
Monitoring Joint Penetration Using 
Infrared Sensing Techniques 

Sensing the surface temperature of the plates being welded 
may lead to adaptive control of joint penetration 

BY W. CHEN AND B. A. CHIN 

ABSTRACT. The objective of this research 
is to apply infrared sensing and computer 
image processing techniques to improve 
the welding process through dynamic 
control of joint penetration parameters. A 
front side scanning infrared camera was 
used to monitor molten pool and surface 
temperature distributions surrounding the 
pool during the welding process. Welding 
parameters were varied to change the 
depth of penetration and the correspond
ing changes in the temperature distribu
tions recorded. A linear relationship be
tween bead width of weld and infrared 
thermal image profile width was estab
lished. Additionally, the depth of joint 
penetration was found to be a function of 
the area under the measured surface 
temperature profile taken at the center-
line of the molten metal pool. These 
results suggest that information from the 
surface temperature of plates being 
welded may be used to monitor and con
trol the depth of penetration and bead 
width in real time. 

Introduction 

With continual advances in digital and 
sensor technology, new methods of iden
tifying perturbations during the welding 
process with relatively high accuracy have 
become possible. Arc position, part place
ment variations, surface contamination 
and joint penetration are key variables 
that must be controlled to insure satisfac
tory weld production. The varied nature 
of these parameters have made it difficult 
to adaptively control the welding process. 
Arc position or joint tracking has been the 
most highly pursued adaptive control with 
several methods marketed commercially 
with limited success. Previous attempts to 
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monitor joint penetration have required 
backside sensors or relied upon an opti
cally measured bead width and known 
bead width to penetration relation to 
control weld joint penetration (Refs. 1-4). 
One particular difficulty with the latter 
technique is that minor changes in mate
rial composition (heat-to-heat variation or 
tramp element concentrations) have been 
shown to alter dramatically penetration 
behavior (Refs. 5-7). This paper presents 
results of a set of experiments designed to 
measure surface temperature distributions 
(differences in surface temperature in dif
ferent regions) during the production of 
welds with various degrees of penetra
tion. Conclusions drawn from these data 
and previous results (Refs. 8-10) may 
provide the needed information required 
to automate penetration control. 

During the welding process, the high 
temperatures associated with the arc and 
appropriate thermophysical properties 
such as thermal diffusivity cause strong 
spatial temperature gradients to occur in 
the region of the weld pool. Convection 
in the weld pool, shape of the weld pool 
and heat transfer in both the solid and liq
uid metal determine the temperature dis
tributions in the plate and on the surface. 
For an ideal weld with constant condi
tions, these surface temperatures should 
show repeatable and regular patterns. 
Perturbations in welding penetration 
should be clearly identifiable from varia-
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tions in the surface temperature distribu
tions (Ref. 10). Control of penetration 
variations due to minor differences in im
purity element levels should be possible 
since downward and radial convection 
patterns, which have been shown to be 
responsible for variable joint penetration, 
would be clearly identified through differ
ences in the molten pool temperature dis
tribution. 

Modern infrared thermography equip
ment allows rapid measurement of sur
face temperature distributions. This tech
nique provides an ideal way of monitoring 
perturbations in the weld process, pro
viding that the plate surface and weld pool 
are visible to the sensing device. The prin
cipal limitation to this type of sensing is its 
currently prohibitive cost. However, new 
inexpensive CCD sensors (charge coupled 
devices) are currently being developed 
that should be commercially available 
within the next five years for sensing ap
plications. 

The objective of the series of experi
ments presented in this paper is to relate 
the depth of joint penetration and bead 
width to measurable surface temperature 
distributions. Measurements of the bead 
width and depth of penetration were 
compared with magnitude, gradient, area 
under thermal profile, and symmetry of 
the infrared sensed temperature distribu
tions. 

Experimental Procedure 

All experiments in this investigation were 
conducted using gas metal arc welding 
(GMAW). The material was AIS11008 steel 
with all plates 30.48 X 15.24 cm (12 X 6 
in.) in size. Two standard thicknesses of 
steel plates were milled to produce a pre
cise butt joint fit. The surfaces of these 
edges were then prepared for welding 
using standard preparation techniques. 
Figure 1 shows the experimental setup 
used to perform the welds. All welds were 
made with an ESAB Model LAH 315P pulse 
arc power source with a water-cooled 
welding gun and ESAB A10-MEC44 wire 
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Fig. 1 — Schematic of experimental setup used to produce welds. A 
front-side reflecting mirror is used to reflect IR radiation into horizontally 
mounted camera. Fig- -Block diagram of the data-acquisition and control system. 

feed unit. Welding wire of designation 
ER70S-3 of 0.138 cm (0.35 in.) diameter 
was used. Current output of the power 
source was measured using a Columbia 
Electric clamp-on ammeter with a scale of 
200 A. Welds were produced using DC 
power, and a shielding gas of argon-2% 
oxygen at a 1.8 cm3h~1 (30 cfh) flow rate. 
The welding gun was mounted to a Health 
Engineering Co. x-y positioning table 
(Model ICD 600-MODFD), which is con
trolled through a Hewlett Packard Series 
320 microcomputer. A constant travel 
speed of 2.3 cm/min (0.9 in./min) was 
used in all experiments. Arc currents of 60 
to 155 A at arc voltages of 18 to 32 V DC 
were used. 

Surface temperature distributions were 
measured using an infrared scanning cam
era placed for front-side viewing of the 
welded plates. The camera unit, manu
factured by Inframetrics Corp., converts 

the invisible infrared radiation given off by 
the weld pool and surrounding regions, 
which are heated during the welding pro
cess, into equivalent voltage signals that 
represent the plate temperature distribu
tions. The infrared-sensitive detector con
sists of a mercury, cadmium, telluride (Hg-
Cd-Te) photovoltaic cell, sensitive in the 
spectral range of 8 to 12 j jm. The signals 
are then amplified and transferred via in
terconnecting cables to a video display 
unit, video tape recording unit and inter
face of the processing computer used for 
acquisition and analysis of the surface 
temperature information. Figure 2 is a 
block diagram of the data-acquisition and 
feedback control system. 

The computer with custom data-acqui
sition interface and programs receives the 
thermal profiles in frames consisting of 
192 X 251 discrete temperature measure
ments from the infrared camera corre-
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Fig. 3 — Metallographic weld sample showing measurements of bead width, height of bead, joint 
penetration and heat-affected zone. 

sponding to one scan of the plate surface. 
The scanning rate of the camera is 30 
frames per second (fps), with data acqui
sition by the computer being 20 fps with
out digital storage and 10 fps if the data 
are stored in digital array for future anal
ysis and processing. Software programs 
have been generated that can be used to 
display during the welding process the 
temperature information in two-dimen
sional isotherm plot (temperature as rep
resented by color vs. x and y coordinates 
on the plate surface) or linear line scans 
(temperature profiles of a given line per
pendicular to the welding gun direction). 
The equipment can be programmed so 
that two-dimensional temperature dis
plays are shown on the computer video 
monitor and line scans displayed on a sec
ondary video monitor and recorded for 
later study. During the welding process, 
the position of the infrared camera was 
fixed relative to the welding gun to pro
vide measurement of temperatures in the 
weld pool and its vicinity. Experimental 
conditions were carefully maintained to 
minimize possible errors from uncon
trolled variations. 

Measurement of joint penetration and 
bead width were performed after weld
ing using standard metallographic tech
niques. Sections were cut from the weld, 
which corresponded to the exact position 
of the weld where the temperature mea
surements were taken. Molten pool-solid 
metal interfaces and heat-affected zone 
interfaces were measured from metallo
graphic samples that were polished and 
then etched using a 4% nitric acid and 96% 
methanol solution. Figure 3 shows mea
surements of bead width, height of bead, 
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Fig. 4 — Isothermal color plots showing surface temperature distribution information for 10, 30 and 70"i, joint penetration. (Note: The 10",, penetration 
plot has been enlarged by a factor of 5 to show details of the temperature distribution.) 

joint penetrat ion and heat-af fected zone 
that w e r e taken f r o m the metal lographic 
w e l d samples. 

Exper imenta l Results 

Figures 4 and 5 show the cor responding 
temperature distr ibutions obta ined during 
we ld ing , displayed in the f o r m of isotherm 
color plots and linear line scans for three 
welds of vary ing joint penetrat ion (10, 30 
and 70%). Di f ferent currents w e r e used to 
p roduce the penetrat ion variat ions, ho ld
ing all other exper imental variables con 
stant. From Figs. 4 and 5, one sees that 
there are identi f iable changes in surface 
temperature distr ibutions. The changes 
occur in peak tempera ture o f the we ld 
p o o l , w id th o f tempera tu re peak, area 

under the tempera ture distr ibut ion and 
gradient o f tempera ture as a funct ion of 
distance. Figure 6 shows h o w each o f 
these thermal prof i le characteristics w e r e 
extracted f r o m the thermal image. Each of 
these identif iable changes in the temper
ature distr ibut ion may be associated w i t h 
one or m o r e changes in the w e l d being 
p roduced . 

O n e of the m o r e easily identif iable we ld 
process perturbat ions is bead w id th . The 
bead w i d t h should be directly p ropor 
tional to the w id th of the temperature 
peak that represents mol ten metal bead 
size, the propor t ional i ty being a scale fac
tor f o r camera ang le /v iew ing lens magni
f icat ion. A compute r rout ine was deve l 
o p e d to measure the bead w id th based 
o n the surface tempera tu re distr ibutions 

ob ta ined. Individual tempera tu re vs. dis
tance scans (perpendicular to we ld ing gun 
travel) o f a single f rame o f in format ion 
w e r e first analyzed to determine the p ro 
file w i t h the largest peak temperature . 
Fur thermore, this tempera ture vs. dis
tance prof i le was then used to calculate 
the w id th of the tempera ture peak by 
measuring the prof i le w i d t h at the tem
perature m i d w a y b e t w e e n the peak and 
background temperature. Figure 7 shows 
the relation b e t w e e n w i d t h o f bead and 
half-height w i d t h in pixels of the temper
ature distr ibut ion. As ant ic ipated, a linear 
relationship exists. 

From the peak tempera ture vs. distance 
prof i le used in the above calculation o f the 
mid tempera ture w i d t h , the area under the 
tempera tu re distr ibut ion was calculated. 

Fig. 5 - Temperature vs. distance scans 
70% joint penetration. 
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Fig. 7 — Relationship between bead width and width of thermal peak of 
the temperature distribution. 
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Fig. 8 — Relationship between the area under the temperature distribu
tion and the power generated by the weld power supply. 

This integrated area should be a measure
ment of the heat input into the weld. If 
one assumes heat loss conditions are pro
portional to the power applied, then a re
lationship between the power generated 
by the welding power source and area 
under the temperature distribution should 
exist. Figure 8 shows that a repeatable re
lationship does exist between the area 
under the temperature distribution and 
the power generated by the welding sup
ply. 

Figure 9 shows there is a relationship 
between the depth of joint penetration 
and the area under the peak temperature 
profile. When the data of Fig. 9 are plot
ted in the form of a log-log plot (Fig. 10) 
a linear relationship is found between the 
penetration and area under the tempera
ture curve. This behavior is not surprising 
since the area under the peak tempera
ture curve increases with power —Fig. 8. 
The joint penetration is found to be highly 
sensitive to the area under the peak tem
perature distribution at high values of 
penetration (above 25%), with the sensi
tivity decreasing with decreasing penetra

tion. However, the scatter of the data and 
sensitivity of the relationships between 
joint penetration and area under the peak 
temperature distribution appear to be ad
equate to attempt feedback-controlled 
penetration during GMA welding. 

Discussion 

Using an infrared technique to monitor 
the surface temperature distributions dur
ing the welding process is a sensitive, fast 
and convenient method that may be ap
plicable to adaptive control of the welding 
process. The results of this set of experi
ments show that the technique discussed 
might be used to control depth of joint 
penetration and bead width during the 
GMA welding process. Efforts are under
way to test this concept of penetration 
control by increasing or decreasing power 
automatically. 

One of the flaws of infrared thermog
raphy is that absolute temperatures are a 
function of surface emissivity, which 
varies from material to material, of surface 
preparation and surface temperature it

self. The results presented in this paper do 
not rely on absolute temperature, but on 
relative temperature with respect to a 
specific chosen temperature on the plates. 

Conclusions 

The following conclusions resulted from 
this study: 

1) Infrared thermography may be ap
plicable to adaptive control of joint pen
etration and bead width during GMA 
welding of steel. 

2) A linear relationship exists between 
the width taken at the midtemperature of 
the peak temperature profile during the 
welding process and the bead width. 

3) An exponential relationship exists 
between the depth of joint penetration 
and integrated area under the peak tem
perature profile obtained during the weld
ing process. 
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of the ABACUS Finite Element Analysis Results Relative to In-the-Field Observations and Classical 
Analysis, by J . R. Winter. 
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