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Abstract A novel detection method of penetration status was
presented for a high-power fiber laser welding. The metallic
vapor and molten pool was recorded by a high-speed camera
during welding process. The radiation intensity of metallic
vapor, as well as the morphology of molten pool end, was
calculated by image processing algorithm as image features.
Four image features, the radiation intensity of metallic vapor
(RIMV), the area of molten pool end (AMPE), the rear angle
of molten pool end (RAMPE), and the aspect ratio of molten
pool end (ARMPE), were extracted. The mean value, relative
range, variation coefficient, and frequency ratio were comput-
ed for the four features to obtain the 16 characteristic param-
eters. Aiming at penetration status, the characteristic parame-
ters were reorganized to form two complex indicators by the
principal component analysis. Experimental results showed
that the detection method was potential for online detection
on the penetration status in a high-power laser welding
process.
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1 Introduction

Fiber laser welding showed unique advantages in joining
medium-thick steel plates, including a high depth-to-width
ratio, narrow heat affected zone, and small welding deforma-
tion. Compared with a thin plate, the stability and consistency
of welding process is more important and difficult to keep for
a thick plate. In particular, penetration fluctuation is a typical
problem that impedes the extensive application of a high-
power laser in heavy industry to some extent. In recent years,
many studies were reported on the online monitoring methods
or controlling technology of penetration for laser welding
process.

Bagger et al. [1] utilized a photoelectric sensor mounted on
the back side of the plate to detect penetration status. The even
penetration was obtained at the lapping zone with the adjust-
ment based on this sensor. However, the detection method
from the back side was limited inevitably, especially in indus-
trial applications. In recent years, some investigations were
carried out to obtain penetration information from the top side,
normally based on a molten pool or keyhole. The drastic erup-
tion of metallic vapor and strong optic radiation makes it dif-
ficult to observe during a high-power laser welding. In order
to obtain effective information, many novel methods were
designed based on various sensors and analysis algorithm.
You et al. [2] devised a multiple-sensor detection system to
detect imperfection formation during disk laser welding. Kim
et al [3] devised a specific coaxial cameral system to observe
the morphology of a keyhole and molten pool in a laser remote
welding. Some image processing methods were also used to
extract information. An image processing algorithm was de-
signed by Gao et.al [4] based on a gray character to extract the
edge of a molten pool and a keyhole in laser welding. Zhang
et al. [5] predicted the weld seam width and height by
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measuring the welding pool shadow. Luo et.al [6] extracted
the welding pool edge and characterized the width of weld
seam accordingly.

Although the detection method for penetration from the top
side is indirect, it was proved by many studies to be effective
and easy to implement. Ozmert et al [7] showed that there was
a certain relationship between the penetration depth and the
width as well as the length of welding pool. Kratzsch et al [8]
investigated the relationship between the gray feature of the
keyhole image and the penetration depth. It showed that when
it is fully penetrated, a lower brightness zone inside the key-
hole, called as full penetration hole (FPH), would appear. Abt
et al. [9] and Blug et al [10] designed closed-loop control
systems of penetration status and laser power according to
the existence and the size of the keyhole, respectively.
Shidfar et al. [11] calculated the weld penetration by detecting
the temperature distribution in the vicinity of molten pool. The
preceding research work provided references from the aspects
of interaction mechanism and observation means. However, it
was quite difficult to implement because of the complicated
devices and algorithm. An effective, efficient, and low-cost
method to monitor weld penetration was still urgent for a
high-power laser welding.

In view of the abundant information and complex features
of molten pool during laser welding, this paper proposed an
online detection system for weld penetration based on the
principal component analysis (PCA) technology. The rear pro-
file of molten pool, as well as the radiation of metallic vapor,
was recorded during a fiber laser welding process. Four static
features were extracted from the perspective of the morphol-
ogy of molten pool and its interaction with metallic vapor and
keyhole. As far as the continuous welding process, four pro-
cess parameters were designed for every aforementioned static
feature. Accordingly, there were total 16 process parameters to
describe a fiber laser welding process. With the PCA, two
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complex indicators were established to estimate the penetra-
tion status of laser weld with varied laser power and plate
thickness. Experiment results indicated that the weld penetra-
tion could be detected by the pair of indicators effectively.
With the proposed method, the direct observation of the key-
hole, as well as the computation of molten pool’s temperature
field, was no longer obligatory. The complexity and cost of
observation system was greatly reduced. The decrease of com-
putation made online monitoring possible. The evaluation re-
sults could be obtained within 3-10 s after completion of
welding.

2 Experimental system

Figure 1 illustrated a schematic diagram of the experimental
layout employed during these experiments. The experimental
system consisted of IPG fiber laser welding equipment, a
shielding gas (Argon) device, a 6-axis robot arm, and a
welding experimental platform equipped with a high-speed
camera, motor servo, and fixing devices. The maximum out-
put power of fiber laser source was 10 kW, and the corre-
sponding focus diameter was 0.3 mm. The working head
was stationary during the welding process, and the platform,
on which the workpiece was fixed, moved at a constant speed
along the length direction of a web plate. The gas nozzle was
located in a leading direction.

The camera, with a macro lens and a band pass filter
(808 nm), was mounted at the welding platform. The image
of welding zone was taken from behind, focusing at the end of
molten pool. The angle between the optical axis of the camera
and the central line of the incident laser was 45°. The shooting
speed was 1362 fps. The distance between the camera bottom
and the top surface of platform was about 630 mm.
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The material used in this study was low carbon steel for
shipbuilding, and the dominant element was iron with 0.16%
C,0.22% Si, 0.58% Mn, 0.019% S, and 0.013% P. The sample
size was 200 mm (L) x 200 mm (W), but the thickness was
divided into two types, 6 and 8 mm. All sample surface and
edges were carefully milled and cleaned with a high-purity
acetone.

In order to observe the molten pool in different penetration
status, the welding samples were divided into three groups, as
shown in Fig. 2. The welds of group I were fully penetrated,
while the other two groups were partially penetrated. Besides
the laser power, the other welding parameters are fixed. The
welding speed was 1 m/min, while the defocusing distance
was —6 mm. The gas flow rate was 20 L/min. Welding speed
is fixed at 1 m/min for all groups.

There were six welds in each group. The typical images of
cross section were presented in Fig. 3. It could be observed
that the full penetration disappeared when laser power de-
creased or steel plates were thickened. The weld morphology
changed obviously when a lack of fusion occurred, which
indicated that the morphology and behavior of molten pool
changed with penetration conditions.

3 Welding process analysis
3.1 Metallic vapor and molten pool

As far as high-power laser welding, the keyhole is the most
critical factor to determine the weld penetration. The multiple
reflection of incident laser in the keyhole has an important
effect on the energy transfer [12]. Only when the keyhole
penetrated through a welded plate, a full penetration occurred.
Normally, the metallic vapor above the workpiece decreased
obviously when the keyhole was provided with an upper out-
let and a lower outlet at the same time. Accordingly, some
scholars have used the metallic vapor to estimate the welding
status. However, there are many influence factors on metallic
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Fig. 2 The grouping of experiments and welding parameters

vapor. The detection method based only on light intensity was
limited in a very narrow range of applications. The informa-
tion from molten pool provided an appropriate supplement,
since its profile had much close relationship with penetration
conditions.

With the movement of the keyhole during the laser welding
process, the liquid metal flowed to the end of molten pool
through the sides of the keyhole. Recent research showed that
there was a close relationship between penetration conditions
and the morphology of molten pool [13].

In the case of partial penetration, the convection in the
upper part of molten pool was weak due to the influence of
side assisted gas and metallic vapor. Near the bottom of the
keyhole, the vapor pressure is perpendicular to the liquid met-
al, and only the surface tension works as a driving force.
Accordingly, the convection in this zone was not strong either.
There was only a slow convection circle in molten pool, as
shown in Fig. 4a.

The extrusion force and friction force between the metallic
vapor and the keyhole wall are the dominant factors to change
the profile of a molten pool [14, 15]. When full penetration
was established, keyhole penetrated through the thickness of
plates, and there were two outlets for metallic vapor to escape,
from the top side and bottom side, respectively. The pressure
of metallic vapor inside the keyhole dropped dramatically due
to the increase in the number of outlets. Accordingly, the con-
vection of molten pool was separated into two circles, as
shown in Fig. 4b. The upper circle was depressed by the side
assist gas to some extent. The lower convection circle was free
from constraint force and still kept a relatively active
movement.

As far as the surface of molten pool, the different move-
ments played an important role. In one circle mode, liquid
metal mainly moved to the upper part of the workpiece, al-
though the amount of molten metal was less. Accordingly, the
end of molten pool showed a slender profile. When the key-
hole penetrated through the workpiece, the flow pattern of
molten pool changed to the double-circle mode. The upper
flow circle led to a plump profile of molten pool. The mor-
phology difference of molten pool was helpful to distinguish
the penetration state.

3.2 Image processing

Because the arrangement of the high-power laser welding sys-
tem, the detection camera was placed obliquely above the
incident point of a laser beam. Both the metallic vapor and
the molten pool can be recorded in this imaging mode. Due to
the angle between the imaging surface of a camera and the
surface of the workpiece, the image was compressed obvious-
ly in the X direction. Besides, the image was a little distorted
in Y direction, because the light axis of the camera was not
strictly parallel to the X coordinate. In addition, the camera
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Fig. 3 The typical images of weld cross section. a Group 1. b Group IL. ¢ Group 111

itself also led the barrel distortion to some extent. All the
factors decreased the accuracy of subsequent calculations.
To this end, a transformation algorithm was used to solve
the problem, as shown in Fig. 5. Before welding, a calibration
board with a round dot matrix was set on the top surface of the
welding sample. The dot diameter was 1.5 mm, and the spac-
ing between adjacent dots was 4 mm. It could be found that
the round dot became ellipse, and spacing in X direction was
reduced, as shown in Fig. 5a. After distortion correction, the
shape of the dot became standard circle, and the distance
among dots became even, as shown in Fig. 5b. In the process
of welding detection, all images were transformed firstly, as
shown in Fig. 5c, d, to eliminate the effects of distortion.

In the transformed image of welding zone, the rear part of
molten pool, as well as metallic vapor, could be observed clear-
ly. In order to separate the two targets, an improved Otsu algo-
rithm was used to determine the edge of metallic vapor. The
first step was to compute the maximum variance between clus-
ters for the separation of the metallic vapor. Then the similar

computation was executed inside the left zone for the molten
pool. After the two steps of Otsu calculation, both metallic
vapor and molten pool were extracted from the background.
Inside the target zone, the gray gradient of each pixel was
calculated in its eight neighborhoods. If the highest gray gradient
exceeded the preset threshold value, this point was considered as
edge. After all pixels were processed, the distances among the
point were computed. The point far away from all other points
would be rejected from the edge. The remaining points were
connected as the edge of target. Therefore, the profile of metallic
vapor, as well as the end of molten pool, was presented in Fig. 6.

3.3 Image features

The static image of molten pool and metallic vapor reflected the
welding status of a certain moment. Based on the foregoing
analysis, the characteristics were extracted from each image as
image features, as shown in Fig. 7a. The four image features are
the radiation intensity of metallic vapor (RIMV), the area of
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Fig. 5 The sketch map of image
transformation and typical images
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molten pool end (AMPE), the rear angle of molten pool end
(RAMPE), and the aspect ratio of molten pool end (ARMPE).
The first parameter was related to the metallic vapor, and the
latter three parameters reflected the shape of the molten pool.

Suppose the image size of metallic vapor is m X n. Here, M
is the set of pixels of metallic vapor, and its complement set is
the background, as shown in Fig. 7b. The RIMV is defined as
the gray value average of all pixels inside set M.

1 1,g, €M
RIMV = —— kg ki = V&6 1
1 o<,z<m 2557 &ip Fig { 0,g; &M (1)
0<j<n

where g;; is the gray value of a pixel (i, j) with weighting
coefficient of k;j, 7, and j indicate the pixel’s location of the
row and column, respectively. The image segmentation is per-
formed based on the Otsu algorithm and morphologic process-
ing technology. As an adjustment value, ¢ is adopted to atten-
uate the difference caused by photography system. As far as
the comparative analysis based on the same imaging system,
the ¢ could be set to 1.

A circle was drawn on the molten pool image with the laser
incident point as center, and welded seam width as diameter,
as shown in Fig. 7c. On the basis of this virtual circle, the
computational domain was established for the end of molten
pool. Here, the molten pool located inside the computational
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domain is called the end part. Based on the extracted profile of
molten pool, the area of the shaded zone was defined as the
AMPE. There are two intersections, A and B, between the
weld pool and the upper edge of the computational domain.
Point C is the intersection between the central axis and the
profile of molten pool. The RAMPE was defined as the angle
between line AC and line BC. The ARMPE is defined as the
ratio between the edge AB and the height, H, of triangle ABC.

During laser welding process, molten pool and metallic
vapor were always in the state of fluctuation. This is closely
related to the interaction characteristics between laser beam
and the welded material. A set of continuous images were
selected randomly from different experimental groups and
presented in Fig. 8. It was observed that both metallic vapor
and molten pool varied continuously in all groups, no matter
whether the full penetration was established. When the first
two groups were taken for comparison, the reduction of laser
power not only depressed the metallic vapor, but also
narrowed the molten pool. However, the differences between
group I and group III were difficult to recognize, since the
laser power was same for the two groups. Although group 1
has full penetration, the bottom open of the keyhole was quite
narrow. The bottom width of welded seam was close to that of
partial penetration. The small amount of metallic vapor
ejected from the bottom open changed the behavior of molten
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Fig. 7 The static features of molten pool and metallic vapor. a General layout of laser welding. b Sketch of metallic vapor. ¢ Sketch of molten pool

pool and plume. However, the image differences caused by
the narrow bottom open were not remarkable. The fluctuation
of metallic vapor increased the difficulty of identification.
Therefore, it is necessary to analyze all images of the whole
welding process and to extract the process parameters.

3.4 Characteristic parameters

The four static features, the RIMV, the AMPE, the RAMPE,
and the ARMPE, were calculated during the welding process
and shown in Figs. 9, 10, and 11. The weld depth in a longi-
tudinal section was presented correspondingly. It was ob-
served that the image features varied with the development
of the welding process for all groups. Even for the full pene-
tration weld, the fluctuation of image features was obvious.
This indicated that the interaction between the material and the
laser beam had time-varying characteristics. Besides image
features, this fluctuation also carried information related to
penetration condition. For group I, the image features could
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be described as random signals within a certain range. For
group II and group III, the fluctuation of image features
showed a periodic characteristic to some extent, especially
on the image features of molten pool. In general, the periodic
characteristic of image features became more obvious in par-
tial penetration than that in full penetration. In order to de-
scribe the time-varying characteristics, statistical analysis
and frequency domain analysis methods were used.

From a statistical point of view, the process parameters
were designed including the mean value (M), variation coef-
ficient (CV), and relative range (R).

For a series of data, the (CV) was defined as Eq. (2):

1 n
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vt @
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~ XX
n =1

s
by
The relative range (R) was calculated as Eq. (3):

R— Xmax ™ Xmin (3)
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Fig. 8 Continuous images with different penetration status. a Group 1. b Group II. ¢ Group III
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Fig. 9 The process parameters of full weld penetration (group I)

where X stands for the mean value of the group of data, x,,,,, ~ coefficient and the relative range, the more stable the fluctua-
and x,,;, were the maximum and the minimum value of the  tion is.

this group, and n and s were the number and the standard In the frequency domain, the dynamic information of im-
deviation of the group. Normally, the smaller the variation  age features could be extracted by Fourier transform, as shown
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Fig. 10 The process parameters of partial weld penetration (group II)
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Fig. 11 The process parameters of partial weld penetration (group III)
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Fig. 13 The structure and
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in Fig. 12. It could be observed that every feature had a sig-
nificant low-frequency component, and the frequency was
normally less than 10 Hz. It reflected the basic characteristics
of' molten pool and metallic vapor. However, the fluctuation of
characteristic features caused by the keyhole condition was
mainly reflected in the higher frequency band. The in-
trinsic frequency of metallic vapor, determined by the
interaction between laser beam and welded material,
mainly located in the range less than 200 Hz. On the
other hand, the high frequency part was easy to be
disturbed by external interferences. Accordingly, the dis-
tribution of characteristic features in the range of 200—
300 Hz was used for the process analysis. In order to
eliminate the influence of parameter dimension, the ratio
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between low-frequency part and 200-300 Hz part was
calculated, as shown in Eq. (4):

10 10
ki Irdf kY Iy
0 0

=50 ~ 7300 (4)
I Ifdf Z [f
200 200

where Iywas the intensity of the component with frequency f; k
was constant.

In summary, there are four image features extracted
from every image of molten pool and metallic vapor.
Subsequently, the process characteristics of each feature
were described by four process parameters. The mean

Table 1 Definition of the

characteristic parameters as Original variables

Parameters

Definition

original variables for PCA

X1 Mp
X2 Fp
X3 Cp
X4 Rp
X5 Ma
X6 Fa
X7 Ca
Xg Ra
X9 Md
X10 Fy
X1 Cq
X12 Ry
X13 M,
X14 Fr
X15 G
X16 R,

Mean value of metallic vapor’s radiation intensity
Frequency ratio of metallic vapor’s radiation intensity
Variation coefficients of metallic vapor’s radiation intensity
Relative range of metallic vapor’s radiation intensity
Mean value of molten pool end’s area

Frequency ratio of molten pool end’s area

Variation coefficients of molten pool end’s area
Relative range of molten pool end’s area

Mean value of molten pool end’s rear angle
Frequency ratio of molten pool end’s rear angle
Variation coefficients of molten pool end’s rear angle
Relative range of molten pool end’s rear angle

Mean value of molten pool end’s aspect

Frequency ratio of molten pool end’s aspect
Variation coefficients of molten pool end’s aspect
Relative range of molten pool end’s aspect

@ Springer



240

Int J Adv Manuf Technol (2017) 92:231-245

Table 2 The Correlation matrix in the case of laser power variation

X1 X2 X3 Xg X5 X6 X7 Xg X9 X10 X11 X12 X13 X14 X15 X16

X1 1.000 -0.887 —0.099 0.063 0.956 0.536 —-0.064 —0.260 —0.879 0.233 0.019 -0.118 0913 -0.560 -0.670 —0.783
x, —0.887 1.000  0.085 -0.011 —0.932 -0.443 0.030 0.271 0.877 -0.306 —0.189 —0.014 —0.899 0470  0.503 0.651
x3 —0.099 0.085 1.000 0.789 —0.149 0.099 0.316 0.286 0.149 -0.143 -0.152 -0.125 -0.143 0.037  0.050 0.070
x4 0.063 —0.011 0.789 1.000  0.051 0.336 0.385 0.350 —0.048 0.041 -0.087 -0.121 0.058 -0.013 -0.027 -0.015
X5 0.956 -0.932 -0.149 0.051 1.000  0.519 —0.067 —0.295 —0.968 0.281 0.063 —-0.117 0983 —0.567 —0.625 —0.749
x¢  0.536 —0.443 0.099 0.336  0.519 1.000 0.399 0.188 —0.467 0.080  0.000 —0.085 0.513 -0.397 -0.468 —0.608
x; —0.064 0.030 0.316 0.385 —0.067 0.399 1.000 0.896 0.111 0.227 0.370 0.313 -0.071 0.154  0.193 0.093
xg —0.260 0.271 0.286 0.350 -0.295 0.188 0.896 1.000 0.349 0.144  0.340 0.372  -0.307 0.266  0.345 0.317
X9 —0.879 0.877  0.149 —0.048 —0.968 —0.467 0.111 0.349 1.000 -0.305 -0.017 0.181 —0.992 0.537  0.583 0.721
x1o 0233 -0.306 -0.143 0.041 0.281 0.080 0.227 0.144 -0.305 1.000  0.646 0.417 0.277 0.590  0.380 0.200
X1 0.019 -0.189 -0.152 —0.087 0.063 0.000 0.370 0.340 —0.017 0.646 1.000 0.764  0.047 0.509  0.596 0.361
x;, —0.118 -0.014 -0.125 -0.121 -0.117 —0.085 0.313 0.372 0.181 0417  0.764 1.000 -0.164 0447  0.578 0.484
X13 0913 -0.899 -0.143 0.058 0.983 0.513 -0.071 -0.307 —0.992 0277  0.047 —0.164 1.000 -0.562 -0.619 —0.760
x4 —0.560 0470  0.037 -0.013 -0.567 -0.397 0.154 0.266 0.537 0.590  0.509 0.447 —0.562 1.000  0.809 0.743
x5 —0.670 0.503 0.050 -0.027 -0.625 —0.468 0.193 0.345 0.583 0.380  0.596 0.578 —0.619 0.809 1.000 0.904
x1e —0.783 0.651 0.070 —-0.015 -0.749 -0.608 0.093 0.317 0.721 0.200  0.361 0.484 —0.760 0.743 0.904 1.000

value (M), variation coefficient (CV), and relative range
(R) were calculated based on statistical technology, and
the frequency ratio (F) was designed in frequency do-
main. Accordingly, there were total 16 characteristic pa-
rameters for every weld. The parameter structure and
extraction process were shown in Fig. 13. The group
of process parameters provided abundant information
of weld penetration. However, it is still difficult to
judge the penetration state directly from the characteris-
tic parameters. So, an effective method was necessary to
integrate the information and provide a rapid and pre-
cise evaluation.

4 Detection method
4.1 Basic theory of principal component analysis

The foregoing 16 characteristic parameters, computed based
on the images of molten pool and metallic vapor, provided

4100
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= 71: 43436 710: 98.885 =
g 12: 64522 711: 99.381 leo &
73: 80.481  z12: 99.651 (=
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20, 25:91.794  714: 99.975 =
= 26:94.381  715: 99.997 J40 S
£7:95.975  216: 100.000 =
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Fig. 14 Eigenvalues and accumulated contribution rate of principal
components for varied power
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plenty of information for the welding conditions. However,
the information was not organized, and it is impractical to
judge the penetration state directly. To this end, the principal
component analysis (PCA) method was used to re-organize
the parameters. Table 1 listed all the characteristic parameters
as original variables for PCA.

PCA is a useful method to reduce the dimension of vari-
ables. The basic idea is to determine the primary and second-
ary position of the change direction according to the variance
of the data variation, and the main components are obtained
according to the order of primary and secondary.

Suppose the original variables are x; ,x5, . . . ,x,, the non-
related principal components z; ,25, . . . , 2, as well as a com-
plex indicator P, were extracted by the PCA method as the
following steps:

A. To standardize the original variables for data unification.

v XX
Xk

i = k=12 ... ni=12,....m
*
\/ Sii

where x;;, X;, and S; are the original data, mean value, and
standard deviation of variable x;; x,; is the standardized data.

(5)

B. To establish the correlation coefficient matrix.

R= LX*’X*
n—1

(6)

where X" is the data matrix after standardization, and X is the
corresponding transpose matrix.

C. To solve the characteristic equation for eigenvalues \; and
eigenvectors/;.
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Fig. 15 The coefficient of principal components for varied power. a z;. b z,.

The eigenvalue )\, is calculated using the Jacob method. The
number of principal components is determined when the accu-
mulated variance contribution rate satisfies the condition:

LA

J=

S 20.85:\;21 (7)
DRV

j=1

D. To transform the standardized indicators to principal
componentsz;.

5 =X,B0, jel,2,..,m,i€l,2, ...p (8)

E. To calculate the complex indicator based on the principal
components.
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+X,.+X
(b) X b e +X;
X1z +X4
X3 +X;
X, =
4
+Xs +X,
X6 +X,
!/

-X, : +X,
X X
-X; -Xis
X4 X
-Xs X3
+X¢ X X2
Xy =)

X -Xo X0
+X,0+Xo +X

(d) X1 I ¥ 4X,
X, +X4
+X|3 +X5
X
+X,
+Xs +X5
’le +X3
SN //

X il +X,
X X
% s
X, X
-Xs Xy
X % Xn
-X5 =Aq
X -Xo X10

cz3.dzy

The weight rate ¢; of each principal component is the var-
iance contribution rate:
A\
p j ?j€1727""p (9)
2 M
k=1

Cj:

The weighted sum of the principal components is obtained:

m
Y =73 cjzj,i€l,2,...m (10)
k=1
In this study, there were six welds in each group, and
three computational sections were extracted from each
weld, except the starting zone and ending zone. In av-
erage, the length of the computational section was
29 mm, and about 2333 frames were involved in each
section. Totally, there were 54 computational sections
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Table 3  The correlation matrix in the case of plate thickness variation

X1 X2 X3 X4 Xs X6 X7 Xg X9 X10 X11 X12 X13 X14 X15 X16

x; 1.000 0428 -0.166 —0.038 0.708 —-0.210 —0.470 —0.468 0.053 0.051 —0.354 -0.323 -0.117 —0.250 —0.416 -0.405
x, 0428 1.000 0.343 0493 0.626 0.287 —0.344 —-0.264 0.169 —-0.348 —0.358 -0.396 -0.232 —0.344 —0.375 -0.335
x3 —0.166 0.343 1.000 0.740 —0.117 0.099 0.113 0.123 0318 -0.214 —0.074 —0.065 -0.333 -0.048 —0.100 —0.031
x4 —0.038 0493 0.740 1.000 0.101 0270 0.188 0205 0.328 -0.110 —0.024 -0.042 -0.320 0.019 —0.093 0.023
xs 0708 0.626 —-0.117 0.101 1.000 -0.036 —0.607 —0.599 -0.044 -0.217 —0.427 —-0.471 -0.041 —0.399 —0.465 —-0.412
x¢ —0210 0.287 0.099 0270 —-0.036 1.000 0.365 0388 0.067 0.298 0.121 0.117 —-0.066 0.232 0.140 0.191
x; —0.470 —0.344 0.113 0.188 —0.607 0365 1.000 0946 0312 0455 0.698 0.698 —0.219 0.493 0.685 0.727
xg —0.468 —0.264 0.123 0205 —0.599 0388 0.946 1.000 0397 0398 0.661 0.662 —0.294 0479 0.662 0.710
X9 0.053 0.169 0.318 0328 —0.044 0.067 0312 0397 1.000 0.139 0414 0438 —0.982 0305 0407 0458
x;o 0.051 -0.348 -0.214 -0.110 —0.217 0.298 0455 0398 0.139 1.000 0.553 0.402 —0.083 0.841 0.515 0455
x;; —0.354 —0.358 -0.074 -0.024 —0.427 0.121 0.698 0.661 0414 0553 1.000 0913 -0.306 0.674 0972 0938
x1» —0.323 -0.396 —0.065 —-0.042 -0.471 0.117 0.698 0.662 0438 0402 0913 1.000 —0.342 0.486 0.905 0.897
x;3 —0.117 —=0.232 —0.333 -0.320 -0.041 —0.066 —0.219 -0.294 —-0.982 —0.083 -0.306 -0.342 1.000 —0.214 -0.298 —0.353
x4 —0250 -0.344 -0.048 0.019 -0.399 0.232 0493 0479 0305 0.841 0.674 0486 —-0.214 1.000 0.651 0.587
x5 —0416 —0.375 —0.100 —0.093 -0.465 0.140 0.685 0.662 0407 0515 0972 0905 —-0.298 0.651 1.000 0.962
x1e —0405 -0.335 —-0.031 0.023 -0412 0.191 0.727 0.710 0458 0455 0938 0.897 —-0.353 0.587 0962 1.000

uniformly from three experimental groups. Among them,
two-thirds were used for training; the left one-third was
used for verification.

4.2 Effects of laser power

The declination of laser power, caused by device malfunc-
tion or environmental disturbance, was a common reason
for insufficient penetration. The condition was analyzed
by a comparison between group I and group II. Therefore,
there were total 36 sections, of which 24 sections were
selected randomly for principal component analysis. The
range of laser power was from 4 to 6 kW, and the plate

6 2
- P}

480 S

2 Accumulated contribution E
= z1: 43.357  710: 98.818 <y
< 72: 61.436  z11:99.201 i =~
> 4 23: 72.951 712: 99.530 €0 (=3
s 74: 81.685  z13:99.756 8
o0 25: 87.343  714: 99.896 =
= 26: 91.511 715: 99.968 440 S
77:94.837  216: 100.000 S—

2 28: 96.440 =%
1.397 79: 97.840 >

420 S

0.905
0.667 53, 0.224

0061 9036 0012 ]

; 0.0. 0.012
m st/ 0053/ 0.022°] 0.005
z1 72 73 74 75 26 77 78 79 710711712713 714715716

Fig. 16 Eigenvalues and accumulated contribution rate of principal
components for varied thickness
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thickness was from 6 to 8 mm. The correlation matrix was
presented in Table 2. It could be observed that the corre-
lation coefficients between many input variables, includ-
ing xi, X, X5, X9, and x;3, were very high. This indicated
that the characteristic parameters carried the same
information.

Eigenvalues of the principal components and their
accumulated contribution rate were presented in
Fig. 14. It could be seen that the accumulated contribu-
tion rate of the first four vectors was 87.804%, and the
eigenvalue of the first four vectors were larger than 1,
so the first four vectors were used as principal compo-
nents to describe the welding process affected by the
laser power.

The first four components could be calculated through the
linear equation of all input variables. The coefficients of the
input variables were between —1 and 1, and were presented in
Fig. 15.

It could be observed that the first principal component
z; had relatively similar loads on many input variables,
including x;, x5, X9, and x;3. The mean value of charac-
teristic parameters had a high contribution to the first
principal component. It indicated that some fundamental
changes occurred on the molten pool and metallic vapor
when incident laser power changed. As far as the other
three principal components, they had a more obvious
emphasis. The second principal component z, mainly fo-
cused on x;9—x;¢, Which indicated that the end morphol-
ogy of molten pool carried a plenty of information. The
principal component z3 and z4 concentrated on x3—x,4 and
x7—xg, respectively. Although the contribution of the two
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Fig. 17 The coefficient of principal components for varied thickness a z;.

components was not as significant as the first two com-
ponents, it showed that the behavior of molten pool and
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metallic vapor was also affected by the variation of inci-
dent laser.

According to the first four principal components, the
complex indicator was established as Eq. (11). The
contributions from all characteristic parameters were
relatively balanced. It indicated that the information
carried by molten pool and metallic vapor, both in
time domain and frequency domain, was helpful to
recognize the penetration status under a varied laser
power.

4.3 Effects of thickness variation

The comparison between group I and group 11 was carried out
to investigate the lack of fusion caused by plate thickness.
Similarly, there were total 36 sections, of which 24 sections
were used for principal component analysis. The correlation
matrix was shown in Table 3. Some pairs of input variables
with correlation coefficients higher than 0.8 were found. But
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Fig. 18 The distribution of
verification welds in the
coordinate of complex indicators
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the probability of this phenomenon was higher for x;; and x».
It could be attributed to the differences of molten pool end
caused by penetration status.

Figure 16 presented the eigenvalue and cumulated contri-
bution rate of each principal component. It could be seen that
the eigenvalues of the first four vectors were larger than 1, the
accumulated contribution rate of the first four vectors was
81.685%, so the first four vectors are used as principal

Yr = 0.012X; + 0.034X, + 0.032X; + 0.087X4—0.015Xs + 0.133X¢ + 0.164X,4+-0168Xs
+0.192Xo + 0.186X 0 + 0.196X,; + 0.173X1,-0.191X14 + 0.187X ;5 + 0.195X 6

components. The formula for calculating the principal com-
ponents using the standard data is presented in Fig. 17.

It could be observed that almost all input variables contributed
obviously to the four principal components. In the overall point of
view, it is difficult to evaluate the significance of input variables.
Compared to group I, the differences of molten pool and metallic
vapor in group III was obscure. The information from each var-
iable was integrated to form the four principal components.

(12)

According to the first four principal components, the com-
plex indicator was established as Eq. (12). The coefficients of
x1—x5 was obviously smaller than the other input variables.
Among them, the first four parameters were derived from
the image feature of metallic vapor. It could be inferred that
the differences of metallic vapor was not significant when the
power of incident laser was kept same. Relatively, the mor-
phology of molten pool carried more information of penetra-
tion status in this case.

4.4 Verification results

Based on the principal component analysis executed on the
foregoing two cases, two complex indicators, ¥} and Y, were
obtained. In order to evaluate the effectiveness of the two
indicators, the left 18 welds were used. Among them, half
came from group II and half from group III. All welds that
participated in the verification were not used in the previous
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modeling. During welding process, these welds were also ob-
served, and the images of molten pool and metallic vapor were
recorded by the same monitoring system. After welding, the
complex indicators, ¥} and Y, were computed for every weld.
The computed results and representative photos were listed in
Fig. 18. The distribution of verification welds in the coordi-
nate of complex indicators showed an ideal distinguishability.
The six welds of group I were full-penetrated and centrally
located in the third quadrant. The welds of other two groups
scattered in the first quadrant or around the coordinate center.
The gap between group I and the other groups ensured the
reliability of the detection method. With the principal compo-
nent analysis, the information of penetration carried by char-
acteristic parameters was reorganized. The differences caused
by penetration status were described to the most extent under
the 2D coordinate of Y} and Yr.

As far as group II and group III, their distribution zones
were close. The distances among some samples were very
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short, although the distance between the far-ends was quite
long. It might come down to the similarity of molten pool and
metallic vapor in partial penetration mode. Although the cause
of formation was not same, the two welding processes shared
similar characteristics. Besides, the divergence of the two
groups was remarkably higher than the first group. It indicated
that the molten pool and metallic vapor were relatively insta-
ble in the case of partial penetration.

5 Conclusions

The weld penetration was determined by the keyhole depth for
the welding process in deep penetration mode. For the plates
with medium or big thickness, there were many interfering
factors, including the fluctuation of laser power and work-
piece thickness. Experimental results showed that the penetra-
tion state could be recognized on site through the morphology
and the behavior of molten pool and metallic vapor.
Accordingly, an effective and practical method was
established based on image processing technology and prin-
cipal component analysis. The effectiveness of the method has
been demonstrated on the trial station of laser welding for
automobile industries.
Generally, the following conclusions may be made:

1) The flow pattern mode of liquid metal behind the keyhole
changed from double-circle mode to single-circle mode,
when full penetration could not be maintained. At the
same time, the radiation of metallic vapor on the top side
of the workpiece was enhanced because the bottom outlet
of the keyhole was closed. Accordingly, the morphology
and behavior of molten pool and metallic vapor were
affected. The images of molten pool and metallic vapor
carried ample information of penetration status.

2) Four image features were extracted including the radia-
tion intensity of metallic vapor (RIMV), the area of mol-
ten pool end (AMPE), the rear angle of molten pool end
(RAMPE), and the aspect ratio of molten pool end
(ARMPE). The statistical analysis and frequency domain
analysis were carried out, and 16 characteristic parameters
were computed for every weld. The differences of molten
pool and metallic vapor caused by penetration status were
described quantitatively.

3) The quantitative information of characteristic parameters
was reorganized by the principal component analysis, in
the case of laser power decreasing and the case of work-
piece thickening. Two complex indicators were designed
based on the principal components, respectively.
Experimental results showed that the online detection

method was effective to recognize the penetration status
of a high-power laser welding.
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