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Editorial 
At a time when a plethora of Journals, both in the e-format and in the print format, is 

flooding the academic and industrial community, it might appear strange or fool-hardiness to 
launch another one! Yet we took heart from the fact that one more may not do much harm, and 
might, in fact, succeed and manage to catch the attention of the savvy and discerning readers. 
Survival at times of fierce competition demands a focus on quality and a clear understanding of 
the mind of the target group. We are serious in these two tasks and hope that our new offering 
would encourage a useful dissemination of research findings in the various fields of interest and 
bring about a closer interaction between researchers. The title of the Journal reiterates our 
emphasis on applicable research of inter-disciplinary nature which would bring a closer rapport 
between engineering, technology and management disciplines.  

The timing of the first issue coincides with the 60th birth-day celebrations of a  
remarkable person who, with little educational back-ground, ventured into offering engineering 
education of a very high quality , ushering in opportunity to thousands of people in the rural 
areas aspiring to become engineers and technologists. We take this opportunity to congratulate  
Mr. R.S. Munirathinam, Founder Chairman of the R.M.K. Group of Institutions on this 
landmark completion of a phase of his philanthropic journey in life and on establishing these 
highly successful institutions. We wish him many more years of service to Society.  

The stupendous task of bringing out a new Journal committed to quality and excellence 
requires the support and help from my fellow academicians world over. I owe this first issue to 
my colleagues in the Editorial Board and to the valiant authors, who took the risk of submitting 
their papers to a new-born Journal. We feel greatly encouraged by this gesture on their part and 
thank them. My colleagues worked hard to get this issue out on time. I express my gratitude to 
them. I invite experts from all parts of the world to join us in contributing to the success and 
usefulness of this effort by helping us with the review process and by joining the Editorial team 
which is being expanded. We express our sincere thanks to Mr. R.S. Munirathinam for offering 
to completely fund the publication of this Journal, thereby relieving us of a big financial burden. 
We invite your considered opinions and feed-backs on the articles published by way of 
discussion papers and comments. The next issue will be released in January 2010. 

 
22nd July 2009 Dr. K. Chandrasekaran 
 Chief Editor 
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Flexural Response 
Characterisation of Plasma 
Sprayed and Microwave 
Glazed Ceramic Composite 
Coatings 
Abstract—Application of microwaves in materials processing is ever increasing owing 
to its rapid and clean processing cycle. In the present work, a technique, called 
microwave glazing, has been used for post processing of ceramic composite coatings. 
Alumina–13% titania (AT-13) composite was spray deposited on steel substrate with an 
interlayer of nickel-aluminum using plasma spraying technique. Deposits were post 
processed through microwave irradiation in a multi-mode cavity at 2.45 GHz frequency 
for modification of structure. Characterization of the spray deposits indicates 
microwave irradiation induced microstructural changes in the deposits in the form of 
transformation of α–alumina into γ–alumina resulting in structural densification. 
Consequently, enhancement of microhardness of the glazed deposits and significant 
reduction in porosity and modulus of rupture were observed. Responses of the 
composite coatings while subjected to flexural loading were monitored in terms of 
deformation and modulus of rupture (MOR). Failure of the coatings was detected 
through acoustic emission sensing. Three new indices– Deformation Ratio, Strength 
Ratio and Flexure Ratio were defined and correlations were attempted while explaining 
flexural responses of the deposits. Microwave glazed composite coatings exhibited 
reduced flexural strength and enhanced flexure ratio vis-à-vis as sprayed deposits. A 
characteristic brittle mode of failure was observed with the microwave glazed coatings, 
while inter-splat cohesion was found relatively higher.  

Keywords: ceramic composite, spray deposit, microwave glazing, structural 
densification, modulus of rupture, deformation, fractography, acoustic emission 
monitoring

1 Introduction 

High end industrial applications require enhanced 
wear and thermal resistance without sacrificing much 
on strength of the components. Composite coatings are 
being increasingly preferred owing to their superior 
performance in hostile working environments. 
However, processing of ceramics and ceramic 
composites is usually difficult through conventional 
routes. Plasma spraying, a variant of thermal spraying, 
is widely used as an established technique to produce 
thick coatings of ceramics and ceramic composites for 
protection against heat, corrosion and wear. Among the 
ceramic composites, alumina–titania systems are 
popular as wear resistant coatings. 

In plasma spraying, the molten or semi-molten 
droplets of the particles to be sprayed are made to 
impinge on a substrate, which subsequently spread and 
rapidly solidify to form a thin splat. The deposit is built 
up by successive impingement and interbonding among 
the splats. The process of splat formation depends on 
the velocity, size, molten state, chemistry and angle of 
impact of the droplets onto the surface [1, 2]. It is also 
subject to the surface topography of the substrate, its 
temperature, and reactivity. In addition, as the thermal 
contraction of splats is constrained by the underlying 
solid, tensile stress is developed during deposition. 
These quenching stresses are relieved by mechanisms 

like microcracking, plastic yielding, creep etc. As a 
result, thermally sprayed coatings have a characteristic 
microstructure of lamellae, pores and cracks. The 
performance of the deposits, however, depends largely 
on the microstructure of the deposits. Thus, post 
processing of such deposits becomes necessary to 
modify microstructures in order to improve their 
functional characteristics. Although there are few post 
processing techniques in practice, they have their own 
limitations [3, 4]. Application of microwaves, on the 
other hand, is emerging as a popular choice in materials 
processing and being investigated extensively [5–9]. A 
new techniques for post processing of plasma sprayed 
ceramic composites coatings through microwave 
irradiation has been developed by Sharma and 
Krishnamurthy [10] and performance of these post 
processed coatings vis-à-vis as sprayed coatings has 
been reported [11]. 

Physical properties and functional behaviour of 
spray deposits primarily depend on the cohesive 
strength among the splats, morphology of the porosity, 
occurrence of cracks and defects, and on possible ultra 
fine-grained microstructures within the splats 
themselves. Although, studies on characterisation of 
mechanical properties of spray deposits are very well 
reported, investigations on flexural characterisation of 
coatings are very limited [12, 13]. Bao et al. [12] have 
proposed a new relative method for evaluating the 
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flexural strength of hard coatings, while Khanthima et 
al. [13] have used conventional four-point bending 
method for estimating the flexural strength of alumina 
sheets. Present work is mainly concerned with 
characterization of flexural behaviour of ceramic 
composite spray deposits, both as sprayed and 
microwave glazed, while subjected to specific tests. 
Popular three-point bend test approach was adopted in 
this study.  

2 Experimental Procedure 

Composite coatings were developed in the 
laboratory conditions using atmospheric plasma 
spraying facility. Spray deposition, post processing of 
the spray deposits and their characterisation were 
carried out as discussed in the following sections.  

2.1 Spray Deposition 

In the present work, alumina(Al2O3)–13% titania 
(TiO2), also called AT-13, ceramic composite (grain 
size: 40-50μm) was spray deposited on low carbon steel 
substrates of dimension 75mm ×10mm ×5mm to 
develop a coating of 0.9mm thickness with a 0.1mm 
thick interlayer of nickel-aluminum (Ni-Al) using 
Plasmadyne atmospheric thermal spray facility. Ground 
substrates were chemically degreased, cleaned and shot 
blasted for 75s prior to coating to induce compressive 
residual stresses on the surface to be coated. Powders 
were preheated (~1500C) to facilitate better flow. 
Different spray parameters are presented in Table 1. 

Table 1: Atmospheric Plasma Spraying Parameters 

Parameters Description 
Power 40 kW 
Voltage 40 V 
Current 800 A 
Powder flow rate 20 g.min-1 
Gun speed 12 mm.min-1 
Arc gas pressure 0.4 MPa 
Carrier gas Ar+ 

2.2 Microwave Glazing 

Plasma spray deposits were diamond ground prior 
to post processing. Post processing was carried out 
through microwave irradiation of the deposits in a 
multi-mode cavity type microwave applicator at 
2.45GHz frequency for 30 minutes. Microwave glazing 
details are presented in Table 2. Deposits were placed in 
an activated charcoal environment so as to facilitate 
microwave hybrid heating (MHH). Metallic substrate 
was appropriately masked to avoid any possible 
microwave reflection. Processing temperatures were 
monitored using ULTIMAX infra-red temperature 
sensor. 

Table 2: Details of Microwave Glazing 

Parameters Description 
Power 1 kW 
Frequency 2.45 GHz 
Susceptor Activated charcoal 
Exposure 180 s 
Applicator Multi-mode 

2.3 Characterisation 

The as sprayed and microwave glazed deposits 
were evaluated for response characterization through 
different techniques as discussed elsewhere [4]. 
Porosity of spray deposits was determined through 
image processing. Modulus of rupture of the deposits 
was determined through popular three-point bend test 
by subjecting the deposits to tensile loading in an 
INSTRON universal testing machine (UTM). Failure of 
the deposits during loading was identified through 
acoustic emission monitoring system. A high bandwidth 
acoustic transducer was mounted on the sample through 
silica gel couplent. A schematic of the three point bend 
test set up with acoustic emission (AE) sensing 
arrangement is presented in the Figure 1. Corresponding 
test parameters are given in Table 3. Fractographic 
analyses were carried out in a Jeol Scanning Electron 
Microscope (SEM). 

Signal to recorderAE Transducer

Load, P

Substrate

Coating Interlayer

 

Fig. 1: Schematic Set Up of Three-Point Bend Test. 
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Table 3: Three-Point Bend Test Parameters 

Parameters Description 
Set up UTM, Maximum load: 5T 
Rate of loading 8.33 m.s-1 
Sample size 65×10×6 mm3 
Support Roller type 
Crack detection  AET 5500 
Sensor Piezoelectric, broad band 

3.1  Microstructural Observations 

Microstructure and properties of thermally sprayed 
coatings depend critically on the thermal and kinetic 
energy histories of the particles entrained in the hot gas 
stream. In thermal spraying, coatings are deposited in 
layer-by-layer manner leading to layered up 
microstructure. Typical layered microstructure of AT-
13 spray deposits is illustrated in Figure 2. Scanning 
electron microscope (SEM) micrographs of the AT-13 
spray deposits are presented in Figure 3. While the 
conformity of the deformed splats onto the previous 
layer/roughened substrate is clearly seen in the optical 
micrographs, voids, unmelted particles and porosities 

could be clearly identified in the SEM micrograph. 
Porosities and unmelted particles are observed 
significantly reduced in the microwave glazed deposits 
indicating the densification through phase 
transformation and formation of complex compound. 

3.2 Observations on Porosity and Hardness  

Plasma sprayed alumina-titania composites are 
chemically stable and harder materials with higher wear 
resistance [14]. However, porosity in such coatings is a 
major concern that limits their physical properties. It is 
possible to reduce surface as well as bulk porosity 
significantly by post processing these spray deposits 
through microwave glazing. This is illustrated in Figure 
4. Highest reduction in porosity is observed in the core 
region of the deposits. This is attributed to the reverse 
thermal gradient set up during glazing. Owing to 
microwave induced heating, phase transformation in the 
form of α-Al2O3 → γ-Al2O3 in the deposits takes place 
resulting an increase in volume. This leads to reduction 
in observed porosity and increase in coatings hardness 
as seen in Figure 5. Enhancement in hardness is also 
observed to be higher in the core region. 

50x Substrate

Ni-Al

AT-13(a)

500x D
ir

ec
tio

n
of

B
ui

lt
up

(b)

 

Fig. 2: Typical Microstructures of Plasma Sprayed Deposits: (a) Layers of Ceramic Composites (AT-13) and Interlayer (Ni-Al),  
(b) Layered Structure of Deposits. 

Microwave glazedUP

PP

As sprayed

 
Fig. 3: SEM Micrographs of Sprayed Ceramic Composites, P: Porosity, UP: Unmelted Particles. 
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Fig. 4: Typical Change in Porosity along the Coating Thickness. 

 

Fig. 5: Observed Microhardness of the Spray Deposits along the Coating Thickness. 

Load: 50g 
Microwave glazed
As-sprayed
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3.3 Observations on Flexural Properties 

Thermal spray deposits are composed of cohesively 
bonded splats resulting from the impact, spreading, and 
rapid solidification of molten material. The physical 
properties and behaviour of such a deposit depend on 
cohesive strength among the splats, size and the 
morphology of the porosity, presence of cracks and 
defects, and on the ultra fine-grained microstructure 
within the splats themselves. This splat based 
microstructure leads to an intrinsic anisotropy of the 
coating in the direction perpendicular to the spray 
direction [1]. 

In thermal spraying, coatings are deposited layer-
by-layer manner as observed in Figure 2(b). The 
flexural strength of spray deposits largely depends on 
the degree of cohesion between the successive layers 
and that of adhesion/interlocking between the sprayed 

material and the substrate asperities. Typical 
interlocking of the grit blasted substrate and interlayer 
deposits is illustrated in Figure 6. 

In order to evaluate the strength properties of the 
deposits, both as sprayed and microwave glazed 
deposits were subjected to tensile mode of loading 
through three-point bend test as discussed earlier  
(Fig. 1). Typical load-deformation characteristics of the 
spray deposited AT–13 ceramic composite with 
different stand off (spray gun to substrate distance) are 
illustrated in Figure 7. Higher order deformation of the 
deposits with 120mm stand off was observed. This 
stand off value was maintained for subsequent 
depositions. Flexural response of spray deposits was 
evaluated in terms of Modulus of Rupture, bond 
strength, and different ratios that can be derived from 
load-deformation characteristics. 

Coating

Substrate (a)

Interlocking

Substrate Coating

 (b)

 

Fig. 6: Interlocking of Sprayed Particles in (a) as Sprayed and (b) Microwave Glazed Deposits. 

 

Fig. 7: Typical Load-deformation Characteristics of the as Sprayed Spray Deposits (s/o: Stand Off). 

B 

A 
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For better understanding of the flexural 
deformation and strength properties of the coating 
system, the following three new indices were 
introduced as indicators of the flexural deformation and 
strength of the composite coating system. They are 
defined as follows [ref. Fig. 7]: 

(a) Deformation Index (DI) 

P
DI

Δ
Δ

=
δ

, mm.N-1  (1) 

Where, 

ΔP: ±10% change in load around 50% of the total 
rupture  load P, N 

Δδ: corresponding change in flexural deformation, 
mm. 

DI gives a close indication of the actual 
deformation characteristics of the ceramic composite 
coating system / response of system stiffness. 

(b) Strength Ratio (SR) 

Strength Bond
MOR

=SR , a dimensionless ratio (2) 

Where, 

MOR: Modulus of Rupture of the of the ceramic 
coating, MPa (corresponding to point A, Fig.7), and, 

Bond Strength: Flexural strength at rupture of bond 
coating, MPa (corresponding to point B, Fig.7). 

SR is found to be a good indicator of flexural 
response of ceramic coating, i.e., for a given bond 
strength, any change in MOR can be mostly attributed 
to microstructure change in spray deposits. 

(c) Flexure Ratio (FR) 

coating bond ofn deformatio Maximum
coating ceramic ofn deformatio Maximum

=FR   (3) 

DI, SR and FR are plotted in the feature plane as 
illustrated in Figure 8. It is seen that, they form a very 
close cluster indicating their interrelationship. Thus, it 
is possible to discuss the flexural behaviour of ceramic 
coatings with the help of these indices. Arrangement of 
data points in a closed cluster around 1.98×10-4 mm.N-1 
of DI, SR and FR indicates a safe operating region for 
flexural loading. Also, it is clear from Figure 9 that, 
there exists a critical maximum value of deformation 
index (1.98×10–4mm.N–1) beyond which both strength 
and flexural properties of sprayed ceramic composites 
do not show any improvement (in fact, strength ratio 
deteriorates significantly).  

It has been already reported that, post processing 
by way of microwave glazing induces significant 
changes in chemistry as well as microstructure of 
plasma spray deposited alumina-titania coatings. Since, 
flexural properties of spray deposits are function of 
deposits’ microstructure, it is anticipated that, glazing 
would influence the coatings’ flexural properties 
appreciably. Hence, for assessing the properties, glazed 
spray deposits were also subjected to three-point bend 
test as per conditions discussed earlier. 

 

Fig. 8: Feature Plane Representation of DI, SR and FR. 

 
Fig. 9: Inter-relationship of the Observed DI, SR and FR of the 

Ceramic Composite Spray Deposits.  

Typical load deformation curves of the microwave 
glazed deposits monitored during the loading cycle is 
illustrated in Figure 10. Observed values along with the 
corresponding as-sprayed values are presented in the 
Table 5. Changes in the values of the three indices 
defined above are presented in Figure 11. A significant 
decrease in MOR is well supported by the reduction in 
porosities in the microwave glazed deposits as 
discussed earlier. However, the splats exhibit higher 
order tenacity as can be seen from higher Deformation 
Index illustrated in Figure 11. This is attributed to 
predominant presence of relatively ductile γ-Al2O3 in 
the glazed microstructure. 
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Table 5: Typical Flexural Properties of Spray Deposits 

Parameters As-sprayed Microwave glazed % change 
MOR, MPa 446 221 -50 
Bond strength, MPa 1315 707 -46 
Peak load (AT-13), N 4561 2452 -46 
Peak load (Ni-Al), N 60 30 -50 
Maximum deformation (AT-13), mm 0.90 0.45 -50 
Maximum deformation (Ni-Al), mm 2.85 1.20 -58 
DI, mm.N-1 ×10-4 1.08 2.04 +89 
Strength Ratio 0.34 0.31 -8.8 
Flexure Ratio 0.32 0.38 +19 

 

Fig. 10: Typical Load-deformation Characteristics of the Microwave Glazed Spray Deposits. 

 

Fig. 11: Observed Changes in the Index/Ratios in Microwave Glazed AT-13 Composite Coatings.  
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3.4 Fractographic Observations 
The failed samples in the three-point bend test were 

further evaluated through fractography with the help of 
SEM. Typical scanning electron micrographs of the 
fractured samples are illustrated in Figure 12. Unlike in 
cases of as-sprayed deposits (Fig. 12(a)), in microwave 
glazed deposits, the crack edges are relatively well 
defined and crack propagation along the depth is almost 
vertical. In glazed deposits, a single major crack 
indicating the coating failure is seen (Fig. 12(b)). This 
is attributed to relatively dense structure of the 
microwave glazed ceramic composite. Although the 
major crack leading to coating failure takes place in the 
direction of the width of the sample, secondary 
microcracking also takes place in a direction oblique to 
the major crack, almost along the longitudinal axis as 
illustrated in Fig. 12(c). Such microcracks are the result 
of higher surface stress that is tensile in nature, and do 
not propagate into the subsurface layers as there is little 
evidence of spalling. 

Optical macrograph of the peeled off structure of 
microwave glazed deposits during three-point bend test 
is presented in Figure 13. The clear peeled off deposits 
confirm better inter-splat cohesion in the layered 
structure of the deposits resulting in higher deformation 
index as reported earlier. 

3.5 Comb Cracking 

The deposits, in general, fail at the point of 
maximum deflection during the three point bend test. 
However, as the primary crack develops completely, 
upon continued loading, the nearby deposit materials on 
both sides of the primary crack attempt to withstand the 
applied load prior to failing eventually. This leads to 
parallel cracking of the deposits. Typical SEM 
micrographs illustrating parallel crack, also called comb 
crack, developed during three-point bend test are 
presented in Figure 14. It is observed that, the 
secondary cracks parallel to the major crack (Fig.14 (a), 
(b)) owing to brittle fracture of the hard composites are 
limited to few layers of the top surface only. Peeling off 
of the glazed coating from the substrate as seen in 
Figure 13(b) can also be attributed to this. Further, 
inherent pores on the deposits act as the barriers for 
propagation of such cracks as can be seen clearly in 
Fig.14(c).  

3.6 Acoustic Emission Monitoring 

Acoustic emission monitoring is an active sensing 
technique widely employed for real-time process status 
assessment.  Bend test  can also be monitored 
acoustically to detect the crack formation (especially for 
brittle ceramic coatings). The knowledge of acoustic 

activity under load allows recognition of the mode of 
failure: crack growth (low acoustic activity) or crack 
initiation (high acoustic activity) [15]. In the present 
study, the three-point bend test has been monitored by 
suitably placing (to minimize attenuation) the 
transducer on the ceramic composite specimen as 
shown schematically in Figure 1. Signals emanated 
dur ing continued loading were recorded and 
subsequently processed to obtain power spectrum and  

 

 

 

Fig.12: Typical SEM micrographs of the fractured spray deposits 
during three-point bend tests. 

 (a) As sprayed 

 (b) MW Glazed 

(c) 

 Oblique crack 
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AE RMS values. As reported earlier, basically, there are 
two major failure events- failure of the AT-13 
composites (Event–I), and failure of the Ni-Al bond 
coating (Event–II). Moreover, there are other events 
such as bond slipping, crack initiations etc. that emit 
AE signal. However, data monitored at the instant of 
failure of the coatings are presented for discussion. 
Typical AE RMS values and power spectra of the 
monitored signals are illustrated in Figure 15 and Table 
6 respectively. 

 

Fig. 13: Optical Macrograph of Typical Failed Microwave Glazed 
Deposits in Three-point bend Test.  

Table 6: Typical AE RMS Values Monitored at Different Stages 
of Coating Failure 

AE RMS Corresponding to Failure of Stand off (mm) 
AT-13 Ni-Al 

110 2.93 3.26 
120 2.89 3.51 
130 2.94 3.36 
140 2.96 3.05 

Typical power spectra of AE signal monitored for 
respective stand off distances indicate mixed mode of 
emission, due to occurrence of deformation and crack 
initiation in ceramic composite. Also, a dominant peak 
can be seen during Event-I. At low stand off (e.g., 
110mm), a relatively distinct peak at 150kHz can be 
seen indicating burst mode of emission. With 120mm, 
relatively lower magnitude of emission can be seen; less 
damaged flexure can be monitored. With 130mm and 

140mm spraying stand off, mostly multimode emission 
was observed at higher power, indicating reduced 
flexural response of AT-13 composite with stand off 
distance higher than 120mm. Increased emission by 
bond coating has yielded mixed mode of emission. Up 
to 130mm stand off, increased order of AE power can 
be seen. However, beyond 130mm stand off, reduced 
power of emission indicates debonding nature of 
interlayer. 

 

Fig. 14: Observed Micrographs of Comb Cracking in Ruptured 
Spray Deposits During Flexural Test. 
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Fig.15: Typical RMS Power Spectra of the AE Signals Monitored During Flexural Tests of AT – 13 Composite Coatings. 

Stand off: 110mm 

Stand off: 120mm 
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4 Conclusions 

The following major conclusions can be drawn 
from the above study. 

1. Microwave glazing is an effective post 
processing technique for ceramic composite 
deposits. 

2. Microwave induced phase transformation in 
the form of α-Al2O3 → γ-Al2O3 in the spray 
deposits results in a relatively dense 
microstructure that significantly influences 
flexural properties of the deposits. 

3. Microwave glazing significantly reduces 
coatings’ porosity while enhances their 
microhardness.  

4. Microwave glazing significantly reduces 
flexural properties of sprayed ceramic 
composite deposits. 

5. Three new indices – Deformation Index, 
Strength Ratio and Flexure Ratio are defined. 
These indices are found useful in describing 
flexural characteristics of spray deposits. 

6. Acoustic emission monitoring is a good 
indicator of flexural response of the spray 
deposits. Low power AE RMS is emanated 
during the failure of ceramic composite 
coatings while relatively higher power AE 
(mixed mode) is monitored associated with 
bond coating (interlayer) failure. 

 References 
[1] Herman, H., Sampath, S., and McCune, R., 2000, 

“Thermal –Spray: current status and future trends”, M. R. 
S. Bulletin (July), pp. 17–25. 

[2] Hogmark, S., Jacobson, S., and Lardon, M., 2000, 
“Design and evaluation of coatings”, Wear, 246,  
pp. 20–33. 

[3] Sreedhar, C., 2000, Response of ceramic composites in 
the as-sprayed and glazed conditions to specific 
environments. MS Thesis, IIT Madras, Chennai, India. 

[4] Sharma, A.K., 2002, Microwave glazing of plasma 
sprayed ceramic composite coatings and their 
characterisation, Ph.D. Thesis, IIT Madras, Chennai, 
India. 

[5] Thostenson, E.T. and Chou, T.W., 1999, “Microwave 
processing- fundamentals and applications”, Composites: 
Part A, 30, pp. 1055–1071. 

[6] Clark, D.E, Folz, D.C., and West, J.K., 2000, 
“Processing materials with microwave energy”, 
Materials Science and Engineering A, 287, pp. 153–158. 

[7] Agrawal, D., 2006, “Microwave processing of variety of 
materials: Developments at Penn State Microwave 
Centre” in Microwaves in Plasmas, Vol – 2, Institute of 
Applied Physics, Nizhny Novgorod, 697–708. 

[8] Agrawal, D., Cheng, Jiping, Jain, Mohit, Skandan, 
Ganesh, Dowding, Robert, Cho, K., Klotz, B., and 
Kapoor, Deepak, 2004, “Microwave sintering of tungsten 
and its alloys”, Proc. Eight Intl. Conference on the 
Science of Hard Materials, ICSHM8, San Juan, Nov., 
pp.143–144.  

[9] Breval, E., Cheng, J. P., Agrawal, D. K., Gigl, P., 
Dennis, M., Roy, R., Papworth, A. J., 2005, 
“Comparison between microwave and conventional 
sintering of WC/Co composites”, Materials Science and 
Engineering A, 391, pp. 285–295. 

[10] Sharma, A. K., and Krishnamurthy, R., 2001, “Articles 
of Glazed Ceramic Composites on Metal Substrates and 
Method of Manufacture Thereof”, Indian Patent No. 
563/MAS/2001. 

[11] Sharma, A. K., and Krishnamurthy, R., 2002, 
“Microwave processing of sprayed alumina composite 
for enhanced performance”, Journal of the European 
Ceramic Society, 22, 2849–2860. 

[12] Bao Y. W., Zhou Y. C., Bu X. X., Qiu Y., 2007, 
“Evaluating elastic modulus and strength of hard 
coatings by relative method”, Materials Science & 
Engineering. A, Structural materials: properties, 
microstructure and processing, 458 (1–2), pp. 268–274.  

[13] Khanthima, Hemra, Atong, Duangduen, and 
Aungkavattana, Pavadee, 2007, “Preparation of micro-
porous alumina sheet support for ceramic membrane by 
extrusion, Journal of Solid Mechanics and Materials 
Engineering, 1 (4), 547– 555. 

[14] Sundararajan, G., Srinivasa Rao, D., Sen, D. and 
Somaraju, K.R.C., 1998, Tribological behaviour of 
thermal sprayed coatings, pp. 872–886. In T.S. 
Sudarshan, M. Jeandin and K.A. Khor (eds.) Surface 
Modification Technologies XI, Institute of Materials, 
London. 

[15] Pawlowski, L., 1995, The Science and Engineering of 
Thermal Spray Coatings, John Wiley and Sons Ltd., 
Chichester, UK, pp. 205–206, Chap. 7. 

 



 
 
 
 
 

 

 

S. Shankar 
Machine Design Section, 

Department of Mechanical 
Engineering, Indian Institute of 
Technology Madras, Chennai-

600036, India 

M.M. Mayuram 
Machine Design Section, 

Department of Mechanical 
Engineering, Indian Institute of 
Technology Madras, Chennai-

600036, India 
e-mail: mayuram@iitm.ac.in 

Experimental and 
Theoretical Investigations 
on a Sphere in Contact with 
the Flat Plate 
Abstract—Sphere in contact with a flat plate is a fundamental problem in contact 
mechanics. Contact between such two counter formal bodies is a complicated event, 
due to its material, geometric and contact non linearity’s. Evaluating the start of fully 
plastic regime in the softer material when in contact with a rigid material requires 
more attention to prevent the contact consequences (such as friction and wear). Most of 
the previous researchers formulated empirical relations in elastic-plastic state, for a 
deformable sphere in contact with a rigid flat or a rigid sphere in contact with a smooth 
flat (half space) separately using mathematical, experimental or finite element 
concepts. In this paper, a critical comparison of these two cases (i.e. Rigid Sphere and 
Smooth Sphere) in elastic-plastic as well as in fully plastic state, based on finite element 
and experimental analysis is presented and the difference is elucidated. The finite 
element results are compared with an experimental ball on contact with a flat plate 
configuration setup. Comparison of the results confirms that, the empirical relations 
proposed based on smooth sphere in contact with a rigid flat can also be used to 
calculate the contact parameters for a rigid sphere in contact with a smooth flat case in 
elastic-plastic state if the exact properties of the materials are included in the analysis. 

Keywords: Contact mechanics; Elastic-plastic; Rigid sphere; Smooth sphere; Finite 
element method; Experimental. 

1 Introduction 

Experimental approach is preferred generally, to 
predict the quantitative effects of friction and wear. 
Experiments are mostly expensive and time consuming 
compared to analytical techniques. Finite element 
simulations are now used as a better alternative for 
experiments in all cases; thus numerical solutions now 
provided a powerful tool for analysis of contact 
problems. However application of FEM technique to 
predict the contact consequences like friction and wear 
accounting for the loading conditions and non linear 
material properties are still at a nascent level and hence 
assumes importance in the field of contact mechanics. 
This work is an attempt in this direction, wherein the 
finite element concepts are applied to predict the 
mechanical behavior of a sphere in contact with a flat 
plate in elastic-plastic limits under the action of applied 
load on the lines of Kogut-Etsion (2002) and Jackson-
Green (2005) models. Attention is focused to evaluate 
the exact start of fully plastic state.  

In analyzing the contact between two rough 
surfaces, the tips of surface asperities on solid bodies 
are considered as spherically shaped so that the contact 
between rough surfaces on a smooth plane can be 
reduced to the study of an array of spherical contacts on 
a flat rigid plate deforming at the tips. Mostly 
frictionless smooth sphere in contact with a flat plate 
approach is used and the problem is solved, based on 
Greenwood and Williamson elastic model (1966, 1967). 
Some pure plastic contact models emerged from the 
work of Abbott and Firestone (1933) that relates the 
bearing area of a loaded rough surface to its geometrical 
intersection with a flat. Many other elastic-plastic 

models have been devised based on the basic models. 
Chang et al. (1987) approximated elastic-plastic contact 
by modeling a plastically deformed portion of a 
hemisphere using volume conservation. Considering the 
realistic material properties, Zhao et al. (2000) devised 
an elasto-plastic model, which interpolates between the 
elastic and fully plastic models. Some authors used 
semi analytical approach to solve this type of contact 
problem. Vu-Quoc et al. (2000) present a simple and 
accurate model for the normal force-displacement 
(NFD) relation, for contacting spherical particles, 
accounting the effects of plastic deformation.  

A deeper understanding of contact processes can be 
achieved by the application of finite element (FEM) 
concept. Komvopoulos et al. (1993, 2001) utilized finite 
element method to solve the indentation problem of a 
half-space by a rigid sphere. The results provided by 
Mesarovic and Fleck (2000) for both, a sphere pressed 
by a rigid flat and a half-space indented by a rigid 
sphere in a fully plastic regime shows that the behavior 
of these two cases are different. Sellgren et al. (2003) 
developed a surface contact model and implemented 
that in the finite element software, which takes the 
properties of the engineering surfaces into account to 
study the relations between the different surface 
parameters. Kogut and Etsion (2002, KE model) 
presented an accurate elastic-plastic finite element 
solution for the contact for a sphere pressed against a 
rigid flat by using constitutive laws which caters to any 
mode of deformation, be it elastic or plastic. Their 
results shows that the fully plastic deformation on the 
contact surface occurs when dimensionless interference 
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is 110, and the mean contact pressure ratio p/Y reaches 
2.8 i.e. the value of p at this point is that of material 
hardness which was indicated by Tabor in his 
experiments for many materials. Jackson and Green 
(2005, JG model) extended the KE model to account 
geometry and material effects in the analysis. They 
showed a markedly different behavior for material with 
different strengths in the transition from elastic-plastic 
to fully plastic deformations. The end of elastic-plastic 
regime or the start of fully plastic regime is not clearly 
reported in their work. 

Quicksall et al. (2004) uses the finite element 
technique to model the elastoplastic deformation of a 
hemisphere contacting a rigid flat of various material 
properties typical of aluminum, bronze, copper, 
titanium and malleable cast iron. Later Brizmer et al. 
(2006) analyzed a normally loaded deformable sphere 
in contact with a rigid flat under perfect slip and full 
stick conditions for a wide range of the sphere’s 
mechanical properties. In their analysis (2006a), the 
behavior of the material of the sphere is assumed to be 
elastic isotropic linear hardening with a fixed tangent 
modulus of 2% Young modulus (0.02E). A salient 
conclusion is that the results like mean contact pressure, 
contact load and the contact area were found to be 
almost insensitive to the contact condition, independent 
of the E/Y0 and Et/E ratios and slightly affected by the 
Poisson’s ratio. Ovcharenko et al. (2007) performed 
experimental investigation to calculate the real contact 
area between a sphere and a flat during loading - 
unloading, and cyclic loading-unloading in the elastic-
plastic regime. Our previous works (2008, 2008a) on a 
single asperity model, solves elastic-perfectly plastic 
and elastic-plastic contact cases for various Y/E ratios 
and presents a comparative picture of the difference 
between the previous models and the present work.  

In the above work, finite element analysis deals 
with a smooth sphere pressed against a rigid flat in 
micro scales. Considering the practical difficulties of 
analyzing the contact consequences in micro scales, 
experimental investigations are carried out in macro 
scales. Initially an experimental study is carried out to 
analyze the normal static contact between a hard ball in 
contact with smooth flat specimens of different 
materials like mild steel, aluminum and brass. The 
obtained experimental results are variation of the 
contact load with interference (deformation) and 
measured real contact area. They are compared with the 
results of finite element analysis (rigid sphere in contact 
with a smooth flat) wherein the real properties of the 
above material evaluated through standard experimental 
testing are incorporated in the analysis. The basic 
objective being to validate the developed contact model 
with the experimental results, the simulation is extended 

to study the elastic-plastic behavior within the half 
space indented by a rigid sphere, in contrast to the 
smooth sphere pressed against a rigid flat surface. The 
analysis in the elastic-plastic to fully plastic transitions 
revealed some interesting aspects which are highlighted 
here.  

2 Experimental Setup 

Ball indentation tests were conducted using an 
MTS servo hydraulic test system shown in Fig. 1. The 
machine is connected to the Personal Computer which 
automatically records the displacement for the applied 
load in regular interval of time. The loading/ 
displacement can be automatically controlled from the 
computer with the data acquisition. The ball used for 
the test was made up of tungsten carbide of radius 0.794 
mm and another ball of high carbon steel with radius of 
2 mm is also used. The ball and flat specimens used for 
the test were of sufficiently different hardness. The flat 
specimens were softer enough when compared to the 
ball hardness. The flat specimens of size 25*25*5 mm 
were prepared from three base materials, mild steel, 
aluminum and brass. Their surfaces were finely finished 
and polished by using buffing process. The ball was 
mounted on a specifically designed holder made up of 
hardened steel which were firmly attached to the fixed 
and moving rams of the test system while normal load 
was applied, the complete ball and base holder 
arrangement fixture is shown in Fig. 2. The relative 
displacement of the ball from the initial contact when 
loaded on the smooth flat specimens was measured 
using the Clip opening gage (COD) fitted to the MTS 
machine by a specially designed holder. Knife edges 
with proper alignment were arranged to mount the 
COD. From the experimental setup, the relative 
deformation (Interference) was measured using the 
COD for the applied load. The critical load was 
calculated using the JG model empirical expression and 
the loading is increased from elastic case to the fully 
plastic case, covering a displacement that ranges from 0 
to 0.2 mm. The loading sequence is repeated on 
different positions of the flat specimens. The 
experiments were conducted under the normal 
laboratory conditions at room temperature and relative 
humidity. The test specimens were ultrasonically 
cleaned with acetone before every experiment. During 
each experiment the following parameters were 
measured; normal load and interference of the indenting 
specimen. The contact area was examined indirectly by 
first loading the sphere against the flat with a given load 
P, allowing a rest time of one minute followed by 
unloading and measuring the residual plastic trace 
diameter on the smooth flat specimen using optical 
microscope.  
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Fig. 1: Materials Testing System. 
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Fig. 2: Fixture to Hold Ball and Flat Specimens. 
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3 Finite Element Modeling 

A two dimensional axisymmetrical model was 
developed to simulate the rigid ball on a flat plate 
configuration. The smooth flat plate is modeled as a 
rectangle and the rigid ball is modeled as a line. A pilot 
node is generated on the rigid ball, the entire boundary 
and loading conditions for the ball is applied over that 
pilot node. The flat plate was discretized using PLANE 
82 elements; the region of most interest is adjacent to 
the contact interface and has the greatest concentration 
of elements. Away from the contact region the mesh 
becomes coarser to minimize the computational effort. 
To detect the contact between the hemisphere and the 
smooth flat, two dimensional, 3 node, surface-to-
surface contact elements CONTA172 and TARGE169 
were employed. The contact and target elements were 
employed near to the contacting area alone to reduce 
number of elements in total. The finite element model is 
validated for mesh and step convergence by varying the 
number of elements and step sizes. This arrangement 
produces 28742 elements in total comprising 57546 
nodes; resulting finite element mesh plot is shown in 
Fig. 3a. The multilinear isotropic strain hardening 
option in the ANSYS program was chosen to 
characterize the elastic-plastic material response for the 
contact model to simulate the experimental technique. 
The actual material properties obtained from the 
standard tensile testing method (Fig. 4) are incorporated 
in the ANSYS using this multilinear option. The rate 
independent plasticity algorithm incorporates the von 
Mises criterion, which defines the yielding of the 
material. The boundary conditions of the rigid sphere 
case are adopted as mentioned below. To prevent the 

movement of the smooth flat surface, the bottom face 
nodes at y = 0 are rigidly constrained in x, y directions. 
The nodes present along the axis at x = 0 is constrained 
along x direction to meet with the axisymmetric 
boundary condition. The nodes present along the x 
direction at y = h + R in the top face of the hemisphere 
is rigidly constrained along x direction, where h is the 
height of the flat plate and R is the radius of the ball. 
The top pilot node present on the upper hemisphere at y 
= h + R, are displaced to a distance or interference (ω), 
approaching the lower surface. After each step the 
corresponding contact load, mean contact pressures are 
measured for the applied deformations. The analysis 
details and boundary conditions, to simulate a smooth 
sphere in contact with the rigid flat (Fig. 3b) are given 
in our previous work (2008).  

4 Results and Discussion 

4.1 Contact Area Comparison 

For measuring the indented area from the 
experimental approach, the stepwise loading method is 
used. The observed indentation on the flat specimen for 
each displacement is then measured using the optical 
microscope. The diameter of the indented sphere is 
measured with the help of the optical image using the 
available software attached to the optical microscope. 
From the contact diameter, area of the ball in contact 
with the flat plate is calculated. The optical image 
obtained from the three different base plates in contact 
with tungsten carbide ball of 0.794 mm radius for four 
different displacement (interference) modes, i.e., 0.05, 
0.1, 0.15 and 0.2 mm are shown in Fig. 5.  

 Fig. 3: Finite Element Mesh Plot a) Rigid Sphere b) Smooth Sphere. 
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Fig. 4: Stress–strain Curve for the Prepared Specimens. 

Mild Steel images for 0.05, 0.1, 0.15 and 0.2 mm

Brass images for 0.05, 0.1, 0.15 and 0.2 mm

Aluminum images for 0.05, 0.1, 0.15 and 0.2 mm
Fig. 5: Optical Image of the Indented Ball in the Flat Specimens. 



Experimental and Theoretical Investigations on a Sphere in Contact with the Flat Plate 

RSM International Journal of Engineering, Technology & Management ⎮ 23 

 

The contact area results obtained through the finite 
element analysis of the half space indented by a rigid 
sphere are compared with the experimental results and 
the resulting plot is presented in Fig. 6.  

The observed difference between the experimental 
and the FEM results are vary marginal, at lower 
deformations. Slight difference is noticed at higher 
deformations, which corresponds to the fully plastic 
regime. The FEM predicted contact areas are well 
matching with the experimental results in elastic-plastic 
cases. The same is repeated for brass and aluminum and 
the results are compared. For all the cases, it is found 
that the obtained experimental results are closely 
matching with the analytical results. In the higher 
interference regime, under prediction (FEM) is seen for 
aluminum, over prediction for mild steel and relative 
close prediction for brass. The proportionate strain 
hardenings of brass (Fig. 4) and the possible rebouncing 
effect in mild steel account for this.  

4.2 Contact Load Comparison 

The amount of the penetration of the ball into the 
flat surface for the applied load is termed as 

interference. From the experimental setup, the load 
prevailing at every incremental step, measured using 
COD for the applied interference is recorded. The finite 
element results of hard sphere indented over a smooth 
flat up to 0.2mm deformation is compared with the 
experimental results. Fig. 7 presents the results of the 
obtained normal load as a function of the applied 
interference for the three different materials. The 
observed experimental results were closely matching 
with the FEM results in the present case, wherein the 
analysis includes exact properties of the materials such 
as Y, E and Et. Thus both the material and geometrical 
non linearity is considered in the analysis leading to the 
matching predictions; however other environmental 
factors such as thermal effects and the presence of 
impurities over the surface might have caused the small 
difference in the magnitude. Three base materials with 
different Y/E ratios show the same trend but a slight 
difference in magnitude are obtained. The Obtained 
FEM results show marginal variation in the calculated 
contact load in fully plastic state warranting a more 
detailed analysis in this regime. 

 

Fig. 6: Comparison of the FEM and Experimental Contact Area Results. 
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Fig. 7: Comparison of the FEM and Experimental Contact Load Results. 

5 Studies Within the Contact 

5.1 Fully Plastic State 

A comparison between the contact loads, mean 
contact pressure and contact area in terms of 
interference are presented for the two cases of contact 
namely rigid sphere on smooth flat (RS)and smooth 
sphere on rigid flat(SS). For the first case, it is assumed 
that the ball is made up of a softer material like mild 
steel, brass and aluminum which is in contact with the 
hard tungsten carbide flat. Second case, the analysis is 
carried out as per the experimental approach. In both 
the case, the real property of the material (as depicted 
from the tensile testing) is incorporated in the 
simulation, with the multi linear behavior option in the 
FEM simulation. The resulting mesh for the case of 
smooth sphere (Fig. 3b) consists of 20118 elements and 
40211 nodes; boundary conditions and details of 
analysis are discussed in our previous work (2008). 
Adhesion between the ball and the base material is 
assumed to be perfect in all cases. The normal 
interference is increased from 0 to 0.2 mm for both the 
(SS and RS) cases and the obtained contact load 
required for the corresponding deformation is plotted 
and it is shown in Fig. 8.  

The continuous lines in the figure represent the 
load versus deformation curves for rigid sphere case 

(RS) for the three materials. Initially for interference 
(deformation) up to 0.04mm both the smooth sphere 
(SS) and rigid sphere (RS) cases produce similar 
results. Further increase in the interference up to 0.2 
mm which falls under the fully plastic state, the load 
requirement for the deformation in the case of RS is 
much higher than the SS case. At 0.2 mm deformation 
of the rigid sphere over the smooth flat cases, MS flat 
showed 1110 N load, Brass flat requires 693 N and Al 
flat indicated 307 N of contact load. For the same 
amount of deformation in SS case, MS ball needs only 
613 N, Brass ball 413 N and Al ball 159 N of contact 
load. During indentation, when the load crosses the 
elastic limit the rigid intender penetrates into the softer 
material dislodging out the resisting material (side flow 
and ridge formation) which acts as a constraint for 
further deformation with a progressive rise in the load 
of indentation in the plastic regime. On the other hand 
in the case of smooth sphere contact, when load 
increases the contacting region of the smooth sphere 
flattens as the flat being rigid. The applied contact load 
acts normally in the smooth sphere case (tends to set in 
the plastic regime). In the case of rigid sphere, contact 
reaction load is divided into normal and tangential 
component due to the curvature of the rigid sphere; the 
normal component resisting the applied load and the 
tangential component on either side canceling each 
other due to symmetry. This may be one of the reasons 
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for the increase in contact load requirement compare to 
the smooth sphere case. In the practical situation of 
adhesive contact pair, the relatively harder asperity will 
indent on the softer contact peaks, this micro yielding of 
peaks leads to increasing contact area. 

Fig. 9 shows the comparison of evaluated contact 
areas for both the cases up to the deformation of 0.2 
mm. The calculated contact areas for both the cases are 
matching well and a slight difference is obtained for the 
aluminum. But the difference is marginal. This can be 
due to the difference in strain hardening experienced by 
the material in the two different cases. Fig. 10 presents 
the results of the dimensionless mean contact pressure 
p/Y as a function of interference (ω) for the two cases 
SS and RS. The trend remains constant in all the cases, 

initially p/Y ratio increases beyond 2.8 and reaches the 
maximum and then starts decreasing with further 
increase in the interference. The contact load 
requirement for the rigid sphere cases in plastic state is 
much higher than the smooth sphere case, so the mean 
contact pressure ratio is also higher for all the three 
materials when compared with the smooth sphere cases. 
The figure shows that the maximum mean contact 
pressure for the rigid sphere pressed against a brass 
plate produces 5.8 times to its yield strength but at the 
same stage, smooth brass sphere in contact with a rigid 
flat produces a maximum mean contact pressure ratio of 
4.1. Similarly mild steel produces a p/Y ratio of 4.5 and 
3.6 whereas for aluminum a maximum p/Y ratio of 3.6 
and 3.1 is noted respectively for the RS and SS cases.

 

Fig. 8: Comparison of Contact Load Results between Two Cases. 

 

Fig. 9: Comparison of Contact Area Results between Two Cases. 
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Generally in a radial symmetrical case of bi-axial 
stressing, on the axis of symmetry, von Mises stress is 
the absolute value of axial stress minus the radial stress. 
If the von Mises stress is larger than the yield strength 
of a material, the deformation tends to occur in the 
plastic regime. Thus, as the applied normal load crosses 
elastic limit of the softer material, the softer material 
yields as the von Mises stress produced exceeds the 
yield strength, so the deformation is produced only in 
the softer base material. Due to the applied load, the 
stresses are confined to the contact region. The 
determination of the stress distribution between two 
bodies when they are loaded together is important in the 
design of many components which leads to failure of 
the components. Fig. 11 shows the von Mises stress plot 
corresponding to the deformations of 0.05, 0.1, 0.15 and 
0.2 mm, presenting a comparison between the two 
cases. In both cases, the resulting contact radius remains 
constant. For 0.2 mm deformation, the rigid ball 
penetrates into the smooth surface and the material 
along the contacting surface of the base material 
dislodging out (pile up) can be clearly visualized from 

the plot. For the smooth sphere case, the figure shows 
that the flattening occurs at the contacting region due to 
the deformation and the curvature of the smooth ball 
varies because of the volume conservation. The 
maximum von Mises stress produced due to the 
deformation in both the cases remains the same. The 
plots shown in the figure correspond to the fully plastic 
region, so the elastic core is completely eliminated and 
domination of the plastic region is clearly visible in 
those plots. 

Fig. 12 shows the distribution of contact pressure 
along the contacting region for both the cases for the 
applied deformations of 0.05, 0.1, 0.15 and 0.2 mm. A 
graphical plot of the distribution of contact pressure of 
the softer material along the contacting distance, for 0.2 
mm deformation is presented for both the cases. For 
rigid ball on smooth flat contact case, pressure at the 
initial contacting point is high and it gradually 
decreases towards the final contacting point and the 
contact pressure reaches zero at the final point of 
contact. 

 

Fig. 10: Comparison of Mean Contact Pressure Ratio Results between Two Cases. 
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Fig. 11: Comparison of von Mises Plots between Two Cases for Different Interference Values. 
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Fig. 12: Comparison of Contact Pressure Distribution between Two Cases for Different Interference Values. 
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The load applied on the rigid sphere is directly 
acting on the initial contacting point which penetrates 
into the softer surface. In the case of smooth sphere in 
contact with a rigid flat, the contact pressure at the 
initial contacting point is very low compared to the final 
contacting point. This is because when smooth sphere is 
loaded, the initial contacting point deforms with the 
load spreading the contact and flattening occurs. 
Consequently contact pressure is normal, directly 
resisting the applied load and as the final contacting 
point touches the flat surface, the contact pressure is 
high. This type of fluctuation is visible only in the fully 
plastic state when the two cases are compared. But the 
main focus of the present work is on the transition from 
the elastic-plastic to the fully plastic state. So to know 
about the contact load, contact area, and contact 
pressure distribution in elastic-plastic state, results are 
analyzed based on p/Y ratio of the material for the two 
cases in elastic-plastic regime. 

5.2 Elastic-Plastic State 

The analysis is made to study the difference in the 
results between the two cases within the elastic-plastic 
regime. The normalized contact load plotted against 
dimensionless interference ratio is presented in Fig. 13 
and the results were compared with the results of the 
KE model. The trend of variation observed for the two 

cases for all the three materials is identical and slight 
change in magnitude is obtained depending on yield 
strength variation. Predicted contact load results of the 
smooth sphere are slightly higher than the rigid sphere 
case results. The results of the mild steel and the brass 
material are matching well in elastic-plastic regime for 
both the cases and a maximum difference of 4.5% only 
is prevailing between them, whereas in the case of 
aluminum the maximum difference obtained in the 
dimensionless contact load between the two cases is 
less than 9.5%. This shows that the empirical results 
obtained for the smooth sphere in contact with a rigid 
flat are valid and interchangeable analysis can be 
adopted between them in elastic-plastic regime.  

For the corresponding interference ratio, the 
required contact area is evaluated and its variation 
between the two cases is shown in Fig. 14. All the 
curves obtained from the rigid sphere and smooth 
sphere cases follow the same trend and are similar to 
the KE model. For aluminum and the brass material a 
maximum difference of 8% is obtained while 
comparing the contact areas between the two cases and 
a higher difference of 12.5 % is observed in the case of 
mild steel. In dimensionless contact area calculation, 
the smooth sphere case results are slightly higher than 
the rigid sphere case.  

 

Fig. 13: Comparison of Dimensionless Contact Load Results between Two Cases in Elastic-plastic State. 
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Fig. 15 presents the results of mean contact 
pressure ratio p/Y as a function of the dimensionless 
interference ratio, which is obtained from the present 
finite element analysis for the smooth sphere and the 
rigid sphere cases in elastic-plastic regime. There is not 
much of a difference in the dimensionless contact 
pressure ratio for smooth sphere and rigid sphere cases. 
If transition to fully plastic regime is reckoned occur 
when the p/Y ratio attains a value of 2.8, then for mild 
steel, the transition starts at the dimensionless 
interference ratio of 200 whereas for aluminum, the 
fully plastic regime starts at the dimensionless 
interference ratio of 110. In case of brass material, the 
smooth sphere results show the transition begins at the 
dimensionless interference ratio of 82 and the rigid 
sphere results shows the transition beginning at the 
dimensionless interference ratio of 88. Using the 
generalized relation developed between the 
dimensionless interference ratio and dimensionless 
contact load and dimensionless contact area for the case 
of the smooth sphere with a rigid flat contact case, can 
be used to calculate the contact parameters for the half 

space indented by a rigid sphere cases in elastic-plastic 
regime in practical cases. 

The analysis is further extended to study the von 
Mises stress distribution and the contact pressure 
distribution within the elastic-plastic limit for the softer 
material in both the cases. The evolution and 
disappearance of the elastic core was observed to occur 
at the same stage in both the cases for the three 
materials considered. The comparison between the von 
Mises plots at different dimensionless interference 
ratios are presented in Fig. 16. In all the plots up to the 
dimensionless interference ratio considered (ω/ωc of 
150), both the smooth sphere case and the rigid sphere 
cases produces similar results and reflect the same 
behaviors in elastic-plastic state. Fig. 17 shows the 
contact pressure distribution case of in the vicinity of 
the initial contact. A graphical plot of the variation of 
contact pressure along the contact region is also 
presented along. There is no difference among them 
except at the starting point. In the case of rigid sphere 
the pressure shots up from zero at the initial contacting 
point to the maximum value in the next node itself. 

 

Fig. 14: Comparison of Dimensionless Contact Area Results between Two Cases in Elastic-plastic State. 
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Fig. 15: Comparison of Dimensionless Mean Contact Pressure Results between Two Cases in Elastic-plastic State. 

 

 

 
Fig. 16: Comparison of the von Mises Plots between Two Cases in Elastic-plastic State. 
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Fig. 17: Comparison of the Mean Contact Pressure Plots between the Two Cases in Elastic-plastic State. 
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6 Conclusion 

The analytical results (contact load and contact 
area) of a rigid sphere in contact with a smooth flat 
which are obtained by incorporating the exact 
properties of the material are closely matching with the 
experimental approach conducted using a ball on flat 
configuration test system. The contact pressure 
distribution and von Mises stress distribution observed 
for the two different cases, i.e., smooth sphere in 
contact with a rigid flat and a half space indented by a 
rigid sphere, over the entire range of deformation from 
elastic to the fully plastic state exhibited identical 
behavior confirming that the analysis is inter 
changeable. The results for the two cases in elastic-
plastic state was were matching well and the 
generalized relation for calculating the dimensionless 
contact load and dimensionless contact area, as a 
function of the dimensionless interference ratio 
developed based on the smooth sphere contacting a 
rigid flat contact case can be used to calculate the 
contact parameters through the appropriate statistical 
model. Use of exact material properties (using the multi 
linear option) in the analysis indicated that the p/Y 
ratios do reach the limit of 2.8 (unlike in the elastic-
perfectly plastic assumption) but the transition is not 
limited to the unique dimensionless interference ratio 
110 as suggested by the KE model for all cases. 
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Multi-Agent Based Service-
Oriented Middleware for 
E-Governance: A Semantic 
Web Service Based 
Approach 
Abstract—Over the past few years, semantic web service and multiagent approach has 
been used successfully in the development of E-Governance. Such a hybrid approach 
can be considered as an effective approach for the development of predictive modeling 
in complex e-governance systems. This paper descript a novel approach for the 
Semantic Web Service and Multi-Agent based middleware to solve the problems in e-
governance like interoperability, operation Integration, resource sharing and 
integration of heterogeneous data. This approach is useful for the construction of 
regional based E-government. 

Keywords: E-Government, Interoperability, Web Services, Semantic Web Services, 
Domain Ontology, IRS-III, Service-Oriented Access Protocol (SOAP), WSDL, jUDDI, 
Middleware. 

1 Introduction 

E-Governance is the application of information and 
communication technology (ICT) to achieve efficiency, 
effectiveness, transparency and accountability of 
information and transactional exchanges between 
government to government (G2G), government to 
employee (G2E), government to citizen (G2C) and 
government to business (G2B). E-government enables 
citizens, customer civil servants and members of the 
public and private sectors to take advantage of 
automated administration processes accessible on-line. 
The present E-Governance is suffering from lack of 
interoperability, resource sharing, operation integration 
and concept of collaborative work. As a result, a citizen 
has to wait for a long time to fulfill particular 
requirements from the present E-government system. In 
addition to that, the electronic transaction of 
information as it is at present is a time consuming and 
tiring process. On the other hand the data standards of 
the E-government are not adequate and comprehensive. 
Web Services are software modules that describe a 
collection of operations that can be network-accessible 
through standardized XML messaging [1]. Web 
services are modular, self-describing, self contained 
applications that are accessible over the Internet [2]. 
The emerging concept of Web services is slated to be 
the backbone of tomorrow’s Web. It is important to 
both e-business &e-government in the application may 
exchange functionality & information over the internet 
using standard XML based protocol to find publicly 
registered services, understand their purpose & 
operations, negotiate and agree upon usage charges and 
quality-of-services commitments and invoke the 
services within the context of internet based workflow 
co-ordination of these services. A Semantic Web 
Service (SWS) is the combination of semantic web 
technology and web services. Semantic Web Services 

(SWS) technology [3], [4] provides an infrastructure in 
which new services can be added, discovered and 
composed continually, and the organization processes 
automatically updated to reflect new forms of 
cooperation [5]. E-Government is an ideal test bed for 
Semantic Web research due to the heterogeneity of 
information space with the challenge to achieve 
interoperability and process integration. 

The rest of the paper is organized as follows: 
Section 2 introduces the motivation for multiagent & 
SWS based middleware in E-Governance; Section 3 
describes the details of the proposed framework of 
middleware based on semantic web service and multi-
agent, Section 4 illustrated the agent and service 
provider of E-governance in Service Oriented 
Architecture (SOA), Section 5 explains the used 
technology for implementation of the proposed 
middleware. Section 6 depicted the evaluation and 
future work of SWS & multiagent based Middleware in 
E-Governance Section 7 concludes the Paper.  

2 Motivating the Need for SWS & Multi-Agent 
Based Middleware in E-Governance 

The SWS technology solves the semantics 
problems of Middleware in present E-government 
system. There are several types of problems in e-
Governance like i) interoperability & service integration 
in e-government web information system ii) semantics 
differences related to the scattered ,heterogeneous data 
.iii)lack of sharing & re-use of data iv)lack of 
knowledge base system in the middleware. The ability 
to aggregate and reuse diverse information resources 
relevant to a given situation in a cost-effective way and 
to make this available as a basis for transparent 
interaction between community partner organizations 
and individual citizen, is a key benefit that SWS 
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technology can provide to E-Government SWS 
technologies can be an ideal platform to achieve the 
vision of a knowledge-based, user-centric, distributed, 
interoperable, and networked E-Government. The use 
of SWS technologies and Multiagent in Middleware of 
e-governance promises the following advantages: i) 
reduction of cost & risk ii) providing better services to 
the e-government community such as stakeholders, 
administrations, end users. iii) semantic data integrator 
iv) semantic service discovery and choreography i.e. re-
use of existing services and the dynamic automation of 
process v) precise and concept aware search using 
knowledge representations (KR) across multiple 
knowledge sources vi) virtual consultant such as 
understanding customers goals and offering products 
and services which can help them meet those goals viii) 
aggregating services on the basis of user preferences ix) 
better support Graphical User Interface (GUI) by 
allowing one-stop, customer focused, and multiple 
viewpoint access to services and shared information in 
the user interface layer. Multi agents can be used to 
solve problems that are too large for a centralized agent 
to solve because of resource limitations and/or to avoid 
a one point bottleneck or failure point [6], [7] 
[8].Second, agents are capable of independent actions 
on behalf of a user or owner and can act, capture and 
manage information automatically when it is necessary. 
Thirdly, agents can interact with other external systems 
and can be used to manage both distributed and local 
knowledge. Agents can learn from their own 
experience. This is particularly important in the field of 
data mining as the data is constantly modified and 
updated. Finally, agents have the autonomy and social 
ability, and multi-agent system is inherently 
multithreaded for control. Therefore, multi-agent 
approach is very effective for tackling the complexity of 
e-governance systems and therefore is suitable for the 
development of e-governance systems [9].  
We illustrated here a typical example of e-governance 
where the same phrase can give different results from 
various governmental Agencies. A cultivator needs to 
know the types of jute seeds are available for 
cultivation in West-Bengal climate as he misguided 
repeatedly by the local vendors. For the reason he 
requires the actual type of seeds suitable for cultivation 
in the West-Bengal climate and he searches with the 
phrase of words “Type of Jute t seeds are suitable for 
cultivation in West-Bengal “ .He gets the result like as 
”Jute-<Emphasis Type=”Italic”> Especially as produce 
in West…The result is enough to confuse the cultivator. 
Because the searching works include a number of 
phrases of different meanings. As we can see in the 
above example the same phrase can be interpreted 
differently thus generating confusion for the potential 
users. Hence, here the key challenge is to be able to 

understand the context and attaching a meaning to it so 
that the users get the appropriate results. 

3 Details of the Proposed Framework of 
Middleware Based on Semantic Web Service 
and Multi-Agent 

The proposed multi-agent based middleware of e-
governance cooperation work based on semantics and 
multi-agent ensures that work together smoothly, the 
transaction of information effectively and enhance the 
sharing of resources, operation integration, and data, 
and increases throughput of E-services. The 
Middleware is divided into three layers: User Interface 
Layer, Agent based Middleware Layer and Service 
Provider Agency Layer. Semantic-web service and 
multi-agent-based middleware has been illustrated in 
figure-I. 

Here we proposed the conceptual architecture of 
the SWS based Middleware for developing the e-
governance infrastructure as well as the interoperability, 
integration of the web services and agent interaction. 
From the point of theory the SWS based Middleware 
makes the semantic content of web services more clear 
and perfect and enables computers to understand more 
accurately. Distributed information or service with 
different description format can be processed more 
automatically with the assistance of Service Oriented 
Access Protocol (SOAP), WSDL [10], and UDDI [12]. 
We describe in detail all the components of the 
following Middleware. 

The open source Internet Reasoning Services 
version3 IRS-III framework [4] has been used to 
automate discovery, composition, and execution of web 
services. It is based on a distributed architecture 
consists of three components, IRS-III Server, IRS-III 
Publisher and the IRS-III Client which communicates 
through the SOA based protocol SOAP (Simple Object 
Access Protocol). The server handles ontology 
management and the execution of knowledge models 
defined for Web Service Modeling Ontology (WSMO) 
[11]. The server receives SOAP requests (through the 
API) from client application for creating and editing 
WSMO descriptions of goals, web services and 
mediators as well as goal-based invocation. The IRS-III 
Publisher links web services to semantic. IRS-III 
framework resolves the interoperability and integration 
between service requestor and service providers using 
the WSMO descriptions within the IRS-III server and 
provides handlers to invoke services in a specific 
language or platform (Web Services WSDL, Lisp code, 
Java Code). After transferring legacy system to web 
services are stored in UDDI service registry module in 
WSDL form and DAML-S. 
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In our proposed middleware, we have used open 
source java based jUDDI service Registry although 
IRS-III has its own published capability. Since UDDI 
does not directly support semantic discovery that is why 
t Models have been used for semantic information [18]. 
Semantic Module is used to assure the semantic 
uniformity between the interior & exterior system to 
afford the semantic aids to other components. Agent 
Management component manages to insider agents and 
their information exchange with foreign agents. 
Domain Expert (DE) will collect the unexecuted query 
for their testing and checking so that next time DE can 
add the tested query. Middleware Layer acts as an 
interface between the service requestor and service 
provider. The core component of the SWS based 
Middleware is ontologies [13, 14]. The service ontology 
consists of Goal Ontology, Web Service Ontology and 
Mediation Ontology as illustrated in [15]. First, 
Ontologies can provide the grounding data model of the 
integrated model, thus describing the structure and 

content in a coherent manner. Second, the information 
items in a model can be semantically annotated and 
ontology-techniques can be used for much more 
efficient information management. Third, ontologies 
enable automated information exchange over the web 
which allows interoperation of model and other 
Semantic Web applications. OWL-S, WSDL, Protégé-
2000, Apache Axis2 has been used to develop the 
middleware for ontology, web service management 
semantically. Regional based domain ontology has been 
used for local E-services. 

4 Agent and Service Providers of E-Governance 
in Service Oriented Architecture 

The service interaction cycle follows the “find 
bind-execute” paradigm and begins with service 
providers advertising their service (1) through a public 
registry (we have used jUDDI), used by citizen to look-
up available services. (2) for a service that matches 
certain criteria. 

 

Fig. 1: A Framework of Multi-Agent Based Middleware in E-Governance. 
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Fig. 2: Service Interaction Cycle of Agent and Agencies in a Service-Oriented Architecture. 

The registry returns a list of suitable services along 
with their endpoint addresses, and the client selects one 
and passes a request message to it, using any mutually 
recognized protocol (3). The service may respond (4) 
either with the result of the requested operation or with 
a fault message. Here, we proposed each service via 
WSDL, service broker augment UDDI broker registries 
with agencies in which service agents can collaborate 
and share data. 

In a real world setting, such as a commercial 
application, the process may be significantly more 

complex—protocol configuration, user authorization, 
interaction patterns and transaction control are only a 
few of the issues that may arise and need to be resolved. 
The fundamental goal of UDDI is to enable service 
provider agencies to register information about the 
services they provide, in order for prospective citizen to 
locate them easily by consulting a repository. The 
following Figure-III incorporates a UML sequence 
diagram to illustrate a typical citizen-to-agent 
interaction and their control flow: 

 
Fig. 3: UML Sequence Diagram for Different Sequence of Actions among the Agent, Service Provider and IRS-III Framework. 
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In step 1 & 2, after initialization Multi-Agent 
based Middleware with IRS-III (MMI-3), it sets up 
all configured agencies. In step 3 & 4 Provider stores 
services implementations with MMI-3 by configuring 
each service in terms of WSDL, URI, and Service 
Domain. In step 5, 5.1, Request of WSDL for each 
interface. Citizen invokes the agent service operation. 
In step 6, 6.1, 6.2 the agent uses its policy and its 
configuration to load and execute its script once per 
citizen-to-agent interaction. The citizen invokes the 
agent’s service operations to get the appropriate data 
(steps7 to10).Since MMI-3 itself is a framework, it 
provides basic structure for agents & agencies that can 
be extended for various purposes is an SOA solution 

5 Implementation of the Proposed Middleware 

At present, the proposed middleware is under 
development however the user access interface agent 
has been implemented using the JAVA technology in 
Local Application server such as Jakarta Tomcat.  
SOAP based web services have been created and stored 
in the open source registry  jUDDI (Java UDDI).The 
jUDDI registry has been used as UDDI and modified its 
content by making changes to its attached Service 
Access Agent. The handler module redirects any 
queries that require semantic features to the Broker 
Agent in jUDDI (fig-II). This agent accepts messages in 
SOAP format using SOAP protocol and determines 
whether the request is for new service registration or to 
search a service. After getting this the agent activates its 
respective component. Each component fulfills its tasks 
by interacting with the underlying data structure and 
API of jUDDI. 

5.1 Censorious Evaluation and Solution of 
OWL and Future Work  

During the development periods several problems 
were encountered which are illustrated here- i) A 
WSDL based web service describing semantically using 
ontologies is a very complex and a tiresomely long ii) It 
is a difficult job to understand perceive the meaning of 
described semantics There are large number of 
information redundancy, inconsistency involved in the 
development of the middleware using web ontology 
Language (OWL). Other Ontology based frameworks 
suffer from the same fundamental flaw [16]. This has 
been identified as the reason because of which semantic 
web and web services have not gained wide acceptance 
[16]. In future we are trying to make the system 
intelligent enough, so that it could manage dynamic 
message buffering for graceful lossless communication 
over weak communication link. A regional based 
Semantic web service based approach in E-Governance 
has also been discuss in [19] by the author of this paper. 

6 Conclusion 

In this paper we have presented service 
interoperability architecture for agents and semantic 
web services using IRS-III framework environment. 
This paper mainly discusses how to resolve the problem 
about public service management and co-operation 
between government organization by introducing Web 
services, Multi-agent, Ontology and so on in internet 
environment. We tried to exploit the advantages of 
mediator based middleware approach. The proposed 
middleware could provide a good baseline for the 
development of autonomous information systems in E-
governance. To the best of our knowledge, up to this 
time, no techniques have been used to enrich Trust & 
Reputation Systems with semantics in E-Governance 
for the middleware. We are going to develop a 
prototype of Regional SWS & Multi-Agent based 
Middleware in E-governance using IRS-III framework 
[17] for the creation and execution of the semantic web 
services for the livelihood of rural development in our 
local block level. In addition to that our main 
concentration will be on the development of regional 
based web services using WSDL and one-stop, citizen 
focused, multiple viewpoint access and GUI for the 
local government portals. 
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Image Denoising Using 
Contourlet Transform 
Abstract—In image processing, considering fields like remote sensing and medical 
applications, Speckle (Multiplicative) noise dominates which affects the valuable 
features and important information of the image. To denoise an image, various 
transforms are used. But they are not efficient in case of preserving the edges which is 
the important factor in image processing for Image denoising. In this paper we have 
used the new algorithm based on the transformation named ‘Contourlet Transform’. 
This algorithm is more efficient than the wavelet algorithm in Image Denoising 
particularly for the removal of speckle noise. The parameters considered for comparing 
the wavelet and Contourlet Transforms are SNR and IEF.  The results show that this 
proposed algorithm outperforms the wavelet in terms of SNR, IEF values and visual 
perspective as well.   

Keywords: Denoising, Contourlet Transform, SNR. 

1 Introduction 

In Remote sensing applications, the major problem 
arises with the Speckle noise.  Speckle noise degrades 
the quality of the image and affects the performance of 
important image processing techniques such as 
detection, segmentation, and classification. Till now it’s 
believed that Wavelet Transform is suited for denoising 
the Speckle noise. But using this proposed algorithm 
based on Contourlet Transform, we can achieve better 
results comparatively. 

1.1 Contourlet Transform 

The Contourlet transform [2] is a directional 
transform which is capable of capturing contour and 
fine details in an image. The approach in this 
transformation starts with the discrete domain 
construction and then sparse expansion in the 
continuous domain. The main difference between 
Contourlet and other transformations is that, in this new 

transformation Laplacian pyramid [4] along with the 
Directional Filter Banks [1, 3] are used. As a result, this 
not only detects the edge discontinuities, but also 
converts all these discontinuities into continuous 
domain. The figure   below illustrates the Contourlet 
Transformation, in which the input image consists of 
frequency components like LL (Low Low), LH (Low 
High), HL (High Low), and HH (High Low). The 
Laplacian Pyramid at each level generates a Low pass 
output (LL) and a Band pass output (LH, HL, and HH). 
The Band pass output is then passed into Directional 
Filter Bank [1, 3] which results in Contourlet 
coefficients. The Low pass output is again passed 
through the Laplacian Pyramid [4] to obtain more 
coefficients and this is done till the fine details of the 
image are obtained. 

The Contourlet Transform [2] of a signal ‘x’ is 
calculated by passing it through a series of low pass and 
band pass filters. The output of these two filters is 
required to calculate the Contourlet coefficients. 

 
Fig. 1.1: Illustration of Contourlet Transform. 
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Equation 1.1 and 1.2 are the outputs of the filter 
and are the contourlet coefficients. The Low pass and 
Band pass filters are used for Contourlet decomposition.          

2 Denoising Algorithm 

A common approach for image denoising is to 
convert the noisy image into a transform domain such 
as the wavelet and Contourlet domain, and then 
compare the transform coefficients with a fixed 
threshold. We propose an algorithm which defines a 
new threshold value to eliminate the corrupted pixels. 

 

Fig. 2.1: Threshold Algorithm. 

3 Algorithm Description 

A. The process starts with the noisy image. 

B. This image is converted into Contourlet 
Transform domain, using the decomposition 
process. In Wavelet, we determine the 
coefficients using scaling and a wavelet filter. 
But, in Contourlet, we construct discrete-
domain multiresolution and multi direction 

using non-separable filter banks, in the same 
way wavelets are obtained from the filter 
banks. This construction results in flexible 
multiresolution, local and directional image 
expansion using contour sectors and so named 
Contourlet transform. 

C. Thus from the decomposition process the 
coefficients are determined. 

D. Then for each noisy image pixels, the variance 
is estimated. 

E. The resultant values are then compared with a 
threshold value to determine whether the pixel 
is corrupted or not. 

F. If the pixels are corrupted, they are suppressed 
or modified. Otherwise the pixels are 
preserved for further process. 

G. Then all the resultant coefficients are 
reconstructed which results in denoised image. 

H. After reconstruction the SNR and the IEF 
values are calculated for this algorithm. 

4 Thresholding 

Generally for denoising, the coefficients of the 
noisy image are compared with the threshold value. 
These threshold values are either obtained by trial and 
error method. Since human eyes are very sensitive to 
intensity of neighboring pixel values, in image 
denoising techniques, the variance in homogeneous 
regions must be less. Considering the threshold values 
depending on the variance, the noise level in the 
corrupted image still decreases. 

In this algorithm, a threshold value is set based 
upon the variance of the corrupted image. Based upon 
the results from various variance levels (nvar), the 
threshold is fixed. The intensity of the noise being 
added to the image (th) and the standard deviation of 
the noise less image (sigma) are also the deciding 
factors in fixing the threshold values. 

Based upon the various results obtained, we deduce 
that the threshold values must be fixed depending upon 
the high noise level and low noise level. In Speckle 
noise, the default variance level is 0.04, so considering 
Speckle noise variance (nvar) above 0.05 as high noise 
level and below 0.05 as low noise level, we introduced 
two threshold values separately. The results also prove 
that this two separate threshold values improve the 
denoising ability of the algorithm.  

Now to reconstruct the image, the coefficients 
above the threshold values are retained for Contourlet 
reconstruction and the coefficients below the threshold 
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values are suppressed. The retained coefficients are 
reconstructed to obtain the Denoised image. This 
process is shown in the figure 2.1. 

There are many other algorithms available for 
denoising the image particularly for the speckle 
corrupted images in remote sensing applications. But 
this algorithm is very simpler and effective compared to 
other algorithms. If the algorithm is simpler, then the 
time consumed for complete denoising of the image 
will be less and the hardware implementation will also 
be feasible with high memory VLSI technologies.  

5 Results and Discussion 

5.1 Quantitative Results for Multiplicative 
(Speckle) Noise 

The Standard test images considered for denoising 
are Lena, Pepper, Barbara and Satellite, Medical 
images. The evaluation parameters used for comparing 
Wavelet and the proposed algorithm using Contourlet 
Transform are SNR, IEF and Visual quality assessment. 
The table 5.1 below shows the comparative results 
between wavelet and proposed algorithm using 
Contourlet Transform.  

The significance and definition of these parameters 
are that, 

Signal to Noise Ratio (SNR) is the ratio between 
amplitude of the signal value (M) to the amplitude of 
noise (N).  

SNR=10 log (M/N) dB 

Higher the SNR value more is the amount of 
information that can be obtained from the test sample. 

IEF (Image Enhancement Factor) is used to 
determine the edge preserving capabilities of the 
considered transformation. 

IEF can be defined as the ratio between the square 
of difference between the noisy image and the original 
image to the square of difference between the enhanced 
image and the reference image. 

If the IEF (Image Enhancement Factor) value is 
high, it means that more edges are preserved and the 
information in those edge regions also can be extracted. 

For different Speckle noise level densities we have 
obtained various SNR and IEF values of Wavelet and 
the proposed algorithm using Contourlet Transform,

Table 5.1: Comparative Results Between wavelet and Proposed Algorithm Using Contourlet 

Images SNR(dB) IEF 
 Wavelet Proposed algorithm using 

Contourlet 
Wavelet Proposed algorithm 

using Contourlet 
 NOISE LEVEL=0.03dB 

LENA      9.44 11.77 2.01 3.45 
PEPPER 10.73 11.36 2.10 2.43 
SATELLITE      8.22 10.32 1.85 3.00 
MEDICAL 13.36 15.73 3.02 5.25 
BARBARA 10.04 9.81 1.65 1.57 

 NOISE LEVEL=0.04dB 
LENA    7.94 10.95 1.87 3.75 
PEPPER    9.21 10.68 1.97 2.75 
SATELLITE    6.65 9.34 1.69 3.16 
MEDICAL   11.55 14.81 2.66 5.62 
BARBARA    8.84 9.39 1.66 1.88 

 NOISE LEVEL=0.06dB 
LENA     5.75 10.01 1.66 4.44 
PEPPER    7.02 9.65 1.75 3.19 
SATELLITE    4.47 8.40 1.52 3.76 
MEDICAL    8.84 14.56 2.13 8.03 
BARBARA    6.99 8.67 1.58 2.33 

 NOISE LEVEL=0.1dB 
LENA    3.15 8.20 1.47 4.75 
PEPPER    4.44 8.56 1.55 3.97 
SATELLITE    1.95 6.48 1.37 3.88 
MEDICAL     5.65 12.00 1.71 7.36 
BARBARA     4.56 7.66 1.45 2.96 
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that are tabulated. From these quantitative results we 
infer that the new proposed algorithm using Contourlet 
Transform outperforms Wavelet.  

5.2 Qualitative Results 

The test image considered for testing is the ‘Lena’ 
image, shown in fig 5.1a. The image is corrupted with 
the Speckle noise variance of 0.1 and the corrupted 
image is shown in fig 5.1b. The fig 5.1c show the 
Wavelet denoised image and the fig 5.1d shows the 
proposed algorithm based on Contourlet transformation. 
There is a significant improvement in SNR and IEF 
values in the proposed algorithm compared to the 
Wavelet transform. Visually too, it’s evident that the 
Proposed algorithm has more information 
comparatively.   

Another test image considered for experimenting is 
the ‘Satellite image’, shown in 5.2a. The image is 
corrupted with the Speckle noise variance of 0.04 and 
the corrupted image is shown in fig 5.2b. The fig 5.2c 
show the Wavelet denoised image and the fig 5.2d 
shows the proposed algorithm based on Contourlet 
transformation. In remote sensing applications, 
extracting information from the contours is crucial. 
With high IEF value it’s apparent in the proposed 
algorithm that it contains more information to be 
extracted. 

So it is evident with the results that this proposed 
algorithm based on Contourlet transform is best suit for 
Satellite image applications. 

   
 a) Original Image b) Noisy Image 

     
 c) Wavelet Denoising d) Proposed Algorithm 
 SNR = 3.15 Db SNR = 8.20 dB 
 IEF = 1.47 IEF = 4.75 

Fig. 5.1: Results of Filter (For Lena Image with Speckle Variance= 0.1).  
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 a) Original Image b) Noisy Image 

    

 c) Wavelet Denoising d) Proposed Algorithm 
 SNR = 6.65 dB SNR = 9.34 dB 
 IEF = 1.69 IEF = 3.16 

Fig. 5.2: Results of Filter (For Satellite Image with Speckle Variance= 0.04). 

6 Conclusion 

In this paper, the removal of speckle noise from 
images has been discussed. Hence the new proposed 
algorithm based on the Contourlet transformation is 
found to be more efficient than the wavelet algorithm in 
Image Denoising particularly for the removal of speckle 
noise. This is concluded based on considering test 
images like Lena, Barbara, Peppers along with Satellite 
images and Medical images after corrupting with 
Speckle noise which is a multiplicative noise of various 
noise levels like 0.03dB, 0.04dB, 0.06dB and 0.1dB. 
Thus the obtained results in qualitative and quantitative 
analysis shows that this proposed algorithm 

outperforms the wavelet in terms of SNR, IEF values 
and visual perspective as well. The algorithms are 
implemented using MATLAB 7.5 R2007b. This can be 
implemented using hardware also and the feasible 
hardware is using VLSI with high memory. 
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Nano Structure Fabrication 
on Hard Brittle Materials  
Abstract—This paper reports on fabrication of nano structured surfaces of hard brittle 
materials by structured tool imprinting. Ultra fine structured surfaces are fabricated on 
the uncoated and gold coated surfaces of soda glass, firelite glass and quartz glass by 
FIB machined structured diamond tool imprinting. Imprinted mark and ultra fine 
structures made on hard brittle materials are analyzed for their geometrical shape and 
accuracy. Load-depth analysis on both the specimen surfaces (coated and non-coated) 
is carried out. Critical depth, at which ductile to brittle transition in deformation 
occurs, is studied.  

Keywords: Indentation, nanostructure, ductile-brittle transition, coating, hard brittle 
materials, nano structured diamond tool, coating. 

1 Introduction 

Hard brittle materials are finding wider high 
technology applications in Optics, Electronics, MEMS, 
NEMS and Biotechnology areas. Ultra fine structures 
(micron and sub-micron patterns of lines, grooves and 
holes) on the surfaces of hard brittle materials are 
necessary for the newer developments in ultra large 
scale integrated circuits (ULSI), magneto-electronic 
devices, diffractive optical elements and micro-meso 
and nano scale devices etc. Ultra fine polishing, damage 
free ultra fine machining by realizing the ductile regime 
of brittle materials, machining of brittle materials under 
high hydrostatic pressure are some of the machining 
techniques to produce such surfaces. Also, ultra fine 
structures can be fabricated by the stringent processes 
such as deposition techniques and lithography processes 
[1-9]. In spite of such advanced technologies, the cost 
associated with these processes is very high. Highly 
flexible, high throughput, lower cost and less stringency 
methods are needed for the production of such 
structured surfaces to satisfy the industrial 
requirements. This study is focused on the development 
of such an innovative method to address these 
requirements.  

Fabricating a mold possessing ultra fine structures 
and the usage of the mold for imprinting structures on 
the surface of advanced materials is a novel idea. In this 
paper, a nano structured diamond tool which has ultra 
fine structures on its top face is specially designed and 
developed. By imprinting this tool, ultra fine structure is 
fabricated on the surfaces by utilizing the ductility 
exhibited by the hard brittle materials at nanoscopic 
level. The formability at micro level is investigated. The 
critical depth, to form and/or machine the structures on 
the surfaces without any damages, is studied. Ultrasonic 
assisted machining [10&11], metal cutting under high 
temperature [12] and machining in the presence of high 
hydrostatic pressure [13] are some of the methods 
reported to suppress the surface and surface damages 
induced during machining of hard brittle materials. 
Present study addresses the effect of thin coating on the 
enhancement of ductile formability at microscopic 

level. Nano level coatings solve the micro tribological 
problems. Owing to minimized friction and lower stick-
slip behaviour thin coatings are finding applications in 
micro actuator applications [14-15]. Reports are 
available on characterization of thin films by processes 
such as nano indentation, nano wear estimation, X-ray 
reflection and Scanning Tunneling Microscopy [16-18]. 
From the depth controlled indentation processes which 
are used for analysing the mechanical behaviour of thin 
films, it is understood that after certain depth, the film 
properties are influenced by the substrate. However, 
reports on the influence of thin film on the 
characteristics of substrate materials are scarce. The 
improvement of fatigue life of metal substrates by thin 
film coating is recently studied [19]. This paper 
discusses coating and their effect on the fabrication of 
structured surfaces. 

2 Experimental Method 

2.1 Equipment and Work Materials 

The schematic diagram of the nano indentation 
tester developed for this study is presented in Fig.1. It 
has computer controlled X and Y stages [20] which 
have  maximum have maximum stroke of 20 mm with 
the resolution of 10 nm.  The tool is driven by a piezo 
actuator, whose maximum stroke is 40 μm. A load cell 
is equipped on the piezo actuator, to measure and 
control the imprinting load. Three kinds of hard brittle 
materials were utilized for the experiment; soda glass, 
firelite glass and quartz glass. Table 1 lists the material 
properties of these work materials. The surface 
roughness of work materials was measured as Ra<3nm.  

2.2 Structured Diamond Tool 

Figure 2 shows a stamp type tool, used for the 
experiment. As shown in figure 2(b), the array structure 
was fabricated on the square plane by machining with 
an FIB (Focused Ion Beam: SIM2200, Seiko 
Instruments co., Ltd.) machine. The details related to 
FIB machining of the tool are explained elsewhere [23]. 
As shown in the figure, the size of the structure is 1μm 
in width, 1μm in length, and 1μm in height. To assess 
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the role of metal coating, some of the specimen surfaces 
were coated with thin layer of gold by sputtering 
process. Thickness of coating was maintained at 10 nm. 
The thickness was based on the supplier data of 
sputtering machine which is associated with sputtering 
current, deposition rate and the time of deposition.  

2.3 Experimental Method 

The imprinting tests were conducted by the nano-
indentation tester on the specimens prepared. 
Experimental conditions are given below: 

Indentation load: From 0.2N to 5N by step 
of 0.2N 

Indentation speed: average speed of 
500nm/sec                          

Holding time:          2 seconds 
Number of the imprint 
marks:          

5-10 per each load 

All experiments were conducted in air under room 
temperature condition. After the indentation, the shapes 
of indented marks were measured by Laser Microscopy 
and SEM.  Load-depth analysis was carried out. Critical 
depths for the tested hard brittle materials were 
assessed. 

3 Experimental Results 

3.1 Analysis of Imprinted Mark and Structures 

The optical micrographs of typical ultra fine 
structures made on soda glass are presented in Figure 3. 
Scale bars in the figures indicate 30 μm. The imprinted 
marks are not obviously visible for smaller indentation 
loads whereas the array is formed clearly for 
sufficiently larger indentation loads.  In the case of 
indentation load of 2.0N, structure is not formed in the 
left region of the imprinted mark. This is due to the 
existing difference of parallelism of the specimen 
against the tool. In the right region of figure 3(a), the 
array structure is apparently formed. No cracks are 
found in these structures. When indentation load is 
higher, both sides of the mark are formed and the 
indentation depth in the right side is deeper than the 
left. Lateral cracks are observed near right side corner 
regions of the imprinted mark [indicate on micrograph 
if possible the word ‘crack’]. For the indentation load of 
5.0 N, cracks are found all over the corner regions, but 
not in the central region of an imprinted mark. FIB 
micrographs of the cross sections of the structures 
imprinted on soda glass for different loads and their 
respective depths are presented in Figure 4.  It is 
observed from the figure that the shape of the tool is 
effectively imprinted on the surface of the soda glass. 
At lower load, it is somewhat difficult to assess the 
depth of the structure, however the depth can be readily 
observed at higher load of indentation. Figure 4(c) 

explains that no cracks are generated at the bottom of 
structure and hence the cracks observed in the imprinted 
mark could have resulted from the surface corners.  

To have a better understanding of the indented 
arrays, imprinted marks were analyzed by SEM.  
Figure 5 shows SEM micrographs of structures 
imprinted at an indentation load of 5N, on the 
specimens of soda glass, firelite glass and quartz glass. 
It is found that the tool structure is effectively imprinted 
on these materials in spite of their increased hardness 
and brittleness. Although cracks appeared on the edge 
region of the imprinted mark, structures in the central 
region are formed without any cracks. It is found from 
these results that all the tested brittle materials are 
available to ductile mode forming. If the indentation 
load is optimized it is possible to imprint the tool 
features exactly on these surfaces by utilizing the 
exhibited ductility of these hard materials at nanoscopic 
level.  

3.2 Effect of Gold Coating 

The optical micrographs of the structured surfaces 
of soda glass under non-coated and gold coated 
conditions are presented in Figure 6(a&b) respectively. 
Figures 7 (a&b), 8(a&b) are of optical micrographs of 
firelite glass and quartz glass for the various indentation 
loads of 2N, 3N, 4N and 5N. It is clearly seen from 
these figures that gold coated specimen exhibited lower 
amount of cracking tendency when compared with the 
uncoated ones. In the case of uncoated soda glass 
specimens, at the indentation load of 2N itself, cracks 
are observed at the corner region of imprinted marks. At 
the same load of indentation, no visible cracks are 
observed for the gold coated specimens. At 3N of 
indentation load, the cracks start to propagate and 
coalesce to form the cracked zone as observed in the 
corner region of uncoated specimens. However, the 
gold coated specimens exhibited only a few cracks. At 
the indentation load of 5N, uncoated soda glass 
specimens exhibited a cracked zone which has extended 
all over the corner regions as observed in the figure 
whereas the gold coated specimens exhibited only small 
cracks even at this higher load. In the case of uncoated 
specimens of firelite glass, at the indentation load of 
3N, we can observe the cracked zone as seen in the 
figure 7(a). But in the coated specimens, [Figure7 (b)], 
no such cracked zone is observed at this load. The 
cracked zone is comparatively larger for the uncoated 
specimens when the indentation load is higher (5N). In 
the case of quartz glass (coated and non-coated), no 
such major cracked zone is observed even at higher 
load of indentation. However the cracks observed in 
coated quartz glass is lesser when compared to the 
uncoated ones.  

Depth profiles of structured surfaces (gold coated 
and non-coated) were measured by a laser microscope. 
Depth is measured along the bottom line of the 
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imprinted mark. Figure 9 (a-c) shows load/depth 
analysis conducted over the bottom region of imprinted 
marks on soda glass, firelite glass and quartz glass 
specimens under non-coated and gold coated 
conditions. As explained in previous section, all these 
brittle materials are available for ductile forming till 
certain depth, termed as critical depth, below which no 
cracks are observed in the structures. Open symbols in 
the figure denote that no cracks were observed on the 
structures, whereas solid symbols denote that lateral 
cracks were generated. The variation in the critical 
depth for the coated and uncoated specimens can be 
obviously seen from the figure. Figure 9 (a) indicates 
that soda glass is available for ductile forming till the 
depth of 173 nm when it is non-coated. This is the 
critical depth for soda glass over which the deformation 
manner changes to brittle mode. For the gold coated 
soda glass specimens, the critical depth has been 
enhanced to 290 nm. Thus gold coating has improved 
the ductile formability of soda glass. In the case of 
uncoated firelite glass specimens the critical depth is 86 
nm, whereas it is observed that gold coated specimens 
of firelite glass can be formed in a ductile manner 
(without any cracks) till the depth of 140 nm [Figure 9 
(b)]. The increase in critical depth confirms the 
enhancement of ductile formability of firelite glass 
specimens by the coating.  Critical depth of non-coated 
quartz glass is 130 nm and for the coated specimens, it 
is of 180 nm [Figure 9 (c)]. From the figure it can be 
observed that the trend of variation of coated and 
uncoated specimens of quartz glass is almost the same.  
Though soda glass and firelite glass are having almost 
the same chemical composition there is a marked 
variation in critical depth. This variation can be 
attributed to the existing difference of their mechanical 
properties. There is considerable amount of increase in 
the critical depth for the gold coated specimens of all 
tested materials.  

Figure10 explains the effect of gold coating on the 
ductile formability of the tested hard brittle materials by 
the variation of critical depth. Among the tested 
materials, soda glass exhibited the highest critical depth 
and firelite glass is the least. From the figure, it is 
observed that there is an enhancement in critical depth 
by gold coating for all the glass specimens. In the case 
of soda glass specimens, this improvement is more 
pronounced when compared with the other two glass 
systems.  

4 Discussion on Effect of Coating 

The ductility exhibited by the hard brittle materials 
at nano scale is utilized for the production of structured 
surfaces. The investigations on the structured surfaces 
have confirmed the possibility of imprinting the 
structural features of a tool on the surfaces of hard 
brittle materials, without any damages like cracks, if the 

indentation load is optimized. In a study conducted by 
Coupeu et al [24] on gold coated LiF substrate, they 
found that during micro compression, emergence of 
dislocations are locked up at the film-substrate interface 
till certain value of strain. Dislocations are piled up at 
the interface. Peraud et al (1997) discussed the 
improvement of fatigue life of substrate metals by thin 
coating and they added that such thin coatings would 
constitute a barrier at the surface which resulted in 
delayed or suppressed crack initiation. In this study also 
it is the obvious increase in critical depth of coated 
surface is observed. The exhibited increase in critical 
depth of gold coated surfaces confirms the enhancement 
of ductile formability. The reason for the increase in 
critical depth is the suppression of cracks which 
resulted due to the modification of surface and near 
surface properties of the brittle substrate material by the 
coating. By providing thin coating on the surface of 
brittle materials, the specific surface energy increases 
and hence the stress required for the crack propagation 
is increased. In addition to increased radius of curvature 
of crack and increased specific surface energy, the 
reduction in coefficient of friction also plays a good 
role in forming the structures with minimized damages. 
Goto et.al [25] discussed the nano-scale morphology of 
Ag film on silicon surface. Such nano meter level 
coatings exhibited minimized coefficient of friction at 
room temperature and resulted in better macroscopic 
properties of the total system.  The friction between the 
tool and the surface is effectively reduced by the 
coating. Friction at the tool and work interface dictates 
the surface shear stresses, which in turn induces cracks. 
The reduction in coefficient of friction favored the 
ductile formability by the reduction of shear stresses. 

5 Conclusions 

1. This study has proved the possibility of 
creation of nano structured surfaces by 
imprinting method using a specially designed 
ultra fine structured diamond tool machined 
tool machined by Focused Ion Beam (FIB) for 
imprinting features on various hard brittle 
materials.  

2. All the tested brittle materials are available to 
ductile mode forming if the indentation load is 
optimized. FIB technique to observe the cross 
section of imprinted mark reveals that the tool 
structure is effectively imprinted on these 
materials in spite of their increased hardness 
and brittleness. All the specimens exhibited 
ductile formability below the critical depth of 
indentation. Design of indenter, control over 
the indentation load and penetration depth are 
the salient features to be concentrated in future 
to achieve the nano and sub nano structured 
surfaces by this process 
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3. Cracks were generated in the edge region of an 
imprinted mark, but no such cracks were 
observed in the central region even at higher 
load of indentation.  

4. Thin gold coating was applied on the surfaces 
of the specimens. The coated surfaces were 
also subjected to the same kind of indentation 
study. Ultra fine structures were imprinted on 
these coated surfaces with comparatively 
minimized cracks and damages. The critical 
depths of all the gold coated surfaces have 
been enhanced.  

5. The enhancement in ductile formability of 
structured surfaces by coating is explained in 
terms of stress concentration, surface energy 
and frictional aspect. 
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An Approach to Reveal  
the Impact of Anomalies  
in an Analysis of Clustering 
Gene Expression Data 
Abstract—Removal of anomalies significantly increased the accuracy of clustering 
techniques. There are diversity of anomaly detection approaches from several areas, 
including statistics, machine learning, and data mining. All try to capture the idea that 
anomalous data objects are unusual (or) in some way inconsistent with other objects. In 
this paper, two different approaches were used namely algorithmic and graphical 
approach and proved that both the approaches have brought the same results. These 
methods can accommodate anomalies and reduce the impact on the analysis of 
clustering gene expression data. Box plot which represents graphical approach was 
constructed to the original data set in order to disclose the outliers. Two different data 
sets Cancer data and Human serum data were used to detect the outliers and cluster 
analysis. The original and the anomaly removed data sets were applied to a fuzzy c-
means clustering algorithm to verify the accuracy and proved that the results obtained 
from the latter data set was more accurate.  

Keywords: Anomaly, fuzzy clustering, gene expression data, graphical approach.

1 Introduction 

The goal of anomaly detection is to find objects 
that are different from most other objects. Often, 
anomalous objects are known as outliers [1]. Machine 
learning researchers often us the concept of noise rather 
than of outliers [2].There are a variety of anomaly 
detection approaches from several areas, including 
statistics, machine learning, and data mining. All try to 
capture the idea that anomalous data objects are unusual 
(or) in some way inconsistent with other objects. Three 
are many definitions for outliers which differs in words, 
here the definition of Barnett and Lewis, who defined 
an outlier is a set of data to be an observation which 
appears to be consistent with the remainder of that set 
of data[1][2]. Some of common causes of anomalies are 
human errors often found while data collection and data 
entry, data from different classes, natural variation. 
Applications of outliers are fraud detection, intrusion 
detection, ecosystems distributions, public health, 
medicine and analysis of gene expression data. 

Identification outliers have recently begun to 
interest us for two reasons. Firstly, outliers could be 
some noisy observations which may be removed 
without further analysis in order to obtain accurate 
results. Secondly, outliers in some situation may give us 
some additional insight of data and may contain useful, 
rarely occurring information because they contain 
indication of some abnormal behavior of the system 
[2][3]. 

Finding outliers in high dimensional data is more 
complex [4]. The advent of new technologies like 
microarray mad it possible to produce huge amount of 
data. Using microarray techniques one can monitor the 
expressions levels of thousands of genes 
simultaneously. Handling and analyzing these data is 

not an easy task, it is required some robust techniques 
such as hierarchical, K-means and self organizing maps, 
but not all the techniques are suitable for handling all 
kind of data and each and every technique has its own 
disadvantages [5].  

One challenging problem in clustering gene 
expression data is the removal of anomalies before 
clustering. Anomaly detection has been viewed as a 
technique for improving the analysis of typical data 
objects. For instance, a relatively small number of 
outliers can alter the set of clusters produced by a 
clustering algorithm. Hence, anomaly detection is often 
a part of data preprocessing which should be done 
routinely before statistical analysis [1][2].  

Many new clustering, outlier detection and cluster 
evaluation approaches are presented in the last few 
years. Nowadays a lot of real data sets are noisy, which 
makes it more difficult to design algorithms to process 
them efficiently and effectively. We observe that, in 
many situations clustering and outliers are concepts 
whose meanings are inseparable to each other, 
especially for those data set with noise. Thus it is 
necessary to treat clusters and outliers as concepts of 
the same importance in data analysis [6]. 

There are various approaches to detect outliers such 
as visual inspection and graphical inspection. Visual 
inspection alone cannot always identify an outlier and 
can lead to misleading an observation as an outlier. 
Statistical methods are developed to accommodate 
outliers and to reduce their impact on the data analysis. 
In this paper, two different approaches were used 
namely algorithmic and graphical approach and proved 
that both the approaches have brought the same results. 
These methods can accommodate anomalies and reduce 
the impact on the analysis of clustering gene expression 
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data. Box plot which represents graphical approach was 
constructed to the original data set in order to disclose 
the outliers. 

1.1 Fuzzy C-Means Clustering 

There are numerous clustering techniques presently 
available to cluster particularly for gene expression data 
such as hierarchical clustering technique, K-means, self 
organizing maps and so on. These methods are referred 
to as hard clustering and were used commonly by many 
people in early days. In hard clustering, data is divided 
into distinct clusters, where each data element belongs 
to exactly one cluster. In some situations, the object 
may belong to more than one cluster, and associated 
with each element is a set membership levels. 
Clustering may be either crisp or fuzzy [7][8]. Fuzzy 
clustering of microarray data has an advantage over 
crisp partitioning because of great amount of 
imprecision and uncertainty related with gene 
expression data. Fuzzy clustering is a process of 
assigning the membership levels, and then using them 
to assign data elements to one or more clusters. It gives 
more information on the similarity of each object [9]. 
Like the k-means algorithm, the FCM aims to minimize 
an objective function. The standard function which 
differs from the k-means squared error criterion is by 
the addition of the membership function Uij and hence, 
fuzzier clusters [10].  

2  Proposed Method 

There are various approaches to detect outliers 
depending upon the application and number of 
observation in the data set. Not all approaches are 
suitable for all kind of data sets because every 
technique has its own disadvantages. In this paper, two 
approaches were used to detect the outliers; an 
algorithmic and graphical approach. An algorithmic 
approach uses the statistical based method to 
accommodate outliers and to reduce their impact on the 
data analysis. To graphically represent the outliers, they 
are different methods includes scatter plot, histogram 
and box plot. Among these, we have chosen box plot to 
isolate the outliers from the original data set. It is 
learned that the first two plots were only suitable for 
univariate data sets. As gene expression data set is 
multivariate one, the most suitable graphical method is 
box plot. The results of the algorithmic approach and 
box plot were tested using a clustering technique named 
fuzzy c-means clustering method which evaluates the 
results of original dataset and outlier removed dataset 

then finally proves that the results obtained from the 
latter dataset was more accurate. The overall operations 
of this new approach have been illustrated in the fig. 1.  

 

Fig. 1: Functionality of the New Approach. 

3 Results and Discussions 

The dataset taken for analysis was screened by two 
different approaches; researcher had been using 
different algorithms such as statistical based, deviation 
based and distance based. We have chosen the 
statistical based method and in graphical approach, 
there have been many approaches such as scatter plot, 
histogram and box plot. Among these, we have chosen 
the method box plot to our problem because this 
method is more suitable for multivariate data. The 
functioning of these methods was tested in this work 
with two different sample data sets Cancer data and 
Human serum data. The results were evaluated by 
performing clustering analysis through fuzzy clustering 
technique.  

3.1 Algorithmic Approach 

Outliers were searched from a cancer sample dataset 
given in table 1 which contains gene expression data. 
The sample data set consists of 20 objects and 4 
attributes where the objects are genes and the attributes 
are expression values of corresponding gene at different 
time points.  
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Table 1: Sample Data Set (Cancer Data) 

GENE  2H 3H 4H 5H 
1415670 8.62 7.5 8.62 9.25 
1415671 11.0 11.0  10.5 12.5 
1415672 10.4 9.45 10.4 8.56 
1415673 7.39 7.56 8.56 7.39 
1415674 9.12 9 9.2 8.9 
1415675 8.59 8.59  8.59 8.59 
1415676 11.0 10 10.5 11.0 
1415677 8.51 7.25 8.51 8.56 
1415678 9.66 11 10 9 
1415679 9.89 10 11 7 
1415680 9.02 10 7 8 
1415681 9.27 7 7.1 7.8 
1415682 7.14 11 12.0 11.5 
1415683 10.6 10 10.5 9.5 
1415684 8.40 8 7.8 7 
1415685 8.52 7.8 8.8 9.2 
1415686 9.86 9 9.8 8.9 
1415687 12.7 10 9.5 8 
1415688 8.92 8.5 9 8.2 
1415689 6.17 7 7.2 7.5 

Outliers were removed in dataset using two 
different approaches; the first approach is algorithmic 
approach where the statistical based algorithm was 
used.  

The original data set had been screened by this 
method and identified maximum of four outliers,  

Outliers detected = 4 

Outlier values are 

 06. 17, 12. 00, 12. 50, and 12. 70 

The maximum outliers k=5 was given as input 
parameter, but the method found only four outliers out 
of 80 values. The detected outliers were removed from 
the data set and we substitute a special character NA in 
the place of outliers for error free calculation.  

Outliers were searched and the results were 
compared with the data set human serum sample dataset 
[11]. The sample data set consists of 38 objects and 12 
attributes where the objects are genes and the attributes 
are expression values of corresponding gene at different 
time points. Outliers were removed in this dataset using 
algorithmic approach where the statistical based 
algorithm was used.  

The original data set had been screened by this 
method and identified maximum of twelve outliers,  

Outliers detected = 12 

Outlier values are -1.69, -1.74, 0.66, -1.79, -1.84, -
1.84, -1.94, -2.0, -2.06, -2.12, -2.32, and 3.32 

3.2 Graphical Approach 

In this approach, we constructed a box plot for the 
original data set which indicates the outliers. Box plots 

are an excellent tool for conveying location and 
variation information in data sets, particularly for 
detecting and illustrating location and variation changes 
between different groups of data. Box plots are formed 
by vertical axis which represents response variables and 
horizontal axis which represents the factor of interest. 
There is a useful variation of the box plot that more 
specifically identifies outliers. Fig. 2 shows a box plot 
for the given cancer data set which represents outliers in 
the form of hollow circles. There are four outliers 
designated by this plot among about 80 observations. 
Fig. 3 shows the expression levels of genes in different 
color, the x axis represents genes and the y axis 
represents the expression values against genes. It gives 
us an idea that some of the values above 11.5 and below 
7.0 are far away from other values. As we have 
discussed above, these values are assumed to be 
outliers. 

 

Fig. 2: Box Plot which Depicts the Outliers Present in a Data Set, 
the Outliers are Represented in the form of Circles. 

 
Fig. 3: The Graph Shows the Expression Levels of Genes  

in Different Colors. 
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3.3 Evaluation of Results 

To evaluate the results, the values of original and 
outlier removed data sets were applied to one of the 
popular and more accurate clustering technique called 
fuzzy clustering method. We calculated the objective 
function and the silhouette value in order to evaluate the 
results. Table 2 clearly shows the results obtained from 
two data sets. According to this, the results obtained 
from outlier removed data set were more accurate rather 
than the original data set. In terms of objective function 
the value 23.561 is lesser than the resultant value of 
original data set moreover the silhouette value 0.370 
which is obtained from outliers removed data set is 
higher than the original data set. Fig. 4 illustrates a plot 
was constructed to find the silhouette value of outliers 
removed data set also produced the same result 0.370. 
Fig. 5 shows the average silhouette value of the original 
data set, this proves the silhouette value of original data 
is lesser than the outlier removed one. The objective 
function value must always be small and the silhouette 
value must be larger comparatively.  
Table 2: Shows the Objective Function Values and the Silhouette 

Values of Cancer Data 

 Objective Value Silhouette Value 
Original Data Set 27. 342 0. 130 
Outliers Removed 
Data Set 

23. 561 
 

0. 370 

 

Fig. 4: Plot Shows the Average Silhouette Value of the Outlier 
Removed Data Set. 

Here, we calculated the objective and silhouette 
values for the cancer and serum data sets and made out 
the results of outlier removed data set was more 
accurate. Table 3 shows the objective and silhouette 
values of human serum dataset from which we can 
conclude that the accuracy of outlier removed data set 
was beset.  

Table 3: Shows the Objective Function Values and the Silhouette 
Values of Human Serum Data 

 Objective Value Silhouette Value 
Original Data Set 5.00 0.151 
Outliers Removed 
Data Set 

4.88 
 

0.155 
 

 
Fig. 5: Plot Shows the Average Silhouette Value  

of Original Data Set. 

4  Conclusion 

In this paper, two different approaches are used for 
detecting anomalies; the graphical and algorithmic 
approaches perform well. These methods can 
accommodate anomalies and reduce the impact on the 
analysis of clustering gene expression data. Both the 
approaches were contributed the same results and the 
evaluation done by a clustering technique. The datasets 
were taken for the analysis in this paper was small in 
terms of number of objects and attributes. This method 
can be tested with some large and complex data sets in 
future. We conclude that, the datasets without outliers 
always contributes good results with respect to the 
evaluation results of clustering algorithm.  
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The Damage Mechanisms 
of Several Detonation-Gun 
Sprayed Ceramic Coatings 
in Controlled Scratching 
Abstract—Surface engineering encompass with texture and chemistry alterations on the 
surface, as today's engineering components demand more than one superior value of 
desirable properties. To meet such conflicting demands composite material are used. 
Alumina (ALM), Alumina-Titania (ATM) and Alumina-Zirconia (AZM) are sprayed by 
Detonation-gun (D-gun) coating and subjected to sliding indentation/scratch test to 
study their response to tribo-logical demands. During the sliding indentation test, the 
released energy and vibration signal are monitored on-line. Experiment was conducted 
for different loads and passes and the friction force was measured using a strain gauge 
transducer holding the indenter. The typical variation of the average tangential force 
with respect to applied normal loads varies non-proportionally for different coatings 
exhibiting a non-linear relationship. The non-linear fluctuation of co-efficient of friction 
and its drastic change beyond a certain normal load can be attributed to possible 
defects in the lay-up such as porosity, un-melted particles and also varying 
interlayer/cohesive strength, hardness gradient and the resulting damage of the 
material with high loading, i.e., this load may be critical sliding load, associated with 
change from plowing friction to scratch friction. The paper presents relevant 
illustration in the same. 

Keywords: Detonation-gun, AE sensor, Critical load, Scratch test. 
1 Introduction 

Considerable hardness and high resistance to 
chemical reactions are attractive properties of ceramic 
materials in wear applications. The main disadvantage 
of ceramics is their brittleness at ambient temperature. 
Khruschov [1] has reported rather low abrasive wear 
resistance of several ceramics when compared with 
metals, in relation to their hardness. Wear debris are 
formed during the abrasion of ceramics, mainly by 
micro-cutting and micro-cracking. Scratch experiments 
using single riders sliding on single crystals has 
revealed details of subsurface damage by plastic 
deformation and cracking [2]. Even ceramic which are 
very brittle at ambient temperatures were plastically 
deformed during abrasion [3]. Theoretical wear models 
introduced by Evan and Wilshaw [4], Moore and King 
[5] and Evan and Marshall [6] pointed to fracture 
toughness, hardness and young’s modulus as important 
mechanical properties in the wear of brittle materials. If 
a critical surface loading is exceeded, micro-cracking 
occurs and the abrasive wear loss depends on the 
fracture toughness of the wearing material. 

Modern manufacturing methods allow toughening 
of ceramic materials, e.g. by incorporating appropriate 
second phases. Second phases such as titania and 
zirconia in alumina [7] can substantially increase 
fracture toughness. Experimental data available indicate 
that the hardness and compressive strength of ceramic 
normally increase with decreasing grain size, in 
accordance with Hall-Petch type relationship [8]. 
However in most critical application a ceramic coating 
on a strong/tough substrate proved to be a better choice. 
In the detonation spraying process the ceramic powders 

are partially melted, plasticized and sprayed on to the 
surface with a higher velocity of about 1200m/s. This 
imparts superior properties like reduced porosity and 
increased hardness when compared to plasma spraying. 
The depositions are developed in-terms of microns, thus 
the flexural resistance i.e., toughness of the coating is 
well utilized by the coated component.  

Scratch testing, in which a hard stylus is slid over a 
sample surface under controlled conditions, provides an 
excellent tool for experimentally evaluating the 
response of a material to high local stresses, to which it 
may be exposed during abrasion related wear processes. 
A hard stylus sliding over a brittle ceramic surface 
either plows or generates damage by different 
mechanisms depending upon the normal load. 
Tangential force measurement and detection of 
acoustics emission signals during scratch testing are 
used for understanding the material response to its 
characteristics. The present study addresses the material 
response of ALM, ATM and AZM ceramic composite 
deposits subjected to scratch/sliding loads using a 
conical diamond indenter with a view to stimulate the 
single grit rigid abrasion process. The material response 
to scratching is analyzed by measuring and comparing 
the traction force, the associated grooves characteristics 
during tests and salient aspects of the observations are 
discussed. 

2 Coating Materials 

Alumina (ALM) is the most suited ceramic for 
many high engineering applications, yet its application 
is relatively restricted owing to low fracture toughness 
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and thermal shock resistance [6]. In order to over come 
such deficiencies, alumina based composites have been 
developed. Alumina-titania (AT) and alumina-zirconia 
(AZ) are useful developments. In this study, relative 
performance of plain alumina, alumina-titania (AT-13, 
Al2O3 87 wt% and TiO2 13 wt %) and alumina-zirconia 
(AZ-23, Al2O3 75 wt%, ZrO2 23 wt%) composites have 
been evaluated for their scratch resistance [7] for 
500μm thickness over the steel substrate. 

3 Detonation Gun  

The Detonation gun coating system, shown in Fig. 
1, consists of stainless steel detonation tube of 25.4mm 
bore and 2.25m length positioned at one end, near to a 
substrate holder and at the other end has a detonation 
venting section. Substrate specimen thickness of mild 
steel were held in vice. The detonation 
wave/combustion flame was initiated by igniting the 
fuel oxygen gas mixture (acetylene-oxygen gas 
mixture) at the closed end of the tube by an electric 
spark. The ceramic powder particles were entrained into 
the convection flow behind the detonation wave by the 
carrier flow gas and propelled along the detonation tube 
placed at the specified distance i.e., stand off distance 
from the substrate location [6]. The entrained particles 
experienced the thermodynamic conditions behind the 
wave for a certain residence time, and splashed on to 

the substrate at a predetermined detonation frequency. 
The detonation wave provides uniformity of the 
thermodynamic and flow conditions created behind the 
wave, which is a unique advantage over other processes 
[7]. The D-gun operating parameters are listed in the 
Table.1. 

4 Experimental Details 

The D-gun sprayed ceramic composites coatings 
were tested for scratch resistance in a standard ASTM-
G171–03 testing machine. 

The type of sliding indentation/scratch tests reflects 
simulated trails resembling machining by single point 
cutting tool. This involves subjecting the sprayed test 
specimens to a normal load, applied through a diamond 
indenter and sliding the test specimen under the loaded 
indenter in a direction perpendicular to the applied 
normal load at a constant speed and studying the 
material response [10]. A schematic diagram of the test 
facility used is illustrated in Fig. 1. Material response 
related to crack initiation and propagation was 
monitored on-line through piezoelectric type acoustic 
emission pickup with the help of oscilloscope through 
GPIB card and data is stored to the computer. Loading 
was continued at same rate even after fissures appear in 
the coating and the test parameter details are shown in 
Table 2. 

Table 1: Operating parameters of Detonation – gun 

Sl. 
No. 

Ceramic powders 
(Size 5–25 µm) 

Fuel : Oxygen ratio Carrier gas flow (N2) 
Splh 

Stand off distance(mm) Detonation 
Frequency Shots/s 

1. ALM 1 : 2.5 1800 200 3 
2. ATM 1 : 2.7 2000 180 3 
3. AZM 1 : 2.5 2200 190 3 

Table 2 

S.1 No. Test equipment Scratch Tester 
1 Specimen Size 50 x 60 x 6 mm 
2 Indenter Rockwell “C” diamond indenter 
3 Indenter tip radius 5 Microns 
4 Sliding Speed 10 mm/s 
5 Scratch Length 35 mm 
6 Load range 5-25 N 

 

Fig. 1: Schematic of a Detonation Gun. 
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5 Results and Discussions 

5.1 Hardness 

Figure 3 illustrates the hardness of the ceramic 
coatings. The alumina coating indicates higher hardness 
and the alumina-zirconia coating indicates lowest 
hardness, the alumina-titania coating hardness is in 
between the ALM and ATM coatings. As AZM coating 
indicates a lower hardness value which infers that the 
coating has higher toughness as compared to AT 
ceramic composite 

5.2 Observations on Coefficient of Friction 

Measured values of tangential to normal force ratio 
or the coefficient of friction (μ) for different lay-ups are 
related to applied normal load as shown in Fig. 4.  

Normally coefficient of friction should be 
independent of normal load under traditional 

tribological environment. However, with ceramic 
deposits, due to possible defects in lay-ups such as 
porosity, un-melt particles and also varying 
interlayer/cohesive strength, hardness gradient, the co-
efficient of friction exhibits a non-linear relationship. 
The observed higher order coefficient of friction (μ) 
with low normal load can be attributed to possible 
ploughing on the spray deposits. With increasing 
normal load, steady traction occurs with a reduction in 
co-efficient of friction (μ). The observed fluctuation 
seen for μ beyond 20N of normal load can be attributed 
to the damage of the material with high loading; i.e., 
20N may be critical sliding load, associated with 
changes from plowing friction to scratch friction.  

The tangential/friction force (FT) experienced 
during scratching, comprises shearing (FS) and plowing 
(FP) components (Williams, 1996). 

 

Fig. 2: Schematic of the Instrumented Scratch Apparatus. 
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Fig. 3: Hardness of the Coatings. 
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Fig. 4: Typical Variation of Frictional Coefficient with Normal Load. 

FT = FS + FP  (1) 

Thus μT= μS + μP  (2) 

Where, μP is usually dependent on the indenter 
geometry alone, and for conical geometry, 

μP = 2 cot α/π = 0.368 where, α is the half cone 
angle of indenter (α = 30o) 

The variation of coefficient of friction with normal 
force indicates the material response of spray deposits 
to scratch load. During sliding indentation, the sprayed 
ceramic ahead of the indenter experiences an advancing 
stress wave, inducing compressive stress in the 
material; the material trailing behind indenter can 
experience tensile stress inducing cracking due to 
relaxation phenomenon. This effect will be more 
pronounced with higher loads. By subtracting the 
average force ratio FT/FN, the coefficient of shear 
friction, μS has been determined for different lay-ups. 
The average values of μS calculated are given in Table 
3. It is to be noted that for both ATM and AZM 
coatings have lesser in coefficient of friction compared 
to ALM, which attributes the presence of a harder 
surface of ALM. 

Table 3: Coefficient of Friction and Shearing Friction for 
Different lay-ups (load: 20N) 

Lay-
ups 

Frictional coefficient 
(μT) 

Shearing friction 
coefficient (μS) 

ALM 0.725 0.357 
ATM 0.579 0.211 
AZM 0.676 0.308 

5.2 Observations on AE Response 

Acoustic emission signals, emitted by a material 
undergoing deformation, are a characteristic of material 
itself and the signal parameters largely depends on the 

kind of deformation experienced by the material. The 
mode of deformation of the material subjected to sliding 
indentation; depends upon the mechanical properties of 
the material, the normal load exerted by the indenter 
and the kind of interaction between the indenter and the 
surface material. The interaction between the indenter 
and the material (adhesion friction, plowing friction) 
depends upon the indenter material and the indenter 
geometry as well as the material being indented. 
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Fig. 5: Typical Power Spectra of ALM. 

Typical power spectra of AE signal recorded 
during sliding indentation are shown in Fig 3-5. It is 
seen that the AE signal is a composite signal containing 
different frequency components. The frequencies are in 
the mixed modes, the rise in peak amplitude of AE 
power spectra, observed beyond 20N, load indicate 
existence of a critical load beyond which damage is 
severe.  
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Fig. 6: Typical Power Spectra of ATM. 
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Fig. 7: Typical Power Spectra of AZM. 

6 Conclusions 

Response of D-gun sprayed functionally graded 
ceramic coatings was studied under scratch/sliding 
environment and the following observations can be 
made based on the test results. 

• Friction coefficient of FGC coatings exhibit 
non linear variation with the applied load 

• The observed higher order coefficient of 
friction (μ) with low normal load can be 
attributed to possible ploughing on the spray 
deposits.  

• The AE signal provided active indication of 
the material response during scratching. 

• This tendency to cracking can be arrested by 
suitable selection of composite material and 
proper graded deposition 

• Use of a tougher grade as a top layer enabled 
to avoid any tendency to surface initiated 
cracking. 
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Influence of Various Drill 
Tool Geometries on Hole 
Quality in Drilling of 
Composites 
Abstract—Polymeric composites are to be integrated to realize the structural 
applications. Drilling is the well known process applicable to integrate composites 
together. Damages during drilling can be minimized by proper selection of process 
parameter and suitable tool material and geometry. HSS drill bits with various tool 
geometries such as normal, groove, web thinned, zhirov and tripod geometries were 
used, to fabricate holes in an E-glass fiber reinforced epoxy composite. Cutting forces 
and emanated acoustic emission during drilling were acquired through dynamometer 
and acoustic emission set-up respectively, to facilitate the in situ condition monitoring 
of the process. Left over strength of drilled composites was also evaluated to 
understand the defects generated during the drilling process. For all the drilling trials, 
a critical value of 70 N thrust is monitored beyond which the material response 
deteriorates by way of rapid increase in thrust component. Stress induced AE signal 
also indicates a threshold value of 1.5 mV, rms value. Among the various tool 
geometries tested, tool with tripod geometry performed well. The thrust force exhibited 
by tripod geometry is comparatively at a lower order. The transition of thrust and 
acoustic emission rms value for the tripod geometry is comparatively at a slower pace, 
which confirms the suitability of tripod geometry for drilling with minimized defects. 

Keywords: Composite Drilling, Force measurement, Fiber pullout, delamination, 
Acoustic emission 

1 Introduction 

Owing to the excellent properties such as high 
specific strength, high specific stiffness, high damping, 
low thermal expansion and good dimensional stability, 
composite materials are finding high technology 
applications in aerospace, automobile, machine tool 
industry, etc. Though the technology of making 
composites is advanced, near net shaped components 
with the required surface finish quality can be achieved 
only by machining. 

Machining of fiber reinforced composite differs 
significantly from machining conventional metals and 
alloys, owing to the behavior of matrix material, 
reinforcement and diverse properties of fiber, matrix, 
and orientation of fiber and volume faction of fibers [1]. 
A few researchers carried out experimental 
investigations to study and analyze the machining 
characteristics of fiber reinforced composites either by 
drilling or turning. The drilling-induced damage with 
drilling parameters of uni-directional glass fibre 
reinforced plastic composite laminates was reported by 
I.Singh et al [2]. The tool point geometry is a well 
known factor that influences the damages during 
drilling. Among the drill point geometry tested four 
facet drill was not recommended in this study. A study 
has been attempted through wavelet packet transform 
by A.Velayudham et.al [3] to determine the drilling 
characteristics of high volume fraction fiber glass 
reinforced polymeric composites. Effect of point 
geometry and its influence on delamination of 
polymeric composite was studied by Velayutham et al 

[4]. Normal point geometry, web thinned tipped and 
tripod solid carbide tools were used. Tripod geometry 
tool exhibited better performance and 100 N was 
reported as critical thrust force, above which 
delamination tendency increased at a faster rate. A new 
machinability index was proposed by J.Paulo Davim 
etal [5,6] for glass fibre reinforced plastic manufactured 
by hand lay up process by turning process using 
polycrystalline diamond and cemented carbide (K15) 
cutting tools. This investigation reveals that the 
polycrystalline diamond (PCD) tool performs well 
compared to cemented carbide (K15) tool in terms of 
surface roughness and specific cutting pressure. Fiber 
orientation is a key factor that determines the surface 
integrity of a machined surface and 900 is a critical 
angle, beyond which a severe subsurface damage will 
occur. If the fiber orientation angle is greater than 900 
the three distinct deformation zones appears namely 
chipping, pressing and bouncing [7]. 

Palanikumar et.al [8] developed a mathematical 
model to predict the tool wear on machining of glass 
fiber reinforced composite. Regression analysis and 
analysis of variance was used to develop the model. The 
influence of machining parameters on surface 
roughness in machining GFRP composites was 
assessed. Feed rate has greater influence on surface 
roughness followed by cutting speed [9]. Evaluation of 
cutting parameters and the influence of matrix under 
cutting force, delamination factor and surface roughness 
in two types of matrix material was carried out with 
cemented carbide (K10) drill for machining FRP by 
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Paulo Davim et.a l [10,11]. N.S.Mohan et al [12] 
analyzed the influence of machining parameters on 
cutting force during drilling glass fiber reinforced 
composite with the help of a commercially available 
software package MINITAB14. Similarly the influence 
of tool materials and tool geometries on cutting 
characteristics of glass fiber reinforced plastic was 
investigated by Sang-Ook An et al [13]. This study 
reports that a tool with a straight edge performs better 
than a tool with a round edge. J.Ramkumar et al [14] 
investigated the effect of work piece vibration on 
drilling GFRP laminates. And it was observed that by 
vibrating the work piece, thrust, tool wear, temperature, 
power and the surface roughness were minimized. Fiber 
orientation plays vital role in the surface roughness 
during cutting. Peaks of roughness are generated with 
zero degree cut. Owing to the combined load of bending 
and compression at 45o cut, fibers are pulled out by 
kinking, breaking which resulted in poorest surface 
quality. Smoothened surface can be obtained through 
900 cut. Even though many attempts were made to 
understand the mechanisms of material removal in 
GFRP materials, no reliable and comprehensive cutting 
theory is available to guide the machining of GFRP 
materials.  

Generally, two kinds of joints are used in 
composite laminate structures: mechanical and 
adhesively bonded. Adhesive joints cannot take up very 
high loads and are difficult to disassemble for 
inspection and repair. In mechanical joining, the 
efficiency largely depends on the quality of hole drilled. 
Drilling is widely practiced in aerospace industries for 
fastening of frames and structures. Delamination is 
found to be a major defect encountered during drilling. 
Therefore, it is necessary to develop a defect 
constrained drilling process for laminated composites 
i.e. with minimum delamination, fiber pull out, matrix 
crazing etc at exit-side. The machining characteristics 
of twist drills are to a large extent influenced by (1) the 
shape of the cutting wedge; (2) the size, angle of 
inclination and shape of the flutes; (3) the material, of 
which the drill is made, and also by the chemistry over 
its cutting edge. The aim of the present investigation is 
to determine the optimal shape of the drill, so that it 
may be used for drilling of composites material with 
minimum defects. 

The most commonly used drill point geometry is 
the “conical ground” whose flank surfaces are 
individually ground to form a part of a cone so that the 
relief angle of the flank surface is gradually greater over 

the cutting edge closer to the center. The intersection of 
the two flank surfaces forms across the “web”, at the 
center of the cross section, the chisel edge that functions 
as the blunt cutting edge having a high negative rake 
angle and thus produces a substantially large thrust 
force in cutting. To contain defects, cutting with 
minimum possible thrust is a pre-requisite for drilling of 
composites. There are two main approaches to reduce 
the thrust. The chisel edge and cone angle of a drill 
have major influence on the magnitude of the thrust. 
Modifying their geometry can produce improvement in 
drill performance by way of reduction in thrust. 
Another approach is to control the feed rate in drilling.  

The major part of thrust is attributed mainly to the 
chisel edge, which is characterized by large negative 
rake and negligibly small cutting velocity. It removes 
work material by a process similar to indentation and 
extrusion, instead of true cutting action. Many 
researchers attempted to reduce the drilling thrust by 
modifying the chisel edge into actual cutting edges. The 
helix angle is not so important for machining of epoxy 
based composites because the chips are in powder form. 
Positive rake angles are needed to generate reduced 
order of heating during cutting. However, with the more 
positive rake angles, cutting edge becomes more fragile. 
A small chisel angle is the second element of good tool 
geometry and serves to improve the penetration rate. 2 

2 Experimental Procedure 

The work material used in the present study was 
composed of E-glass fiber and epoxy resin. Only 
unidirectional plies were used. The details of the 
workpiece are given in Table.1 and Table.2. 

Table 1: Details of the Work-Materials 

Type of glass fiber 
reinforcement 

Unidirectional Mat (UDM) 

Matrix (liquid) Epoxy Resin(LY 556) (Mfr: Ciba-
Geigy) 

Hardener (Powder) HT 972 (Mfr: Ciba-Geigy) 
Volume fraction of the 
fibers 

0.40 (determined by burn-test) 

Compression molding process has been the 
mainstay of FRP processing due to its defect free and 
cost effectiveness in small batch production. The 
properties of composite laminates having varying lay-
up are shown in Table.2. 

Table 2: Properties of the Composite Laminates 

Laminate 
Lay-up 

Tensile 
Strength, 
MPa 

Interlaminar 
Shear Strength, 
MPa 

Flexural 
Strength, 
MPa 

[0]4s = 16 
layers of 4 
mm 

1021 7.3 1233 
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In any drilling operation, to obtain a good quality 
hole, the tool entry into the work should be properly 
aligned, the drill shouldn’t wobble and the workpiece 
should be securely held. To achieve these objectives, a 
fixture consisting of top and bottom plates between 
which the composite laminate held was devised. The 
top plate was provided with a drill bush to ensure 
minimum wear of the drill guiding hold. A relief hole at 
the bottom plate was drilled to match the exit of drill 
from workpiece. This is necessary to ascertain that the 
drill cuts only the composite material. The bottom plate 
was secured on the strain gauge tubular dynamometer. 
Drilling experiments were carried out on CNC vertical 
drilling machines. The details of these machines are 
given Table 3. Various drill geometries such as normal. 
Web –thinned, groove, zhirov and tripod geometries 
were used in this study. Typical set up for drilling is 
presented in Fig.1. 

Table 3: CNC Drilling Machine 

Details  Range/condition 
Speed  In steps upto 2500 rpm 
Feed 0.02-1.2 mm/rev 
Cutting medium Dry 
Drill Material H.S.S. 

2.1 Parametric Influence on Cutting Force 

Drilling is a complex process involving extrusion 
of material (by chisel edge portion). Accordingly, twist 
drills experience axial force (thrust) and peripheral 
cutting force (torque). Among these, thrust component 
induces damage in composite workpiece. Hence, for 
minimizing defects, one has to contain the thrust forces 
during drilling. GFRP was machined using different 

cutting tools with the cutting conditions of speed 630 – 
2500 rpm and feed 0.03 – 0.2 mm/rev. Fig.2 shows 
typical variation of the cutting force (thrust) with 
cutting condition for HSS tools. It can be seen that the 
thrust is minimum for the speed of 1000 rpm and feed 
0.04 mm/rev. 

For lower speed, the cutting wedge of the tool 
tends to plow into the work piece surface resulting in 
higher thrust force. As the cutting speed increases, 
cutting becomes steadier with a consequent reduction in 
thrust force. The increase in thrust force above the 1000 
rpm can be due to thermal degradation of the cutting 
tool and change in the geometry of the cutting wedge. 
Hence, the drilling conditions are fixed for all tool 
materials as 1000rpm and 0.04 mm/rev. Drilling feed is 
to be chosen according to the diameter of the drill, in 
order to avoid possible rubbing of the drill point. 

The thrust and torque produced during drilling 
were monitored by the tubular strain gauge (calibrated) 
dynamometer. The voltage output of the dynamometer 
was of very low order and hence an amplifier was used. 
The amplified signals were passed through D/A card to 
a computer where the variations in thrust and torque 
signal values as drilling progressed were recorded. The 
AE signals were sensed using piezo-electric sensor and 
they were amplified by a pre-amplifier (60dB gain). 
These amplified signals were then fed to the data 
acquisition system, AET-5500, for processing and 
storage. AE parameters like peak power and rms (root 
mean square) values where obtained by processing the

 
Fig. 1: Photograph of Drilling of Composite with Acoustic Emission Set –up. 
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Fig. 2: Parametric Influence on Thrust Force (Tool: 6 mm HSS drill). 

raw AE signal using AET-5500 system. For detecting 
the acoustic emission signals during the drilling 
process, the peizo-electric sensor (resonant frequency 
2MHz) was fixed on the workpiece. A pencil break test 
was performed for each trial to ensure proper 
connection and attachment of the sensor. The tool wear 
on the flank side of the tools were measured using Tool 
Makers Microscope. Measuring flank wear of a drill 
requires some practice. To improve this, a customized 
fixture is required so that the cutting edge plane is 
horizontal and in focus on a microscope. During 
drilling, the composite material will inherit certain 
defects such as delamination, debonding, fiber breakage 
and matrix cracking. This may affect the basic strength 
of the composite resulting in the composite retained 
with left over strength. The left over strength was 
assessed by flexural strength and was found by drilling 
a single hole at the center of the flexural test coupon. 
Three test coupons were tested for each condition. The 
left over strength was measured after each 10th hole 
drilling on the workpiece. The flexural test was 
conducted using Instron Testing machine with a 
crosshead speed of 0.1mm/min and with a span distance 
of 50 mm and load-deformation curves were recorded. 

3. Results and Discussion  

3.1 Modification of Drill Point  

The most popular method of reducing thrust force 
is thinning the web by grinding grooves from the flute 
on both sides and removing the chisel edge partly and it 
is called as Web thinning. The helix angle was 
maintained around 320, the point angle 1180 and the 
clearance angle 100 at the outer periphery. This was 
maintained for grooved, point geometry and Zhirov 
modified point geometry. In groove-modified tool, 
point geometry of the number of cutting edges was 
increased. Two slots of rectangle shape were ground 
along the cutting edges. The depth of groove was 

around 0.2 mm. In Zhirov modified point geometry, the 
chisel edge was converted into a pair of auxiliary 
cutting edges of suitable rake angle by grinding two 
small slots of semicircular section in suitable directions 
on either side of the drill point. The modified drill 
geometries used in the present study are illustrated in 
Fig.3. In the present work, a detailed study on hole 
geometry/defect-minimized drilling of fiber reinforced 
polymeric composites recommends special point 
geometry known as Tripod geometry. This geometry 
provides for two cutting lands at the periphery and a 
location point at the center, eliminating the chisel edge 
altogether. This configuration facilitates even higher 
feed rates.  

 

Fig. 3: Modified HSS Drill Geometry. 

Zhirov 
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3.2 Influence of Change in Geometry 

Typical observed influence of different point 
geometry on thrust monitored, with number of holes 
during drilling of GFRP composites with HSS twist 
drills is illustrated in Fig.4. 

Thrust Force  

In the case of normal geometry the drill bit removes the 
matrix and the fiber by gouging away the matrix and 
bending the fibers until they are torn away by peripheral 
cutting. The abrasive nature of the chip produced 
increases the tool wear and cutting edge temperature. 

The major part of the thrust is attributed to the 
chisel edge, which is modified suitably into a cutting 
edge. Thrust values were considerably reduced in the 
case of web-thinning, grooving and zhirov point 
geometry. In all the above geometries, the main chip 
formation takes place at the chisel edge (instead of 
normal extrusion of work material) which are on either 
side of the drill center and once the chip is formed, it is 
forced outwards by the tool geometry until it reaches 
the hole wall. The rubbing of the chip material causes 
an increase in temperature, leading to softening of the 
cutting edges and increased wear rate. The most visible 
effect of tool wear is witnessed at the exit face of a 
drilled hole, which tends to show an increasing number 
of loose and pulled-out fibers, giving the fuzzy texture.  

But in case of tripod geometry, there is no cutting 
edge in the central portion of the drill tip. It has neither 
a rake face nor a relief surface in this area. The center of 
the point allows accurate positioning from start of the 
hole. When a normal positive point angle drill bit is 
used for drilling, the laminate under the chisel edge is 
subjected to local bending deformation, which can 
cause delamination around the hole just before the 

chisel edge exits. But with tripod, geometry the chisel 
edge is almost a point, therefore delamination formed is 
very small. On the other hand, a modified drill bit with 
a negative point angle puts the fiber under slight tension 
towards the center of the material before shearing at the 
drill diameter. The peripheral cutting edges shear the 
composite materials leaving a clean hole. No rubbing 
occurs and therefore no unnecessary heat is produced 
by the cutting action. This leads to longer tool life and 
better hole finish. This modified geometry has also 
stable cutting wedges and it is in the form of sickle 
shape, which helps, in proper cutting of the fibers. This 
is the key reason why this drill operates with lower 
order thrust force. From the figure ?? it can be seen that 
irrespective of the type of drill point used, after a 
progressive rise trend, a rapid rise in thrust force around 
70N can be seen. This can be treated as a limiting thrust 
force, beyond which defects are generated owing to 
higher order thrust forces. It can be seen that with thrust 
limited to around 70 N, the safe limit of number of 
holes that can be drilled with normal drill is around 30, 
which for tripod drill is around 80 holes which is almost 
3 fold increase. 

3.3 Observation of Acoustic Emission (AE) 
Monitoring 

Normal Geometry 

Response of the material to drilling environment 
was assessed by monitoring on-line acoustic emission 
signal emitted by the work piece. Acoustic emission 
signal was monitored by a suitable sensor placed on the 
work piece. The power spectra of the raw AE signals 
monitored are illustrated in the following section. 
Typical power spectrum of AE signal monitored for 
normal point geometry is illustrated in Fig.5.  

 

Fig. 4: Significance of Type of Point Geometry on Drilling Thrust. 



Influence of Various Drill Tool Geometries on Hole Quality in Drilling of Composites 

RSM International Journal of Engineering, Technology & Management ⎮ 65 

 

 

 

Fig. 5: Typical Acoustic Signal Power Spectrum for Normal HSS Drill. 

Though it is a mixed mode, the signal containing 
dominate peak around 150 kHz. Almost the same 
pattern of power spectrum is seen upto 20 holes. During 
drilling 30th hole, there is a rise in the power of signal, 
potentially due to higher order stressing of the material. 
Beyond 30th hole, power spectrum of higher power 
with high frequency peaks can be seen. This can be 
attributed to fiber cracking, matrix crazing and other 
associated defects. The presence of higher power peak 
around 150 kHz can be attributed to occurrence of large 
number of short duration events such as fiber breakage, 
debonding, delamination etc. 

Web Thinning Geometry 

The web thinning has produced good results when 
compared to that of normal geometry. The chisel edge 
is reduced in length which is used to extrude the 
material instead of cutting. Typical power spectrum of 
acoustic emission signal monitored for web thinned 
drills is shown in Fig.6. Power spectrum of AE signal 
monitored for web thinned drills are almost similar to 
those for normal drilling, of course with reduced peak 
amplitude/power of the signal. The reduced order of 
thrust force accounting for reduced energy release rate 
and accordingly relatively lower power of AE signal 
monitored.  
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Fig. 6: Typical Acoustic Signal Power Spectrum for Web Thinned Drill Geometry. 

Grooved Geometry 

Fibers are not pulled while the chisel edge 
encounters the materials. New cutting edges help in 
cutting the fibers thus producing finer chips. The tool 
also loses its form stability after 40 holes resulting in a 
rising trend in thrust force and consequent increased 
power of AE signals. Beyond 40 holes magnitude of the 
peak power increases rapidly which may be due to the 
cutting edges getting blunt leading to defects such as 
fiber breaking and delaminations. In all above three 
modified geometry, the chisel edge is not fully removed 
so when the drill in contact with the composite initial 
peel up is possible.  

Typical power spectrum of AE signal monitored 
for drilling with grooved point geometry illustrated in 
Fig.7, show that the grooving geometry has yielded 

better performance than that of normal and web 
thinning geometry. The power of signal monitored is 
low and this can be due to the introduction of new 
cutting edges. 

Zhirov Point Geometry 

With Zhirov point geometry, cutting edges are 
introduced and AE has a dominating peak around 
150kHz(as seen in Fig.8). 

Relatively lower power spectrum can be seen 
compared to other point geometry. This trend is 
observed till the 60th hole. Beyond 60th hole, a relative 
increase in power signal emitted can be seen, which is 
attributable to the monitored rise in thrust force and 
consequent induction of defects in the material. 
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Fig. 7: Typical Acoustic Signal Power Spectrum for Grooving Drill Geometry. 

 
Frequency (kHz) 

80th Hole 
Fig. 8: Typical Acoustic Signal Power Spectrum for Zhirov Drill Geometry. 
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Tripod geometry 

Since there is no cutting edge in the central portion 
of the drill tip, peripheral cutting has produced perfect 
cutting of fibers resulting in good drilling performance. 
Relatively lower power signal was monitored as shown 
by the lower amplitude peaks of power spectrum of AE 
signal monitored (Fig.9). 

This trend was seen upto 80 holes. Beyond 80 
holes a small rise in the power of AE signal, attributable 
to possible induction of defect can be seen. It is 
interesting to note that for all cases, dominant peak at 
frequency of 150 kHz has occurred, attributable to 
response of polymeric composite to drilling. The 
induction of defects can be seen with the occurrence of 
low amplitude high frequency peaks and increased 
power of peaks around 150 kHz 

3.4 Observation on AE (RMS Values) 

Typical observed variation of AE rms values of AE 
signal monitored for different point geometries are 
illustrated in Fig.10. It is interesting to note that for all 
cases, AE rms values registered a rise after attaining a 
value of 1.5. This can be the threshold of energy release 
rate for the composite material, with induction of 
minimum defects. The initial rise in the rms value is 
due to the mixed mode of low and high frequency, low 
magnitude signals. A steady increase in magnitude of 
AE rms value is associated with steady rate of energy 
release due to good drilling process. This trend 
continues upto certain number of holes, depending upon 
the geometry of drill point. Beyond this stage, any rise 
in AE rms can be attributable to rapid energy release 
rate due to induction of defects. 

 

Fig. 9: Typical Acoustic Signal Power Spectrum for Tripod Drill Geometry. 
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Fig. 10: Typical Variation of AE (RMS) with Number of Holes for HSS Drill (Normal and Modified Point Geometry). 

Left over strength-Evaluation  

As illustrated earlier, GFRP composites specimen 
inserted with a drilled hole was subjected to flexural 
test. Typical observation on left over strength of the 
material after induction of a drilled hole is monitored at 
different stages is illustrated in Fig.11. It is seen that 
with the tripod geometry, the material has highest left 
over strength, compared to other point geometries. It is 
also seen that for a left over strength of 60% of original 
values, it takes around 30 holes for normal point 
geometry and 80 holes for tripod geometry drills. 

4 Conclusion 

The present study on drilling of GFRP composites 
is primarily concerned with defects induced in the 
composite due to drilling and the influence on the left 
over strength, with various drill point geometries. 

Accordingly drilling trials have been conducted 
using HSS drills of different point geometry. The 
process status/the material response to drilling was 
assessed by monitoring thrust, torque, AE signal (on-
line) and left over strength. From the data analyzed, 
close relation between thrust monitored and AE signals 
are identified. This also supplements with the monitored 
left over strength. For all the drilling trials, a critical 
value of 70 N thrust is monitored beyond which the 
material response deteriorates by way of rapid increase 
in thrust component. Stress induced AE signal also 
indicates a threshold value of 1.5 mV, rms value. Based 
on the above critical/threshold values performance of 
different modes of drilling has been evaluated as 
follows 

Mode of drilling 
using HSS drills 

Permissible number of holes while drilling 
GFRP composites of Volume fraction 40% 
and orientation [0]4s 

Normal geometry 25 
Web thinning 30 
Grooving  40 
Zhirov point 
geometry 

50 

Tripod Point 
geometry 

80 

 

Fig. 11: Response of Left over Strength to Varying Modified Drill 
Geometry. 
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Abstract—Six Sigma, despite of far flung success and wide spread applications, has 
considerable limitations like any contemporary new improvement methodology, both in 
Theory and Practice and in tools and methods available to achieve the Six Sigma 
Quality. As Montgomery, Antony, Hoerl and a host of others have observed, it is time 
that academia takes a note of this and start researching the subject more to make it 
stronger and a lasting methodology for, it cannot be a static framework if the success is 
to last. This paper assimilates limitations, which can be initiated into research in Six 
Sigma. 
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1 Introduction 

According to American Society for Quality, ‘Six 
Sigma is a methodology that provides businesses with 
the tools, to improve the capability of their business 
processes. This increase in performance and decrease in 
process variation lead to defect reduction and 
improvement in profits, employee morale and quality of 
product’. The Six Sigma way defines Six Sigma as ‘a 
comprehensive and flexible system for achieving, 
sustaining and maximizing business success, disciplined 
use of facts, data and statistical analysis, and diligent 
attention to managing, improving, and reinventing 
business processes’ (Pande, et al. 2003). 

Today it is defined as program to accomplish Six 
Sigma that included leadership, infrastructure, tools and 
methods. While there are some nearly universally 
agreed upon strengths of Six Sigma, there has been a 
wide spread opinion that these issues of leadership, 
infrastructure, tools, methods, metrics and Training are 
not adequately addressed. There are a lot of limitations, 
which need more deliberations. Let us see each of them. 

2 Augmentations 

Snee (2003) feels that like the Packer Sweep, Six 
Sigma was not totally original. It was built on the work 
of others and continues to be enhanced. Jikar (2005) 
quoting Juran says, “There is nothing new there.” Roots 
of Six Sigma techniques are based on statistical 
approach to quality of 1920s. Special and Common 
causes of variation in process originally recognized by 
Deming, are rephrased as Sporadic and Persistent 
problems in Six Sigma jargon. There are various 
strategies when employed, can yield results similar to 
Six Sigma breakthrough strategy. These include: 
Failure Mode and Effect Analysis (FMEA), The Eight 
discipline approach, Value Engineering/Value Analysis 
and Robust Designs in conjunction with design for 
manufacturability parameter and tolerance 
methodologies. More over, statistical approach in use is 
not new to quality improvement methodology.  

Arnheiter and Maleyeff (2005) sees the other side 
of this and say that Six Sigma should be considered 
state-of-the-art in terms of quality management, in that 

it borrows from previous programs, especially 
Deming’s management philosophies and TQM’s focus 
on the customer, and adds new features such as a 
comprehensive training structure and a broad definition 
of value from a customer’s perspective to include not 
only quality, but service and delivery. 

Since the introduction of the Six Sigma Quality 
initiative, quality practitioners have questioned why 
followers of this philosophy add a 1.5 sigma shift to the 
average before estimating process capability. Empirical 
studies alone have been offered as justification for this 
decision.  One perspective being, Six Sigma is another 
problem solving methodology based on statistical tools 
already known. The automotive industry recognized the 
concept of the 1.5-sigma shift in the mid-1980s, 
evaluated it and deemed it unacceptable.  

Breyfogle (2003), advises to achieve success, 
organizations must wisely develop Six Sigma metrics 
and an infrastructure. The success of Six Sigma is 
linked to a set of cross-functional operational metrics 
that lead to significant improvements in customer 
satisfaction and bottom-line benefits. Traditional 
measurements for Six Sigma projects that focus on 
defect quantification and the improvement of sigma 
quality may not be sufficient to address these needs. 
This approach also does not directly impact workflow 
issues that are addressed using Lean techniques. For 
example, is there a meaningful defect-opportunity 
quantification for wasted time and motion within a 
manufacturing or transactional process? An Integrated 
Enterprise Excellence (IEE) approach for implementing 
Six Sigma utilizes a strategy that does not have these 
limitations. Success in Six Sigma will depend on 
applying all methods in the right balance to maximize 
results (Pande, et al. 2003). 

Pearson (2001) too emphasizes the same. He says 
that we must make the best measurements possible, not 
the fastest or cheapest. If we are to make process 
quality the steady state, even when production is in 
constant changeover, we will require better 
measurements than ever before. Six Sigma uses 
statistical thinking, in addition to management and 
operational tools, to bring about fundamental 
improvements in the quality of products and services. 
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The changing scope of experimental design applications 
highlights the significance of Six Sigma in the quest for 
organizational excellence (Goh, 2002). 

Makrymichalos, et al. (2005), demonstrate the vital 
linkage between Six Sigma and statistical thinking. 
They explain the key characteristics required for 
statistical thinking and some of the common barriers in 
the implementation of the key principles of statistical 
thinking, illustrate the linkage between the statistical 
principles and Six Sigma. The tools and techniques of 
Six Sigma used within statistical thinking, the future 
role of managers and engineers in companies with 
regard to statistical thinking era and the commonalities 
in the application of tools and techniques between these 
two methodologies are highlighted by them. They claim 
that very little is published in the field of statistical 
thinking in the UK academic world and conclude that 
there is a cognitive gap in this field and that their work 
certainly forms a good platform for further research that 
will enable to bridge the gap. 

Scott (2003) feels today’s managers are expected to 
foster an environment where each individual improves 
performance continuously, becoming better able to deal 
with future organizational requirements through 
increasing competencies. With the increasing pressure 
on organizations to sustain constantly improving 
results, demands on performance are such that even 
small opportunities for individual improvement are 
worthy of the effort. 

Hoerl (2004) believes the Six-Sigma toolkit will 
continue to selectively add tools, especially from other 
disciplines. For example, the field of operations 
research provided discrete event simulation, which has 
proven very useful in design projects. Hopefully, these 
additions will be selective, because an effort to make 
Six-Sigma all encompassing by adding as many tools as 
possible would significantly slow down Six-Sigma 
deployments. Perhaps something should be deleted each 
time a new tool is added. Virtually all tools are useful 
for some situations. 

As the scope of Six Sigma has expanded, so have   
training needs. Jikar (2005) points that Six Sigma 
requires extensive training at various levels of 
organization and that can be impediment in its wide-
spread use by all.  Berryman (2002) says DFSS is so 
much more than mere training. Training must be 
followed with strong project mentoring and assistance 
with requirements development, CTQ flow down, 
model creation, analysis techniques, and optimization of 
design margins and assessment of general progress 
throughout the product development process. DFSS will 
require improvements to engineering’s infrastructure in 
terms of modeling capability, simulation tools, systems 
engineering capability, requirements management 
approach and tools, access to relevant data and common 

methods to review product designs. Briefly stated, our 
mindset must be that the role of training is to build the 
skills and knowledge needed to improve the 
performance of the organization. This mindset will 
produce both different actions and involve the use of 
different languages. 

Antony (2004), driving last nail in the coffin, 
highlights the Non-standardised procedures in the 
certification process of Black belts, Green belts, etc. 
Research has shown that the skills and expertise 
developed by Black belts/Green belts are inconsistent 
across companies and are dependent a great deal on the 
certification body. Black belts believe they know all the 
practical aspects of advanced quality improvement 
methods such as Design of Experiments, Robust 
Design, Response Surface Methodology, Statistical 
Process Control and Reliability, when in fact they have 
barely scratched the surface. 

Jikar (2005) feels that by focusing on specification 
limits, Six Sigma dismisses Taguchi’s loss function, 
which targets uniformity around a nominal with no 
reference or specifications. Six Sigma methodologies 
can be in-correctly implemented and may lead to 
unsuccessful attempt to improve quality largely because 
many companies look at it as quick-fix solution to 
improvement of profitability.  He adds the literature is 
replete with case studies of success of Six Sigma 
showing what organizations achieved, Six Sigma still 
remains privilege of those specially trained personnel 
knowing ‘how’ part of breakthrough strategy. 

Senapati (2004) questions if the ground realities 
speak in favor of spending millions of $ budget, when 
any exotic process centric concept even like Shainin's 
can also map out process improvement in the similar 
objective manner. Lean Six Sigma is a methodology 
that maximizes the shareholder value by achieving the 
fastest rate of improvement in customer satisfaction, 
cost, quality, process speed and invested capital. The 
fusion of lean and Six Sigma is required because, Lean 
cannot bring a process under statistical control and Six 
Sigma alone cannot dramatically improve process speed 
or reduce invested capital, George (2002). Breyfogle 
(2003) suggests an IEE approach to implementing Six 
Sigma produces MC2 by building on the strengths of 
traditional Six Sigma with some unique approaches, 
including a system in which operational metrics and 
strategic plans pull (used as a Lean term) for the 
creation of meaningful projects that are aligned with 
business needs. 

As the scope of Six Sigma has expanded so have 
training needs. Jikar (2005) points that Six Sigma 
requires extensive training at various levels of 
organization and that can be impediment in its wide-
spread use by all.  Berryman (2002) says DFSS is so 
much more than mere training. Training must be 
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followed with strong project mentoring and assistance 
with requirements development, CTQ flow down, 
model creation, analysis techniques, and optimization of 
design margins and assessment of general progress 
throughout the product development process. DFSS will 
require improvements to engineering’s infrastructure in 
terms of modeling capability, simulation tools, systems 
engineering capability, requirements management 
approach and tools, access to relevant data and common 
methods to review product designs. Briefly stated, our 
mindset must be that the role of training is to build the 
skills and knowledge needed to improve the 
performance of the organization. This mindset will 
produce both different actions and involve the use of 
different languages. 

Six Sigma and improvement approaches such as 
CMM‚ CMMISM, PSPSM/TSPSM are complementary 
and mutually supportive. Depending on current 
organizational, project or individual circumstances, Six 
Sigma could be an enabler to launch CMM®, 
CMMISM, PSPSM, or TSPSM. Or, it could be a 
refinement toolkit/methodology within these initiatives. 
For instance, it might be used to select highest priority 
Process Areas within CMMISM or to select highest 
leverage metrics within PSPSM. Examination of the 
Goal-Question-Metric (GQM), Initiating-Diagnosing-
Establishing-Acting-Leveraging (IDEALSM), and 
Practical Software Measurement (PSM) paradigms, 
likewise, shows compatibility and consistency with Six 
Sigma. GQ(I)M meshes well with the Define-Measure 
steps of Six Sigma. IDEAL and Six Sigma share many 
common features, with IDEALISM being slightly more 
focused on change management and organizational 
issues and Six Sigma being more focused on tactical, 
data-driven analysis and decision making. PSM 
provides a software tailored approach to measurement 
that may well serve the Six Sigma improvement 
framework. 

With an increasing attention being paid to Six 
Sigma applications in the software industry, there has 
been an increasing alignment between Six Sigma and 
the Goal Question Measurement or GQM approach. 
When Six-Sigma is applied to software, the traditional 
software measurement and prediction methods and 
techniques such as GQM, Statistical Process Control 
(SPC), software reliability modelling should be 
revisited and integrated to meet the new challenges that 
had not been anticipated previously. The synergy of 
Six-Sigma and GQM may bear outstanding fruits (Hong 
and Goh, 2004). 

3 Managing Process Improvement Proposals 
Process Improvements Proposals (PIPs) are one of 

the critical components at Kanbay to foster a culture of 
continuous improvements. Therefore, it’s important to 

ensure that all submitted Process Improvement 
Proposals are reviewed and approved or rejected in a 
timely manner. Kanbay initiated a Lean Six Sigma 
project to quantify the time taken to review and approve 
or reject PIPs, reduce the variation in time taken,, and 
make the process of managing PIPs more customer 
friendly for Kanbay associates. 

4 Kanbay (www.kanbay.com) 

Founded in 1989, Kanbay (NASDAQ: KBAY) is a 
global IT services firm focused on the financial services 
industry. With over 5,000 associates, Kanbay provides 
its services primarily to banking institutions, insurance 
companies, and capital markets firms. The company 
uses a global delivery model to provide application 
development, maintenance and support, software 
package selection and integration, business process and 
technology advice, and specialized services. Kanbay is 
a CMM Level 5 assessed company headquartered in 
greater Chicago with offices in the U.S., Canada, U.K., 
Australia, Hong Kong, Japan, Singapore and India. 

5 Kanbay Global Link SM Methodology 

The Kanbay Global Link SM Methodology (KGM) 
is our Quality Management System which encompasses 
all business processes that run globally across the 
organization. These include delivery and support 
functions. 

Kanbay’s internal Global Knowledge Innovation 
Team (GKIT) owns the Kanbay Global Link 
Methodology and holds responsibility for ensuring that 
all business processes are modeled, interlinked with 
other business processes, documented and released in 
KGM.   

The business processes of Kanbay are maintained 
within KGM. These business processes have been 
modeled to take into account: 

• industry best practices 

• industry standards such as ISO 9001:2000 and 
ISO 27001 

• frameworks used in the industry such as 
CMM-SW and CMM-I 

• regulatory requirements such as Sarbanes 
Oxley 

These business processes undergo continuous 
improvement based on the customer (external and 
internal) and market needs. 

6 How are Process Improvements Triggered? 

Kanbay’s Global Executive Council (GEC) 
contains our Chairman, CEO and senior leadership. The 
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GEC keeps watch over changing customer and market 
needs and triggers organizational initiatives which 
include business process improvements.  Associates 
across the globe use the business processes defined in 
KGM in their day-to-day activities. As a part of these 
activities, Kanbay associates realize improvements that 
can be made to these processes. In addition, associates 
may also come across failure modes in certain 
activities. Kanbay encourages such improvements and 
failure modes to be communicated to the Global 
Knowledge Innovation Team (GKIT) in the form of 
Process Improvement Proposals (PIPs). Thus, process 
improvements within Kanbay are driven through two 
approaches: 

• A top-down approach where the Global 
Executive Council chooses process 
improvement initiatives based on customer or 
market requirements. GKIT participates in 
such strategic initiatives. 

• A bottom-up approach where Kanbay 
associates raise PIPs to improve business 
processes. 

The GKIT ensures that business processes are 
responsive to the changes suggested. 

7 The need for the Lean Six Sigma Project on 
PIPs 

At the start of 2005, the GKIT decided to increase 
focus on PIPs while at the same time maintain focus on 
the strategic initiatives being driven by the GEC. To 
begin, the group reviewed the performance levels of the 
PIP process over the past few years. As a part of this 
study the following information was obtained: 

• From 2002 to 2004, the range for the number 
of days taken for the approval or rejection of a 
PIP after it was received was 0-368 days. This 
represented a high variation in the process. 
(Opportunity for Improvement no. 1 – OFI 1). 

• Internal customers (Kanbay associates) 
conveyed the need for improving the 
efficiency of the process and at the same time 
the need to bring in increased visibility into all 
the activities of the process. (Opportunity for 
Improvement no. 2 – OFI 2). 

There were no immediate answers on how to 
address these OFIs for this complex process. It was thus 
decided that a Lean Six Sigma project be initiated to 
meet these requirements. The following approach was 
defined: 

• Opportunity for Improvement no. 1 would be 
tackled using the Six-Sigma methodologies 

• Opportunity for Improvement no. 2 would be 
tackled using Lean methodologies 

8 A Brief Overview of the PIP Process 

The following activities are a part of the PIP 
process: 

1) Associates send an e-mail with a PIP in a pre-
defined template as provided in KGM 

2) The GKIT sends PIPs to Subject Matter 
Experts (SMEs) for review and 
recommendation 

3) Based on the recommendations obtained, the 
GKIT either approves or rejects PIPs 

4) If approved, the PIP is then sent to 
Implementation Experts for deployment in the 
organization 

5) Once deployed as required, the PIP is formally 
closed 

8.1 Reducing Variation using Six–Sigma 
Methodologies – OFI 1 

The DMAIC phases were used as a part of the Six-
Sigma Methodology. 

Define Phase 

• The problem statement was defined as given in 
OFI 1. 

• A COPIS (Customer, Output, Process, Input 
and Supplier) chart was created to understand 
the process along with its customers and 
suppliers. Please see Exhibit 1. 

• Based on the COPIS a team was formed that 
took the project forward. The team comprised 
of one (1) Lean Six-Sigma Black-Belt and two 
(2) Green-Belts. 

9 Measure Phase 

As a part of the measure phase the following 
activities were performed: 

• Operational definition of the age metric was 
created and communicated. (No. of days for 
approval/rejection of a PIP after it is received 
= Date of approval/rejection of PIP – Date of 
receipt of PIP). 

• A Gauge Repeatability and Reproducibility 
study was undertaken on the measurement 
system resulting in the reduction of error due 
to operators. The final result of the GRR study 
is shown in Exhibits 2 and 3. 
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Conclusions 

The above has been a partial list of the limitations, 
what can be done to overcome the limitations, the 
Research opportunities that are galore, to fill in the 
voids, to make Six Sigma a truly strong methodology 
applicable to all kinds of problems. 

The key learnings for Kanbay and the Lean Six 
Sigma Project Team include: 

1) Lean Six Sigma methodologies can be applied 
in areas such as Business Process 
Improvements. 

2) Lean methodologies can be specifically used to 
generate improved requirements during the 
automation of any process. 

3) Process Improvements will only be successful 
if they address customer needs. 

4) A data driven approach helps in quantifying 
business problems which further helps in 
getting buy-in from senior management. For 
example, by having quantified data, it was 
easier to illustrate the need for additional 
resources. 
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Glossary 

1) PIP Process Improvement Proposal 
2) USA United States of America 
3) KGM Kanbay GlobalLinkSM 

Methodology 
4) ISO International Organization for 

Standards 
5) CMM-SW Capability Maturity Model-

Software 
6) CMM-I Capability Maturity Model-

Integration 
7) GEC Kanbay’s Global Executive Council 
8) CEO Chief Executive Officer 
9) GKIT Kanbay’s Global Knowledge 

Innovation Team 
10) OFI Opportunity for Improvement 
11) SME Subject Matter Expert 
12) COPIS Customer, Output, Process, Input, 

Supplier 



A Case Study of Lean Six Sigma Augmentation  

76⎮ RSM International Journal of Engineering, Technology and Management 

13) DMAIC Define, Measure, Analyze, 
Improve, Control 

14) GRR Gauge Repeatability and 
Reproducibility 

15) ANOVA Analysis of Variance 
16) CMS Configuration Management System 
17) LbPIT Lean based Process Improvement 

Tool 

Appendix 

Exhibit 1: COPIS Chart 

Exhibit 2: GRR for Age of Review 

Age of Review 
Misc: 
Tolerance: 
Reported by: 
Date of study: 
Gage name: 

800 
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1 2 3 4 5 6 7 18 19 1 011 121 3 14 1 516 1 72 829 2 012 

2 22 32 42 52 62 73 83 93 03 13 23 3 43 53 63 74 84 94 
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78 8 98 08 18 28 38 48 58 68 79 89 99 09 19 29 39 495 
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738933031323343563374849404142344445464785595 

515253545565768696061266364656676789707172734 

757677889801882838485688798999091923994951969 

0890 
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600  
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400 
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0 

Part Numbers 
By Part Numbers 
%Total Var 
%Study Var 
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Gage R&R Repeat Reprod Part-to-Part 
2000 
1000 
0 

Components of Variation 
Percent 
GRR for Age of Review 

Exhibit 3: Result of the GRR Study 

Source VarComp StdDev 5.15*Sigma 

Total Gage R&R 0 0.041 0.210 

Repeatability 0 0.041 0.210 
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Reproducibility 0 0.000 0.000 

Operato 0 0.000 0.000 

Part-To-Part 17733 133.166 685.807 

Total Variation 17733 133.166 685.807 

Source %Contribution %Study Var %Tolerance 

Total Gage R&R 0.00 0.03 0.70 

Repeatability 0.00 0.03 0.70 

Reproducibility 0.00 0.00 0.00 

Operato 0.00 0.00 0.00 

Part-To-Part 100.00 100.00 2286.02 

Total Variation 100.00 100.00 2286.02 

Number of Distinct Categories = 4599 

• A normality test on the data available for 
financialyears 2002-2004 conveyed that the 
distribution is not normal as shown in Exhibit 
4. 

Exhibit 4: Normal Probability Plot 

Average: 69.5457 

StDev: 102.737 

N: 460 

Anderson-Darling Normality Test 

A-Squared: 47.007 

P-Value: 0.000 

0 100 200 300 400 500 600 700 
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.999 
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oldAge 1_1 

• In this scenario it was decided that the 
measurement of variation would be taken as 
the following: 

Variation Metric 1 = (Quartile 3 – Quartile 
1)/Quartile 2; and 

Quartile 1 represents the 25th Percentile 

Quartile 2 represents the 25th Percentile 

Quartile 3 represents the 25th Percentile 

The Variation Metric 1 represents the amount of 
spread around Quartile 2, between Quartile 3 and 
Quartile 

1 

Variation Metric 2 = (Percentile 97.5 – Percentile 
2.5)/Percentile 50 

The Variation Metric 2 represent the amount of 
spread around 50th Percentile, between 97.5th 
Percentile and 2.5th Percentile 

For Financial Years 2002 – 2004, the 

• Variation Metric 1 = 3.36 

• Variation Metric 2 = 14.80 

Analyze Phase 

As a part of the analyze phase the following 
activities were performed: 

• A root cause analysis was conducted. It was 
concluded that the causes could be the 
following: 

o Non-availability of focused resources on PIPs 
due to prioritization towards strategic initiatives 

o Usage of a manual tracking mechanism for 
tracking hundreds of PIPs globally with hundreds of 
associates was inefficient and could be causing delays. 

• The Mood Median Test and Kruskal-Wallis 
Test were used to check if the non-availability 
of focused resources on PIPs was causing a 
significant variation in the age of 
approval/rejection of the PIP. Data from 32 
weeks was used for this analysis and the 
results are shown in Exhibit 5. 

NOTE: Since the data was non-parametric, these 
two tests were selected instead of the One-way Anova 
Test. 

Exhibit 5: Mood Median and Kruskal Wallis 
Test Results 

Results from Mood Median Test 

Mood median test for Total ap 

Chi-Square = 12.87 DF = 1 P = 0.000 

Individual 95.0% CIs 

Band width N<= N> Median Q3-Q1 +---------+-----
----+---------+--- 

No 32 11 0.0 1.0 + 

Yes 0 6 6.0 7.5 (--+-------------------) 
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+---------+---------+---------+------ 

5.0 10.0 15.0 

Overall median = 0.0 

A 95.0% CI for median (No) – median (Yes): (-
19.0,-4.0) 

Results from Kruskal-Wallis Test 

Kruskal-Wallis Test on Total ap 

bandwidth N Median Ave Rank Z 

No 43 0.00E+00 22.0 -3.93 

Yes 6 6.00E+00 46.5 3.93 

Overall 49 25.0 

H = 15.48 DF = 1 P = 0.000 

H = 21.54 DF = 1 P = 0.000 (adjusted for ties) 

• Both tests show a P value of 0.000 which 
conveys that the non-availability of focused 
associates on PIPs was causing a significant 
impact on the variation of the age. 

• Exhibit 6 shows the cumulative number of 
PIPs Approved, Raised and Pending across 32 
weeks. 

Exhibit 6: Cumulative Number of PIPs 
Approved, Raised & Pending 

6.4 Improve Phase 

As a part of the improve phase the following 
activities were undertaken: 

• One associate within the group was assigned to 
spend 50% of the time focused on PIPs 

• At the same time, a decision was made to use 
an automated tool and work was initiated. 
Refer to Section 7.0 for details. 

• These changes showed immediate results as 
shown in Exhibit 7. 

Exhibit 7: Cumulative Number of PIPs 
Approved, Raised & Pending 

With the improvements made the measurement of 
variation was once again undertaken using the variation 
metrics: 

• Variation Metric 1 = (Quartile 3 – Quartile 
1)/Quartile 2; and 

• Variation Metric 2 = (Percentile 97.5 – 
Percentile 2.5)/Percentile 50 

For financial year 2005, the 

• Variation Metric 1 = 1.7 (For Y2002-2004 it 
was 3.36, showing a 49.4% reduction in 
variation) 

• Variation Metric 2 = 3.30 (For Y2002-2004 it 
was 14.8 showing a 77.7% reduction in 
variation) 

This clearly showed a marked reduction in the 
variation of the age of approval/rejection of PIPs. 

6.5 Control Phase 

As a part of the control phase the following 
activities are undertaken: 

• Run charts are tracked on a weekly basis. This 
helps us take corrective actions early if 
required. 

• Additional resources have been budgeted for 
2006 to further increase focus. 

7. Making the Process Customer Centric using Lean 
Methodologies - OFI 2 

7.1  As-is Process Mapping 

A Cross Functional Deployment was created for 
the As–is process as shown in Exhibit 8. 

Exhibit 8: As–is Process 

The lean concept of Visual Management was used 
to segregate value adding and non-value adding 
activities in the process. The blocks shaded in orange 
represent the non-value adding activities in the process 
and the blocks shaded in light blue represent value 
adding activities. 

For instance, the process of updating the PIP 
tracking sheet folder in every stage of the process 
improvement proposal lifecycle was the most common 
non-value adding, redundant activity in the process. The 
concept of Value-Stream Mapping was used to see if 
we can remove these non-value adding activities. It was 
concluded that these non-value adding activities could 
be removed by automating the PIP process. 

7.2  To-be Process Mapping 

A team started work on automating the PIP 
process. The planned to-be process after automation is 
shown in Exhibit 9. 
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Exhibit 9: To-be Processed after Automation 

7.3  Requirements Generation for the Automated Tool 

Lean has more than 15 tools that can be used in 
various scenarios. Examples include Kaikaku, Jidoka, 
Heijunka, Seri and Shitsuke. The GKIT uses a Lean 
based Process Improvement Tool (LbPIT) that ensures 
that for all activities in the value-stream map, an 
associate must look at each of the Lean tools and check 
for applicability. This also helps identify improvement 
actions for each activity. A screen shot of the LbPIT is 
shown in Exhibit 10. 

Exhibit 10: Lean-based Process Improvement 
Tool Screen Shot 

These were fed in as requirements to the tool 
automation group. Based on technical feasibilities, most 
of them were incorporated into the system while the rest 
have been kept for incorporation in the future. 

7.4  The Automated Tool 

The PIP automated tool has been released and is 
now accessible globally across Kanbay. 
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