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Infrared Thermography for
Sensing the Arc Welding Process
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Arc misalignment, joint geometry faults, variations in penetration
and impurities are found to produce distinctly different
distributions of weld pool surface temperature
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ABSTRACT. A feasibility study was performed to determine if infrared thermography could be used to detect perturbations that result in faults during the arc
welding process. An infrared camera,
capable of resolving a ± 0.2°C ( ± 0.36°F)
difference in temperature, was aimed at
the weld pool during welding. Several
weld errors were then intentionally
induced. The resulting images showed
that the temperature field is detectably
altered in the vicinity of the weld pool.
Arc misalignment, groove geometry
faults, variations in penetration and impurities were discernible in distinctly different ways.

MANIPULATION VARIABLES
(1) improper seam t r a c k i n g
(2) i n a b i l i t y to sense
fluctuations
(3) d i s t a n c e , m o t i o n , angle
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(1) current
(2) voltage
(3) gas flow rate
(4) pulsing
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With the use of computer-aided processing of these images, it is expected
that the welding process can be controlled to a higher degree than is presently available.
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ARC PARAMETERS
(1} size, shape, temperature
(2) arc force {stiffness)
(3) arc composition

Introduction
Automatic welding is commonplace in
industry today. However, most, if not all,
involves preprogramming for performance of a repetitive task. These systems
are incapable of correcting for perturbations which arise during the welding process. The number of machine variables
(current, position, speed, etc.) and workpiece variables (root opening, misalignment, efc.) coupled with the need for a
technique for near-instantaneous moni-

WELD MACHINE
VARIABLES

(4) position

INTERMEDIATE SE.1S0RS
spectrographic
magnetic
acoustic
infrared thermography
optical

UNWELDED PARTS
VARIABLES
j o i n t mismatch
j o i n t gaps
thickness variations
tack welds, stiffeners
surface contamination

(1) impurities f i l l e r metal
(2) impurities base metal
(3) i n t r i n s i c mtl properties
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WELD POOL PARAMETERS
(1) puddle s i z e , shape, temp
(2) heat affected zone size
(3) porosity
(4) penetration, undercut

METALLURGICAL VARIABLES
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(5) lack of fusion
{6) constitution and morphology
at the freezing interface
(7) slag inclusions
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(8) puddle s t i r r i n g
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SOLIDIFIED METAL
(1) cracks & porosity
(2) undesirable phases,
constituents and solute
concentrations
(3) grain size & structural
(4) fusion zone and HAZ

AFTER THE FACT SENSORS
{CONFIRMATION AND PERIWNENT
RECORD)
optical
infrared thermography
acoustic
radiography

Fig. 1 — Welding process diagram
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Fig. 2-Schematic showing restraint of plates and positions of infrared camera and welding arc

toring of these variables, have prevented
the successful development of a closedloop feedback control system for precision welding. This paper presents results
that could aid in the assembly of such a
controlled system for welding.
The high temperatures associated with
arc welding and the appropriate thermophysical properties (primarily thermal
diffusivity) of the parts to be welded
cause very strong spatial temperature
gradients (of over 105 ° C / m , i.e.,
4.6 X 10 3o F/in.) in the vicinity of the
weld pool surface. Modern infrared thermography equipment allows fast sensing
of these gradients with a high degree of
accuracy.
For a perfect weld these gradients
should show repeatable and regular patterns. However, imperfections should
cause a discernible change in the thermal
profiles. Based on this hypothesis, experiments were carried out to determine the
quality and magnitude of the changes as a
function of specific induced weld discontinuities, arc or plate misalignment, variations in penetration, and contamination.

Role of Sensors
Since World War II, engineers have
been striving to develop fully automatic
welding machines. Today, machines have
progressed to a state where preprogrammed conditions can be set as a
function of time or position. Only a few
companies have begun to market systems with limited in-process feedback
sensing for applications such as V-groove
seam tracking.
Welding automation research has concentrated principally on systems for seam
or joint tracking (Ref. 1-6), magnetic control of arcs for positioning (Ref. 7-11), and
penetration control through weld pool
characterization (Ref. 12-15). Attempts to
adapt intelligent vision systems to seam
tracking and weld pool control have also
been made (Ref. 16-20). Most concepts
of welding control have been adapted
from computer vision based systems.
Ultrasonics (Ref. 21-23), acoustic emission
(Ref. 24-26), and infrared temperature
(Ref. 27-32) sensing systems have also
been used as sensors, primarily as afterthe-fact inspection devices. Recently,

infrared thermography has been used to
monitor cooling rates in welds as a possible means of on-line control of heat input
(Ref. 33).
Although the above research has led
to increased knowledge of arc welding
physics, an acceptable sensing system for
in-process welding and quality control
has not been developed. The development of improved sensors is required to
achieve wide scale automation of the
welding process.
A flow diagram of the welding process
showing input variables and conditions
which can be monitored for feedback
control is shown in Fig. 1. The unwelded
part variables and metallurgical variables
are the input conditions over which
direct feedback control is not exercised.
However, other welding variables such
as welding machine current and arc
manipulation (weaving, travel speed, and
positioning) may be altered to compensate for fluctuations in these inputs.
Welding machine variables and manipulation variables can be directly controlled in
the process and provide the principal
inputs through which primary in-process
control can be exercised.
As indicated in Fig. 1, there are several
places in the process where sensors may
be used to gather information. The sensors fall into four basic categories based
upon their time sequence in the process.
These categories are:
1. Input sensors.
2. Intermediate sensors.
3. Direct sensors.
4. After-the-fact sensors.
Input sensors monitor input conditions
such as welding machine settings (current, voltage, shielding gas composition
and flow rate) and set point manipulation
(anticipated position) for random deviation from preprogrammed values. Input
sensors consist primarily of instantaneous
electrical and flow rate monitors. The
need for input sensors may be eliminated
as intermediate and direct sensors are
developed with sufficient discretionary
capabilities (ability to determine the
source of a deviation) and adequate time
response to decipher and compensate
for weld disturbances.

Fig. 3 — Two dimensional thermal scan of plate surfaces. Temperature Fig. 4— Temperature vs. distance scan across center of region shown in
Fig. 3. The symmetrical inflections represent the molten metal-solid
distribution is symmetrical when stationary arc is placed directly over
metal interface
joint center
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Fig. 5-Effect of arc position. Arc positioned 0.1 in. (2.5 mm) off-center.
Half-moons of different diameter form, yielding a nonsymmetric temperature distribution

Intermediate sensors monitor the stability of the process. In other words, they
search for fluctuations in the shielding gas
composition, current, voltage or arc temperature which are indicative of an
impending discontinuity. Arc measurements such as size, shape and temperature are examples of intermediate
process characteristics which are controllable. This category may consist of
spectrographic, magnetic, acoustic, infrared and optical sensors.
Spectrographic sensors would monitor
arc plasma composition, revealing deviations in gas composition and possible
impending weld porosity from vaporized
surface contaminants. Magnetic flux sensors could be used to monitor arc stiffness and control arc position by application of an external magnetic field. Monitoring of acoustic plasma emissions and
infrared characterization may enable precise temperature control of the arc.
The third category of sensors provides
direct information on the melting and
solidification process. Weld pool size,
shape and temperature distribution are
examples of characteristics that direct
sensors would monitor. The input sensors, intermediate sensors and direct sensors have the capability of revealing fluctuations and variations in the process
which may lead to the formation of a
discontinuity. After-the-fact sensors provide only confirmation and a permanent
record of the weld condition prior to
placement in service.
The direct sensors will provide the
greatest information for control of the
welding operations. These sensors monitor the final stage in the process from
which information can be fed back to
compensate for variations. The direct
sensors will provide the best control over
the metallurgical melting and freezing
process and the clearest signal of an
impending defect or undesirable metallurgical structure.
Acoustic, infrared thermography, optical and on-line radiography are methods
which could be used to characterize

Fig. 6 — Nonsymmetric temperature vs. distance scan across center of
region shown in Fig. 5. Temperature distribution becomes highly
nonsymmetric around peak temperature

direct welding conditions. However,
based upon experimental results presented in this paper, infrared thermography appears to be the most promising of
these methods. The plate temperature
distribution, as monitored by infrared
thermography, will provide information
for seam tracking, identification of plate
geometry faults, penetration control,
contamination and microstructure formation.
Experimental Procedure
To demonstrate the feasibility of using
infrared thermography to detect and
identify various impending weld problems, a set of experiments was performed. The results of these experiments
are detailed below. The experiments
were conducted using infrared imaging
equipment made by Inframetrics Corporation. The objectives of the experiments
were:
1. To determine the sensitivity of the
thermal field and infrared detector to
geometric variations, arc position, contaminants, penetration depth, and welding machine settings.
2. To determine the time required to
identify changes in weld status.
The infrared thermography equipment
consisted of a single waveband (8-12
microns) infrared detector, processing
and color enhancement system with isothermal line scan, 3X telescope system,
attenuator filters, video tape recorder,
Polaroid camera and color monitor. The
instrument, manufactured by Inframetrics, is capable of measuring temperatures from - 2 0 ° to 2500°C ( - 4 to
4532°F). The manufacturer claims that
the instrument is capable of resolving
temperature differences of
±0.2°C
(0.36°F).
All experiments were conducted using
12 X 12 in. (305 X 305 mm) plain carbon
steel plates (AISI 1040) ranging in thickness from 0.275 to 0.325 in. (7 to 8.3
mm). The edges to be joined were milled
for a precise fit. A Miller model 330A/

BP-AC/DC welding unit with watercooled torch and a %e in. (4.76 mm)
diameter tungsten electrode was used to
produce the welds. Arc
currents
between 20 and 150 A at 30 VDC with Ar
shielding gas were used. The torch was
mounted to a precision positioning table
allowing movement in three orthogonal
directions — Fig. 2. Movements were controllable to within ± 0 . 0 1 in. (0.25 mm).
After the initial stationary arc experiments, penetration was maintained
between 80 and 95% to assure that no
melt-thru occurred that might have
damaged monitoring equipment placed
on the opposite side of the plates. Torch
travel speeds between 2-10 ipm (0.854.2 mm/s) were investigated. Only minor
spatter and arc reflection problems were
encountered. Proper positioning of the
camera eliminated these problems.

Experimental Results
Plate Surface Measurements
Initial measurements were made using
a stationary arc positioned at the joint
between t w o plates. The plates were
clamped tightly together as shown in Fig.
2 to restrain motion due to thermal
expansion. Root side measurements
were investigated first to avoid molten
metal splatter, frontside positioning and
arc reflection problems.
Figure 3 is the resulting t w o dimensional thermal scan with the arc positioned
within ±0.01 in. (0.25 mm) of the joint
center. The color bar at the bottom of
the photograph shows the color assignment to regions of temperature ranging
from blue (coolest temperature) to white
(hottest temperature). Specific colors
may be programmed to represent almost
any range of temperatures desired. For
instance, the blue color can be preprogrammed to represent temperatures
from 600 to 650°C (1112 to 1202°F) and
yellow from 900 to 1000°C (1652 to
1832°F). The white circle separating the
green and blue regions represents an
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Fig. 7 —Effect of joint gap. Arc positioned slightly off center. Gaps
shown by dips in isothermal surfaces (exterior white line)

isothermal profile on the surface. Any
temperature can be selected and the
isotherm plotted on the two dimensional
scan.
Figure 4 is a thermal line scan of Fig. 3 in
which temperature is plotted vs. distance
across the center of Fig. 3. The distribution is symmetrical, indicating positioning
of the arc over the center of the joint.
From this profile, one can also determine
the average diameter of the weld pool.
The inflections around the peak represent the isothermal band of the molten
metal-solid metal interface.
Figures 5 and 6 show the temperature
distribution which results when the arc is
positioned 0.1 in. (2.5 mm) to the left of
the center of the joint. The t w o dimensional thermal scan of Fig. 5 is composed
of half-moon shapes or portions of circles. This asymmetrical temperature distribution is caused by contact resistance
at the joint. The degree to which the arc
is off-center appears to be proportional
to the difference in the radii of the
half-moons of the isotherms. The temperature distance profile shown in Fig. 6
shows that the temperature distribution is
highly nonsymmetrical about the peak
temperature.
A marked difference in the thermal
distribution symmetry for an arc placed
on the joint vs. a placement at a distance
of 0.1 in. (2.5 mm) off center is seen by

Fig. 8 - Temperature vs. Distance Scan Across Bottom of Fig. 7. Two
peaks about the plate gap can be seen. These peaks surround the gaps
in the plates. The peaks are not of the same height, indicating that the
arc Is slightly off-center to the right

comparing Figs. 3 and 4 to Figs. 5 and 6.
The results obtained tend to indicate that
seam tracking may be based on the
difference in radii of isothermal curves to
the left and right of the seam. A simple
linear control action could be used to
move the arc until both radii were
equal.
In addition to seam tracking, the infrared sensors should be able to identify
geometrical variations encountered in the
welding process such as variations in the
joint opening and mismatches. Figures
7-9 show the resulting t w o dimensional
thermal distributions. The variations in the
joint opening cause an indentation in the
constant temperature lines corresponding to a decrease from the peak temperatures of the metal surrounding the
opening.
Figure 7 shows indentations that yield a
"butterfly pattern" thermal surface. Figure 8 shows this drop in the temperaturedistance profile in a region toward the
bottom of Fig. 7. The sensitivity of the
infrared sensor in identifying both joint
openings and arc position is also shown in
these photographs. The half-moons
would be of the same size if the arc were
positioned directly on the joint center.
Also the peak temperatures would be of
the same height on both sides of the
opening in Fig. 8.
Figure 9 shows the effect of plate

mismatch on the thermal distribution.
Offsetting one end of one plate with
respect to the other (as shown in Fig. 10,
a schematic of the configuration) causes a
shift in the centers of the half-moons. The
plate farthest away from the electrode
has a half moon whose center is shifted
along the joint toward the position where
the t w o plates match.
Weld Pool Measurements
In addition to seam tracking and detection of geometric plate variations, a good
feedback controlled welding system
should be able to detect problems in the
weld pool prior to solidification. Measurements of the thermal distribution of
the weld pool were made by using a 3X
telescope which was attached to the
infrared camera. The camera was placed
in the plane of the joint ahead of the arc
as shown in Fig. 2. Various impurities
were placed in the joint and the arc
positioned over these impurities.
A close-up of the weld pool is shown
in Figs. 11 and 12. Figure 11 is the
two-dimensional temperature distribution of the weld pool with the arc positioned in the center of the joint. Temperature distributions in the weld pool oscillate due to motion of the liquid metal but
are symmetrical in nature. When impurities such as tungsten were welded over,

HALF-MCON
ISOTHERM
SHIFTED UPWARD

Fig. 9 —Effect of plate mismatch. One plate is offset relative to the other.
A shift in the position along the joint of the half-moon centers is seen.
The plate farthest a way from the arc has halt-moon isotherms which are
shifted toward the position where the plates match
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Fig. 10—Schematic of plate configurations and resulting isotherms
shown in Fig. 9
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Fig. 11 — Weld pool—no impurities. Symmetric temperature distributions in the molten metal pool were achieved with arc positioned along
the joint center. No impurities in puddle
"cold spots" formed in the molten pool
as shown by Fig. 12. Identification of such
"cold spots" in the weld pool could be
used to initiate a slowdown in the traverse speed and pulsing of the arc to
mitigate or reduce the undesirable
effects.
Measurements were also taken to
determine the effect of current (penetration depth) on the temperature profiles. It
was found that decreasing the current by
Vs from the value required for complete
joint penetration led to a decrease by VA
in both penetration depth and radius of
the measured isotherm on the surface.
Moving Arc Measurements
The final experiments that were con-

Fig. 12-Weld pool-impurities. Tungsten impurities placed in the joint
cause cold spots in the molten pool shown by dots in the light blue
regions
red thermal image. In Fig. 15 the gap is
detectable as much as 1.5 in. (38 mm) in
front of the arc center (based on field of
view calculations). Monitoring thermal
distributions at a distance in front of the
weld pool allows one to "preview"
upcoming plate geometry variations,
contaminants and joint position.
Using this technique of previewing
thermal distributions, Figs. 16-18 show
the ability to identify joint position and
contaminants. Sequential Figs. 16 and 17
show the effect of a zig-zag joint on the
thermal distribution. As the torch
approaches the shift, the isotherm (dark
blue) is offset toward the upcoming joint.
Similar results were obtained for other
joint configurations such as 30 and 45
deg angles.

ducted involved the measurement of
temperature distributions produced by a
moving arc. The camera was positioned
for measurements of the face of the joint
as in Fig. 2 and the arc moved at a speed
of 2.0 ipm (0.85 mm/s) down the joint
between
two
matched and fully
restrained plates. Figure 13 shows the
thermal distribution which results when
the arc is centered on the joint. A parabolic shape of the thermal distribution is
obtained which is symmetrical about the
joint center. When the arc is shifted
off-center by 0.1 in. (2.5 mm), the thermal distribution in Fig. 14 is obtained. As
in previous stationary arc cases, the temperature distribution is nonsymmetrical.
joint gaps ( < 0.02 in., i.e., 0.51 mm)
were also readily detectable in the infra-

ONS'(MMETRICAl/
ISOTHERM

Fig. 13 —Symmetric moving arc temperature distribution. Arc traversing
down joint center at a rate of 2.0 ipm (0.85 mm/s)

Fig. 14 — Nonsymmetric moving arc temperature distribution. Arc traversing down the joint, 0.1 in. (2.5 mm) off-center

ARC
ON-CENTER
MOTION

O

NOTCHED
ISOTHERMS

GAP

Fig. 15 — Effect of plate gaps on moving arc temperature distribution. The plate gap is indicated by the notches in the color boundaries (isotherms). Note
how far ahead of the arc the gap can be detected

WELDING RESEARCH SUPPLEMENT 1231-s

Table 1 — Summary of Experimental Results
Type of
arc

Weld
fault

Fig.
no.

Stationary

None
Arc misalignment

3,4
5,6
7,8

loint gap

Moving

Plate mismatch
Impurities

9
11,12

None
Joint gap

13,14
15

Zig-zag joint
Impurities

16,17
18

Thermal field description
Symmetrical isotherms
Asymmetrical half-moons
Symmetrical half-moons with distinct
indentations at gap
Half-moon centers shifted along seam
Cold spots in weld pool
Symmetrical trailing isotherms
Near-symmetrical trailing isotherms
with leading indentations
Leading isotherm shifts sequentially
Cold spot in weld pool

Contaminants can also be detected for
moving arc cases. In Fig. 18, the impurity
is seen as a closed "cold spot," not unlike
similar spots seen in Fig. 12. This temperature distribution resulted from a 0.0625
in. (1.59 mm) diameter AI2O3 particle
which was placed along a joint being
traversed by the arc at a speed of 2 ipm
(0.85 mm/s). The particle becomes clearly visible as much as 1.5 in. (38 mm) ahead
of the arc center.

ture isotherm (width or distance between
temperature inflections of Fig. 4) could be
used to control weld pool shape and
hence penetration. Similarly, measurement of the distance from arc center to a
fixed temperature isotherm in front of
the pool (opposite sides of the joint)
could be used for seam tracking. From
the results presented, there appears to
be a direct relation between the degree
of arc misalignment and the radii of
isotemperature half-moon surfaces.

Discussion of Results

The entire thermal distribution is not
required for all aspects of weld process
control. For instance, monitoring the temperature at t w o fixed positions in front of
the arc may be all that is required for
seam tracking of symmetrical geometry
parts. Additionally, because of the distinct
temperature distributions achieved, it is
anticipated that integration of all weld
perturbation sensors into one large control sequence may not be required.
Non-coupled logic routines for specific
corrective actions are envisioned. For
instance, arc positioning involves identifying plate temperature symmetry and
moving the arc in a horizontal plane. Such
action would be independent of weld
pool fault control; it would involve identifying weld pool characteristics and, for
instance, current pulsing for puddle agitation and redistribution of contaminants.

The experimental results are summarized in Table 1. As can be seen, each
weld fault creates its o w n distinctive and
discernible pattern of isotherms on the
plate surface. Further, the characteristics
of a stationary arc are similar to those of a
moving arc except that the isotherms trail
out behind the moving arc. It is also
apparent from the results that previewing
thermal distributions ahead of the weld
pool is an important characteristic which
will allow longer times for identification
and correction of weld process perturbations.
Simple corrective actions for penetration control and seam tracking are suggested by the symmetry characteristics of
the thermal distribution. For instance,
control of the size of a specific tempera-

ZIG-ZAG
SEAM

Fig. 16 —Seam tracking —straight portion. The isotherms indicate that
the joint immediately ahead of the arc is straight
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There were t w o areas of interest that
were not investigated in depth in these
preliminary experiments. They are both
germane to infrared sensed welding and
are discussed here briefly; they are emissivity and time required to determine
temperature fields over areas of concern.
Emissivity
Measurement of absolute temperatures by infrared thermography requires
that the emissivity of the radiating surfaces be known. In the experiments
which have been described, the principal
interest was on relating patterns of the
temperature distribution field to various
geometric perturbations such as variations in root opening, mismatch and arc
position. These experiments have relied
on an analysis of symmetry or the lack of
symmetry about the joint. As such, a
detailed knowledge of the surface emissivity was not required.
To obtain the greatest amount of information about the welding process from
the infrared sensors, it would be advantageous to know both absolute temperature and emissivity as a function of position. This information could be used to
monitor temperature history of the plates
for microstructure control and to identify
surface contaminants.
Unfortunately,
most metals are poor emitters of infrared
radiation, their reflectivity being high at
high temperatures. The emissivity of the
metal surface is also dependent on its
condition (rough, oxidized, efc). Coatings can be used to provide the specimen
surface with a high uniform emittance.
However, differences in coating thickness and bonding can result in erroneous
measurements.
Techniques have been developed that
reduce the problems associated with
variable surface emissivities. These techniques have been successful in nondestructive testing of nuclear fuel pin welds
(Ref. 30). These techniques —known as
Emittance Independent Infrared Analysis
(EIIA) — involve the simultaneous scan of

AOUHf ISOTHERM
FTyED UITH
SEAM

Fig. 17—Seam tracking —shifted portion. The leading isotherm indicates
the upcoming shift in the joint. This demonstrates that impending
tracking errors can be detected

MOTION

LEADING
ISOTHERM

COLD SPOT
ON SEAM

Fig. 18 — Impurities in a moving arc. The small white circle indicates a cold spot ahead of the arc. This was caused by an impurity placed in the weld
path

dual infrared detectors.
Changes in temperature for a surface
of constant emissivity result in both a
change in intensity (more area under the
curve) and distribution (shift of peak
intensity). However, emittance variations
affect principally the intensity and not the
distribution (assuming gray-body behavior). If the intensities at t w o wavelengths
are simultaneously measured over the
same area of the target, their ratio
becomes a function of only the temperature of the target surface. Hence this ratio
is independent of emissivity. By monitoring both the absolute values of intensities
and the ratios of intensities, changes in
emissivity can be detected. These
changes in emissivity can be used to
identify conditions such as oxidation or
surface contamination.
Time/Temperature Field Determinations

The ultimate applicability of infrared
thermography to welding process control will depend upon how rapidly weld
problems can be detected, identified and
appropriate corrective action taken.
Detectable changes in the thermal distribution are produced very rapidly by
changes in weld conditions. The thermal
image changes immediately (to within
experimental accuracy) when the arc is
moved from a stationary position. Further
work will be required to determine the
minimum time needed to detect meaningful changes in the temperature distribution.
The time required to determine the
temperature field over the area of concern is also important. The scanning time
of the infrared detector used in the
experiments is 8 milliseconds (a full
100 X 100 matrix scan of the field of
view), and it is conservatively estimated
to require less than 1 millisecond to
transmit the data for processing. It is
difficult to estimate the required processing time, since this will be a function of

the specific logic which must be performed to identify and initiate corrective
sequences. Additional experimentation is
needed to determine the diagnostics
required.
The time available to generate the
desired correction can be estimated from
the experimental data of the previous
section. Consider the case of a plate gap
as was shown in Fig. 15. The arc traverse
speed was 2 ipm (0.85 mm/s). If one
conservatively assumes that an isotherm
located 0.25 in. (6.4 mm) in front of the
arc were being monitored (corresponding to the green band in Fig. 15), there
would be 7.5 s to identify and respond to
the problem. It, therefore, appears that
adequate response time exists for plate
geometry diagnostics. Similar arguments
applied to Figs. 16-18 indicate even
longer times are available to respond to
joint variations and impurities. Detailed
experimentation is required to develop
diagnostics. However, the initial results
(millisecond detection times and dramatic
effects) appear very favorable.
These experiments have demonstrated
that infrared thermography can identify
the weld problems delineated at the start
of this section. The photographs show
that geometric variations, arc position,
contaminants, penetration depth, and
weld machine variables can all be
detected within a time frame consistent
with automatic control of the welding
process. It is expected that the use of a
dual scanning system will permit control
over surface contaminants and material
microstructure. These characteristic temperature distributions may be the missing
link required for integration with computer-aided processing to permit closedloop control of the welding process.

Conclusion
Specific weld faults were intentionally
induced into an arc welding process, and

the resulting surface isotherms were
observed using a scanning infrared camera for both stationary and moving arcs.
Each fault produced a distinctively different distribution of the surface temperature. The infrared camera is capable of
monitoring arc position relative to the
seam and can be used to identify plate
geometry faults such as plate gaps and
offset. Changes in the patterns of surface
isotherms in front of a moving arc are
directly related to depth of penetration,
impurities and obstructions. Faults as
small as 'M in. (0.8 mm) in diameter can be
observed in the weld pool prior to solidification. It appears, therefore, that infrared thermography can be used as a
sensor for incorporation into a closed
loop feedback system for continuous
process and quality controlled welding.
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The External Pressure Collapse Tests of Tubes
by E. Tschoepe and J. R. Maison

An experimental program was performed to confirm or refute the applicability of Figure UG-31 in
Section VIII, Division 1 of the ASME Boiler and Pressure Vessel Code to the design of tubes under external
pressure. Commercially available tubes were subjected to external pressure until collapse occurred. The
data generated indicates the current ASME design rules for tubes under external pressure are suitable
for continued application.
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The price of WRC Bulletin 284 is $12.00 per copy, plus $5.00 for postage and handling. Orders should
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10017.
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