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Abstract

Photodiodes are commonly used to monitor laseringlas a cheap, rugged, online method to
get an indication of changes in the process, pdatity the occurrence of defects. However, the
correlations between the signal characteristicstiaagbrocess are usually empirical and not
fully understood. In this basic study we try toaibta better understanding of the generation of
the signals from the laser welding process. By Byarasing high speed imaging with
photodiode signals in three wavelength spectraattgenpt to identify the contributions from
different geometrical domains and temporal everdgjcularly from the weld pool surface, the
keyhole opening and the escaping metal vapour flois.particularly valuable to study
dynamic behaviour during pulsed laser welding. Arguative estimation is difficult, but , with
the help of high speed photography and modelliteggracorrelations between different
dynamic events and signal changes can be identified
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1 Introduction

Laser welding is an important joining method in tha@ustry today and, as the demand on
product performance increases, the demand for@nionitoring is also increasing. A common
method for process monitoring of laser weldingisise photodiodes. This is the method that
we investigate here in some depth, to try to cateatiefects in the weld with the behaviour of
the photodiode signal. If we can explain were thegitas of the signals are, we hope to increase
the monitoring capabilities and the robustnessaséil welding in the industry.
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Fig. 1 Sandard concept of photodiode monitoring system.

The photodiode setup Fig.1 is a common concept for commercial systems saldritne
monitoring of laser beam welding.[1] The three sessletect light in different wavelengths.
T-sensor 1100-1800nm, R-sensor 1064nm and P-sé88e800nm. Also the T-sensor has an
aperture to reduce the observed area. The ideaddr-sensor is to observe the hot liquid melt
pool behind the keyhole, and thereby give a sigoakelated to the surface of the weld.

Coaxial monitoring makes the alignment easy anensisive to welding direction. Overall the
design is rugged and easily implemented in industay until now the number of implemented
online monitoring systems is low compared with tiaenber of laser welding systems. One
reason for this is the lack of reliability of themtoring systems. There is no guarantee that the
online monitoring will detect all faults.



2 Method

We start here with a description of the originted signal from the photodiode sensors. Then an
evaluation of the error detection method usedanramercial online monitoring system. The
rest of the paper focuses on experimental reddtsshow the correlation between a significant
change in signal value and a pertubation at theceaf the signal. With examination of the
melt pool size during pulsed welding. And the dyrabehaviour of the plume correlated to the
sensors.

2.1 Signal origins
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Fig.2 Typical intensity distribution of the electromagnetic signal from Nd: YAG welding, and
the wavelength range of the three sensors.

The total emission from Nd:YAG welding[2] of metala wide spectrum of heat emissions
according to Planck’s law. Some small spikes frdasima radiation can be present [3] but the
contribution of a narrow spike to a wide spectrsmmsignificant. A large spike of 1064nm
from the laser is always present.

Increasing the temperature of an object will inseethe energy of the emitted light. And the
peak emission will occur at shorter wavelengthescdbed by Wien'’s displacement law. The
total amount of emitted light also depends of timéssion factor and the size of the object.

Previously it has been shown that there is a liceaelation between the T-sensor signal and
welding depth [4][5]. Changing the welding speedraes both welding depth and melt pool
size, and this changes the T-signal. Thus onerotigihe T-sensor signal is the meltpool and
the surrounding hot surface. But the T-signal isamby affected by the penetration depth. If the
linear dependend¥] is extrapolated towards zero penetration thestill a large amount of
T-signal present. This indicates that somethingen®contributing to the signal value. This
must be the keyhole and the ejected plume of mef@ur and particles.

The R-sensor detects the reflected laser light fitwersurface. But the complexity of the
reflections from keyhole welding is very high awdanalytically describe the change in
reflection is beyond the scope of this paper.

The P-sensor is mostly affected by the keyholetaaglume above, but some signal does
appear to be from the surface.



2.2 Online monitoring

To evaluate the fault detection by photodiode systea commercial system has been
investigated. We chose the Precitec LWM system @iimalogue channels. This leaves an
extra channel that can be utilized to monitor #set power, besides the three photodiodes. The
system is based on a DSP-board and has 8 bit tiesollihe maximum sampling rate is 20 kHz.
After initially acquiring some strange signals wealized that there is no antialiasing filter in
the A/D-conversion circuit. This means that the suigaments are more or less distorted by
folding according to the Shannon-Nyquist samplimgprem.

2.3 Threshold

In the LWM system the monitoring is a comparisoa t@ference signal, acquired previously.
The monitoring is basically a threshold value & tlistance from the reference signal. To avoid
false alarms from spikes in the signal, a minimimetabove the threshold can be implemented.
To reduce the noise level in the signal a digaal pass filter can be added.
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Fig.3 Example of Probability Density Functions

To set the correct threshold value is not easyhiglo a value and no errors will be detected, too
low a threshold value and lots of false alarms leiler the trustworthiness of the system and
error warnings will be ignored. A chart of the pabllity density functions for signals from
good and bad welds can help when choosing thehbicsalue. But it is always a compromise
between good error detection and low false alaramto

The optimal threshold value depends on the coahalction. The cost of a false alarm or a
dismissed error has to be taken into accountlé@ probability of dismissed errorgHs the
error signal below the threshold. The probabilityadse alarms is the OK signal above the
threshold. The optimal threshold is found by miraimg the total cost C ieq (1)

C =P, *Cp + P, *Cpy (1)



Experimental results show that the variance obtgeal tends to be larger for bad welds. But in
many cases the mean value changes only a little,détting the threshold becomes more
difficult.

By adding a low pass filter the variance in thenalgs decreased. A smaller variance makes it
easier to distinguish different mean values, bentbnly long lasting errors can be detected.
The time span of an error can be very short. At/b@mwelding speed, a 1Imm movement takes
only 5ms. This means that a cut-off frequency diis(h a low pass filter limits the detectable
fault to about 4mm.

The difficulty of setting a fixed optimal thresha&lnot unique for laser weld monitoring. Many
methods are available with dynamic adaptive thrielsip]. Often the signal is filtered by
Kalman filter, and more or less advanced erroralete is implemented in the filter. None of
these modern error detection algorithms is implasgm the LWM-system investigated. In
the LWM-system the operator is manually to set &aimam deviation from a previously
recorded “OK"-signal.

2.4 A/D-conversion and aliasing

Analogue to Digital conversion is done by freezamgyanalogue signal value and then
converting the value to a digital value. To coryeatimic the original signal, the number of
digital samples must be high enough in a given frame. InFig 4 the blue signal is the
analogue value. The green signal is sampled witfcgntly high frequency to give the correct
image of the signal. The red signal has too lomgpsimg intervals and misses important signal
changes. Also false peaks are created in the gedlsi
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Fig.4 Example of different sampling frequency of a signal.

This is called aliasing and by the Nyquist-Shanti@morem a signal can be correctly recreated
only if the sampling frequency is more than twice highest frequency in the original signal. If
a fixed sampling frequency is used, an antialiagiitey must be used to avoid aliasing. In the
Precitec LWM system no such filter exists. Thislwistort the signal and reduce the usability
of the system. As the maximum sampling frequendpenL WM is 20 kHz and the frequencies
measured during laser welding have been well abhOueHz [8] aliasing will distort the signal.



3 Pulsed welding: signal response and imaging

To investigate the source of the signal from theeiisor we set up a simple experiment. A bead
on plate weld in steel, utilizing quasi-CW Nd:YAGding (pulsing with 50% duty cycle and
10ms pulses) was produced. The welding was moxitoyehe photodiode system and a high
speed video was created. Filming at 10000fps antbpiode measuring at the max sampling
rate of 20000Hz, we have tried to correlate thenes/m the video to signal changes.

With a powerful Cavitar laser illumination synchioed to the Redlake camera exposure, a
clear image of the weld pool is achieved. The mbnamatic light also eliminates the
chromatic aberration. In front of the camera a baass filter of 810nm is placed, to block all
other light than the illumination light.

Fig. 5 Experiment overview

The exposure time was adjusted to show the glopimge above the keyhole, thereby
enabling correlations to plume fluctuations.

Keyhole

T-sensor area

Fig.6 Image extracted from high speed video

On top of every frame an old weld seam is visilnié &wo lines indicating the starting point.
Fig.6



3.1 Studying T-sensor

During the OFF period of the laser, the keyholdagses. This means that the sensors show the
emission from the melt pool and the heated surrimgnihaterial. During the ON period a
keyhole quickly builds up and a plume is ejectenifithe keyhole. The cloud has an almost
stochastic behaviour visible in both video and disijnal. The keyhole is more stable but
rapid fluctuations do appear from time to time.d@ynparing the diode signal value during ON
period with OFF period, a value of the contributfoom the blackbody emissions of the solid
and melt surfaces can be estimated.

In the start up of the weldF{(g 7 a-b) the melt pool is small and the heat conducteti¢o
surrounding metal is low. The signal value during OFF period is close to zero, in all three
sensors, but a small signal is visible in the Tssen

Melt pool

T-sensor ares

Fig.7a Image during OFF period at the beginning of the weld
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Fig.7b Sgnal value at the beginning of the weld

After some distance of welding a steady statedshred and the size of the melt pool is constant.
The larger melt pool and the heat conducted tosuading material increases the T-sensor
signal during the OFF periodfsg 8 a-b.



Welding
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Fig.8a Image during OFF period in the centre of the weld
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Fig.8b Sgnal value in the centre of the weld

In this particular welding case approximately 13he total T-signal comes from the molten
and solid metal. 2/3 comes from keyhole and plufhe. increase of the T-signal from a small
melt pool to a large melt pool is less during OMqethen during OFF period. By assuming
that the emissions from keyhole and plume are enhsind independent of melt pool length,
the contribution of the surface must be changinlgere are two possible explanations. Photo
diodes can be biased by a reversed voltage toagivear response otherwise they give a
logarithmic response. A logarithmic response wilega higher increase to low signals then
high signals. Whether or not the T-sensor is waykma linear or logarithmic mode is
unknown. The other explanation is that the plunghislding the emissions from the surface.
Both explanations indicate that the contributianirthe surface is less then 1/3 of the T-signal
during the ON period.



3.2 Fluctuation in the plume

The rapid and large fluctuations in both the T-se@®d the P-sensor during the ON period of
the welding are almost exactly synchronised. Whenpared with the high speed images, the
same fluctuations can be observed in the vapoudclm the 5 frames iRig. 9 the frame
number and acquisition time is visible on top @& trame. InNFig.9 a-e it can be seen that from
time 2,2637 to 2,3639 the cloud goes from full édhing to full again within a time span of
0,2ms

013496 2.263500 s 10000 fp013497 2.263600 s 10000 fp

013498 2.263700 s 10000 fp@013499 2.263800 s 10000 fp

Fig. 9 a-e Fluctuations of the plume

The P-sensor signal has much larger fluctuatiodsnansignal during OFF period. Therefore
there is no contribution to the P-sensor from timéage, only a keyhole and vapour plume
contribution.



3.3 Measuring plumeintensity in video

A qualitative measurement of the video images ssitde if the intensity change is extracted
from the film. As the background is fairly constantan be subtracted from the images and
only the fluctuations are left. Fig.10 the plume and keyhole from frame nr 013#9¢.9a are
extracted from the video. As the intensity in tlegtole region is saturated in the camera,
keyhole related measurements cannot be made fismiteo.

Fig.10 Plume intensity extracted from Fig.9a

By summing the intensity from every pixel in theuple, a qualitative measurement of the
fluctuations is created. In this way the fluctua@ver time can be correlated to fluctuations of
the plume above the keyhole as seelRigill. The small dots in the image intensity curve are
individual frames in the video.

700000 - Irnage inkensity [
T-Sensor
RO0000 -
P-sensor
500000 - -2,5
&
' 400000 - -2 @
L =]
T v
£ 300000 - -1,5 5
200000 - -1
100000 - -0,5
n- n

Fig.11 Calculated image intensity from video and P-sensor/T-sensor

Fig.11 shows that the rapid fluctuations in the T-sigaad P-signal are created by the plume
ejected from the keyhole.

By scaling and subtracting the plume intensity fritw@ P-sensor signal, the contribution from
the keyhole can be calculated. Then, if the P-gesigoal is scaled and subtracted from the
T-sensor signal, the surface contribution coul@ddeulated. Unfortunately, the lack of an
antialiasing filter in the hardware makes this imgible. The folding distortion from the high
frequencies of the fluctuating vapour cloud creatést of noise in the signal. And as there is a
small time difference between the sampling of déf¢ channels the noise is different for all
channels.

10



3.4 Identification of the plume radiation characteristics

One major question is; Is the plume above the kieyti@ating light or merely reflecting the
light from the keyhole? To test this a shadowingdjwas inserted in the plume. In the
experiment an overlap weld in Zinc coated 0.8 matgd was carried out. The rod was placed
normal to the camera view as showrig.12.

Keyhole

Fig.13 Illuminated frame during welding

In Fig.13 the Cavitar has illuminated the exposure with a thmg illumination time. The
exposure time of the camera is also 1us. The iltaton light is very focused thus creating
glare in the reflecting melt pool.

By using a double exposure mode in the high spasta one image illuminated by the
Cauvitar laser and one image without illumination b& captured almost simultaneously.

In the image without illumination the exposure tireéonger and the light from the keyhole is
saturating the camera. The rod is obviously defigahe plume ejected by the keyhole, as any
fast flowing media is deflected by an object. Bungtimes turbulent flow makes the plume
reach the area behind the rod.
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10:41:34 0.800400 s 2500 fps

Shadow area

Keyhole

Fig.14 Nonilluminated frame during welding.

In Fig. 14 it is clearly visible that the plume is glowingalin the area shadowed by the rod
where no light from the keyhole can reach the pluhis means that the plume is emitting
light in sufficient intensity to be registered lhetcamera through the 810nm band pass filter.

10:41:34 1.142800 s 2500 fps

Fig. 15 Frame during weld in zinc coated overlap weld with long melt pool.

Later during the weld the melt pool is elongated #re emissions from the surface at 810nm
are visible.Fig. 15) The difference in emission factor between sofid Bquid metal is clear.
The length of the melt pool is approximately 8mm.

In Fig 16 the average intensity over 900 frames is calcdlaieemove the fluctuations in the
plume. Here it is easier to estimate the contrdmgifrom different parts to the sensors. The
810nm filter in front of the camera doesn’t chatige blackbody radiation relationship. Thus
the intensity in the images gives a representatidhe intensities contributing to the P-sensor
and T-sensor signals.
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Fig.16 Average intensity of 900 frames

4 Conclusions

Photodiodes used to monitor laser beam welding tteeotential to warn if the welding
process change. This investigation of the Preti¥®® system has led to the following
conclusions.

The R-sensor with a sharp narrow band pass fitté064nm is directly related to the surface
geometry of the area where the laser beam intenattithe material. But keyhole welding has
a very complex geometry of molten metal, and a gemxplanation of signal changes is
almost impossible. In the conduction welding mdtkre is a higher possibility of explaining
the signal behaviour. Any welding case going frostadble welding condition to an unstable
situation will most certainly lead to a changeldd sensor signal behaviour in some way.

The T-sensor and P-sensor both have a broad basdilpar. This makes them sensitive to
blackbody radiation. Even though no real blackbs@iest in reality, all materials will emit
radiation at more or less all wavelengths whendwedduring laser welding there are three
main radiators; the melt pool and the heated saded metal, the keyhole and finally the
ejected plume above the keyhole.

The contribution from the three parts to the T Bre®nsor will differ depending on the different
center wavelength of the sensors. This is becaube &ien’'s displacement law.

The strong fluctuations in the plume will reduce gossibility to detect short lived fluctuations
in the melt pool and keyhole, making the monitomagability from the P-sensor and T-sensor
less valuable.

The aliasing occurring in the LWM system due toldek of an antialiasing filter will distort
the signals and reduce the possibility to detectrer

During pulsed laser welding of steel, 30% of tlgmal to the T-sensor came from the surface
70% from the keyhole and plume. In the P-sensarasig50% came from keyhole and 50%
from the plume.
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The rapid fluctuation in T-sensor and P-sensocareelated. And both were correlated to the
intensity of the plume extracted from high speeddss.

The absence of a shadow from the wire shows thlatt is emitted from the plume.
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