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Abstract. Chipping in ceramic cutting inserts during machining can cause detrimental effects on
the surface finish quality of the workpiece. Current methods of detecting chipping in ceramic
inserts do not compare the minute changes in the workpiece profile in subsequent machining
passes. In this work, an effective method of detecting chipping in ceramic inserts by analysing
the workpiece surface profile using cross-correlation is proposed. In this method, the sub-pixel
edge location method was used to extract the surface profile captured using a digital camera.
Surface profiles corresponding to subsequent machining passes were cross-correlated at three
different sections of the workpiece. An abrupt drop in the correlation coefficient was observed
in the middle and end sections of the workpiece after the fifth machining pass, thus providing a
reliable measure of tool chipping.

1. Introduction

Ceramic cutting tool inserts are the preferred type of cutting tools for the machining of hard and difficult-
to-cut materials such as alloy steels. This is due to their high hot hardness and wear resistance. However,
due to their inherent low toughness ceramic inserts have be reported to undergo ladder-like chipping,
cracking and fracture during machining [1-3]. Since failure of a cutting tool during machining will cause
a detrimental effect on the finished product, the early detection of wear in the cutting tool is an important
area of research. Although a significant amount of research has been published on the offline and in-
process detection of wear in cutting tools [4-7], most of these researches are limited to carbide tools.
The detection of wear and chipping in ceramic cuttings inserts has been investigated only by a few
researchers.

Neslusan et al. [8] developed a method to detect the breakage of ceramic cutting tools during hard
turning by analyzing acoustic emission (AE) signals. AE signals are known to be sensitive to the plastic
deformation processes linked with dislocation slips during machining of ductile materials or brittle
cracking. The authors used two AE sensors with different frequency ranges to detect machining changes
before and after tool breakage. This method, however, is not sensitive to detect the occurrence of
chipping in the ceramic tool. Lee at al. [9] used fast Fourier transform (FFT) to detect the onset of
chipping in commercial ceramic cutting inserts. The edge profile of the workpiece was extracted to sub-
pixel accuracy and the extracted profile was transformed from the spatial domain to the frequency
domain using FFT. During gradual wear the amplitude of the fundamental feed frequency was observed
to increase steadily, but after the onset of tool chipping significant fluctuations in the feed frequency
was observed. Although this method was shown to be effective in detecting the onset of chipping the
edge profiles before and after chipping were not compared quantitatively. In a later publication [10], the
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authors applied the sub-window FFT and continuous wavelet transform (CWT) methods to detect the
onset of chipping in ceramic tools. They reported that compared to the sub-window FFT method the
CWT method is more effective in detecting the exact onset of tool chipping. The authors also
investigated the effectiveness of the autocorrelation method in detecting chipping in ceramic inserts by
analyzing the workpiece profile captured using a digital camera [11]. The authors reported that chipping
in the tool caused the peaks of the autocorrelation function to decrease rapidly with increase in lag
distance. The correlation was made between profiles recorded from the same section of the workpiece
but at different angles. The profiles at various parts of the workpiece were not cross-correlated to detect
chipping in the tool.

Besides the work done by Lee et al. [9-11] there is very little published literature on the detection of
chipping in ceramic cutting tools. Many researchers have reported the problem of chipping in ceramic
cutting inserts but a reliable method of detecting chipping is yet to be developed. The aim of this paper
is to propose a vision-based method combined with sub-pixel edge location and cross-correlation to
detect the occurrence of chipping in commercial cutting tools during dry turning.

2. Methodology

2.1. Experimental setup and image capture

The dry turning operation was conducted by using a 45 mm diameter AlISI 305 stainless steel workpiece
of length 200 mm. The machining was done on a Pinocho S90 conventional lathe machine by using
ceramic insert cutting tool from Sandvik Coromant Ltd., Sweden. The workpiece was mounted securely
at both ends to ensure there is minimum vibration during turning (Figure 1(a)). The machining was
carried out using a cutting speed of 1400 rpm, feed rate of 0.3 mm/rev and a depth-of-cut of 1 mm. A
high cutting speed and feed rate were used to accelerate the rate of wear in the ceramic insert. The
machining was done for five passes. After each pass the workpiece was removed from the lathe to
capture the profile. The cutting tool insert was also removed and observed under that scanning electron
microscope. The machined length was divided into three sections, namely start, middle and end, for the
surface analysis (Figure 1(b)). A high-resolution DSLR camera (pixel resolution: 5184 x 3456 pixels)
fitted with a macro lens was used to capture the edge profile of the machined workpiece with the aid of
backlighting (Figure 1(c)). The intensity of the backlighting was controlled appropriately to ensure the
image is not too bright or too dark. The surface of the workpiece was cleaned using a jet to compressed
air before capturing the images. The workpiece was shifted using a translation stage in order to capture
images at various sections. Four images were captured at each section by rotating the workpiece by 90°.

Backlighting
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Figure 1. (a) Machining setup, (b) various section used in analysis, (c) setup for capturing
workpiece profile.

2.2. Profile extraction using sub-pixel edge location

Figures 2(a) shows the sample raw image of the workpiece profile captured after the first pass. The
profile of the workpiece surface was extracted using the invariant-moment sub-pixel edge detection
method originally proposed by Tabatabai and Mitchell [12]. In this method a scan line across a step edge
is characterized by a set of numbers x;, where i=1, 2, 3, ..., n. The edge is defined between a sequence
of pixels at one intensity level h; followed by a sequence pixels at another intensity level h;as illustrated
in Figure 2(b). The first three moments m1, m; and ms of the input data sequence are given by a threshold
independent method based on grey level moment equations, whereby the moments are defined as a sum
of the pixel intensity powers. The i moment of the input grey level data sequence x; is given by

My = = Y ()" (1)

where X1, Xo,..., Xn are pixel intensities and n is the total number of pixels in row j. If k denotes the
number of h; values in the ideal edge, then the first three samples moments between input and output
sequences can be solved in three equations by:

m; = i1 pjhf )

where i =1, 2 and 3, and pn = number of pixels with grey intensity values h.
With the three unknowns h, k and p., the solutions of the edge are calculated by:
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where ¢ = \/m, — m? and s defined as the skewness of the input data sequence given by,
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Thus, the edge location of the workpiece up to sub-pixel accuracy is determined by:
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k =pn (8)

The invariant moment method of sub-pixel edge detection allows precise edge location as shown by the
red line in Figure 2(c).

2.3. Simulation analysis using cross-correlation

Cross-correlation is essentially a measure of similarity between two signals as a function of displacement
of one relative to the other. For two continuous function f{#) and g(#) the cross-correlation is given by
the dot product,

*® 9
frg=[ r@gt+oa ©)

where f* is the complex conjugate of f'and 7 is the displacement, also known as the lag distance. For
discrete function such as the digitized surface profile, the cross-correlation is defined as,

= (10)
frg= ) fgle+D
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where k is a measure along the signal length and / is the lag distance.
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Sub-pixel edge

Figure 2. Extraction of workpiece edge profile to sub-pixel level: (a) raw image, (b) grey value
variation in the invariant moment method, (c) extracted profile (shown in red).

Figures 3(a)-(c) show three simulated profile, whereby Figure 3(a) is assumed to be shaped by a new
cutting tool, Figure 3(b) is formed by a slightly worn cutting insert while Figure 3(c) is formed by a
badly worn cutting insert. The corresponding extracted profiles are shown in Figures 4(a)-(c).

- I
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N

Figure 3. Simulated profiles: (a) formed by new insert, (b) formed by slightly worn inset, (c)
formed by badly worn insert.
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(b)
Figure 4. Extracted profiles corresponding to Figures 3(a)-(c).

The result of cross-correlating the profiles in Figure 4(a) with Figure 4(b) and Figure 4(a) with Figure
4(c) is shown in Figure 5(a) and 5(b). Although the correlation plots look the same the maximum
correlation value when the insert is slightly worn is 0.9931 while the corresponding value when the
insert is badly worn is 0.9539. The maximum positive correlation coefficient thus gives a measure of
the wear condition of the insert.
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Figure 5. Plot of cross-correlation for (a) slightly worn insert, (b) badly worn insert.

3. Results and Discussion
Figures 6(a)-(e) show the workpiece edge profiles at various stages of machining and the insert image

captured at the end of each pass. The gradual change in the profile during the first four passes is clearly
noticeable while there is a rapid change in profile from the 4" to the 5" pass. The gradual profile change
can be attributed to the gradual loss of tool material during turning while the rapid change in the profile
is due to chipping (highlighted in yellow on the insert image).

(a)

(b)
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(c)

(d

(e)

Figure 6. Workpiece edge profile and tool insert after (a) 1% pass, (b) 2™ pass, (c) 3" pass, (d) 4™
pass and (e) 5" pass.

In order to investigate the changes in profile in greater detail the length of profile equivalent to three
feed spacing were cropped manually from the original image. Each image was rescaled to accommodate
slight variation in the camera-to-workpiece distance after each machining pass. The cropped image was
then subjected to sub-pixel edge location. The extracted edge profiles after the 2™ to the 5" passes were
compared to the profile after the first pass. The extracted data were realigned so that the peaks in the
subsequent passes match those in the first pass. Figures 7(a)-(1) shows the comparison between the 1
pass with subsequent passes at the start (Figures 7(a)-(d)), middle (Figures (7(e)-(h)) and end (Figures
7(1)-(1)). The start, middle sections of the workpiece are shown in Figure 1(b).

Comparison of the profiles shows that a significant change in the profile is visible after the 5" pass
in all sections of the workpiece. This can be attributed to the significant loss of cutting tool material due
to chipping as seen in insert image in Figure 6(e). Comparison of the changes in the profile between the
1*" and subsequent passes at the various sections show that the middle and end sections of the workpiece
produce very consistent results compared to the start section. The fluctuation in the profiles in the start
section, especially after the 1%t and 4™ passes show the possible presence of vibration as the tool first
comes in contact with the workpiece. As machining proceeds to the middle and end section the vibration
effect has diminished and the changes in the workpiece profile due to tool wear and chipping becomes
dominant.

Pass 1 vs. Pass 2 [start) Pass 1vs. Pass 3 (start) Pass 1vs. Pass 4 (start) Pass 1vs. Pass 5 [start)

(a) (b) () (d)

Pass 1 vs. Pass 2 (middle) Pass 1 vs. Pass 3 (middle) Pass 1 vs. Pass 4 (middle) Pass 1 ws. Pass 5 (middle)

(e) ® (® (h)
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Pass 1 vs. Pass 2 (end) Pass 1vs. Pass 3 (end) Pass 1 vs. Pass 4 (end) Pass 1 vs. Pass 5 (end)

() ()] (k) 1))

Figure 7. (a)-(d) Comparison of surface profiles of workpiece between 1* and subsequent passes at:
(a)-(d) start,(e)-(h) middle and (i)-(I) end of workpiece.

Figure 7 only shows a visual comparison of the profiles before and after tool chipping. In order to
develop an automatic method of detecting chipping in the insert it is necessary to analyse the cross-
correlation between these profiles. The maximum cross-correlation coefficients for the profiles are
shown in Figure 8. Neglecting the data from the start section it can be seen that the maximum cross-
correlation coefficient drops to below 0.8 after tool chipping. Thus, the correlation coefficient criteria
for tool chipping can be set to 0.8 for the in-process detection of chipping in ceramic inserts.

Comparison of cross-correlation coefficients
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Figure 8. Comparison of cross-correlation coefficients for different machining passes.

4. Conclusion

A simple, yet effective, method of detecting chipping by analysis of the workpiece surface profile is
proposed. Comparison of the surface profiles before and after chipping using cross-correlation shows a
sharp decrease in the coefficient value after chipping. The study has also shown that the profiles
compared should be extracted from the middle or end of each machining pass for better accuracy. The
proposed method can be implemented for in-process tool chipping detection by capturing and processing
the images in real-time during a turning process.
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