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There are various types of solar cell defects. Any
defect might lower the efficiency of photoelectron
transformation of a solar cell. Among all defects,
invisible micro cracks occurring in the interior of
solar wafers are most crucial. Since visible light is
not capable of detecting interior defects of a solar
cell 5 1t 1s not easy to reveal invisible micro
cracks. At present it is most common to detect
invisible micro crack of solar cell by using
electroluminescence (EL) technique. Accordingly the
present research applied EL technique to inspect
polycrystalline silicon solar cells.

In view of most commercialized EL systems are
still far from automatic, the present research
devoted to develop an automatic EL inspection
technology. The research contents and steps are as
follows. The first step was to construct a device to
enable solar cells to irradiate. The second step was
to set up an imaging device to capture weak near
infrared light irradiated by solar cells. The last
step was to develop an image analysis program capable
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of automatically detecting different types of defects
by using the intensity difference in EL images.

The experimental results show that our imaging system
1s capable of capturing clear EL images of solar
cells. After that, the inspection was carried out in
two steps. The first step was to detect large dark
areas caused by broken finger or defected bus bar.
The second step was to locate spidery crack caused by
impact forces. The inspection results show that the
proposed inspection flows succeed in discovering
various defects including stains, micro cracks, large
cracks, broken grid fingers, and defected bus bars.
The overall flaw detection rate 1s about 90. 43%.

Electroluminescence, Micro Crack, Solar Cell, Flaw
Detection, EL Inspection.
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The Analysis of Electroluminescence Images of Multicrystalline Silicon Solar Cells
and Modules
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Abstract

There are various types of solar cell defects.
Any defect might lower the efficiency of
photoelectron transformation of a solar cell.
Among all defects, invisible micro cracks
occurring in the interior of solar wafers are most
crucial. Since visible light is not capable of
detecting interior defects of a solar cell; it is not
easy to reveal invisible micro cracks. At present it
is most common to detect invisible micro crack of
solar cell by using electroluminescence (EL)
technique. Accordingly the present research
applied EL technique to inspect polycrystalline
silicon solar cells.

In view of most commercialized EL systems

are still far from automatic, the present research
devoted to develop an automatic EL inspection
technology. The research contents and steps are as
follows. The first step was to construct a device to
enable solar cells to irradiate. The second step
was to set up an imaging device to capture weak
near infrared light irradiated by solar cells. The
last step was to develop an image analysis
program capable of automatically detecting
different types of defects by using the intensity
difference in EL images.

The experimental results show that our
imaging system is capable of capturing clear EL
images of solar cells. After that, the inspection
was carried out in two steps. The first step was to
detect large dark areas caused by broken finger or
defected bus bar. The second step was to locate
spidery crack caused by impact forces. The
inspection results show that the proposed
inspection flows succeed in discovering various
defects including stains, micro cracks, large
cracks, broken grid fingers, and defected bus bars.
The overall flaw detection rate is about 90.43%.
Keywords: Electroluminescence, Micro Crack,
Solar Cell, Flaw Detection, EL Inspection.
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Abstract. The objective of this study is to measure flank wear of dry milling 6061 aluminum alloy of
different PVD (Physical Vapour Deposition) multilayer coatings (including TiN, TiCN, and TiAIN)
single edge rhombus micro-end-milling tools. All of the experiments were designed using the
Taguchi method in order to obtain robust results. In order to realize the level of importance of each
machining parameter, the Lo(3*) orthogonal array, analysis of variance (ANOVA), and signal-to-noise
(S/N) ratio were determined. The tool wear images are captured using a machine vision system
incorporated with an effective corner detection algorithm. During the milling test, we fixed spindle
speed at 6000 rpm and feed rate at 0.0125 mm/rev to investigate the correlation between side
clearance angle and coating materials. The experimental results show that TiCN-coating mills
generate minimum flank wear and longest tool life.

Introduction

During any automated machining process, the effect of tool wear on machining accuracy is an
important factor. In order to ensure the precision of machining over long periods of operation, an
online monitoring system is necessary to compensate for any errors due to tool wear. Depending on
the purpose of monitoring, tool condition monitoring can be divided into two types, viz. breakage
condition monitoring and wear condition monitoring [1-3]. Micro-milling is one of the most widely
used material removal processes in the microminiaturization industry. In addition, the
micro-end-milling process [4,5] has received increasing attention. The purpose of milling is to
achieve excellent shape accuracy and surface quality. This goal is highly dependent on the
performance of cutting tools and machining conditions and the stability of the cutting edge will also
affect the tool performance and surface finish quality, and ultimately, tool life.

Cutting plays a crucial role in the manufacturing sector. Current research into cutting, such as the
optimization method, Taguchi method, or experimental modal analysis, establishes the relationship
between the cutting conditions and tool life or cutting force, and uses this as the basis for real-time
monitoring processes. In a study to determine optimal cutting parameters, Tsao [6] used the Taguchi
method to design quality engineering experiments and explore the effect of different conditions such
as coating layers, drilling spindle speed, and feed rate on the drilling force and tool life of JIS SUS 304
stainless steel drills. Ke et al. [7] used theoretical formulas to calculate the effect of drill geometry,
chip shape formation, cut debris patterns, and different cutting conditions on cutting stress, and
coupled their theoretical findings with experiments to predict the quality of machining in an attempt
to minimize unnecessary tool wear. Pefia et al. [8] proposed a monitoring system to understand the
relationship between measured cutting force, burr formation, and burr height of drilled aluminum
alloy (A17075-T6). Lee et al. [9] discovered that an increase in burr height correlated with a decrease
in tool life. Therefore, characteristics of burr formation were explored to control and optimize
parameters that minimize burr formation, thus improving tool life.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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The experiment of this research is to monitoring the tool wear of different coated milling based on
the Machine vision technology of cutters tool in the milling operation. The tool wear images of the
cutters are captured and processed using a machine vision system incorporating with the subpixel
edge detection technique, corner detection algorithm and SPC Inspection technique.

Experimental Setup and Method

Taguchi Method. Mills were treated with TiN, TiCN, and TiAIN multi-layer coating surfaces and
under dry Milling test. To examine the influences of various control factors on tool wear, a Lo(3")
orthogonal array as shown in Table 1 was employed.

Table 1. Design parameters and levels in milling process.

Sample Control Factor Level 1 Level 2 Level 3
A Side Clearance Angle 10° 12° 14°
B Coating Layer TiN TiCN TiAIN
C Feed Rate [mm/rev] 0.0075 0.0100 0.0125
D Spindle Speed [rpm] 6000 6500 7000

Tool Wear Monitoring Equipment. Fig. 1 shows the set-up of the experimental hardware. The
milling tests were conducted on a LEADWELL V30 vertical machining center. The workpiece is a
6061 aluminum alloy. The experiment used single edge rhombus micro-end-mills of various side
clearance angles to mill the workpiece.

Side Flank Wear
; Cutting Edge Wear
(@) (b) (©

Fig. 1. (a) Experimental setup; (b) Machine vision system; (c) Tool wears phenomena

Corner Detection Method and Procedure. The flowchart for the proposed corner detection
algorithm is depicted in Fig. 2 As can be seen, the corner detection procedure consists of six steps.

Capture |  Image | EdgeDetection| | B-spline | & Curvature | Gaussian SPC Coordinates
Tool Image "|Segmentation| | and Sorting Smoothing || Evaluation | | Filtering || Thresholding |~ of Vertices

Fig. 2. Flow chart of the proposed corner detection method

Automated Feature Detection. To quickly and accurately identify features, we used the essence

of statistical process control (SPC), in this case using the threshold value of X as the basis to
calculate the upper and lower chart control line (UCL, LCL), defined as

Average : ¥ -V Xi. ()
g Z}: »
Standard Deviation : 4= 2)
Thus:
UCL=X +30. 3)

LCL=X -30. 4)
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Measurement of Mill Wear. Fig. 3 shows the images of tool segmentation before and after the
image processing. The original images of micro-end-mills are shown in Fig. 3(a), Fig. 3(b) and (c)
show the binarized image and morphological operator image, respectively. Fig. 3(d) shows the
detected vertices by referring to the smoothed curvature curve. Thus, after smoothed by Gaussian
filter, the vertex detection method performs perfectly.

PI
P2

(d)

(@) (b) (©)

Fig. 3. Result of the tool wear analysis

Experimental Results and Discussion

Experimental Analysis Using the Taguchi Method. The experimental results obtained according to
the Taguchi method are tabulated in Tables 2 and 3. Table 2 shows the measured wear, both
cutting-edge wear and side flank wear, and the calculated S/N ratios. Table 3 shows the response table
derived from the nine S/N ratios as shown in Table 2. It is evident that the analysis of Table 3 leads to
the determination of an optimum parameter setting A;B,C;D; causing minimum wear, that is,
A1B,C3D; is the best combination of parameters for achieving the desired cutting performance.

Table 2. The Lo(3*) Orthogonal table, the measured wears, and the S/N ratio

No| A | B | C | D |Cutting Edge Wear (mm) | Side Flank Wear(mm) S/N(dB)
1 1|1 ]1]1 0.195 0.053 16.90
2 |1 ]2]2]2 0.093 0.114 19.66
31113[3]3 0.152 0.123 17.19
4 12]11]12]3 0.106 0.193 16.15
51212(3]1 0.069 0.081 22.47
6 |12(3[1]2 0.074 0.252 14.62
71311[13]2 0.156 0.232 14.08
81312113 0.220 0.206 13.42
9 3131211 0.062 0.286 13.68

Table 3. Signal to noise response of flank wear measurement for micro-end-milling

Control Factor Level 1 Level 2 Level 3 Max-Min | Ranking
A 17.914 17.749 13.731 4.813 1
B 15.716 18.518 15.164 3.354 2
C 14.983 16.498 17.912 2.929 3
D 17.685 16.120 15.589 2.096 4

To see the effective parameters and their confidence levels on the milling of 6061 Al-alloy,
statistical analysis of variance (ANOVA) were performed. The analysis results are shown in Table 4.
The four control factors are listed in descending order of importance as follows: side clearance angle,
coating layer, feed rate and spindle speed. Their significances are 46.07%, 26.58%, 17.61%, and

9.74%, respectively. It is clear the contribution rate of spindle speed is relatively low.

Table 4. ANOVA statistical test results

Sources of Variation | Degree of Freedom | Sum of Squares | Variance |Significance (%)
A 2 33.682 16.841 46.07
B 2 19.429 9.715 26.58
C 2 12.872 6.436 17.61
D 2 7.122 3.561 9.74
Total 8 100
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Confirmation Experiment. the predicted mean of the quality characteristic (flank wear 77) has
been predicted as:

n=A4,+B, +C,+D,-3T =(17.749)+(18.518) + (17.912 )+ (17.685)- 3(16.460 ) = 22.48 (db) . )

Thus a 95% confidence interval (CI) for the predicted mean of optimum quality characteristic on a
confirmation test is estimated using the following two equations:

Cl— \/F(a,l,fe)V{l+l} : (6)
N, R

eff

These results are shown in Table 5 and it is observed that the S/N ratios obtained from the
confirmation experiments is 22.39, which falls within the predicted 95% confidence interval; these
results were within the CI of the predicted optimal values of the cutting tool characteristics.

Table 5. Results of the confirmation experiments for tool wear

Optimal control parameters Prediction Experimental
Recommend level AB,CsD, AB,C;D,
S/N ratio for tool wear (db) 22.48 22.39
95% confidence interval of predicted range of optimum tool wear

Conclusions

The experiments were to mill 6061 Al-alloy using micro-end-mills. The results could be useful in

selecting a suitable combination of parameters for dry milling 6061 Al-alloy by using micro-end-mills

and are summarized as follows:

1. The tool wear can be on-line measurements of machine vision inspection technique incorporating
with corner detection algorithm and SPC Inspection technique.

2.The effect of edge detector and smoothing on the performance of the extract vertex algorithm has
been explored in detail.

3.The best combination of the four control factors is A;B,Cs;D;. In other words, the optimum
parameters for dry milling 6061 Al-alloy are 10 degrees side clearance angle, TiCN coating, 0.0125
mm/rev feed rate, and 6000 rpm spindle speed.
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Abstract. The objective of this study is to optimize the micro drilling of PMMA (Polymethyl
methacrylate) polymer with multiple performance characteristics. In Taguchi method, a three level
orthogonal array has been used to determine the S/N ratio. Analysis of variance was used to determine
the most significant process parameters affecting the holes roughness. Coated deposition, spindle
speed and feed rate are optimized drilling parameters when the performance characteristics, which
include tool life and surface roughness, are taken into consideration. The results indicated that the
TiAIN-coating drills generate least wear and best holes quality. Finally, confirmation experiments
were conducted to confirm the validity of the results.

Introduction

Machining is an important process in mechanical manufacturing. Conventionally, drilling constitutes
about 40% of all material removal processes [1], and is one of the most often used methods in
machining. The purpose of machining is to achieve excellent shape accuracy and surface quality. This
goal is highly dependent on the performance of cutting tools and machining conditions (i.e. variations
in surface coatings, feed rate, and spindle speed), and the stability of the cutting edge will also affect
the tool performance and surface finish quality, and ultimately, tool life. Various real-time inspection
techniques have been developed to monitor and measure tool wear indeed. In general, these
techniques can be broadly categorized as either direct or indirect measurement. As the name suggest,
direct measurement techniques measure the size of the tool wear directly by using microscopes, tactile
sensors, or machine vision techniques [2-4].

Dry cutting [5-7] is a processing method that does not require the use of cutting fluids. It is a
common opinion among machine engineers that the addition of cutting fluid during cutting will
increase tool life. However, the intermittent addition of cutting fluid results in uneven cooling of the
tool, exposing the cutting tool to various extents of cooling and heating, which results in cracking and
ultimately breakage. This ultimately reduces tool life. Variations in processing methods have
generated different demands on the design of cutting tools. Indeed, the presence of a coating has a
cooling effect on the cutting tool, as isolates the tool from any heat generated during cutting. As a
result, tool sharpness and hardness can be maintained for an extended period of time.

In this study, the Taguchi method [8] was used to analyze the effect of spindle speed, feed rate,
cutting depth, and other factors of various coated cutting tools on flank wear, which is indicated by the
anti-wear ability of the cutting tool. The results obtained will be used to determine a set of parameters
that presents the minimum amount of flank wear, and to provide reference data for industry. Tool
wear detection is achieved by first capturing images of the various coated drill, then comparing and
analyzing the images of drill flanks before and after cutting using machine vision technology.
Coupling analyzed images with cutting conditions, the life-span and extent of tool wear of each
cutting tool is predicted. Furthermore, analyses were conducted on the signal-to-noise ratio (S/N
ratio) and response charts for cross-comparison.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Experimental Setup and Method

Experimental Equipment. This study will be conducted at the LEADWELL V-30 machining center,
using disposable coated micro drill (¢ 0.3 mm) to through holes on PMMA workpieces with
thicknesses of 1.0, 2.0, or 3.0 mm. The experiment is designed using the Taguchi orthogonal array to
reduce time and the number of processing steps. Tool wear monitoring and measurements will be
analyzed using image analysis.

Drilling Experiments. Micro drills were treated with TiN, TiCN, and TiAIN multi-layer coating
surfaces and the spindle speeds used in the experiment were (1) 6000rpm, (2) 6500rpm, and (3)
7000rpm. Feed rates were (1) 0.0075mm/rev, (2) 0.0100mm / rev, and (3) 0.0125 mm / rev under dry
drilling test conditions, In the study, a Lo(3%) orthogonal array was selected to check the influences of
the four control factors, the four control factors with three levels each are shown in Table 1.

Table 1. Experimental control factor and factor levels

Levels of Experimental Control Factors
Experimental Coating Feed Rate Spindle Depth of Cut
Factors Layer [mm/rev] Speed [rpm] [mm]
1 TiN 0.0075 6000 1.0
2 TiCN 0.0100 6500 2.0
3 TiAIN 0.0125 7000 3.0

Drill Wear Measuring Using Machine Vision. Utilizing the CNC machining center drilling
machine for testing, the drill head of each tool was coded to move to a predetermined position, where
a ring light source turns on and a CCD camera captures an image of the drill flank. This was
conducted at regular intervals after a fixed number of processes. In conventional drilling, tool wear
usually begins at the tangent-plane of the drill bit after successive holes drillings. This study aims to
measure the tool wear of the drill tip, which is defined by the distance between the two furthest points
of a drill flank image, as shown in Fig. 1.

Fig. 1. Actual positions of edge features

The coordinates of the above-mentioned feature points can be obtained from Fig. 1 as p, (x,,,),
P, (x5,75), and can be used to calculate the geometry of the edge of the drill flank. Comparing this
with the same feature points of a pristine drill bit p, (x,,»,), p, (x,,»,) and performing a calculation
using W, as the maximum amount of wear, the maximum wear of the drill flank (#}) is defined as:

W,=Ww,-Ww,

=2+ (1, =31)F = (=) P+ (=)

M
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Where W, is the edge dimension of the pristine drilland W, is the edge dimension of the drill after
successive hole drilling.

Experimental Results and Discussion

Analysis of Dry Machining Technology. More than a decade has passed since the advent of dry
machining technology. This technology is considered a new green manufacturing technology; when
compared with wet machining, it not only has improved production efficiency and reduced production
costs but it is also conducive to environmental protection. Accordingly, this is an ideal and clean
machining method. The energy saving, environmentally friendly, and low cost aspects of dry
machining are particularly significant considering the increasing demand towards environmentally
friendly manufacturing processes in the 21% century. Coating treatments of cutting tools exhibit
similar properties to cooling fluids and can behave as both a protective layer and as a thermal isolation
barrier to prevent heat transfer to the tool itself. As a result, the cutting tool can maintain its hardness
and sharpness over an extended period of time. In the realm of dry machining technology, tool coating
technologies have significant impact on the life of cutting tools.

Experimental Analysis Using the Taguchi Method. The experimental results according to Taguchi
method are shown in Table 2. Before proceeding to the grey relational analysis, the experimental
results were normalized. Table 2 shows the grey relational coefficient and the grey relational grade for
each drilling experiment. In general, a large value of relational coefficient corresponds to a better
experimental result. In other words, the higher the relational coefficient, the closer the experimental
result to the ideal normalized value. The performance ranking of the nine drilling tests are shown in
Table 2. Derive from the nature of the orthogonal array; the effect of each control factor on the grey
relational grade at each level can easily be separated. Table 3 show the response table of relational
coefficient for each control factor at each level. As can be seem, A3, By, C3, D, are the control factor
levels that will provide the highest predicted S/N ratio.

Table 2. Experimental results of flank wear and surface roughness

Flank wear Surface roughness Grey Relational Grey
No ABCD (mm) (um) Coefficient [£] i{leg;;(()in é
Test 1 | Test2 | mean | Test 1 | Test 2 | mean Flank | Surface [ °1=
wear | roughness v
1] 1]1]1]1]0.045]0.038]0.0415/0.952|0.914|0.933| 0.492 0.480 0.486 6
21 1[12]2]2]0.035]/0.038]0.0365] 0.881 | 0.835|0.858 | 0.585 0.584 0.585 3
311]13]3|3]0.042]0.047(0.0445|0.860|0.912|0.886| 0.449 0.541 0.495 5
412 1]2]3]0.065]0.048]0.0565]/0.853|0.848|0.851| 0.333 0.597 0.465 7
5121213 11]0.048]0.056]0.0520/ 1.053|1.180|1.117| 0.373 0.333 0.353 9
6 23] 1]2]0.037]0.030(0.0335/1.027]|0.987|1.007 | 0.660 0.377 0.519 4
71311]3]2(0.020]|0.015(0.0175/0.706|0.724|0.715]| 0.843 1.000 0.922 1
81321 3/0.041]|0.045|0.0430]1.054|1.035]|1.045| 0.477 0.379 0.428 8
913(13]2]1]0.023]0.02910.0260]0.989|1.163|1.076| 1.000 0.358 0.679 2
Table 3. Response of flank wear measurement for micro dilling
Control Factor Level 1 Level 2 Level 3 max—min Rank
A 0.522 0.446 0.676 0.230 1
B 0.624 0.455 0.564 0.169 2
C 0.478 0.576 0.590 0.112 4
D 0.536 0.655 0.513 0.142 3
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The purpose of the ANOVA is to realize the influences of each control factors on drilling
performance. As can be seen from the analysis results shown in Table 4, control factor A has the
greatest effect on tool life and surface finish. The four control factors in descending order of
significance are coating layer, feed rate, depth of cut, and spindle speed.

Table 4. ANOVA Statistical Test Results

Control Factor |Degrees of Freedom| Sum of Squares Variance Significance (%)
A 2 0.0275 0.0138 44.81
B 2 0.0148 0.0074 24.03
C 2 0.0075 0.0038 12.34
D 2 0.0116 0.0058 18.83
Total 8 100

Confirmation Experiment. The last step of the grey-Taguchi method is to verify the
improvement of the performance characteristic using the optimal levels of parameters that were
derived in the last step. The predicted relational coefficient and the optimal parameter setting are
shown in Table 5. It is evident that the confirmation experiment did yield the highest relational
coefficient.

Table 5. Process performance at the optimal parameter levels

Coating | Feed Rate | Spindle Speed | Depth of Cut | Flank Wear Surface GRG
Layer | (mm/rev) (rpm) (mm) (mm) Roughness (um)
TiAIN 0.0750 25000 2 0.0192 0.834 0.922
Conclusions

The present study deals with the application of the machine vision Technique Combined with Taguchi
method to the optimization of micro drilling parameters, using flank wear as the performance metric.
An optimal combination of drilling parameters can minimize tool wear. A confirmation experiment,
which adopted the optimal levels of drilling process parameters, was carried out to verify the
effectiveness of the Taguchi method. The experimental results indicate that the Taguchi method is
quite suitable for investigating the complex interrelationship among various parameters in drilling.
The experimental results indicate that the Grey-Taguchi method is quite suitable for investigating the
complex interrelationship among various parameters in drilling PMMA.
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