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later compared to actual tool wear. Whilst this is an initial 
approach to the proposed spark-insert wear relationship, the 
final objective of this research would be to create an online or 

in-process tool condition monitoring system for an industrial 
level. 
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Fig. 2 Camera set-up 
 

II. SYSTEM CONFIGURATION 

In Fig. 2, a schematic of the system configuration is shown. 
A monitoring system was built using a regular SLR Canon 
EOS 60D digital camera, set to record images of the cutting 
area of the machining process. The milling machine used was 
a Starrag ZT 1000 5 axis CNC with a Siemens Sinumerik 
840D controller. During machining time, the camera would 
capture many images at a constant rate, with special focus on 
the sparks that this process produced. Later, these images were 
extracted and processed using the software MATLAB1.  

A. Machining 

As mentioned previously, the study was performed using a 
five axis high speed milling machine, and the test used the 
machining parameters shown in Table I. The cutting tools 
used were SiAlON ceramic inserts RNGN120400E 6060 from 
Sandvik Coromant, in a holder of four inserts. Finally, the 
work piece was a Waspaloy ring and the general standardized 
composition of this material is shown by Table II.  

 
TABLE I 

MACHINING CUTTING PARAMETERS 

PARAMETER VALUE 

Cutting Speed Vc (m/min) 875 

Feed per minute (mm/min) 1843 

Spindle speed n (rev) 4761 

Cutting Depth ap (mm) 1.5 

Tool Specific Diameter Dc (mm) 50.3 

Radial Immersion ae (mm) 29.25 

Feed per tooth fz (mm) 0.097 

Number of inserts zc 4 

B. Image Acquisition 

In contrast to the human eye or a video feed, still pictures 
are a single samples of a short period of time. In an SLR 

 
1 MATLAB and Image Processing Toolbox Release 2015b, The 

MathWorks, Inc., Natick, Massachusetts, United States. 

camera, the shutter speed parameter is the one that controls the 
sample size in a single image. Therefore, the selection of 
speed parameters can be a common dilemma that is mainly 
dependent on the application. Through a separate piece of 
research by the authors of this article in [13], it has been 
concluded that for the present application, slow imaging 
settings tend to give better results when processing images 
from cutting sparks. This is mainly due to the fact that slow 
imaging settings tend to expand the sample size in still 
pictures in the time domain. This effect enables the acquisition 
of a larger amount of spark behaviour data, averaged inside a 
single image; as opposed to fast settings, that give more 
instantaneous sets of data, that tend to increase noise when 
extracting features of spark evolution. The values shown in 
Table III represent the best combination of parameters when 
using the slowest shutter speed value, given the environmental 
illumination conditions. When the shutter speed is the main 
variable, the values of the diaphragm and ISO can be derived 
from the said speed. This is the case for the present 
application, where neither the depth of focus mandated by the 
Diaphragm, nor the camera sensitivity mandated by the ISO 
value, are deemed as important as the shutter speed.  

III. AREA AND INTENSITY PROCESSING 

As mentioned previously, the images obtained during the 
machining process were later extracted and processed. 
Through a qualitative assessment of the most observable spark 
features that evolve during the machining process, spark area 
and spark intensity were selected to be extracted. Other visible 
features were also assessed, such as spark angle and change in 
colour, but both of these features would tend to peak or 
change very early in the first minute of the machining process, 
and stayed constant for the rest of the sequence. 

The processing of the spark area and intensity was done 
through the generalised algorithm found in Fig. 3. For each 
feature however, there were different steps and approaches 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:8, 2016

1433

 

in

wa
alm
lay
us
im
im

lo
sp
wh
th
im
ad
hi
th
(b
im
we
in

side each of th

Fig. 3 Gener

A. Area Extra

In the Pre-Pro
as loaded into
most no spark
yout. This re
sing a colour a
mages and tha
mage was conv

At the final s
aded into the

park (Fig. 4 (a)
hile the blue l
e image. A 

mages, as it w
djustment con
gh limit for 
ese values int

b) shows the re
mages, where 
ere taken and 
to grey scale i

he four algorit

TA
WASPALOY GEN

ELEMENT 

Carbon 

Manganese 

Silicon 

Chromium 

Nickel 

Boron 

Iron 

Cobalt 

Titanium 

Aluminium 

Molybdenum

Zirconium 

Copper 

Sulphur 

TA
SLOW CAME

PARAMET

Shutter Spe

Diaphragm

ISO 

ral algorithm str

action 

ocessing stage
o the algorith
k visible but in
eference imag
adjustment tha
at will be exp
verted into gre
step of this st

e algorithm. T
)) at the red an
levels where q
colour adjus

was done to t
nsisted in taki
each colour c
to the whole in
esult of the co
only high lev
re-mapped. F

individually, a

thm stages. 
 

ABLE II 
NERAL COMPOSIT

MIN MAX

0.02 0.10

-- 0.50

-- 0.75

18.0 21.0

Balance 

0.003 0.00

-- 2.00

12.0 15.0

2.60 3.25

1.00 1.50

m 3.50 5.00

0.02 0.12

-- 0.10

-- 0.02

 
ABLE III 
ERA PARAMETERS

TER VALUE 

eed 1/5s 

m F22 

5000 

 

 

ructure for spar

e, the first ima
hm as a refere
nformation ab

ge’s contrast w
at was used lat
lained later. T

ey scale for fur
tage, the rest 

The levels of 
nd green chann
quite low, com
tment was th

the reference 
ing the value
channel of th
ntensity range

olour adjustme
els of red, gre

Finally, each im
as illustrated in

TION 

X 

0 

0 

5 

0 

08 

0 

0 

5 

0 

0 

2 

0 

2 

S 

rk area and inten

age of the com
ence image, h
bout the backg
was then enh
ter for the rest
Then, this ref
rther processin
of the images
intensity insi
nels were very

mpared to the 
hen applied t
image. This 
s inside a low
e images, and
e of 0 to 255. 
ent applied to 
een and blue 
mage was con
n Fig. 4 (c). 

 

nsity 

mpound 
having 
ground 
hanced 
t of the 
ference 
ng.  
s were 
de the 
y high, 
rest of 
to the 
colour 
w and 
d map 
Fig. 4 
all the 
values 

nverted 

Fi

A
subt
info
bina
can 
com
nois
losin
valu

 

ig. 4 Spark area
i

At the Image 
tracted from e

ormation. The
ary, where the

be seen in 
mprise most o
se from the im
ng the spark s
ues. 

Fig. 5 Binary 

(a)                 

(

a pre-processing
image, and (c) g

Processing s
each image, in
e resulting im
e selection of 
Fig. 5 (b). T

of the spark c
mage as it is t
shape, as it ca

(

(

conversion (a) 
conversion thre

                  (b) 
 

(c) 

g (a) original im
grey scale imag

 
stage, the refe
n order to elim
mage was the
the binary con
The value of

core area, wit
the case of low
an be seen wit

(a) 
 

b) 

original image,
eshold selection

 

mage, (b) enhanc
ge 

erence image 
minate backgro
en converted 
nversion thres
f 0.04 appear
thout taking m
wer threshold
h higher thres

 

 and (b) binary 
n 

 

ced 

was 
ound 
into 

shold 
rs to 
much 
ds, or 
shold 

 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:8, 2016

1434

 

co
siz
qu
am

we
im
co
Th
co

Pr
ex
en
fu
an
Lo
iso
wa

re
ba
fil
pr
m
sh
a 
in
va
hi

go
(c
en
pr
ea

After this, it w
omponents of t
ze, as shown 
uantify the ar
mount of pixel

 

Fig. 

Given that all
ere mainly or

mage, it can 
omponent of e
herefore, the 
onsisted in the 

B. Intensity E

For the extra
roduction has
xtraction. Nev
nhance the spa
urther ahead in
nd parameters
ow-Pass filte
olating the spa
as important a
At the Image
ference imag

ackground eli
ltered in the 
reviously crea

mask was deriv
hown in polar 

zero frequen
creasing radia

alues of this c
gh frequencie
 

With the ai
overned the to
). This made p

ntire image 
reviously in (1
ach image at th

was possible t
the image and
in Fig. 6. At 
reas of these
ls each one con

6 Connected co

l the previous 
riented to the

be conclud
each image c

final stage 
extraction of 

Extraction 

action of inte
s the exact 
vertheless, in 
ark intensity, a
n the algorithm
 was conduct

er was the 
ark intensity f
at this point to 
e Processing s
ge R to each
mination (1).
frequency do

ated, as shown
ved from the v
form in Fig. 7
ncy value a
ally; therefore
entral area of 
s.  

∑

d of this fil
otal intensity 
possible to pe
matrix into 
1), in order to
he Feature Ext

to identify the
d discriminate 

this point, it 
e connected c
ntained. 

omponent discri
 

steps of the p
e isolation of

ded that the 
orresponded t

of Feature 
the maximum

ensity, the ini
same structu
order to succ
a filtering step
m. An analysi
ted, and it wa
most adequa

from the backg
create a Low-

stage, again th
h image Ik w
 The resultin

omain by the 
n in Fig. 7 (b
values in the f
7 (a). The freq
t the center,
e, the mask n
f low frequenc

R ⨂

lter, the inten
of the image 

erform a simpl
a single va

o represent th
traction stage.

 

 different conn
each compon
became possi

components b

imination 

processing algo
f the spark in

largest conn
to the actual 
Extraction s

m area. 

tial stage of 
ure as in the
cessfully isolat
p would be re
is of different 
as concluded 
ate in succes
ground; theref
-Pass filter ma

he subtraction 
was carried o
ng image was

Low-Pass m
b). The size o
frequency spe
quency spectru
, with frequ

needed to pas
cy, while cutti

            

nsity of the 
as shown in 

le summation 
alue, as exp

he spark intens
 

 

nected 
nent by 
ible to 
by the 

 

orithm 
n each 
nected 
spark. 

simply 

Image 
e area 
te and 

equired 
filters 
that a 

ssfully 
fore, it 
ask. 
of the 

out for 
s then 

mask H 
of this 
ctrum, 

um has 
uencies 
s only 
ing off 

     (1) 
 

spark 
Fig. 7 
of the 

pressed 
sity of 

Fig.

A

In
tool
extr
the 
Ima
wea
inse
sim
surf
extr

 

 
F

thro
coun
area
prev
corr
inte
argu
occu
pres
pres
whe
tend

 

(

. 7 Image Proce
fi

A. Insert Wear 

n order to ex
ls, it was nec
ract a ceramic
machining, im

age processing
ar data from th
erts worn rak

milar procedur
face of the in
raction of an a

(

Fig. 8 Ceramic 
processing (a)

Fig. 9 shows t
oughout the m
nting the initi
a values are g
viously calcu
responds to 
erruptions for 
ued that a di
urred without 
sented lower 
sent limitation
ere, in general
ds to lead to ch

(a)                      

(

essing (a) image
filter mask, and 

IV. R

Assessment 

xtract the wea
cessary to sto

c insert for ins
mages of the in
g could also 
he inserted too

ke face, also k
re as the spa
nsert could be
area value, as s

(a)                      

insert's crater w
) original image

the increase i
machining tim
ial state wher
given in mm2,
ulated. Howev

a machin
the assessm

ifferent crater
these interrup

levels of tool 
n in ceramic
l, the continuo
hipping and to

                      (b
 

(c) 

e in frequency d
(c) filtered imag

RESULTS 

ar values of t
op the machi
spection. Durin
nsert’s rake fa
be employed

ols by extracti
known as cra
ark area extr
 identified an
shown in Fig. 

                      (b

wear area extrac
e, and (b) proce

in the insert’s
me with nine
re no wear is 
, as the size o
ver, the wear
ning process 

ment of the in
r wear area 
ptions, and th
 wear. This is
c materials o
ous impact in 
ool failure [14]

b) 

 

domain, (b) low-
ge 

the actual cer
ining process 
ng these break
ace were recor
d to extract d
ing the area o
ater wear. Wi
raction, the w
nd isolated for
8.  

b) 

ction with imag
ssed worn area

s crater wear 
e values of w

visible. Also
of each pixel 
r trend in Fi

with mul
nserts. It may
trend could 

hat this could 
s due to the e

of brittle frag
milling operat
]. 

 

-pass 

amic 
and 

ks in 
rded. 

direct 
of the 
ith a 
worn 
r the 

 

e 

area 
wear, 
o, the 

was 
ig. 9 
ltiple 
y be 
have 
have 
ever-
gility 
tions 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:10, No:8, 2016

1435

 

 

 

Fig. 9 Insert’s crater wear area values 

 

B. Spark Feature Assessment 

The spark area and intensity evolution graphs can be seen in 
Fig. 10, where (a) shows how the total intensity of the spark 
increases continuously with the machining time, while (b) 
shows similar behaviour in the spark area evolution. Some 
specific changes in both features coincide, such as the sudden 
increase in spark intensity at the time of 60 seconds, as well as 
the general expected gradual increasing trend, showing that 
both descriptors are representative of the spark development. 

When both descriptors are graphed along with the wear 
measurements obtained previously (Fig. 10), a similar and 
consistent general behaviour can be observed in all three 
measures. This is also shown in Fig. 11. It is possible to see 
that all three have a general qualitative correlation, as the 
steepness of the three are very similar; however, it was not 
possible to quantify this correlation as there is a dimensional 
mismatch between the number of values of the sparks 
descriptors and the values of insert wear. 
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(b) 

Fig. 10 Spark evolution (a) intensity, and (b) area 
 

 

Fig. 11 Spark area, intensity and insert's crater wear area 
 

V. DISCUSSION 

While there was some partial discussion with some of the 
results presented previously, there are other important aspects 
that shall be outlined. Firstly, algorithms appear to be 
functioning as intended. There was as expected, a general 
gradual increase of area and intensity with machining time. 
For the purpose of tool wear extraction, it becomes apparent in 
the authors view, that these two features are indeed the most 

relevant. However, there is still further scope for optimisation 
of the feature extraction algorithms presented. Also, the 
general similarity between the spark area, intensity and insert 
wear shows that there is an evident intrinsic correlation 
between these, making possible the idea of exploring further 
tool monitoring systems using this phenomenon. Yet, a more 
in-depth analysis would be appropriate to understand better 
the wear mechanisms of the ceramic SiAlON inserts. 
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Nevertheless, there were several limitations within this initial 
investigation that could be addressed in future work.  

The imaging system, for instance, was quite basic, using an 
SLR camera with very wide gaps of data between samples, 
given that the images had a five seconds gap. In this regard, it 
would be important to find a way to assess which would be the 
optimal imaging acquiring system, as well as the optimal 
imaging parameters. As it was mentioned previously in this 
work, a set of quite “slow” settings were used. It would be 
interesting; however, to make sure that faster settings are 
indeed not appropriate for this application. Furthermore, it 
could be argued that a video feed may be more adequate for 
further processing rather than still images, as this could 
provide more information. 

The wear assessment technique presented in this work of 
measuring crater wear area through image processing could be 
regarded as a basic method of obtaining wear data from the 
ceramic tools. A more in-depth analysis of other wear 
mechanisms in SiAlON inserts should be carried out, where 
perhaps a richer source of wear measurement could be found. 
Other techniques such as the extraction of weight 
measurements to find volumetric changes of the cutting tool 
could show improved results. Or even yet, some measurement 
of flank wear or notch wear could provide a better tool wear 
trend [14], [15]. Alternatively, more sophisticated technology, 
such as 3D imaging through scanners or simple stereo-vision 
could be beneficial as an in-situ assessing technique. 
Nevertheless, there would continue to be significantly less 
wear data than spark data, due to the requirement of stopping 
machining operation. 

There is also future work regarding further analysis of this 
possible tool monitoring system or technique, as there are 
many variables associated with this type of metal cutting 
processes. Machining parameters, such as feed, speed and 
depth of cut are just a few of the process variables that could 
give very different results in the way the cutting spark evolves. 
Also, regarding the image acquisition side of the monitoring 
system, alternative values for the previously mentioned 
imaging settings or even external factors like illumination, 
reflections and camera location, could greatly alter this spark-
wear relation.  

Even though other techniques of tool wear assessment 
through visual sensing, such as the ones mentioned at the 
beginning of this article, appear to give a more precise 
quantification of tool wear, their limitation of process 
interruption is inevitable. Yet, the present tool monitoring 
technique, also through visual sensing, has shown 
considerable promise for the live assessment of tool wear. 
Therefore, a fully functional system using this technology 
could be a highly productive and low costed instrument for 
high speed machining processes in the manufacturing industry 
in the near future. 

VI. CONCLUSIONS 

In the machining of nickel-based superalloys, ceramic 
inserted tools such as SiAlONs are used for their great 
efficiency regarding high machining speeds. However, these 

tools can present very unpredictable tool life spans, making a 
tool monitoring technique or system important for further 
increase machining efficiency. A relation between the dry 
cutting process sparks and the actual cutting tool wear was 
explored and can be summarised through the following 
conclusions: 
• Image processing algorithms for the extraction of cutting 

spark Intensity and Area can be successfully applied to 
still images from the machining process. 

• These two parameters are good representatives of the 
cutting spark evolution throughout machining time. 

• When the two image processing parameters are compared 
to the actual cutting tool crater wear area, a qualitative 
correlation and similarity is evident.  

• Further analysis and work is required to explore this 
relationship further, along with all the different variables 
that could alter it. 
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