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Editorial

The Journal of Production Engineering dates back to
1984, when the first issue of the Proceedings of the Institute of
Production Engineering was published in order to present its
accomplishments. In 1994, after a decade of successful publication,
the Proceedings changed the name into Production Engineering,
with a basic idea of becoming a Yugoslav journal which publishes
original scientific papers in this area.

In 2009 year, our Journal finally acquires its present title -
Journal of Production Engineering. To meet the Ministry
requirements for becoming an international journal, a new
international editorial board was formed of renowned domestic and
foreign scientists, refereeing is now international, while the papers
are published exclusively in English. From the year 2011 Journal is
in the data base COBISS and KoBSON presented.

The Journal is distributed to a large number of recipients
home and abroad, and is also open to foreign authors. In this way
we wanted to heighten the quality of papers and at the same time
alleviate the lack of reputable international and domestic journals in
this area.

In this journal are published, reviewed papers from
International Conference "MMA 2015" which was in Novi Sad,
Serbia and certain number of new scientific papers as well.

Editor in Chief

Professor Pavel Kovac, PhD,
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MACHINING - A REVIEW
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Abstract: In electrical discharge machining (EDM) the machining characteristics of the process directly depend on
the discharge energy which is transformed into heat in the machining area. The generated thermal energy leads to
high temperatures which result in local melting and evaporation of workpiece material. However, the high
temperature also impacts various physical and chemical properties of tool and workpiece. Process parameters and
machining characteristics of EDM are identified in this paper. Based on the previous investigations, an analytical
dependence was established between the parameters of discharge energy and technological performance. In
addition, properties of discharge energy were experimentally investigated and their influence on productivity,
accuracy and quality of EDM was established. Mathematical and experimental researches conducted in this paper
allow development of intelligent modeling approaches for efficient selection of relevant parameters of EDM
discharge energy. The results obtained represent a technological knowledge base for the selection of optimal
conditions of EDM process.

Key words: EDM, machining parameters, technological performance, modeling, optimization

Pregled tehnoloSkih karakteristika procesa elektroerozivne obrade. Kod elektroerozivne obrade (EDM)
tehnoloske karakteristike procesa direktno zavise od energije praznjenja koja se u zoni obrade pretvara u toplotu.
Generisana toplotna energija dovodi do pojave ekstremno visokih temperatura usled cega dolazi do trenutnog
rastapanja i isparavanja lokalnog dela materijala obratka. Medutim, visoka temperatura istovremeno uslovljava i
niz fizicko-hemijskih promena u povrSinskom sloju materijala alata i obratka. U ovom radu se sistematizuju
parametri obrade i tehnoloske karakteristike EDM procesa. Na osnovu prethodnih istraZivanja, uspostavijena je
analiticka zavisnost izmedu parametara energije prazinjenja i tehnoloskih pokazatelja procesa. Pored toga,
eksperimentalno su istrazene specificnosti energije praznjenja i njihov uticaj na proizvodnost, tacnost i kvalitet
EDM obrade. Sprovedena matematicka i eksperimentalna istrazivanja omogucila su razvoj inteligentnog modela i
pristupa za efikasnu selekciju releventnih parametara EDM energije praznjenja. Tako dobijeni rezultati
predstavljaju adekvatnu tehnolosku bazu znanja pri izboru optimalnih uslova procesa elektroerozivne obrade.
Kljucne reci: elektroerozivna obrada, parametri obrade, tehnoloski pokazatelji procesa, modeliranje, optimizacija

1. INTRODUCTION

Modern manufacturing is facing complex demands
on a daily Dbasis. Manufacturing flexibility,
productivity and quality are the most vital demands
facing the market oriented industrial systems. Only
modern equipped industrial systems will be able to
adjust their manufacturing process to these high
market demands. In this context, there can be little
doubt that the machining processes shall remain
important integral part of the technological process of
product manufacturing and assembly. Basic
advantages of machining process are high
technological performance (efficiency, precision and
quality) with the ability to cope with hard materials
and complex surfaces [1-4].

On the basis of the current research and future
projections, one can expect increased application of
electrical discharge machining (EDM) in comparison
with others available conventional and non-
conventional machining processes [5-7]. EDM is one
of the most important non-conventional machining
processes that is used for complex machining of many

different classes of electrically conductive materials,
regardless of their physical and metallurgical
properties [8].

Clearly, the benefits of EDM are considerable. It is
often appropriate to EDM instead of using
conventional machining processes, but not always,
because the EDM has certain technological
drawbacks. EDM process includes machining of
materials that offers minimum 0,01 S/cm of electrical
conductivity [9]. Productivity is relatively low
compared to conventional machining. Tool wear
affects the accuracy of the machined features. The
machining accuracy of the EDM is limited to about
+0.001 mm. Minimum surface roughness average is
about 0,1 pm. EDM induces thermal stress in
machined surfaces. Surface integrity can be as good as
or better than a ground surface [10,11].

2. BASICS OF ELECTRICAL DISCHARGE
MACHINING

The origin of electrical discharge machining goes
back to 1770, when J. Priestly discovered the effect of



electrical discharges. In 1943, B. Lazarenko and N.
Lazarenko have developed the controlled EDM process
for machining materials. The evolution of EDM since
the 1970 was due to the numerical control, powerful
generators, new wire tool -electrodes, improved
machine intelligence and better technological aspects.
In recent times, the incorporation of EDM within a

computer integrated manufacturing resulting in
significantly = reduced  machining  costs  and
competitiveness.

The EDM is basically a complex process which is
based on periodical transformation of electrical energy
into thermal energy [12-14]. Thermoelectric energy is
created between the tool and workpiece with the
passage of electric current. Both the tool and
workpiece electrode materials have to be conductors of
electricity and submerged in a dielectric fluid. A
specific small gap is maintained between the tool and
the workpiece. A power supply controls the timing and
intensity of the electrical discharges and the movement
of the tool in relation to the workpiece. Shown in Fig. 1
is schematically the basic working principle of EDM,
input process parameters (workpiece, tool, machine and
dielectric) and output technological performances

(productivity, machining accuracy and surface
integrity).
WORKPIECE TOOL
material « material TECHNOLOGICAL
« dimension « form PERFORMANCES
* shape + clamping
+« PRODUCTIVITY
Control feed o material
system p removal
rate
Tool
3 =] - MACHINING
ACCURACY
Pulse gap
generator distance
EDM process
* SURFACE
A A INTEGRITY
surface
* power * type roughness
« stiffness * pressure siirface
* accuracy * flushing properties
MACHINE DIELECTRIC

Fig.1. EDM process with machining characteristics

2.1 Working principle of EDM process

The working principle of EDM process is based on
a series of non-stationary electrical discharge which
remove material from a workpiece [15,16]. Material
removal rate occurs at the spot where the electric field
is strongest. Upon establishing the voltage, a strong
magnetic field is established between the tool and
workpiece (ignition phase). Due to attractive force of
the magnetic field, at the shortest local distance
between the tool and workpiece there is a build-up of
particles from the machining process which float in the
dielectric fluid. This forms the electrical circuit and the
electrons begin to move towards the positively charged
electrode. On their way, the accelerated electrons
collide with the neutral particles from the machining
process and the dielectric fluid. There is a chain

reaction in which a large number of negative and
positive ions are generated (discharge phase). The
ionization initiates creation of electro-conductive zone
between the workpiece and tool, thus causing electrical
discharge. In electrical discharge, electrical energy is
transformed into thermal energy. A discharge zone is
formed at temperatures as high as 40.000 °C. Such high
temperature cause local heating, melting, evaporation,
and incineration of workpiece material. High
temperatures also produce lower machining quality,
tool wear, thermal dilatations, etc. The disruption of
current supply annihilates the discharge zone, causing
abrupt cooling which results in an explosive flushing of
melted matter and solid particles off the workpiece
surface (ejection phase). Fig. 2 shows a single electrical
discharge of the EDM process with electrical pulse
parameters [17,18].

//// s,
/ / @/ Tool
= e
E ﬁ'e - o -
—_ |[f Dlelectnc S
I A
_ - w
t, [to Time (s)
T

E. - Discharge energy
te - Discharge duration
to - Pulse off time
f=1/t,- Pulse frequency

N

Fig. 2. Mechanism of a single discharge in EDM

< Workpiece

Between the periodical discharges there is a
deionization of dielectric liquid and the products of
machining are evacuated from the work zone. This
process provides stability of pulse discharge by
preventing the continuous current flow and generation
of electric arc or a short circuit.

During an electrical discharge there are the voltage
and current pulses which vary in time, Fig. 2. Electrical
pulses are interdependent, and are determined by
following parameters: U, — discharge voltage, I, —
discharge current, z, — discharge duration, ¢, — pulse off
time and ¢, — pulse cycle time. The derived parameters
are: E.=U,.l.t, — discharge energy, f=1/t, — pulse
frequency and =t./t, — duty factor.

The most important parameter of EDM is the
discharge energy. The discharge energy is the mean
value of electric parameter which is transformed into
heat during discharge. It is directly influenced by the
characteristics of electric pulses. Their influences are
interconnected and depend on the rest of the machining
parameters [19,20].

The discharge voltage depends on the paired
electrode materials and machining conditions. It ranges
between 15 and 30 V [21]. For proper machining
conditions, electrical discharge occurs instantaneously
and is independent from other electrical pulse
parameters. Therefore, the most important electrical
pulse parameters of EDM are discharge current and
discharge duration. However, the impact of discharge
current is limited by the tool surface which is

2



interfacing the workpiece, i.e. the current density
[22,23]. In case when the current density oversteps the
limit for the given machining conditions, the process of
deionization of the discharge zone deteriorates, thus
reducing the efficiency of EDM. The independent
regulation of the discharge duration is also limited. It is
known from experience that discharge duration must be
limited for a particular discharge current. Otherwise, an
electrical arcing occurs which damages both tool and
workpiece.

Besides the electric parameters described above, the
polarity (£) of electrodes, has important effects on the
EDM results. The polarity can be either positive or
negative and it depends on tool material, workpiece
material, current density and discharge duration.
Because the plasma channel is made of ion and electron
flows, and electrons have mass smaller than anions, for
that reason electrode polarity is usually positive,
allowing attaining good material removal rate and the
minimum relative tool wear ratio [24,25].

2.2 Machining characteristics

Similar to other machining processes, the most
important EDM machining characteristics are:
productivity, machining accuracy and surface
integrity, Fig. 1. Productivity is expressed as the
material removal rate and refers to how fast is
workpiece material removed per time unit. Machining
accuracy is defined by tolerances on dimension and
shape of the workpiece. Surface integrity is expressed
through surface roughness and surface layer
properties. The importance of machining performance
is relative and depends on machining conditions and
the desired function of parts. Together with machining
costs, productivity determines the overall cost-
effectiveness of the machining process, while
accuracy and quality impact the functional value of
product.

The material removal process in EDM is associated
with the erosive effects which occur as a result of an
extremely high temperature due to the high intensity of
discharge energy through the plasma channel, Fig. 2.
The material removal rate and the surface integrity
correspond to the adjusted crater profile that is defined
through the radius. The crater radius is assumed to be a
function of discharge energy [17,26,27].

Now it can be logically assumed that the material
removed volume of a single electric pulse would be
proportional to the discharge energy:

V,=C,-E, (1)

where Cy is the constant that depends on the workpiece
material.

The material removal rate represents the average
volume of material removed over the machining time
and there follows the expression for material removal
rate:

te
t,+1

e o

Vw:I/e'f:CV‘Ue‘Ie (2)

On the other hand, the material removal in a single
pulse discharge is determined by computing the

volume of the crater, under the assumption of
hemispherical shape with a radius equal to R,,.,:

v - gﬂ R )

In Eq (3), R, is defined as the maximum surface
roughness observed over maximum height of
irregularities.

From the Eq. (3) also using Eq. (1), one derives
expression for maximum height of irregularities:

3 1/3
R =|-—cC, E, @)
2

In practice, the surface quality is defined over the
surface roughness R,2R,,/4. The surface roughness is
defined as the arithmetic average deviation of the
assessed profile (ISO 4287).

Theoretically, dependence of the gap distance and
the discharge energy is given by equation:

a,=C, E" ®)

where C, and m are the constants that depend on the
machining conditions.

2.3 Different types of EDM

EDM system comes in two basic types (Fig. 3): die-
sinking and wire-cut. Die-sinking EDM, also known as
ram EDM or standard EDM, is the oldest form of EDM
machining. The wire-cut EDM, also known as WEDM
or spark EDM, is controlled by CNC following the
assigned geometry for the part to be produced [5-
7,28,29].

|

Y

o
Die electrode J |’

Wire

a) 3 b)
Fig.3. Different types of EDM
a) Die-sinking EDM, b) Wire-cut EDM

Die-sinking EDM reproduces the shape of the tool
into the part or assembly. Die-sinking EDM are
generally used for complex geometries where the
machine uses a shaped graphite or copper electrode.
Many die-sinking EDM machine with CNC control,
can rotate the electrodes around more axis allowing
machining of internal cavities. This makes die-sinking
EDM a highly capable manufacturing process.

In wire-cut EDM a wire electrode is used to cut a
programmed outline into the workpiece. Wire-cut EDM
is used for shapes cutout of a flat sheet or plate. With a

3



wire-cut EDM machine, an initial hole must first be
drilled in the material, and then the wire can be fed
through the hole to complete the machining assembly.
The wire-cut EDM can produce all sorts of complex
shapes that are very difficult with other processes.

2.4 EDM applications

EDM has become an indispensable process in the
modern manufacturing industry. The use of EDM is
especially essential for machining difficult-to-
machine materials (hardened alloy steel, high speed
steel, superalloy, cemented carbide) and complex
geometry parts for which traditional techniques are
not applicable [1,5].

It is primarily used for production of subtle
cavities in forming tools or polymer injection,
prototype parts and other highly specialized
products. With the increased capability of EDM
controls, new processes use simple-shaped
electrodes to 3D EDM complex shapes. Since the
tool does not touch the workpiece there are no
cutting forces, therefore, very fragile parts can be
EDM machined [30,31]. Also, there is a great
importance of EDM on the production of very
accurate small and micro parts. Some of the
applications made by EDM process are shown in
Fig. 4.

Fig.4. Applications of EDM

3. EXPERIMENTAL APPROACH

As analysed in section 2.2, the machining
characteristics of EDM mostly depend on the
discharge energy, i.e. discharge current and duration
time [32-34].

Fig. 5. shows the effect of the most important
electrical pulse parameters on the material removal rate
of tool steel using copper tool electrode. The diagram
shows dependence of material removal rate on
discharge duration for various discharge currents. The
results of experimental investigation show that for
every discharge current there is a corresponding

optimal discharge duration f,,y which allows
maximum material removal rate. This value increases
with the increase of discharge current [13,21].

This efficiently precludes us from unambiguous
determination of the influence of the discharge current
and pulse duration on material removal rate. The
experimentally established optimal influence of the
electrical pulse parameters on material removal rate,
does not agree with the expected influence. In real
conditions, discharge current and discharge duration
increase material removal rate, as well as the increase
of gas bubbles in the discharge zone. Due to impaired
evacuation of machining products, a portion of the
discharge energy is spent on re-melting and
evaporation of solidified metal particles. Also, larger
portion of discharge energy takes place in a gaseous

environment, thus being lost irreversibly. Such
impaired process stability affects the EDM
productivity.
80 —_
- [ [ 1] ‘ 50A
mmimint [\workpiece: ASTM A881 — =
> Tool:Cu 99.9% (+) /j'/ o] | TN
60 -H Dielectric: Petroleum - | “efort) | R
% U, =100V .7 1 \
£ Mte/t,=0,8 i 30A
S : N
2 4 Il
8 /f""- | Dischargecurrent 1,=20 A
5 20 1 \
= B
£ B =N | 134
2 [eet L%
0 M_71A i t
1 2 4 6 810 20 40 60 ,, 100

Discharge duration t,

Fig. 5. Dependence of material removal rate on
discharge duration for various discharge
currents

Fig. 6 shows the influence of discharge current and
duration time on gap distance. The diagram shows that
the increase of electrical pulse parameters results in
increased gap distance [13,21]. Although the influence
of discharge current and discharge duration on gap
distance is uniform, the discharge current has a
somewhat larger influence on the gap distance. It is
evident that the gap distance follows the electrical pulse
parameters in order to maintain stability of EDM.
Otherwise, the deionization of the discharge zone
would be affected, which could result in either low or
uncontrolled material removal rate.
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Fig. 6. Influence of the discharge parameters on gap
distance



The relationship between the surface roughness and
electrical pulse parameters is shown in Fig. 7. The
results of experimental investigation show a slight
increase of surface roughness with the increase of
discharge duration, while the discharge current has a
more pronounced influence on surface roughness. As
the discharge current increases, so do the discharge
heat concentration on the workpiece surface, which
results in larger craters, i.e. greater surface roughness.
Shown in Fig. 7 are typical images of machined
surfaces at various electrical pulse parameters. The
EDM surface consists of a number of craters of various
dimensions, while the roughness is even in all
directions [13,21].
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Fig. 7. Influence of the discharge parameters on surface
roughness

As EDM generates extremely high temperatures in
machining area, thermal defects are to be expected in
the workpiece surface layer. Shown in Fig. 8 is
metallographic image of the surface layer of hardened
tool steel, which was eroded by a copper tool with a
certain parameters of discharge energy.

. ] i

Workpiece: ASTM ABE1
Tool: Cu 99,9 % (+) .
Dielectric: Petroleum
Ug =100V
t=0.8
te=10 s

=30 A Ee=60001

Fig. 8. Metallographic image of the surface layer of
tool steel after EDM [18]
1. melted layer, 2. hardened layer, 3. interface
layer, 4. tempered layer, 5. basic layer

Metallographic investigations shows that there was
a change in workpiece surface layer. The changes
manifest as uneven thickness, microstructure
transformations, and a modified microhardness
compared to the initial state of workpiece material.
Fig. 9. shows the dependence of recast layer thickness
on discharge energy [18,35-37].

The analysis of metallographic images reveals four
characteristic secondary-changed workpiece surface
layers: melted metal layer, hardened layer, interface
layer, and tempered layer.

The melted layer is a sludge of lightly welded
particles which is a residue left after ejection of
melted material from the crater. The hardened layer
consists of martensite, residual austenite with
extremely pronounced grains, and cementite. The
interface layer consists of martensitic-austenitic
grid, and cementite, where the ratio of austenite
diminishes with the distance from the tempered
layer. The microstructure of the tempered layer is
tempered martensite, and cementite, martensite, and
cementite, which gradually phase into Dbasic
microstructure consisting of martensite with fine
globular cementite.
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Fig. 9. Dependence of recast layer thickness on
discharge energy [18]

Compared to the initial material condition, the
secondary-hardened layer has higher, while the
tempered layer has lower microhardness, Fig. 8.
Higher microhardness of the hardened layer is the
result of the austenitic-martensitic phase transition,
while the lower microhardness of the tempered layer
occurs around the highly tempered grains in the
martensitic-austenitic grid.

4. MATHEMATICAL MODELING OF EDM

The mathematical modeling of the EDM process
based on the electro-thermal model is conducted using
analytical-numerical procedures. It is well known that
thermal modeling of EDM processes is very difficult.
The role of modeling behind thermal phenomena in the
EDM is to adopt the most adequate mathematical
model of factors in the discharge zone and their inter-
relationships [38-40].

For defined thermal model of EDM, the partial
differential equation of heat conduction in two-
dimensional cylindrical coordinate system for the
workpiece and tool is given as follows:

pe— =kl ——+—+ ©6)




Differential Eq. (6) should be considered in
conjunction with the initial temperature which can be
taken as normal room temperature of the dielectric in
which the electrodes are completely dipped:

T(r,z0)|_, =T, 7
and the boundary conditions of the system:
(r,z,1)
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where T is the temperature, r is the radial cylindrical
coordinate, z is the axial cylindrical coordinate, # is the
time, k is the thermal conductivity, p is the material
density, ¢ is the specific heat and ¢ is the heat flux
density.

The finite element method (FEM) that is used to
solve partial differential equations of heat conduction
(Eq. 6) using the Galerkin’s method can be expressed
in matrix form as:

Wy -t o

ot

where [k] is the thermal conductivity matrix; [c] is the
specific heat matrix; {7} is the temperature vector and
{q} is the heat flux vector [41-43].

Example 3D axisymmetric finite element model of
the EDM electrical pulse discharge process is shown on
Fig. 10.

Warkpiece: ASTM A1
Tool: Cu99,9% (+)
Dielectric: Petrolaum
U,=100V
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Dielectric

Fig. 10. FEM model of EDM process of a single
electrical pulse

The results of FEM modeling of the volume of
material removed was compared with the experimental
results as shown in Fig. 11. The diagram show that the
increase of discharge energy, results in increased radius
and depth of the crater, which ultimately leads to higher
volume of material removed from the workpiece. The
average volume of material removed from the
workpiece is calculated using numerical estimated
value geometry of the crater.
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Fig. 11. Comparison of FEM modeling and
experimental results of the material removed
volume

5. MODELING OF EDM PROCESS USING
ARTIFICIAL INTELLIGENCE

Recently, some initial investigations in applying
the basic artificial intelligence approach to model
machining processes, have been realized. To
generalize the experimental results and develop the
system model accurately, neural networks, fuzzy
systems, evolutionary computation etc, are reported as
an alternative approach. From the review of literature,
it is observed that artificial intelligence techniques
have found wide applications in modelling of process
parameters and controlling the EDM system also [44-
47].

Evolutionary algorithms, as their name is
suggesting are based on principles of evolution and
natural selection. Each solution to the problem is
considered to be one individual who is evaluated by
fitness function. Results of evaluation are directly
determining each individual’s probability of mating and
thus transferring his genetic material onto next
generation [48-50].

Evolutionary algorithms are a larger group of
algorithms based on evolution but often only genetic
algorithms (GA) and genetic programming (GP) are
represented. Both of these algorithms are inspired by
nature in same way: they apply evolutionary
characteristics of selection, crossover and mutation on
problem solutions while respecting main law of
evolution, survival of the fittest, gradually progress
towards optimal solution. In genetic algorithms, results
are individuals while in genetic programming solutions
are whole computer programs.

Example for a model of the genetic algorithms for
material removal rate V,,, gap distance a and surface
roughness R,, depending on the discharge currents 7,
and discharge duration ¢,, is given by equations:

V., =0.86-1% 1%

e

a=0.054-712%.¢%% (10)

e

Ra — 2.125 .1:7).468 _t0.041

e

In the text below is presents the development and
application of an ANFIS (adaptive neuro-fuzzy
inference system) in electrical discharge machining for



prediction of surface roughness. In this ANFIS system,
discharge current and discharge duration are the input
variables and output is surface roughness, Fig. 12. The
proposed ANFIS model in this study provides a more
precise and easy selection of EDM input parameters,
leads to better machining conditions and decreases the
machining costs [52,55].
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Fig. 12. ANFIS modeling of surface roughness in EDM
process [55]

The ANFIS modeling of EDM was able to predict
the experimental results and have shown the
predictions on the surface roughness with a very small
average error. ANFIS gives the mapping relation
between the input and output data by using hybrid
learning method to determine the optimal distribution
of membership functions [53]. Both artificial neural
network (ANN) and fuzzy logic (FL) are used in
ANFIS architecture [54].

Fig. 13 describes the comparison of experimental,
ANFIS ANN and GP predicted results for the surface
roughness. It proved that the methods used in this paper
are feasible and could be used to predict the surface
roughness in an acceptable error rate for EDM. The
compared lines seem to be close to each other
indicating with good agreement. Comparative
observation showed that the genetic algorithms gives
slightly smaller deviation of the measured values of
model than neuro-fuzzy model [51,55,56].
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Fig. 13. Correlation between experimental, ANFIS,
ANN and GP surface roughness value [46]

6. APPLICATION FOR SELECTION OF EDM
PARAMETERS

Based on the summary of results of experimental
investigation [13, 18, 21, 57], realised the model for

selection of the optimal electrical pulse parameters
in EDM. The Fig. 14 shows mutual dependence of
material removal rate, tool wear ratio, gap distance
and surface roughness for optimal electrical pulse
parameters. Selected tool surface or surface
roughness enables to choose discharge current and
pulse duration which results in maximum material
removal rate, and the corresponding gap distance and
tool wear ratio.
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Fig. 14. Model for selection of the optimal electrical
pulse parameters in EDM [21]

Fig. 15 shows application form for automatic
selection of input parameters in electrical discharge
machining.
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Fig. 15. Application for selection of EDM parameters
5. CONCLUSIONS

Based on the literature review, it follows that the
electrical discharge machining (EDM) is a very
common type of machining in manufacturing
industries. Thereby, the machining characteristics of
EDM mainly depend on generation and distribution of
discharge energy within the machining zone. The
energy generated depends on the discharge current and
discharge duration, while the distribution of energy
depends on physical and chemical characteristics of the
discharge zone. Since the EDM process is complex and
stochastic in nature, most attempts to model the
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technological performance of EDM process in
literature, has been reported to be based on electro-
thermal concepts. Thereby, for the modeling of EDM
the experimental, mathematical, empirical or intelligent
methods are used, with different characteristics and
approximation results.

Conducted theoretical approach and experimental
investigation of the machining characteristics of EDM,
yields following conclusions:

e Technological performance of EDM directly
depends on the discharge energy which is
transformed into thermal energy in the discharge
zone;

e An existence of optimal discharge energy which
yields optimal productivity and machining
quality;

e The analytical-numerical modeling of EDM is a
practical way to reliably determine the
mechanism of generation and distribution of
thermal energy in the discharge zone and be
estimate the material removal rate and surface
roughness;

e Research showed that intelligent models give
accurate prediction on technological
performance in EDM;

e Values predicted by the mathematical and
intelligent model largely agree with the
experimental results and the difference between
the modeling and experimental results are
primarily due to the difficulity to incorporate all
effects in the electro-thermal model of EDM
process.
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Abstract: In the present paper, dynamic cutting force components have been modelled using response surface
methodology based on design of experiments. Ball end milling tests have been performed according the
experimental plan using central composite design. Analysis of variance (ANOVA) has been performed to test for
adequacy on the experimental data and a full quadratic mathematical models have been established. ANOVA for the
individual terms revealed that axial depth of cut is the most dominant cutting parameter for tangential and axial
dynamic cutting forces, accounting for 49.27% and 45.10% contributions, respectively. Radial depth of cut is the
most dominant parameter for radial force and contributes 64.21% for it. Composite desirability function and
teaching learning based optimization (TLBO) algorithm have been used for determining optimal cutting process
parameters like of feed per tooth, cutting speed, axial and radial depth of cut. Optimum values of cutting parameters
have been obtained using composite desirability function (CD) and TLBO. The best optimum value of cutting
process parameters has been obtained through TLBO and are feed per tooth (f.) = 0.06 mm, axial depth of cut (a,) =
0.79 mm, cutting speed (V) = 169 m/min, and radial depth of cut (a,) = 0.42 mm. The optimum value of dynamic
cutting force components have been validated by conformation experiments and are in good agreement with the
predicted result.

Key words: Ball end milling, dynamic cutting force, optimization, response surface methodology, TLBO

Empirijsko modelovanje dinamickih sila i optimizacija parametara pomocéu metode zasnovane na bazi
algoritma poucavanja-u€enja i metodom odzivnih povr§ina kod visokobrzinskog glodanja loptastim
glodalima. U ovom radu, komponente dinamicke sile su modelovane pomocu metode odzivnih povrsina po planu
eksperimenta. Testovi glodanja loptastim glodalima su sprovedeni saglasno planu eksperimenta koriséenjem
centralnog kompozitnog plana. Analiza varijacije (ANOVA) je sprovedena da bi se odredila adekvatnost
eksperimentalnih podataka a u zavrsnoj fazi je generisan potpuno kvadratni matematicki model. Za pojedine uticaje
je ANOVA pruzila podatke koji otkrivaju da je aksijalna dubina glodanja najuticajniji parametar pri tangencijalnim
i aksijalnim dinamickim silama procesa obrade. Brojcano izrazeno imaju uticaj od 49,27% i 45,10%. Radijalna
dubina glodanja je najuticajniji parametar kod radijalne sile sa udeom od 64,21%. Pozeljna kompozitna funkcija
(CD) i algoritam zasnovan na poucavanju-ucenju (TLBO) su korisc¢eni pri odredivanju parametara procesa
glodanja, kao sto su pomak po zubu, brzina rezanja i aksijalna i radijalna dubina rezanja. Optimalne vrednosti
parametara obrade su odredene pomocu CD i TLBO. Kao najpodobniji optimalni parametri procesa obrade,
generisani sa TLBO, su pomak po zubu (f.) = 0,06 mm, aksijalna dubina reza (a,) = 0,79 mm, brzina rezanja (V) =
169 m/min, i radijalna dubina reza (a,) = 0,42 mm. Optimalne vrednosti komponente dinamicke sile rezanja su
potvrdene naknadnim eksperimentom i u dobrom su slaganju sa predvidenim vrednostima.

Kljucne reli: Glodanje loptastim glodalima, dinamicka sila rezanja, optimizacija, metoda odzivnih povrsina, TLBO

1. INTRODUCTION temperature resulting in thermal softening of the
workpiece material [1]. In addition, a high speed leads

High speed ball end milling is a machining process to decrease in chip thickness. This allows always a
used extensively in automobile, aerospace and, die and greater shear deformation and results in corresponding
mould making industries. This is a very efficient decrease in cutting force [2]. In ball end milling

machining process for producing aerodynamic process, high cutting performance may be achieved by
sculptured components like turbine blade and selecting appropriate cutting parameters. In industries,
propellers with high dimensional accuracy and surface desired cutting parameters are usually determined

finish. Machinability, dimensional accuracy and tool based on the experience of the machining operators or
deflection are highly influenced by cutting forces in by the use of handbook. Experience based cutting
high speed ball end milling. In addition, cutting forces parameters do not ensure that the cutting performance
play a major role in determining tool life, surface finish is near optimal. Several mathematical models [3-9]
and machine tool vibration. Thus, a precise knowledge have been proposed to select the appropriated cutting
of cutting force is very much essential for an effective parameters to establish the relationship among cutting
ball end milling process. In high speed machining performances and cutting parameters based on
process, high cutting speed results in highly localized statistical regression techniques like response surface
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methodology (RSM), Taguchi method, and factorial
methods or neural network. These mathematical model
(models) has been further used as an objective function
with constraints to solve for the optimal cutting
parameters using optimization methods.

M. Alauddin et al. [3] attempted to model the
cutting force for studying the effect of feed per tooth
and axial depth of cut on average tangential cutting
force in end milling of Inconel 718. It was found that
both the feed and axial depth of cut affected the
average cutting force. It increased with an increase in
axial depth of cut or feed or both of them
simultaneously. Ding et al. [4] also reported that cutting
force components were mostly affected by axial depth
of cut and feed in hard milling of AISI H13 steel. They
had used maximum absolute value of cutting forces in
one cutting period (i.e. one full rotation of the tool) for
analysis using Taguchi method and concluded that a
linear model could be fitted for all the three
components of forces, namely axial force, feed force
and normal force. Ozel et al. [5] employed four factor
two level fractional factorial experiments to study the
effect of cutting edge geometry, workpiece hardness,
feed and cutting speed on surface roughness and cutting
forces in hard turning of hardened AISI H13 steel.
They found that all the above parameters were
statistically significant. They reported that decrease in
edge radius and workpiece hardness resulted in lesser
tangential and radial forces. Dikshit et al. [6] carried
out an experimental investigation to study the effect of
feed per tooth, cutting speed, radial depth of cut and
axial depth of cut in ball end milling of A12014-T6 and
reported that tangential, radial and axial cutting force
components were mostly affected by axial depth of cut
only.

C. K. Toh [7] studied the effect of cutter path
strategies on tool life using the static and dynamic
cutting forces. He concluded that, the cutting forces
increased and tool life decreased with increase in axial
depth of cut regardless of the milling path orientations.
He also found that dynamic cutting forces were more
sensitive to tool wear. Tangjitsitcharoen et al. [8]
employed the dynamic cutting force ratio to predict in-
process surface roughness using multiple regression
analysis and found that increase in dynamic cutting
force ratio increased surface roughness. Bhogal et al.
[9] investigated the effect of process parameters on
surface roughness and tool vibration in end milling
using RSM. Dynamic cutting forces are very important
in machining process because these are directly related
to machine tool vibration, tool deflection and tool
chattering, poor surface finish and premature tool
failure. Dimla [10] established inter-relationship
between vibration signals and the cutting forces to find
out the dynamic nature of the cutting process. He
reported that dynamic cutting forces have some impacts
on the dynamic behavior of a cutting process. The
developed model was further wutilized for the
development of tool condition monitoring systems
(TCMSs).

In the present paper, mathematical models have
been developed using RSM for dynamic cutting force
components in high speed ball end milling to
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investigate the effect of process parameters viz. feed
per tooth (f,), cutting speed (¥), radial depth of cut (a,)
and axial depth of cut (a,). Machining experiments
have been planned using design of experiments (DoE)
based on response surface methodology. The analysis
of variance (ANOVA) has been performed to
investigate the effect of cutting process parameters on
the dynamic forces in tangential (Fx), radial (Fy) and
axial (Fz) directions. These mathematical models have
been further used for optimization of dynamic cutting
force components using meta heuristic optimization
method called teaching learning based optimization
(TLBO) and composite desirability function (CD). The
optimal cutting parameters have been.

2. MATERIALS AND METHODS

2.1 Static and dynamic cutting forces
In ball end milling, time duration of tooth contact
with the workpiece is a fraction of spindle period (time
taken to complete one revolution of the tool or spindle)
and the chip thickness varies over a revolution of the
cutting tool. Force signals recorded by dynamometer
are dynamic in nature due to the varying chip thickness
and the nature of tool engagement with the workpiece.
Post process of the collected force signals of each
repeated test revealed that a section of force signal was
constant and did not change with time as the cutting
process progressed. This constant force signal was
reported as static force signal [10] and was given by
mean value of the sampled data as follows:
1 N
Fg=— X Fi (1) (1)
N =
where Fs, N, Fi are static force components, number of
sample points and force signal data at i position,
respectively. The cyclic variation of the force
components beyond the threshold may result in
dimensional inaccuracy and machine tool chatter. It is
difficult to eliminate this cyclic variation as well as to
predict the cutting conditions under which this cyclic
variation occurs. Therefore, to get an indication of the
system fluctuations, the dynamic forces are required to
be studied carefully. Dynamic force signal can be
found by subtracting static force from the maximum
recorded force. If Fj is dynamic force component and
F. 1s the maximum force, then the dynamic force
component may be mathematically expressed as:

Fp xvz = Fnaxxyz —Fs xvz (2

Dynamic cutting forces fluctuate with excursions to
zero and then to higher magnitudes during cutting. The
consequence of these excursions have been the onset of
tool holder vibration whereby chattering often results at
high magnitudes [11, 12]. For illustration, static and
dynamic forces are shown in the Fig. 1. In the present
paper, the dynamic cutting forces in Fx, Fy and Fz
directions have been determined using Egs. (1 and 2)
using 20000 sample points. Analysis of variance
(ANOVA) and regression analysis have been
performed using response surface methodology [13].
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Dynamic cutting force
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Fig. 1. Force (N) vs. time (s), showing static and
dynamic forces (An illustrative figure)

2.2 Experimental plan

Response surface methodology (RSM) is a
sequential procedure and is a collection of statistical
techniques used for modelling and analysis of
processes in which a response of interest is correlated
with several input variables. The objective of RSM is to
determine the optimum operating condition in terms of
a region of factor space in which output requirement(s)
are satisfied. In this methodology, a response variable
Y is postulated to be a random variable and £’s number
of input variables (x;, x, x;... x;) are presumed to be
continuous. On performing experiments, it is possible
to represent the functional relationship between
independent input factors and response variable in

quantitative form by regression analysis. Thus,
mathematically, it may be written as:
Y:f(xl,xz,x3,...,xk)ﬂ:8 3)

If the system has curvature, then a polynomial of higher
degree must be used. A second order polynomial in
independent variables is given by:

k koo
Y=pp+ ZI Pixi + .Z] Biix; +
iz

=

k k
X X Pijxixjte (4)
i=1j=1

where, f, is constant, B, B p; are the constants of
linear, square and interaction terms respectively. ¢ is
the experimental error. A central composite design
(CCD) is the most popular design of experiment used
for fitting the second order models. In the present
study, CCD is used to carry out the experiments. The
response variables considered are dynamic cutting
force components in Fyx, Fy, and F; directions. Four
cutting parameters, i.e., f, a, a. and V have been
considered. The coded values along with actual values
of these input variables are shown in the Table 1. The
coded values of intermediate levels are obtained by:

X; - [2X_(Xmax JrXmin)] 5)

Xmax = Xmin

where X; is the required coded value of the variable X.
X is any value of variable lies between X,;, to X, 1.€.
maximum and minimum values of cutting parameters.
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No. Factors Coded level

-2 -1 0 1 2
1 £ 0.02 0.070.120.17 0.22
2 a,Xy) 0.2 06 1 14 18
3 a.(X3) 0.1 03 0.5 07 09
4 V(X 75 100 125 150 175

Table 1. Experimental parameters and their levels
3. OPTIMIZATION METHODS

3.1 Teaching learning based optimization (TLBO)

TLBO is a meta-heuristic optimization algorithm
based on teaching—learning process developed by Rao
et al. [14]. This is a very efficient and accurate nature
inspired optimization technique. Rao ef al. [14] had
applied TLBO on different mechanical design
benchmark problems like design of pressure vessel,
tension/compression spring, welded beam and gear
train etc. The effectiveness of TLBO was compared
with the research available on the above mentioned
problems using different optimization techniques. They
had also employed TLBO on constrained mechanical
design problem available in literature and reported that
the performance of TLBO is better than the other
nature inspired optimization methods for the
constrained mechanical design problems.

Rao et al [15] employed TLBO on non-linear
optimization problems. They had compared the TLBO
and other optimization techniques like genetic
algorithm (GA), particle swarm optimization (PSO),
artificial bee colony (ABC) and harmony search (HS).
The effectiveness of TLBO was checked on different
performance criteria viz. mean solution, success rate,
average function evaluations and convergence rate etc.
It was reported that TLBO has better performance over
other optimization techniques stated earlier. Rao and
Kalyankar [16] successfully applied TLBO on the
examples previously attempted by various researchers
for parameter optimization of different modern
machining processes like, ultrasonic machining,
abrasive jet machining, wire electrical discharge
machining, etc. They had also compared the results
obtained by TLBO to other nature-inspired
optimization techniques and reported that considerable
improvement was observed in results and convergence
using TLBO. Rao ef al. [17] had also applied TLBO for
parameter optimization of a few selected casting
processes like, squeeze casting, continuous casting and
die casting. They had observed that results obtained
from TLBO was satisfactory and requires less
computational efforts. Baghlani and Makiabadi [18]
employed TLBO for shape and size optimization of
truss structures with dynamic frequency constraints.
Considering various benchmark problems they
concluded that very satisfactory results were obtained
using TLBO in comparison to those of PSO, HS and
firefly algorithm (FA).

TLBO is a population based method and global
optimum is obtained by using the population of
solutions. TLBO is based on the effect of influence of a
teacher on the output of learners in a class. The
algorithm mimics teaching-learning ability of teacher
and learners in a class room. In TLBO the population is



considered as a group of learners (students). Teacher
and learners are the two vital components of the
algorithm describing two basic modes of the learning,
through teacher (known as teacher phase) and
interacting with the other learners (known as learner
phase). Thus, the algorithm is based on the teaching-
learning ability of teacher and learners in a class room
and is distinguished in two parts namely (1) teacher
phase and (2) learner phase.

3.1.1 Teacher phase

In a class room the teacher tries to increase the level
of the knowledge of the students up to their level. But
in actual practice it is not possible (extremely difficult)
to increase the knowledge level of the students to a
desired level. Therefore, the teacher tries to move the
mean result of the class up to some extent (close to
desired level) in the specific subject taught by him or
her depending on the capabilities of the class [14]. Let
us suppose that number of subjects also called design
parameters is represented by m, and #n is the number of
learners (students) i.e. population size. A teacher is
treated as a highly knowledgeable who teaches learners
for better results. Therefore, a teacher is considered as
the best learner and hence tries to improve its mean
results. At any particular iteration i, M, is the mean
result of the learners in a particular subject j. The best
overall result Xk seacher» Obtained in the entire
population of learners considering all the subjects
together can be considered as the result of best learner
kieacher- The solution is updated according to the
difference between the existing mean result of each
subject and the corresponding result of the teacher for
each subject and can be given by:

Difference _ Mean; Joi ~ i (X Jr.teacher — Tp Mjai) ©)

where, X; qcrer 15 the result of the best learner (i.e.,
teacher) in subject j, Tr is the teaching factor and 7; is
the random number varies over the range of [0, 1]. The
value of T is decided randomly with equal probability
as [15]:

Ty = round [ 1+ rand (0,1)-{2-1}] (D)

Tr is not a parameter but a heuristic step in the TLBO
algorithm. The best optimal solution using TLBO can
be obtained if the value of T is either 1 or 2 and
decided randomly by the algorithm using equation (7),
[16]. The existing solution is updated in the teacher
phase using the difference mean according to the
following expression shown in equation (8).

Xj,k,i = Xj,k,i + Difference _Mean ®)
Where, X;;; is the updated value of X, ;. If X', gives
a better function value, then it has to be accepted. All
the accepted function values at the end of the teacher
phase are maintained and these values become the input
to the learner phase.

Jokii

3.1.2 Learner phase
The knowledge of the learners can be increased
through input from the teacher and through interaction
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among themselves. A learner can learns new things and
enhance his or her knowledge with interacting with
another learner which has more knowledge [14]. For a
population size of ‘n’, let us consider two learners P
and Q. The learning procedure of P and O can be
obtained by the updated solution of P and Q i.e. X jus.p,
; and X0 at the end of teacher phase under the
condition that X’ ,uip, i # X tora-0,1-

Xjpi =Xjpi ”i(Xj,p,i ‘X JQi ) ithotal—p,i < Xtotal—Qi ©)
R , , o , 10
XLPJ - X./,P,i *i (X./,P,i -X JQi ) if Xtotal—p,i > X total-Q,i (10)

X7 pi is accepted if it gives a better functional value.
All the accepted functional values obtained at the end
of the learner phase restored and these values become
the input to the teacher phase of the next iteration. The
random values (r;) used in equations (6), (9), and (10)
may be different. Equations (9) and (10) are used for a
maximization problem. The reverse is also true for the
minimization problem [16]. Pseudo code for TLBO for
step by step demonstration is given below.
Set k=1;
Objective function f(X;, X5, X;, Xy)
Generate initial population i.e. no of students
Calculate the objective function for all population
while (the termination conditions are not met)

{Teacher Phase}

Calculate the mean of each design variable M;;;

Identify the best solution (teacher)

for 1in

Calculate teaching

T, = round [1 +rand (0,1){2 —1}]

Modify solution based on best solution

factor

(teacher)
X},k,i =X pitt (Xj,teacher - TFMj,i)
Calculate objective function for new
mapped learner /(X ;)
if X7, is better than X ;;
Xiki=Xiki

end if {End of Teacher Phase}
{Learner Phase}
Randomly select another learner X7, such that

X;otal—P,i i X;otal—Q,i
if total—p,i < XtotalfQ,i
Xjpi =X, pithi (Xj,p,z‘ - Xj,Q,i)
else
Xjpi=Xjpith (Xi,Q,i — X p )
end if
ith’otal—P,i is better than X;otal—Q,i
;otal—P,i = X;otal—Q,i
end if {end of learner Phase}
end for
Set k=k+1
end while



3.2. Response surface optimization.

Response surface optimization is very useful to find
out the cutting parameters (f., 4, A, V) at which the
response (Fx, Fy, and F;) reach to the optimal value in
high speed ball end milling process. Optimization using
RSM may be divided into three groups, viz., (1)
approach based on overlapping of contours, (2)
composite desirability function and (3) dual response
system methodology [19]. Composite desirability is
one of the most widely used methods in industry which
is based on weighted geometric mean of the individual
desirability’s for the responses on a range from zero to
one. The common approach is to find out the individual
desirability index of the responses by transforming the
corresponding response y; into the individual
desirability function d; (y;) varying over the range 0< d;
(v) <l using the suitable formulae as proposed by
Derringer and Suich [20]. Ideal case is represented by 1
and 0 indicates the worst case, i.e., one or more
responses are outside the desired limits. In this
approach, the inputs are target value (7;), upper value
(Vmax) and lower (y,,;,) value of the responses. There are
three forms of desirability functions, viz., (1) the lower-
is the-better, (2) the higher-is-the-better and (3) the
target-is-the-best, depending on whether a particular
response problem y; is to be minimized, maximized or
is assigned a target value. In the present study lower-is-
the-better form is applied for minimizing Fx, Fy, and F;
which may be given as:

1 Vi < Ymin

Yi = Vmi
di(yi): Timm yminﬁyiﬁymax,rZO(ll)
i~ Vmin

0 Yi 2 Ymax

Where, V,in, Vmar» and T; represents lower value, upper
value and target value respectively of the response y;.
‘r’ indicates the weight and its value is larger if the
response is close to the target value, otherwise, it is set
to the lower value. It is the most important parameter
that determines the shape of the desirability function
di(y;). Desirability function is linear if » = 1 and convex
when r > 1. If the value of r lies between 0 and 1 the
shape of d;(y;) is concave. The individual desirability
index of all the responses are then combined using the
geometric mean to get the overall desirability or
composite desirability D,:

1
D, :{"1 (30)"1 = (32)"2 a3 (33) *% (y’”)wm}W (2

Where, d; (i =1, 2, 3... m) is the individual desirability
of the response, m; is the weight of d; and W is the sum
of the individual weights.

4. RESULTS AND DISCUSSION

4.1 Experimental details

The experiments have been conducted on a high
speed three axis CNC vertical machining center
(Model: MICRON VCP 710, Germany). All the test
runs have been performed in dry environment. A 2-
fluted solid carbide ball end milling cutter (Sandvik
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coromant, CoroMill Plura, R216.42-10030-Al10G
1620) with PVD monolayer coating of TiAIN has been
used. The diameter, rake angle and helix angle of the
cutter is 10 mm, 4° and 30° respectively. The
experiments have been performed on aluminium alloy
Al2014-T6 work piece block of size 160x100x100
mm®. The cutting forces in Fyx, Fy and F; directions
have been measured with Kistler 3-component
piezoelectric dynamometer (Model: 9257B) along with
multichannel charge amplifier (Type: 5011B) and a
data acquisition system. The dynamometer was
calibrated with static and dynamic loading before
starting the experiments. Cutting force data have been
collected at the sampling rate of 1200 Hz and the post
processing of the cutting force data have been
performed using Dynoware software in a computer
with windows XP as operating system.

Dynamic cutting forces in Fx, Fy and F; directions are
obtained by slot milling tests performed according the
experimental plan as shown in Table 2. Noises in the
cutting force signals have been eliminated during the
post processing and maximum cutting forces in Fy, Fy
and F7 directions have been obtained. Thus, the cutting
force signals in these three directions have been again
post processed and subsequently, dynamic force
components have been determined as mentioned
earlier. A full quadratic model is considered and effect
of each cutting parameters have been studied for each
of the responses, i.e., Fx, Fy and F;. MINITAB 16 has
been used for the above purpose. Thus, the regression
equations have been determined. The significance tests
for the input parameters as well as for the models have
been carried out and the model adequacy has been
checked.

4.2. Analysis of variance (ANOVA) and

mathematical model development

Significance tests for individual terms have been
performed through ANOVA. Table 3 shows the
ANOVA and fit summary for dynamic tangential
cutting force component. The significant terms are
characterized by the p-value less than 0.05 (i.e. a =
0.05 or 95% level of confidence). It may be observed
that the linear terms of the model are significant,
whereas some of the squared terms and interaction
terms like, f*, a,*a, f*V, a,*V and a*V are
insignificant. The insignificant terms have been
eliminated through backward elimination process one
by one to reduce the model and in every step adequacy
of the model has been checked. Thus, ANOVA and fit
summary of the final model for Fx is shown in the
Table 4. Table 4 also reveals that the second order
regression model is highly significant and also the lack-
of-fit is insignificant. An insignificant lack-of-fit is
desirable. R* is one of the most important statistic
which is a measure of the amount of reduction in the
variability of response obtained by using the regressor
variables in the model. As R? approaches to unity, the
response model fits better with the actual data.
However, a large value of R® does not necessarily
imply that the regression model is good. Adding a
variable to the model will always increase in R? as it
always increases when terms are added to the model.



Coded levels Actual values Responses

Run X, X, X3 X, f a, (mm) a,(mm) V(m/min) Fx Fy F;

No. (mm/tooth) N) N) N)

1 -1 -1 -1 -1 007 0.6 0.3 100 56.26 15.73  32.98
2 1 -1 -1 -1 017 0.6 0.3 100 76.42 19.72  43.88
3 -1 -1 -1 007 1.4 0.3 100 94.11 1240 4737
4 1 1 -1 -1 0.17 1.4 0.3 100 132.23 20.77  61.02
5 -1 -1 1 -1 0.07 0.6 0.7 100 66.22 33.90  40.11
6 1 -1 1 -1 017 0.6 0.7 100 103.19  48.59  52.05
7 -1 1 -1 0.07 1.4 0.7 100 117.65 42.19  62.28
8 1 1 1 -1 017 1.4 0.7 100 188.91 56.65  90.34
9 -1 -1 -1 1 0.07 0.6 0.3 150 40.48 9.43 25.10
10 1 -1 -1 1 0.17 0.6 0.3 150 59.23 13.09  28.97
11 -1 1 -1 0.07 1.4 0.3 150 80.49 10.90  37.07
12 1 1 -1 1 0.17 1.4 0.3 150 104.06 14.60  49.08
13 -1 -1 1 1 0.07 0.6 0.7 150 51.52 18.32 2745
14 1 -1 1 0.17 0.6 0.7 150 82.48 26.96  35.70
15 -1 1 1 1 0.07 1.4 0.7 150 96.24 31.67 53.71
16 1 1 1 1 0.17 1.4 0.7 150 153.68  41.20 71.71
17 20 0 0 0.02 1 0.5 125 48.71 12.84  26.70
18 2 0 0 0 0.22 1 0.5 125 134.53 29.05 64.24
19 0 20 0 0.12 0.2 0.5 125 35.17 15.73  20.75
20 0 2 0 0 0.12 1.8 0.5 125 159.56  30.14  75.39
21 0 0 20 0.12 1 0.1 125 43.05 5.66 25.49
22 0 0 2 0 0.12 1 0.9 125 102.15 46.31  55.77
23 0 0 0 2 012 1 0.5 75 129.39 34.61  70.61
24 0 0 0 2 0.12 1 0.5 175 81.19 18.31  37.97
25 0 0 0 0 0.12 1 0.5 125 92.74 2412  48.82
26 0 0 0 0 0.12 1 0.5 125 93.40 2489 47.11
27 0 0 0 0 0.12 1 0.5 125 95.27 23.15  47.05
28 0 0 0 0 0.12 1 0.5 125 99.14 23.34  48.01
29 0 0 0 0 0.12 1 0.5 125 96.80 25.72  48.94
30 0 0 0 0 0.12 1 0.5 125 100.87 2435  50.99
31 0 0 0 0 0.12 1 0.5 125 100.53 2222  51.33

Table 2. Experimental design layout and results for cutting force component

Sources DoF Seq SS F p S <0.05
Model 14 38759.0 116.64 0.000 Significant
f. 1  9160.0 385.93 0.000 Significant
a, 1 19286.5 812.57 0.000 Significant
a, 1 4760.7 196.79 0.000 Significant
4 1 2886.6 121.62 0.000 Significant
1.4, 1 15.2 1.12 0.305 Insignificant
a,*a, 1 18.0 0.27 0.612 Insignificant
a.*a, 1 1034.5 3941 0.000 Significant
vy 1 172.1 7.25 0.016 Significant
f.*a, 1 4363 1838 0.001 Significant
f.*a, 1 5764 2428 0.000 Significant
XV 1 80.1 3.37  0.085 Insignificant
ay*a, 1 3475 14.64 0.001 Significant
a,*V 1 564 2.38 0.143 Insignificant
a*V 1 18.7 0.79 0.388 Insignificant
Resid. Error 16 379.8 - - -
Lack-of-Fit 10 313.6 2.84 0.107 Insignificant
Pureerror 6  66.1 - - -

Total 30 39138.8 - - -

R*=99.03% ; R%adj = 98.18%; F-table (lack of fit)

=4.06

Table 3. ANOVA and fit summary of tangential

dynamic cutting force (Fx)

Therefore, adjusted R? (R*adj) is preferred. It often
decreases if unnecessary terms are added [12]. When
the difference between R? and R*-adj is large, there
would be a good chance that insignificant terms have
been included in the model.

From Table 4, it is seen that the difference between
R’ and R’-adj is very small (0.0062), which is
desirable. The obtained R*-adj value (0.9792) is very
close to unity, which shows a very good correlation
between experimental and predicted results. The
adequacy of the model has been checked using the F-
test also. The F-value for the lack of fit of developed
model should not exceed the standard tabulated F-
value. A very high F-value (157.58) and a very small
p-value (negligibly small) for the model shows that
the model is adequate. The F-value of lack-of fit of
the developed quadratic model is 3.05, which is less
than the standard tabulated F-value (4.06) at 95%
confidence level. Thus, the model is sufficiently good
to be acceptable.



Sources Dof SeqSS F p PC (%)
Model 10 38567.7 157.58 0.000 98.56
f. 1 9160.0 336.83 0.000 23.40
a, 1 19286.5709.21 0.000 49.27
a, 1 4760.7 171.75 0.000 12.16
|4 1 2886.6 106.15 0.000 7.3
a.*a, 1 1021.1 34.54 0.000 2.60
vy 1 1825 6.71 0.017 0.46
f*a, 1 4363 16.04 0.001 1.12
f*a, 1 5764 21.19 0.000 1.47
ay*a, 1 3475 12.78 0.002 0.88
Residual 21 5711 i i )
Error
Lack-of-Fit 15 504.9 3.05 0.088 Insignificant

Pureerror 6  66.1 - - -
Total 30 39138.8 - - -
R? = 98.54%; R%-adj = 97.92%
Table 4. ANOVA and fit summary of tangential
dynamic cutting force (Fx) for reduced model

Similar procedure has been employed for Fy, Fz
dynamic cutting force components. ANOVA and fit
summary for the reduced quadratic models are shown
in the Table 5 and Table 6 respectively. Thus, the
second order mathematical models for Fyx, Fy, F; in
coded forms are determined as:

Fy =96.50+19.53f, +28.34a,+13.95a, ~10.96V ~5.67a7 (13)
+2.500245.22f apy +6.00f,* ag +4.66a,*

Fy =23.62+ 4.14 f,+3.06a ,+11.00a,~ 4.84V'+0.86a2+ 0.97V> (14)
FL72/,% ap —0.99 f;*V+2.70a * ag +1.03a,* V- 2.66a5*V

Fz =48.0047.57/,+12.31a,,+7.01a,—6.93V~1.9247 15)
1490724229 f%a  +1.61 /%0, 43.69 " a,
Sources Dof Seq SS F p PC (%)
Model 11 4464.87 123.24 0.000 98.61
1. 1  412.18 125.14 0.000 9.10
a, 1 22485 6827 0.000 4.96
a, 1 2907.08 862.62 0.000 64.21
vV 1 56435 17134 0.000 12.46
a,*a, 1 17.66 6.57 0.019 0.39
V*y 1 28.00 8.50 0.009 0.61
f-*a, 1 4761 1445 0.001 1.05
1.*V 1 1596 4.85 0.040 0.35
a,*a, 1 11686 3548 0.000 2.58
a*V 1 17.02 5.17 0.035 0.37
a*v 1 11332 344 0.000 2.50

Residual 19 62.58 i ) )

Error

IEiCk'Of' 13 5437  3.06 0.089 Insignificant
Pure 821 - - -

error

Total 30 452745 - - -

R? = 98.62%; R*-adj = 97.82%

Table 5. ANOVA and fit summary of radial dynamic
cutting force (Fy) for reduced model

Sources DoF SeqSS F p PC (%)
Model 9  7889.00 10036 0.000 97.72
7 1 137653 157.60 0.000 17.05
a, | 364130 41690 0.000 45.10
4, 1 1182.17 15335 0.000 14.64
v 1 115537 13228 0.000 1431
a*a, 1 12397 1234 0002 153
V5V 1 6509 745 0013 0.80
f*a, 1 8446 967 0.005 1.04
f*a, 1 4167 477 0040 051
a*a, 1 21845 2501 0.000 2.70
Residual ) 18342 - . .

Error

;ﬁCk'Of' 15 16572 375 0056 Insignificant
Pure 1770 - - -
error

Total 30 807242 - } -

R’ =97.73%; R*-adj=96.75%

Table 6. ANOVA and fit summary of axial dynamic
cutting force (Fz) for reduced model

4.3. Analysis of the influences of cutting
parameters on the responses

Percentage contribution (PC) of each term for Fx
is shown in the Table 4. The main effect of a, is most
significant with a PC of 49.27% in linear part followed
by f. 23.40%, a, 12% and V 7.3% respectively. The
second order effect of radial depth of cut is more
significant than cutting speed. The two level interaction
of feed per tooth and radial depth of cut (f;*a.) is most
significant. From the second order model, it is evident
that dynamic cutting force in Fx increases with increase
in a, and f£.. It decreases with increase in V. From Table
5, it is revealed that Fy is mostly affected by a, with a PC
of 64.21% followed by V and f.. In two-level interaction
a, is also the most important factor. F; component of the
dynamic force shows similar behavior like Fyx. Axial
depth of cut is most dominant factor among all the
cutting parameters with the total effect of 45.10 % in
linear terms followed by feed per tooth and cutting
speed. It is interesting to note that the PC of cutting
speed and radial depth of cut is almost same as shown in
Table 6. Values of all the three components of the
dynamic cutting force decrease with increase in cutting
speed. Fx and F; are mostly affected by cutting speed
whereas Fy is affected very little by it. All the dynamic
cutting forces (Fx, Fy and Fy) increase with increase in
axial depth of cut. 3-D surface graphs for tangential,
axial and radial components of the dynamic force are
shown in Figs. 2-4 respectively. All the three
components have curvilinear profile in accordance with
the fitted quadratic model. From the Figs. 2-4, it is clear
that the cutting force components increase with increase
in axial depth of cut and feed per tooth.

Fig. 2 (a) reveals that an increase in a, and a.
increases the tangential cutting force component. At
lower value of a, and a,, the force value is minimum
keeping other parameter fixed at zero level. Cutting
speed has significant effect on cutting force component
and decreases on increasing the cutting speed. From
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Figs. 2 (b) and (d), we can observe that Fx decreases a, and a,, Similar trend has been observed for F; as
with the increase in V. In case of other parameters like f;, shown in the Figs. 3 (a-d).

007

22
a) Fx as a function of axial and radial depth of cut

(c) Fx as a function of feed per tooth and axial depth
of cut

(d) Fx as a function of feed per tooth and cutting

(b) Fx as a function of axial depth of cut and cutting
speed

speed
Fig. 2. Response surface plots for tangential cutting force component (Fy)
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(c) Fz as a function radial depth of cut and cutting

(a) Fz as a function of axial depth of cut and cutting
speed

speed

100,

=2 _2
(b) F7 as a function of axial and radial depth of cut

(d) Fz as a function of feed per tooth and axial depth
of cut

Fig. 3. Response surface plots for axial cutting force component (F)
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(a) Fy as a function of axial and radial depth of cut
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s, (?‘v//ﬁ
22
(b) Fy as a function of feed per tooth and axial depth
of cut

Fig. 4. Response surface plots for radial cutting force component (Fy)

Contour and surface plots of Fy is shown in Figs. 4
(a) and (b). From Fig. 4 (a), it is evident that the a, is
the most dominating cutting parameters. Fy increases
with increase in the value of a..

Predicted values of dynamic force components
(Fx, Fy and Fy) obtained from the quadratic model (at
95% confidence level) are very close to the
experimental values as shown in Fig. 5. The results
show that there is a variations of 6.12%, -7.18% and
8.31% in tangential, radial and axial dynamic force
components, respectively in the cutting speed range of
75-150 m/min and axial depth of cut range of 0.2-1.4
mm. The variation in predicted result is mostly
observed at higher cutting speed of 150 m/min and
axial and radial depth of cut ranging from 1-1.4 mm
and 0.5-0.7 mm respectively. At lower depth of cut the
variation is very small accounting 3.58%, -2.16% and
5.23% in tangential radial and axial components
shown in Fig 5.

200
00
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—
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=
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Cutting forces (N)

w
=
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L L L L
0 5 10 15 20 25 30 35
Number of runs

Fig. 5. Comparison between predicted and measured
values of dynamic force components

4.4 Optimization results using CD

In the present study, the goal is to minimize the
dynamic cutting forces components. Optimization
result for dynamic cutting force components using
composite desirability function (CD) is shown in Fig.
6. In Fig. 6, column represents cutting parameters
while a row corresponds to responses. Variation of
responses are indicated by each cell of the plot with
change of a parameter keeping other parameters fixed.
The current parameter settings are indicated at middle
row of the top of the column and can change with the
parameters settings interactively. The responses
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(dynamic cutting force components, Fx, Fy and F7),
goal for the response minimization, predicted values of
responses at the current parameter settings with
individual desirability score are indicated at each row in
left column. The optimum results for Fy, Fy and F;
dynamic cutting force components using RSM
optimization is shown in the Table 7. The optimum
cutting parameters in coded unit are found to be feed per
tooth of at level -1.01 (0.07 mm/tooth), axial depth of
cut -0.45 (0.82 mm), radial depth of cut -0.67 (0.53 mm)
and cutting speed at level of 1.56 (164 m/min).
Corresponding optimized dynamic force components
are Fx = 48.62 N, Fy = 11.25 N and F; = 25.18 N
respectively. Overall composite desirability is 0.93
shown in Fig. 6.

4.5 Optimization results using TLBO

The detailed procedures for implementation of
TLBO are stated as follows:
(1) Defining the optimization problem as:

Minimize Ra (fz,ap,ae,V)

Subjected
0.02 mm/tooth < f, <0.22mm/tooth, 0.2mm<a

to:
p <1.8mm
75m/min <V <175m/min
The developed mathematical model for dynamic cutting
forces have been used as fitness function of TLBO for
minimization. The constraints are £, V, a, and a..
(2) Initialize the population.
In the second step, a random population is generated
according to population size and number of cutting
parameters. Learners represent population size and
subjects represent the cutting process parameters in
TLBO. The cutting process parameters are used to
generate a random initial population.
(3) Teacher phase solution
(4) Learner phase solution
(5) Termination criterion.
The program will be terminated when the maximum
generation number is achieved, otherwise it will again
start from step 3 and will continue till the maximum
generation number is achieved. In the present study,
Deb’s heuristic constraint handling method is adopted to
handle the constraints in the problem. Initially various
trails were carried out by running TLBO algorithm for
different population size, numbers of generations and

0.1mm < a, <0.9mm,



teaching factor to get the consistent results. The
optimum results have been obtained at 20 population
size, 500 number of generations and in 100 iterations.
Teaching factor was selected 1 after numerous trails.
The obtained result is shown in the Table 7. From
Table 7, it may be seen that the optimal cutting forces
obtained by TLBO are better than those obtained from
CD.

R Optimum combinations PR(N) D,
OM f: a, a V
Fx -1.01 -45 -0.67156 48.62 095

CD Fy -1.01 -45 -0.67156 1125 091

Fz -1.01 -45 -0.671.56 2518 0.92

Fx -1.23 -0.52-0431.76 46.70 -

TLBO Fy 123 -052-0431.76 1126 -

SI. Exp. f a, a, Vv
No. No. (mm/tooth) (mm) (mm) (m/min)
1 oc*  0.07 0.82 0.53 164
(CD) (-1.04)  (-45) (0.67) (1.56)
> oc*  0.06 0.79 0.42 169
(TLBO) (-1.23)  (-0.52) (-043)  (1.76)
3 1ct 0.07 1.4 0.3 100
(- (@) D Q)
Exp. 017 14 07 150
voNe om oW
Exp.
5 No. 0.12 1 0.9 125
> (0 © @ O

*OC-optimal combination;

*IC-intermediate combination

Table 8. Parameter settings for confirmation
experiments

Fz 123 -052-0431.76 2484 -

SI.  Predicted values (N) Experimental values

OM-Optimization methods; R-Responses;
PR-predicted responses; D.- composite desirability
Table 7. Optimal value of process parameters (coded

value)
Mews f ap ae W
High 2.0 2.0 2.0 2.0
Cir [-1.0101] [-0.4591] [-0.6795] [1.5611]
0.93031 | gy -2.0 20 -2.0 2.0
—— —— —— —
‘-"'-h—_
Composite T— -h“‘h\
Desirability
0.93031
Faxdyn

Minimum

y=48.6299 |— AT — — - - — — 1 -
d = 0.95450 || / /

e
Fydyn
Minimum
y = 11.4559
d = 0.91088 |[= I~ T

Fdyn_z
Minimum
y = 25.1808 g

d=U.925997___7 7 . W

Fig. 6. Optimization results for cutting force
components
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4.6 Confirmation experiments

Confirmation experiments are carried out to with
the set of cutting parameters obtained using CD and
TLBO demonstrate the effectiveness of the multi-
objective  optimization approaches. Two test
conditions are also selected from the previous
experimental plan (from Table 2), one of the
conformation test is performed by selecting random
parametric value in the range of cutting parameters.
That combination of cutting parameters are further
used in the response equations of Fy, F, Fy and F; to
verify the developed mathematical models.
Conformation experiment settings are shown in Tables
8. In Table, the number in parenthesis represents the
coded level of the confirmation experiments. Predicted
and experimental values dynamic cutting force
components are shown in Table 9. It is found that the
experimental values of the optimized cutting
parameters are very close to predicted results.

No. (N)

FX FY FZ FX FY FZ
1 48.62 11.25 2518 56.02 16.13 29.68
2 46.70 1124 2484 5034 14.56 2743
3 95.27 10.83 47.23 9845 1232 50.12
4 160.07 38.89 75.75 1633 41.12 78.34
5 101.72  42.18 62.02 103.4 4523 59.72

Table 9. Results of confirmation experiments
5. CONCLUSIONS

In the present work, an attempt has been made to
determine the dynamic force components of the cutting
forces obtained from the slot milling test in high speed
ball end milling process of A12014-T6. Dynamic cutting
forces in Fy, Fy and F; directions have been determined
using Egs. (1 and 2) using 20000 sample points.
Machining experiments have been planned using central
composite design. Analysis of variance (ANOVA) has
been performed to investigate the effect of cutting
process parameters on the dynamic forces and
mathematical models have been developed. Developed
mathematical models are further used as fitness function
to get optimal combinations of cutting parameters using
teaching learning based optimization and composite
desirability function. Following conclusions have been
drawn from the analysis of the results in the present
study:

1) Tangential and axial cutting force components are
influenced mainly by axial depth of cut with percentage
contributions of 49.27% and 45.10%, respectively.
Increase in axial depth of cut increases the dynamic
cutting force components. Radial cutting force
component is mostly affected by radial depth of cut with
a percentage contribution of 64.21 %.

2) Cutting speed has significant effect on all the three
dynamic cutting force components and increase in
cutting speed decreases the magnitude of force
component values.

3) Composite desirability function and a comparatively
new optimization method TLBO have been applied for
optimizing the cutting parameters for all the three



dynamic cutting force components. It is found that
TLBO provides better results than composite
desirability function approach.

4) The optimization using TLBO methodology took
minimum effort and less computational time. The
optimal parametric setting obtained by TLBO has
been verified through experiments. Thus, the method
is an efficient method and may further be employed
for optimization of cutting forces and material
removal rate in high speed ball end milling process.

5) Confirmation tests have been conducted with
optimal cutting parameters to verify the optimization
results and effectiveness of the multi-objective
optimization approach. It is found that the
experimental values at optimized cutting parameters
are very close to the predicted results.
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Abstract: The present work focuses on an experimental research of hard turning of 100 Cr6 (62 HRC) material with
coated mixed oxide ceramic insersts. The influence of cutting parameters (cutting speed and feed) on surface
roughness as well as cutting force components has been analysed using Taguchi design of experiment and Response
Surface Methodology (RSM). Graphs of the main effects and composite desirability are used as multi-objective
optimization approaches to establish relationship between cutting conditions and investigated parameters. It has
been found that the proposed experimental approach to optimize cutting parameters has proven its reliability and
can be applied for different machining operations.

Key words: hard turning, RSM, optimization, mixed oxide ceramics

Optimizacija procesa tvrdog struganja koriS¢enjem AlL0;/TiCN keramckih PVD TiN presvucenih reznih
plodica s obzirom na hrapavost obradene povrSine i komponente sila rezanja. Ovaj rad se fokusira na
eksperimentalna istraZivanja tvrdog struganja materijala 100 Cr6 (62 HRC) sa keramicki presvucenim plocicama.
Uticaj parametara rezanja (brzine rezanja i pomaka) na hrapavaost obradene povrsine kao i na komponente sila
rezanja je analiziran pomocu Tagucijevog plana eksperimenta i metode odaziva povrsina (RSM). Grafikoni
zavisnosti je korisceno kao multi-kriterijumska optimizacija da bi se formirala veza izmedu uslova rezanja i
posmatranih parametrima. Doslo se do zakljucka da je predlozeni eksperimentalni pristup optimizacije parametara
rezanja prikladan i da moze biti koriscen za razne operacije obrade.

Kljucne reci: tvrdo struganje, RSM, optimizacija, oksidna keramika

1. INTRODUCTION negative effects on tool life or on the subsurface
properties of components [5]. According to Bouacha et
Effective machining of hard to cut materials such as al. [6], the surface roughness when hard turning of

hardened steels represents a challenge of modern AISI 52100 bearing steel (63 HRC) is highly affected
manufacturing. In recent years, hard machining (HM) by cutting time and feed rate, whereas the depth ot cut
of steel parts hardened to about 45—65 HRC performed presents a negligible influence. As well, it could be

by both mixed oxide ceramics and CBN tools became improved by increasing cutting speed as a result of less
very popular and effective technology replacing significant plastic behaviour at higher deformation
successively grinding operations, traditionally used in velocity and workpiece material hardness. Horng et al.
many mass-production manufacturing processes. [7] have studied machinability evaluation of Hardfield
Unfortunately, extreme tribological conditions steel in the hard turning with mixed oxide ceramic tool
developing at dry severe friction and high tool-chip and concluded that the analysis of machining
and work—flank interface temperatures tend towards the parameters using RSM technique has the advantage of
acceleration of tool wear, and as a consequence to investigating the influence of  each machining

relatively fast deterioration of surface finish and parameter on the value of machinability evaluation.
dimensional and shape accuracy. [1]. The traditional

way of processing hard steel involves an established 2. EXPERIMENTAL PROCEDURE

sequence of operations i.e. forming, annealing, rough

cutting, heat treatment and grinding, all of which In order to investigate the influence of machining
consume significant amounts of time and cost [2]. Cost parameters on surface roughness and cutting force
reduction is due to the fact that in the process of turning component two cutting conditions, including cutting
several operations can be performed on one machine speed (v.) and feed rate (f) were selected as a
and fewer types of tools and short setup times are used. machining parameters while depth of cut was kept
The energy necessary for the removal of some amount constant (ap = 0,5 mm).

of material in a hard turning is 5-10% of the energy Cutting conditions were chosen as an independant
consumed in grinding [3]. Tonshoff et al. [4] published input variables. The desired responses were three
that the reduction of time in a hard turning is more than compnonets of cutting force (Fp, Ff, Fc) and two
60% compared to grinding. High heat resistance tools parameters of surface roughness (Ra, Rz). Hard turning
of cubic boron nitride (CBN) and  ceramics allow the experiments were performed on conventional lathe

so-called dry machining (without coolant) without machine tool (SUI 50). Experimental set-up for the test
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is shown in Fig. 1. The sample material was 100Cr6
bearing steel with hardness of 62 HRC in the form of
round bars with 118 mm diameter. The chcemical

composition of 100 Cr6 steel is in mass % as follows:
1.121 C, 0.241 Si, 0.35 Mn, 0.022 P, 0.024 S, 0.092
Cu, 1.671 Cr, 0.053 Ni, 0.011 Nb.

This material represents a chrome steel and is one
of the non stainless steels especially recommende to the
manufacture of the bearings, tools, drills and utensils.
Mixed oxide ceramic (Al,0;/TiCN) TiN PVD coated
insert with designation SNGN 120408 manufactured by
ISCAR with tool nose radius r, = 0,8 mm (Fig. 2) was
used in experimental study. Type SNGN is square
double sided ceramic insert with flat rake
recommended for machining cast iron, hardened steel
and superalloys. The insert was clamped onto tool
holder, type CSRNR 2525 M12 020 with geometry as
follows -6° rake angle (negative), 75° cutting edge
angle, 11° clearance angle, -6° cutting edge inclination.

St _/.' \ H .
T - 5 -
Fig. 2. Iscar SNGN 120408 coated ceramic insert

90° -

All turning experiments were carried out in dry cutting
conditions. A Kistler 9441 force dynamometer was
used to measure cutting forces in three mutually
perpendicular directions. The roughness parameters
measurement (Ra and Rz) for individual cutting
conditions was obtained by a Surftest 301 Mitutoyo.
The roughness measurement for one pass of the cutting
tool was repeated three times acquire a more accurate
results. The cutting parameters for tests were selected
based on the cutting tool manufacturer’s
recommendations and as well according to previours
research carrierd out in a field of hard turning process

[8].

Factors Levels

1 2 3
Cutting speed v, [m/min] — x; 90 120 150
Feed f [mm/rev] — x, 0,045 0,095 0,15

Table 1. Taguchi array design of two independent
variables — factors with 3 levels

Table 1. shows the level of two machining
parameters Xx; (cutting speed), x, (feed rate) and their
range. In this research, an L9 Taguchi standard

orthogonal array is adopted as the experimental design.
Taguchi method is a systematic approach to find
optimum values of design factors that lead to an
economical design with low wvariablitlity [9]. This
method can dramatically reduce the number of
experiments required to gather necessarz data [10]. The
3 level L9 is shown in Table 2., where the numbers 1, 2
and 3 stand for the values of the independent variable
level.

Experiment No. Independent variables level

X1 X
1 1 1
2 1 2
3 1 3
4 2 1
5 2 2
6 2 3
7 3 1
8 3 2
9 3 3

Table 2. Taguchi array design of two independent
variables — factors with 3 levels

Methodology for the optimization of the machining
parameters for the hard turning operation based on
Taguchi method and RSM with ceramic cutting tool is
shown in Fig. 3. Many researchers have been used both
optimization methods for various cutting operations
like milling, drilling , turning etc., in machining various
alloys [9-13].

Hard turning
process

- determination of the factors
and process varibales
- define data analysis procedure

Taguchi
method & RSM

- conduct testing procedure according to
designed experiment array
- analyze cbtained data and perform
optimization procedure
- testing and validation of the performance
under optional conditions

Optimized
manufacturing

Fig. 3. Diagram of the hard turning optimization
procedure



3. RESULTS AND DISCUSSION

The surface roughness parameters (Ra and Rz) and
cutting force components (Fp, Ff, Fc) have been

measured after the longitudinal turning operation. The
experimental conditions and the results obtained are
shown in Table. 3.

Experiment Factors Surface roughness parameters Cutting force components
No. f [mm] Ve [m/min] Ra [um] Rz [um] Fc [N] Ff[N] Fp [N]
1 0,045 90 0,35 2,5 176 70 465
2 0,095 90 0,16 1,1 174 52 410
3 0,15 90 1,42 7,56 235 173 589
4 0,045 120 0,31 1,61 201 85 354
5 0,095 120 0,75 3,65 219 139 450
6 0,15 120 1,35 6,25 270 195 603
7 0,045 150 0,33 1,84 197 84 370
8 0,095 150 0,73 3,23 263 152 481
9 0,15 150 1,25 5,99 313 226 609

Table. 3 Experimental results for surface roughness parameters and cutting force components

2.1 Effect of cutting conditions on surface roughness
parameters

The effect of investigated cutting conditions on
surface roughness parameters is shown in Fig. 4. This
figure displays that the value of Ra and Rz parameters
increase with the increase of the feed rate (f). Both
parameters (Ra, Rz) first appears to be increasing with
increase of the cutting speed (v.), but this increase
diminished after v.=120 m/min. The best surface
roughness was achieved at the lowest feed rate as
expected. In acase of roughness parameters the
optimum level is the first one for both independent
variales — factors x; and x,.

f [mm/rev] v, [mm/rev]

1.4
1.2
08

0,6

0.4

Mean of Ra [um]

0,2 1

0045 0095 015 90 120 150

f [mm/rev]

v, [mm/rev]

Mean of Rz [um]

0045 0095 015 90 120 150

Fig. 4. Main effect plots for surface roughness

2.2 Effect of cutting parameters on cutting force
components

The influence of cutting speed and feed rate on

cutting force components is shown in Fig. 5. for three
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different factor levels. The cutting forces results show
that the thrust force (Fp) is the largest, the tangencial
cutting foce component (Fc) is the middle one and the
feed force component (Ff) is the smallest. This is due
to the yield strength of the workpiece material
evolution after heat treatment and the use of a negative
rake angle [14].

f [mm/rev] v, [mm/rev]

600

550

500 4

Mean of Fp [N]

450

400

0,015 0,095 0,15 90 120 150

280 f [mm/rev) v, [mm/rev]
260

240

Mean of Fc [N]

220

200

0015 0085 015 90 120 150

200 4 f [mm/rev] v, [mm/rev]

200
200
200

200

Mean of Ff [N]

200

200 +

0,015 0095 015 80 120 150

Fig. 5. Main effect plots for cutting foce components



2.3 Optimization using RSM method

Utilization of the response surface optimization
method helps to identify the combination of machining
conditions (v, f) that together optimize the surface
roughness parameters and the cutting force components
in the hard turning process. Joint optimization must
satisfy the requirements for all the responses in the set.
Optimization achievement is measured by the composite
desirability which is weighted geometric mean of the
individual desirability’s for the responses on a range
from zero to one [14]. The value of one indicates that
the response is in goal and the value of zero means that
one or more responses are outside of the acceptable
region [15]. Finally, the individual desirability functions
are combined to provide a measure of the composite
desirability of the multi-response system [16].

Optimal High f [mm] v, [m/min]
Desirability  Current 0,150 150
[0,0492] [90]
0,90452 Low 0,045 90
Composite ; ""‘“——
Desirability :
0,90452 :

Ra [um] Minimum
y =0,1956
d=097178

_

Rz [um] Minimum

y = 0,16770 i
d =0,91069 :
Fc [N] Minimum :
y=172,8721 i
d=1 f

Ff [N] Minimum
y = 57,0685
d = 0,97087

=

Fig. 6. Optimization plot for surface roughness
parameters and cutting force components

Fp [N] Minimum
y =429,3029
d = 0,70469

RSM optimization results for the surface roughness
parameters (Ra, Rz) and the cutting force components
(Fc, Ff, Fp) are shown in Fig. 6. The optimum process
parameters obtained are found to be cutting speed vc =
90 m/min and feed rate f = 0,049 mm/rev. The
optimized cutting force components are as follows : Fc
=173 N, Ff = 57 N and Fp = 429 N. In addition, the
optimzed surface roughness parameters Ra = 0,2 um
and Rz = 1,7 um which also correspond with results in
[17] and [18].

3. CONCLUSION

This study represents a combined application of the
Taguchi method and RSM to optimize cutting
parameters and investigate their influence on the surface
roughness as well as cutting force components when
hard turning of 100Cr6 (62 HRC) steel. Both machining
parameters namely feed rate (f) and cutting speed (v.)
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are optimized to meet minimal values of the study
objectives. The results obtained from this research
are given below:
proposed appoach to optimize cutting parameters
has proven its reliability and can be used in
different machining operations as well
according to the presented results, the surface
roughness is highly affected by feed rate (f) more
then by cutting speed (v,)
minimal value of the surface roughness parametes
Ra and Rz was achieved at the lowest feed rate (f)
feed rate (f) was also the most sighnificant factor
for minimizing cutting force components Fc, Fp
and Ff
based on the response surface optimization and
the composite desirability method of RSM, the
optimal turning parameters are found to be as
follows: f= 10,0492 mm/rev and v.= 90 m/min

Further study could consider more factors such
as insert microgeometry, different cutting materials
or coatings when hard turning to investigate other
machinability characteristics.
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Abstract: HI1 die steel is widely used in forging dies, aircraft landing gears and shafts. Electric discharge
machining (EDM) is one of the most suitable processes to shape this material. This work demonstrates the effect of
pulse-on-time (T,,) on surface roughness during EDM of HI1 tool steel by taking three different tool electrode
materials. Experiments have been conducted by varying T,, in four steps (10 us, 20 us, 30 us, 40us) while keeping
the values of other variables fixed. On the basis of experimental results, it is concluded that tool properties of
electrode play a vital role in machining characteristics of die-sinking EDM process. The results demonstrate that
Copper-tungsten electrode offers the best surface finish followed by graphite and copper electrode in EDM of H11
too steel.

Key words: electrical discharge machining, surface roughness, pulse-on-time, H11

Uticaj materijala alata na hrapavost obradene povrsine kod elektro-erozivne obrade. Alatni celik H11 je Siroko
primenjen kod alat za hladnu deformaciju, donjeg trapa aviona i vratila. Elektro erozivna obrada je jedan od
najadekvatnijih postupaka obrade ovakvog tipa materijala. U ovom radu je demonstriran efekat vremena ciklusa
praznjenja na povrsinsku hrapavost obratka kod elektro erozivne obrade alatnog celika HII koriS¢enjem tri
razlicita materijala elektrode. Eksperimenti su sprovedeni variranjem duzine vremena ciklusa praznjenja na Cetiri
nivoa (10 us, 20 us, 30 us, 40us) dok su ostali parametri konstantni. Na osnovu eksperimentalnih istrazivanja
zakljuceno je da osobine materijala elektrode igraju kljucnu ulogu u karakteristikama procesa elektro erozivne
obrade punom elektrodom. Rezultati pokazuju da elektrode od legure bakar-volframa nude najbolju povrsinsku
hrapavost a iza njih su grafitne i isto bakarne elektrode kod elektro erozivne obrade alatnog celika HI 1.

Kljucne reci: elektro erozivna obrada, hrapavost povrsine, vreme ciklusa praznjenja, HI 1

1. INTRODUCTION EDM is a very complex process whose performance
depends on the parameter chosen.Thus, certain input

H-11, a hot die steel material, with distinctive  parameter which when varied in EDM process have a
properties like high hardenability, high strength, high significant effect on performance measures such as
toughness, resistance to thermal softening and high heat material removal rate (MRR), tool wear rate(TWR),and
generation makes this steel suitable for the production surface roughness (SR) of the machined work piece.

of hot work dies, extrusion, forging, die casting etc.Its The efforts are constantly being made in the area of
distinctive properties encompass the automotive and EDM to obtain high MRR and TWR along with low
aerospace industries and find usage in gears, bearing, SR.A lot of work has been reported in the literature in
tool, aircraft landing gears, helicopter rotor blades and  respect of obtaining a high level of surface finish in the
shafts [1]. field of EDM.Payal et al. [5] investigated the

The difficulties faced in the machining of H11 on machining characteristics of Hl1land H13 material by
conventional machines can be attributed to its taking three electrode material i.e. aluminium, copper

mechanical and metallurgical properties. The addition and graphite. They reported that copper electrode
of 1.5% Molybdenum imparts high hardenability to this achieved the best surface finish among other electrodes.
steel and make difficult to machine by conventional  Singh et al. [6] conducted an experimental investigation
process [2]. Non-traditional machining is found to be  on EDM for H11 tool steel. It was found from the
one of the alternatives for machining HI1.EDM is a experimental results that by selecting the negative
process in which material is eroded from the work polarity of the electrode and mixing of dielectric with
piece by the use of electric sparks occurring between suspension powder there will be an improvement in the
the tool and the work piece separated by a dielectric SR. Singh et al. [7] explained the influence of electrode
medium. The temperature which is created by the  type and material on the EDM process by taking EN-31

. . 0 . . X
electrical spark is around 8000'12090 C which is tool steel as a work piece and copper, copper-tungsten,
enough to melt and erode the Work.plece surface as aluminium, and brass as an electrode material. They
well as tool electrode also. EDM is known for its  have taken discharge current as the input parameter

thermal behaviour which can machine any electrically which varies in steps. They reported that copper
conductive material regardless of its strength and electrode showed better results related to MRR,
hardness [3]. Therefore, EDM is specialized in  djameter overcut, TWR and SR followed by the
generating a complex structure with high precision in  ajyminium electrode. Jahan et al. [8] investigated the

the range of several micrometres with remarkable performance of micro-edm on Tungsten carbide (WC)
surface finish [4].
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using copper tungsten (CuW), Tungsten (W) and silver-
tungsten (AgW) as an electrode material. The
performance  measures selected were surface
characteristics, average surface roughness and peak-to-
valley. It was observed that AgW was the best
electrode material in all performance measures.
Muthuramalingam and Mohan [9] explained the
importance of tool electrode materials (copper, brass,
tungsten carbide) on the machining performance of
AISI 2020 stainless steel in EDM process. They
reported that copper electrode produces higher MRR
and tungsten carbide electrode showed better surface
finish. Dewangan et al.[10] studied the effects of EDM
parameters as well as tool electrode materials (copper,
brass and graphite) onAISIP20 tool steel .They have
reported that graphite tool showed better results in
regards towhite layer thickness,surface crack density
and SR followed by brass, copper. Lee and Li[l1]
conducted an experimental investigation on EDM for
Tungsten carbide material using copper, copper
tungsten and graphite as tool electrode material. They
have taken MRR, SR, TWR as the performance
measures.It was observed from the results that graphite
electrode offers higher MRR whereas copper electrode
showed higher TWR but better surface finish.They also
reported that with negative tool polarity maximum
MRR, minimum TWR and SR could be achieved.

The present work investigates the EDM of AISI
HI11 tool steel material using three different electrode
materials copper (Cu), copper-tungsten (CuW) and
graphite (Gr). The pulse —on —time has been varied in
four steps to study the SR.

2. EXPERIMENTATION

The experiments were conducted on Electronica
PS50ZNC die sinking machine shown in figure 1with
commercial grade EDM oil (density=0.784Kg/m’, flash
point=103° C, dielectric strength=45) was used a
dielectric fluid. The work piece material was AISI H11
tool steel with the rectangular shape of
40mmx36mmx18mm dimension. Three different tool
electrodes of cylindrically shaped namely Copper (Cu),
Copper tungsten, Cu20%W80%) and Graphite (Gr) as
shown in figure 2 were used in the present study.
Typical mechanical properties and chemical
composition of H11 are depicted in table land table 2.
Table 3 represents the experimental conditions in
which all the parameters were kept constant except
pulse-on-time. The different properties of all the tool
materials are depicted in table 4. The input parameter
pulse-on-time has been varied in four steps. The other
input  parameters were kept fixed during
experimentation. The SR is taken as the response
variable.SR in measurement is defined in different
ways like arithmetic average (R,), average peak to
valley height (R.) and peak roughness (R,), etc. In the
present study arithmetic mean SR value (R,) is found
out. Arithmetic average roughness is defined as the
deviation of the roughness profile from the central line
along the measurement.The mathematical formula to
calculate R, isaverage deviation of profile y(x) from the
mean line as shown in equation 1 and 2 [12].

_ Total shaded area

Ra
L (M

R, = z_([y(x)dx ()

Where, y(x): Value of roughness profile L: Evaluation
length. Figure 3 shows the photograph of Mitutoyo
Surface Roughness Tester SJ2100 has been used in the
evaluation of surface roughness value.

Property Unit Value
Density g/em’ 7.81
Melting Point C 1427
Elastic modulus GPa 207
Thermal (10-6/°C) | 11.9
expansion

Thermal (W/m-K) 422

conductivity

Hardness HRC 57

Table 1. Mechanical properties of H11

Elements | C Si Mn P S

Wt. %age | 0.648 | 0.603 | 0.262 | 0.0078 | 0.0145
Elements | Cr Mo \%

Wt. %age | 5.17 1.23 | 0.756

Table 2. Chemical composition (wt %) of H11 material

Pulse on Time 10ps,20us,30us,40us
Sparking Voltage | 60V
Current 8A

Dielectric used Spark Erosion oil (SEO-

250)
Polarity Straight
Servo system Electro Hydraulic
Electrode polarity | Negative
SEN/ ASEN 6/4

Table 3. Experimental Conditions

Material Gr Cu CuW
Composition - 99.9 20%Cu

% Cu | +80%W
Density(g/cm”) 1.811 [8904 [ 15.2
Melting point(°C) 3350 1083 | 3500
Electrical- 10 9 5.5
resistivity(Qmm®/m)

Table 4. Electrode material properties

Fig.1. Physical set up of Electrical Discharge Machine



Copper

Graphite Copper Tungsten

Fig. 2. Electrodes Gr, Cu and CuW

Fig.3. Mitutoyo Surface Roughness Tester SJ2100

The initial and final weights of the electrode and
work piece are measured by the electronic weighing
balance of make Shimadzu ATX224 having a
resolution of 10mg. Figure 4 shows the H11 work piece
machined by different electrode material i.e. copper
tungsten, copper and graphite.

3. RESULTS AND DISCUSSION

On the basis of the experimental results, the effect
of pulse-on-time on SR with different tool electrode
materials has been shown in Figure 6. The surface
profile of different electrode material for different
value of pulse-on-time is given in figures 7-9. Figure 6
indicates that SR increases with increase in pulse-on-
time for all the three electrode material. This may be
attributed to the formation of deep craters with the
increase in pulse-on-time resulting in rougher surface.
SR is dependent on the value of the pulse-on-time,
lower the value of pulse on time smoother will be the
surface formed [13]. Hence, the surface finish of the
work piece depreciates with an increase of pulse-on-
time and gets better with low pulse-on-value. In the
present study, the results depict that CuW exhibits best
surface finish as compared to the other two electrodes
because of the thermophysical property of the
electrode. CuW has high density, high strength, high
melting point as well as good thermal and electrical
conductivity which contribute in obtaining high surface
finish.

The melting point of electrode material can also be
linked up with the surface quality of work piece.
Higher pulse- on- time leads to more discharge energy
resulting in more heat and temperature at the electrode
part. At higher temperature, electrode melts and the
debris of electrode material fall at the surface of work
piece making the surface rougher. The melting points
of Cu, CuW and Gr are 1083°C, 3500°C and 3350°C
respectively [14]. Therefore, CuW showed better
surface finish than the other two electrodes.
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Pulse on | Raby Ra by Ra by
time (us) | Cu CuW Gr
(um) (um) (um)
10 5.072 3.5385 3.563
20 5.4215 5.0855 4322
30 5.5712 5.362 5.1155
40 5.6012 5.5585 6.202

Table 5. SR with Cu, CuW and Gr electrodes at
different pulse-on-time.

Surface Roughness (micron-metre)

T T T T T T T
10 15 20 25 0 a5 40
Pulse-on Time (micro seconds)

Fig.6. Pulse —on- Time vs SR
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Fig. 7. SR profile of Cu at (a) 10 us and (b) 40us.
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Fig .8. SR profile of CuW at (a) 10 ps and (b) 40us.
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Fig. 9.SRprofile of Gr at(a) 10 us and (b) 40ps.
4. CONCLUSION

The experimental study has been conducted to
investigate the effect of pulse-on-time on SR during
EDM of AISI H11 tool steel material by taking three
different tool electrode materials. The value of SR with
initially increases at a faster rate with increase in pulse-
on-time and after a particular value that rate decreases.
In the instant case, it is concluded that CuW offers the
lowest SR followed by Gr and Cu.
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Abstract: The aim of this paper is the modeling and simulation of milling predictive temperature in the cutting zone
by using the finite element method. Milling is one of the most common and complex conventional treatment
processes and is influenced by a large number of output parameters. One of the most important parameters is
temperature because it affects the wear and tool life. In order to predict the occurrence of thermal processing
milling was used software package Third Wave AdvatEdge. 3D model of the workpiece and end mill was created in
the software package SolidWorks. The results obtained from simulations and experimental work when compared
was proved to be valid.

Key words: finite element analysis, milling, temperature, Third Wave AdvatEdge

3D simulacija procesa obrade glodanjem metodom konacnih elemenata. Cilj rada je modeliranje i simulacija
procesa obrade glodanjem sa predvidanjem temperature u zoni rezanja pomocu metode konacnih elemenata.
broja izlaznih parametara. Jedan od najznacajnijih parametara je temperatura jer utice na habanje odnosno
postojanost alata. U radu je za predvidanje toplotnih pojava u obradi glodanjem koriséen programski paket Third
Wave AdvatEdge. Kreiran je 3D model vretenastog glodala i obratka u softverskom paketu SolidWorks.
Uporedivanjem vrednosti dobijenih simulacijama i eksperimentom dobijeni su validni rezultati .

Kljuéne reci: metoda konacnih elemenata, glodanje, temperatura, Third Wave AdvatEdge

1. INTRODUCTION teeth tools entering into engagement with the
workpiece in and out of it; area covered with heat
Milling is one of the most conventional machining moves across the surface of the workpiece; chips can

processes used in the industry. Also, it is one of the interfere with the measuring [1, 2].
most complex processing of metals by cutting, because Over the past decades large number of
the milling cutter, as well as multi-cutter tool, presents experimental methods has been developed to measure

a more complex operation compared to turning and the temperature of milling. Thermocouples are often
drilling process, not only because of the large number used in measuring temperature since they are easy to
of cutting edges, but also because of the variability of use, covering a wide range of temperatures and are

intersection of the chips while a tooth is processing. relatively cheap, although there is possibility of errors
This process is influenced by many output parameters in installation and in the interpretation of readings.
and one of the most important parameters is the Methods based on the radiation makes it possible to

temperature because it affects the tool wear and tool perform temperature measurement without contact with
life. Cutting tools are expensive and have a duration the object of measurement. These methods include

that is measured in minutes and is therefore predicting measuring point temperature using infrared pyrometer
temperature and tool wear during the machining and measurement of the temperature fields, or a certain
process is of the great importance for the understanding area using an infrared thermal imaging camera. It
and optimization of process parameters. turned out that the method of measuring temperature by

In addition, it is believed that after turning, milling using infrared thermal imaging camera the most
process is the most common in removing material. The appropriate method in terms of the recording of the
most common is face milling with milling heads and temperature. High quality thermographic equipment
end milling. The end milling is one of the typical offers the highest acceptable level of accuracy of the
interruptible process. In the process, since the cutting estimates, although this method can be inaccurate

tool repeats cutting material and air cutting, the because of changes in the emission coefficient and the
temperature of cutting tool repeats heat up and cooling possibility that chips with its position shelters the area

down. Cutting temperature is an important parameter whose temperature is measured.

because alternating heating and cooling of cutting tools The experimental approach for studying treatment

affects the tool wear and surface quality. process is expensive and time-consuming especially
To determine cutting temperature or temperature when it includes a wide range of tool geometry,

fields in end milling we can use different methods. Due materials and processing parameters. Alternative

to the complexity of milling processing main approaches have been developed because of these

difficulties in measuring cutting temperature during the difficulties such as mathematical simulations that use

milling is because of the following: the tool rotates and numerical methods. It turned out that the numerical
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finite element methods most useful and widely used.

The proper selection of FEM software is very
important for determining the scope and quality of
analysis that will be performed. For the simulation
processing is used software package Third Wave
advantedge.

2. EXPERIMENTAL SETUP FOR END MILLING

The experiments were carried out on a vertical
CNC machining centre in dry cutting conditions.
Dimensions of workpiece were 50 x 20 x 10
millimeters of AISI 4340 steel with the material
properties according to Table 1.

Density 785 (kg/m’)
Melting point 1450 ( °C)
Young’s modulus 208 (GPa)
Poission ratio 0,3

Specific heat 477 (J/kg°C)

Thermal conductivity 44,5 (W/m°C)
Table 1. AISI 4340 steel material properties

Tests used an uncoated tungsten carbide end mill
model with 10 mm of diameter, length of 72 mm, depth
of cut of 22 mm, and number of flutes of 4. The work
pieces were painted black due to the emissivity. The
machining operation is done for the cutting conditions
shown in Table 2.

Cutting conditions

Spindle speed, n 2200 (rev/min)
Feed per tooth, f 0,040 (mm/tooth)
Axial depth of cut, a, 1 (mm)
Radial depth of cut, a, 2 (mm)

Table 2. Selected machining parameters in experiment

Figure 1 shows the experiment’s setup. The data
acquisition of temperature was done using a FLIR
InfraCAM Wester infrared camera, with an accuracy of
0.1°C. The assembly of the infrared camera was at
300 mm from the heat source.

Fig. 1. Monitoring the temperature using infrared
camera

~

Figure 2 shows temperature that was recorded on
the end of work piece.

23.3 °Cfl Arl: min 21.4max 161.4avg 91.4 |

Fig. 2. Infrared imagery of end-mill process
3. FEM TOOL FOR CUTTING PROCESS

In the research field of cutting process, the finite
element method is regarded as a very useful tool to
study the cutting process of materials [3]. Finite
Element Method (FEM) permits the prediction of
cutting forces, stresses, tool wear, and temperatures of
the cutting process so that the cutting tool can be
designed. The right choice of finite element software is
very important in determining the scope and quality of
the analysis that will be performed [4]. One of The
most important software package used for simulation of
metal cutting is Third Wave AdvantEdge.

Third Wave AdvantEdge is a special program
written for machining simulations. It is developed
based on the dynamic explicit Lagrangian formulation.
The model is built by selecting the type of machining
operation (e.g. turning, broaching, sawing or milling)
and defining the necessary process parameters [5].
AdvanEdge contains a user friendly interface and offers
the possibility of creating new tool and workpiece
geometries within the program and also to import
complex geometries form other CAD files. Also allows
users to import complex geometries and have extensive
material library and allows specifying new materials
uses adaptive meshing to increase the accuracy of
solution. In AdvanEdge simulations can run in
demonstration mode, decreases the simulation time but
is less accurate and standard mode, requires longer
simulation time but is more accurate [6].

AdvantEdge utilizes Tecplot software to display
and assist in analyzing simulation results [7]. The
Tecplot displays and assists in analyzing the simulation
results. Among the displayed results there can be
enumerated: chip formation, chip and tool temperature,
cutting forces, steady state variables such as: strain,
stress, strain von Misses, etc [6].

4. FEA SIMULATION OF END MILLING

According to the experiments presented in the
previous section, a 10 mm diameter end mill have been



designed with SolidWorks. After that, one more
simplified end mill model is created in the aim to gave
a coarser mesh and based on that reduce the duration
of the simulation. In both cases it is taken into account
only cutting part of the mill participating in machining.
Then end mill models were exported in STL files and
imported into AdvantEdge. Figure 3 shows the end
mills model imported in AdvantEdge.

-]

- L?‘._,. - e R
Fig. 3. End mills imported in AdvantEdge

Workpiece material AISI 4340 steel and tool
material Carbide-General were selected from the
library of 3D materials. Workpiece model was reduced
regards to the workpiece from the experiment due to
better mesh generation. Figure 4 shows model of
complex end mill and the workpiece in Advantedge
before starting the simulation.

Fig. 4. End mill and workpiece in AdvantEdge

In AdvantEdge users have the option to alter the
workpiece meshing parameters; however, these
modifications may affect performance and accuracy.
Meshing parameters selected within the Workpiece
Meshing tab of the 3D Simulation Options window are
important for successful 3D simulations. Minimum
element edge length and the radius of regined region
values are calculated differently depending on the
process. In milling, these values are calculated using
maximum chip load based on the feed per tooth and the
radial depth of cut. For all of these processes, these
meshing values will be recalculated every time the
process parameters for these simulations are changed
[6]. If a simulation crashes, for any reason, a new
simulation can start where the previous stopped.

4.1 Simulation results

Two simulations were run in demonstration mode

without changes in Workpiece Meshing. First
simulation used simplified end mill. Second simulation
used complex end mill in order to get more accurate
simulation results. Cutting conditions used in the
simulation correspond to the processing parameters in
the experiment. The calculation time is approximately 3
days for simulation with simplified end mill and 7 days
for simulation complex end mill. Simulation worked on
a HP xw8600 workstation with 2 x CPU of 4 physical
cores each, meaning a total of 8 physical cores and 16
GB RAM.

Figure 5 and 6 show the FEM model of milling
operation and temperature distribution for cutting
conditions from Tabele 2.

Temperature C)

66.5115
61.108

Fig. 5. Temperature distribution during simulation 1
The Contour tab of the AdvantEdge Quick
Analysis window is used to select contour displays in

Tecplot. The different colors on the tool represent
different levels of temperature.

Temperature ('C)

Fig. 6. Temperature distribution during simulation 2

Using Tecplot software it can be seen different
steps during the simulation. It is possible to observe the
chip formation during a tooth path. Figure 7 and 8§
present the temperature contours on end mill, work
piece and chips. A contour level is a value at which
contour lines are drawn, or for banded contour
flooding, the border between different colors of
flooding [8].

181.852
170.727
- 159.602

simulation results
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Fig. 7. Temperature contours on end mill and chips
obtained through simulation results

4.2 Simulations vs. experiment

The variation of temperature distribution between
FEA simulations and experimental work are shown in
Table 3.

Exp. FEA
Error
Result Result
Simulation No.1  161,4 °C 115,1°C  -28,68%
Simulation No.2  161,4 °C 181,8°C  12,64%

Table 3. Results comparation

By comparing the experiment and the simulations
showed that the error for the first simulation of
-28.68% and for the second simulation 12.64%.

5. CONCLUSION

Simulation of milling in AdvantEdge allows
analyzing temperature in the cutting zone and permit
obtaining reliable data for the experiment validation.
The error between experimental work and simulation
by FEA is in the range of £30%. Accurate modeling of
the end mill geometry should be used to improve the
numerical prediction of cutting temperature even
though it has a significant impact on increasing the
duration of the simulation. The results of the work can
be used for optimizing the parameters of milling
operation of AISI 4340 steel.
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Abstract: This work compares the performance of palm and shea butter oils based cutting fluids, mineral oil and dry
machining during turning operation of AISI 1033 steel. The results revealed that the interface temperature
increases with increased cutting speed during the turning operations. Thicker and more continuous chips were
formed when cutting fluids were used as compared to dry machining. Based on these results, the use of vegetable oil
based cutting fluids enhanced the cutting performance, and thus will increase the durability of the cutting edge of
the tool and its service life.

Key words: vegetable oil-based cutting fluids, mineral oil, workpiece-tool interface, turning operation

Proizvodnja i odredivanje efekta te¢nosti za hladenje i podmazivanje na bazi biljnog ulja pri struganju AISI
1033 ¢elika. U ovom radu je izvrseno uporedivanje efekta tecnosti za hladenje i podmazivanje na bazi palminog i
shea masica pri struganju AISI 1033 Celika. Rezultati pokazuju povisenje temperature rezanja sa povecanjem brzine
rezanja. Prilikom koriscenja pomenutih tecnosti za hladenje i podmazivanje primecena je deblja i kontinualna
strugotina u odnosu na suvu obradu. Shodno rezultatima se dolazi do zakljucka da koriséenje tecnosti za hladenje i
podmazivanja na bazi biljnog ulja potpomaze poboljsanju reznih performansi i produzava postojanost alata.
Kljuéne reci: tecnost za hladenje i podmazivanje na bazi biljnog ulja, mineralno ulje, obradak-alat, struganje

1. INTRODUCTION fluids was used in the machining operations and its cost
around $ 2.75x10°. North America had a big ratio,
Cutting fluids are basically applied during followed by Asian continent and then FEuropean

machining processes based on their cooling and continent which was in the third order [7]. However,
lubrication effects as well as their ability to take away the adverse effect of these petroleum oil based cutting
formed chip from the cutting zones. The cooling effect fluids on the environment and the safety of the users

of the fluids is very critical in order to reduce the are some of the drawback for their continuous
effects of temperature on cutting tool and machined application in machining processes [5, 7-10].

workpiece, while the lubrication effect will result into Efforts to find suitable eco-friendly and hazard free
low friction coefficient between work piece cutting tool alternatives to conventional mineral/petroleum oil

and cutting tool-chip interfaces and thereby cause easy based cutting fluids have led to the development of
chip flow on the rake face of cutting tool [1, 2, 3]. This vegetable oil based cutting fluids for machining
friction usually resulted in heat generation at the processes. Vegetable oils occur naturally and they have
interfaces, which in turn decreases the tool service life, been identified as a reliable source of environmentally
increases surface roughness, decreases the machining friendly cutting fluids. Previous studies have shown
productivity and quality of metal cutting [4]. that vegetable oil based cutting fluids can extend the
Furthermore, the effect of the formed chip on the tool service life, improve surface finish and enhance
machined surface would be eliminated if the chips are the machining productivity [11, 12]. Other benefits of
quickly taken away from the cutting zone. This will these oils include their good resistance to shear, low
result into better surface roughness and less built-up volatilities as manifested by their high flash points,
edge during machining operation [2, 3]. high lubricity resulting in lower friction losses, high

Various approaches have been adopted in order to viscosity indices, which are about twice those of
protect the cutting tools either by reduction or mineral oils [13].

elimination of friction at the different interfaces during Several authors have investigated the use of
machining operation [4]. However, one of the most naturally occurring vegetable oils as cutting fluids
commonly used methods to protect the cutting tools during machining operations [14-17]. Obi et al., [13]
from generated heat during machining is the investigated the use palm oil, groundnut oil, shear
application of cutting fluids. The cutting fluids reduce butter oil and cotton seed oil as cutting fluids in the
the friction at the interfaces and thus improve the turning operation of aluminum under varying spindle
material removal rates. Mineral or petroleum oil based speeds, feed rates and depths of cut. They reported that
cutting fluids are commonly employed in practically all these vegetable oils can replace the conventional
machining processes due to their high production levels soluble oil in the machining of aluminum as they
in the world. According to Glenn and Antwerpen [6], exhibited good cooling behaviour at the work piece-

in 1998 alone, approximately 2.3 x 109 liters of cutting tool interface. The use of the vegetable oils also
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resulted into improved surface finish and reduction of
chip thickness ratio. The work of Bhowmik et al., [15]
focused on the comparison between the effects of the
application of vegetable based cutting fluids including
Groundnut oil, Neem Oil and Soya oil and
conventional oil on the turning operation of mild steel
on lathe machine. Their results revealed that samples
machined with vegetable-oil based cutting fluid
displayed fine surface morphology after machining,
which indicates improved surface finish compared to
conventional cutting fluids. Adekunle et al. [14] also
investigated the use of groundnut and melon oils as
cutting fluids during machining of mild steel on a
conventional lathe machine. They reported that the
cooling ability of melon oil was better than that of
groundnut oil, while the mineral oil was found to
extract heat most. The chips formed using vegetable oil
coolants were observed to be more ductile and
continuous than those obtained using mineral oil
cutting fluid.

The assessment of suitability of vegetable oils
(palm oil and groundnut oil) as base oil in cutting fluids
with other additives was examined by Odusote and
Kolawole [16]. The oil additives were emulsifier (9%
Sodium Petroleum Sulphonate); anticorrosive (6%
synthetic ester); bactericide (5% derivative of triazine,
C3H3N3); and, antioxidant (2% lemon extract).The
performance of these vegetable oil based cutting fluids
compared with petroleum oil based fluid (supa oil) and
dry machining under varying spindle speeds, feed rates
and depths of cut was carried out during drilling
operation of mild steel on Computer Numeric
Controlled (CNC) milling machines using a 10 mm
HSS drill bit. Their results showed that the vegetable-
based oils performed similarly better due to their good
lubricity, viscosity, cooling behaviour and wetting
ability compared with the petroleum oil based fluid. In
the present study, the possibility of improving the
cutting tool performance during turning operation on
mild steel through the use of shea butter and palm oils
with additives as alternative cutting fluids to mineral oil
was investigated. The temperature generated at the
cutting interfaces and the effects of the vegetable oils
fluids on the chip formation during machining were
studied.

2.MATERIALS & METHODOLOGY

The materials used in this study include four (4)
pieces of cylindrical steel samples of 25 mm diameter
and 130 mm in length, lathe machine of maximum
speed of 2000 rpm and 755 HP, stop watch, vernier
caliper, MS6500 K-Type thermocouple, MBEB094816
Mastech digital multimeter, titration apparatus, digital
weighing balance, oven, Ostwald viscometer,
thermometer, CLEVELAND Open Cup flashpoint
tester, cryostat, and LABTECH pH meter. This study
focused on dry machining, and the use of vegetable oils
(groundnut and shea butter) based as well as
conventional mineral oil (supa oil) based cutting fluids.

Shea butter (trigyceride) and oil of palm nut (Elaeis
guineensis) were purchased from a local market in
Ilorin, Kwara State, Nigeria. These oils were melted

and sieved to remove any foreign dirt. The oils were
later placed in an oven at 120 °C to remove any
moisture. Trans-esterification process was carried out
on the shea butter to make it oily at all temperatures,
while the Free Fatty Acids (FFA) of both the Shea
butter and palm oils were then determined. The results
are presented in Table 1.

2.1 Transesterification of the shea butter

150 ml of shea butter was measured into a clean
conical flask, while 120 ml of methanol was added to
it. The mixture was kept at 60 °C for about 30 minutes
and thoroughly stirred until it becomes homogenous.
1.5 ml of H,SO,; was added to the mixture under
continuous stirring at same temperature for 1 hour and
left for another 30 minutes. The FFA content of the
new oil was determined, and the above procedure was
repeated until the FFA value becomes lower than 1%.
Then, the shea butter was in its liquid state but could
still solidify after some time due to interaction with the
environment.

Parameters Palm Oil Shea butter
% Moisture content 2.77 1.23
Density (g/ml) 0.865 0.876

pH value 4.43 4.945

% FFA content 6.67 10.96

Table 1. Properties of Palm and shea butter oils

2.2 Preparation of the Vegetable Oil-Based Cutting
Fluids

The additives, such as Jatropha curcas (JC) leaves
extract to serve as corrosion inhibitor and the mixture
of strawberry and lemon fruit to serve as antioxidant,
were mixed with the oils in the proportion shown in
Table 2 to produce a cutting fluid of 225 ml by volume.
0.5 g of emulsifier, sodium tripolyphosphate (STPP),
was also added to prevent separation of the mixture.
Some properties such as flash point, fire point, cloud
point, pH value, saponification value of the prepared
vegetable oil-based cutting fluids were carried out
using CLEVELAND Open Cup flashpoint tester,
Cryostat, LABTECH PH Meter, respectively for each
test. The results obtained are presented in Table 3.

Cutting % % % Total %
Fluids Base Anticor antioxida

0il rosive* nt
Palm 66.67 11.11 22.22 100
oil
Shea 66.57 11.11 22.22 100
butter
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Table 2. Constituents of the cutting fluids

*Jatropha curcas leaves extract, "Strawberry and
Lemon fruit mixture.



Parameters Palm Shea butter
Oil-based Oil-based

Physical state at 30 °C  Liquid Liquid

Colour Red Butter

Density at 30 °C (g/ml)  0.8745 0.8885

Kinematic viscosity at ~ 4.27 4.01

30 °C (Pas)

Flash point (°C) 210 210

Fire point (°C) 280 255

pH-value 4.43 4.95

Cloud point (°C) 21 26

Saponification Value 140.25 280.5

Table 3. Physical properties of vegetable oil-based
cutting fluids

2.3 Machining of the work piece samples

Prior to machining, the chemical composition of the
work piece is obtained using optical emission
spectrometer and the result is given in Table 4. Turning
of the steel samples was carried out on a conventional
lathe machine using a 10 x 200 mm HSS cutting tool at
an ambient environment of 29 °C. High speed steel
(HSS) cutting tool is used because of its suitability for
use with all types of cutting fluids [4]. Four test
specimens were machined using dry machining and
three different cutting fluids on each sample. The
cutting fluids, which were applied through flooding,
were shea butter-based, palm oil-based and mineral oil-
based (supa oil).

Each of the test specimens was mounted on the
machine and turned through depth of 0.5 mm, 1.0 mm
and then 1.5 mm. The temperature of the work pieces
were first measured on the machine at a constant
cutting speed of 108 rev/min and feed rate of 0.25
mm/rev at varied depth of cut for each specimen. Later,
the cutting speeds were varied as the feed rate also
varies for each constant depth of cut. For chip thickness
determination, machine speeds of 108 rev/min, 140
rev/min, 350 rev/min and 470 rev/min were used at
feed rate of 0.25 mm/rev on each of the test specimens.

Elements Sample Sample
(wt %) Elements (wt %)
C 0.3320 Ca 0.0001
Si 0.2070 As 0.0005
P 0.0510 Sn 0.0022
Mn 0.7580 Cr 0.1181
S 0.0451 Al 0.0013
Ni 0.1067 Pb 0.0005
Cu 0.3002 W 0.0065
Co 0.0126 Zn 0.0013
\Y% 0.0193 Fe 98.039

Table 4. Chemical Composition of the AISI 1033 steel
sample (wt. %)

2.4 Interface Temperature Measurement

The thermocouple was attached to the rake side of
the tool location on the workpiece to take measurement
of the change in temperature on the position during the
turning operation from the multimeter readings as
illustrated in Fig. 1.
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Multimeter

Fig. 1. Interface Temperature setup.
3. RESULTS AND DISCUSSION

3.1 Chemical composition of the samples

The chemical composition of the steel sample used
for the current study is given in Table 4. The result
showed that the carbon and manganese content of the
sample are 0.33 wt% and 0.76 wt%, respectively. This
indicates that the sample belongs to the class of plain
carbon steel, that is, mild steel [17]. Mild steel find
application in automobile components such as
crankshafts, gears, connecting rods and valves [18]. In
most of these applications, machining of the
components is very critical.

3.2 Variation of Interface temperature with cutting
speed

Figure 2 shows the variation of temperature of the
cutting tool-workpiece interface with spindle speed
using different cutting fluids. The ambient temperature
was 29 °C. The results revealed that the interface
temperature increases with increased cutting speed
during dry machining and with the use of all the cutting
fluids except shea- butter based fluid. This may be due
to increased friction between the tool and workpiece
during increased spindle speed. The figure also
revealed that the trend of all the curves is such that low
cutting speeds lead to minimal heat generation as
shown by low interface temperature reading. It can
therefore be inferred that to minimize energy
consumption, low cutting speed and feed rates must be
used. In addition, all cutting parameters must be
selected at their low levels to obtain optimum
machining and maximum tool life. Ojolo et al. [17] and
Odusote and Kolawole [16] have also shown that using
lowest machining parameters in conjunction with
appropriate cutting fluids will improve the tool service.

The figure also revealed that highest interface
temperature was constantly obtained during dry
machining due to low adhesion between the workpiece
and cutting tool. Hassan et al. [18] reported that the
adhesion of two surfaces loaded together over some
part of their contact is one form of surface interaction
causing frictions, wearing and generation of excessive
heat without protector. Palm oil gave highest interface
temperature compared with other cutting fluids at all
cutting speed indicating that it may not be suitable to
use as lubricant during machining. However, the
conventional cutting fluid tends to have the lowest
interface temperature at low spindle speed while shea
butter oil-based cutting fluid gave the lowest interface
temperature during high spindle speed machining. This



may be due to better wettability of shea butter oil.
Odusote and Kolawole [16] after relating the
phenomenon to wettability in their groundnut oil study,
stated that it can be conveniently said that shea butter
oil-based and the conventional oil may have had almost
the same wettability at lower cutting speeds, but there
is better perceived thermal stability of shea butter oil-
based due to its higher viscosity index which makes it
more fluidic at high temperature using higher cutting
speed. Shea butter oil-based competitive performances
with the conventional oil may be due to its good
viscosity even at higher temperatures. This
performance may also be related to the presence of
surface active agents such as stearic acid and halogens,
such as chlorine which help to reduce surface energy of
a liquid and increase its wetting ability or oiliness [15].
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3.2 Variation of Interface temperature with depth of
cut

The variation of interface temperature of the cutting
tool-workpiece with depths of cut at constant low
spindle speed and feed rate using different cutting
fluids is given in Fig. 3. The figure shows that the
interface temperatures were higher during dry
machining.
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Fig. 3. Varying cut depth at constant spindle speed
108 rev/min and feed rate 0.25rev/mm
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The figure also shows that among other fluids, palm
oil produces the highest temperature variation while
conventional coolant temperature variation is lowest.
However, due to the damaging influence of
conventional cutting fluid on the environment such as
surface water and groundwater contamination, air
pollution, soil contamination and consequently,

== dry machining
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agricultural product and food contamination, its poor
biodegradability and the need for safe of users, the
competiting shea butter oil-based cutting fluid of closer
range would be highly recommended.

Fig. 4. presents the variation of interface
temperature of the cutting tool-workpiece with depths
of cut at constant high spindle speed and feed rate using
different cutting fluids. The figure shows that nature of
the interface temperature varies higher in dry
machining. Shea butter is seen to have the lowest
temperature variation due to its viscosity which enables
it to have capability of spreading more readily than
other fluids at high temperature.

Cutting fluids are essentially applied to reduce heat
generated by the tool and workpiece in order to
improve the service life of the tool and also not to alter
the microstructure of the workpiece. Hence shea butter
oil-based has a potential to replace the soluble oil in
metalworking processes.
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3.4 Chip Formation

Figs. 5-8 represent the pictorial view of the chips
formed using each cutting fluids during machining of
the workpiece. All the cutting fluids formed continuous
chips during high speed machining of workpiece as
shown in Figs. 5-7, while the chips obtained during dry
machining were discontinuous (Fig. 8) as a result of
high heat generation in the cutting zone which also
makes the chip brittle [14]. The chips formed during
machining using shea butter oil-based cutting fluid was
more continuous compared with those from dry
machining and other cutting fluids indicating better
lubrication effect. Cutting fluid with better lubrication
effect usually resulted in low friction and allows easy
chip flow on the rake face of cutting tool [4]. The
chips formed using shea butter oil-based cutting fluid
was not only continuous but ductile as shown in Fig. 6.
The chip formation results, as shown in Figs. 5-8,
indicate that the vegetable oil based cutting fluids have
better lubrication effect on the workpiece than the
mineral oil and dry machining. Adekunle et al. [14]
investigated chip formation of machining mild steel
using groundnut oil and melon oil as the cutting fluid
and reported cutting fluids that produces more of
continuous and more ductile chips produces less wear
on cutting tool.



Fig. 5. Chip formed with
cutting fluid

Fig. 8. Chip formed d

3.5 Chip thickness

Table 5 shows the chip thickness of the machine
workpieces using different cutting fluid at a low spindle
speed and a high spindle speed. On the overall, the
values obtained when palm oil-based was used as
cutting fluid was the highest indicating high lubricating
ability. The thick chips were most likely formed as a
result of the better relative ease of slide between tool
and workpiece with palm oil-based that has higher
oiliness. In addition, it is noted that average thickness
values of chips formed at a relative low cutting speed
108 rev/min are consistently higher than those obtained
at 350 rev/min except during dry machining. High
values of chip thickness means better rate of metal
removal and this is desirable to complete machining at
a lesser time [4]. Lowest chip thickness was obtained in
dry machining due to high friction. Thus, cutting fluids
greatly influence the size of chips that are formed
during any metal working process. The low thickness
of dry machined samples may be due to ease of
fracturing as a result of striking of the chips with the
workpiece. Although, this may be advantageous if the
target is to obtain chips that would not tangle with
cutting tool. However, balance has to be made to
choose between quick machining and operator safety
[5, 7-10]. These results therefore revealed that the level
of cutting speed has a significant effect on the
workpiece temperature. In addition, an increase in
cutting speed is always accompanied by a reduction in
chip thickness as shown in Table 5.

ring ry mac

Cutting Chip thickness Chip thickness
Fluids (mm) at (mm) at
108 rev/min, 350 rev/min,
0.25mm/rev, 0.25 mm/rev,
1.5 mm depth 1.5 mm depth
Dry 0.54 0.72
machining
C.onventlonal 083 0.60
oil
Palm
oil-based 1.10 0.80
Shea butter
oil-based 0.94 0.86

Table 5. Variation in chip thickness using different
cutting fluids and parameters

4. CONCLUSIONS

The results from this study have shown potentialities of
locally sourced, ecology-friendly vegetable oil-based
cutting fluids to replace the non-biodegradable and toxic
petroleum based cutting fluids as machining fluids for
mild steel. Even with slight modifications and deliberate
but careful alterations in some of the components of such
oils, better performing cutting fluids could be obtained.
The study was able to reveal the following:

e The ability of vegetable oil-based cutting fluids to
interface  temperature offers a
competitive performance with that of conventional
soluble oil, as shown by the narrow temperature
difference between the values obtained using shea
butter based-oil and that of conventional soluble oil.

reduce the
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e The continuous and ductile chips formed using shea
butter oil-based cutting fluid indicate that vegetable
oil-based cutting fluids produce less wear on cutting
tool thereby possible maximizing of tool life during
machining process.

e The chips thickness produced using palm oil-based
and shea butter oil-based as cutting fluid was
highest at low and high spindle speed respectively,
probably due to their better lubricating ability,
especially at elevated temperature. This allows
easier and deeper penetration of cutting tool into
workpiece and better metal removal rate.

e Vegetable oil based cutting fluid 1is an
environmental and user friendly fluid which can
serve a suitable replacement for the non-
biodegradable and toxic petroleum based cutting
fluids as machining fluids for mild steel. Dry
machining consumes more time than machining
using any form of cutting fluids probably due
reduced tool performance in the absence of cutting
fluids.
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Abstract: To combat environmental pollution caused because of using conventional cutting fluid used in metal
cutting industry, a novel approach is the development of minimum quantity lubrication. Turning is widely used in
material removal process in manufacturing industry which involves the generation of high cutting forces and high
tool-work interface temperature which reduces life of the cutting tool. Lubrication plays a major role in minimizing
the above said factors but flooded lubrication is also hazardous both with regard to human as well as environment.
To overcome these problems minimum quantity lubrication with castor oil as lubricant has been used in this work.
Experimentation is designed as per Taguchi design of orthogonal array is carried out on a TURNMASTER 35
Conventional lathe in combination with DNMG styled CVD tool. The input parameters considered are cutting
speed, feed and depth of cut and quality targets are surface roughness, material removal rate, interface
temperature, cutting force and power consumed. The optimality conditions were obtained by Grey relational
analysis. Finally, confirmation test was performed to make comparison between the experimental results and
developed model and concluded that the results are in specified limits.

Key words: Turn master conventional lathe, DNMG, CVD tool, castor oil and Grey relational analysis

Strateski eksperiment u cilju optimizacije pomocu Grej-Tagiuc¢i metode pri struganju AISI D3 celika
koriSéenjem ricinusovog ulja kao sredstva za hladenje i podmazivanje. Za borbu protiv zagadenja Zivotne
sredine izazvano zbog koris¢enja konvencionalnih sredstva za hladenje i podmazivanje koja se obicno koristi u
industriji rezanja metala, novina je razvoj metode minimalne kolicine reznog fluida. Struganje je Siroko koriséena
tehnologija obrade u proizvodnji pri kojoj se generisu visoke rezne sile i visoka temperatura u zoni obrade Sto
dovodi do smanjenja postojanosti reznog alata. Podmazivanje igra znacajnu ulogu pri smanjenju uticaja gore
navedenih faktora ali preterano podmazivanje takode predstavlja opasnost kako po operatera tako i po Zivotnu
sredinu. Da bi se izbegli ovi problemi vrseno je ispitivanje minimalne kolicine sredstva za hladenje i podmazivanje
sa ricinusovim uljem. Plan eksperimenta je izvrsen po klasicnom Tagucijevom planu ortogonalnih redova a
realizovan je na Turnmaster 35 konvencionalnom strugu sa DNMG CVD reznim plocicama. Ulazni podaci su
brzina rezanja, pomak i dubina da bi izlazni podaci procesa cinili hrapavost obradene povrsine, proizvodnost,
temperatura u zoni obrade, kao i potrosena elektricna energija. Optimalni parametri obrade su dobijeni Grejovom
relacionom analizom. Na kraju su izvrsSeni eksperimenti provere dobijenih rezultata i doslo se do zakljucka da
postavijeni model daje rezultate u zadovoljavajucim granicama.

Kljucne reci: konvencionalnis strug, DNMG, CVD alat, ricinusovo ulje i Grejeva relaciona analiza

1. INTRODUCTION water as lubricant in machining and observed that the
cutting speed has been increased by 30-40%. The main
(The important goal in the modern industries is to  objective of machining operation is to improve quality
manufacture the product with lower cost and with high and productivity without sacrificing machining cost.
quality in short span of time. There are two main
practical problems that engineers face in a The same can be achieved by machining of highest
manufacturing process, the first is to determine the cutting speed with appropriate feed and depth of cut.
product quality (meet technical specifications) and the Machining can be done in dry conditions with proper
second is to maximize manufacturing system selection of cutting fluid ensures improved productivity
performance using the available resources. The and tool life, quality but prevent the cutting tool and

challenge of modern machining industry is mainly machine from overheating as well. The proper
focused on achievement of high quality ,in terms of application of cutting fluid provides higher cutting

work piece dimensional accuracy, surface finish ,high speeds and higher feed rates possible. The selection of
production rate, less wear on the cutting tools ,economy cutting fluid not only improves cutting performance but
of machining in terms of cost saving and increase the also fulfils a number of requirements which are non-
performance of the product with reduced environmental harmful to health for operators, not a fire hazard, no
impact. During the recent years, the use of lubricants in smoke (or) for and cost is less. Cutting fluids are

Metal cutting will gain popularity. By the mid 19" applied to the cutting zone to improve cutting
century mineral oil has been med extensively used in performance. The primary function of cutting fluid is to
machining operation. In the year 1883, Taylor used reduce interface temperature between tool and work
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thus tool lip will be extended. Secondary cutting fluid
acts as good lubricant by which heat generated due to
friction will be reduced. To conclude with high
lubricant capacity are suitable in low speed machining
such as screw cutting, broaching, gear cutting and
difficult to cut materials whereas cutting fluids with
high cooling ability are generally employed in high
speed machining. In the present work, AISI D3 steel
was selected as work material which finds applications
in the manufacture of Blanking & Forming dies, press
tools, punches, bushes, forming rolls and many more.
For the purpose of experimentation, factorial design
experiments are considered as per Taguchi DOE. By
advocating Taguchi design, a clear understanding of the
nature of variation and economical consequences of
quality engineering in the world of manufacturing can
be clearly got through. In the present study, Grey
relational analysis were performed to combine the
multiple performance characteristics in to one
numerical score which is an indicative of the optimal
process parameter setting. Analysis of variance
(ANOVA) is also performed to investigate the most
influencing parameters on the surface roughness,
material removal rate, interface temperature, cutting
force and power consumed.

2. LITERATURE REVIEW

Chorng-Jyh Tzeng etal [1] investigated the
optimization of CNC turning operation parameters for
SKDI11 (JIS) using the Grey relational analysis method.
Nine experimental runs based on an orthogonal array of
Taguchi method were performed. The surface
properties of roughness average and roughness
maximum as well as the roundness were selected as the
quality targets. An optimal parameter combination of
the turning operation was obtained via Grey relational
analysis. By analyzing the Grey relational grade matrix,
the degree of influence for eachcontrollable process
factor onto individual quality targets can be found. The
depth of cut was identified to be the most influence on
the roughness average and the cutting speed is the most
influential factor to the roughness maximum and the
roundness. Additionally, the analysis of variance
(ANOVA) is also applied to identify the most
significant factor; the depth of cut is the most
significant controlled factors for the turning operations
according to the weighted sum grade of the roughness
average, roughness maximum and roundness.

Bala Murugan Gopalsamy etal [2] dealt with
experimental  investigations  carried out  for
machinability study of hardened steel and to obtain
optimum process parameters by grey relational
analysis. An orthogonal array, grey relations, grey
relational coefficients and analysis of variance
(ANOVA) are applied to study the performance
characteristics of machining process parameters such as
cutting speed, feed, depth of cut and width of cut with
consideration of multiple responses, i.e. volume of
material removed, surface finish, tool wear and tool life
The optimum process parameters are calculated for
rough machining and finish machining using grey
theory and results are compared with ANOVA.
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Mohamed Handawi Elmunafi etal [3] envisaged the
use of cutting fluids in machining processes can reduce
the cutting temperature and provides lubrication to tool
and workpiece. These translate to longer tool life and
improved surface quality. Due to the issues of using
fluids in machining related to environment, health, and
manufacturing cost that need to be solved, options to
reduce their use. A technique called minimal quantity
lubrication (MQL), which sprays small amount of
cutting fluid (in the range of approximately 10 — 100
ml/h) to the cutting zone area with the aid of
compressed air, was developed to merge the advantages
of both dry cutting and flood cooling. For the type of
cutting fluids, vegetable oils are common cutting fluids
used in MQL because of its superior lubrication and
high-pressure performance. This study evaluates the
performance of MQL using castor oil as cutting fluid.
The workpiece is hardened stainless steel 48 HRC.
Results are compared with dry cutting. It was found
that using small amount of lubricant of 50 ml/h during
the particular turning process produces better results
compared to dry cutting, in terms of longer tool life.
Surface roughness and cutting forces were also
enhanced albeit slightly. From the results, MQL can be
a good technique for turning hardened stainless steel
using coated carbide cutting tools for cutting
parameters of up to 170 m/min cutting speed and 0.24
mm/rev feed.

Papiya Bhowmik etal [4] focused on an
experimental investigation into the role of green
machining on surface Roughness (Ra), in the
machining of aluminium AA1050. A comparative
study of turning experiments, between VBCFs and
MBCFs under various cutting conditions, using neat or
straight Sunflower oil and Coconut oil, was conducted
using the same machining parameter set-up. Vegetable
oils used on the principle of Minimum Quantity
Lubrication (MQL) that is oil dropped between the
cutting tool and workpiece interface directly. The
results show that vegetable oil performance is
comparable to that of mineral oil machining. The
results show that Vegetable oils have potential to
replace the mineral oils.

Ujjwal Kumar etalc [5] focuses on an experimental
investigation into the role of green machining on
surface Roughness (Ra), in the machining of
aluminium AA1050. A comparative study of turning
experiments, between VBCFs and MBCFs under
various cutting conditions, using neat or straight
Coconut oil and Castor oil, was conducted using the
same machining parameter set-up. Vegetable oils used
on the principle of Minimum Quantity Lubrication
(MQL) that is oil dropped between the cutting tool and
workpiece interface directly. The that vegetable oil
performance is comparable to that of mineral oil
machining. The results show that Vegetable oils have
potential to replace the Mineral oils.

Reddy Sreenivasulu etal [6] studied the effects of
drilling parameters on surface roughness and roundness
error were investigated in drilling of AI6061 alloy with
HSS twist drills. In addition, optimal control factors for
the hole quality were determined by using Taguchi -
Gray relational analysis. Cutting speed, feed rate, drill



diameter, point angle and cutting fluid mixture ratio
were considered as control factors, and L18 (3*5)
orthogonal array was determined for experimental
trials. Gray relational analysis was employed to
minimize the surface roughness and roundness error
achieved via experimental design. Confirmation
experiments showed that Gray relational analysis
precisely optimized the drilling parameters in drilling
of Al6061 alloy.

A. H. A. Shah etal [7] studued the multi objective
optimization in CNC turning of S45C carbon steel by
using Taguchi and Grey Relational Analysis (GRA)
method is reported in this paper. Based on grey
relational analysis, a grey relational grade (GRG) is
computed to optimize the CNC turning process with
multiple performance characteristics which are surface
roughness, material removal rate (MRR) and tool wear.
In this study,two important parameters were selected,
namely spindle speed and feed rate while the depth of
cut was fixed. The experimental results show that
machining parameter in CNC turning can be improved
by using this approach. Kirby et al. [8] presented an
application of the Taguchi parameter design method to
optimize the surface finish in a turning operation. The
control parameters for this operation included: spindle
speed, feed rate, depth of cut and tool nose radius. A
confirmation run was used to verify the results, which
indicated that this method was both efficient and

effective in determining the best turning parameters for
the optimal surface roughness.

M.Y Wang & T.S. Lan [9] presents Orthogonal
array of Taguchi experiment where in four parameters
like cutting speed, feed rate, tool nose run off with
three levels in optimizing the multi-objective such as
surface roughness, tool wear and material removal rate
in precision turning on CNC lathe. For the purpose of
multi response optimization, Grey relational analysis
was employed.

From the literature survey, it is evident that little
work has been reported on AISI D3 steel work with
combination of DNMG styled CVD coated cemented
carbide tool.. Hence the experimentation is done on
above said combination of work piece and tool and
optimization method- Grey relational analysis is put
forth.

3. EXPERIMENTATION

In the present study, three turning parameters were
selected with three levels as shown in Table.1. The
experimentation was carried out using L9 orthogonal
array based on Taguchi design of experiments. The
work material selected for this experiment is AISI D3
steel of 40 mm diameter, length 100 mm. The chemical
composition of AISI D3 steel has been done by
chemical Analyser and is reported as below in tablel.

Element C Si Mn P S Cr \Y w
Specified | 2.00-2.35 | 0.10-0.60 | 0.10-0.60 | 0.03 max | 0.03 max | 11.00- 1.00 max | 1.00 max
values 13.50
Observed | 2.07 0.406 0.457 0.02 0.029 11.28 0.037 <0.003
values
Tablel. Chemical Analysis report

Turning parameters Level 1 | Level2 | Level3

Cutting speed, V(m/min) 100 150 200

Feed, F(mm/rev) 0.05 0.07 0.09

Depth of cut, d(mm) 1.0 1.5 2.0

Table 2. Turning parameters and their levels

Machine used Turn master 35 conventional lathe, power: 5 HP

Work material AISI D3 steel

Size of work piece Diameter 40 mm x 70 mm

Cutting tool holder PCLNR2525M12

Cutting insert DNMG 150608 EN-TMR CTC2135

MQL supply Castor oil ( 300 ml/ hour)

Cutting parameters Cutting speed, Feed and Depth of cut

Cutting velocity 100-200 mm/min

Feed 0.05-0.09 mm/rev

Depth of cut 1.0-2.0 mm

E;ZI: 3?:3 variables Surface roughness, SR (um), Material removal rate MRR (mm®/sec),
Interface temperature, Temp (°C), Cutting force, CF (kgf) and Power
consumed (watts).

Table 3 Experimental condition

The turning tests were carried out on Kirloskar
model centre lathe machine to determine the responses
characterstics for various runs of experiment.
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Surface roughness is measured using “SJ 201-P”
surface roughness measuring instrument.

The material removal rate (mm®/sec) is calculated
using formula:

MRR = [w/4(D,*-D,")L}t mm’/sec (1)




Where
D; = Diameter of the work piece before
turning.mm
D, = Diameter of the work piece after
turning.mm
L = Length of turning, mm
t = Machining time, sec

The cutting zone temperature is measure using
Model IRT-4 make infrared thermometer with the
laser targeting the specifications of IR temperature
range of -50°C to 550°C with response time 500 ms &
(8-14) pum. Power consumed is measured by using
Watt meter.

4. METHODS USED

4.1 Grey relational analysis

In the procedure of GRA, the experimental result
of surface roughness, material removal rate, interface
temperature and flank wears are normalized at first in
the range between zeros to one due to different
measurement units. This data pre-processing step is
termed as ‘grey relational generating’. Based on the
normalized experimental data, grey relational
coefficient is calculated to correlate the desired and
actual experimental data using equation (4). The
overall Grey Relational Grade (GRG) is determined
by averaging the grey relational coefficient
corresponding to selected responses using equation
(5). This approach converts a multiple response
process optimization problem into a single response
optimization by calculating overall grey relational
grade. The normalized experimental results can be
expressed as follows.

For larger is better,

yi(k)—min yi(k)

(k) =
wilk) max yi(k)—min yi(k) @
For smaller is better,
will) = —max k)~ yilk) 3
max yi(k )— min yi(k)
Where

max yi (k ) and min yi (k ) are the largest and
smallest values of yi (k ) respectively

The Grey relational coefficient {(k) for y, (k ) is

calculated as

§(k) _ Amin+ yAmax
Aoi(k) + A max

where Aoi(k)is

reference sequence deviation which is equal to mod

(max yi(k) - yi(k))

y is a distinguishing coefficient which varies from 0 to

1, the value of y is set as 0.5 to maintain equal

weightage of surface roughness and material removal

rate.
Grey relational grade ,

Vi :%251‘(]()

“

®)

4.2 Taguchi method

Taguchi method has been extensively adopted in
manufacturing to design a product or a process robustly
with a single response characteristics. The response
characteristic may be to maximize or minimize the
response as per the requirement. The unique calculation
in Taguchi method is to calculate S/N/ratios which aims
at achieving the target value by minimizing the noise or
error variation. The application of Taguchi in machining
industry has been extremely successful.

4.3 Analysis of Variance

Analysis of variance(ANOVA) is a method of
oprtioning variability into identifiable sources of
variation and the associated degree of freedom in an
experiment. The frequency test(F-test) is used in
statistics to analyze the significant effects of the
parameters which form the response characteristics. The
analysis is carried out for a level of significance of 5%
ie. 95% o level of confidence. The last column in the
ANOVA table signifies the “percent” contribution of
each factor as the total variation, indicating its influence
on the result.

5. RESULTS

A series of turning tests were conducted to assess the
effect of turning parameters on surface roughness and
material removal rate and the results of experimentation
are shown in table 3.

S No Speed Feed Doc SR MRR Temp CF Power

1 100 0.05 1.0 0.534 38.517 35 119.906 1902.21
2 100 0.07 1.5 0.506 141.300 38 165.475 2597.24
3 100 0.09 2.0 0.472 135.406 37.8 172.023 2304.60
4 150 0.05 1.5 0.268 86.587 38.6 99.614 2414.34
5 150 0.07 2.0 0.890 171.374 46 111.780 2725.28
6 150 0.09 1.0 0.404 98.938 37.5 94.558 2377.76
7 200 0.05 2.0 0.708 203.071 38.6 76.348 2999.63
8 200 0.07 1.0 0.384 143.078 38 71.987 2853.31
9 200 0.09 1.5 0.478 280.821 45.2 73.840 2963.05

Table 3. Experimental data and results for 3 parameters, corresponding Ra, MRR, Interface temperature, Cutting

force and power consumed for CVD tool
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S No Speed Feed Doc SR MRR Temp CF Power

1 100 0.05 1.0 0.5723 0.0000 1.000 0.5209 1.0000

2 100 0.07 1.5 0.6174 0.4242 0.7272 0.0654 0.3666

3 100 0.09 2.0 0.6720 0.3998 0.7455 0.0000 0.6333

4 150 0.05 1.5 1.0000 0.1984 0.6727 0.7238 0.5333

5 150 0.07 2.0 0.0000 0.5483 0.0000 0.6022 0.2499

6 150 0.09 1.0 0.7814 0.2494 0.7727 0.7744 0.5667

7 200 0.05 2.0 0.2926 0.6791 0.6727 0.9564 0.0000

8 200 0.07 1.0 0.8134 0.4315 0.7272 1.0000 0.1336

9 200 0.09 1.5 0.6624 1.0000 0.0727 0.9815 0.0333
Table 4. Normalized values

S No Speed Feed Doc SR MRR Temp CF Power

1 100 0.05 1.0 0.4277 1.0000 0.0000 0.4791 0.0000

2 100 0.07 1.5 0.3826 0.5728 0.2728 0.9346 0.6334

3 100 0.09 2.0 0.3280 0.6002 0.2525 1.0000 0.3667

4 150 0.05 1.5 0.0000 0.8016 0.3273 0.2762 0.4667

5 150 0.07 2.0 1.0000 0.4517 1.0000 0.3978 0.7501

6 150 0.09 1.0 0.2186 0.7506 0.2273 0.2256 0.4333

7 200 0.05 2.0 0.7074 0.3209 0.3273 0.0436 1.0000

8 200 0.07 1.0 0.1866 0.5685 0.2728 0.0000 0.8664

9 200 0.09 1.5 0.3376 0.0000 0.9273 0.0185 0.9667
Table 5. Evaluation of Reference sequence deviation

S No Speed Feed Doc SR MRR Temp CF Power

1 100 0.05 1.0 0.5389 0.3333 1.0000 0.5107 1.0000

2 100 0.07 1.5 0.5621 0.4661 0.6469 0.3485 0.4412

3 100 0.09 2.0 0.6038 0.4545 0.6645 0.3333 0.5769

4 150 0.05 1.5 1.0000 0.3841 0.6044 0.6442 0.5172

5 150 0.07 2.0 0.3333 0.5254 0.3333 0.5569 0.3999

6 150 0.09 1.0 0.6958 0.3998 0.6875 0.6891 0.5357

7 200 0.05 2.0 0.4141 0.6091 0.6044 0.9198 0.3333

8 200 0.07 1.0 0.7282 0.4679 0.6470 1.0000 0.3659

9 200 0.09 1.5 0.5969 1.0000 0.3503 0.9643 0.3409
Table 6. Evaluation of Grey relational coefficient

S No Speed Feed Doc GRC GRG S/N Ratos

1 100 0.05 1.0 3.3829 0.6766 -3.393

2 100 0.07 1.5 2.4648 0.4929 -6.145

3 100 0.09 2.0 2.633 0.5266 -5.570

4 150 0.05 1.5 3.1499 0.6299 -4.402

5 150 0.07 2.0 2.1488 0.4298 -7.335

6 150 0.09 1.0 3.0079 0.6016 -4.414

7 200 0.05 2.0 2.8807 0.5761 -4.790

8 200 0.07 1.0 3.209 0.6418 -3.852

9 200 0.09 1.5 3.2524 0.4576 -6.790
Table 7. Evaluation of Grey relational grade & corresponding S/N ratios

Process Average relational grade

parameters

Level 1 Level2 Level3 Max-Min Rank

Spindle 0.5654" 0.5537" 0.5585" 0.0117 3

speed(V)

Feed (F) 0.6275" 0.5215 0.5286 0.1060 2

Depth of cut(d) | 0.6400° 0.5268 0.5108 0.1292 1

*Optimum levels

Total mean value of the Grey relational grade = 0.5592

Table 8. Response table for Grey relational grade
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Process Average relational grade
parameters
Level 1 Level2 Level3 Max-Min Rank
Spindle -5.036" -5.384 -5.144 0.108 3
speed(V)
Feed (F) -4.195" -5.777 -5.779 1.582 2
Depth of cut(d) | -3.886" -5.779 -5.898 2.012 1
Total mean value of S/N ratios of Grey relational grade = -5.188
*Optimum levels
Table 9. S/N ratios table for Grey relational grade
Source of | Degrees of | Sum of squares Mean sum of | F-ratio Percent
variation freedom squares contribution
Spindle speed 2 0.000204 0.0000102 0.0022 0.338
Feed 2 0.21081 0.01054 2.2980 35.011
Depth of cut 2 0.02975 0.01487 3.2430 49.413
Error 2 0.00917 0.00458 15.235
) 2 100.000
Table 10. ANOVA based on Grey relational grade
5.1 Prediction at optimum levels V=Vnt Z Vi=Vm (0
The objective of the prediction at optimum levels i=1
is to validate the conclusions drawn during the
analysis phase. Once the optimal level of process where, ym is total mean of the required responses

parameters is selected, the next step is to verify the
improvement in response characteristics using
optimum level of parameters. A conformity test is
conducted using the following equation.

vj is the mean of the required responses at

optimum level

n is the number of process parameters that

significantly

affects

the multiple

performance characteristics

Optimum process parameters

Initial process parameters | Predicted values Experimental values
Level of parameters V1-F1-d3 VI1-F1-dl V1-F1-dl
setting
Surface roughness (pm) 0.708 0.4159 0.534
MRR (mm”/sec) 203.071 19.291 38.517
Temperature('c) 38.60 32.344 35
Cutting force 76.348 127.789 119.906
Power consumed 2999.63 1934.854 1902.21
Grey relational grade 0.5761 0.7155 0.6766

Table 11. Comparison of predicted and Experimental results using GRA

6. CONCLUSIONS

1. The optimal parameters setting with Grey
relational analysis lies at 100 m/min cutting speed,
0.05 mm/rev feed and 1.0 mm depth of cut. The
optimum predicted value for surface roughness is
0.4159 um, MRR 19.291 mm?>/sec, interface
temperature 32.344°C, cutting force is 127.789
kgf, power consumed is 1934.854 watts and grey
relational grade is 0.7155. Also the experimental
value for surface roughness is 0.534 pm, MRR is
38.517 mm’/sec, interface temperature 35°C,
cutting force is 119.906 kgf, power consumed
1902.21 watts and grey relational grade is 0.6766

2. Iit is found that both predicted and experimental
response characteristics are significantly better as
compared to initial machining parameters. To be
specific predicted surface roughness( 0.4159um)
and experimental surface roughness (0.534um) are
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significantly lower than surface roughness at initial
setting level which is highly commendable. Also
predicted MRR and experimental MRR are
reasonably close to each other. Also predicted
interface temperature(32.344°C) and experimental
interface temperature(35°C) are much lower than
initial setting which is highly expected and by which
life of tool will be increased. Also predicted MRR
and experimental MRR are reasonably close to each
other. As Also predicted power consumed(1934.854
watts) and experimental power consumed(1902.21
watts) are much substantially lower than initial
setting(2999.63 watts) It may be noted that there is a
good agreement between the predicted GRG
(0.7155) and experimental GRG(0.6766) and
therefore the condition V1-F1-D1 of process
parameters combination was tested as optimal.
Further significant improvement in machinability is
observed and measured that there is 32.39%



improvement in surface roughness (Experimental
value), 10.28% improvement in interface
temperature(Experimental value), 57.69%
improvement in power consumed as compared
with initial machining parameters. This encourages
applying Grey relational analysis for optimizing
multi response problems.

3. Further, from Analysis of variance ( ANOVA)
depicts that depth of cut is the most significant
parameter followed by feed affecting multi
response characteristics with depth of cut 49.41%,
feed 35.011% and cutting speed almost negligible.
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Abstract: Considering the effect of the installation error of ball screw on the working precision of machine tools, a
method of detecting ball screw’s assembly error via monitoring the average vibration magnitude induced by ball
screws (VMBS) is proposed. In this study, the ball screw was simplified to a freely supported beam. Ball screw’s
assembly error (BSPE) can be reduced by means of the fine adjustment of bearing seat’s position. A mathematical
model of the effect of BSPE on the contact angle of the ball and ball raceway was established. The change of contact
angle has influence on the deformation and contact stiffness, the change of contact force can be calculated
according to the Hertz contact theory. Thus, a method of detecting BSPE by the detection of VMBS is proposed.
Aiming at improving the accuracy of experimental results, the sample data was mean process and curve fitting. The
experimental results show that the average VMBS raises with the increase of assembly error under the speed
1000rpm and 1500rpm and the assembly error from 0 to 0.2mm. This study provides an approach to monitor the
BSAE, which is valuable for improving the assembly accuracy and working precision of ball screws.

Key words: Assembly error, Ball screw, Vibration characteristic, Contact angle, Machine tools

IstraZivanje greske sklopa zavojnog kuglicnog vretena na osnovu dinami¢kog modelovanja i analize signala
vibracija na pomi¢nom stolu. Uzimajuci u obzir uticaj greske motaze zavojnog kuglicnog vretena na preciznost
masine alatke, predlozena je metoda odredivanja greske sklopa kuglicnog vretena preko pracéenja srednje vrednosti
vibracija generisanih kuglicnim zavojnim vretenom (VMBS). U ovom radu je zavojno kuglicno vreteno
pojednostavijeno i predstavijeno kao prosta greda. Greska montaze kuglicnog zavojnog vretena (BSPE) moze da se
redukuje finim podeSavanjem pozicije sedla kuglicnog lezaja. Matematicki model uticaja greske montaze kuglicnog
zavojnog vretena na ugao kontakta izmedu kuglica i vretena, je predlozen. Promena ugla kontakta utice na
deformaciju i krutost kontakta a promena sile kontakta se moze izracunati po Hercovoj teoriji kontakta. Stroga je
predlozena metoda detekcije BSPE na osnovu VMBS. U cilju poboljsanja tacnosti eksperimentalnih rezultata,
srednje vrednosti prikupljenih podataka su predstavijene pomocu funkcije pripadnosti. Rezultati eksperimenta
pokazuju da prosecne VMBS rastu sa povecanjem greske montaze ispod brzine 1000 obrt/min i 1500 obrt/min kao i
greska montaze od 0 do 0,2 mm. Ova studija pruza pristup pracenja BSPE, Sto je vazno za poboljsanje greske
montaze kao i radne preciznosti zavojnih kuglicnih vretena.

Kljucne reci: Greska montaze, zavojno kuglicno vreteno, karakteristike vibracija, kontaktni ugao, masine alatke.

1. INTRODUCTION always applied in the ball-screw to avoid vibration and
backlash during all linear transmission periods. theories
Over the past few decades, developing more precise for the kinematics of a single-nut double-cycle ball

and high-speed feed drive system has become a screw are developed in a dry contact condition by Wei
noticeable trend for engineers due to the necessity of et al. [5]; The sliding wear is the main reason why the
higher component quality and productivity boosts [1]. applied preload decreases or vanishes, a new two body
The feed drive system is widely applied to machine abrasion model combining the kinematic theory
tools and automation equipments for its high describes the variations in the axial wear depths with
transmission efficiency and working precision. In a the operating strokes [6]. For the diagnosis of the ball

considerable amount of research on modern feed drive screw preload during its operation. Feng et al. [7]
systems, ball screws play a significant role in construct a preload-adjustable feed drive system, and
converting rotary motion into linear motion to carry also verify that the preload variation of a ball screw can
medium/high loads [2]. be diagnosed by the vibration signals sensed at the ball

Kinematic analysis of the ball screw mechanism, nuts. In the case of monitoring the ball screw preload, a

which considers variable contact angles, preload and technique of determining the onset of preload loss in a
elastic deformations, were done in the study of Wei et ball screw feed drive system via monitoring the change
al. [3] The contact angles formed at the position of each of ball pass frequency is proposed [8]. Elastic

ball in ball screws is conventionally assumed to be a deformations occur in ball screw drives typically due to
constant value in determination of contact stiffness, the inertial forces, guideway friction, and cutting forces.
variable contact angles and normal forces of the ball Amin et al. [9] present a new strategy for mitigating the
screw are predicted by Chen et al.[4] A preload is detrimental effect of elastic deformations, in order to
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improve the translational accuracy of ball screw drives
when only rotational feedback is available. Concluding
from the studies mentioned above, we can find that the
effect of preload and elastic deformations on ball
screws cannot be ignored. Meanwhile, the method of
vibration detection is feasible. In order to meet the
requirement of machine tools’ assembly accuracy,
reduce the temperature-rise and deformation of ball
screws, reduce the transmission torque of the servo
motor and improve the reliability of the machine tools,
the installation accuracy of ball screws should be
improved.

The parallelism error between ball screws and
linear guides exists during the installation. However,
there is a lack of literature discussing about diagnosis
of the BSPE during its installation. Therefore, this
paper studies the effect of BSPE on the VMWBS to
realize the detection of BSPE. The remainder of the
paper is organized as follows : Firstly, a mathematical
modeling of the effect of BSPE on the contact angle
between the ball and ball raceway has been established,
Saccording to Hertz contact theory, in which the
relation between contact force and contact deformation
is expounded, the method of studying the effect of the
BSPE on the VMBS is proposed. And a data processing
mathematical modeling is built up for the accuracy of
results. Finally, the method we proposed is verified by
experiments.

2. EFFECT OF BSPE ON VMBS
2.1. Effect of BSPE on the contact angle

Both ends of ball screw are connected with bearing
seats for supporting and locating. Therefore,
BSPEod can be reduced by means of the fine
adjustment of bearing seat’s position shown in Figure
10. With the increase of BSPE, a deflection angle will
appear. Thus, the original system can be simplified to a
freely supported beam system in which one side is
fixed and another is free, as shown in Figure 1.

offset axis initial axis

Figure 1. Effect of assembly error on ball screw

The deflection will lead to the change of contact
angle and even the elastic deformation or contact
stiffness. When 8<C,+C,+Cste, it is equivalent to
diminishing the clearance between the ball and ball
raceway. When 8>C+C,+Cte, it will cause the change
of contact angle and even elastic deformation or contact
stiffness. C, represents bearing clearance, C, denotes
the clearance between the rail and the carriage, C,
denotes the clearance between the ball screw and the
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nut, ¢ is other clearance.

If the effect of clearance is ignored and a assembly
error is added to bearing seat, an inflection angle ¢ is
generated between the initial axis and the offset axis.
Given the length of screw is L, we can regard it as a
right-angled triangle AACB as for ¢ is small. ¢ can be
calculated according to the law of cosines.

()

= arctan é
¢ L

Figure 2. The change of contact angle

After the offset of ball screw, the radial displacement
of different positions on the ball screw is varied.
Therefore, the contact angles variation of the ball and
ball raceway is also disparity. The trajectory of random
point D denotes equivalent to the rolling arc on the ball
for the tiny error. It can be seen from Figure 2.

Br, =gl 2

Where 7, denotes the ball radius. / denotes the random
length of the ball screw, f denotes the variation of
contact angle.

Combining equations (1) and (2), f can be
calculated as follows:

B 3)

/ o
=—arctan—
7 L

Figure 3 is the three dimensional variation when the
effective length of the ball screw is 800 millimeter, the
diameter of the ball changes from 3.75 to 9.75mm and
the assembly error varies from 0 to 0.2 mm.
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Figure 3. The effect of ball diameter and assembly error
on contact angle



2.2. The change of contact force

BSPE not only increases the preload between the
ball and ball raceway, but also results in the change of
contact angle. Integrating with the bending deformation
of ball screw, assembly error leads to the contact
deformation between the ball and ball raceway. Figure
2 shows a normal section in the ball and ball raceway
area. The contact deflection A/ in the ball and ball
raceway area is defined by the following formula [10]

Al=6' \/%(I.SE)Z 0> p

Where Q; denotes the normal force , Y p denotes
the sum of principle curvature, Al =Al y4+Al ,;, Al 4
denotes the deformation between ball and screw, Al ,;
denotes the deformation between ball and nut ; the
value of 8" can be found in table [11]. The principle
curvature p is given by [12]

_ 2cosfBcos A
d,tdcospf

Where A denotes helix angle, d denotes the ball
diameter, d, denotes the ball screw diameter. The
substitution of p expression into Eq.(4) gives

Al =2.794x10715"R/0 D p

(4)

(6))

(6)

Where &~ denotes the contact surface stiffness
coefficient among ball, ball screw and nut. Details are
available in the literatures [14, 15] and & can be given

K =2.14075x10°(3 p) " (67) T ()

As ball screw’s bending deformation, the actual
contact force Q is given [13]

O =k'AI’? + kw ®)

Where the total stiffness among ball screw, nut and
ball is £. @ denotes the deflection

As the assembly error of the ball screw, the ball
screw has unbalance in the working process, the
method of VMBS is adopted.

3. THE PROCESSING METHOD OF VIBRATION
DATA

The change of contact force will hinder the rotation
of ball screw, which results in the increase of VMBS.
VMBS can be detected by acceleration sensor. As the
feed drive system composed by the rolling functional
components is instable during operation, so the VMBS
is fluctuant. Thus, multiple measurements on the ball
screw’s rotational frequency are needed to ensure that
the data values obtained can reflect the actual situation
accurately.

\

Y

m
Figure 4. Vibration measurement point

In the process of vibration measurement, when the
sampling interval time is the same and the rotation
speeds are different, the number of sampling points is
varied in the axis of ball screw. That is to say, the
higher rotation speed, the fewer number of points is
collected. n and m are the numbers of sampling back
and forth shown in Figure 4. Because of the shock at
both ends of the ball screw have effect on VMBS, so
the data at both ends of the ball screw is excluded.

Under each certain rotation speed and BSPE, we
make the average of different VMBS gathered from
multiple measurements. Then the optimal value can be
selected where the minimum contact force can be got.
The average of VMBS in different BSPE is Z;.

P ixi—i_iyj
2(71:1 )

: n+m
P

Where P is the times of feed drive system runs back
and forth, P>1 ; When the feed drive system runs back,
the VMBS of point i is x;, while runs forth, the VMBS
of pointj is y;. The final fixed position is determined by
comparing the average value of Zs under the different o.
For accurately reflects the relationship between the
error and amplitude, the method of the minimum two
polynomial curve is adopted.

Z

5

©)

4. EXPERIMENTAL VERIFICATION
4.1 Experiments setup

According to the experimental requirements, a test
bed is set up shown in Figure 5. The ball screw pair’s
type is HWIN R16-5T4-FSI of which effective length
is 800mm. The linear guide’s type is THK AP-C of
which length is 800mm. The driving motor is ECMA-
C20604 of Delta and the server is ASDA-B2 series.
The bearing seats at both ends are standard. The fixed
end is BK12, while the supported end is BF12. An
initial location area is designed in the bearing seat and
different BSPE can be achieved by using the feeler
gauge of DL9502 series shown in Figure 8.

hearing-seat

ball.linear guide

Figure 5. Feed drive system setup
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4.2. Data collection

The sensor which is the three-dimensional
acceleration sensor of Dytran is fixed on the
worktable as shown in Figure 6. Vibration signal is
collected and analyzed by using ECON MI-7008 in
different rotation frequency of ball screw.

After setting the sample frequency and sampling
number respectively as 10240Hz and 8192, we can

Figure 6. Error setting and data collection

collect the vibration signal when the value of speed is
1000 rounds per minute (rpm) and 1500rpm. The
vibration signals perpendicular to the plane of
worktable are collected. As the useful frequency is
dozens of Hertz, so the low pass filter is added, the
frequency and time domain signals are shown in
Figure 7-8.

s ‘ Z 0.067 ‘ ‘ ; ; ; 1
“ —1000rpm| g gq1 . 1000r pm
E ol i anuw NNMW‘"WM g X: 16.25
5 20020 | Y:005012 1
0_0.5 N S é o b , ..
0 100 200 300 400 500 600 700 800 0 50 100 150 200 250 300
Tine /ns

Frequency /H

Figure 7. Time domain signal and frequency, when the rotation speed is 1000rpm

o]
Q
o

- 0.5 1500r pm
£ o TR
|
0 160 260 360 460 5(50 660 760
Tine /ns

P4

£ 008 ‘ ‘

-~ 006r W 1500r pm

< 0.04 X: 25 ]

z 0.02 Y: 0.06009 7
0 [ e A A A

g 0 50 100 150 200 250 300

Frequency /H

Figure 8. Time domain signal and frequency, when the rotation speed is 1500rpm

4.3. Data processing and analysis

The VMBS will be extracted in different
assembly error with special rotation speed. When the
rotation speed is 1500rpm, 1000rpm, the data of the
VMBS is shown in Figure 9-10. As shown in Figure
9-10, the change of VMBS is fluctuant, which

diminishes. This is because the higher speed, the less
sampling number is collected, under the same sample
interval. During the actual installation, the bending
deflection of ball screws is reduced by applying the
pre-stretch force. Then the bending deflection degree
can be detected by the proposed method.

gradually similar to sine curve as the speed
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Figure 9. The collected VMBS curve, when the rotation speed is 1500rpm
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Figure 10. The collected VMBS curve, when the rotation speed is 1000rpm
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Averaging the extracted magnitude and data
fitting according to equation (9), the change of
average VMBS with different BSPE is got under the
varied speeds, shown in Figure 11.
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Figure 11. Effect of assembly error on frequency
magnitude

From Figure 11, we can find that the average
VMBS increases with the increase of BSPE. Under
the speed of 1000rpm, the average VMBS rises
steadily. In order to improve the installation accuracy
and efficiency, we can find out the speed at which the
average VMBS of the special drive feed system rises
steadily with the adjustment of BSPE.

5. CONCLUSIONS

In order to improve the assembly accuracy and
efficiency of machine tools, reduce the effect of ball
screw’s temperature rise on working precision,
reduce the transmission torque of the servo motor and
improve the reliability of the machine tools, this
paper researches the effect of BSPE on the VMWBS
by experiment. The results are as follows:

(1) The average VMBS increases with the
adjustment of BSPE. It provides theoretical basis for
the study of assembly error. The result data also
verifies the feasibility of detecting the parallelism
error between ball screw and rolling linear guide by
vibration test.

(2) This study provides an approach to monitor
the ball screw’s bending deflection and the BSPE,
which is valuable for improving the working
precision and assembly accuracy of machine tools.
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Abstract: Becoming more stringent demands with regard to quality of ball bearings, as well as complexity of
physical and chemical process that occur inside of them, which cannot be explained based on theoretical
knowledge, caused intensive development of experimental methods and devices for testing and diagnostic of rolling
bearings. Experimental tests are carried out on special for this purpose intended devices. The most important
element of device is hydrodynamic spindle from who depend the accuracy of device. The objective of this work is to
study the static and dynamic behavior of spindle supported by hydrodynamic bearings, using the FEM method.

Key words: hydrodynamic spindle, hydrodynamic bearings, static analysis, dynamic analysis, CAE

Analiza stati¢kog i dinamickog ponasanja hidrodinamickog vretena. Strogi zahtevi u pogledu kvaliteta kuglicnih
lezaja, kao i slozenost fizickih i hemijskih procesa koji se desavaju unutar njih, koja se ne mogu objasniti na osnovu
teorijskog znanja, dovelo je do intenzivog razvoja eksperimentalnih metoda i uredaja za ispitivanje i dijagnostika
kotrljajnih lezaja. Eksperimentalna ispitivanja se izvode na specijalno za tu svrhu namenjena uredajima. Najvazniji
element uredaja za ispitivanje vibracija kotrljajnih lezaja su hidrodinamicka vretena od kojih zavisi tacnost uredaja.
Cilj ovog rada je da se metodom konacnih elemenata ispita staticko i dinamicko ponasanje vretena ulezisteno
hidrodinamickim lezajima.

Kljuéne reéi: hidrodinamicka vretena, hidrodinamicki lezaji, staticka analize, dinamicka analiza, CAE

1. INTRODUCTION determinate natural frequencies and mode shapes as
well as harmonic analysis to determine the response of
Experimental results have a major impact both on certain nodes at the effect of the load. Both analyzes

the resolving existing problems and the development of are carried out using the finite element method.
new designs and technologies throughout the life of the
roller bearings, therefore is very important that results 2. STATIC AND DYNAMIC ANALYZES
are accuracy [1]. The hydrodynamic spindle system is
the most important element of a measuring device since
its properties are closely related to the accuracy of the
device, because during the test roller bearing is placed
on spindle and every imperfection of spindle will
reflect on results. The dimension of the spindle as well
as the location, the stiffness of the hydrodynamic — ‘
. . .. axjal hydrodynamic
bearings, loads of tourniquet and driving system affect bearing
the spindle behavior. For the hydrodynamic bearings, [
the journal and the bearing surface are separated by the
sliding action with a wedge pressure-generating
mechanism to develop a pressure within the bearing
[2]. So that stiffness depends on the pressure and
thickness of the lubrication film [3-4]. Spindle used in
precision devices must have low error motion over a
range of operation speeds, small temperature rise and
minimum wear. The above requirements can be
achieved by appropriate choice material and
construction of the spindle and its bearings [5].
Hydrodynamic bearings are characterized by very high
accuracy of work, running smoothness with high
vibrations dumping, simply technology and low cost of Fig. 1. 3D CAD model of hydrodynamic spindle

The spindle is mounted in a housing of device via
two radial and one axial hydrodynamic bearing for
satisfying the high precision rotating of spindle. The
Fig 1 shows the 3D model of hydrodynamic spindle
system with marked characteristic parts.

making, economically maintenance and so on. system [6]

The purpose of static analysis is validation that the . . i
spindle deformations are in allowed limits and finding Due to simple Axial-symmetric nature of the
the force in bearings. On the other hand dynamic  Spindle system, the spindle is represented by one
analysis is made with aim to analyze the dynamic  dimensional element type with two nodes BEAMIS8S,
behavior, for what is used modal analysis to which is six degree element, based in Timoshenko

beam theory, with circular annular cross-section, which
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is suitable for representing the stepped nature of
spindle. Stiffness of hydrodynamic bearings is defined
by equivalent spring-dumper element type COMBIN14
whereby value of initial stiffness both hydrodynamic
bearings are Cr=70 N/pm [7]. The front conical surface
of the spindle which is used to accept and positioning
the arbor is replaced with cylindrical surface with the
dimension of middle diameter of cone. The Fig. 2a
shows model described with 16 nodes and 15 elements
type BEAM 188 and 2 elements type COMBIN14 (Fig.
2b).

In reality, the spindle has a total length of 324 mm
and its outside diameter is variable, on place where is
spindle connected with bearings diameter is 60 mm.
The spindle is connected with front and rear bearing
with the isotropic bearing stiffness designated as nodes
15 and node 16 respectively.

15 16
o o
Y
o o o o o o o O o o o o
1%2 3 4 5 6 7 8 9 1011 12 13 14
a)
15 16
b x
12 3 4 5 6 7 8 9 1011 12 13 14
b)

Fig. 2. Spindle described by; a) the nodes, b)
BEAM188 elements

Using ANSYS APDL, a static model was built,
consisting of a solid shaft rigidly connected to arbor
and belt pulley and supported by the bearings
hydrodynamic bearings.

The Fig. 3 shows model for analysis, the same
model will be used for static and dynamic analysis,
only the constraints will be changed.

i5 :
«{ Front bearing

16 ‘ Rear bearing J
Rt

Fig. 3. 3D Representation model of spindle

Material of spindle is 20MnCr5, and his data are
specified in Table 1.
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Material 20MnCr5
Modulus of elasticity 2.1E+05 MPa
Density 7.8E-06 kg/mm’
Tensile strength 800 MPa
Poisson Ratio 0.3

Table 1. Spindle material data
2.1 Static analysis

The static analysis is carried out with radial load on
node of finite element mesh where is spindle in contact
with belt pulley (node 14), and axial load on spindle
nose (node 1). Applied forces are the result of the
maximal axial force (Fa=200 N), which acting on the
test bearing and the radial force (Fr=430 N) by the belt
transmissions.

The Fig. 4 shows deformations in Y direction, the
biggest value of deformations is on the end of spindle,
showed by blue color, what was expected because that
is the place of radial force. The maximum of radial
displacement occurs at the end of the spindle and is
16.9 um, while the minimum radial displacement
occurs at the spindle nose and is 0.5 pm (Fig. 4). On
the place where is spindle connected with a front
hydrodynamic bearing deformation is 5.0 pm, and on
the rear bearing place is 12.0 pm. Hydrodynamic
bearings are designed with clearance of 20 um, so then
mentioned displacements on front and rear bearing will
not disturb proper work. Force reactions in bearings
are: front and rear bearing Fgp=203N, and F,=633N
respectively.

™ T

R

Fig. 4 Structural displacement due to loads

The spindle stiffness includes the axial and bending
stiffness. In this operating condition, the axial stiffness
is more important than bending stiffness. The axial
stiffness (C,) of the spindle unit is defined as follows: if
the front part of the spindle generates unit axial
displacement J,, the force required to be imposed on
the direction of the displacement is F,. [8] The static
axial stiffness of the spindle nose can be calculated as:

Ca=%;N/,um
200 v
C,=—

a

2 =111; N/pum



On the basis of displacement from Figure 4, radial
stiffness of the front (C.¢) and rear bearing (C,,), under
applied the radial load are:

203
Cr= = - 40.6; N/um

633 @

C,, =——=52.7;N/um
12 "

r,r

Similar stiffness values for the given displacements are
shown in the paper [1].

2.2 Dynamic analysis

For dynamic analysis spindle is freely supported,
because mode frequencies as well as the natural
frequencies are depend on the system parameters. In
order to find the spindle natural frequencies domain of
the spindle was used finite element model represented
in Fig. 5. Two nodes 15 and 16 are taken all degrees of
freedom, to node 3 where is spindle connected with
front bearing is taken rotational degree around X axis,
and translation in Z direction, while to node 10 are
taken translations in X and Z directions, and rotation
around X axis.

Fig. 5. Finite element model for dynamic analysis with
constraints

Reason for that kind of limitations is radial on front
and radial with axial bearings on rear side of spindle.

Accordingly numerical models were obtained the
results for the first five natural frequencies of model
(represented in Fig. 5.) values are given in Table 2.

Mode Frequency [Hz]
Jor 355
Joz 504
Jos 5088
Jos 5580
Jos 9000

Table 2. Natural frequencies of the spindle

Based on the calculated values, plotted are the mode
shapes for corresponding natural frequencies. Vibration
modes according third and fifth natural frequencies are
represented, Fig 6 shows third, and Fig. 7 shows fifth
mode shapes. We can observe that the first spindle
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natural frequency of the spindle is about 355 Hz
corresponding to 21300 rpm, and it is much higher than
maximum spindle speed which is 1800 rpm.

L x

Fig. 6 Third natural frequencies of the test spindle

- _/’

Fig. 7 Fifth natural frequencies of the test spindle

The spindle is modeled as a stationary reference
frame where the general dynamic equation includes the
rotational effects as follows:

[M]{a}+[G [} +[K Hu}={F}

Where:
[M] = Structural mass matrix
[G] = Gyroscopic effect originated from the
rotational angular velocity applied to the
structure
[K] = Stiffness matrix
[F] = External force vector

(€))

In this paper, damping is not considered.

In the considered frequency interval 0 + 10000 Hz,
given by modal analysis, was performed harmonic
response analysis spindle at the effect of loads. The
Fig. 8 shows the displacement of characteristic nodes
of spindle.

The Fig. 8 shows harmonic response of the
characteristic nodes, and can be seen that maximum
responses are different for each node. All the maximum
values are taking place above operational frequency of
30 Hz what corresponding to 1800 rpm. So in the
normal conditions, the deformations will be with the
limits.
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Fig. 8. Harmonic responses of characteristic nodes on:
a) spindle nose (node 1), b) the front bearing (node 3),
c¢) the rear bearing (node 10), d) the end of spindle
(node 14)

3. CONCLUSION

The spindle made of multiple steps is modeled and
analyzed for different boundary conditions for static
and dynamic analysis. The analysis summary is as
follows.

Initial static analysis shows minimum, maximum
and deformations of significant parts of spindle, as well
as the forces in both hydrodynamic radial bearings. The
value of spindle stiffness is validated through
theoretical calculations.

Modal analysis carried out with bearing supports
under flexible conditions shows that natural frequencies
of spindle are a much bigger than the operational
frequency, so than they can not endanger measuring
process.
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Harmonic response analysis of characteristic nodes
represented along with natural frequencies, shows that
the maximum values of displacement are different for
each node, because they are depended of vibration
bending mode.

All the results shows that device can operate safe
and accurately with the given bearing values and
spindle dimensions.
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HOLDER-TOOL ASSEMBLY
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Abstract: With the fast advances in computing technology accurate identification of contact dynamics in spindle—
holder-tool assemblies is of great importance for predicting tool point frequency response function and evaluating
the cutting process stability. This paper describes the mathematical formulation of the Levenberg-Marquardt
method which was applied to identify the unknown parameters at spindle-holder and holder-tool interfaces. In order
to verify the proposed mathematical model numerical and experimental analysis of the spindle-holder-tool assembly
was carried out.

Key words: parameter identification, contact dynamics

Identifikacija parametara veza sistema glavno vreteno — drzac alata — alat. Pouzdana identifikacija parametara
veza sistema glavno vreteno — drzaca alata — alat je od izuzetnog znacaja za predikciju funkcije frekventnog odziva i
obezbjedenja procesa obrade bez pojave samopobudnih vibracija. U radu je prezentovana matematicka formulacija
Levenberg-Marquardt-ovog metoda za identifikaciju nepoznatih parametara veza izmedu glavnog vretna i drzaca
alata, te izmedu drzaca alata i alata. U cilju verifikacije predlozenog matematickog modela izvrsena je numericka i
eksperimentalna analiza sistema glavno vreteno — drzac alata — alat.

Kljuéne reli: identifikacija parametra, predikcija funkcije odziva

1. INTRODUCTION joint stiffness matrix to account for the translations
imposed by moments and rotations caused by forces.

Spindle-holder-tool assembly is one of the most In this paper Levenberg-Marquardt method was

important machine tool components because its static applied to identify the unknown parameters of a

and dynamic behavior, strength, speed, among many spindle-holder-tool assembly. Proposed mathematical
others, have a significant impact on machine tools model is first used in a case study for analytical
overall performance. Regenerative chatter is a well- demonstration. Then, it is verified experimentally for a
known machining problem caused by cutting tool- spindle-holder-tool assembly.

workpiece dynamic interaction that could result in

process instability, reduced material removal rate and 2. MATHEMATICAL MODEL

poor surface quality. In order to identify the stable and

unstable cutting zone in the machining process stability Analysis of complex dynamical systems such are
lobe diagrams of spindle-holder-tool assemblies have spindle assemblies can be simplified by breaking a
been used for decades. For generation of these global system down to a set of interconnected
diagrams frequency response function (FRF) of the subsystems. Therefore, in this paper the problem

assembly should be achieved firstly. The tool point referring to dynamic properties of the spindle-holder-
FRF is typically obtained by experimental modal tool assembly can be simplified so that instead of
analysis. However, due to the large number of holder viewing it as single, the specified system is regarded as
and tool combinations, in order to minimize time- the one composed of three separate subsystems,
consuming modal testing many researchers have namely: a spindle, holder and tool. Components of
developed semi-analytically approaches for obtain tool these assembly should be coupled elastically due to
point FRF. The accuracy of these models strongly flexibility and damping introduced by contact
depends on the accurate identification of dynamical parameters at spindle-holder and holder-tool interfaces.
contact parameters at the spindle-holder and holder-tool In this paper, we applied the approach [1], where part

interfaces. Therefore, the identification dynamical of the holder inside the spindle is considered rigidly
contact parameters of spindle assemblies is of great joined to the spindle (Fig. 1a) and the part of the tool
importance for obtaining the accurate tool point FRF. inside the holder is considered rigidly joined to the
Erturk et al. [1] proposed and experimentally verified holder (Fig. 1b).
analytical model for predicting tool point FRF by Complex stiffness matrix, representing the spindle-
combining the receptance coupling and structural holder interface dynamics, has the following form:
modification techniques where all components of the wk +ico- g 0

: SK=] ' (M
spindle-holder-tool assembly were modeled sH 0 k 4i-@ . c

SH ™r SH ™r

analytically with Timoshenko beam theory. Schmitz et

al. [2] introduced off-diagonal elements to the diagonal Here, syk; is the translational stiffness, suc, is the
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translational damping, sgyk. is the rotational stiffness
and ggc, is the rotational damping at the spindle-holder
interface.

Assuming that response matrices of the subsystem §
(spindle with bearings) and subsystem H (holder) are
known, then it is possible by using a method of
receptive coupling, to obtain the global system
response matrix SH (spindle-holder) at the holder tip:

SH, =H, -H, '(Hcc +S,. + SHK71 )71 ‘H,; (2)
The interface dynamics between the holder and the
tool can be expressed in Eq. (3):
k+i-o-
Hﬂ<={HT " . }(a
0 k. ¥i-o- e,
Here, yrk; and yrc, are the translational stiffness and
damping at the holder-tool interface, respectively. And

nrk, and yrc, are the rotational stiffness and damping at
the holder-tool interface, respectively.

Spindle-holder—

SH,

Spindle-holder-tool -

Fig. 1. Elastic coupling of spindle, holder and tool

Receptance matrix of the global system SHT
(spindle-holder-tool) at the tool tip is obtained by Eq.
4):

SH’I‘” = ’I‘i[ _’I‘ic .(ch +SHC(‘ + HTK_] )71 .Tpi (4)

In order to be able to use equations (2) and (4) to
predict the frequency response function at the holder
and at the tool tip, respectively, it is necessary to
recognize all unknowns, namely, the translational
stiffness, the translational damping, the rotational
stiffness and the rotational damping at the spindle-
holder and holder-tool interface. The following section
presents methodology for identification these
parameters.

3. PARAMETER IDENTIFICATION OF THE
SPINDLE-HOLDER-TOOL ASSEMBLY

3.1 Mathematical background
Fig. 2 shows the general approach to the problem of
parameters identification, from problem definition to
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achieving optimal solutions. A system that is optimized
should be presented by appropriate mathematical model
(e.g. a system of differential equations), after which
should be defined analysis objectives. In order to
optimize the system, it is necessary to enable the
changes of its form and structure.

The assumption is that the mathematical model can
be described by a system of differential equations:

Dy:f(t>)’>9)a y(tO’O):yO(O) (5)
Here, 0 is vector of unknown parameters, y is

dependent state vector of 7 and O, f is generally,
nonlinear function, D is nxn constant diagonal matrix.

Constraints
Analysis objectives

Feasibility

Optimization algorithm

Optimized
system

Fig. 2. Process of parameter identification

Each measurement can be defined by following
parameters:

(C15t17_)~}l)5 i=1’27""m (6)
Here, ¢; is component vector y which is measured, ¢; is
time of measurement, y,is measured value and m is

total number of measurements. The solution of Eq. (5)
for ci component at a time #;, which corresponds to the

i-th measurement, is marked with y, (t,.,(')). The

general approach to the problem of parameter
identification is to minimize the differences between
the results obtained by measuring and by the
mathematical model, i.e.:
r(0)=, (.0)-7 (7

One of the most widely used method of parameter
identification is the least squares method, where the
estimates of the constants of the models are chosen
such that the sum of the squared residuals is minimized.
Differences between the results experimentally
obtained and using the mathematical model can be
represented as a vector r:

r(0)=[1(0) (0) - ()] ®

which is a basis to obtain an expression for the
objective function:

1(0) %||r(e)||2 :%r(O)Tr(O) )

Identification of the parameters can be formulated
as follows:

0 :argmginf(ﬂ) (10)

Here, 0 is vector of parameters and 0* is vector that
minimizes the objective function. If objective function
is twice continuously differentiable, then the following
Taylor expansion for fapplies:



f(9+h)=f(9)+VfT(0)h+%hTV2f(0)h

+0[w]

Gradient g and Hessian matrix H are defined as

(11)

T
of  of of
follows: =vre)=|-L <L .. L | 12
otovs: w0 & 2 ]
[ 2’/06) /() 2’1 (0) |
%0, 00,00, 26,00,
a*r6) 2°r(6) a*/(0)
H=V’7(0)=| 50,00, 0%, 26,00, | (13)
/) /() */(6)
26, 06, 06, 00, %6,

For the objective function the gradient and Hessian
matrix are:

m

8=/ (0)= 321 (0)77 (0)=3(0) r(0) (14)

i=1

H=J(9)TJ(9)+21;(9)V2;;(0) (15)

Here, J(0) denotes the Jacobian matrix.
Levenberg-Marquardt algorithm is based on the
assumption that the error r(0) around the point 8® may
approximate by the first two members of Taylor's
series:

= (0 (0] 55 (07) 0-0°) 10

Then, instead of minimizing the objective function, its
approximation is minimized:

f(ﬂ)%f”(ﬂ)-f*(e) (17)

Equating the previous equation to zero, the following
expression which minimizes the function (17) is
obtained:

37 (e(k))J(e(k) )(9 _B(k))+JT (e(k)).r* (Bk ) =0 (18)
Adding the learning coefficient a®, with ® = 0%, it is
possible to obtain the following equation:

gt — gt _ 5 0) [ 7 (6%)-3 (0" )J‘ ¥ (o%)
T (O(k))

In literature these equation represent Gauss-Newton
algorithm for a® = 1, that is, Gauss-Newton damped
algorithm for variable a® < 1, where the Hessian
matrix is replaced by a matrix:

ﬁ(e“‘) )=a7 (0" )J (0“‘)) (20)

Levenberg introduced the approximate matrix of the
Hessian matrix:

ﬁ(e“‘>)=JT (O(k))-J(B(k))+,uI Q1)
By replacing the Hessian matrix with Levenberg

matrix, the final expression for calculation of the
parameters is obtained:

o) =0 —H' (0))-37 (6%)-r" (09 (22)

Based on the presented mathematical model, a program
for identification of unknown parameters was written in
the MATLAB software package.
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3.2 Numerical case study

In this section, an numerical case study for the
identification approach described is provided.
Geometry of the spindle-holder-tool assembly used for
numerical simulation, bearings and interface dynamics
properties and all other information related to FEM
model are given in [3]. Values of identified parameters
are shown in Table 1, together with errors of
identification. Fig. 3a and 3b shows the comparison of
FRF at the tip of the tool holder and at the tip of the
tool with the identified and real values, respectively. As
shown in Fig. 3, the accuracy of the identified
parameters is more than satisfactory. Somewhat larger
errors are encountered in the identification of the
rotational stiffness, because this parameter has no
significant impact in the synthesis of dynamic
subsystems. The most dominant factor in the synthesis
of dynamic subsystems is translational stiffness, and
this values are most accurately identified.

Identified Relative
Exact value
value error [%]
sk, [N/m] 6.5:107 6.47984-10 0.31
sk, [Nm/rad] 3.5-10° 3.7393-10° 6.84
su¢; [Ns/m] 50 44.8 10.24
suc, [Nms/rad] 7 3.8 45.71
sk, [N/m] 2.1-107 2.10254-107 0.12
urk, [Nm/rad] 1.4-10° 1.26983-10° 93
wr¢; [Ns/m] 15 12.24 18.4
#r¢- [Nms/rad] 3 2.11 29.67

Table 1. Identified contact parameters of the spindle-
holder-tool system

— FRF obtained with FEM analysis
FRF obtained with identificd contact parameters

1000 1500 2000

Frequency [Hz]

0 500 2500 3000

— FRF obtained with FEM analysis
=== FRF obtained with identified contact parameters

10°F

Receptance [m/N]

1000 1500 2000 2500

Frequency [Hz]
Fig. 3. FRF of the spindle-holder (a) and spindle-
holder-tool (b) system with identified contact
parameters

0 500

3000

3.3 Experimental case study

In this section in addition to the analytical case
study, an experimental case study for the parameter
identification approach is described, combining
experimental and FEM data. The spindle-holder-tool



assembly shown in Fig. 4 is suspended to obtain
free—free end conditions for performing an impact tests.
Experiments were performed with ISO 30 type holder,
in which carbide tools with different combination of
tool diameters (D = 9-30 mm) and different tool
overhang lengths (L 16-83 mm). These two
parameters have the strongest influence on their values.

— Accelerometer
— Spindle-holder-tool

Data acquisition unit

PC with modal
analysis software

T
r coooll 000000

Impact hammer

Fig. 4. Schematic layout of experimental setup

In order to provide sufficient data for analysis of the
connection parameters at the holder-tool interface 178
measurements was made with different combinations of
spindle-holder—tool assembly. Fig. 5 and Fig. 6 shows
the result identified translational stiffness and damping
at the holder-tool interface, respectively. From these
figures it can be concluded that with increasing
diameter and tool overhang length occur increase size
of translational stiffness at holder-tool interface. On the
other hand, it is not possible to derive general
conclusions on the impact of these parameters on
translational damping.
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4. CONCLUSIONS

One of the most important requirements in
exploitation of the spindle assembly is its dynamic
behavior, so the main aim of this study was to develop
a mathematical model for identification of the contact
parameters at spindle-holder and holder-tool interfaces.
The proposed model was analytically and
experimentally verified and satisfactory accuracy of the
identified parameters was concluded.

5. REFERENCES

[1] Erturk, A, Ozguven, H., Budak, E.: Analytical
modeling of spindle-tool dynamics on machine
tools using Timoshenko beam model and
receptance coupling for the prediction of tool point
FRF, International Journal of Machine Tools &
Manufacture, 46(15), p.p. 1901-1912, 2006.
Schmitz, T.; Donaldson, R.: Predicting high-speed
machining dynamics by substructure analysis,
Annals of the CIRP, 49(1), p.p. 303-308, 2000.
Ci¢a, D.: Modeling dynamic behavior spindle -
tool holder — tool assembly, PhD thesis, Faculty of
Mechanical Engineering, Banja Luka, 2010, (in
Serbian).

Authors: Djordje Cica, Assistant Professor, Prof. dr
Milan Zeljkovic, M.Sc. Branislav Sredanovic, M.Sc.
Stevo Borojevic, University of Banja Luka, Faculty of
Mechanical Engineering, Stepe Stepanovica 75, 78000
Banja Luka, BiH, Phone.: +381 21 450-366,

E-mail: djordjecica@gmail.com; milanz@uns.ac.rs;




© Journal of Production Engineering §>
ol Vo1 No.1 %«:3‘

JPE (2016) Vol.19 (1) Original Scientific Paper
Grujié, J., Roméek, A., Tabakovié, N.

CONTROL OF PROCESS OF MACHINING OF AN ARTIFICIAL FEMORAL HEAD
Received: 05 January 2016 / Accepted: 22 March 2016

Abstract: The hip joint is one of the most important joints of the musculoskeletal system of man, which facilitates
the movement of walking upright. The hip joint is a naturally conceived as a spherical joint. At the proximal part of
the femur is the head of the femur, balls, placed at right angles to the vertical axis of the body. Acetabular cup
placed in the pelvis and is specially oriented to the vertical axis of the body. Femoral head has a spherical form and
allows mobility and rotation in all directions, sufficient to perform the functions of the movement of the locomotive
system. This document presents a method for determining the machining parameters and the machining allowance
for roughing turning and milling, grinding, sanding and super finishing a function of processing time per operation,
and satisfactory dimensional control, surface roughness Ra, micro roughness, centricity and the error forms.

Key words: Hip joint, acetabular cup, femoral head, endoprosthesis

Upravljanje procesom obrade vestacke femoralne glave. Zglob kuka predstavija jedan od najvaznijih zglobova
lokomotornog sistema coveka, koji omogucuje kretanje uspravan hod. Zglob kuka je prirodno koncipiran kao sferni
zglob. Na proksimalnom delu butne kosti nalazi se glava femura, kuglica, postavljena pod odgovarajucim uglom u
odnosu na vertikalnu osovinu tela. Casica zgloba, acetabularna kapa, postavljena u karlici i specijalno je
orijentisana u odnosu na vertikalnu osu tela. Glava femura ima oblik kugle i omogucuje pokretljivost, rotaciju u
svim pravcima, dovoljnu za obavijanje funkcije kretanje lokomotornog sistema. U radu je prikazan postupak
odredivanja rezima obrade i dodatka za obradu za grubu obradu struganjem ili glodanjem, grubo i fino brusenje
kao i superfinis u funkciji vremena obrade po operacijama, a za zadovoljavajucu dimenzionu kontrolu, hrapavost
Ra i mikrohrapavost, centricnost, greska oblika.

Kljuéne reci: Zglob kuka, proksimalni deo, glava femura, endoproteza

1. INTRODUCTION movement comes to a mutual sliding between the
femoral head and acetabular cups.
The hip joint is one of the most important joints of The occurrence of degenerative changes in the hip

the musculoskeletal system of man, whose operation joint, arthritis, necrosis, benign or malignant diseases or
allows moving and walking upright. The hip joint is a mechanical complications, fracture of the proximal part
naturally conceived as a spherical hinge consists of a of the femur or pelvis, leading to difficulty or
spherical part and the socket. At the proximal part of impossibility of displacement in the area of the hip
the femur is the head of the femur, the ball, which is set joint, and therefore the displacement of the entire
at the appropriate angle to the vertical axis of the body. musculoskeletal system is difficult or impossible.
Acetabular cup that is placed in the pelvis is specially
oriented to the vertical axis of the body. Femoral head
has a spherical form and provides mobility and rotation
in all directions, sufficient to perform the functions of
the movement of the musculoskeletal system, and
occasional acrobatics.

[ e

Fig. 2. Degenerative changes and fracture in the hip
joint and incorporated endoprosthesis

Fig. 1. The possibility of rotation in the hip joint.

] ] o o ) Fig. 3. Malignant changes in the hip joint and
Looking kinematic, in the hip joint during incorporated prosthesis
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Restoration of these complications in hip joint is
solved successfully by surgical method of removing
damaged or diseased parts and installation of
endoprosthesis of the hip joint.

Head endoprosthesis and acetabular cup are in
constant contact and make tribo-mechanical system in
the presence of synovial fluid as lubricants [1,2].

The main task of acetabular cup and head
endoprosthesis is to load, which comes from the mass
of the body, upper extremities and additional cargo,
transfer with acetabular cup on the head of prosthesis,
and then across the body endoprosthesis transfer to the
lower extremity and to thereby provide a painless
mobility in the hip joint [3].

Tribological processes in the areas of contact of
acetabular cup and head prosthesis are in function of
the technological process and the machining parameters
used in forming the contact surfaces. Wear between the
contact surfaces due to friction depends on the micro
roughness, R,, macro roughness, the error forms,
conditions of lubrication, load size due to body weight,
BMI and way of sterilization polyethylene acetabular
cups.

The main objective of the research described in this
document is the determination of cutting data and

supplements for roughing scraping and milling,
grinding, sanding and super finishing in the function of
processing time per operation, and for dimensional
control, surface roughness R, micro roughness,
centricity and error forms.

2. MATERIAL AND METHODS

The study observed making head prosthesis ¥32k6
and ©@28k6 of materials suitable for making implants,
C316 LVM where the raw materials bar @35 and 030.
In doing so, they analyzed all processing operations.
The main cut-off time on a lathe is constant. Production
of conical holes @16 / @14 or ¥14 / @12 is also
constant. The main time for this operation cannot be
radically shortened regime change processing.

Operation roughing ball turning and milling
operations with the presentation of the main time and
additional material for the next operation is shown in
Table 1.

For the operation of processing coarse grinding with
rubble with Bakelite bond 22A46M6JB. The main time
and the addition of further operation are shown in
Table 2.

F 1‘2;’;31 932 | @32 | @32 | @32 | @32 | @30 | @30 | @30 | @30 | 030
Milling 28 26 22 29 28 24 27 28 27 25
addition | | 018 | +02 | 4017 | +02 | +0,17 | +0,18 | +02 | +0,19 | +0,18
material
Turning 18 17 20 21 17 17 16 18 17 20
addition | o 17 | 019 | 4018 | 4017 | +0.15 | 018 | 015 | v015 | 02 | 0.17
material
Table 1. Coarse mashining of the Femoral head
Femoral
head 032 @32 032 @32 032 28 028 028 028 028
Grinding 28 30 29 30 29 30 32 31 30 28
addition
material +0,08 | +0,08 | +0,09 | +0,07 | +0,09 | +0,06 | +0,09 | +0,08 | +0,09 | +0,09
Table 2. Coarse grinding of the Femoral head
For finishing grinding with rubble 22A320M.
Fi‘;‘;’fl 932 | @32 | @32 | 932 | 932 | @28 | @28 | @28 | @28 | @28
Grinding 11 11 12 10 10 12 12 10 18 17
addition
X +0,05 | +0,04 | +0,03 | +0,05 | +0,04 | +0,03 | +0,03 | +0,04 | +0,03 | +0,03
material
Table 3. Finishing grinding of the Femoral head
For finishing super finishing with rubble with rubber binder TYROLIT C320-75VB3.
Femoral 032 @32 032 @32 032 028 28 028 028 28
head
Main time 12 15 10 13 15 13 15 12 12 15
. ﬁna} 32,00 | 31,99 | 32,01 32,00 | 31,98 | 28,00 | 28,00 | 28,01 27,98 | 27,98
dimensions

Table 4. Finishing by super finishing of the femoral head
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Figure 3 presents distribution of time in process of
mashining of a ariphical femoral head.

120+
1004
B Super
801 finish
60- l:l(-'irinding
fine
40+ 0O Grinding
coarse
201 @ Turning
04
O milling

Fig. 3 Distribution of mashining time

Figure 4 shows used grinding wheels.

Fig. 4. The used grinding wheels

Control shape, macro roughness and roughness is
made on the device Form Talysuff Taylor Hobson.
This device is equipped with a computer system that
provides management, measurement, processing of
measured data as well as a visual display on the screen
and the ability to print or archiving.

Fig. 5. Machine control macro roﬁghness
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Fig. 7. Numerical and graphical display micro

roughness
3. DISCUSSION

By observing the results of the measurements it can
be concluded that it is possible to influence the main
time of making the choice of equipment, control
equipment, treatment regime (for rough scraping or
milling). By reducing the addition of a sending is
possible to influence the time of rough sending. The
main time of the final sanding and super finishing can
be considered constant. Appendix for these operations
must provide the ability to achieve the required
dimensions and surface quality. If the supplement for
super finish is bigger, the time of processing is longer.
For demanding surface quality, micro roughness
(R;<0,05), the error forms, macro roughness will be
increased. Final control of roundness, macro roughness
has established three forms: circle, ellipse, triangular
closed fault lines.
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Spherical head endoprosthesis in the production
provides relative rolling between the tool and the work
piece. It is necessary to choose the mode of
processing, speed tools, shift speed of the work piece,
the radius of the blade, grain size and binder binder
wheels for milling, turning, grinding or super
finishing, so that roughness peaks do not exceed the
tolerance zone for the intended operation.

Fig. 9. Scheme of processing sphere (a); milling (b);
by grinding (c)

4. CONCLUSION

Looking at the total processing time head
prosthesis can decrease the main time for rough
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machining or milling. The shortening of the running
time for fine grinding, especially super finish is
insignificant. Supplement for super finish must be
sufficient to achieve the required quality processing
R.<0,05. Greater additional material for super finish
increases main processing time. The result is greater
macro roughness, the error forms.
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Abstract: This paper presents a method for recognition of second order surfaces (quadrics) from point clouds
containing information about scanned rotational parts. The method is region growing method that exploits the
scatter of data during least squares fitting of quadrics as a region growing criterion. The presented procedure is
convenient for segmentation of regions with high (G1 or higher) continuity. Besides, the region seed point is
automatically selected which is its comparative advantage to a number of existing methods. The applicability of the
proposed method is evaluated using two case studies; the first case study refers to a synthesized signal, and the
second presents the applicability of the method on a real world example.

Key words: 3D point cloud, surface recognition, quadrics segmentation, reverse engineering

Prepoznavanje kvadrika iz 3D oblaka tacaka dobijenih skeniranjem rotacionih delova. U ovom radu je
predstavljen metod za prepoznavanje povrsSi drugog reda (kvadrika) iz oblaka tacaka koji sadrze informaciju o
skeniranim rotacionim delovima. Metod spada u klasu metoda zasnovanih na rastu regiona, a kao kriterijum za rast
regiona koriste se svojstva informacione matrice koja se izracunava tokom regresije kvadrika. PredloZzen metod je
pogodan za segmentaciju kontinualnih regiona (G1 ili viSa kontinualnost). Pored toga, pocetna tacka za rast
regiona bira se automatski Sto predstavlja komparativnu prednost ovog metoda u odnosu na dosada razvijene
metode segmentacije kvadrika. Primenljivost razvijenog metoda je ilustrovana na dva primera; prvi primer se
odnosi na sintetizovani, a drugi na oblak tacaka dobijen skeniranjem realnog objekta.

Kljuéne reci: 3D oblak tacaka, prepoznavanje povrsi, segmentacija kvadrika, reverzno inzenjerstvo

1. INTRODUCTION paper is recognition of quadrics from scanned
rotational surfaces.

Research efforts and practical applications in the There are a number of algorithms for detection of

field of implementation of 3D scanning devices in on- quadrics from point cloud, and a survey of these

line manufacturing process control are expanding over methods can be found in [6]. Generally, the methods
the years. Typical examples are assembly automation belong to one of the two classes: 1) edge based, and 2)
and robots navigation. The hardware of contemporary region based methods. Edge based techniques can be
3D scanning devices, and especially optical ones, is employed for GO continuous surfaces where there
characterized by high resolution, speed, and accuracy, exists an abrupt change between adjacent regions.
and it is suitable for on-line applications. The same Region based methods employ split and/or merge or
holds for algorithms for raw data preprocessing (3D region growing approach. Region growing approaches
data registration, integration and meshing). However, start from a seed point and grow region around it using
there is a lack of efficient real-time applicable different criteria such as local surface normal [7],
algorithms for automatic recognition (segmentation and average curvature [8], or principle curvature [9].
fitting) of geometric primitives from point cloud. Recent methods combine edge based approaches for
During reverse engineering in CAD systems, geometric initial segmentation and region based approaches for
primitives from point clouds are recognized surface fitting and segmentation of regions with higher
interactively by user [1], where user recognizes continuity. For example, procedure proposed in [10]
geometric primitives and then annotates a number of detects feature edges using dihedral angle; afterwards
points on them. Afterwards, software is capable of variational shape approximation is employed for region
fitting the best surfaces through selected points. On the partition and general shape quadrics are fitted through
other hand, implementation of 3D scanning devices in obtained regions; finally, over-segmented adjacent
control  applications  requires  fully automatic regions are merged using combination of Euclidean
recognition of geometric primitives from point cloud. distance and normal deviation as metrics. Another
Motivated by applications in a number of fields, approach from [11] employs tensor voting based
such as mobile robots navigation [2] and seam pose method for edges detection and combination of
detection in robotized welding [3], automatic RANSAC, slipping motion analysis, Gauss map and
recognition of planes has attracted many research principle curvature for recognition of shapes. An
efforts [4, 5]. Besides planar surfaces, in mechanical interesting research in the field of recognition of
engineering rotational surfaces are most frequently met. planes, spheres, cones and cylinders from sparse 3D
These surfaces usually consist of second order surfaces meshes obtained from CAD is presented in [1]. The
(quadrics), planes, and general tori. In the focus of this presented method recognizes feature edges using

65



dihedral angle, and employs region growing based on
principal curvature for primitives’ extraction.

In this paper we propose a method for automatic
recognition of quadrics from point cloud obtained by
scanning of rotational parts. The proposed method is in
its essence region growing method based on scatter of
data during direct least squares fitting of second order
surfaces. The presented method is applicable for
recognition of G1 (or higher) continuous surfaces.

The remainder of the paper is structured as follows.
In Section 2 we provide some theoretical background
and present the proposed recognition method and
corresponding algorithm. Section 3 presents the
implementation of the algorithm on a synthesized point
cloud, as well as on a real-world example. Finally, in
Section 4 we give some concluding remarks.

2. METHOD FOR RECOGNITION OF
QUADRICS FROM SCANNED ROTATIONAL
PARTS

The method for recognition of quadrics from scanned
rotational parts that is presented in this paper is based
on the properties of scatter matrix during least squares
fitting of second order surfaces (quadrics). General
quadric can be represented by the following equation:

ax’ +a,y’ +a,2° +a, Xy +asyz+

A Xz +a,X+ay+a,2+a,=0 1)
where a; represent surface parameters and [x y z] are the
coordinates of a point on quadric. Equation (1) can be
represented in matrix form:

x-a=0 2

where x=[x? y* 2* xy yz xz x y z 1], and a=[a; a,... az]"
represents the vector of surface parameters.

Coefficients a can be estimated by solving the
following minimization problem [12, 13]:

minHDaH2 3)
subjecttoa’Ca =1

where C is 10x10 matrix with all elements equal zero
except C(10,10) =1, and D is design matrix in the form:
- AT

XX X e Xy
2 2 2 2
Y1 Y, Y o Yy
AR S A N
XY XY, X3Y; XN Yn
p=| Y1t YoZa Yals Ynin | 4
X2, X2, XZg Xy Zy
X X, Xg e Xy
Y1 Y> Y3 - Yy
z, z, Z;, .. Iy
1 1 1 . 1 |
Solution of minimization problem (3) is positive eigen
value of Sa=/1Ca (5)
where S=D'D (6)

represents scatter matrix, and A is Lagrange multiplier.

When all data in design matrix are sampled from
one exact quadric, scatter matrix will be singular [12].
On the other hand, when data are sampled from
approximate quadric, such as scanned quadric surface,
the scatter matrix will be close to singular. As data that
do not belong to the particular quadric enter design
matrix, matrix S will be farther from singular matrix.
We have exploited this property of scatter matrix to
create the method for segmentation of quadrics from
considered class of point clouds.

The proposed method is in its essence region
growing method. Region growing procedure starts from
the first point in the point cloud and adds point by point
to the region using reciprocal condition number of
scatter matrix as region growing criterion. When
reciprocal condition number of S passes predefined
threshold, a point that does not belong to quadric is
detected. In this situation region growing is stopped
and the coefficients a of recognized quadric are
estimated. The region is considered a quadric if it
contains more than 30 points from the cloud.
Otherwise, it is assumed that points do not belong to
quadric, but to another type of surface.

INPUT: x, y, z — points from the cloud
thresl, thres2 — segmentation thresholds

put axis of rotation along z axis
cloud=[x, y, z];
sortrows(cloud,-3);
m=0; trials=0;
while trials<30
m=m-+1,
surfaces(m).surf(1,:)=cloud(1,:)
for i=1:length(cloud)
surf_aux= [surfaces(m).surf; cloud(i,:)];
calculate rcond(S) using surf_aux
if rcond(S)<thresl
add cloud(i,:) to surfaces(m).surf; end
end
if length(surfaces(m).surf)>30
11=0; 12=1000;
while 11<12
I11=length(surfaces(m).surf)
calculate A
for i=1:length(cloud)
if distance<thres2
add cloud(i,:) to surfaces(m).surf
else add cloud(i, :) to new_cloud; end
end
12=length(surfaces(m).surf)
end
cloud=new_cloud;
else trials=trials+1; end
if length(cloud)<2 trials=31; end
end

OUTPUT: surfaces — structure containing segmented quadrics

Fig. 1. Pseudo-code of the algorithm for
implementation of the method for recognition of
quadrics from scanned rotational parts

When region growing procedure stops, all points that
belong to recognized quadric within predefined
threshold are excluded from point cloud; for detection
of distance between points from the cloud and surface
we exploit estimated surface parameters. The



parameters estimation and point exclusion procedure is
iteratively repeated until no more points are recognized
to belong to given quadric. The pseudo-code of the
algorithm for implementation of the procedure is
presented in Fig. 1.

Since we are dealing with rotational parts, to
accelerate and facilitate computational efforts, the
algorithm starts with alignment of scanned part’s
rotation axis with z axis of point cloud, and with
sorting of points from point cloud in descending order
along z axis. The alignment of rotation axis along z
direction is carried out using moments of inertia for all
three axes of coordinate system, center of mass, and
elementary computer graphics transforms.

3. IMPLEMENTATION OF THE PROPOSED
METHOD

To illustrate and experimentally verify the proposed
procedure, we have implemented it in recognition of
second order surfaces in two case studies. The first case
study refers to a synthesized point cloud, while the
second considers a real world example.

3.1 Case study 1: synthesized point cloud

The point cloud that we use in this case study
consists of four second order surfaces, i.e. of one
sphere, two ellipsoids (spheroids in particular), and one
cylinder. Sphere and cylinder are GO continuous with
adjacent surfaces, while between ellipsoids G1
continuity is achieved. The CAD model of synthesized
part is presented in Fig. 2.a, and parameters of
synthesized surfaces in Table 1. Synthesized point
cloud is noised by white noise with signal to noise ratio
of 90dB.

After application of the proposed method, all four
surfaces were adequately recognized. Segmentation
results are graphically presented in Fig. 2.b, and
estimated parameters in Table 1.
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Fig. 2. Case study 1: a) synthesized part; b)
segmentation results

From Table 1 it can be observed that the algorithm
was able to adequately recognize surfaces. The
discrepancy between estimated surface parameters and
generated surface parameters is less than 0.3%. It
should be noted that the parameters of ellipsoids are
close and that accurate distinction between these
surfaces is a challenging task.
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S:g. Parameters of quadric[a;x107], i=1,...10
= | 1 [0.040.040.0400000-0.96 -94.24]
§ 2 [0.330.330.2500000-24 476]
2|3 [0.320.320.1100000-11.29 186.76]
=l 4 [1.231.2300000-100]
= | 1 | [0.040.040.040.0-0.0-0.00.0-0.0-0.96 -94.28]
2| 2 [[0.330.330.25-0.0-0.0 -0.0 0.0 0.0 -23.98 474.61]
g 3 |[0.320.320.11-0.00.0-0.0 0.0 -0.0 -11.29 186.76]
Y14 [1.231.23-0.0 0.0 -0.0-0.0 0.0 0.0 0.0 -100.0]

Table 1. Generated and estimated surface parameters in
case study 1

3.1 Case study 2: real-world example

In second case study we consider the part presented in
Fig. 3. The part consists of ellipsoid, hyperboloid, cone
and cylinder. The parameters of the designed part are
presented in Table 2. The part was made on CNC lathe
TCN410 - echoENG. The point cloud (Fig. 3.c) is
obtained by 3D digitization of the part using
ZScanner® 700 [13, 14] handheld laser scanner with
resolution of 0.1mm.

As presented in pseudo-code from Fig. 1, the
recognition procedure starts by alignment of part’s
rotation axis with z axis of the coordinate system (Fig.
4). After applying the whole procedure, four quadric
surfaces were adequately recognized. Segmentation
results are presented in Fig. 5, and estimated
parameters in Table 2.

From estimated parameters it can be observed that
for all four surfaces adequate surface types (ellipsoid,
hyperboloid, cone and cylinder) were recognized. The
discrepancy  between designed and  estimated
parameters for all coefficients except for az in cone
segment is less than 6%. This discrepancy includes all
errors introduced during machining and scanning
process, such as interpolation error (ellipse and
hyperbola are approximated by circular and linear
segments), machining error, scanner accuracy and
resolution. It should be noted that the scanner has
shown poor performance as presented in Fig. 3c. It has
very low accuracy in vicinity of sharp edges and cone
segment is located between two sharp edges.

Fig. 3. Part from case study 2: a) designed part; b)
photo of real-world part; ¢) scanned part




Fig. 4. Point cloud from case study 2: a) before graphic
transforms; b) after alignment

Sneog Parameters of quadric[alxloz], i=1,...10

1 [0.16 0.16 0.0900000-19.78 933.87]

[2.042.04-0.6800000 71.46 -1976.42]

[0.330.331.00000066.64 1.11e+3]*100

designed

[0.17 0.17 0.09 -0.0 0.0 -0.0 0.04 -0.02 -19.81 930.61]

[2.04 2.04 -0.68 -0.0 0.01 -0.0 0.34 -1.11 72.68 -2033.5]

2
3
4 [0.086 0.086 0000000 -100]
1
2
3

estimated

[0.340.34 -0.89-0.0 0.0 0.0 0.04 -0.29 64.4 -1.13e+3 ]*100

4] [0.0860.0860.00.00.00.00.01-0.040.0-99.91]

Table 2. Designed and estimated surface parameters in
case study 2
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Fig. 5. Segmentation results in case study 2
4. CONCLUSION

In this paper we have presented a method for
recognition of quadrics from point clouds generated by
scanning of rotational parts. It is a region growing
method based on properties of scatter matrix calculated
during least squares fitting of second order surfaces.
The method is convenient for segmentation of adjacent
segments with G1 or higher continuity, and this is its
comparative advantage to edge based procedures.
Another important property of this method is that seed
point is automatically selected as the highest point
(point with maximum z coordinate) on the part.

The performances of the method were presented
using a synthesized and a real-world point cloud, and
the method has shown good recognition results.

To increase the robustness of the method to poor
scanner performances, the future work will address the
combination of the presented region growing method
with edge based segmentation during preprocessing. In
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addition, recognition of tori, which are also frequently
met in rotational parts, will be a part of future research
efforts.
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Abstract: A special problem in the construction of the fixture is a limited workspace of machines and large overall
dimensions of the workpiece. This problem is especiall pronounced during machining in more work plane at
machining centers. In these cases, recognize fixture systems can not be applied. The dedicated fixture systems, in
parinciple, could satisfay the basic function but have a number of disadvantages in terms of high costs and low
flexibility, especially when it comes to machining process of geometrical and technological similar workpiece. This
paper presents a model of group fixture system that allows cutting process with different cutting tools in four work
plane. Construction of group fixture system has been optimized from the aspect the minimum required workspace of
machines. This very complex problem of design was solving through optimization phase of a large number of
conceptual solutions, phases of numerical analysis of structures and phase of calculate making errors.

Key words: group fixture, finite element analysis, stiffness.

Razvoj sistema grupnih pribora za obradne centre. Poseban problem prilikom konstruisanja pribora je
ogranicen radni prostor masine alatke i velike gabaritne dimenzije radnog predmeta. Ovaj problem je posebno
izrazen u procesu obrade u vise ravni rezanja na obradnim centrima. U ovim slucajevima, postojeci sistemi pribora
se ne mogu primeniti. Specijalni sistemi pribora, u principu, ispunjavaju osnovne funkcije, ali imaju brojne
nedostatke u pogledu visokih troskova i niske fleksibilnost, posebno kada je re¢ o procesu obrade geometrijski i
tehnoloski slicnih radnih predmeta. U radu je prikazan model grupnog sistema pribora koji obezbeduje proces
rezanja sa razlicitim reznim alatima u Cetiri ravni obrade. Konstrukcija grupnog sistema pribora je optimizovana sa
aspekta minimuma potrebnog radnog prostora. Izuzetno kompleksan problem projektovanja je resen kroz
optimizaciju faze velikog broja konceptualnih resenja, fazu numericke analize konstrukcija i fazu proracuna gresaka
izrade.

Kljuéne reci: grupni pribori, metod konacnih elemenata, krutost.

1. INTRODUCTION a GA-based continuous fixture layout optimization
method. Krishnakumar and Melkote [8] presented a
Design of fixture systems in conditions of limited GA-based discrete fixture layout optimization method

workspace of machines is a very complex problem. to minimize the deformation of the workpiece under
Especially when cutting processing is performed on the static conditions. Liu et al. [9] is proposed a method to
thin-walled workpieces in more work plane, which is optimize the fixture layout in the peripheral milling of a
more often case in cutting process on horizontal milling low-rigidity workpiece. Liao [10] used the GA to find
machine centers [1]. Small dimensions of workbenches the optimal numbers of locators and clamps as well as
machining center, in the processing of parts of larger their optimal positions in sheet metal assembly such
dimensions, disabling the formation of stable structures that the workpiece deformation and variation are
of the fixture systems [2]. minimized. Mittal et al. [11] presented a dynamic

In the theory of fixture, systems have been model of the fixture-workpiece system to analyze the
developed many techniques related to the fixture layout fixturing stability of the system. Meyer and Liou [12]
optimization to achieve optimal effects. Developed presented a methodology to generate the configuration
techniques finite element analysis (FEA), artificial of fixture, which was under dynamic machining.
neural networks (ANN), genetic algorithms (GA) and Padmanaban et al. [13] used an ant colony algorithm-
many other combined techniques allow solve many based discrete optimization method and optimized the

problems. Chen et al. [3] presented the results related to fixture layout under dynamic conditions. Tan et al. [14]
the fixture layout design and clamping force described the modeling, analysis, and verification of
optimization procedure based on the GA and FEA. optimal fixturing configurations by the methods of
Deng et al. [4] presented a model-based framework for force closure, optimization and finite element
determining the minimum required clamping force, modeling. Zuperl et al. [15] developed an intelligent
which ensures the dynamic stability of a fixture fixturing system, which adaptively adjusts variable

workpiece during machining. Xiuwen et al. [5] reported clamping forces to achieve minimum elastic
a model for improving workpiece location accuracy by deformation of the workpiece according to the cutter
optimizing the clamping force. Ishikawa and Aoyama position and the dynamic cutting forces. Tian et al. [16]
[6] used the GA to determine the optimal clamping presented an approach for optimally selecting the
condition for an elastic workpiece. Kaya [7] presented locating positions of workpieces and identifying
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feasible clamping regions that meet the requirements of
the form-closure principle for fixture layout. Xiong et
al. [17] proposed two quantitative indices, sum of all
normal contact forces and the maximum normal contact
force, to assess form-closure fixtures. Vishnupriyan et
al. [18] proposed a method of using an ANN for the
prediction of dynamic workpiece motion. They
optimized parameters of the ANN using a GA to
achieve better prediction capability of the ANN. Dai et
al. [19] described a method for application of a rule-
based reasoning on the modular element database,
which can be used effectively for integrating with a
CAD system and for modeling fixture subassemblies.
Vukelic et al. [20] presented a system for computer-
aided fixture design. The structure of this system is
based on modular principle, and uses data base and
knowledge base. Lin and Huang [21] presented
modular fixture planning system, which combines the
pattern recognition capability of the neural networks
and the concept of group technology to group the
workpieces with different patterns but identical fixture
modes into the same group. Gologlu [22] presented a
rule-based reasoning methodology for setup planning
and datum selection incorporating machining and
fixturing constraints. Hu et al [23] proposed a method
of selecting type for checking fixtures that harnesses
advantages of neural networks. This method is
attempted to capture relevant domain knowledge and is
used to produce acceptable solutions. Vukelic et al.
[24] used a combination of feature-based, knowledge-
based and geometry-based methodology for
development complex system for fixture selection,
modification and design.

The majority of these studies refers to defining the
optimum location of certain elements of the fixturing
systems. In addition, discussed the issue of locating and
clamping the workpiece of simple form, i.e. processing
one surface with one cutting tool, which in most cases
belong to the conventional treatment of universal
machine tools. Considered the fixture systems have not
universal character, already highly specialized and
intended for processing workpieces simple geometry.
Modern production conditions imposed by the need for
fixtures that should provide a reliable locating and
clamping of workpiece very complex shapes, when in a
single clamping processing is performed with a large
number of different cutting tools to cut in different
planes. Modern cutting tools provide best production
and economic effects when working in cutting regimes
that are on the verge of endurance tool [25]. In such
conditions processing, fixturing, due to the complex
requests (high load levels, the required accuracy of
processing and other requirements) are a serious
problem in theoretical and in engineering terms.

The paper presents the conceptual design of the
support structure of group fixtures intended for
processing workpieces of complex shape on machining
centers. Calculations of fixtures construction derived
by the method of FEA. This paper is an example of
computation of displacement in the cutting process of
the transmission housing and provides examples of
projected and realized construction of fixture for three
similar technological workpieces in performance of
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treatment processes in four planes of cutting.

2. THEORETICAL BACKGROUND - FEM
ANALYSIS

The stability of the workpiece in the fixture was
analyzed in detail the method of finite elements. To
perform the analysis used program FEMAP.
Calculations were performed with 37617 tetrahedral
finite element shapes and 66047 nodes. Workpiece was
made of ductile iron NL 500-7, modulus of elasticity
160000 N/mm’. Material of fixture is a steel alloy
hardening with modulus of elasticity 220000 N/mm’.
Special attention was given to defining the boundary
conditions. The boundary conditions can be viewed on
the basis of a simplified 3D model shown in Fig. 1. Red
color shows restrain achieved by clamping screws and
pins for locating, and green color shows the workpiece
contact with the base surface.

Fig. 1. The boundary conditions.

Loads workpiece and fixtures are also simulated to
determine the maximum value of the machining load in
areas that will not cause a displacement greater than
0.03 mm. Permitted displacements are determined
based on the allowable machining errors of the
workpiece and certain values of safety, which should
be introduced with regard to the impacts that are not
taken into account. On the other hand, simulated load
values represent the maximum value of the cutting
force with which allowed to operate on the workpiece.
The values of cutting forces are input to the calculation
of the maximum value of cutting (cutting depth and
feed), the geometry of the cutting tools and the
optimization technology of the finished product. On
this way, in terms of fixtures set border conditions
related to the choice of cutting tools (selection cutting
tool geometry), which will allow the maximum
production given the available stability of the
workpiece in the fixture, optimization processing
technology (for example, a combination of rough and
finish milling or milling "wiper" plates) and a choice of
cutting that will, for a limited displacement of the
workpiece in certain zones to ensure maximum
production.

The calculation was performed by the FEA in the



critical cutting zone. Varied the intensity and direction
of cutting forces (Fig. 2) in the areas of processing and
specific and sensitive directions (directions of greatest
compliance), direction and intensity of the load, which
is very important from the aspect of applied ways of
basing the clamping of the workpiece.

i

Fig. 2. The direction of the resulting cutting forces.

The results of FEA are intended to assist in the
selection of the machining and geometry of cutting
tools, in order to ensure the required maximum
productivity with regard to the stability of the
workpiece in the fixture with regard to the
displacement of the workpiece, which to a certain
extent constitute making mistakes of workpiece.

The 3D diagram (Fig. 3) represents the total
displacement of the workpiece in the function of the
direction of the cutting force (in the function of the
angles ¢ and 0). From the diagrams can be clearly seen
that the deformation of the workpiece dependent on the
direction of the force and the position of the cutting
zone. Just based on the quantification of these
differences was optimized cutting tool selection and
optimization of cutting parameters of choice in certain
zones cutting.

0.07 il
0.06
0.05

0.04 -

Displacement & (mm})

0.03 |

0.02 -

60 e _adl

R0 0 Angle g (%)

100

Angle 0 (%)

Fig. 3. Total displacement of the workpiece in the
fixture depending on the direction of the cutting
force.
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In Fig. 4 shows the 3D model of the workpiece with
a network of finite elements and deformations in the
direction of the X axis during machining in a
designated zone. From the Fig. 4 can be observed that
the maximum deformation localized in a narrow cutting
zone as a result of concentrated forces (F=1000N;
¢=30, and 6=20) and a thin wall in the zone.
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Fig. 4. 3D model of the workpiece with a network of
finite elements and scale of displacement when
¢ =70 and 6 =10.

Dependence of the size of the deformation of the
angles ¢ and 0 for a given zone is shown in Fig. 5. and
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Fig. 5. 3D model of the workpiece with a network of
finite elements and scale of displacement when
¢=70 and 6=30.
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Fig. 6. 3D model of the workpiece with a network of
finite elements and scale of displacement when
©=60 and 6=60.

In Fig. 7 is shown the workpiece (transmission
housing) and the chosen cutting tools based on
conducted budget provides the minimum displacement
at maximum productivity.

Fig. 7. Cutting tools used for machining.

3. DESIGNED SOLUTIONS OF FIXTURES

Based on the results of theoretical considerations
adopted the concept of a group supporting structure of
fixtures intended to locating and clamping of given
workpieces. The supporting structure is a form of a
closed frame.

This concept of structure has been optimized in
terms of dimensions of a machining centers and
dimensions of the technology of family housing
agricultural machines.

Optimization of the structure is covered FEA of
structures of varying the dimensions of the supporting
elements and real loads, as well as, calculation parts
making mistakes. The result of optimization is designed
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and implemented the construction of high performance
in terms of stability and processing performance with
multiple cutting tools at four levels. In Fig. 8 show only
some of the possible applications of this type of
construction.

Fig. 8. 3D models of group fixture systems for
machining centers.



4. DISCUSION

Based on the review and analysis of literature
sources can be said that a small number of research
deals with the problem group fixtures intended for the
processing on machining centers. Fixtures of this type
should provide a reliable and basing clamping
workpiece when in a one locating and clamping
processing performed with a number of cutting tools
that cut in different cutting planes. Problem fixture
design is particularly acute when the dimensions of the
parts to be processed very close overall dimensions of
working table (pallet machining center).

Adopted preliminary design support structure group
fixtures intended for the production of housings of
different shapes and sizes has, compared to other types
of fixtures, a number of advantages in terms of:

o flexibility,

o structure stiffness, and

e open structure suitable for access and processing of
various types of cutting tools.

The flexibility of the structure is reflected in the fact
that by changing only a small number of elements to
locating and clamping screw design can be adapted for
different purposes (basing housing and contraction of
various shapes and sizes). The base plate to supporting
and the wupper bearing plate (bracket clamping
elements) are made as modular construction elements
as shown construction expands the possible application
area.

Calculations supporting structure of fixtures group
derived method of FEM analysis indicate high stiffness,
i.e. small deformations that occur in the real values of
simulated load. Based on the results of calculation
support structure can be concluded that the simulated
load of 1000 N, according to X, Y and Z axis, causing
the maximum displacement of structural elements less
than 0.007 mm. Adopted regimes finishing processes,
according to calculations which are not presented in
this paper, do not produce cutting forces greater than
1000 N, and that just means that simulated real load.
Connections of structural elements were achieved
through the channels and wedges for alignment and a
large number of high load capacity bolts. Compiliance
connections generated in this way can be neglected if
one takes into account a number of elements for the
connection load capacity elements and high precision
manufacturing of all elements of fixture.

Showed construction of group fixtures is open and
enables access and processing of various types of
cutting tools. It being possible to use cutting tools with
very small overhangs. Small overhangs cutting tools, as
it is known a very positive effect on reducing vibration,
increasing tool life and improve surface quality. During
the processing of the holes some cutting tools perform
planetary motion with the spindle turning center
undisturbed enters the inside of the the supporting
frame. Basing workpiece is realized via centering pins.
The construction of this type is very suitable for this
type of supporting of the workpiece although the much
wider field of application. In fact, changing elements to
supporting this type of of fixtures can also be applied to
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the processing of parts that are based over a long plug
and processing workpieces that are based on the
principle supporting prismatic element or disc
elements. It should be noted that they are exposed to
physical solutions implemented and the treatment
processes fully meet function.

5. CONCLUSION

According to obtained results it can be concluded
that the proposed conceptual design group fixtures
intended for processing of family housing on
machining centers fulfill the conditions required of
stiffness, flexibility as well as the condition of an open
type of construction.

Calculations carried out by the method FEM
analysis shows that expected levels of load of
supporting structure of fixtures displacement is very
small. Small displacement of elements of supporting
structure fixtures provide the required angle of the
exercise tolerance and quality of the surfaces in terms
of processing a large number of cutting tools that cut in
different planes cutting.

Open type of construction of fixtures provides great
flexibility in terms of the possibility locating and
clamping of various elements, in particular parts form
the casing. It should be noted that in the present case,
the adopted concept of supporting structure of fixtures
allow it to be on a workbench of the machining center
processing parts of large dimensions of which could not
be provided fixtures of a different type. The authors
believe that it exposed the construction of fixtures can
build on additional elements and significantly expand
the area of its application.
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Abstract: The present study is aimed to evaluating the mechanical properties of aluminium metal matrix composite
(AMMC). An effort is made to enhance the mechanical properties like hardness, tensile strength, yield strength, %
of elongation of AMMCs by reinforcing AA6061 matrix with Boron carbide (B,C) particles. AMMCs were made,
AA6061 as matrix material and B,C as reinforcement material, through stir casting method. AMMCs with varying
percentage by different wt. %, 1%,2 %, 3%, 4%,5% B,C were fabricated. A systematic study of the matrix metal and
AMMCs were done to evaluate the mechanical properties (hardness, yield strength and tensile strength) in as cast
and heat treated condition. It was observed that in comparison to the matrix metal, the precipitation kinetic was
accelerated by adding the B,C particles. It was noticed that, mechanical properties are increase with the increase
in wt. % of the reinforcement up to 4% B,C further addition there is a diminution in both the conditions (as cast and
heat treatment condition). It was also thought-out that 4% B,C composite shows better mechanical (hardness, yield
strength and tensile strength) properties and low % of elongation than all other compositions in both the conditions.
Optical microscopy and Scanning electron micrographs were carried out to authenticate the mechanical properties
of the matrix metal and AMMC:s.

Keywords: AA6061, AMMC, B4C particles, as cast,heat treatment, microstructure and SEM.

Mikrostruktura i mehanic¢ke osobine Al-Mg-Si kompozita sa metalnom matricom ojacanih B,C cesticama
proizvedenih STIR procesom livenja. Ovo istrazivanje ima za cilj da oceni mehanicke osobine kompozita
aluminijuma sa metalnom matricom (AMMC). Cilj je bio dobiti poboljsanje mehanickih osobina kao $to su tvrdoca,
¢vrstoca, napon tecenja, % izduzenje AMMC ojacavanjem aluminijumske matrice AA6061 sa Cesticama karbida
bora (B,C). Izradeni su pripremci AMMC, sa AA6061 kao matricnim materijalom i B,C kao ojacavajucim
materijalom, metodom STIR livenja. Ovi AMMC poseduju razlicite procentualne udele B,C - 1%, 2%, 3%, 4% i 5%.
Sprovedena je sistematska studija matricnog materijala i AMMC radi odredivanja mehanickih osobina (¢vrstoce,
napona tecenja i zatezne cvrstoce) u livenom stanju i posle tretmana termicke obrade. Primeceno je, da je u
poredenju sa metalnom matricom, ubrzan proces talozenja dodavanjem B,C Cestica. Uoceno je poboljsanje
mehanickih osobina povecanjem procentualnog udela B,C, do 4% kada pocinje umanjenje osobina kod oba
primerka (livenog i termicki obradenog). Zakljucak je da kompozit od 4% B,C pokazuje bolje mehanicke osobine
(tvrdoca, napon tecenja i zatezna ¢vrstoca) i nisko % izduzenje, nego bilo koji od ostalih posmatranih kompozita u
oba stanja (liveni i termicki obradeni). Mikrografije putem optickog i skening elektron mikroskopa su sprovedene
radi potvrde mehanickih osobina metalnih matrica i AMMC.

Kljucne reci: A46061, AMMC, B,C Cestice, liveno, termicke obrade, mikrostruktura i SEM.

1. INTRODUCTION composites are being increasingly used in aerospace
and automobile industries owing to their enhanced
Composites are engineered or naturally occurring properties such as elastic modulus, hardness, tensile

materials made from two or more constituent materials strength at room and elevated temperatures, wear
with  significantly different physical or chemical  resistance combined with significant weight savings
properties that remain separate and distinct within the  over and reinforced alloys [3, 4]. The material matrix
finished structure. The bulk material forms the  composite can be reinforced with particles and fibers.
continuous phase that is the matrix (e.g.,metals, However, the biggest interest in composite materials is
polymers)and the other acts as the discontinuous phase observed for those reinforced with hard ceramic
that is the reinforcement (e.g. ,ceramics, fibers, particles due to the possibility of controlling their
whiskers, particulates).While the reinforcing material mechanical properties.

as usually carries the major amount of load &the matrix Increasing demands for lightweight metals as
enables the load transfer by holding them together [1].  structural components in the automotive and aerospace

Composite materials are gaining wide spread industries have led to the extensive use of Al-Si-Mg—
acceptance due to their characteristics of behavior with based foundry alloys. One advantage of using

their high strength to weight ratio [2]. The interest in lightweight materials is to increase the payload

material matrix composites (MMCs) is due to the  capacity. Al-Si-Mg alloys are candidate materials for
re.latlon of structure to properties such as spemﬁc such applications due to their good castability
stiffness or specific strength. Material matrix  characteristics [5]. Heat treatable wrought aluminiu-
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Magnesium-Silicon alloys (AA6xxx) are of medium
strength and extensively employed in aircraft,
automobiles and marine applications. AA6061
aluminum alloy is often used for its light weight, good
mechanical properties obtained through Mg,Si
precipitate at the micrometer scale [6].

Mechanical properties were affected by selection of
the volume fractions, size, and distribution of the
reinforcing particles in the matrix [7]. They are used
more often, compared with the composite materials of
other metals, due to the broad range of their properties
and also due to the possibility of replacing the costly
and heavy elements made from the traditionally used
materials [8,9]. Metal matrix composites reinforced
with particles tend to offer enhancement of properties
processed by conventional routes [10].

AMMC are the competent material in the industrial
world. Due to its excellent mechanical properties it is
widely used in aerospace, automobiles, marine etc.
[11]. The aluminium matrix is getting strengthened
when it is reinforced with the hard ceramic particles
like B4C, SiC, TiC and ALOs; etc. Aluminium alloys
are still the subjects of intense studies, as their low
density gives additional advantages in several
applications. These alloys have started to replace cost
iron and bronze to manufacturewear resistance parts.
The alloys primarily utilized today in construction of
aircraft structures, such as wings and fuselages, more
commonly in homebuilt aircraft than commercial or
military aircrafts.

Aluminum hybride metal matrix composites shows
better improvement in hardness with the increasing in
percentage of reinforcement where as decrease in
density [12]. Mechanical properties (hardness, tensile
strength and yield strength) of hybrid composites were
increased with increasing Wt. % addition of
reinforcements [13]. Aluminium alloy AA6061 is
available in a wide range of structural shapes, as well
as sheet and plate products. This alloy has good
weldable  characteristics [14]. Aluminium is also
ubiquitous element and one of the trace elements with
moderate toxic effect on living organisms[15].Hence
the desire in the engineering community to develop a
new material with greater mechanical properties,
without much compromising on the strength to weight
ratio led to the development of the metal matrix
composites [16, 17]. Grain refiners (Sc, Tibor and Zr)
containing AA4043 and AAS5356 fillers added to
AA6061 alloy was attributed to lower silicon/
magnesium segregation at grain boundaries [18]. The
intermetallic particles are distributed uniformly in the
composites and thus produced are fully dense with
improved strength, which increases with the
reinforcement content [19].

A limited research work has been reported on
AMMCs reinforced with B4C due to higher raw
material cost and poor wetting. B4C is a robust material
having excellent chemical and thermal stability, high
hardness (HV=30 Gpa ) and low density(2.52g/cm3)
and it is used for manufacturing bulletproof vests,
armor tank etc. Hence, B4C reinforced aluminium
matrix composite has gained more attraction with low
costing route [20].
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2. MATERIALS and METHODS
2.1 Materials

AA6061 is used as matrix metal and Boron
carbide(B,4C) powder of size 3-5 mesh as reinforcement
material. The chemical composition of AA6061 and

B4,C powder are shown in table.]l and table.2

respectively.

Ele | Cu | Mg Si Fe Cr Al

% | 0.19 | 0.82 | 0.67 | 0.19 | 0.08 | Rem

Table 1: composition of AA6061 matrix metal

Ele | B+C B C B,03 Fe Si
min | max

% | 96.5 | 753 | 21.2 | 072 | 035 | 0.21

Table 2: composition of B4,C

2.2 EXPERIMENTAL WORK

The simplest and the most cost effective method of
liquid state fabrication is stir casting [21]. In this work
stir casting technique is employed to fabricate, which is
a liquid state metal in which a dispersed phase
(reinforcement particulates) is mixed with a molten
metal by means of stirring. The matrix AA6061 was
melted at 700°C in an electric furnace. At this high
temperature magnesium ribbons were added into the
molten alloy to increase the wetability. An appropriate
amount(1% of the wet. Of base metal) of B,C powder
was preheated (350°C) and then added slowly to the
molten aluminium alloy. Simultaneously, the molten
metal was stirred thoroughly at a constant speed of
300rpm with a stirrer for a period of 15 min. for evenly
dispersing B4C particles in the molten aluminium
alloy. The high temperature AMMC was poured into
the preheated (400°C) cost iron mould (having inside
mold dimensions 300mmx300mmx6mm). The same
procedure was followed to get the AMMC ‘s of
different wt. %,1%, 2%, 3%, 4% and 5% B,C powder.
the experimental setup is shown in Fig:1.

STIRRER

MOLTEN
METAL IN
CRUCIBLE

FURNACE

Fig:1 Molten metal in the furnace
2.3 TREATMENT OF AMMC

Fabricated composite was divided into equal parts
of size 150x150x 6mm by mechanical cutting and are
used for studying the mechanical properties in both the
conditions (as cast and heat treatment).

ELECTRIC ARC



2.3.14s Cast

The fabricated specimens (150x150x6) were
proposed to test for mechanical properties without any
treatment.

2.3.2 Heat Treatment (HT)

AMMC plates were solutionized at 520°C for 1Hr
and water quenched then the specimen are artificially
aged at 180°C for a period of 12Hrs followed by air
cooling.

2.4 TESTING OF AMMC

The fabricated specimens were proposed to test for
mechanical properties like hardness, tensile strength,
yield strength and % of elongation.

2.4.1 Hardness test

Hardness measurements were carried out on the
matrix metal and composite samples by using standard
Vickers hardness test machine. Vickers hardness
measurements were carried out in order to investigate
the influence of particulate weight fraction on the
matrix hardness.

2.4.2. Tensile Testing

The specimens were machined to get dog boned
structure as per ASTM E-8 standards. Test was carried
out on a computerized UTM (TUE-C-600 Model
Machine). The tensile test specimens are as per
ASTME-8 as shown in Fig: 2

TEMSILE SPECIMEN DIMENSIONS

MOTE: ALL DIMENSIONS ARE IN mm.

Fig. 2 Tensile Test Specimen as per ASTM —E8
2.5 MICROSTRUCTURE OF AMMC

Microscopic analysis of the matrix metal and
composite samples were performed by optical
microscopy and Scanning electron microscopy. An
Image analyzer was used to examine the distribution of
the reinforcement particles within the aluminum
matrix. The mechanical properties of any particle
reinforced metal matrix composites depend on the
particle distribution, particle size, particle flaws,
surface irregularities and particle matrix bonding. It is
therefore, necessary to conduct a microscopic analysis
on the new material in order to gain better
understanding of its micro structural characteristics.
The polished specimens were cleaned with acetone and
etched with (Methanol (25ml) + Hydrochloric acid
(25ml) + Nitric Acid (25ml) + Hydrofluoric acid 1
drop) solution.
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3. RESULTS & DISCUSSIONS

3.1 Hardness
The tests revealed that, the hardness of the
composite specimen is increased gradually with

increase in the wt. % of B4C powder incorporated in
the metal matrix. The same thing was observed in
hybrid composites [10, 11]. Table 3 shows hardness
(VHN) of the composite at various percentage of
reinforcement (B4C) in both the conditions (as cast and
Heat treatment). Fig: 3 show the hardness all
composites (1%, 2%, 3%, 4% & 5% of B,C) in both the
conditions. Heat treatment condition composite shows
better hardness values than as cast conditionandin heat

treatment out of all compositions, 4% of B,C
composite shows better hardness.
Condition As cast Heat
%B,C treated
1% 80 92.72
2% 83 99.20
3% 90 109.30
4% 103 113.20
5% 82 109.00

Table 3. Hardness (VHN) of the composite at various

percentage of reinforcement (B4C) in both the
conditions (as cast and heat treatment)
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Fig. 3. Hardness (VHN) of the composite at various
percentage of reinforcement(B4,C) in both the
conditions (as cast and Heat treatment)

3.2 Mechanical Properties (Tensile Strength, Yield
strength & % of Elongation)

The tests revealed that, the tensile strength of the
composite specimen is increased gradually with
increase in the wt. % of B4C powder incorporated in
the metal matrix. The same thing was observed in
hybrid composites [11]. Fig:4 shows the tensile
strength of all composites (1%, 2%, 3%, 4% & 5% of
B,C) in as cast, and heat treatment condition. The heat
treated composite shows better tensile strength values
than all cast condition. Out of all, 4% of B4,C composite
made with heat treatment shows better mechanical
properties than all other compositions. Similar trend
was observed for yield strength (Fig:5).
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Fig. 4. Tensile strength of composites (1%, 2%, 3%,
4% & 5% of B4C) in as cast and heat treatment
condition.
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Fig. 5. Yield strength of composites (1%, 2%, 3%, 4%
& 5% of B4C) in as cast and heat treatment condition

Whereasthe percentage of elongation of the
composites are decreased gradually with increase in the
wt. % of B4C powder incorporated in the metal matrix.
Fig: 6 shows the percentage of elongation of all
composites (1%, 2%, 3%, 4% & 5% of B,C) in both the
conditions. Composites made with as cast and heat
treatment shows the lower percentage of elongation
values than as cast condition. Out of all 4% of B4C
Composite shows lowest % elongation than all other
composites.
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Fig. 6. The percentage of elongation of as casted and
heat treatment of AMMCs
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4. MICRO STRUCTURE

The morphology, density, type of reinforcing
particles and its distribution have a major influence on
the properties of particulate composites [1]. The
specimens were prepared for microstructure analysis by
thoroughly polishing and etching. Then the specimens
were observed under an optical microscope and SEM
for studying the microstructure.

Micrograph of the matrix metal (AA6061) in T6
temper is shown in the Fig. 7a. It shows number of
Mg,Si particles are present in artificially aged (T6)
alloy and shows columnar without reinforcement
where as significant grain refinement was noticed

when reinforced material (B4C) were added to the
matrix metal (Fig. 7b-d) in as cast condition.

Fig. 7. Micrographs of (a) Matrix metal-T6 (b) 3% B,C
cast composite, (¢) 4% B,4C cast composite and (d). 5%
B,4C cast composite

Micrograph of the heat treatment composite is
shown in the Fig. 8a-c. It shows number of Mg,Si and
B4C particles present and significant grain refinement
was noticed when reinforced material (B4C) were
added to the matrix metal.

S (TN -

C.

Fig. 8. Micrographs of (a)3% B4C heat treatment
composite, (b) 4% B4C heat treatment composite and
(c) 5% B4C heat treatment composite



In Fig: 9 b and c, small B4C particles are clearly
visible, while almost no fine B4C particles are visible in
the cast composite (the particles appear white in the SE
images due to charging of the nonconductive B4C).
Comparing the grain structure of the composite there is
some grain refinement over the matrix material
(Fig:9.a). While complete quantitative data were
difficult to obtain from the matrix material, columner
grains are clearly visible.

Conversely, the microstructure of the composite has
much smaller grains. Fig: 9.c. shows a fine with many
smaller grains predominantly near B4C particles. . With
the observed dispersion of fine B4C particles
throughout the matrix in the heat treated composite, it
is possible that the high number of potential
heterogeneous nucleation sites could give rise to a
further refined grain structure [18]. However, in the as
cast composite (Fig:9.b), there are large grains are
observed.

Fig. 9 SEM micrographs of (a) Matrix metal (b) As cast
(AA6061+B4C)composite and  (c) heat treatment
(AA6061+B,4C)composite

5. EFFECT OF HEAT TREATMENT

Aluminum—Magnesium- Silicon alloys are a typical
example of a heat-treatable and precipitation-hardening
materials. Four sequential structures can be identified
during the artificial aging of AI-Mg-Si alloys

Al-Mg-Sie.g., 6061: SS™* GP—* [’Mg,Si —* BMg,Si

where SS denotes the supersaturated solid solution. It
should be pointed out, however, that coherency strains
are not observed in the GP (Guinier—Preston) zones or
B’transition stages of precipitation in Al-Mg-Si alloys
such as 6061. Therefore, it has been suggested that
precipitation hardening in such aluminum alloys is due
to the increased energy required for the dislocations to
break the Mg-Si bonds as they pass through the
precipitate, rather than due to coherency strains. the
precipitation range for the most effective strengthening
phase B is 160-240°C and that for the less effective
strengthening phase B’ is 240-380°C [22, 23] and
proposed that the losses of hardness and strength is a
result of over aging due to B coarsening and B’
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formation. The lattice strains are much more severe
around a coherent precipitate than around an incoherent
one. The severe lattice strains associated with the
coherent precipitate make the movement of dislocations
more difficult and, therefore, strengthen the material to
a greater extent.

5. CONCLUSIONS:

The AA6061-B,C composites of combinations 1%,
2%, 3%, 4% & 5% were produced through stir casting
method. The mechanical properties of the composite of
as cast and heat treatment were evaluated and
compared matrix material and observed the distribution
of reinforcements (precipitates) are homogenously
distributed.The following conclusions are made from
the study.

1. AA6061- B,C composites AMMCs (AA6061/B,C)
were successfully fabricated by stir casting
method.

2. The mechanical properties (yield and tensile
strength) of heat treated 4% B,CAMMC shows
better value than all other composites.

3. Out of all the conditions, heat treated 4% B,C
AMMC shows lower % of elongation.

4. Optical micrographs and SEM micrographs
revealed that the B4C particles were well
distributed in the Aluminium matrix in heat
treatment condition.
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Abstract: The present work was an investigation of effect of both halide fluxes (NaCl and CaCl2) and major
welding parameters on welding of Ti-6Al-4V. S/N ratio analysis was conducted using Taguchi method to find
optimal setting of parameters for weld penetration and heat affected zone (HAZ). ANOVA was performed to find
significance of parameters and their interactions on the above responses. The highest penetration and lowest HAZ
values of 4.982mm and 81.765um respectively were obtained at optimum conditions. All the parameters, one 2-way
and 3-way interaction on penetration whereas all parameters and interactions on HAZ were found to have

significant effect.
Key words: A-TIG Welding, Penetration, HAZ, Ti6AI4V alloy

Uticaj halidnih flukseva i parametra zavarivanja na penetraciju i ZUT Kkod legura titanijuma. U ovom radu je
sprovedeno istrazivanje halidnih flukseva (NaCl i CaCl,) i veéine parametara zavarivanja titanijuma Ti-6A1-4V. S/N
odnos analiza je sprovedena pomocu Taguci metode radi pronalazenja optimalnih parametara za penetraciju
zavara i zone uticaje toplote. ANOVA je sprovedena da se pronade znacaj parametara i njihova interakcija gornjih
odaziva. Najvisa penetracija i najniza zona uticaje toplote sa vrednostima od 4,982 mm odnosno 81,765um su
postignuti sa optimalnim parametrima. Svi parametri, jedna dvosmerna i trosmerna interakcija provara i svi
parametri i interakcija zone uticaja toplote su otkriveni da imaju znacajan uticaj.

Kljuéne reéi: A-TIG zavarivanje, penetracija, ZUT, Ti6AI4V legura

1. INTRODUCTION compound flux using 50% SiO, and 50% MoO; for A-
TIG welding of Inconel X750 and they identified that

Welding of titanium and its alloys is difficult post weld heat treated components attained better
because of the affinity titanium and its alloys for tensile properties than as weld components. Cai et al.,

oxygen, nitrogen and hydrogen and the subsequent [6] investigated the effect of cerium oxide activated
embrittlement. So the welding of titanium was flux on penetration, microstructure and mechanical
restricted to gas shielded and solid state welding properties of BS700MC super steel weld. They
processes. Despite this reactivity welding of titanium obtained the optimum content (15%) of cerium oxide
alloys was a cost effective manufacturing method for for improving the above performance measures. Xie et
the components used in chemical processing, offshore, al., [7] used the mixer of TiO, and nano-SiC particles
aerospace, ordinance and defence applications. The in welding of AZ31 magnesium alloy in TIG welding.

tungsten inert gas welding (TIG) is ideally suitable for They evaluated the micro-structural and mechanical
welding of titanium alloys with precise and high quality behavior of weldments and found that addition of nano
weld. High depth of penetration and low heat affected materials improved the above responses. Zhang and Liu
zone (HAZ) plays an important role in improving the [8] investigated the effect A-TIG welding of
mechanical properties of the weld [1]. However, the magnesium alloy AZ31B with three oxide flux
relatively shallow penetration capability and low materials under alternating current mode. The effects of
productivity are the main disadvantages in the TIG welding speed, weld current and electrode gap were

welding process. Achieving full penetration of welds studied and they found that there is an increase in the
with superior mechanical properties in single pass weld weld penetration of AC A-TIG welding. Huang et al.,
the notable technique was to use activating flux with [9] investigated the weld morphology, arc voltage and
TIG (A-TIG) welding process [2]. mechanical properties using oxide flux powders of

In view of that many researchers investigated the ALOj; Cr,03, TiO,, Si0; and CaO during welding of SS
effect of activated fluxes on various performance 304. The greatest improvement in performance was
measures in welding, in which Nayee and Badheka [3] observed with the use of SiO,. The effect of activated
studied the effect of oxide based fluxes on mechanical flux composition was optimized by Maduraimuthu and

and metallurgical properties of weldments prepared by vasudevan [10] to achieve 6mm depth of penetration in
carbon steel and 304 SS materials. Vasantharaja and single-pass A-TIG welding and the results were
Vasudevan [4] attempted to develop a flux material for compared with mulipass conventional TIG welding.
ferritic —martensitic steels. The effect of flux material Kumar [11] made an attempt to study the effect of
was studied by considering micro hardness and micro- pulsed TIG welding process parameters on mechanical
structural properties. Ramkumar et al., [5] prepared a properties. Taguchi method was used to optimize the
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pulsed TIG welding process parameters of heat-
treatable (Al-Mg-Si) aluminum alloy weldments.

The available literature was mostly restricted to
welding of various types of steels, Inconel, aluminum
and magnesium alloys. In addition to the above, most
of the investigations on activated -TIG welding were
performed by using oxide fluxes only. The use of oxide
flux is problematic in welding of titanium alloys as it
produces the surface oxide layer. Hence, there is a
dearth of information in finding the effect of activated
TIG welding in welding of titanium alloys. So in this
work an attempt has been made to find effect of halides
(NaCl and CaCl2) and major welding parameters viz.,
welding current and welding speed on penetration and
HAZ of titanium alloy.

2. EXPERMENTAL STRATEGY AND SETUP

The TIG welding operations were performed on the
Miller syncrowave 300 with shielding gas as argon. For
uniformity ERTi-5 filler rod was selected, as its
composition was same as the composition of workpiece
material as shown in Table 1. The type of edge
preparation made was bevel weld, where one of the
joining pair will have a straight edge and other part of
the pair with angle cut. The angle that was considered
is 60° for the edge with a root opening of 2mm as
shown in Fig. 1.

Filler Rod
Aluminum(Al) - 5.5-6.7
Vanadium (V) — 3.5-4.5
Ferrous (Fe) — 0.25 Max

Oxygen (0) — 0.15
Nitrogen(N) — 0.020
Max
Carbon(C) — 0.05 Max
Hydrogen(H) — 0.008
Max
Titanium - Balance

Titannium Alloy
Aluminum(Al) - 6.38
Vanadium(V) — 4.07

Ferrous(Fe) — 0.19

Oxygen(o) —0.17

Nitrogen(N) — 0.008
Carbon(C) — 0.012

Titanium - Balance

Table 1. Composition of Ti-6Al-4V Titanium alloy and
Filler rod

Fig. 1. Edge preparation for Ti6Al4V workpiece

Plates of 5Smm thickness which were cut into strips
of 50x50mm were polished with 400 grit (silicon
carbide) flexible abrasive paper to remove surface
impurities and then cleaned with acetone. Activating
flux was prepared using the two kinds of halides (NaCl
and CaCl2) by mixing them with acetone and a layer
less than 0.2mm thick was applied to the surface using
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brush before TIG welding. The flux coated Ti6Al4V
alloy is shown in Fig. 2.

The parameters considered for investigation was
flux coatings, welding current and welding speed with
2 levels each as shown in Table 2. The weldments were
cut at the centre as 10x10mm size with wire EDM for
analysis of the cross-section. The cut pieces were
etched with Keller’s etchant and the composition of the
etchant in 200ml solution was hydrofluoric acid, 2ml,
nitric acid, 5ml, hydrochloric acid, 3ml, and the
remaining is 190ml of distilled water. The test
specimens were immersed in this etchant for a period
of 15-30 seconds. The penetration and HAZ values
were measured using XJP-6A  metallurgical
microscope.

Fig. 2. Flux coated Ti6Al4V workpiece

Parameters Symbol | Level 1 | Level 2
Flux coating FC NaCl | CaCI2
Welding current WwC 50 60
(Amp)
Welding speed WS 0.96 1.67
(mm/s)

Table 2. Welding parameters and their levels

3. DESIGN OF EXPERIMETNS (DOE) FOR
PENETRATION AND HAZ

The S/N ratio (1) analysis was conducted to find
optimal setting of optimum parameters in which signals
were predominant and eventually leads to a situation in
which the system is least sensitive to noise [12]. The
above three parameters with two levels were selected
for penetration and HAZ experiments. The parametric
optimization was performed by Taguchi method using
MINITAB 16 software and the experiments were
planned using L8 orthogonal array (OA). The
experimental strategy used here was full factorial
design of high resolution, which facilitates evaluation
of main effects, 2-way and 3-way interaction effects on
penetration and HAZ. The significance of individual
parameters and their interactions on penetration were
obtained by ANOVA. A confidence level of 95% (o =
0.05) was used throughout the analysis.

3.1. Taguchi’s Signal to Noise (S/N) ratio for
penetration.

The measured penetration values are given in Table
3. The penetration should be as high as possible so the
characteristic selected in Taguchi method for
penetration was “Larger is better” and the equation is
as given in (1). Where ‘y’ is the individual measured
response value and ‘n’ is the number of measurements.



l «n | 1
n:—IOIOgHZi_l(yJ )
lelgl FC wC WS Penetration
1 NaCl 50 0.96 3.663
2 NaCl 50 1.67 3.585
3 NaCl 60 0.96 3.951
4 NaCl 60 1.67 3.617
5 CaClI2 50 0.96 4.589
6 CaClI2 50 1.67 4.175
7 CaClI2 60 0.96 4,982
8 CaClI2 60 1.67 4.709

Table 3. Experimental results for penetration.

The main control factors (FC, WC and WS) have
significant effect on the penetration values since the
S/N ratio changes significantly with the change in the
levels of these factors as shown in Table 4. It shows the
minimum and maximum S/N ratios for each factor and
the difference between the ratios was known as delta.
The higher the delta, the effect of the factor was most
significant on performance measure and the
corresponding factor was awarded with highest rank.
So among the main control factors flux coating had
shown most significant effect followed by weld current
and weld speed. The effect of main control factors on
penetration is given in Fig. 3 indicates that the factor at
level 2 for FC, level 2 for WC and level 1 for WS gives
maximum penetration value and hence an optimal
combination was obtained at A,B,C;; as it was known
that irrespective of the characteristic largest value of
S/N ratio indicates the optimal condition for the
corresponding factor.

Level | FC WC WS
1 11.37 | 12.02 | 12.60
2 13.26 | 12.61 | 12.03
Delta | 1.90 0.58 | 0.57
Rank | 1 2 3

Table 4. Signal to Noise ratio values for penetration.

Main Effects Plot for SN ratios
Data Means

wC
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13,01
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12,0

11,549
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Signal-to-noise: Larger is better

Fig. 3. Effect of main control factors on penetration

If the effect of one factor depends on the other
factor, then the interaction plot was useful to visualize
the possible interactions. The greater the difference in
slope between lines, then higher the degree of

interaction. However, the interaction plot does not give
whether the interaction was statistically significant or
not [13]. Fig. 4 shows the interaction effect of among
the parameters for penetration.

Interaction Plot for SN ratios
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Fig. 4. Interaction effect between FC,WC and WS on
penetration.

3.2. Analysis of variance for penetration.

The results of ANOVA for penetration are given in
Table 5. P-value determines the appropriateness of
rejecting the null hypothesis in a hypothesis test. So,
the P-values which were less than 0.05 (95%
confidence level) indicate that null hypothesis should
be rejected and thus the effect of respective factor was
significant. The absolute value of source terms for
penetration is displayed in a Pareto chart as shown in
Fig. 5. It consists of a reference line on the chart
corresponding to a ‘e’ value of 0.05. The effects that
past this reference line was potentially important.
Normal plot of the standardized effects for penetration
is shown in Fig. 6. The sources which were away from
the line had significant effect and the sources near to
zero were insignificant. From the two figures it was
observed that FC, WC, WS, FC*WC and FC*WC*WS
were potentially important and its relative effect on
penetration is in decreasing order. Whereas the
interaction between FC*WS and WC*WS were found
to be insignificant on penetration.

Source D | Seq Adj Adj F P

F |SS SS MS
FC 1 3313 | 3313 | 3.313 | 606.8 | 0.00
WC 1 0348 | 0.348 | 0.348 | 63.9 | 0.00
WS 1 10301 | 0.301 [ 0301 |55.1 0.00
FC*WC |1 |0.112 | 0.112 | 0.112 | 20.6 | 0.00
FC*WS |1 |0.018 | 0.018 | 0.018 | 3.48 0.09
WC*WS | 1 | 0.007 | 0.007 | 0.007 | 1.43 0.26
FC*WC |1 | 0.053 | 0.053 | 0.053 | 9.75 0.01
*WS
Pure 8 10.043 | 0.043 | 0.043
Error
Total 15 | 4.199
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DF = Degrees of freedom; Seq.SS= Segential sums of squares;
Adj.SS=Adjusted sums of squares; Adj.MS=Adjusted means squares;
F=F-value; P=P-value

Table 5. Analysis of variance for penetration
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Fig. 5. Pareto chart of the standardized effects for
penetration.
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Fig. 6. Normal chart of the standardized effects for
penetration.

3.3. Results and Discussion for penetration.

At the combination of CaCl2 as flux material, weld
current at 60A and weld speed at 0.96mm/s the highest
penetration value of 4.982 mm is observed as shown in
Fig. 7(a). Conversely the lowest penetration value of
3.585mm was observed at conditions of NaCl as a flux
material, weld current at S0A and weld speed 1.6mm/s
as shown in Fig. 7(b).

The deep penetration was achieved with activated
TIG welding is due to arc constriction and surface
tension. In A-TIG welding activating flux constricts the
welding arc and tends to increases the penetration. In
addition, temperature coefficient of surface tension on
the molten pool changes from a negative to a positive
value. Therefore, the surface tension at the pool center
is higher than at the pool edge resulting in change of
direction of fluid flow in the molten pool; hence a
relatively deeper and narrower weld is produced. Both
the activating fluxes helped to increase the penetration
because of the above reasons. The obtained results are
in line with previous literature [14].

In the present investigation higher penetration
values were obtained when the welding was carried
using CaCl2 as a flux material and the reason may be
the thermal properties of base and flux materials. The
thermal conductivity of titanium Ti6Al4V alloy is
6W/mK. The higher conductivity of the base metal
makes the weld penetration too shallow. By applying
the activated flux materials like NaCl and CaCl2 it
helps to reduce the conductivity in the welding area. As
the conductivity values for CaCl2 and NaCl at room
temperature is 0.60 and 0.55 W/mK respectively. So
the lower values of thermal conductivity may be helped
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to obtain the deeper penetration values. As the current
increases the heat input increases which increases the
depth of penetration. Increase in torch speed decreases
the heat received by the base metal therefore depth of
penetration decreases.

e~

3.585mm

(a) W (b); ' .
Fig. 7. (a) Penetration at A,B,C, condition, and
(b) Penetration at A,B;C, condition.

3.4. Taguchi’s Signal to Noise (S/N) ratio for HAZ.

The heat affected zone is an area of a base metal,
which is not melted but causes the changes in its
strength, induced stresses, resistance to corrosion,
hardness and microstructure. The size of the HAZ is
dependent on number of factors, including base
material, thickness of the material being cut, flux
material, heat input and weld speed. Suitable selection
of welding parameters reduces the size of the HAZ.
The heat affected zone should be as small as possible,
so the type of characteristics selected for HAZ was
“Smaller is better” and the equation is as given in (2).
The measured HAZ values and the results of the S/N
ratio for the HAZ are given in Tables 6 & 7
respectively.

n= —IOIOg%ZTIy2 )
Trial No FC WC WS HAZ
1 NaCl 50 0.96 138.365
2 NaCl 50 1.67 127.14
3 NaCl 60 0.96 276.55
4 NaCl 60 1.67 204.245
5 CaCl2 50 0.96 161.675
6 CaCl2 50 1.67 81.765
7 CaCl2 60 0.96 211.445
8 CaCl2 60 1.67 119.575

Table 6. Experimental results for Heat affected zone.

Level | FC WwC WS
1 -4499 | -41.83 -45.58
2 -42.62 | -45.77 | -45.02
Delta 2.37 3.94 3.56
Rank 3 1 2

Table 7. Signal to Noise ratio values for HAZ.

Among the main control factors welding current
had shown most significant effect followed by weld
speed and flux coating. The effect of main control
factors and their interactions on HAZ is shown in Figs.
8 & 9 respectively. The factor at level 2 for FC, level 1
for WC and level 2 for WS gives minimum HAZ value
and hence an optimal combination was obtained at
A;B|C,. All the interactions among the parameters
were found to be significant.
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Seq Adj Adj
Source DF 33 SS MS F P
FC 1 7382 7382 | 7382 | 11932 | 0.0
wC 1 22932 | 22932 | 22932 | 37066 | 0.0
WS 1 16295 | 16295 | 16295 | 26339 | 0.0
FC*WC 1 4077 4077 | 4077 | 6590 | 0.0
FC*WS 1 1947 1947 | 1947 | 3147 | 0.0
WC*WS 1 1333 1333 1333 | 2155 | 0.0
FC*WC*WS | 1 603 603 603 974 | 0.0
Pure Error 8 4.9 4.9 0.6
Total 15 | 54576.9

Table 8. Analysis of variance for heat affected zone.

3.5. Analysis of variance for Heat affected zone.

Analysis of variance was performed for HAZ and
the results are given in Table 8. Pareto chart and
Normal plot of the standardized effects for HAZ are
shown in Figs. 10 & 11 respectively.

Pareto Chart of the Standardized Effects
(response is HAZ, Alpha = 0.05)
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Fig. 10. Pareto chart of the standardized effects for
HAZ.
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Fig. 11. Normal chart of the standardized effects for
HAZ.
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From the two figures it was observed that all the
effects past the reference including all main control
factors, 2-way and 3-way factors viz., WC, WS, FC,
FC*WC, FC*WS, WC*WS and FC*WC*WS were
significant and its relative effect on HAZ is in
decreasing order.

3.3 Results and Discussion for penetration.

The combination of CaCl2 as flux material, weld
current at 50A and weld speed at 1.67mm/s the
lowest HAZ value was observed as shown in Fig.
12(b). Conversely the highest HAZ value was
observed at conditions of NaCl as flux material, weld
current at 60A and weld speed 0.96mm/s as shown in
Fig. 12(a). The penetration values obtained in the
present investigation was an effect on the HAZ. The
arc constriction and surface tension of the molten
metal changes the direction of fluid flow and makes
the welds with deeper penetration resulting in smaller
HAZ. The thermal conductivity of the CaCI2 flux
powder helped in obtaining the better penetration
values hence relatively lower values of HAZ was
observed.

Welding current has significant effect on the
HAZ. Increase in welding current increases the heat
input and temperature resulting in increase of both
HAZ and penetration. Thermal gradients which were
generated due to heating and cooling over a larger
volume of metal due to increased heat input increases
HAZ. As the torch speed increases heat input to the
base metal decreases hence the depth of penetration
and HAZ decreases. The obtained result matches
with the other literature [15-16].



Fig. 12 (a). HAZ at A,B,C, condition and (b) HAZ at
A2B|C2 condition.

4. CONCLUSIONS

The main aim of the work was fulfilled with the
welding of Ti6AI4V titanium alloy using halides as
activating fluxes.

e The use of halide fluxes in this investigation
successfully prevented the formation of oxide
layer and proved that the activated TIG welding
can be performed for titanium alloys.

e The main control factors of flux coating, welding
current and welding speed were found to be
significant on both the performance measures of
penetration and HAZ.

e Thermal properties of the halides were an effect
in obtaining the better penetration and HAZ
values in A-TIG welding when compared to
conventional welding method i.e., without using
activating fluxes.

e An optimal combination of parameters was
obtained at A,B,C; for highest penetration and it
was measured to be 4.982mm. Whereas the
optimal combination for lowest HAZ was A,B,C,
and the value was as small as 8§1.765um.

e One 2-way interaction (FC*WC) and 3-way
interaction (FC*WC*WS) was found to be
significant on penetration. Whereas all the 2-way

and 3-way interactions were found to be
significant for HAZ.
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Abstract: Tungsten inert gas welding is an important welding process used to weld stainless steel material in power
plant, chemical industries, and refineries. The aim of the work is to weld the dissimilar grades of Austenitic stainless
steel (AISI 310 and 321) which are aimed to use at high temperature and high pressure application. A corrosion
resistant filler material AISI 347 is used to join these materials. The weldment strength is based upon input
parameters of welding and hence a design of experiments is conducted to find the influence of process parameters
for optimal setting using Taguchy’s concept. A series of experiments are conducted to find the tensile strength and
hardness of the material. From the experimental results the effect of process parameters are studied and the
optimized level of process parameters are predicted. A confirmation experiment is conducted to validate the optimal
level of process parameters prediction.

Key words: TIG Welding, Austenitic Stainless Steel, dissimilar Grades, Optimization, Taguchy’s methodology

Optimizacija parametara TIG procesa zavarivanja pomocu Taguci metode kod austenitnih nerdajuéih celika
AISI 310 i 321. Zavarivanje metodom volfram inertnog gasa (TIG) je vazan proces zavarivanja koji se koristi pri
zavarivanju nerdajuceg Ccelika u raznim elektranama, hemijskoj industriji i rafinerijama. Cilj ovog rada je
zavarivanje razlicitih vrsta austenitnih nerdajucih celika (AISI 310 i 321) koji su namenjeni koris¢enju pri uslovima
povisene temperature i pritiska. Kao dodatni nerdajuci materijal je iskoris¢en AISI 347 radi spajanja dva osnovna
materijala. Cvrstoéa zavara je pracena shodno promenama parametara zavarivanja i plan eksperimenta je
sproveden kako bi se utvrdilo uticaj parametara procesa i optimalnog podesavanja parametara pomocu Tagucijeve
metode. Serija eksperimenta je sprovedena radi odredivanja zatezne cvrstoce i tvrdoce materijala. Na osnovu
eksperimentalnih istrazivanja je pracena promena usled variranja parametara procesa i odredeni su optimalni nivoi
parametara procesa. Sproveden je eksperiment radi potvrdivanja predvidanja optimalnih vrednosti parametara
procesa.

Kljuéne re¢i: TIG zavarivanje, austenitni nerdajuci Celik, razlicite vrste Celika, optimizacija, Tagucijeva
metodologija

1. INTRODUCTION requirements of ASTM ES8.
The gas tungsten arc welding (GTAW) process is Hardness tests are used to provide generic
based on the electric arc established between a non- information on the material properties (toughness and

consumable electrode of tungsten and the work-pieces strength).Hardness measurements provide indications
to be joined. Part of the heat generated by the electric of metallurgical changes caused by welding. Vickers
arc is added to the work- pieces, promoting the hardness test makes small indentations and is suited for
formation of a weld pool. The weld pool is protected hardness measurements in base metal, weldment, and
from air contamination by a stream of an inert gas (Ar heat affected zone in accordance with the requirements
or He) or a mixture of gases. This process is of ASTM E140.

extensively used for welding thin components of

stainless steel, aluminum, magnesium or titanium 2. LITERATURE REVIEW

alloys as well pieces of carbon and low alloy steels.

Heat input in GTAW does not depend on the filler R.Sathish et.al [1] carried out an experiment on
material rate. Consequently, the process allows a Process Parameter Optimization of dissimilar carbon
precise control of heat addition and the production of steel and stainless steel pipes welding by GTAW. Non-
superior quality welds, with low distortion and free of destructive test of the welded specimens was carried
spatter. Material information that may be required to out using Radiography test method and susceptibility to
evaluate a steel structure includes chemical inter granular corrosion of the welded specimens is
composition, tensile strength, bend ductility, fillet weld studied for varying heat inputs .The percentage
shear strength, hardness, and fracture toughness. contribution of each parameter and prediction of tensile
Tensile tests provide information on the strength and strength is found by analysis of variance (ANOVA)
ductility of materials under uniaxial tensile stress. The technique.
base metal and weld metal tests are performed on a Mr.Pasupathy et.al [2] carried out an experiment to
tensile testing machine in accordance with the find the influence of welding parameters like welding
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current, welding speed on strength of low carbon steel
on AA1050 material during welding. A plan of
experiments based on Taguchi technique has been used
to acquire the data. An Orthogonal array, signal to
noise (S/N) ratio and analysis of variance (ANOVA)
are employed to investigate the welding characteristics
of dissimilar joint and optimize the welding parameters.

Mr.L.Suresh et.al [3] carried out an experiment on
AISI 304 AND 316 by Taguchi technique .In this paper
they discuss about the mechanical properties of
austenitic stainless steel for the process of TIG and
MIG welding.

Sreejith S Nair et.al [4]. Carried out an experiment
by multipass TIG welding using Response surface
methodology In this work Central composite Design
Methodology of Response surface methodology is used
to conduct the experiments. Analysis of variance is
used to analyze the influence of parameters during
machining.

Raghuvir et.al [5] carried out an experiment to find
optimized parameter on 304L Stainless Steel using
Response surface methodology. From the results of the
experiments, mathematical models have been
developed to study the effect of process parameters on
penetration and width.

A.Raveendra et.al [6] carried out a study on pulsed
and non pulsed current TIG Welding of Stainless Steel
(304). In this experimental work were conducted on the
weldments of SS304 using GTAW with pulsed current
and non-pulsed current at different frequencies of 5Hz
&10Hz on 3mm thick sheets.

P. Sathiya et.al [7] carried out an experiment on
friction welding of austenitic stainless steel
optimization on weld quality. The objectives of this
study are optimizing the friction welding parameters in
order to establish the weld- quality. Acoustic emission
emanated by the joints during tensile testing was
acquired to assess the quality of the joints. Also a
method to decide near optimal settings of the process
parameters using Genetic Algorithm is proposed.

Benjamin Joseph et.al [8] conducted an experiment
to study Weld metal characterization of 316L (N)
austenitic stainless steel by electron beam welding
process by varying the welding parameters such as
beam power and welding speed. He analyzed the
mechanical and metallurgical properties of the welded
material through optical microscopy.

3. EXPERIMENTAL WORK

3.1. Problem identification

In steam power plant of about 800 MW capacity or
above the equipments such as boilers and allied
pipelines are subjected to high temperature and high
pressure. For the high temperature application suitable
materials are required. Searching of new materials and
its capability of fabrication and evaluating its strength
is a challenging work. Thus High temperature
application materials are selected from literature and
work is carried out to study the behavior of this
material.
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3.1.1 Methodology

PROBLEM IDENTIFICATION

MATERIALSELECTION

TAGUCHY'S PARAMETRICLEVEL SETTING

TEST SPECIMEN PREPARATION-ASME IX

CPTIMISATION-TAGUCHY'S METHODOLOGY

il

CONFIRMATION EXPERIMENT
Fig. 1. Flow chart of the Experimenal Work

3.2 Selection of Materials

For high temperature application such as boiler,
steam pipe line the austenitic grade stainless steel
materials AISI 310 and AISI 321 are selected due to the
following aspect of that materials.

3.2.1 Property of 310 Grade

310 family of Austenitic grade have excellent
toughness. The increased chromium content increases
its high temperature properties. It has excellent
corrosion resistance. In high temperature application
they exhibit good resistance to oxidation and
carburizing atmospheres. They are good resistance to
thermal fatigue and cyclic heating in continuous
service. Typical applications of these grades include
furnace parts, oil burner parts, carburizing boxes, heat
treatment baskets and heat exchangers.

3.2.2 Property of 321 Grade

321 is the basic 18/8 austenitic steel (Grade 304)
stabilized with Titanium. This grade is not sensitive to
intergranular corrosion after heating within the range of
425-850°C. 321 is the grade of choice for applications
in the temperature range of up to about 900°C,
combining high strength, resistance to scaling and
phase stability with resistance to subsequent aqueous
corrosion. Like other austenitic grades, 321 has
excellent forming and welding characteristics, is
readily brake or roll formed and has outstanding
welding characteristics. Post-weld annealing is not
required. Grade 321 also has excellent toughness, even
down to cryogenic temperatures.

Grade 321H is a modification of 321 with a
controlled higher carbon content, to provide improved
high temperature strength. A limitation with 321 is that
titanium does not transfer well across a welding arc, so
is not usable as a welding consumable. 321 has higher
hot strength than 304L and is the best choice if the
requirement is resistance to an operating environment
over about 500°C.



3.2.3 Selection of filler wire.

Grade 347 contains niobium which performs the
same carbide stabilization task but can be transferred
across a welding arc. Grade 347 is therefore the
standard consumable for welding 321 and 310 grades.

3.3 Chemical Analysis.

When the chemical composition of an existing
structural (steel) material is not available, it may be
necessary to perform a chemical analysis. This is an
important initial task in the overall material and weld
testing program. From this analysis, the information
will provide a basis for characterizing the properties of
the unknown materials. This information can be used
for assessing corrosion problems, conducting fracture
analyses, and material weld ability. A chemical
analysis should be in conformance with ASTM E30,
E350, and E1086. The chemical analysis report as per
ASTM E1086 is shown in Table 1 [9].

Type | 310 Type | 321
%C 0.023 %C | 0.020
%Mn | 1.46 %Mn | 1.52
%Si 1.19 %Si | 0.53
%S 0.009 %S 0.014
%P 0.027 %P 0.025
%Ni 19.07 %Ni | 9.20
%Cr | 241 %Cr | 17.15
%Ti | 041

Table 1. Chemical Analysis, Report of AISI 310 and
321 Stainless Steel

3.4. Welding of Stainless Steel

Materials Size: Length = 150mm, Breath = 50mm,
Thickness = 6mm are chosen as a standard specimen
(ASME Section IX) for welding [10]. The influence of
current, Argon flow rate, Bevel angle and Root gap on
weld strength is to be studied. For this purpose edge
preparation at various angles 30°, 45° and 60° is carried
out using a grinding machine. After edge preparation
the surface of the material is polished using emery
sheet (Abrasive E 14) to remove impurities and then
cleaned with acetone.

3.4.1. Taguchy’s Design of Experiment.

Taguchy’s L9 Orthogonal Array is used for the
experiment work [11]. The welding parameters and
their levels are shown in table 2.

Factors/ Notations | -1 0 +1
Current A | 125A | 150A 175A
Argon flowrate B | 4LPM | 5LPM | 6LPM
Bevel angle C | 30° 450 60°
Root gap D |1mm | 1.5mm | 2mm

Table 2. Welding Parameters used for Welding AISI
310 And 321 Grades of Stainless Steel.

Fig. 2. Welded specimen

Tensile test [ASME SEC IX] is carried out to
evaluate tensile strength of the weldment and the
results are shown in table 3.

Fig. 3. Tensile tested specimen

—~ (5]
s/ léele &8 |283
s| & |58|cS|88| 58S
55 | 28| 3 & =B=

o < 0
1 |1 1 1 1 494.70
2 |1 2 2 2 573.68
3 |1 3 3 3 571.13
4 |2 1 2 3 560.60
5 |2 2 3 1 595.13
6 |2 3 1 2 356.04
7 |3 1 3 2 586.36
8 |3 2 1 3 575.62
9 |3 3 2 1 588.96

Table. 3. L9 Orthogonal Array for tensile test and
Experimental Results

Vickers hardness test is conducted to evaluate
hardness of the weldment and the results are shown in
table 4.

~ | = ® Vickers hardness
s| L |8~ | = no. at weldment
<
s/ 8|58 3l | 8
S5 | 28| 3 2 Y1 | Y2 | Y3
O | < s}
111 1 1 1 216 | 198 | 203
2 |1 2 2 2 243 | 251 | 259
311 3 3 3 247 | 235 | 251
4 12 1 2 3 228 | 231 | 229
512 2 3 1 233 | 241 | 216
6 | 2 3 1 2 221 | 212 | 209
713 1 3 2 235 | 246 | 242
8 |3 2 1 3 214 | 203 | 216
9 |3 3 2 1 247 | 235 | 251

Table 4. L9 Orthogonal Array for hardness
test and Experimental Results
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3.5.Taguchy’s Methodology:

In recent years, the Taguchi method is widely used
as a powerful tool for designing high-quality system
during research and development so that high quality
products can be produced in a minimum time and
minimum cost. Taguchi parameter design is an
important tool for robust design. This method uses a
special design of orthogonal arrays to study the entire
parameter space with a minimum number of
experiments. Taguchy’s methodology is used to find
the factor influence on tensile strength and hardness.
The ANOM table is shown in table 5 and table 6. The
factor Bevel angle (C) has higher influence on both
tensile strength and hardness. The factor Root gap (D)
has least influence on both tensile strength and
hardness.

Factor A B C D
Level-1 | 1639.51 | 1641.66 | 1426.36 | 1678.79
Level-2 | 1511.77 | 1744.45 | 1723.24 | 1516.08
Level-3 | 1750.94 | 1516.13 | 1752.62 | 1707.35
Range 239.17 228.32 326.23 191.27
Rank 2 3 1 4

Table 5. ANOM for Factor Influence on tensile

strength

Factor A B C D
Level-1 | 2103 2028 1892 2040
Level-2 | 2020 2076 2174 2118
Level-3 | 2089 2108 2146 2054
Range 83 80 282 78
Rank 2 3 1 4

Table 6. ANOM for Factor Influence on hardness

The optimized parameter A3B2C3D3 is used to
conduct a confirmation experiment for tensile
strength.From the Confirmation experiment, tensile
strength = 603.10 MPa is obtained.

4. CONCLUSION

TIG welding of AlISI 310 & 321 grades of austenitic
stainless steel is done successfully using 347 filler wire
by varying current, argon gas flow rate, bevel angle and
root gap by Taguchy’s DOE techniques. Taguchy’s
methodology is used to find the optimized parameter
level. The optimized parameter A3 B2 C3 D3 is used to
conduct a confirmation experiment. From the
confirmation experiment it was found that the
maximum value of tensile strength was predicted as
603.10 MPa.
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Abstract: In this article we present new method for determination martensite of microstructure of heat treatment
materials. The martensite of a material is an important property that affects of materials. The martensite reaction in
steels is the best known of a large group of transformations in alloys in which the transformation occurs by shear
without change in chemical composition. The generic name of martensitic transformation describes all such
reactions. Fractal characterization of surface topography is applied to the study of contact mechanics and heat
treatment processes. The structure function method is used to find the fractal dimension D and the topothesy L. We
develop a fractal geometry model, which predicts the wear rate in terms of these two fractal parameters for
martensite structure of robot laser hardening process prediction.

Key words: hardening, fractal structure, martensite, intelligent system,

Nova metoda odredivanja martenzitne mikrostrukture posle termicke obrade materijala. U ovom radu ¢e biti
predstavljena nova metoda za odredivanje martenzitne strukture materijala posle termicke obrade. Martenzitna
struktura materijala je vazna osobina koja utice na materijal. Martenzitna reakcija kod celika je najvise poznata od
velike grupe transformacija kod legura pri kojoj se transformacija odigrava mesanjem bez promene u hemijskom
sastavu. Opsti naziv martenzitne transformacije karakterise sve takve reakcije. Fraktalna karakterizacija topografije
povrsine je primenjena pri studiji mehanizma kontakta i procesa termicke obrade. Metoda funkcije strukture je
koris¢ena radi odredivanja fraktalne dimenzije D i topotezije L. Razvijen je model fraktalne geometrije koji
predvida brzinu habanja u smislu ova dva fraktalna parametra pri martezitnoj strukturi kaljenjem robotskim
laserom.

Kljuéne refi: kaljenje, fraktal struktura, martenzit, inteligentni sistem,

1. INTRODUCTION possible transformations.

Many objects observed in nature are typically
The robot laser surface-hardening [1] heat treatment is complex, irregular in shape and thus, cannot be
complementary to the conventional flame or inductive described completely by Euclidean geometry. Fractal
hardening. By laser remelting the surface of the geometry [3] is becoming increasingly popular in
materials, we can significantly improve their wear material science to describe complex irregular objects.
properties better like inductive hardening. Robot laser Fractal geometry is a workable geometric middle
surface remelting is one of the most promising ground between the excessive geometric order of

techniques for surface modification of the Euclid and the geometric chaos of general mathematics.
microstructure of a material to improve wear and It is based on a form of symmetry that had previously
corrosion resistance. A hard martensitic microstructure been underused, namely invariance under contraction
provides improved surface properties, such as wear or dilation. Fractal geometry is conveniently viewed as
resistance and high strength. Rapid quenching of a language that has proven its value by its uses. Fractal
austenite to room temperature often results in the geometry, in which infinite numbers of fractional
formation of martensite [2], a very hard structure in dimensions are permitted in contradistinction to the
which the carbon, formerly in solid solution in the three integer dimensions in Euclidean geometry, has
austenite, remains in solution in the new phase. Unlike been applied to the study of martensite structure of
ferrite or pearlite, martensite forms by a sudden shear robot laser hardening process.

process in the austenite lattice which is not normally Machine learning [4] represents a key evolution in
accompanied by atomic diffusion. The martensite the fields of computer science, data analysis, software
reaction in steels is the best known of a large group of engineering, and artificial intelligence. It has quickly
transformations in alloys in which the transformation become industry’s preferred way to make sense of the

occurs by shear without change in chemical staggering volume of data our modern world produces.
composition. It should however be mentioned that there Machine learning engineers build programs that
is a large number of transformations which possess the dynamically perform the analyses that data scientists
geometric and crystallographic features of martensitic used to perform manually. These programs can “learn”
transformations, but which also involve diffusion. based on millions of experiences, all rigorously and

Consequently, the broader term of shear transformation numerically defined. Machine learning is impacting so
is perhaps best used to describe the whole range of many critical industries, including healthcare,
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education, finance, robotics, artificial intelligence,
astronomy, and more. The ability to develop machines
and systems that automatically improve, puts machine
learning at the absolute forefront of virtually any field
that relies on data. Machine learning is at the forefront
of incredible new innovations in several fields.
Healthcare, education, astronomy, finance, robotics,
and more are all being influenced by new developments
in machine learning.

The aim of the contribution is to outline

possibilities of applying intelligent system [5] namely;
multyple regression [6] for the prediction of martensite
structure in materials after robot laser heat treatment
and to judge their perspective use in this field.

Fig. 1. Robor laser cell for hardening
2. MATERIAL PREPARATION AND METHOD

The study was undertaken using tool steel standard
label 1.7225 tool steel. We change parameter of speed
ve[2, 5] mm/s in steps of 1 mm/s, and temperatureT e
[0, 2000] °C. On Fig. 2 we label with F (blue cicle)
ferit and with M (red cicle) martensite structure.

Fig. 2. Robor laser hardened specimens

Fig. 3. Microstructure of robot laser hardening
specimes

Martensite structure of microstructure of hardened
specimens present area label with M (Fig. 3). We
calculate area of SEM pictures of all this structures.
Microstructure of robot laser hardened specimens have
not self similar fractal structure but statistical self-
affinity fractal structure. On Fig. 4 is presented
statistical self-affinity fractal structure of robot laser
hardened specimens.

Fig. 4. Statistical self-affinity fractal structure of robot
laser hardened specimens

Firstly, we use program Imagel] to convert SEM
images to 3D images of SEM images. Then, we find all
point of 3D images od SEM images. We find
coodinates (x,y,z) of graphs of 3D images od SEM
images. We use new method [7] for estimating Hurst
exponent A and calculating fractal dimension for 3D
object with equation D=3-H.

For analysis of the results, we used an intelligent
system method [8], namely multiple regression [9-11].
The area of Intelligent Systems (ISs) has expanded
phenomenally over the years since the 1940s; both in
terms of the range of techniques and also in terms of
the number of applications wherein they have often
provided a competitive edge when compared with
others approaches. IS includes a range of techniques
that work synergistically and provides, in one form or
another,  flexible  data/information  processing
capabilities for handling real life situations. IS, unlike
conventional techniques, can exploit the tolerance for
imprecision, uncertainty/ambiguities, approximate
reasoning and partial truth in order to achieve
tractability, robustness, and low cost solutions. The
Multiple Regression operation studies the relationship
between several predictor variables and a response



variable. Multiple regression designs are to continuous
predictor variables as main effect ANOVA designs are
to categorical predictor variables, that is, multiple
regression designs contain the separate simple
regression designs for 2 or more continuous predictor
variables. The regression equation for a multiple
regression design for the first-order effects of 3
continuous predictor variables P, O, and R would be

Y:b0+b1P+b2Q+b3R

On Fig. 5 is presented example od multiple regression.
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Fig. 5. Multiple regression
3. RESULTS AND DISCUSSION

In Table 1, the parameters and hardnessof hardened
specimens. We mark specimens from Pl to P21.
Parameter X1 presents the parameter of temperature
[°C], X2 presents the hardening speed [mm/s] and X3
presents the fractal dimension estimating with new
method. The last parameter Y is the martensite
structure in (%) of the laser-hardened robot specimens.
In Table 1, we can see that specimen P15 has the
largest fractal dimension, 2.408. Thus specimen P15 is
the most complex. Specimen P6 has the most
martensite stucture after hardening, that is 61%. In
table 2, the experimental and prediction data are
presented. Column 1 present name of specimens,
column 2 present experimental data and column 3
present predicted data of multiple regression.
Prediction with multiple regression are presented in
columns 3. The measured and predicted martensite
structure of laser-hardened robot specimens is shown in
the graph in Fig. 6. The regression model presents a
14.21% deviation from the measured data.

Model Regression

Y=5.724788459x107xX1-1.296365336xX2+
3.987427179xX3+35.07017084

S X1 X2 X3 Y
P1 1000 |2 2.304 | 38
P2 | 1000 |3 2.264 | 42
P3 1000 | 4 2.258 | 45
P4 | 1000 |5 2.341 | 37
P5 1400 |2 2.222 | 52
P6 | 1400 |3 2.388 | 61
P7 | 1400 | 4 2.250 | 39
P8 1400 |5 2.286 | 44
P9 | 1000 |2 2.178 | 53
P10 | 1000 | 3 2.183 | 60
P11 | 1000 | 4 2.408 | 35
P12 | 1000 | 5 2210 | 41
P13 | 1400 | 2 2.257 | 36
P14 | 1400 | 3 2.265 | 40
P15 | 1400 | 4 2433 | 58
P16 | 1400 | 5 2.289 | 59
P17 | 800 0 2.232 | 46
P18 | 1400 | O 2.235 | 57
P19 | 2000 | O 2.261 | 51
P20 | 950 0 2.282 | 50
P21 | 850 0 2.319 | 55
Table 1. Parameters and hardness of hardened
specimens
S ED R
Pl |38 47.38926085
P2 | 42 45.93339843
P3 |45 44.61310853
P4 | 37 43.64769965
P5 |52 49.35220721
P6 | 61 48.71775478
P7 | 39 46.8711245
P8 | 44 45.71830654
P9 |53 46.88684503
P10 | 60 45.61041683
P11 | 35 45.21122261
P12 | 41 43.12534669
P13 | 36 49.49176716
P14 | 40 48.22730124
P15 | 58 47.60082367
P16 | 59 45.73026882
P17 | 46 48.54993907
P18 | 57 51.99677443
P19 | 51 55.53532061
P20 | 50 49.6080287
P21 | 55 49.18308466

Table 2. Experimental and prediction data
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Fig. 6. Measured and predicted hardness of hardened
specimens
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The martensite structure of a material is an
important mechanical property that affects the of
materials. We cannot apply Euclidian geometry to
describe the martensite structure of hardened specimens
because hardness is very complex. Here we use fractal
geometry to describe the martensite structure of robot
laser-hardened specimens. The fractal approach is more
appropriate in the characterization of complex and
irregular surface microstructures observed in the
martensite microstructure surface of robot laser
hardened specimens and can be effectively utilized for
predicting the properties of material from fractal
dimensions of the microstructure. A statistically
significant relationship was found between the
roughness, parameters of the robot-laser cell and fractal
dimension. In addition, image analysis of the SEM
images of the robot-laser-hardened specimens is an
interesting approach.

4. CONCLUSSION

In the paper we present new methof for
determinating martensite microstructure of robot Iser
hardened specimens. We use method fractal geometry
to analise complexity of the robot-laser-hardened
specimens. The main findings can be summarised as
follows:

1. We describe martensite structures of the hardened
specimens by using fractal geometry.

2. We describe the relationship between martensite
structure and the parameters of the robot-laser cell by
using the fractal dimension. This finding is important
with regard to certain alloys that are hard to mix
because they have different melting temperatures;
however, such alloys have better technical
characteristics. By varying different parameters (e.g.,
temperature), the robot-laser cells produce different
patterns with different fractal dimension.

3. To predict the (%) of the martensite structure of
robot laser hardened specimens, we use multiple
regression.

4. Using the presented intelligent system, we increase
production of the robot laser hardening process by
decreasing time of the process.
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Abstract: Manual assembly workplaces need to be designed to take into account an ergonomic requirements
resulting from the physical and psychological characteristics of human. In an effort to propose a workplaces that
meet these requirements are very helpful software tools that allow you to insert into CAD model of workstation
Manikin and perform directly at the design stage an ergonomic analysis. Article describes the design of manual
workstation and using some software ergonomics analysis tools.

Key words: ergonomics, manual assembly, assembly workstation, CATIA

Projektovanje pozicija ru¢ne montaZze pomocéu ergonomskih softvera. Pozicije rucne montaze treba da su
projektovana na taj nacin da uzimaju u obzir ergonomske zahteve koji polaze od fizickih i psiholoskih osobina
Coveka. U cilju postavljanja reSenja ovakvih radnih mesta od velike pomoci je i softver koji dozvoljava unosenje
anatomsog CAD modela covecjeg tela i na taj nacin omogucuje intervencije u fazi ergonomske analize. Rad opisuje
projektovanje pozicije rucnog sklapanja koriséenjem nekih od ergonomsko analizirajucih softvera.

Kljuéne re€i: ergonomija, rucna montaza, montazno radno mesto, CATIA

1. INTRODUCTION tables with the recommended dimensions of the work
tables, chairs and mutual distances of objects in the

Workstations, where the workers play a decisive workplace and so on. With the gradual development of
role, whether the role of the management, supervision computer technology these tools were converted to a
or performance have in manufacturing practices their software form, either as a separate tools for specific
unique place. In all these cases it is necessary to have a ergonomic tasks, or as a comprehensive solutions.
workplace designed so, that during the design was take Since designers during development are using CAD
into account ergonomic requirements of human systems, some manufacturers of CAD systems
activities. Failure to take into account of these integrated ergonomic software tools into environment
requirements can lead to rapid fatigue of personnel and, of developed CAD respectively PLM systems. These
consequently, to a decrease in productivity, errors and systems are different in number and type of tools for
even accidents. The current status in the development ergonomic analysis and possibility of correction of the
of computer technology allows during workstation proposed workstations. The basic element of these tools

design use different software tools that, when are used is the digital model of human.

correctly, it possible to achieve such a workplace

proposal, that reflects the ergonomic aspects. 3. DIGITAL MODEL OF HUMAN

2. IMPORTANCE OF THE ERGONOMICS IN Since 1960, when it was first human digital model
THE WORKPLACE DESIGN developed were gradually developed a numbers of

models of human. At present, we have routinely met
As mentioned, ergonomically designed workstation with a 3D model of human also called as Manikin.
is essential for the production process. Ergonomics as a Some models are only for illustrative purposes and it is
discipline focused on the relationship between human not possible to do analysis with them, but some models
and the working environment and working means are very sophisticated in detail, and offer a detailed
integrates knowledge from various disciplines such as: handling with Manikin and ergonomic analysis. In
anthropology, statistics, occupational hygiene, work Fig.1 shown are examples of 3D human models for
organization, psychology, etc. This makes it a complex various applications used in workstations 3D design.
scientific discipline and it is difficult in terms of its There are:
application. When designing the new workstation there » Digital human model supplied by Autodesk in the
are increased demands on designers. Because not every design package called Autodesk Factory Design Suite.
designer is an expert in ergonomics, there was looked This model does not allow for positioning and
for ways, how to provide to designers an ergonomics ergonomic analysis, because these features are not
research results. These results should be provided by supported in that software.
such way, that they can be in a relatively simple form e V5 Human and V6 Human are human models used
applied to solve workstation design. Some of these in the products of Dassault Systemes, such as CATIA
instruments were somatography templates and various and DELMIA. These models allow you to choose the
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gender and change the physical dimensions, place the
model in any position as well as create motion
animation model and perform a variety of ergonomic
analysis.

e PTC Creo Elements / Pro Manikin Extension - 3D
human model used in applications Creo (formerly
known as Pro/Engineer). Allows gender selection,
adjust body size, detailed model positioning and
creating of animations. Along with supplement PTC
Creo Elements/Pro Manikin Analysis Extension
enables the implementation of ergonomic analyzes.

e Tecnomatix Jack human model from Siemens is
used in application Tecnomatix intended for design of
digital production. It enables to choose the gender,
change the physical dimensions and also the detailed
positioning, model animation and detailed ergonomic
analysis.

« Digital human model RAMSIS is model of the firm
Human Solutions Group. This model is primarily
focused on the ergonomic design of interior transport
equipment (cars, trucks, buses, planes and helicopters
as well as industrial vehicles - excavators, cranes,
loaders, etc.). It allows you to change the dimensions of
the model, positioning of the model in detail and to
perform detailed ergonomic analysis.

S DASSAULT

‘\ AUTODESK P SUSTEMES
Q V5 Human V6 Human
i

SIEMENS
Tecnomatix Jack

Fig. 1. Human digital models (image source: V6
Human [1], Creo Manikin [2], Tecnomatix Jack [3],
Ramsis [4])

In addition to these software, there is also a range of
others that are focused on ergonomic tasks. Some of
them are standalone software applications and others
are a supplement of CAD systems.

Whereas for solving the tasks described in the
article were used ergonomic modules of CATIA in the
next section just paid attention to CATIA ergonomics
modules.

4. CATIA ERGONOMIC MODULES

In the CATIA are integrated four modules for
ergonomic analyzes. There are: Human Activity
Analysis, Human Builder, Human Measurements
Editor and Human Posture Analysis. This modules
allow you to create a 3D model of any human figure
and make a various types of ergonomic analyzes, such
as: RULA (Rapid Upper Limb Assessment), NIOSH
(National Institute for Occupational Safety and Health),
push-pull, Carry and Biomechanics analysis Single
Action. Human Builder module allows you to quickly
create a model based on the of gender and population
percentile. There are data for American, Canadian,
French, Japanese, Korean, German and Chinese
(Taiwan) population. Human Measurements Editor
module allows editing model dimensions according to
the individual requirements, making it possible to
create a model of any human. Human Posture Analysis
modules quantitatively and qualitatively analyze all
aspects of manikin posture. Human Activity Analysis
module evaluates all elements of human performance
from static posture analysis to complex task activities.

Mentioned modules where used to optimisation of
assembly workstation.

5. MANUAL ASSEMBLY WORKSTATION

For the purpose of brake cylinder assembly was
designed a manual assembly workstation. Brake
cylinder is used in passenger as well as commercial
vehicles equipped with drum brakes. It is a component
which serves to hydraulically mashing brake shoes
which provide braking of the wheel by friction on the
brake drum, and consequently enables the car to stop.
The effect is achieved by expansion of the hydraulic
component - the brake cylinder which is fixed to the
shield and located between the two braking jaws. Brake
cylinder performs translational movement due to fluid
pressure. Based on analysis of the brake cylinder 3D
model which has been developed in CATIA (Fig. 2)
was elaborated detailed technological process of
assembly [5].

Fig. 2. 3D model of brake cylinder [1]



Subsequently, was in CATIA designed workstation
for manual assembly. For workstation design were used
standard modules of leading manufacturers of small
modular assembly station (Fig. 3).

Fig. 3. 3D model of workstation [1]

For so designed workstation were sequentially
carried out some ergonomic analysis.

6. MANUAL ASSEMBLY WORKSTATION
ERGONOMICS ANALYSIS

The first task was by help of Human Builder
modules and Human Measurement Editor to define a
model of human. On this basis were performed pull-
push, carry, lift/lower and RULA analysis.

6.1. Push/Pull analysis

The worker pushs or pulls rack on wheels in which
are located 3 shelves. On the shelves there are placed
either full containers of components, or empty
containers returning from the assembly workstation.
The worker so carry on the supply to assembly
workstation. Worker brings the parts from the
intermediate storage which is located approximately
10.5 meters from the assembly workstation. That
operation is carried out once every two hours. As
shown in Fig. 4 at the given parameters is the
maximum allowable initial power of pushing 395.667N
and continuous power 259.007 N. The forces for
pulling are slightly smaller. These forces are not
identical to the load weight. This represents at the
maximum load 59.46 kg.

-~
Push-Pull Analysis (Manikin2) [
T Guideline
| snook & Ciriello 1991 v
— Specifications
1 push every: 72005 E
Distance of push: | 10500mm| E
Distance of pull: | 10500mm E
Population sample:[50% =
- Score
Maximum acceptable initial force:
Push 395,677N
Pull 341,719N
Maximum acceptable Sustained force:
Push 259,007N
Pull 247,266N
Close_|

==
Fig. 4. Push/Pull analysis
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6.2. Lift/Lower analysis

In this analysis it is determined the limit weight that
the worker is able without difficulty to lift (or run
down) during working time. In our case the worker lifts
up the pallet with full containers. The total weight of
the load is 5.4 kg.
It is possible to choose between three methods of
evaluation: NIOSH 1981, NIOSH 1991 and Snook and
Ciriello. For the actual analysis was used NIOSH 1991.
For the analysis, it is necessary to define the so-called
initial and final position of load lifting and lowering
(see Fig. 5). The result of performed analysis is that the
operation is in order, because the maximum
recommended weight limit is 14.4 kg (Fig. 6).

Fig. 5. Lift/Lower analyis
(left - initial posture, right -final posture)

ctower rnays: i . ==

Posture
letial 1 Final _Recerd/Medify | ‘

r Guideline
[naosH 1591 - ‘
— Specifications ——————
1 lift every: 2405 E
Duration: 8 Hours -
Coupling cendition: | Good -
Object weight: 5.4kg E
—Report
Narme:
Lift-Lowerl @
Qutput File:
C\Users\ZA1\Documents\Lift-Lowerl t » [
— Score
Origin:
Recommended Weight Limit (RWL): 18kg
Lifting Indesx (LI): 03
Destination:
Recommended Weight Limit (RWL): 15,4kg
Lifting Indes (LI): 03 B I
Warning
Poor foot-to-floor coupling in final posture. |
Close I

ig. 6. Lift/Lower analysis dialog box

Another case when this analysis was applied was
the pallet insertion into the rack. There was selected
extreme case when it is necessary to insert the pallet to
the highest place in the rack. In this case, the result -
the recommended load in the top position is 0 kg. It
follows that this operation is absolutely improper. This
result was achieved also by the RULA analysis (see.
Section 6.4).



Lift-Lower Analysis (M:;

Posture

 Initial @ Final REmrd/Mndﬁl

Guideline

MIOSH 1981 -]

Specifications

54kg =]

1 lft every:

Object weight:
Report

Output File:
C:\Users\ZAL\Documents\Lift-Lowerl.t
Score
Origin:
Recommended Weight Limit (RWL): 14,4kg
Lifting Index (LD: 04
Destination:
Recommended Weight Limit (RWL): Okg
Lifting Index (L1): N/A
Warning
Poor foot-to-floor coupling in final posture.

=2

(o
Fig. 7. Lift/Lower analysis

6.3. Carry analysis

Building on operation mentioned in previous
chapter, when the worker lifts up a pallet with
assembled components was performed the carry
analysis. The worker carries finished components to the
rack (Fig. 8). The load weight remains 5.4 kg. The
maximum distance that has to go is 3300 mm. The
maximum acceptable force applied to the worker and
his hand is 297.111 N. Because the actual workload of
the worker is about 540 N is the operation right.

Carry Analysis (Manikin

Guideline

[Snook & Ciriello 1991 -

Specifications

1 carry every: 240

Distance of carny: | 3300mm g
Population sample: |50% -

Score

Maximum Acceptable Weight:
Warning

207111N

Hands distance is higher than expected:
Maximum vertical distance is 1117, 6mm,
Current vertical distance is 1180, 198 mm.

Close I

Fig. 8. Crry analysis

6.4. RULA analysis

As was mentioned by impose the pallet with
assembled components into the rack, it was found
unacceptable load. This operation was also analyzed by
RULA analysis. The worker was arranged to the
positions required for impose pallets in top placement
of the rack (Fig. 9). Subsequently was started the
RULA analysis as well as for right and left side of the
body worker. The result for the left side is shown in
Fig. 10. As can be seen, the resulting score is 7. This
score means the worst-case. That load is totally
unacceptable. For the right side of the worker body is
the score the same. It follows that it is necessary to
make changes of the workplace. One option is to
modify the rack, it must be lower. The second option is
to place stairs before the rack, which enable the worker
to impose the pallet so way that he does not raise the
hands so high, as it was in the original design of the
workplace.
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Fig. 9. Worker posiion by pallet storing

RULA Analysis (Maniki
Side! @ Left O Right
Parameters Details
Posture = | Upper Arm: 5
O Static O Intermittent @ Repeated _+ | Forearm: 1
Repest Frequency |t smm
C - | wrist Twist: 1mm
Posture A: 6
[ Arm supported/Person leaning e i
uscle:
] Arms are working across midline —— 2
[ Check balance Wrist and Arm: 9mm
= Neck: 4
Load: | 3:4kg &l | Trunk: 1
Score Leg: 1mm
Final Score: 7 - Posture B: 5
Investigate and change immediately Neck, Trunk and Leg: 8 I
Close_|

Fig. 10. Results of RULA analysis

7. CONCLUSION

On model of workstation were carried out further
analyzes, but because of the scope of article could not
be mentioned. The application of these analyzes proved
to be very beneficial in the design of workstation,
because help eliminate problems even before the build
up of the workplace. This procedure will allow
improving the working conditions and thus increasing
productivity, quality and costs reducing.
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Abstract: Firstly the lean philosophy has spread in the field of the production systems, however it also appeared in
the service areas in the last decade as well. One of the philosophy’s priority questions is realization of the push
principle, namely the push systems’ transformation into pull systems. The pull system enables the more flexible
satisfaction of the customer needs and the more efficient process improvement as well. The transformation’s process
from push system into pull system has been already determined clearly, however we can increase this process’s
efficiency with use of the simulation modeling. Basically this paper presents these efficiency improvement
possibilities.

Key words: lean philosophy, push principle, process improvement

Primena modela simulacije formacije pul principa proizvodnog kontrolnog sistema. Najpre se lean filozofija
prosirila u polje proizvodnih sistema, medutim u poslednjoj decenije je prisutna i u sferi servisa. Jedan od prioriteta
ove filozofije je realizacija push principa, ¢ime se konkretno misli na pretvaranje pul sistem u push sistem. Pul
sistem omogucava fleksibilnost satisfakcije klijentovih potreba i efikasnije unapredenja procesa. Transformacija od
push sistema u pul sistem je ve¢ tacno definisana, ali postoji mogucnost povecanja efikasnosti ovog procesa pomocu
simulacijskog modelovanja. U ovom radu su predstavljena ova efikasna unapredenja mogucnosti.

Kljuéne reéi: lean filozofija , push princip, poboljsanje procesa

1. INTRODUCTION result in significant wastes reduction in the case of the
ideal production systems, however, there are some

In practical life the strengthening of the market cases when the mentioned principles’ realization is not
competition demands the continuous reduction of the possible perfectly (e. g. we can’t create continuous flow
wastes. Those companies which are not able to reduce in the case of the heat treatment because of this
their wastes quickly and dynamically will become equipment has a significant capacity, ..., etc.) [2]. We

uncompetitive and their market role will reduce. The will examine one of the priority principles, namely the
lean philosophy’s device and rule system enable the transformation process which takes from the push-
reduction of the wastes, as a result of these the principled production system into the pull-principled
companies’ competitiveness will increase. If we would production system. This paper will also introduce the
like to determine the lean philosophy’s essence, in our simulation investigational possibilities in connection
opinion the best definition is the reduction of the with this process.

duration between the order and the payment with the

elimination of the wastes [1]. The philosophy 2. EXPLANATION OF THE PUSH-PRINCIPLED

distinguishes 3 kinds of MU, namely the Muri AND THE PULL-PRINCIPLED

(overburden), the Mura (unevenness) and the Muda PRODUCTION CONTROL PHILOSOPHY
(waste). The Muri and the Mura result in Muda,

consequently most companies only speak about the The push-principled and pull-principled production
Muda’s elimination. We can distinguish 8 types of the control systems differ from each other therein that the

wastes namely the overproduction, unnecessary push system is based on the forecast of the customer’s
inventory, transportation, unnecessary motion, waiting needs however the pull system is based on the effective
over-processing, defects. We can achieve these wastes’ customer’s needs. Consequently we can get
elimination with use of the lean philosophy’s devices overproduction and/or stock shortage in the case of the
[1]. The lean determines 5 kinds of principles, which push system, however this can’t occur in the case of the
principles are able to realize the wastes’ elimination pull system.

efficiently. These principles are the following [1]: E. g. If we use the push principle for the car’s
o determination of the value, refueling then we have to determine the refueling’s
e elaboration of the value stream, amount on the basis of the expected running distance in
e creation of the continuous flow, the other case (pull system) we will refuel if we reach a
e creation of the pull principle, given fuel level. We can establish that the pull system

e continuous improvement. gives us more security.

We can tell that realization of the above steps will
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Push-principled Pull-principled
production control production control
philosophy philosophy
Production on the basis | Production on the basis
of the customer’s needs of  the effective

customer’s needs.
Longer production lead | Shorter production
time lead time
Higher work in processes | Lower work in
processes

Ad hoc effort for the | Systematic effort for
elimination of the wastes. | the elimination of the

wastes
The workers realize | The workers realize
simple workflows. complex workflows.
Utilization of the | Utilization of  the
available resources | available resources
(human, machine) is | (human, machine) is
lower higher
Bigger area need Lower area need
Bigger batch sizes Smaller batch sizes

Table 1. Comaprison of the push- and pull-principled
production control philosophy

We can find the same at the production processes. One
important objective of the pull system is the reduction
of the production lead time. We do not have to keep
WIP and finished goods if the production lead time is
less than the order lead time. The figure 1 presents the
differences between the push- and pull-principled
production control systems.

3. PROCESS OF THE FORMATION OF THE
PULL-PRINCIPLED PRODUCTION
CONTROL SYSTEM

The transformation of the production logistics
processes from the push system into pull system can be
realized in two kinds of versions. In the first version the
assigned total process will be transformed
»simultaneously” (version A on the figure 1). In the
second version the transformation will be realized in
more steps, consequently we can use the realized
process’ working experiences at the next process step’s
realization (version B on the figure 1).

. Drawing, analysis, .
Fulfillment of the Creation of the H Planning of the
i i I f th T
G —p»| Creation of the group —p»- schedule —p Education o aluatior s:rme e > P
rVa riation A
| imA:(:::rtl:z:ta::lthe lg — Education of the lt — Realization of the - — Planning of the Determination ?f the P
P system’s working system system’s devices = system wo.r king \
I system regulation
! 1 \e
——— —— —— —— —— —— —— —— —— — —— — — — — — — — —— — — — s,
........................................................................ cecccsccccscccsscssay \\%
et %,
Variation B \%
_ Actuation and - Education of working Realization of the | _ | planning of devices of Determination of \
improvement of the of the subystem1 [+ subsystem 1 [T [---=| the subsystem 1 \\Y
the subsystem 1 . A
subsystem 1 working regulation .
0 Version B | Planning of the

Actuation and
impr of the -
subsystem N

Education of working __.| Realization of the -
of the subystem N subsystem N

-------- system
* implementation
Determination of
Planning of devices of lg---- the subsystem N
the subsystem N working
regulation

Figure 1. Transformation process from push system into pull system
[Source: Edited by me]

More important steps of the transformation process are
the following [3]:
Fulfillment of the prerequisites: We have to realize the
next lean devices before the pull-principled production
control system’s creation:

e visual management,

e proposals system,

e 5S,

o standardization,

e creation of the company culture in the interests of

the more efficient process improvement,

o kaizen.
Creation of the group: We have to create a group
which will plan and coordinate the pull-principled
production control system’s realization. We need to
collect those company areas’s representatives in this
group who will be touched in the transformation. It is
very important to be at least one person in the group
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who has experience in the pull system’s realization.
Creation of the schedule: Determination of the
implementation process’ more important milestones
and their deadline.

Education: In this step we have to keep some training
for members of the group in connection with the
creation and actuation of the push-principled
production control systems.

Drawing, analysis, evaluation of the current state: We
suggest the value stream mapping’s method [4] for
mapping of the current state of process to be
transformed. This method enables the current state’s
understanding and objective evaluation.

Planning of the future state: Actually the planning of
the future state means creation of the future state
mapping [4] which is realized on the basis of more
variations’ evaluation and the adequate variation’s
selection. The map defines the principles of the
working of the system, namely that where and what



kinds of device we need to locate, respectively how
will the material- and information flow realize.
Planning of the system implementation: In this step
we have to make a table with the followings data:

o tasks to be performed,

e period of the fulfillment (Gantt-diagram),

e indicators to be fulfilled,

o concerned persons (RASIC chart).
The scheduling of the implementation of the system
can be realized during short lead time regarding the
total examined process (variation A on the figure 1),
respectively in more steps [4] (variation B on the figure
1). In the case of the variation B we can gain a lot of
experience from the realized process steps which is
usable at the next process step’s realization.
Determination of the system working regulation: In
this step we have to determine the exact work
instructions of the working persons in the case of
different conditions (e. g. mode of the process
improvement, regulation of the stock level in the case
of different customer needs, ..., etc.).
Planning of the system’s device: We have to determine
the standard and the special kanban cards (e. g. pool
kanban, express kanban, ..., etc.), the heijunka boards,
the supermarkets and/or FIFO lanes, the kanban storage
areas, milkrun trains, ..., etc.
Realization of the system: We have to realize the pull-
principled production control system on the basis of the
system’s implementation plan.
Education of the system’s working: In this step we
need to keep some training for the workers in
connection with the elaborated work instruction and the
total system working. After these trainings we have to
check the appropriate skills at the production area.
Actuation and improvement of the system: We have to
actuate the system after the realization of the system
and the workers’ training, which may result in several
failures in the beginning. We also need to realize
process improvement during the actuation of the
system, consequently we can use the gained
experiences at the next process step’s realization.

4. APPLICATION POSSIBILITIES OF THE
SIMULATION MODELING FOR
FORMATION OF THE PULL-PRINCIPLED
PRODUCTION CONTROL SYSTEMS

If we would like to explain the simulation modeling’s
term, then basically this is such a method which is able
to make a model for the real/planned
processes/systems. Consequently we can examine the
status changes of the processes/systems beside different
settings [5]. We can realize the optimization of the real
or planned logistics system with use of the simulation
modelling’s method [6]. The simulation modelling as a
method is applied in a lot of cases e. g. optimization of
the production scheduling [5], elimination of the
planning failures [7], comparison of the different
planning variation, examination of the stochastic
processes, ..., etc.. The transformation from push-
principled production control system into pull-
principled production control system is a very complex
process which is realized in a lot of cases without use
of the simulation modeling. This chapter presents the
efficiency improvement possibilities with use of the
simulation modeling’s method. We highlighted those
areas (thicker line) in figure 2 where the simulation
investigational possibilities can result in efficiency
improvement. In addition we will introduce these areas.
Drawing, analysis, evaluation of the current state: We
can understand and evaluate the examined system with
simulation modeling of the current state efficiently
because in this case we can gain more information (we
can use this information for the planning of the future
state) [8].

Planning of the future state: We can create and
examine more system variations rapidly with use of the
simulation modeling. Thus we can make an objective
decision on the basis of the assigned investigational
aspects (area need, lead time, kanban cards’s amount,
workers’ number, ..., etc) [9].

Determination of the system working regulation: We
can determine the action plans more efficiently with
use of the simulation modeling in the case of different
customer needs [10].
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r Variation A |
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P system’s working system system’s devices ] sysien wo.rkmg | \
| system regulation
] \.
e — —— —— — —— —— —— — —— — — —— — — — — ———— 3
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'
: Variation B ' \%
q L ]

o  Actuation a"fd . Education of working | _ Realization of the Planning of devices of Determination of | # \
H Rl of the of the subystem1 [ subsystem 1 Il the subsystem 1 the s 1] \ Y
] subsystem 1 working regulationf .
' + ' Version B Planmntg of the
' S s letfeceeee. system
H ! : : implementation
: Y A/ :
H e 7 Determination of |
HIE ctuation a:f the Education of working g ion of the - Pl of devices of the subsystem N | ;
of bsyst - N of the subystem N subsystem N the subsystem N working :
: subsystem regulation :
L L L L L L L L T T L N L L L L L -e

Figure 2. Simulation investigational possibilities in the process of the transformation from the push system into pull
system
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The kanban stock levels can also be determined more
accurately, because we can take into consideration the
stochastic effects with the simulation modeling. We can
also define the production process’s work instruction
more efficiently, thus the utilization of the human- and
machine resources can be increased.

Planning of the system’s device: We can determine the
necessary milkrun train’s types and their number,
kanban cards’ types and their number, storage devices’
types and their number with higher precision if we use
the simulation modeling. This application possibility
can result in significant savings for the companies.
Actuation and improvement of the system: The
realized system’s continuous improvement is necessary
in the interest of the holding/increase of the
competitiveness. We need to use simulation modeling
in those cases when more value stream cross each other
because in this case a failure process improvement
decision can result in significant wastes (for example:
purchasing of the lower performance equipment than it
is necessary for the efficient production, ..., etc.).

5. APPLICATION POSSIBILITIES OF THE
SIMULATION MODELING FOR
FORMATION OF THE PULL-PRINCIPLED
PRODUCTION CONTROL SYSTEMS

One of the most important milestones of application of
the lean philosophy is the formation of the pull-
principled production control system. This system can
increase the flexibility of satisfaction of the customer
needs, respectively it enables more efficient
improvement of the logistics processes as well. This
system can be created with transformation of the push
system into pull system at most companies. This paper
presented this transformation’s process, as well as its
improvement possibilities with the simulation
modeling. All in all, we can tell, that the simulation
modeling can decrease the planning failure, as well as
can increase the utilization of the human and machine
resources at the formation of the pull-principled
production control systems.
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Abstract: In this research, a I channel section containing an semi-elliptical crack has been modeled and
investigated using finite element method. The stress intensity factor of mode I and J-Integral have been calculated
and analyzed.

Key words: Finite element method, Semi elliptical crack, stress intensity factor

Analiza faktora intenziteta napona kod i profila metodom konacnih elemenata. U okviru ovog istrazivanja je
izvrSena analiza i modelovanja metodom konacnih elemenata I profila sa polu-elipticnom pukotinom. Faktor
intenziteta napona I i J integrala je izracunat i analiziran.

Kljuéne reci: Metoda konacnih elemenata, Polu elipticna pukotina, faktor intenziteta napona

1. INTRODUCTION Crack shape semi elliptical with major radius of
4% m and minor radius of 4.e%%% m,
Fracture mechanics are often utilized to characterize Circumferential divisions are 8 and mesh contours are
such failure. For linear elastic materials, it is 5.
satisfactory to use Stress Intensity Factor (SIF) to
investigate the crack behavior [1]. The stress intensity
factor accomplished a highest value near the corner
point and then declined to zero at the point is
approached [2]. The thickness as well as the initial
surface cracks length have a major role on fatigue life
up for failure in cyclic loading [3] The stress intensity
factor is dependent on elastic-plastic properties of
material and fracture toughness [4]. The stress intensity
factors were amplified when the values of relative
depth of crack ratio amplified [5]. In fracture
mechanics, SIF and J-integral is essential in order to
calculate the consistency of crack structures. Recently,
mode | SIFs has agreed more priority since its effect is
considerable compared with other types of SIFs for
example mode Il and IIl [6]. J-integral firstly
introduced by Rice and it is defined as an arbitrary
curve around the crack tip and it is estimated counter-
clock wise [7]. In this research, the stress intensity
factor of mode 1 and J-Intergral has been analyzed
using ANSYS with 31 nodes isoparametric three-
dimensional stainless steel NL solid elements.

2. METHODOLOGY

The Geometric modelling of | channel section was
done using ANSYS workbench. Meshing was done by
using a tetrahedron type of element in ANSYS mesh
tool. Loading and boundary conditions were applied to
I channel section to ascertain the critical region or
crack zone of I channel section shown in fig.1. Further,
crack was introduced in the critical region of | channel
section. Semi-elliptical crack geometry in the crack
zone for various crack lengths was initiated till stress - - -
intensity factor for mode I and J-Integral condition. Fig. 1. FE Model with benchmarking of problem.
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3. BENCHMARKING PROBLEM

The assumptions were considered to obtain stress
intensity factor solution solved by using a fracture
module in ANSYS. The analysis of stainless steel NL
solid elements of | channel section specimen having a
length of 56.08mm, width of 50mm and thickness of
30mm is conducted on ANSYS. The applied pressure
magnitude of 500pa. from top side and bottom side is
applied fixed support. The density of material 7750 kg.
m3, Specific heat 80J. kg™. C*, Young's Modulus is
1.93E11Pa, Poisson's Ratio is 0.31, and Yield Strength
is 2.1E8 Pa. The total numbers of nodes are 24406 and

elements are 14780.

Fig. 2. Static structure of | channel section.
4. FINITE ELEMENT MODEL

Finite element modelling is identified as the
analyst’s choice of material models, finite elements
meshes, constraint equations, pre and post processing
options, governing matrix equations and their solution
techniques available in a chosen commercial FEA
program for the intended analysis [8]. The proposed
finite element model involves a fine mesh of
isoparametric tetrahedron solid elements. While
introducing the crack, the most important region is the
region between top and bottom portion | channel
section of the crack.
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Fig. 3. Meshed model of | channel section.
5. TOTAL DEFORMATION

The fig. 4. Shows that total deformation obtained
with respect to its crack lengths. The maximum total
deformation obtained is 5.8614e™°m.

85127011
0Min

Fig. 4. Total deformation of | Channel Section.



6. STRESS INTENSITY FACTOR

The fracture tool is used to calculate the stress
intensity factor mode | and J-Integral the following
steps are followed
1) Define a local crack front with X-axis parallel to
crack face and Y-axis perpendicular to crack face
Define crack front divisions and mesh contours
Obtain stress intensity factor of mode 1 and J-
Integral

2)
3)

7. RESULTS OF STRESS INTENSITY FACTOR
MODE 1

The The table 1 shows that values obtained by using
ANSYS software. The tabulated values show that stress
intensity factor for mode | with their each contour of
semi elliptical crack with respect to their length of each
cracks.

Sr. | Length Stress Intensity Factor mode |
No Count | Count | Count | Count | Count
erl er2 er3 er4 er5

1 0| 107.3 | 112.6 | 112.3 | 112.0 | 111.8
2 4.19%-4 | 1074 | 1125 | 1122 | 1119 | 1118
3 8.37e-4 | 104.7 | 110.6 | 110.2 | 109.7 | 109.4
4 1.26e-3 | 102.3 | 107.7 | 107.3 | 106.9 | 106.5
5 1.67e-3 | 100.4 | 106.4 | 106.2 | 105.9 | 105.5
6 2.09-3 | 98.94 | 104.3 | 104.2 | 104.0 | 103.7
7 2.51e-3 | 97.76 | 103.6 | 103.7 | 103.5 | 103.2
8 2.93e-3 | 96.76 | 102.1 | 102.2 | 102.1 | 101.9
9 3.35e-3 | 96.02 | 101.9 | 102.0 | 101.9 | 101.8
10 3.77e-3 | 95.40 | 100.7 | 100.8 | 100.8 | 100.8
11 4.19e-3 | 94.95 | 100.8 | 100.9 | 101.0 | 100.9
12 4.61e-3 | 94.60 | 99.93 | 100.1 | 100.1 | 100.2
13 5.02e-3 | 94.40 | 100.2 | 100.4 | 100.5 | 100.8
14 5.44e-3 | 94.29 | 99.62 | 99.85 | 99.95 | 100.0
15 5.86e-3 | 94.28 | 100.1 | 100.3 | 100.4 | 100.5
16 6.28e-3 | 94.35 | 99.68 | 99.92 | 100.0 | 100.1
17 6.70e-3 945 | 100.3 | 100.5 | 100.6 | 100.7
18 7.12e-3 | 94.76 | 100.0 | 100.2 | 100.3 | 100.4
19 7.54e-3 | 95.04 | 1009 | 101.1 | 1011 | 1011
20 7.96e-3 | 95.45 | 100.8 101 | 101.0 | 101.0
21 8.37e-3 | 96.01 | 101.9 | 102.0 | 102.0 | 101.9
22 8.7%-3 | 96.65 | 102.0 | 102.1 | 102.1 | 101.9
23 9.21e-3 | 97.42 | 103.3 | 103.4 | 103.3 | 103.1
24 9.63e-3 | 98.30 | 103.7 | 103.8 | 103.6 | 103.4
25 1.00e-2 | 99.41 | 1054 | 105.4 | 105.2 | 104.9
26 1.05e-2 | 100.7 | 106.2 | 106.1 | 105.8 | 105.6
27 1.09e-2 | 102.4 | 108.5 | 108.3 | 108.0 | 107.6
28 1.13e-2 | 1045 | 110.0 | 109.6 | 109.2 | 108.9
29 1.17e-2 | 107.2 | 113.2 | 1128 | 1124 | 112.1
30 1.21e-2 | 1103 | 1155 | 115.1 | 114.9 | 114.8
31 1.26e-2 | 110.3 | 115.7 | 1154 | 115.1 | 114.8

Table 1. Stress intensity factor mode 1

Various iterations were carried out for different
crack lengths and depths and it was found that stress
intensity factor for mode 1 is minimum of
100.04Pa-m®® and maximum at 114.87Pa-m°®
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Fig. 5. Profile of the critical crack of SIF mode 1

SIF for J-Integral was evaluated for different crack
lengths. The plot below shows the stress intensity
factor for J-Integral with their 5 numbers of contour
verses length of cracks.
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Fig.6. SIF for various contours for mode 1 verses crack
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8. RESULTS OF STRESS INTENSITY FACTOR
J-INTEGRAL

The table 2 shows that values obtained by using
ANSYS software. The tabulated values show that stress
intensity factor for J-Integral with their each contour of
semi-elliptical crack with respect to their length of each
cracks.



Stress Intensity Factor J-Integral Various iterations were carried out for different
N c crack lengths and depths and it was found that stress
No | Length | Count | Count | Count | Count | -°Y ) eng P U o
, eril er2 er3 erd nter intensity factor for J-Integral is minimum at 4.5959¢
> Jm2 and maximum at 6.4487¢® J/mz  Various
1 |0 5.9e-8 | 6.1e-8 | 6.1e-8 | 6.1e-8 Siél iterations were carried out for different crack
2 4.1e-0 | 5.8e-8 | 6.e-8 6.3e-8 | 6.0e-8 S_g
3 |83e4 | 5508 |57e8 |57e8 57e8 | oo
4 [12e3 |52e8 |54e8 | 54e8 |54e8 |
5 |16e3 |50e8 | 528 | 528 |528 |2
6 |20e3 | 498 |50e8 |50e8 |58e8 | oo
7 | 253 |47e8 | 49e-8 | 4.9e8 | 49e-8 |
e-8 "
4.8. 0000 b 020 ¢m) -.—1
8 | 293 | 47e-8 | 48e-8 | 48e-8 | 48e-8 | o —
9 |33e3 |46e8 |4Te8 |47e8 |4T7e8 | o
10 [37e3 | 4508 |47e8 |4Tes |4Te8 | 5
11 |41e3 | 4508 |46e8 |46e8 | 4668 | o
12 4663 |44e8 |46e8 | 4608 | 4608 | 2O
13 5063 |44e8 |46e8 | 46e8 | 46e8 | T
14 5463 |44e8 |45e8 | 46e8 | 4668 | o S e ———
4.6. . . .
15 | 5.8e-3 | 44e-8 | 4.5e-8 | 45e-8 | 4.6e-8 | g Fig. 7. Profile of the critical crack of SIF J-Integral
4.6
16 | 6.2e-3 | 44e-8 | 4.6e-8 | 46e-8 | 46e-8 | g SIF for J-Integral was evaluated for different crack
4.6. lengths. The plot below shows the stress intensity
17| 67e-3 | 44e8 | 4608 | 4608 | 4608 | factor for J-Integral with their 5 numbers of contour
18 |71e3 | 45e8 |46e8 |46e8 |46es | o0 |  Verseslengthofcracks
19 753 | 4508 |46e8 | 46e8 | 4668 | T sasgres
20 [79e3 |45e8 |4Te8 |4Tes |4Tes | T 6258
4.7
21 | 83e-3 | 4.6e-8 | 47e-8 | 47e-8 | 47e8 | o i Gom
22 |87e3 | 4608 |48e8 |48e8 | 48e8 | oo B
79 z 57568
23 | 9.2e-3 | 4.7e-8 | 4.9e-8 | 4.9e-8 | 4.9e-8 e:8. E
g —
24 | 963 | 488 | 49e8 | 5068 | 50e8 | Op EE S
E =
5.1. 2
25 | 1.0e-2 | 4.9e-8 | 5.1e-8 | 5.1e-8 | 5.1e-8 8 r g s |
g
2 |10e2 |50e8 |52e8 | 528 | 5208 | o2 3
5.4 S.e8
27 | 1.0e-2 | 5.2e-8 | 5.4e-8 | 5.4e-8 | 5.4e-8 9:8'
28 | 1le2 | 558 | 56e8 | 5608 | 568 | o0 ey
29 | 11e2 | 58e8 | 5.9e-8 | 5.9e8 | 6.0e-8 | OO
e-8 4449208 y i
30 | 1202 | 6.1e-8 | 6.3e-8 | 6.3e-8 | 6.3e-8 | O 3 i e g ssiied i
e-8 Length [m]
6.4.
31 | 12e-2 | 62e-8 | 6.4e-8 | 6.4e-8 | 6.4e-8 e-8 Fig. 8. SIF for various contours for J-Integrals verses
Table 2. Stress intensity factor J-Integral crack length
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9. CONCLUSION

1) Static stress analysis for the operating conditions
on was performed. Crack zone in the I channel
section was identified middle of section of the
channel, maximum stress of 500MPa occurred in
this region.

2) The stress intensity factor (SIF) is found to have
the maximum value of the middle part of the
channel.

3) Stress intensity factor for mode 1 is minimum of
100.04Pa-m®® and maximum of 114.87Pa-m®°

4) 1t is found that the stress intensity factor for J-
Integral minimum of 4.5959¢e® J/m2 and maximum
of 6.4487¢® J/mz.
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