
Adaptive Welding by Fiber Optic 

Thermographic Sensing: An Analysis of 

Thermal and Instrumental Considerations 

Fiber optic sensing system which views thermal emission 

directly from the surface being welded offers more accurate in-process response 

to welding variables encountered in an adaptive robot operation 

BY J.P. BOILLOT, P. CIELO, G. BEGIN, C. MICHEL, M. LESSARD, P. FAFARD, AND D. VILLEMURE 

ABSTRACT. Real-time thermographic 
inspection during welding is a promising 
approach for quality monitoring and 
adaptive process control. We present a 
numerical analysis of the dynamic thermal 
distribution and infrared emission from 
the weld surface showing the correlation 
between the thermographic features and 
the welding variables to be controlled 
in adaptive welding. On the experimental 
side, we review the work performed at 
our institute during the last years for the 
development of a discrete-point thermo
graphic sensing system. As our theoretical 
analysis shows, discrete-point sensing can 
be a valid alternative to the more expen
sive and bulky thermal imaging approach 
for thermographic welding control. We 
describe in detail a fiber optic array sen
sor mounted inside the welding torch 
which is very compact, fast and rugged. 

Introduction 

The modern industrial trend towards 
robotic welding reflects the need for an 
increased productivity and an improved 
quality of the welded products (Refs. 1, 
2). Manual welding must be limited to 
short periods because of operator dis
comfort and safety problems, and manu
al welding arc time is generally less than 
30% of the total operator working time. 
Moreover, the possibility of an increased 
welding speed, as well as in-process 
welding quality control, provides strong 
motivation to develop advanced robotic 
welding techniques (Refs. 3, 4). 

The quality of robotic welding is now 
limited by the difficulty to adapt the 
robot to the welding process variables, 
which include unwelded parts variables, 
weld machine variables, metallurgical and 
welding head positioning variables. 
Unwelded parts variables such as joint 
mismatch, heat balance, root opening 
position and width have strong effects on 
the welding process. Examples of weld 
machine variables are random fluctua
tions in current and voltage, arc fluctua
tions related to plate topographical fac
tors or arc blow, gas composition and 
flow rate. Metallurgical variables are 
mainly related to surface contamination 
and to the visco-dynamic, thermal and 
interface properties of the base and filler 
metal. Welding head positioning variables 
result largely from an inability to maintain 
tolerances in parts dimensions, parts posi
tion in the fixturing equipment and parts 
distortions during welding. Most of these 
variables are treated as stochastic param
eters in present day robot welding 
machines because their value is not 
known during the welding process. 
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Sensing systems are required to pro
vide adequate in-process information on 
the physical state of the weld area for a 
partially or fully adaptive robot opera
tion. Such sensors would track variations 
in dynamic weld conditions, providing 
real-time information which would be 
immediately fed back to the machine 
controller. This information would 
update the process status model in the 
monitoring unit, which after comparison 
with the stored data base would produce 
the appropriate corrective actions. 

Optical Sensors 

Optical sensing systems are under 
extensive development for adaptive 
welding applications. The main advan
tages of the optical approach are non-
contact operation, versatility and the 
availability of a large amount of informa
tion from the spatial as well as the spec
tral features of the optical output. Optical 
sensing systems can be classified into 
active or passive, depending on whether 
the observed image is produced by 
selective illumination with an artificial light 
source such as a laser, or whether the 
welding scene is observed without artifi
cial illumination. Passive systems can be 
divided into reflective or emissive sys
tems, depending on whether the 
observed visual pattern is produced by 
reflection of the ambient light from the 
inspected object, or whether the 
observed light pattern is produced by 
direct thermal emission from the hot 
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1 -Relative blackbody emittance vs. wavelength at a temperature of (A) 10,000 K, (B) 1800 K 
and (C) 500 K. The absolute emittance scale is different for the three curves 

surface. Most of the active sensing sys
tems use pattern projection and triangu-
lation techniques to obtain the surface 
profile in front of the welding pool for 
robot arm guiding and arc control pur
poses (Refs. 5-8). The optical pattern is 
projected at a certain distance from the 
weld pool in order to avoid arc reflection 
and thermal emission background noise. 
Although such techniques are very pow
erful, closer operation would be pre
ferred to avoid excessive delay, need for 
angularly decoupling the inspection sys
tem from the welding head, and to 

account for thermal distortions near the 
weld pool. Similar considerations can be 
made concerning inspection systems 
using a "learn run" (Ref. 9). 

Passive optical sensors have recently 
been used to view directly the thermal 
emission from the surface being welded 
(Refs. 10, 11). The possibility to inspect in 
real-time the temperature of the welded 
materials is very attractive because the 
temperature distribution around the weld 
pool provides important information on 
the welding status. Factors such as the 
pool shape, absolute temperature, and 

symmetry of the temperature distribution 
are directly related to several welding 
process variables, such as joint mismatch, 
root opening and plate thickness fluctua
tions, arc blow or the visco-dynamic and 
thermal conductivity properties of the 
plates. However, optical inspection by a 
video camera or a photodiode array 
operating in the 0.4 to 1 ftm spectral 
range is limited to the weld pool and the 
surface immediately adjacent to the weld 
pool, because thermal emission in this 
spectral range falls abruptly at tempera
tures lower than 1000 K. Moreover, arc 
shielding problems are important in this 
spectral range because of the large 
amount of radiation emitted by the high 
temperature arc (10,000 to 15,000 K 
average temperature) in the short wave
length region. Figure 1 shows the relative 
blackbody emission spectra at 10,000 K, 
1800 K (melting temperature of steel) and 
500 K. As we can see, operation in the 
longer wavelength spectral region is pref
erable in order to increase the signal-
over-arc-background ratio. Long wave
length thermographic inspection during 
welding has recently been proposed for 
the thermal characterization of the weld
ing process (Refs. 12-15). Strong correla
tion was found between the temperature 
distribution around the weld pool and the 
welding factors such as arc position and 
presence of contaminants. 

In order to analyze the potential of this 
approach, a numerical study of the ther
mal distribution around the weld pool 
and of its relation to the welding variables 
has been carried out at our institute. The 
results of this analysis are described in the 
next section, followed by a review of 
recent progress at our institute in the 

1mm 

Fig. 2— Thermal distribution at the surface of the weld area as obtained 
from the numerical model (carbon steel, weld speed 2.6 mm/s (6.14 
ipm)) Fig. 3 — Thermal distribution computed for an aluminum plate 
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development of a fiber optic thermo
graphic sensor and of its application to 
real-time gas tungsten arc welding pro
cess control. 

Numerical Analysis 

A heat-flow analysis was performed in 
order to study the effect of various 
welding settings such as the welding 
speed, arc position and base metal type 
on the temperature distribution and ther
mal emission field at the surface of the 
plates. The main objective of this study 
was to provide the required information 
in the choice of the infrared sensor con
figuration for optimum control of the 
welding process. 

An analytical solution of the heat f low 
equation during welding has been given 
by Rosenthal (Ref. 16) and has been 
refined by several other authors (Ref. 17). 
Such analytical models provide a good 
general idea of the temperature distribu
tion during welding, but they are limited 
to idealized plate geometries and heat 
source distributions. Numerical models 
(Refs. 18, 19) using the finite-difference 
approach for the solution of the heat 
flow equation are much more powerful. 
A numerical model was thus developed 
at our institute in order to perform the 
heat flow analysis. The details of our 
time-resolved model are given in the 
Appendix. 

Figure 2 shows a typical temperature 
distribution on the surface of the welded 
area as obtained from such a numerical 
model. Square-groove carbon steel 
plates 5 mm (0.20 in.) thick with a 2 mm 
(0.08 in.) root opening are assumed. The 
welding arc electric particulars are 17 V, 
130 A, with a heat transfer efficiency of 
70%. The welding speed is 2.6 mm/s (6.1 
ipm). (In Fig. 2, as well as in the following, 
the welding head movement is assumed 
to be towards the top of the figure.) In 

agreement with the previously reported 
models, the thermal gradient is much 
steeper in the front of the weld pool 
rather than in the back. The thermal 
gradient distribution is strongly related to 
the thermal diffusivity of the material as 
well as to the welding speed. Figure 3 
shows the thermal distribution when the 
base metal is aluminum. As expected, the 
thermal gradient is much smaller and 
more regularly distributed with aluminum 
than in the case of Fig. 2, which was 
obtained for carbon steel. On the other 
hand, the welding speed strongly affects 
the thermal gradient in front of the pool, 
as Fig. 4 shows. This figure shows the 
position of the 500°C (932°F) isotherm as 
calculated for carbon steel with welding 
conditions similar to those of Fig. 2, but 
for a welding speed of 2 mm/s, 3 mm/s 
and 3.5 mm/s (4.7 ipm, 7.1 ipm, and 8.3 
ipm), respectively. The value of the ther
mal gradient in front of the pool is an 
important factor for the choice and posi
tion of the infrared sensors, as will be 
explained later. 

Figure 5A shows the effect of arc 
positioning on the thermal distribution. As 
we can see, a strongly asymmetrical tem
perature distribution is obtained on the 
surface of the plate when the center of 
the arc is displaced by 1 mm (0.04 in.), 
with respect to the center of the root 
opening. Such an asymmetrical pattern is 
caused by the longer path of the heat 
f low from the center of the arc to the 
right plate, as well as by the larger 
amount of thermal power absorbed by 
the left plate. It should be noted that the 
root opening extends partially under the 
pool, the front of the pool being at 45° 
with respect to the plate surface, as 
observed experimentally for this welding 
configuration. These results suggest the 
possibility to detect arc displacement by 
real-time thermographic inspection of the 
shape and symmetry of the thermal distri-
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bution around the weld pool. This is in 
agreement with recent experimental 
observations (Ref. 15). Our investigations 
(Ref. 13) showed that this is a promising 
approach when combined with a ther
mographic morphological inspection, as 
described below. 

A question of considerable importance 
in the choice of a sensor to be used in a 
feedback configuration is the response 
time of the feedback loop. In our case, 
such a response time is mainly limited by 
the thermal propagation time in the base 
metal, i.e., the time required for the 
buildup of the asymmetry in the thermal 
distribution after the arc was misaligned. 
Our time-resolved numerical model 
enabled us to carry out a complete 
dynamic analysis of the effect of thermal 
transients, such as an abrupt welding 
head misalignment or a random-frequen
cy arc fluctuation. 

Figure 5B shows the computed thermal 
response curves at two different posi
tions on the plate surface after the arc is 
moved 1 mm (0.04 in.) off center, for 
carbon steel. Curve 1 shows the temper
ature differential buildup on the front 
right side of the pool (more precisely, at 5 

Fig. 4 —Different thermal profiles obtained in front of the weld pool as a function of the welding 
speed 

1 2 3 4 5 6 

Time after arc displacement(s) 

Fig. 5 — (Top) — Thermal distribution in the case 
of an out of center arc position (carbon steel, 
2.6 mm/s). (Bottom) — Thermal response 
curves after the displacement of the arc for a 
point at 5 mm (0.20 in.) (curve 1) and at 8 mm 
(0.31 in.) (curve 2) from the arc 
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Fig. 6 - Infrared emission from the welded surface integrated over the spectral responsivity of the infrared detector, in the case of (left) a Pbs detectoi, 
and (right) an InSb detector 

mm (0.20 in.)) from the arc center along a 
direction making a 45° angle with the 
joint), while curve 2 is a similar computa
tion for a point situated at 8 mm (0.31 in.) 
on the right side. Faster response times 
can be obtained for sampling points situ
ated nearer to the weld pool border, but 
at the expense of a higher noise pro
duced by pool border fluctuations during 
welding, as was observed experimental
ly. Curve 1 shows that a typical response 
time for the buildup of a detectable 

Fig. 7—(A) Thermal distribution for a narrow 
gap and misaligned arc; (B) IR radiation along a 
line situated at 1 mm (0.04 in.) in front of the 
weld pool 

asymmetry is approximately one second. 
Such a delay in the feedback reaction 
seems to be acceptable when compared 
to the thermal cycle duration of some 
seconds in the molten pool. 

Temperature monitoring in front of the 
weld pool by infrared sensors is very 
convenient because it does not require 
contact with the high temperature sur
face. However, the infrared emission 
field from the weld surface may be signif
icantly different from the corresponding 
temperature distribution, depending on 
the spectral response of the infrared 
detector. Figure 6 shows the infrared 
emission from the surface of the welded 
area, for welding conditions similar to 
those leading to the thermal distribution 
of Fig. 2. The thermal emission signal was 
integrated over the spectral sensitivity S 
of the detector, using equation A-8 of the 
Appendix. For simplicity, the emissivity 
was assumed constant, which is a satis
factory approximation for the unmelted 
surface around the pool. No effort was 
made to account for the emissivity varia
tions inside the weld pool, where the 
emissivity is typically 2 to 5 times smaller 
than on the unmelted oxidized surface 
and where strong fluctuations are pro
duced by the passage of impurities float
ing on the pool surface (Refs. 12, 13). 
Figure 6A was obtained by using the 
spectral responsivity of a PbS detector, 
which has a detecting bandwidth from 2 
to 2.5/Lim, while Fig. 6B was obtained with 
an InSb detector, which has a lower 
sensitivity but a bandwidth from 1 to 
5.5^m. As we can see, the infrared emis
sion signal drops steeply in front of the 
weld pool, decreasing by two orders of 

value at 3 mm (0.12 in.) in front of the 
pool in Fig. 6A, and at 5 mm (0.20 in.) in 
front of the pool in Fig. 6B. Because of 
detector dynamic range and S/N ratio 
considerations, it is necessary to monitor 
the temperature of the surface at a very 
short distance in front of the pool. This 
requires a skilled opto-mechanical design 
to avoid the arc background emission, as 
well as careful signal processing because 
of the random fluctuations of the pool 
borders during weiding. Figure 6 shows 
that a longer wavelength detector such 
as an InSb is preferable to allow opera
tion at a safer distance from the pool. 
However, because of the limited spectral 
transmissivity of the optical fibers used in 
the inspection system, which will be 
described in the next section, we are 
using PbS detectors in our present fiber
optic thermographic inspection system. 
Optical fibers with longer wavelength 
responsivity should be available in the 
near future (Ref. 22), allowing long wave
length operation with an improvement of 
the system reliability. 

Finally, it should be noted that thermal 
distribution monitoring should be possi
ble also in the case of square groove 
welding preparations with the plates in 
close contact, where monitoring by 
active optical inspection is particularly 
difficult. Figure 7 shows the computed 
thermal distribution for a root opening of 
almost zero thickness when the arc is off 
center by 1 mm (0.04 in.) with respect to 
the joint. As the thermal resistivity of the 
root opening is almost infinite even for 
very small openings, a finite temperature 
differential develops across the joint root, 
as Fig. 7 shows. Such a differential is even 
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Fig. 8 — Example ofan irregular welding path followed by a GMAW head guided by a mechanically 
scanned fiber optic thermographic sensor, before (top) and after (bottom) welding 

more apparent in the infrared emission 
signal shown in Fig. 7B. This signal would 
be obtained by scanning with a PbS 
detector along a line normal to the joint 
at 1 mm (0.04 in.) in front of the pool. 
Similar encouraging results were obtained 
applying our model to lap joint and 
V-groove welding configurations. 

Fiber Optic Thermographic 
Monitoring System 

The numerical model analysis de
scribed above shows that most of the 
required input for robot guiding can be 
obtained from a relatively small amount 
of information, such as the temperature 
distribution along a line in front of the 
welding pool. This is an interesting con
sideration because it allows thermo
graphic monitoring by discrete-point 
thermal inspection, avoiding long and 
expensive image processing as well as the 
requirement for bulky and fragile infrared 
cameras near the welding area. Discrete-
point fiber optic monitoring of surface 
temperature is an attractive opportunity, 
because only the fiber head must be 
placed in the hostile environment near 
the welding head, while the infrared 
detection and signal conditioning mod
ules can be placed at a safe distance from 
the welding area. Fiber optic cables have 
the added advantages of being light
weight and immune from EM interfer
ence generated by the arc fluctuations. 
Fiber optic temperature monitoring in 
such prohibitive environments as inside a 
melting furnace has been achieved (Refs. 
23-25). 

In the last few years, a joint WIC-
IMRI-IREQ effort was set up under NRCC 

funding for the development of suitable 
sensors for adaptive welding. Both active 
and passive optical sensors have been 
developed, and different thermographic 
sensing configurations were investigated. 
Preliminary experiments (Ref. 12) were 
performed with a single spot thermo
graphic sensor pointed on the surface of 
the base metal at a fixed distance from 
the weld pool border. Temperature sens
ing at a fixed point provided information 
on the width of the pool, and thus 
indirectly on the depth of penetration. 
Experiments showed that the highest and 
fastest temperature variation signals were 
obtained when the sensor was pointed 
on the high thermal gradient region in 
front of the pool, in agreement with the 
theoretical results discussed previously. 
Temperature monitoring across the weld
ing pool was also possible with this sen
sor. Encouraged by these results, a 
mechanically scanned fiber optic sensor 
was developed to scan the temperature 
of the surface in front of the pool for 
guiding purposes (Ref. 13). A first algo
rithm simply compared the average tem
perature on the two sides of the root 
opening in order to determine the appar
ent asymmetry of the thermal distribution 
in front of the pool. This information was 
sometimes sufficient to guide the welding 
head, but more reliable results were 
obtained by combining thermal and mor
phological information through an IR-
vision algorithm, which used both the 
value and the position of the temperature 
peaks detected on the borders of the 
root opening (Ref. 13). Figure 8 shows an 
example of a curved path joint welded 
with such a sensor. 

In order to increase the scanning speed 

and to avoid the complexity and busi
ness of mechanical scanning, we recently 
developed a fiber-array sensor. A sche
matic view of the sensor is shown in Fig. 
9. A fiber optic bundle, typically 5 m (16.4 
ft) long, is used to transmit the infrared 
radiation from the surface in front of the 
pool to the signal detection and process
ing unit. The sensor head comprises a 
lens which forms an image of the fiber 
ends on the surface. The fiber ends form 
a linear-array, so that each fiber samples 
the infrared emission from a point situat
ed along a line on the welded surface, as 
shown in Fig. 9. This is a convenient 
method for scanning a line, as opposed 
to the use of bulky and fragile rotating 
mirrors or mechanical scanning devices. 
Another advantage of using a fiber-array 
to scan a line is the possibility to detect in 
parallel the signal transmitted by each 
fiber, with a consequent increase of the 
S/N ratio as well as of the speed of 
detection. In the experiments reported 
here, we used a matrix of 8 PbS detectors 
to monitor the signal from the 8 fiber 
array. With a time response of 20 ms for 
each detector, we could obtain a line 
sampling rate of 50 lines per second, as 
compared to 6 lines per second if a single 
detector with mechanical scanning was 
used. 

As shown in Fig. 1, infrared detection 
at wavelengths larger than 2^m is advis
able in order to minimize the arc emission 
noise. However, commercial silica fibers 
have a prohibitively high absorptance at 
wavelengths larger than 2.5fxm, as Fig. 10 
shows. We thus decided to use Ce-
shielded PbS devices as the infrared 
detectors, which have a sensitive spectral 
range from 2 to 2.5jum. For an emitting 
surface of 500°C (932°F), which is a 
typical value of the temperature in front 
of the weld pool, we are thus operating 
in the short wavelength end of the infra
red emission curve. The spectral emission 
curve of a black body at 500°C (932°F) is 
shown in Fig. 10 for comparison. Opera
tion in the short wavelength end of the 
emission spectrum is convenient because 
it minimizes the noise produced by emis
sivity variations of the surface (Ref. 26). 
However, the absolute value of the 
detected signal decreases rapidly for low
er temperatures, because the peak emis
sion wavelength increases when the tem
perature decreases. As a result, the mini
mum detectable temperature was of the 
order of 300°C (572°F) in our case. As 
mentioned above, the availability of 
longer wavelength fibers in the near 
future should allow operation at lower 
temperatures if necessary. 

Previous experiments were performed 
with the sensor head fixed in front of the 
welding head at an angle of observation 
smaller than 90 degrees to the surface, as 
Fig. 9 shows. Spurious signals emitted 
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from the lower portion of the weld pool, 
as well as arc light reflections, are partic
ularly severe at such a viewing incidence. 
Moreover, the signal amplitude is strong
ly dependent on the vertical position of 
the welding head, because of the strong 
temperature gradient in front of the weld 
pool. Using an angle of observation of 90 
degrees eliminates those problems, but 
requires that the sensor head be 
mounted inside the welding torch, as Fig. 
11 shows. 

As shown in Fig. 11, the optical sensor 
was introduced within a GTAW torch. 
The linear-array fiber bundle was imaged 
on the surface by an f /4 , 15 mm focal 
length lens. The fiber bundle was a linear 
array of 8 QSF fibers with core diameter 
of 20XVm and cladding diameter of 
280/Ltm. The fiber array was produced by 
mechanically aligning the fibers, bonding 
with high-temperature epoxy, cutting 
and polishing the fiber ends. An optical 
magnification factor of 2 to 3 resulted in a 
surface resolution of less than 1 mm (0.04 
in.) and a depth of field in the order of 5 
mm (0.20 in.). The magnification factor, 
as well as the sampling position relative to 
the arc, could be varied by manually 
adjusting the position of the fiber array 
by externally placed micrometer screws, 
while the position of the lens was fixed. 
Visual tracking of the sampled line on the 
surface was possible by illuminating two 
additional fibers which were positioned 
on each side of the 8 fiber array. A glass 
plate was placed in front of the lens for 
protection. Such a plate was replaced or 
cleaned after a number of welding oper
ations. However, very little plate cleaning 
was necessary during GTA welding, 
thanks in part to the protective effect of 
the inert gas flow. 

Figure 12 shows our laboratory proto
type of the welding torch with the inter
nally mounted fiber optic thermographic 
sensor head. The micrometer screw-con
trolled fiber-holding support can be seen 
mounted on the right of the welding 
head. Although this prototype was 
designed without paying particular atten
tion to the total volume of the device, 
miniaturized versions of the fiber holding 
and positioning system would obviously 
be used in a production oriented unit. 

Figure 13 shows a typical signal 
obtained from the 8 fiber array after 
synchronous detection with the chop
ping apparatus shown in Fig. 9 and signal 
processing by a CAMAC-based system. 
The sampled line was situated nearly 2 
mm (0.08 in.) in front of the pool, and the 
position of the gap is seen clearly as an 
abrupt decrease of the apparent temper
ature in the center of this figure. Several 
system variables, such as the effect of the 
welding speed, arc current and tension, 
gap width and gas flow on the thermal 
field, are now under evaluation using this 
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Fig. 11 — Detail of the sensor head mounted inside the welding torch 

Fig. 13 — Typical signal obtained from the fiber 
array imaged in front of the welding pool 

sensor, ana the results will be described 
in forthcoming technical publications. 

Conclusion 

Heat flow numerical modelling shows 
that infrared monitoring provides a pow
erful tool in adaptive welding. Research 
work has thus been conducted at the 
Industrial Materials Research Institute in 
collaboration with the Quebec Centre of 
the Welding Institute of Canada for the 
development of a real-time infrared 
vision welding system. A miniaturized and 
rugged fiber optic device coupled to an 
infrared opto-electronic module under 
the real-time control of a microcomputer 
has been completely realized in our labo
ratory. This approach has been preferred 
to the use of a conventional infrared 
camera because of cost, dimensions and 
ruggedness considerations. This system, 
presently operational on a welding 
bench, will be coupled shortly on a weld
ing robot and is expected to bring ele
ments of artificial intelligence which are 
presently lacking in most flexible auto
matic welding systems. 

Appendix 

We describe here the numerical model 
used for the determination of the tem
perature distribution as well as of the 
thermal radiation field reported above. 

The three-dimensional finite-difference 
model used in our computations used the 
explicit iterative approach to solve the 
thermal diffusion equation: 

5T T52T 62T 52T1 
-— = 51 —7 H r H ^ I (A-1) 
St \_8x2 by2 bz2\ ' 

by subsequently applying the Fourier 
equation: 

Fig. 12 — GTA W torch with internally mounted fiber optic thermographic sensor head Q = ks grad T (A-2) 
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Table 1 

Factors 

Temperature of fusion (°C) 
Thermal conductivity (watt/cm °C) 

Specific heat (joule/g°C) 
Mass density (g/cm3) 
Heat of a-y allotropic transformation (joule/g) 
Heat of fusion (joule/g) 
Heat loss by vaporization 
Heat loss by radiation'3' (watt/cm2) 
Heat loss by convection'3 ' (watt/cm2) 

Value 

1500 
From 0 to 900°C: 0.6 - 2.8 

above 900°C: 0 .24+ 1.2 
0.4 + 2 • 10"4T 
7.8 
23 
270 
104 exp (6.7 • 10"3T) 
2.8 • 10~12 (T4 - 2934) 
5 • 10"4 (T - 293) 

10"4T 
10"4T 

<a)ln these expressions the temperature T is expressed in degrees Kelvin. 

and the energy conservation equa
tion: 

bJ 
Ps Cp - - = - div Q 

bt 
(A-3) 

where 5 = ks/ psCp, is the thermal diffu-
sivity of the base metal, ks is the thermal 
conductivity, ps is the mass density, Cp is 
the specific heat at constant pressure, 
and Q is the thermal flux. This two step 
approach simplifies the boundary condi
tions while being more exact when the 
material properties are temperature 
dependent and thus spatially nonuniform 
(Ref. 20). 

The model covers a 20 mm X 20 
mm X 8 mm (0.79 in. X 0.79 in. X 0.31 
in.) volume of the base metal below the 
welding torch, with an elementary cell of 
1 mm3. Geometrical symmetries are 
assumed wherever possible. Various 
geometrical configurations, such as a 
different pool front slope or bead convexi
ty, can be modelled by distributing air cells 
within the modelled volume. The temporal 
iteration is pursued for typical periods of 10 
seconds with time increments dt satisfying 
the stability condition: 

gdt 1 
(dx)2 6 

(A-4) 

The initial temperature distribution is uni
formly equal to the ambient temperature 
of 20°C (68°F) if a study of the first 10 
seconds after the beginning of welding is 
to be made. If only the stationary config
uration is of interest, an initial tempera
ture distribution decreasing exponentially 
from the center to the boundaries of the 
model is assumed to reach more rapidly 
the stationary distribution. 

The 20 mm X 20 mm (0.79 in. X 0.79 
in.) modelled area (view from the top) 
represents the part of the much wider 
plates to be welded which are under the 
torch. In order to provide a smooth 
thermal transition with the rest of the 
plates which extend infinitely (from a 
thermal point of view) in the horizontal 
plane, continuity conditions of the form: 

= constant A-5) 
T bx 

are imposed at the metal bounded bor
ders of the modelled volume, while heat 
losses by radiation, air convection and 
partial vaporization are assumed at the air 
bounded surfaces. The expression for 
such losses, as well as the values of the 
thermal variables of a typical material 
(carbon steel) are given in Table 1. The 
expression for the vaporization losses is 
obtained from the published data (Ref. 
21), while condensation is simulated by 
reinjecting 75% of the vaporization loss 
over a 1 cm2 (0.16 in.2) surface around 
the weld pool. 

The thermal power from the arc is 
injected over a 20 mm2 (0.03 in.2) surface 
on the center of the pool. Typical heat 
transfer efficiencies of 70% are assumed 
for GMA welding, and 55% for GTA 
welding. The injected heat distribution 
has a nearly gaussian shape. The travel 
speed is introduced by a linear transfor
mation of the temperature field after 
each iteration, while the frame of refer
ence is fixed with respect to the arc. 
Molten filler metal is assumed to pene
trate in front of the weld pool at a rate 
which is equal to the added filler metal in 
the front plus the metal buildup on the 
surelevated weld bead in the back of the 
pool. A portion of the injected thermal 
power proportional to the added metal 
and thus to the welding speed is spent for 
the fusion of the filler metal. The heat of 
fusion, as well as the heat of the allotrop
ic 720°C (1328°F) transformation (see 
Table 1), are taken into account through 
two internal energy matrices which are 
updated at each temporal iteration. This 
approach proved to be more reliable 
than the inclusion of the corresponding 
peaks in the specific heat expression 
when such peaks are very narrow. 

A radial convective flow is assumed at 
the surface of the liquid pool, while a 
downward flow is assumed at the front 
of the pool within the root opening. Such 
flow results from several hydrodynamic 
forces such as the arc pressure, gravity, 
magnetic stirring, and the resultant of the 
surface tension components, which 
depends on the temperature gradient, 
surface topography and chemical com

position of the surface layer. As such 
factors are hardly predictable, we used a 
semiempirical approach by using a simpli
fied version of the Navier-Stokes equa
tion at the weld pool surface: 

bo bl _ v 

bl bx ~ M£ 
(A-6) 

where a is the surface tension, fi is the 
temperature dependent viscosity of the 
liquid metal, v is the flow velocity, and 9. is 
the approximated thickness of the flow
ing layer. For most metals, d a /dT is 
temperature independent, while £ is 
nearly constant over the weld pool sur
face. The following expression was thus 
used in our model for the velocity of the 
surface flow: 

K bl_ 

ix bx 
(A-7) 

(A-8) 

where K is a constant whose value is 
determined empirically by comparing the 
sectional shape of the modelled pool 
with the shape obtained by after-welding 
metallographic inspection. 

Finally, the thermal emission field from 
the weld surface is obtained by integrat
ing the Planck equation: 

W = f^°e S (hc2/X5) 

(exp (hc/kT X) -1 ) - 1 dX 

where e is the surface emissivity, S is the 
wavelength dependent sensitivity of the 
infrared detector, h is Planck's constant, c 
the light velocity in vacuum, X the wave
length, and k is Boltzmann's constant. The 
spectral distribution of the detector sensi
tivity S is obtained from the manufactur
er's specifications, while its absolute val
ue depends on the aperture and the 
transfer function of the detector optics. 
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November 1984 

This bulletin contains three reports of work conducted under the guidance of the Subcommittee on 
Failure Modes in Pressure Vessel Materials of the Pressure Vessel Research Committee of the Welding 
Research Council. Funding for this three year project was supplied by the American Iron and Steel 
Institute and the Welding Research Council. 

1. "Engineering Aspects of CTOD Fracture Toughness Testing," by G. W. Wellman and S. T. Rolfe. This 
report presents a study of the crack-tip opening displacement (CTOD) test method as a means of 
evaluating elastic-plastic fracture. Correlations with Charpy V-Notch, CTOD, J-integral, and stress 
intensity (K) notch-toughness parameters were investigated. 

2. "Three-Dimensional Elastic Plastic Finite-Element Analysis of Three-Point Bend Specimens," by G. 
W. Wellman, S. T. Rolfe and R. H. Dodds. 

This report summarizes the verification of analytical procedures for use in flawed structures. As 
a first step toward analyzing the more complex structures of a pressure vessel, the three-point 
bend specimen was analyzed using both 2-D and 3-D elastic-plastic finite-element analysis 
methods. CTOD and J values determined from these analyses were compared to the experimental 
results of the five steels investigated in the first paper. 

3. "Failure Prediction of Notched Pressure Vessels Using the CTOD Approach," by G. W. Wellman, S. 
T. Rolfe and R. H. Dodds. 

This report analyzes the behavior of five notched pressure vessels tested at temperatures such 
that the failure mode varied from fully ductile to brittle behavior. Both 2-D and 3-D finite-element 
analyses were used to analytically develop curves of pressure versus opening of the flaw in the 
vessel. The internal pressures corresponding to the minimum CTOD values obtained from the 
vessel steels were within 7% of the actual burst pressures. 

The results of these works contribute significantly to the understanding and predicting of the different 
failure modes that can occur in pressure-vessel steels. 

The price of WRC Bulletin 299 is $13.50 per copy, plus $5.00 for postage and handling. Orders should 
be sent with payment to the Welding Research Council, Rm. 1301, 345 E. 47 St., New York, NY 
10017. 
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Under the direction of the Steering Committee on Piping Systems of the Pressure Vessel Research 
Committee of the Welding Research Council, the Technical Committee on Piping Systems developed a 
document on criteria establishment describing their objectives and accomplishments, and three 
technical position documents that have an effect on the design of piping systems, entitled: 1) Technical 
Position on Criteria Establishment; 2) Technical Position on Damping Values for Piping Interim Summary; 
3) Technical Position on Response Spectra Broadening; and 4) Technical Position on Industry 
Practice. 

The technical Position Documents have been submitted to the ASME Boiler and Pressure Vessel Code 
Committee and the U. S. Nuclear Regulatory Commission for their use. 

The price of WRC Bulletin 300 is $14.00 per copy, plus $5.00 for postage and handling. Orders should 
be sent with payment to the Welding Research Council, Rm. 1301, 345 E. 47 St., New York, NY 
10017. 
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Long-Range Plan for Pressure-Vessel Research—Seventh Edition 
By the Pressure Vessel Research Committee 

Every three years, the PVRC Long-Range Plan is up-dated. The Sixth Edition was widely distributed for 
review and comment. Up-dated problem areas have been suggested by ASME, API, EPRI and other 
organizations. Most of the problems in the Sixth Edition have been modified to meet current needs, and a 
number of new problems have been added to this Seventh Edition. 

The list of "PVRC Research Problems" is comprised of 58 research topics, divided into three groups 
relating to the three divisions of PVRC; i.e., materials, design and fabrication. Each project is outlined 
briefly in a project description, giving the title, statement of problem and objectives, current status and 
action proposed. 

Because of budget limitations, PVRC will not be able to investigate all of these problems in the 
foreseeable future. Therefore, the cooperation and efforts of other groups in studying these areas is 
invited. If work is planned on one of the problems, PVRC should be informed in order to avoid 
duplication. 

Publication of this bulletin was sponsored by the Pressure Vessel Research Committee of the Welding 
Research Council. The price of WRC Bulletin 298 is $14.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New 
York, NY 10017. 

WRC Bulletin 296 
July 1984 

Fitness-for-Service Criteria for Pipeline Girth-Weld Quality 
By R. P. Reed, M. B. Kasen, H. I. McHenry, C. M. Fortunko and D. T. Read 

In this report, criteria have been developed for applying fitness-for-service analyses to flaws in the 
girth welds of the Alaska Natural Gas Transmission System pipeline. A critical crack-opening-
displacement elastic-plastic fracture mechanics model was developed and experimentally modified. 
Procedures for constructing curves based on this model are provided. A significantly improved ultrasonic 
method for detecting and dimensioning significant weld flaws was also developed. 

Publication of this report was co-sponsored by the National Bureau of Standards and the Weldability 
Committee of the Welding Research Council. The price of WRC Bulletin 296 is $16.50 per copy, plus 
$5.00 for postage and handling. Orders should be sent with payment to the Welding Research Council, 
Room 1301, 345 E. 47 St., New York, NY 10017. 
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