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Optical and acoustic emissions are shown to be related to laser weld quality and 
also to each other 
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ABSTRACT. Detection and analysis of 
optical, acoustic and plasma charge 
emissions from laser beam welds is a 
promising approach for quality monitor- 
ing. In this work, the airborne acoustic 
and optical-wavelength electromagnetic 
("light") emissions from laser welds were 
studied. A matrix of travel speed and CO2 
laser power settings was used to generate 
bead-on-plate welds in cold-rolled low- 
carbon steel sheet metal. The 
power/travel matrix-generated welds 
having partial penetration, "moderate" 
full penetration (visually sound welds) 
and "excessive" penetration (relatively 
wide weld beads with undercut due to 
drop-through of the molten pool). The in- 
tensity of the light emitted from the weld 
area was found to vary with process pa- 
rameters, exhibiting a local minimum for 
moderately full-penetration welds. The 
RMS amplitude of the acoustic energy 
was found to have a local maximum for 
these same moderate full-penetration 
conditions. The relationship between the 
optical and acoustic signals was investi- 
gated and it was found that the acoustic 
signal was approximately proportional to 
the time derivative of the optical signal. 
The front-side light emission signal was 
also found to vary inversely with back- 
side light emission. 

Introduction 

The use of the laser as a tool for weld- 
ing, and other industrial material pro- 
cessing, continues to grow steadily. 
However, commercial users have long 
desired a means of in-process monitoring 
to ensure laser weld quality. Direct mea- 
surement of weld quality characteristics 
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(such as width, penetration depth or 
shape) in real-time is difficult in many 
cases. An alternative approach is to mea- 
sure process emissions, including 
acoustic and electromagnetic waves and 
charged particle flux. Although there has 
been considerable research into emis- 
sion-based monitors (some of which is 
discussed in the next section), there are 
still questions as to the correlation be- 
tween emissions and weld characteris- 
tics. One drawback of this monitoring ap- 
proach is that the emission signals are 
only indirectly related to weld quality. 

The work described in this paper 
shows that the optical energy ("light") 
emitted during laser beam welding, for 
example, depends not only on the degree 
of weld penetration (whether the weld is 
full or partial penetration) but also on 
laser power, travel speed, material and 
other characteristics. Consequently, im- 
plementation of emission-based moni- 
tors currently requires that the user exe- 
cute a large number of test welds 
representative of the specific application 
of interest to gain information about the 
relationship between emissions and 
weld quality characteristics. A more pre- 
dictive understanding of relationships 
between laser weld emissions and qual- 
ity characteristics of interest (e.g., pene- 
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tration) wil l allow quicker, less expensive 
implementation of emission-based mon- 
itors with better reliability. 

The research described in this paper 
focused on several relationships of inter- 
est to those attempting to design emis- 
sion-based laser weld quality monitors. 
The relationship between weld quality 
and optical and acoustic emissions, two 
types commonly employed for weld 
quality monitoring, was experimentally 
investigated. One objective was to ana- 
lyze optical and acoustic emission data 
to determine if correspondence between 
signal characteristics such as emission 
amplitude (measured by signal ampli- 
tude) and fluctuation (measured by signal 
standard deviation) and weld penetration 
could be established in spite of variations 
in process parameters (e.g., power and 
travel speed). As will be noted below, it 
is known that emission characteristics 
such as these can be correlated to weld 
penetration within certain ranges of 
process parameters. This work investi- 
gated relatively broad ranges of power 
and travel speed to assess the "global- 
ness" of any observed emission/penetra- 
tion correlations. Another objective was 
to determine whether or not the front- 
side optical signals contained unique 
features corresponding to full penetration 
"events." Such features would be poten- 
tially useful for monitoring weld penetra- 
tion since they would (presumably) be 
absent in partial penetration weld sig- 
nals. A final goal was to ascertain 
whether or not the optical and acoustic 
emissions were correlated to each other. 
A fundamental question is the degree to 
which the two emissions provide redun- 
dant or independent information about 
weld penetration. This information is 
useful in the design and application of 
monitoring systems that simultaneously 
analyze both the acoustic and optical 
emissions. 
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Fig. I - -  Experimental apparatus including the data acquisition system. Fig. 2 - -  Sensor position. 

Background 

In emission-based monitoring, laser 
welding process information is obtained 
by measuring and characterizing the var- 
ious forms of energy that propagate from 
the laser-material interaction site, i.e., the 
"keyhole." There are a variety of such 
emissions. Electromagnetic radiation 
from ultraviolet (UV) to infrared (IR) 
wavelengths is generated by the partially 
ionized plume and molten material. Air- 
borne acoustic waves are generated by 
the unsteady displacement of the sur- 
rounding air due to evaporation, heating 
and expansion of material. Acoustic 
waves are also generated in the weld 
base metal by thermal strains and/or mi- 
crostructural changes, evaporation recoil 
pressure and, perhaps, other effects. 
Transport of charged particles (Le., elec- 
trons and ions) can also produce mea- 
surable current flows and/or charge 
buildup in the target material or objects 
present near the plume. Since all of these 
emissions depend upon physical phe- 
nomena occurring at the laser-material 
interaction site, their characteristics (e.g., 
time-varying amplitude, spatial distribu- 
tion, etc.) may be indirectly related to 
final process quality measures that are 
also dependent upon physical phenom- 
ena at the interaction site. This investiga- 
tion was concerned mainly with airborne 
acoustic and optical emissions. A more 
detailed discussion of past results rele- 
vant to these two topics follows. 

Monitoring of Weld Quality with Airborne 
Acoustic Emissions 

In a very early work, Jon (Ref. 1) de- 
scribed one of the first investigations in 
the field of laser weld acoustic monitor- 

ing. Airborne acoustic energy was mea- 
sured with a piezoelectric transducer at- 
tached to a flat plate suspended just 
above the laser-material interaction site. 
As is common in analyzing acoustic 
emission in solids, "counts" were used as 
a measure of signal intensity. It was found 
that a relatively low number of counts 
was associated with several weld defect 
conditions, including shallow (<20% 
penetration due to out-of-focus condi- 
tion), drilling, wide root opening and 
misaligned welds. Similarly, Orlicke, et 
al. (Ref. 2), demonstrated detection of 
out-of-focus and wide fit-up root opening 
conditions using thresholding of the total 
detected airborne acoustic energy signal. 

Li and Steen (Ref. 3) studied the root 
mean square (RMS) amplitude of air- 
borne acoustic signals from bead-on- 
plate welds as a function of laser power 
and travel speed. The acoustic emissions 
were detected using a transducer 
mounted on a concentric gas nozzle. 
Starting with relatively high heat input 
conditions (high power/low travel 
speed), the acoustic intensity gradually 
increased to the maximum with in- 
creased power or decreased travel speed. 
The acoustic intensity then decreased as 
power was further increased or travel 
speed was further decreased. 

The time-based frequency spectrum of 
acoustic emissions contains more infor- 
mation than either "event" analysis or 
simple amplitude measurements. In a re- 
cent work, Duley and Mao (Ref. 4) inves- 
tigated the effect of surface condition on 
the airborne acoustic spectra observed 
during CO2 laser welding of 1100 alu- 
minum alloy. Acoustic power at frequen- 
cies under 10 kHz generally increased 
with increased incident laser power. 
Based on experimental results and a the- 

oretical analysis of the dynamics of the 
liquid-filled weld keyhole, resonance 
spikes that appeared in the spectral band 
from 3-9 kHz were attributed to motion 
of molten aluminum within the keyhole. 

Farson, Fang and Kern (Ref. 5) devel- 
oped a rudimentary laser weld penetra- 
tion control based on airborne acoustic 
signal measurements. Acoustic emis- 
sions were detected with a microphone 
and the microphone output voltage was 
digitized. The Fourier transform of the 
sampled signal was input to a neural net- 
work. Using spectra collected from a ma- 
trix of experimental conditions, the net- 
work was trained to discriminate 
between full- and partial-penetration 
welds. The neural network classifications 
were then input to a fuzzy logic con- 
troller that generated process speed off- 
sets needed to maintain full penetration. 

Monitoring Laser Weld Quality 
with Optical Emissions 

Ishide, et aL (Ref. 6), describe the de- 
velopment and experimental characteri- 
zation of an optical sensing system for 
monitoring of a fiber-delivered Nd:YAG 
welding process. The design of the mon- 
itoring system is innovative. The power 
fiber was surrounded with a circular 
array of smaller monitoring fibers. The 
light transmitted by the sensing fibers was 
filtered to a narrow pass-band centered at 
940 nm and detected with a silicon pho- 
todiode. He observed that the average 
value of the diode signal increased ap- 
proximately linearly with incident laser 
power. Thus, delivered power drops 
caused by damaged beam delivery optics 
were observed to cause a noticeable 
drop in sensor signal. 

Beyer, et al. (Ref. 7), reported laser 
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Fig. 3 - -  RMS amplitude of the optical signal as a function of travel speed 
and power for full- and partial-penetration welds. 
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Fig. 4 - -  Standard deviation of the optical signal as a function of travel 
speed and power for full- and partial-penetration welds. 

weld monitoring results obtained using a 
related approach. In this work, the de- 
velopment of an optical monitoring sys- 
tem for detecting lack of penetration and 
gapping in sheet metal lap joint welds is 
described. The system used a backprop- 
agation neural network to detect defect 
conditions, such as partial penetration 
and lap weld gapping by classifying the 
amplitude of the spectrum of the signals. 
Fairly good monitoring results (approxi- 
mately 98% reliable) were obtained. 

Another optical monitoring system 
was described by Kluft, et al. (Ref. 8). A 
photodiode detector filtered to blue 
wavelengths (450-550 nm) was used to 
measure optical emissions. The time- 
based frequency amplitude spectrum of 
the photodiode signal was analyzed for 
various welding conditions. It was ob- 
served that the ratio of high frequency 
(500 Hz to 10 kHz) to low frequency (0 
to 500 Hz) energy in the spectrum 
changed with penetration. The ratio was 
larger when welding at full penetration 
than itwas for partial penetration. This re- 
lationship was found to hold for varia- 
tions in penetration caused by workpiece 
thickness changes and also by focal point 
elevation changes. 

Leong, et aL (Ref. 9), describes corre- 
lations between infrared optical emission 
intensity and weld characteristics. A lin- 
ear relationship was found to exist be- 
tween optical signal DC amplitude and 
weld penetration depth. In these tests, the 
weld penetration depth (all welds were 
partial penetration) was varied by chang- 
ing the CO2 laser CW power. Changes in 
gas shielding configuration and the pres- 
ence of oil on the base metal surface were 
found to cause significant changes in the 
AC amplitude of the infrared optical emis- 

sion. Spatter was also found to influence 
the AC amplitude of the emission. 

Finally, Shibata (Ref. 10) briefly de- 
scribes a system for monitoring laser 
sheet metal welding based on optical 
emissions. The system used two photodi- 
ode detectors to measure optical emis- 
sions emanating at different angles from 
the base metal surface, one nearly per- 
pendicular and the other nearly parallel. 
Correlations between optical emission 
signals and weld quality were obtained 
from "large volumes" of experimental 
data obtained during production weld- 
ing. It was indicated that the plasma 
monitor was useful for detecting weld 
pits, bead humping, joint mismatch and 
lack of penetration. 

Acoustic and Optical Emission Relationships 

It is natural and potentially useful to 
inquire about the relationship between 
airborne acoustic and optical emissions, 
the two emissions most commonly used 
for weld monitoring. Experimental work 
regarding such relationships was done by 
Gatzweiler, Maischner, Derichs and 
Beyer (Ref. 11 ). They made full- and par- 
tial-penetration welds on steel base ma- 
terial using a CO2 laser. Visual inspection 
of experimental data showed that photo- 
diode signals representing plume emis- 
sions were temporally related to the sig- 
nals from an instrument microphone. 
However, this relationship was not inves- 
tigated further in their work. 

In another early work, Lewis and 
Dixon (Ref. 12) report on monitoring of 
laser welds with a microphone and opti- 
cal photomultiplier sensor. The welds 
were made on aluminum, gold and 
stainless steel using single pulses from a 
400-W average power Nd:YAG laser. 

Strong variations in sound pressure and 
noticeable variations in plasma optical 
emission were noted. Although no note 
was made of the fact, a cursory compar- 
ison of sensor data reveals some corre- 
spondence between the optical and 
acoustical signals. 

Experimental Procedure 

A Fanuc 3-kW CW CO2 laser was 
used to produce bead-on-plate welds on 
carbon steel sheet material. The experi- 
mental setup is shown in Fig. 1. The fix- 
ture (including the workpiece) was 
mounted on a CNC x-y table to provide 
mobility. The laser beam was focused on 
the surface of the workpiece at a 90-deg 
angle of incidence. The laser beam had a 
spot size of about 0.2 mm, which re- 
sulted in power density on the order of 
106 W/cm 2. 

Three separate sensors were used to 
monitor process emissions during weld- 
ing. A silicon photodiode with optical 
bandwidth of 0.3-111m and time band- 
width of 0-200 kHz was used for moni- 
toring front-side optical emissions. An 
identical photodiode was used to moni- 
tor backside optical emissions. A con- 
denser microphone with a bandwidth of 
20 Hz to 20 kHz was used to monitor air- 
borne acoustic emissions (i.e., sound 
pressure waves). 

The arrangement of the sensors is 
shown in Fig. 2. Light emitted from the 
front and back sides of the weld area was 
collected and injected into fused silica 
fiber bundles with two-lens focus assem- 
blies and transmitted via the fiber bun- 
dles to the photodiode detectors. The 
two-lens focusing system had a magnifi- 
cation of 1.28 and the diameter of the 
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Fig. 5 - -  RMS amplitude of the acoustic signal as a function of travel 
speed and power for full- and partial-penetration welds. 
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fiber-optic bundle was 1.6 mm. There- 
fore, the system collected light from an 
area with a diameter of 2.0 mm (at the 
focal plane) and within a solid angle of 
approximately 0.15 steradian. The col- 
lection area was centered approximately 
on the keyhole opening. 

A personal computer with an analog- 
to-digital converter card, configured as 
shown in Fig. 1, was used to acquire sen- 
sor output voltage. Each of the three sen- 
sor signals was sampled at a rate of 50 
kHz for a total time period of 0.32 s (re- 
sulting in a sample set size of 16,000 
points for each of the three sensors). To 
prevent aliasing, the front-side light sig- 
nal was filtered with an eighth-order low 
pass filter with cut-off frequency of 20 
kHz before it was input to the data ac- 
quisition system. The high-frequency 
band limit of the microphone (equal to 
20 kHz) prevented aliasing of the 
acoustic signal without the need for ad- 
ditional filtering. 

A full matrix of power and travel 
speed settings was used to generate both 
full- and partial-penetration welds. 
Power settings were 1200, 1600 and 
2400 W. Travel speeds were 1.25, 2.5, 
3.8 and 5.1 m/min. Helium shielding gas 
was delivered both coaxially and from a 
side shield at a combined flow rate of 20 
ft3/h. At some low power/high travel 
speed combinations, the energy density 
was insufficient for coupling, and con- 
duction mode (rather than keyhole 
mode) welds resulted. The material used 
for the experiments was 1.4-mm-thick 
cold-rolled low-carbon steel sheet. The 
welding parameters are summarized in 
Table 1. 

Resul ts  a n d  D i s c u s s i o n  

The optical and acoustic signal sam- 
ple sets were first analyzed by simple sta- 
tistical measures to determine if correla- 
tions between signal characteristics and 
full/partial penetration conditions could 
be identified. The RMS value, given as 

SRMS = i -n  

where Srm~ = signal root -mean-square 
value (acoustic or light), n = total number 
of samples in set (i.e., 16,000) and si = 
sample value, was taken as a measure of 
the amplitude of the signals. Using these 
RMS values, three-dimensional response 
plots for both acoustic and light signals 
were constructed. 

The response plots for variations of 

Table 1 - -Weld ing  Parameters 

Weld Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Laser Power 
(W) 

2400 
2400 
2400 
2400 
2000 
2000 
2000 
2000 
1600 
1600 
1600 
1600 
1200 
1200 
1200 
1200 

UJ 
the RMS value of the optical signal with 

I~1 laser travel speed and power are shown a 
in Fig. 3. It appears that a local minimum ~,, 
in optical signal RMS amplitude is ob- 
tained at what might be described as 
"moderate" full-penetration conditions 

IklkE~ 
(i.e., at conditions where the weld is 
fully penetrating but of sufficiently small 
width that the top surface is not signifi- 
cantly undercut by weld pool drop 
through). The data series obtained by 
varying travel speed at a constant power I[.~:-' 
of 1600 or 2000 W both show this min- 
imum in the light emission at moderate 
full-penetration conditions. When travel 
speed is increased or decreased from 
this point, the light emission increases 
noticeably. When the travel speed was 
5.1 m/rain and power was 1200 or 1600 ......... 
W, no keyhole was formed and the opti- 
cal emissions were very low. Also, gen- m 
erally lower emission levels were ob- 

Travel Speed Penetration ~ 
(m/min) (Visual Inspection) 

1.25 Full 
2.5 Full 
3.8 Full 
5.1 Full 
1.25 Full 
2.5 Full ~ ; ~  
3.8 Full 
5.1 Partial 
1.25 Full 
2.5 Full u,u 
3.8 Partial I ~  
5.1 No coupling 
1.25 Full 
2.5 Full ~ :  
3.8 Partial 
5.1 No coupling 
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Fig. 7 - -  Front-side and backside light signal relationship for a full-pen- 
etration weld. 

Fig. 8 - -  Cross correlation between light and sound signals. 

served when travel speed was at the 
lower range of levels in the test matrix 
and power was at or near its highest val- 
ues. This is most clearly observed in the 
data series for varying travel speeds at a 
power of 2400 W, where the optical sig- 
nal amplitude steadily dropped as travel 
speed was decreased. 

The results shown in Fig. 3 have im- 
portant implications for the design and 
application of laser penetration monitor- 
ing systems. Undoubtedly the simplest 
strategy for discriminating between full- 
and partial-penetration welds based on 
their optical emission is to compare the 
optical emission amplitude to a fixed 
threshold level. The above results indi- 
cate that such a strategy will be success- 
ful only for laser power and travel speed 
combinations within certain ranges. For 
example, the results show that full- and 
partial-penetration welds made at pow- 
ers of 1600 and 2000 W and travel 
speeds of 2.5 and 3.8 m/min could be 
successfully discriminated using a fixed 
threshold since, in this parameter range, 
partial-penetration welds had consis- 
tently higher optical emission amplitudes 
than full-penetration welds. However, 
outside of this power/travel speed range, 
examples of welds having optical emis- 
sion amplitudes that would be misclassi- 
fled by such a simple threshold are evi- 
dent. In fact, it is interesting to note that 
the partial-penetration weld made at a 
power of 1200 W and a travel speed of 
3.8 m/min had lower optical emission 
amplitude than the full-penetration weld 
made at a power of 1200 W and travel 
speed of 2.5 m/min, the opposite of the 
trend noted above. These results imply 
that laser weld monitoring systems that 
determine degree of penetration by com- 
paring the optical signal amplitude to a 
threshold will generally require adjust- 
ment of both the threshold level and 
comparison rules to be applicable over a 
wide range of process conditions. 

The marked increase in optical emis- 
sion noted when comparing keyhole 
welds to conduction-mode welds ap- 
peared (from visual observation) to be re- 
lated to an increase in plume size. The in- 
creased plume size may stem from 
increased absorption of laser energy in 
the material due to keyhole effects, lead- 
ing to greater evaporation of iron into the 
plume. Since iron has a relatively low 
ionization potential, its enrichment in the 
plume should lead to more excited and 
ionized species and, hence, more radia- 
tion by de-excitation and deionization 
events. Also, the increased charged 
species concentration leads to increased 
absorption of laser energy in the plume, 
which promotes further ionization, so the 
increased optical emission due to iron 
enrichment should be self-perpetuating 
to some degree. Reasons for the nonmo- 
notonic variation of optical emission 
with changes in power, travel speed and 
degree of penetration require further in- 
vestigation before conclusive explana- 
tions can be given. 

Another emission signal characteristic 
that has been proposed for weld quality 
monitoring purposes is standard devia- 
tion. The standard deviation of the opti- 
cal signal for the various conditions in the 
power/travel speed test matrix is plotted 
in Fig. 4. This data shows the maximum 
variation in the optical signal tended to 
be associated with full-penetration weld- 
ing conditions. However, the difference 
in RMS amplitude between full- and par- 
tial-penetration welds was small in some 
cases (e.g., the data series with travel 
speed equal to 3.8 m/min). This result im- 
plies a weld penetration discrimination 
approach based on comparison of the 
optical signal standard deviation to a 
fixed threshold could be successful in 
certain ranges of power and travel speed. 
For example, the data taken at 1200 and 
1600 W and 2.5 and 3.8 m/min clearly 

show standard deviation was higher for 
full-penetration welds than partial-pene- 
tration welds. However, the "rule" fails 
for welds outside of this parameter range. 
For example, the weld made at 1600 W 
and 3.8 m/min has a relatively low stan- 
dard deviation that would be misclassi- 
fled by a threshold suitable for the previ- 
ous power/travel speed range. Thus, 
thresholding the standard deviation of 
the optical signal may yield desired re- 
sults in selected parameter ranges but 
will generally not be accurate if applied 
across a wider parameter range. 

The acoustic RMS amplitude response 
plot for welds made at various combina- 
tions of power and travel speed is dis- 
played in Fig. 5. The trend evident in this 
data is somewhat similar to that observed 
for the standard deviation of the optical 
emission: the airborne acoustic signal at- 
tained its maximum RMS level during 
full-penetration welding. The acoustic 
amplitude data series obtained by vary- 
ing travel speed at a power level of 2400 
W reveals a maximum in the RMS 
acoustic emission at 2.5 m/min, with 
lower emission at both faster and slower 
travel speeds. This behavior was also ob- 
served for the data series obtained by 
varying power at a constant travel speed 
of 1.25 m/min. It is important to note that 
a single threshold value that will dis- 
criminate full- and partial-penetration 
welds based on acoustic signal magni- 
tude is not possible in general. However, 
just as in the case of the optical signal, 
such a strategy is viable in certain regions 
of the power/travel speed parameter 
space. In particular, the transition from 
full to partial penetration at the high 
travel speed of 5.1 m/s (due to a power 
increase from 2000 to 2400 W) was cor- 
related with an especially pronounced 
increase in acoustic signal magnitude. 

Two plots of the time-variation the 
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backside optical signal magnitude are 
shown in Fig. 6. Partial-penetration welds 
generated no significant backside optical 
emissions. On the other hand, full-pene- 
tration welds were generally character- 
ized by large magnitude, highly fluctuat- 
ing backside optical emissions. This 
relationship between backside light 
emission and weld penetration is well 
known and backside optical sensors have 
sometimes been used for weld penetra- 
tion monitoring because of this corre- 
spondence. However, in most cases it is 
not practical to collect the backside opti- 
cal signal because of restricted access or 
other reasons. 

The primary reason for studying the 
backside optical emission in this work was 
to determine whether or not any front-side 
signal features that uniquely correspond to 
full-penetration welding could be identi- 
fied. Since the backside light signal pro- 
vides some indication of the status of the 
keyhole, a detailed examination of the 
time variation of both front-side and back- 
side optical signals could possibly reveal 
time-domain front-side signal fluctuations 
that correspond to periods of high- or low- 
backside emission. A representative plot 
of front-side and backside light signals is 
shown in Fig. 7. 

The results shown in Fig. 7 indicate 
that, on average, front-side and backside 
light signals tend to vary inversely. There 
is a clear trend for the average front-side 
signal magnitude to be high at times 
when the backside signal average ampli- 
tude is low and vice-versa. However, the 
standard deviation of both signals is quite 
high, so the relationship is better in the 
average rather than on a sample-by-sam- 
ple basis. Visual inspection and cross- 
correlation analysis failed to identify any 
particular time-domain features in the 
front-side optical signal that reliably in- 

dicated the presence or absence of full 
penetration or that were consistently re- 
lated to peaks in the backside optical 
emission signal. 

Relation between Light and Acoustic Signals 

One thrust of ongoing work in emis- 
sion-based monitoring is the develop- 
ment of multiple-sensor systems. In de- 
signing such systems, it is helpful to 
understand the similarities and differ- 
ences in the signals produced by various 
emission sensors. The light/sound signals 
were analyzed to determine if there was 
a deterministic connection between the 
two. As a first step, a correlation integral 
(Ref. 13) was performed on the time sam- 
ples as a rough indicator for the presence 
of a relationship. The magnitude of the 
correlation integral of two fluctuating sig- 
nals is high when the signals fluctuate in 
unison and is low if there is little rela- 
tionship between the two. Additionally, 
the correlation is negative if the signals 
fluctuate out of phase (in opposition) to 
each other but is positive if the fluctua- 
tions are in phase. The cross-correlation 
integral of simultaneous light and sound 
samples from the same weld is shown in 
Fig. 8. The relatively high magnitudes 

(both positive and negative) indicate that 
the two signals were highly related when 
the sound signal was shifted in time by an 
amount corresponding to the propaga- 
tion time from the weld keyhole to the 
microphone. The positive and negative 
peaks occurred next to each other, sepa- 
rated by a phase shift corresponding to 
one time period of the dominant fre- 
quency of oscillation of the two signals. 

Next, autoregressive moving average 
(ARMA) modeling (Ref. 13) of the time- 
shifted front-side light and sound signals 
was used to quantify the light/sound re- 
lationship. This analysis showed that the 
following equation adequately modeled 
the relationship between the acoustic 
signal a(t) and the optical signal o(t): 

a ( t )  = 2.5 ~ /o ( t )  
dt 

Very simply, the acoustic signal was 
found to be proportional to the time de- 
rivative of the optical signal. The rela- 
tionship is illustrated for some represen- 
tative cases in Figs. 9 and 10. 

The match between the experimental 
and predicted acoustic signals is very 
striking in Fig. 9, but somewhat less so in 
Fig. 10. These figures were selected to 
represent the best and the worst of the 

Table 2--Signal-to-Noise Ratio (r) for Various Welding Conditions 

Laser Power Travel Speed Signal-to-Noise Ratio 
(W) (m/rain) Penetration (r) 

1200 1.25 Full 3.11 
1200 1.25 Full 1.39 
1200 2.5 Partial 3.16 
2000 3.8 Full 2.68 
2000 5.1 Partial 3.13 
1600 1.25 Full 2.03 
1600 2.5 Full 2.41 
1600 2.5 Full 1.38 
1600 3.8 Partial 2.24 
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correlations that were observed. The 
match between the two signals can be 
examined more quantitatively using a 
signal-to-noise ratio (r), expressed as 

/1 

i r -  
/1 

24 
i 

where y~ is the experimental acoustic 
signal, ei = Yl - Y~ is the error between 
experimental and predicted signals and 
)~ is the predicted acoustic signal. Values 
of signal to noise ratio for a variety of con- 
ditions are listed in Table 2. 

This result could have important im- 
plications for design of multiple-sensor 
quality monitoring systems. Under the 
experimental conditions that were used 
in these experiments, the optical signal 
alone is shown to contain a large amount 
of the information that is supplied by the 
acoustic signal. However, whether or not 
the acoustic sensor can be replaced by 
the optical signal has not been firmly es- 
tablished as there are still significant dis- 
crepancies between the actual acoustic 
signal and that derived from the optical 
signal. 

Conclusions 

The experimental results indicate that 
the amplitude of the optical-wavelength 
electromagnetic emissions vary with 
travel speed and power. Near some 

power and travel speed combinations 
(those in the middle of the parameter 
ranges that were tested) a transition from 
full to partial penetration was accompa- 
nied by a significant increase in emitted 
light. However, near the edges of the pa- 
rameter matrix, the opposite behavior 
could be observed (i.e., the magnitude of 
the optical signal decreased during the 
ful l-to-partial-penetration transition). 
These observations highlight the point 
that simple fixed rules and signal magni- 
tude thresholds are not generally applic- 
able for laser weld penetration detection. 
The airborne acoustic signal was found to 
be loudest at moderate full-penetration 
conditions and was observed to decrease 
when weld penetration transitioned from 
full to partial. Again, the size of the de- 
crease was dependent upon the travel 
speed/power values. Finally, it was ob- 
served that the time derivative of the op- 
tical signal was highly correlated to the 
acoustic signal. 
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