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Using multi-characteristic information fusion based on a BP (back propagation) NN (neural network) of the plume and spatters to
monitor the high-power disk laser welding of type 304 austenitic stainless steel is presented. An ultraviolet and visible sensitive high-
speed video camera was used to capture the dynamic images of laser welding plume and spatters during laser welding. The number
and area of spatters, and the area, height, tilt angle and centroid of plume were calculated by using image processing technology and
defined as the characteristic parameters of plume and spatters, which were used as inputs of the neural network. The weld bead width
was considered as a parameter reflecting the welding status, which was used as output of the neural network. Relations of plume and
spatters with laser welding status was established by a BP neural network and experimental results showed that the proposed method
could effectively estimate the high-power disk laser welding status when the laser power ranged from 2 kW to 10 kW.

NOMENCLATURE

BP = back propagation
NN = neural network

1. Introduction

Laser welding has been widely used in manufacturing process for its
advantages such as flexibility, repeatability, high accuracy and
especially very narrow heat-affected zone which results in minimal
specimen distortions.!® Presence of welding plume affects laser
material processing technology in that a large portion of energy emitted
by the laser source is absorbed by the plume without hitting the
specimen. Sensors can be used to detect the welding plume signal, and
several methods have been investigated based on plume detection of
the laser welding process. In the process of laser welding, a
spectrometer was used to capture the emission spectrum of laser-
induced plasma plume which has close relationship with the welding
quality.*® During high-power disk laser welding, the high speed

photography was used to measure the dynamic images of laser-induced
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plume and these digital images were transferred to the hue-saturation-
intensity color spaces. Plume features were extracted from the images
and it was found that these features of plume could reflect the welding
state.” During deep penetration laser welding, high speed imaging was
used to analyze the mechanisms of laser-induced plume.® The plasma
plume optical radiation emitted during CO, laser welding of stainless
steel samples was detected with a photodiode and analyzed under
different process conditions. The discrete wavelet transform (DWT)
could be used to decompose the optical signal into various discrete
series of sequences over different frequency bands.” However, certain
relations between welding plume signal and welding quality had not
been established.

Spatter involves the ejection of droplets of melt from a weld pool
and is an occasional quality problem common to most welding
processes. Sensors can be used to detect welding spatter, and it is found
that welding spatter has close relationship with welding quality. In the
process of laser welding, high-speed imaging was used to capture the
dynamic images of laser welding spatters. By comparing the spatter
information with molten pool, it is confirmed that there is a close
relation between the spatter feature information and the welding
quality.'®!! During arc welding, scanning electron microscopy and X-
ray mapping can be used to study the spatter phenomena.'

@ Springer
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A multiple-optic sensing system based on two photodiode sensors
and two visual sensors has been established for monitoring a high-
brightness disk laser welding process. The proposed system provided a
better understanding and accurate evaluation of laser welding process
by quantitatively analyzing the features extracted from different optic
sensors.” In order to further investigate the relations of plume and
spatters with laser welding, we used an ultraviolet and visible sensitive
high-speed video camera to capture the dynamic plume and spatter
images, and study the BP neural network models to reveal the
relationship between plume, spatter characteristics and welding quality.
The number, area of spatters, and the area, height, tilt angle and the
centroid of plume were calculated by using the image processing
technology and defined as the characteristic parameters of spatters and
plume. The weld bead width was considered as a parameter reflecting the
welding stability. The defined plume and spatter characteristic parameters
were considered as the model inputs to calculate weld bead width based
on a BP neural network. Influence of laser powers on the weld bead
width was investigated, and it is found that the defined plume and spatter
characteristic parameters have relations with the laser powers. Especially,
these plume and spatter characteristic parameters can be applied to
estimate the weld bead width variations. The mean errors between the
actual bead width and the model training output were not more than
0.2 mm when laser power ranged from 2 kW to 10 kW.

2. Experimental Setup

Experimental specimen material was type 304 austenitic stainless
steel plates of 10 mm in thickness. The experimental system, shown in
Fig. 1, consisted of high-power disk laser welding equipment, a
Panasonic 6-axis robot, an imaging collecting system and the shielding
gas (Argon) whose flowing rate was 40 L/min. The diameter of focused
laser beam was 480 gm and the wavelength of disk laser was 1030 nm.
Laser welding speed was set to 3 m/min and the laser power ranged
from 2 kW to 10 kW. To monitor the behavior of plume and spatters,
a high-speed camera equipped with an ultraviolet and visible sensing
filter (320-750 nm) was set up at the position perpendicular to the
welding direction. The camera frame rate was 2000 fps and the image
resolution was 512 pixels x 512 pixels.

A laser welding process and an ultraviolet image of plume and
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Fig. 1 Schematic diagram of multiple optical sensing of disk laser

welding

spatters are shown in Fig. 2. When a laser beam with high laser
intensity is incident on the specimen, the irradiated material is
vaporized, and a strong recoil pressure will push the molten metal
aside, then a keyhole is formed in the molten pool. Laser-induced
plume exists both inside the keyhole and above the specimen surface.
The plume that escapes from keyhole can block and reflect or defocus
the laser beam, resulting in insufficient penetration or irregular weld
shape or contamination of beam delivery optics. Spatter, which is the
ejection of melt droplets from a molten pool, is a general defect
observed in all welding process. Molten pool ejection in the form of
spatter will result in an unsteady appearance of weld seam. The
ultraviolet image shown in Fig. 2 contains much information of plume
and spatters.

3. Analysis of Plume and Spatter Dynamic Characteristics

To analyze the plume and spatter dynamic characteristics, we firstly
investigated the effect of laser power on the welding plume and
spatters. Fig. 3(a) shows a plume and spatter image captured by an
ultraviolet and visible high-speed camera when the laser power was
8 kW. It was first turned into grayscale image, and then Wiener filtering
was used to eliminate the image noises. After binarization processing
and morphological opening operation, the image after deleting the
areas which were less than 100 pixels is a binary plume image shown
in Fig. 3(b). The binary spatter image shown in Fig. 3(c) could be
obtained by a method that the image after binarization processing was
subtracted by the binary plume image. Plume and spatter characteristics
were defined and calculated. The centroid (p, and p,), area (p,), tilt

Laser beam
Spatter
Molten pool

Plume — I | /
& r

dap prop

Fig. 2 Schematic diagram of laser welding process and image of
plume and spatters

(c)

Fig. 3 A plume and spatter image captured by ultraviolet and visible

sensitive high-speed camera when laser power was 8 kW and welding
speed was 3 m/min (calibration value 6.67 pixel/mm). (a) A plume
and spatter color image. (b) A binary plume image. (c) A binary
spatter image
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Samplings of plume and spatter images
Fig. 4 Plume and spatter configuration parameters during disk laser

welding of type 304 austenitic stainless steel plates when the laser
power was 2 kW and the welding speed was 3 m/min

angle (0) and height (/) of a plume, and the number () and area (s,)
of spatters were defined as the plume and spatter configuration
parameters. Fig. 4 shows the parameter variations and totally 4000
plume and spatter images were analyzed when the laser power was
2 kW. The mean values of plume and spatter configuration parameters
are shown in Fig. 5, where the laser power ranged from 2 kW to 10 kW.
When the laser power increased from 2 kW to 4 kW, more laser energy
was incident to the specimen, resulting in more spatters and plume, and
it can be seen that the parameters #, A, and s, increased rapidly, but p,
decreased. With laser power increasing, the intensity of plume and
spatter increased, the incident laser energy also lost more, the
parameter p, decreased sharply, p, and % increased. Moreover, the
parameters /2 and p, have same change trend. When / increased, the
plume swang to the left due to shielding gas blowing, resulting in p,
decreasing. In order to get the statistical significance of defined laser
welding characteristics, standard deviations of these parameters were
calculated shown in Fig. 6. It can been seen that the parameters p,, p,
and s, changed more severely with increase of laser power. Apparently,

plume and spatter parameters has close relationship with laser power
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Fig. 5 Fluctuating tendency of plume and spatter configurations when
laser power changed from 2kW to 10 kW (calibration value 6.67
pixel/mm). (a) Plume centroid coordinates p,. (b) Plume centroid
coordinates p,. (c) Plume area p,. (d) Plume tilt angleé. (e)Plume
height 4. (f) Spatter number 7. (g) Spatter area s,
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Fig. 6 Standard deviations of plume and spatter configurations when
laser power changed from 2kW to 10kW (calibration value
6.67 pixel/mm). (a) Plume centroid coordinates p,. (b) Plume centroid
coordinates p,. (c) Plume area p,. (d) Plume tilt angled. (e)Plume
height 4. (f) Spatter number 7. (g) Spatter area s,
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and welding status.

When the laser powers ranged from 2 kW to 8 kW, the specimen
were incompletely penetrated. Whereas laser power was strong enough
to reach 10 kW, the specimen was full of penetration and some places
appeared pits because melted area could not be filled timely when
liquid metal flowed to the bottom. The keyhole penetrated specimen so
that quite qualitative change of welding status taken place and welding
characteristic parameters changed suddenly at the same time. It was
found that parameters p, and @ began to decrease when specimen was
penetrated. The changes of parameters € and » slowed down at the
same time. Weld bead appearance of specimen surface and weld bead
width of top surface under different laser power conditions are shown
in Fig. 7.

4. BP Neural Network Model

BP neural network is one of the most maturely studied neural
network, which has good self-learning, self-adapting, robustness and
generalization ability."*'® A three-layer BP neural network can
approach any non-linear functions with any precision. Up to now, BP
neural network has been widely applied in many fields such as pattern
recognition function approximation and image processing, and it is a
simply gradient descent method designed to minimize the total error (or
mean error) of output computed by the network. The effectiveness of
this kind of model was demonstrated when the laser power was 10 kW

and the welding speed was 4.5 m/min."’
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Fig. 7 Top view of specimen and weld bead width when laser power
ranged from 2 kW to 10 kW (a) Surface appearance (b) Weld bead
width!3

Here, a three layer BP neural network shown in Fig. 8 was designed
as a model for monitoring high disk laser welding process. The weld
bead width of specimen surface could be considered as a parameter
reflecting the welding quality.'”® Plume and spatter configuration
parameters (x, x», ... ,x;7) were considered as inputs to calculate
theoretical weld bead width and 1501-2500" groups of characteristic
parameters were selected as the test sets and the others as the training
sets. Suppose there are n (n="7) inputs and m (m = 1) outputs in the
network, and s neurons in the hidden layer, the output of hidden layer
is bj, the threshold value of hidden layer is &, the threshold value of
output layer is 6. Sigmoid function f; and £, are used as the transfer
functions of the hidden layer and the output layer, respectively. The
weight from the input layer to the hidden layer is wy, and the weight
from the hidden layer to the output layer is wy, Then we can get the
neural network output y;, which is considered as a theoretical output of
weld bead width. The desired neural network output is actual weld
bead width y,, and the output of /" neuron of hidden layer is

bj =f1[zwz]xt HJ (1)

T j=1,2,..,8
The neural network output y, can be calculated by using following

where i=1, 2, ...

equation

yk=ﬁ(ivy,kbf9k] @
=1

where j=1,2, ...,s; k=1

The transfer function is

fi=rh=fx)=1/(1+exp(—x)) 3

A BP neural network was built, and the characteristic parameters
and weld bead width related to 1-1500™ and 2501-4000" groups of data
when the laser power changed from 2 kW to 10 kW were selected to
train the neural networks. The rest 1000 groups of data, when the laser
power was a certain value, were selected to test the neural network. The
goal of training was set to be 4x10”° mm, the learning rate was set to
be 0.001, and the training step was set to be 2000. To make the NN
training error minimum and obtain the best NN weights, the NN
training program was run repeatedly and three NNs with different s
(s=35, 6,7) were trained. It was found that the network with a hidden
layer of 6 neurons yielded the smallest mean error. The trained BP
neural network weights and threshold values with 6 neurons of hidden
layer are shown in Eq. (4)-(7).

Input layer Hidden layer Output layer
T Tl 1

X, (Plume centroid p,
X, (Plume centroid p,
S areap) /V (The predicied weld bead widih)
X, (Plume tilt angled)
X, (Plume height /)

X, (Spatter number )

X, (Spatter area s,)

Fig. 8 BP neural network for predicting weld bead width based on
plume and spatter characteristics of disk laser welding
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5. Monitoring of Laser Welding Status using BP Neural
Network

The relation of plume and spatters with weld bead width has been
established by a BP neural network. To test the effectiveness of NN,
the three trained NN were examined. The testing error e of NN is
depicted by Eq. (8), and the mean absolute testing error » of NN is
calculated by Eq. (9), in which e, refers to the p™ testing error e of 1000
groups of testing set. Table 1 shows the testing results of NN with
different s (s =5, 6, 7) and different laser powers.

Table 1 Neural network testing results with different s neurons in the
hidden layer when laser power changed from 2 kW to 10 kW

Laser power(kW) r(mm) Standard deviation of e
2 0.0544 0.0621
4 0.1996 0.0885
s=5 6 0.0788 0.1042
8 0.0720 0.0924
10 0.1502 0.1501
2 0.0531 0.0663
4 0.1987 0.0992
s=6 6 0.0882 0.1137
8 0.0624 0.0773
10 0.1560 0.1565
2 0.0513 0.0606
4 0.1864 0.1026
s=7 6 0.0911 0.1171
8 0.0689 0.0845
10 0.1571 0.1570
= 0.%_
& 02
= 0.4 ]
E, g u.g
5 = 03
5 & of
& 02 Y
= % 05
= 0
§ 0% 200 400 600 800 1000

Samplings of plume and spatter images (f)

Fig. 9 Neural network testing error when laser power ranged from
2kW to 10 kW

p=1

Fig. 9 gives the neural network testing error curves which
corresponds to laser powers 2 kW, 4 kW, 6 kW, 8 kW and 10 kW. The
maximum values of e were 0.3648 mm, 0.4434 mm, 0.3893 mm,
0.2445 mm and 0.4784 mm, respectively. The minimum values of e
were close to zero. It could be seen that the mean testing error of BP
neural network was not more than 0.2 mm. Therefore, we can draw the
conclusion that multi-characteristic fusion based on a BP neural
network is an effective method to monitor welding status.

6. Conclusions

In the disk laser welding of type 304 austenitic stainless steel plates, an
ultraviolet and visible sensitive high-speed video camera was used to
capture the plume and spatter dynamic images, and the characteristic
parameters of spatter and plume were defined. It has been found that plume
and spatter parameters have close relationship with the laser power and the
welding status. When the laser power increased from 2 kW to 4 kW, the
specimen was vaporized more intensely and welding status changed, and
then plume and spatters characteristics changed as well. With the density of
plume and spatter increased, the incident laser energy lost more, the plume
area decreased sharply, plume vertical coordinate and plume height
increased. Moreover, the parameters of plume height and plume horizontal
coordinate have same change trend. Whereas laser power was strong
enough to reach 10 kW, the keyhole penetrated specimen so that quite
qualitative change of welding status took place and welding characteristic
parameters changed suddenly at the same time. It is confirmed that the
welding status, represented by the weld bead width, can be evaluated by the
plume and spatter characteristics. A BP neural network trained by 15000
groups of plume and spatter characteristics under different laser powers
could monitor welding status when laser power changed from 2kW to
10 kW. Experimental results show that the BP neural network of plume and
spatter is an effective method to monitor the laser welding status.
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