: Hobart model
H379296 (C12200)
1.4 mm-=1.6 mm /
0.054"-0.062"

Note: Shielding gas 95% argon -

5% CO,. Diameter

measurements of worn bore were taken for A2, Bl and Cl tubes.

operate at the recommended upper 1limit for the welding

conditions.
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In Group III the PSDA and companion bore measurement were
recorded for specific welding times. The 1initial bore
diameter at time zero (Do) and the length of the elongated
bore developed in the direction of the cast  (Dm) were measured
and recorded. Cast is the curvature inherent in the electrode
from wire drawing and winding onto the spool. All wound wire
has a cast and whether a straight or curved torch is used,
wear develops in the direction of the cast. Figure 4.2.3, is

a typical wear pattern for a GMAW process.

ELECTRODE ™\
\,

—— TUBE BORE DUTLET

Figure 4.2.4 Wear Pattern for GMAW Process with Steel
Electrode '
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The dimensionless wear ratio (R) is created by dividing
the enlarging diameter (Dm) by the original bore diameter
(Do) . As the electrode is continuously fed through the contact
tube, wear of the tube surface results in an ever larger bore
outlet. Figures 4.2.5, 4.2.6, 4.2.7 and 4.2.8 show changes in
PSDA and R (Dm/Do) with the increasing length of electrode fed
through the tube during welding, for Group III and S4. The
peak PSDA value (PSDAp) is identified in each graph. The wear
ratio which occurs at the same time PSDAp is reached is
labeled Rp. The wear ratio Rp is not the peak wear ratio, it
is the wear ratio which corresponds to the point at which the
largest area under the power spectral density curve is reached
(PSDAp). For the straight welding torch, Rp falls within a

range from 1.44 to 1.55.
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4.2.4 Sectioned Contact Tubes. Tubes A2, Bl, C1l and S4
were cut longitudinally, perpendicular to the direction of
wear. The areas of erosion and adhesion were detected and
measurements taken with an image analyzer [LECO Model 2001],

Table 4.2.4.
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TABLE 4.2.4

Contact Tube Measurements

Tube Wear Length Adhesion Calculated

Number Length Approach Angle
(mm) (mm) a (degrees)

A2 15.32 1.754 .0533

B1 16.07 1.564 .0531

Cl 12.89 1.910 .0787

S4 14.10 8.540 .0880

Figure 4.2.9 shows the contact tube section which is
perpendicular to the direction of wear, along with the wear
and adhesion area, for tubes A2, Bl, Cl and S4.

4.2.5 Discussion of Actual Wear Tests. To determine a
relationship between PSDAp and Rp, the following were
calculated; the change in tube exit contact length, contact
surface area between the electrode and the contact tube during
welding, and the volume of worn copper in relation to the
angle of approach (a) and Dm. Figure 4.2.10 displays the
geometric relationship between the electrode and the contact
tube during the welding process. As the weld progresses the
electrode wears away the outlet of the contact tube in the
direction of cast. The wearing process continues until the

electrode has worn a notch, equal to its radius, into the tube
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Figure 4.2.10 Electrode and Tube Wear Configuration
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(B = 180°). At this point in time, the line contact at the
exit between the electrode and the tube has reached a maximum,
and the wear volume rate decreases. The wear volume rate
changes because the line contact reaches it maximum wvalue,
Figures 4.2.1l1a,b and ¢. This occurrence closely corresponds
to a peak PSDA (for A2, Bl and Cl with a straight weld torch)
at R equal to 1.47 mm/mm.

One hypthosis for contact tube wear is called the electrode
extension effect. That is, as wear progresses the point of
current transfer can move within the electrode-tube contact
surface area, which is greater for a smaller approach angle
(a) . The voltage variance is produced by the changes in the
voltage drop across the electrode extension and would
continuously increase as contact surface area increases.

Yamada & Tanaka (1987) determined that the point of
current transfer is confined to the bottom one-fourth of the
contact tube and that current passes to the electrode without
sparking. The voltage variance would be a function of surface
contact area and it is not necessarily a 1low frequency
process. 'If surface contact area was the only factor, tubes
tested with the straight torch would have PSDA values greater
than tubes with the curved torch, because the approach angle
is less and contact surface area is greater for the depth of
wear. The results of wear tests in this report do not

indicate this.
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The contact tube used in the curved torch, S4, has a
larger ratio of adhesion area to surface contact area
than the tubes used in a straight torch. Therefore, other
factors, such as contact pressure, may affect the actual
adhesion area.

The low frequency voltage variance in a GMAW process with
a pulsed-current power source and feed-back control of the
WFS, develops from a combination of electrode extension
variations and fluctuation in WFS due to adhesion. As
mentioned earlier, adhesion (cold welding and hot welding)
between the surfaces of the electrode and tube creates a
junction which can be destroyed by the'sliding motion of the
electrode. Because the tube material is eroded with weld
time, junction failure at the tube surface is the major area
of separation.

When WFS is interrupted due to an adhesive bond, arc
voltage increases, sending a signal to the wire feed motor to
increase speed. As soon as the adhesive bond fails, the WFS is
no longer restricted, but the controller has already
recommended an increase in speed. The combined rise in speed
lengthens the electrode extension and shortens the arc length.
Then the controller signals the wire feed motor to decrease
speed. This cycle is affected by the control system, dynamics

of the feeder motor and frequency of adhesive bonds.
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The maximum variance of the arc voltage (PSDAp) at these
low frequencies coincides with the point of maximum 1line
contact at the exit of the tube and at the decrease in the
rate of wear volume. If current transfer is limited to the
extreme tip of the tube, the probability of adhesive bonds
forming depends upon the line of physical contact between the
electrode and the tube. The low frequency changes in WFS are
the consequence of increased frequency of adhesive contact
between the electrode and the tube due to the enlarging line

contact.

4.2.6 Buckingham Pi Theorem. The Buckingham Pi Theorem

was employed in an attempt to quantify relationships between
the PSD data and other selected welding parameters. PI1l, PI2,

PI3 and PI4 were developed in the following manner:

Step 1. List the parameters involved.

Step 2. Select a set of fundamental (primary) units.
Ampere was selected over Coulomb.

Step 3. List the dimensions of all parameters in terms o f
primary units.

Step 4. Select from the list of parameters five repeating
parameters which include all the primary dimensions.

Step 5. Set up dimensional equations combining the five
selected repeating parameters with the remaining
parameters to form dimensionless groups, (Fox &
McDonald, 1978).
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TABLE 4.2.5

Buckingham PI Theorem

List of Parameters
Parameter Symbol Units Primary Units
Wéar
2 2 4
(0-4 Hertz) W V2 (Xgm-, (ML
A s3 A2 t*
Current I A A (A)
Tube Diameter Do m m (L)
Major Tube
Diameter Dm m m (L)
Temperature T T T (7)
o Kg m m L2
Specific Heat &
j= 1 D (=33 Xg c) ( e
Hardness H N (Kgm, (M
M? 52 m? t? L
Weld Time tw t t (t)
IV Kgm? A ML
Total Ener E —_—
ay /s ( 2 o3 m/s) ( tz)
Note: From the nine welding parameters, I, Do, Cp, H, and tw

are selected as the repeating parameters. The primary units
are: Mass, Length, Temperature, time and Current.
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Calculation of PI1, PI2, PI3 & PI4

(Cp) 2(H) ?(Do) ‘T) 94(tw) ® W = (MLTtA)?®

e () e @ o e (LD - e
M: b+2=0
L: 2a-b+c+4=0
T: -a=20
t: -2a-2b+e -6 =0
A: d-2=0

a=0,b=-2, c=-6,d=2,e=2

(Cp) £(H) 9(Do) B(I) i(tw) 7 Dm = (MLTtA)?®

(L2 y £ ML>9(L)h(A)i(c)J'L= (MLTEA)

tz2 T t?
M: g=0
L:2f-g+h+1=0
T: -£f =0
t: —2f - 2g+ 3 =0
A: 1 =0
f=0,g=0, h=-1, 1i=0, 7=0
Dm

S
[\\)
I
k
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Calculations Continued

(Cp) ¥(H) 1 (Do) P(I) 2 (tw) P T = (MLTtA)°®

(L2 y k(M _y1(ryma)ya(¢) P T = (MLTEA)®
t2 T t2 L

M: 1 =20
L: 2k-1+m=0

l2
PI3 = (&.t_“’)
Do?

(Cp) 2" (&) " (Do) <" (1) ¥ (tw) ¢ E = (MLTtA)®

(L
t2 T

) a”(tz—ML) "Ly <" (a) ¢ (¢) e”(—l‘-{t—zé) = (MLTtA)®

M: b’ +1=0

L: 2a” - b" + " + 1

0
T: a’ =0

t: -2a”’- 2p" + e’ -2 =0
A: d’ =0

a// =0, b// = -1, C” = _2' d// =0, e// =0

prd = (—E )
H Do?
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The numbers used for Current, Temperature, Specific

Heat and Hardness were assumed constant.

TABLE 4.2.6

Buckingham Pi

Constants
Parameter Constant Comments
Amperage 300 A A2, Bl, C1
220 A S4
Temperature 1080°C - All tubes
Specific Heat 385 J/kg K All tubes
Hardness 64HRF A2, Cl1l, Ss4
59HRF Bl

Note: (Brandis, 1983) HRF; Rockwell Hardness test F.

By following the Buckingham Pi Theorem, dimensionless
relationships are developed from the selected parameters. By
analyzing the graphs of PI1 versus PI2, PI3 and PI4, it can be
determined which parameters have an effect on W, the means
square voltage (MSV) from O to 4 Hz. It is desirable to have
all data points fall within a narrow band. The data from
Figures 4.2.12,13 and 14, show a close grouping for contact
tubes A2, Cl1 and S4. Tube Bl does not fall within this
grouping; indicating that additional parameters should be

included in the analysis. The additional parameters selected
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would reflect the superior wear resistance of tube Bl. Tube
Bl is made from a different copper alloy (C18100) and
tolerates a longer weld time and corresponding length of
electrode fed through the contact tube before PSDAp and Rp
were reached, Figure 4.2.6. Hardness was selected as the

Buckingham Pi parameter which indicated material composition,

however that parameter proved to be insufficient.
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4.3 Weave Test

The welding test for tube S4, included testing with a 1
Hertz weave imposed on the weld data. Test welds alternated
between a straight weld (stringer bead) and a weave bead.
Figure 4.3.1, displays the power spectral density of voltage

for a stringer bead collected at time zero and the weave bead

data collected at 3 minutes.
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Figure 4.3.1 PSD Voltage for Stringer and 1 Hz Weave Bead at
Time 0 and 3 minutes

Spikes at 1 Hertz and at multiples of the weave frequency are
formed by applying the Fast Fourier Transform to the voltage
signal which is full-wave rectification of a sine wave

developed by the geometry of the groove, Figure 4.3.2.
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Figure 4.3.2 Weave Geometry and Voltage‘signal

Figure 4.3.3 shows the PSDA for the stringer test weld
and the 1 Hz weave test weld. The PSDA for a weave bead can

presently be used as a wear monitor only if welding conditions
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are kept constant. Welding a weave bead along a skewed path
or filling a groove with multiple passes, creates variations

in the frequency and magnitude of the weave voltage data

(Cooke et al. 1986).
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Figure 4.3.3 PSDA Versus Length of Electrode for Stringer &
Weave Tests
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Chapter 5

CONCLUSIONS

Through-the-arc sensing can detect contact tube wear.
From these experiments it has been shown that the variance
of the welding voltage correlates to contact tube wear.

The simulated wear tests indicate that a contact tube to
electrode bore ratio of less than 1.6 would provide a droplet
transfer mode with 1low standard deviation of droplet
frequency, thus providing consistent weld characteristics.

Isolating a through-the-arc welding characteristic to
monitor wear of the contact tube has been accomplished with
the analysis of the power spectral density data for the
welding voltage. Based on limited observations, the area
under the power spectral density curve from 0-4 Hertz (PSDA)

for a pulsed-current GMAW process can be used to observe wear
of a contact tube. However, while the tube is in use,
welding conditions such as, contact-tube-to-work distance,
CTWD, and average welding current, must remain constant. 1In
addition, low frequency'pérturbations, such as tracking drift,
Oor a weave may alter the PSDA to the base PSDA developed
during the initial weld, thus requiring that the monitoring

technique be re-evaluated.
- The PSDA identifies a point in the weld process, when the

voltage variance has reached a maximum, and the electrode has
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reached the maximum arc contact length with the contact tube.
If weld quality is defined as (1) electrode positioning
tolerance (2) maximum low frequency voltage variance or (3)
bead width variance; then the area under the low frequency
power spectral density curve or mean square variance of low

frequency voltage (PSDA) can be used in identifying weld

quality.
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Chapter 6

S8UGGESTIONS FOR FUTURE STUDIES

Since the majority of welding in the United States is
performed with a constant voltage power supply, continued
investigation of contact tube wear with a constant voltage
power source would greatly benefit the welding industry.

Further study of the effects of contact tube wear on low
frequency power spectral density data, electrode positioning,
electrode - tube alloy combinations, current variations and
bead width variance would further correlate a wear parameter

with weld quality.
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