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Abstract: Friction Stir Welding process is an advanced solid-state joining process which finds application in various
industries like automobiles, manufacturing, aerospace and railway firms. Input parameters like tool rotational speed,
welding speed, axial force and tilt angle govern the quality of Friction Stir Welded joint. Improper selection of these
parameters further leads to fabrication of the joint of bad quality resulting groove edges, flash formation and various
other surface defects. In the present work, a texture based analytic machine learning algorithm known as Local Binary
Pattern (LBP) and Fourier transformation algorithm are used for the extraction of texture features of the Friction Stir
Welded joints which are welded at a different rotational speed. It was observed that LBP algorithm can accurately
detect any irregularities present on the surface of Friction Stir Welded joint and Fourier transformation method can
detect the groovy edges present on the Friction Stir Welded joint. In the case study, an image based defect recognition
system by using Fourier transformation method is constructed. Five types of filters i.e. Ideal Filter, Butterworth Filter,
Low pass Filter, Gaussian Filter and High Pass Filter were used. The results showed that the high pass filter has more
capability to detect the edges in comparison to other four filters. It was also observed that Ideal filter has a lot of
distortions when compared to the Gaussian Filter and Butterworth Filter.
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1. Introduction

Machine vision is a category of an artificial intelligence method in which majority of success depends on that how we interpret the
images and further utilize to a significant degree that utilizes supervised, unsupervised and reinforcement learning [1-3]. Image
processed by computers is totally different from the image processed by human eyes as shown in the Figure 1. It is clearly observed that
the computer perceives an array of pixels instead of an image. For any type of analysis, machine vision can be thought of as the method
which inculcates the development of the algorithms and theories for the extraction of the particular features from the given image [4-7].
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Figure 1. Image processed by human eyes and by a computer system.
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The basic structure of machine vision system can be classified into three stages as illustrated in Figure 2. In the first stage,
for capturing the particular image, image acquisition sensors are selected in order to capture clear and best quality images. In
the second stage, image segmentation process is carried out. The main purpose of the segmentation process is to separate
useful piece information from rest of the image background. In the third stage, image analysis is done for the recognition of
the desired features we want as a result.
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Figure 2. Schematic representation of the working of Machine Vision System [8].

Friction Stir Welding is a solid state joining process which was developed by The Welding Institute (TWI) mainly for
joining the light-weight materials like aluminium and magnesium alloys [9-11]. The Friction Stir weldability of aluminium alloys
is compared to other conventional fusion welding process. Friction Stir Welding process results high quality welds but the
welding performance mainly depends on the proper selection of various input parameters like pin temperature, tool rotational
speed, feed rate, welding speed, temperature distribution, rotating tool torque, applied downward forging force on tool
shoulder etc. The working mechanism of the Friction Stir Welding process is shown in the Figure 3.
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Figure 3. Mechanism of Friction Stir Welding process [11].

The main beauty of the Friction Stir Welding process is that it uses non-consumable metallic tool which is harder than the
base material to be joined [12]. The tool consists of a shoulder and pin as shown in the Figure 4b). The tool is plunged inside
the base material by applying a downward force. The Friction Stir Welding tool possesses two types of speed i.e. Rotational
speed and Traverse speed in the welding direction. Due to the rotation of the rotating tool there is a generation of friction
between the work piece and the rotating tool which results in plastic deformation the work piece as shown in the Figure 4c).
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Due to the generated localized heat, the work piece get soften around the probe or pin region which results in the
movement of soften or plasticized material from the front part of the probe to the back part of the probe. The welded joint is
formed by deforming the material at temperatures below the melting point of parent material [14]. At a very cold welding
conditions defects such as void formation and non-bonding can occur while at very hot welding condition issues such as
degradation of the strength of the joint can occur as well as there is a formation of collapsible nugget within the stir zone
occurs [15].
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Figure 4. (a) Friction Stir Welding Setup; (b) Tool Nomenclature; (c) Heat generation and plastic deformation in FSW process [13].

In the present work, two machine learning algorithms called Local Binary Pattern (LBP) and Fourier Transformation
algorithm have been developed for evaluating the surface defects like lack of penetration, flash formation and groovy edges
detection in dissimilar Friction Stir Welded Ultrafine Grained 1050 and 6061-T6 Aluminum Alloys.

2. Experimental Procedure

Friction Stir Welding was carried out on 2 mm thick plate of commercial AA 6061-T6 and Ultrafine grained 1050 aluminium alloy
plates [16]. The material used for Friction Stir Welding tool was H13 tool steel whose shoulder geometry was concave shaped. During
welding operation, constant axial load of 8000 kN was applied at a constant rotational speed of 800 rpm and varying traverse speed of
400, 600, 800, 1000 mm/min. Figure 5a shows the dissimilar Friction Stir Welded joint obtained at tool rotational speed of 800 rpm and
600 mm/min while Figure 5b shows the dissimilar Friction Stir Welded joint obtained at tool rotational speed of 800 rpm and tool
traverse speed of 800 mm/min. Similarly, Figure 6a shows the dissimilar Friction Stir Welded joint obtained at the tool rotational speed
of 800 rpm and tool traverse speed of 400 mm/min, Figure 6b shows the joint obtained at the tool rotational speed of 800 rpm and tool
traverse speed of 600 mm/min, Figure 6¢c shows the joint obtained at the tool rotational speed of 800 rpm and tool traverse speed of
800 mm/min, Figure 6d shows the joint obtained at the tool rotational speed of 800 rpm and tool traverse speed of 1000 mm/min.

Figure 5. Friction Stir Welded joints obtained at a constant tool rotational speed of 800 rpm and tool traverse speeds of 600 mm/min and
800 mm/min (AS- Advancing Side, RS- Retreating Side).
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lack of contact

Figure 6. Friction Stir Welded joints obtained at a constant rotational speed of 800 rpm and varying traverse speeds of a) 400, b) 600, c) 800,
d) 1000 mm/min.

2.1. Constructing Local Binary Pattern (LBP) algorithm

Local Binary Pattern is an important image texture analysis machine vision algorithm which is tolerant against any type of
illumination changes in a real time application [17]. Local Binary Pattern creates a grey value difference between the
neighbourhood pixels and the centre pixel in the sampling area. In a rectangular neighbourhood with size of 3 x 3, Local Binary
Pattern is defined. Firstly, conversion of the colour image into grey scale image is done with grey scale value of 0 ~ 255. As a
sampling point, pixels of the rectangular area are used. f, is the grey value of the centre pixel and f}, 1., f;,........fs are the grey
scale values of the 8 pixels around it. The corresponding position is encoded as 1 when f; > f, . The corresponding position is
encoded as O when f; < f, as shown in the Figure 7.

Sampling

Read the
pixel grey
value of
sampling Original Image
interval.
fi ;| A
fa o | N
fs i | fs
£ LBP Coding
0 1 1
0 1 (01111100),, = 124
0 1 1
Binary Coded
Value

Figure 7. Schematic diagram representing the working of Local Binary Operator.
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Equation 1 describes the coding formula for Local Binary Pattern algorithm.
8 .
LBP(C)=X5(f.1p)-2"" (1)
i=1

L fi—=fy20

S(f;-,fo)={0 Py

The obtained images were cropped and were subjected to various operations as shown in the Figure 8. The Python
programming language is used for constructing and simulating the algorithm on Google Colaboratory platform.

Importing the matplotlib and cv2 for plotting and reading the image file

|

Uploading the file to Google Colab from PC
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Getting the image pixel values
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i
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Figure 8. Steps taken for obtaining the grey image, LBP and histogram of the Friction Stir Welded joint.

2.2. Constructing the Fourier transformation algorithm

If a function f(x) is defined on [c,c+2I] or (c,c+2l) of length ‘2I, is a periodic function with arbitrary period ‘2I’ then the
fourier series of f(x) is Equation 2 [18]:

f(x)=070+ iancos(nilrx)+ ibﬂin(@j (2)

n=1 =]

where, q, :§j'2+21f(x).dx
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The process flow chart for subjecting the image to fourier transformation is shown in the Figure 9.
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Figure 9. Applying Fourier Transformation to the given image.

3. Results and Discussions

The grey images, Local Binary Patterns and histograms of the Friction Stir Welded were obtained as shown in the
Figures 10-13. Local Binary Pattern can easily display the non-homogeneous nature of the image. So, various surface defects
like flash formation, groovy edges and lack of contact present in Friction Stir Welded joints can be easily detected by
implementing Local Binary Patterns. From Figure 10 and Figure 11 it is observed that when the 6061-T6 plate is on retreating
side while ultrafine grained 1050 aluminium plate is on advancing side there is a lot of non-homogenity in the LBP converted
image with few peak points in histogram. This non-homogenous nature represents improper mixing of both alloy materials.
From Figure 12 and Figure 13 it is observed that when the ultrafine grained 1050 aluminium plate is on retreating side and
6061-T6 plate is on advancing side the LBP converted images show more homogenous nature than Figure 10 and Figure 11 and
also more peak values are observed in histograms comparison to the histograms of Figure 10 and Figure 11.
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Figure 10. Grey scale image, LBP Converted image and Histogram of Friction Stir Welded joint (6061-T6 on retreating side) obtained at the
tool rotational speed of 800 rpm and tool traverse speed of 600 mm/min.
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Figure 11. Grey scale image, LBP Converted image and Histogram of Friction Stir Welded joint (6061-T6 on retreating side) obtained at the
tool rotational speed of 800 rpm and tool traverse speed of 800 mm/min.
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Figure 12. Grey scale image, LBP Converted image and Histogram of Friction Stir Welded joint (6061-T6 on advancing side) obtained at the
tool rotational speed of 800 rpm and tool traverse speed of 800 mm/min.
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Figure 13. Grey scale image, LBP Converted image and Histogram of Friction Stir Welded joint (6061-T6 on advancing side) obtained at the
tool rotational speed of 800 rpm and tool traverse speed of 600 mm/min.
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Image pixels are discontinuous in nature, so digital images are considered as a discrete. In the research study, Fast Fourier
Transformation (FFT) is used instead of Discrete Fourier Transformation (DFT) because the latter is too slow for the image
processing task. Figure 14 shows the subjection of the Fourier Transformation to the given friction stir welded joint image.

b) Setum c) Cerkered Spectm e)  Pocessed Inage

a) Ongnalinage

IR EE

Figure 14. Image subjected to Fourier Transformation. (a) Original Image; (b) Fast Fourier Transform visual output; (c) Centralized; (d)
Decentralized; (e) Inverse Fast Fourier Transformation (from left).

The output obtained from Fast Fourier Transformation is very difficult to visualize because they consist of complex numbers array.
So the result is transformed into two dimensional spaces. Spectrum and phase angle are two methods to visualize the result of Fast
Fourier Transformation as shown in the Figure 15. From the Figure 15a it is observed that on the four corners there are some symmetric
patterns which can be translated to the center of the image in the upcoming step. Low frequencies are represented in the corner of
spectrum image while high power frequency is represented in the white area of the spectrum image.

a) spectrum

150 200

Figure 15. (a) Spectrum; (b) Phase angle (from left).

From Figure 15b it is difficult to extract any distinguishing patterns. Shape characteristics are an essential feature of the
image which is preserved by the phase. In order to implement various filters, the zero frequency component was shifted to the
center of spectrum. Figure 16 represents the implementation of the low pass filter to the obtained spectrum.

a) fxtnn ) b) Lo Fass iter ucl Conered Spectrum mukiply Low Pas it ) d) (el ) e) Processed Inage

B

Figure 16. Low pass filter applied to the spectrum.

Low frequencies are allowed to pass through the low pass filters. Low pass filter is useful for removing the noises in the images as
noises are high frequencies contents. Figure 17 represents the implementation of the high pass filter to the obtained spectrum.
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Figure 17.Spectrum subjected to High Pass Filter.
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High frequencies are passed though high pass filter. Pixels values which change drastically represent high frequencies.
Edges in the given image are captured by using the high pass filters as shown in the Figure 17. High pass filters can easily
recognize any change in a given image. Equation 3 represents the formula of ideal low pass filter.

1 ifD <D,
Huw =, D=0 (3)
0 ifD(u,v)>D,
In the above equation, D, is a some positive constant and D (u,v) is the distance between the center of the frequency
triangle and a point (u,v) in a frequency domain as shown in Figure 18.

a) Ideal Low Pass Filter b} ideal High Pass Filter

0 50 100 150 200 0 o 50 100 150 200 0

Figure 18. (a) Low pass filter with positive constant = 50; (b) High pass filter with positive constant =50.

Equation 4 represents the formula for ideal high pass filter.

Hou) = {0 l'f.D(u,v)SDo )
1 ifD(u,v)>D,

Clear cut off can be achieved between filtered and passed frequencies by using Butterworth filter which is totally
different from ideal pass filter. Equation 5 and Equation 6 represents the formula for Butterworth low pass and Butterworth
high pass filter respectively. It is also observed in the both equations that a new parameter ‘n’ is introduced in the given
function whose manipulation affects the clearness of the cut off between the filtered and the passed frequencies as shown in
the Figures 19 and 20.

H(u,v)= %ﬁ (5)
1+[D(u,v)/ Dy]

Hiu=———— (6)

1+[Dy / D(u,v)]

a) Butterworth Low Pass Filter (n=20) b) Butterworth High Pass Filter (n=20)

0 0 100 150 00 0 ] 0 100 150 00 0

Figure 19. (a) Butterworth low pass filter with positive constant = 50 and n=20; (b) Butterworth high pass filter with positive constant = 50
and n=20 (from left).

a)  Butterworth Low Pass Filter (n=3) b) Butterworth High Pass Filter (n=3)

o 50 100 150 200 50 1} 50 100 150 200 0

Figure 20. (a) Butterworth low pass filter with n=3; (b) Butterworth high pass filter with n=3 (from left).
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On the other hand, in comparison to the Butterworth filter, Gaussian filter provides smoother cut off. Equation 7 and
Equation 8 represents the formulas for Gaussian Low pass and Gaussian High pass filter respectively.

H(u,v) = e—D"(u,v)/ZD{f (8)
H(u,v)= I_e-Df (uv)/2D;] (9)

Gaussian filter results smoother processed images because the cut off between filtered and passed frequencies are
blurry in nature which is shown in the Figure 21.

a Gaussian Low Pass Filter

Gaussian High Pass Filter

o 50 100 150 200 50 o 50 100 150 200 0

Figure 21. (a) Gaussian low pass filter with positive constant=50; (b) Gaussian high pass filter with positive constant=50 (from left).

Figure 22 shows that in comparison to the other filters, High pass filter results better edge detection accuracy in the
friction stir welded joint image.

b Gaussian Low Pass Gaussian High Pass

@0 100 5 0 B0 0 0 ] o] 00 B 0 ] ] 150 m 50

Figure 22. Edge detection by using High pass filter.

4, Conclusions

In this paper, Local Binary Pattern algorithm and Fourier Transformation algorithm are proposed for evaluating the
surface quality of Friction Stir Welded joints. Local Binary Pattern algorithm easily validated the detection of surface defects
like lack of contact and flash formation in Friction Stir Welded joints. It is observed that when 6061-T6 is on retreating side
then the LBP converted image shows more non-homogenous nature in comparison to arrangement when 6061-T6 is on
advancing side also the former arrangement shows less peak values in histograms. So, it can be concluded that Local Binary
Pattern (LBP) algorithm can be successfully implemented in visual inspection and in real-time monitoring. The research study
also proposes a novel approach for surface edge detection in the Friction Stir Welded joint by using computer vision
technique. It is observed that the Gaussian filter performs better than the Ideal filter and Butterworth filter because it results
less distortion and more smoothness to the processed image. Also it is observed that the high pass filter has better advantage
over other filters in terms of detecting surface edges. In the future research, Fourier transformation can play a vital role for
image processing task by providing more flexibility.
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