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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 "ETIKUM 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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Abstract: Experiments have been carried out to investigate the characterization, micro hardness and impression
creep on SMAW SA 516 GR 70 steel plates for the samples. The specimen was prepared by slicing the weldment into
a single specimen which contains three zones (PM, HAZ and FZ). The cross-section of the specimen is 35 mm x 15
mm sample was investigated for all the above experiments. Impression creep behavior of samples was studied using
tungsten carbide indenter at various stress levels in different temperatures ranges. From the creep profiles the
steady state creep rates (&) were calculated. Further stress exponent and activation energy values were determined.
Creep rates for PM, HAZ and FZ are compared. Results on impression creep behavior suggest that creep resistance
of fusion zone is superior to those for PM and HAZ at all stress levels in any temperature of testing. It is observed
that creep rate measurement over the weldment. Dislocation creep mechanism seems to be dominating the
impression creep process under the conditions of present investigation.

Key words: Creep, shielded metal arc welding, micro hardness.

Mikrostrukturna i mehanicka svojstva zavarenih spojeva. Eksperimenti su sprovedeni da bi se istraZila
karakterizacija, mikro tvrdoca i otisak puzanja na uzorcima od celicnih ploca oznake SMAW SA 516 GR 70. Uzorak
je pripremljen obradom zavarenog spoja koji sadrzi tri zone (AM, ZUT i FZ). Poprecni presek ispitivanog uzorka u
svim eksperimentima je (35 x 15)mm. Ispitivanje uzorka na otisak puzanja izvrSeno je koriste¢i volframkarbid
utiskiva¢ na razlicitim nivoima pri razlicitim temperaturama. Izracunata su stabilna stanja profila puzanja (&).
Odredene su vrednosti eksponenta puzanja i energije aktivacije. Uporedene su stope puzanja za PM, ZUT i FZ. Pri
ispitivanju otiska puzanja rezultati pokazuju da je otpor u zoni vara superioran u odnosu na PP i ZUT na svim
nivoima pri bilo kojoj temperaturi testiranja. Merenje stope puzanja izvrseno je preko zavarenih spojeva. U ovom
istrazivanju pri ispitivanju otiska puzanja dominira dislokacija mehanizma puzanja.

Kljucne reci: Puzanje, zavareni spoj, mikro tvrdoca.
1. INTRODUCTION problems [6]. High temperature creep behavior of a
number of metals and alloys, particularly estimation of
Low carbon steel of SA 516 GR 70 is being widely the thermal activation parameters aiding the

used as a major structural material for boiler plates in
view of its good high temperature mechanical
properties and adequate weld ability [1]. These steels
owing to their excellent high temperature mechanical
properties, find wide applications as piping and super
heater tube material in steam generating plants [2].

The duplex microstructure consisting of ferrite and
pearlite phases transforms to carbides and brittle inter-
metallic phases [3]. Consequently, the creep properties
of the weld metal would be significantly influenced by
the kinetics as well as the nature of the products of this
transformation which in turn strongly depend on the
chemical composition of the deposit [4].This
investigation is aimed at understanding the
characterization, mechanical properties like micro
hardness and creep behavior of SA 516 GR 70 alloy
shielded metal arc welds.

Impression creep technique is a modified
indentation creep test wherein the conical or ball
indenter is replaced by a cylindrical, flat bottomed
punch [5]. The usefulness of this technique, pioneered
by Prof. Li, is illustrated by application to a variety of

identification of the rate controlling mechanisms of
creep, has been investigated.

This test offers several advantages over the
conventional creep testing. It is the most suitable
method to study the creep behavior of welded portion;
a small process zones HAZ [7]. It takes the shorter
duration for test, and small quantity of the testing
material. The temperature and stress dependency of
creep rate could be obtained on a single sample. The
test can be carried out with a constant stress at constant
load. Utilizing the impression creep test, the creep
behavior of individual zones in steel weldment has
been examined. Experiments have been carried out to
investigate the indentation (impression) creep on
SMAW welded SA 516 GR 70. Samples were selected
from the plates which had been SMAW. Impression
creep behavior of samples was studied using tungsten
carbide indenter at various stress levels and various
temperatures. From the creep profiles steady state creep
rates (eqare calculated. Further stress exponent and
activation energy values are also determined. Creep
rates for three regions are compared.



2. MATERIAL AND EXPERIMENTAL DETAILS

2.1 Material Composition

The SA 516 GR 70 steel plates are used in this
investigation to produce the weldment’s in five
different layers. The specifications of the plate of SA
516 GR 70 are 325 mm x 293 mm x 12 mm and the
nominal chemical specification of SA 516 GR 70 steel
plate is; C: 0.27%, Mg: 0.79-1.30%, Ph :0.035%, S:
0.035% and Si-0.20-04%.

2.2 Shielded Metal Arc welding unit

Welded joints of SA 516 GR 70 with a thickness of
12 mm. Butt type of joint were prepared by using
SMAW technique (Fig.1). The welding parameters are
shown in Table 1.

direction of travel
—
rod core

covered electrode
(consumable)

flex

dc
constant
ourrent
or
gasous ac

shield power
/ supoly
arc plasma

™~

molten flux
fused slag
weld metal

molten weld metal

Fig. 1. Schematic drawing of Shielded Metal Arc

2.4 Length of HAZ for Welded Plate

The weld samples contain three zones i.e. parent
material (PM), heat affected zone (HAZ) and fusion
zone (FZ). But, visual observation is not sufficient to
predict the actual length of HAZ. So, length of HAZ is
calculated through theoretical correlations and shown
in Table 2 for all the conditions.

H,e = 1% @
4.13-p.. 7,
1 _ pcp t + 1 (2)
Tp_To Nnet Tm_To

2.5 Sample Preparation

Samples for various tests were taken from parent
metal (PM), heat affected zone (HAZ) and fusion zone
of welded steels. Specimen of size 35mm x 12 mm
were cut from the welded steels as presented in the
schematic diagram presented in Figure 2.

SAMPLE

PARENT
-1 =4 METAL

SAMPLE

35mm

Fig. 2. Schematic diagrams for the cutting plane of the
welded sample

Welding Unit
Size of . Wire feed | oot
. . Crurrent Vaoltage | Tvpe of | _ mput
Fun Process Fller T - - . speed k
(A) 7 current Polarty . (kI'nmm
Mletal | " . - fasiayiayingd ;
LAYEE 1 ShNIAW 2.30 73-82 22-24 DCEF 03 1.01
LAYEER 2 ShLAW 313 118-123 | 1820 DCEP 198 1.01
LAYEE 3 ShAW 4.00 163-166 | 16-19 DCEF 205 0.76
LAYEE 4 ShAW 3.13 145-14%8 | 20-22 DCEF 190 0.91
LAYEE 3 ShNIAW 3.13 142-148 | 20-24 DCEF 196 0.86
Table 1. Experimental conditions for SMAW process
Wire feed speed HAZF
Lawer H..Jmm
’ i sec (T nmum
Lavyer1 1.58 10153 267
Lavyer 2 327 630.13 158
Laver 3 34l TI0TE 191
Layer4 317 273453 I19
Layer4 313 E11.E 2.04
Laver 3 327 2778 220

Table 2. Length of HAZ for different layers

2.6 Micro-structural Studies

The cut samples are polished using surface grinding
machine and then mechanically ground polished using
1/0, 2/0, 3/0, 4/0 grade papers. Next these samples are
polished on a disc polishing machine by using diamond

paste as abrasive medium until a flat and scratch-free
mirror-like finish was obtained. To reveal the micro-
structure, the sections were etched in 3% nital solution,
rinsed in deionized water, and dried with drier.



2.6.1 Optical metallographic

Polished Samples were taken for microscopic
examination and photomicrographs were taken with the
help of standard metallurgical optical microscope and
digital image recorder at appropriate magnification.

2.6.2 Scanning electron microscopy (SEM)

Micro structures of the polished sample were
studied using SEM” on the PM, HAZ and FZ.
Secondary electron images were recorded with
appropriate magnification.

2.7 Micro hardness

Micro hardness measurements were made on
welded specimens using Knoop micro hardness
equipment. Measurements were taken for each
condition at five different lengths along the weld with a
load of 100 kgf.

2.8 Impression creep studies

Specimen cut from the different zones are grounded
parallel using cylindrical grinding machine and etched
to reveal the various zones. Photograph of such a
specimen is presented in Figure 3.

=

Fig. 3. Specimen Prepared for Impression Creep Test

2.8.1 Impression creep testing apparatus

The schematic line diagram of the creep machine
set up used in the present study is shown in Figure 4. In
this machine compression load is applied to the sample
by means of a cage set up as shown in Figure 5. The
cage consists of two rectangular components R;, and
R,. Ry is fixed to the base plate and R, to the pull rod
which is connected to the lever arm. When load is
applied R1 will remain stationary, R, will move up. As
a result, the indenter fixed to the top plate of Rywill
remains stationary whereas the bottom plate of R,
containing the specimen will be pulled up which results
in the impression of the indenter on the specimen.

Since the experimental work is at both room
temperature and high temperature, the specimen cage
must be made from a material capable of withstanding
high temperature and must undergo zero deformation at
the testing temperature throughout the testing period.
The material which meets requirement of a specimen
cage is Nimonic 90 (Methane grade super Ni 90) cold
rolled and annealed 14 mm rods procured from Mishra
Dhatu Nigam Limited, Hyderabad.

Fig. 4. The schematic line diagram of the impression
creep setup (A;- Furnace, A,- Specimen cage, F
- Pull rod, G - LVDT transducer, H- Spirit level,
I- | beam frame, K- Balancing weight, L - Lever
arm, W - Weight, TC - Thermocouple, FL -
Furnace leads )

Fig. 5. Specimen cage setup (F- Full Rod, C- Indenter,
B-Specimen)

1]
=

Fig. 6. Dimensions of the tungsten carbide indenter ( d
=2mm h=1.967 mm h;=1.127 mm, Area
of the base is 3.1416 mm?)




The pull rod connected to the cage is also connected to
the lever arm (L). These two parts of the pull rod are
held together by a stainless steel block. The precise
alignment of the pull rod and the specimen cage is very
important to obtain good results. A platform is attached
to the upper pull rod which presses against the
transducer and measures the displacement. A horizontal
25mm thick steel plate is supported by means of two
vertical channels. A 12.5mm thick stainless steel plate
is supported from the above steel plate by means of
four steel rods. The specimen cage is fixed to the
stainless steel plate. A furnace also rests over it for high
temperature creep testing. The dimensions of the
tungsten carbide indenter used in the present work are
shown in Figure 6.

Fig. 7. Impression creep setup used in the present work

2.8.2 Impression creep testing

The specimens, prepared as mentioned above, were
polished by standard metallographic techniques and
were tested for parallelism of faces before introducing
into the specimen cage of the machine. The specimen
(B) kept in one part of the super alloy cage (A,) as
shown in Figure 3 and the other part of the cage
contains the cylindrical indenter (C) of diameter 2 mm
made of tungsten carbide ( its axis coinciding with the
axis of the pull rod ). Using the balancing weight (K)
and the spirit level (H) the lever was initially kept
horizontal. Now the specimen was made to touch the
indenter. The load was applied gradually at the other
end of the lever which was dipped in machine oil
in order to avoid damping.
The indenter displacement could be measured with an
accuracy of 1 micron. The readings are noted for every
1 minute until the steady state was reached. The creep
testing was done on three zones of specimen with
different loads and different temperatures.

3. RESULTS AND DISCUSSIONS

Figures 8 and 9 shows the banded structure of
ferrite (white region) and pearlite (black region). This
chapter includes results obtained from optical
microscope, SEM on unpeened and laser peened
samples. Microhardness and creep test results are
tabulated and plotted.

3.1 Microstructures

Micro-structural features of SA 516 GR 70 grade
steels in Parent, Heat affected and Fusion regions of the
welds are recorded using optical and scanning electron
microscopes and presented in Figures 8a to 8c and 9a to
9c.

200X Soum 200X S0 pm

200X S0 pm
Fig. 8. Optical photomicrograph. a) PM (SA 516 GR
70); b) FZ (SA 516 GR 70), etchant Nital 3 %;
¢) HAZ (SA 516 GR 70), etchant Nital 3 %;

Fig. 9. Microstrucrures of SA 516 GR 70: a) PM; b)
FZ; c) HAZ

Following observations can be made on
Photomicrographs:

(i) Parent metal consists of banded ferritic and pearlitic
structure. Pearlite content is around 30 %.

(if) Fusion zone consists of very fine ferrite and
pearlite, well distributed throughout, banded structure
disappears.

(iif) Heat affected zone consists of fine ferrite and
pearlite. Ferrite is seen surrounding the pearlitic region
as in the case of steel containing more than 0.45 %
Carbon.

(iv) Martensitic or bainitic are not observed in HAZ
zone.

3.2 Micro hardness results for welded material
Hardness results of individual zones of steel

material are given in Table 3. Hardness profile over the

weldment steel material is presented in Figure 10.



Zones Hardness (HV)
Parent Metal 165
Heat Affected Zone 183
Fusion Zone 188

Table 3. Micro hardness results for unpeened and
peened welded material

0-3 mm PARENT MATERIAI
AL
FUSION ZONF
n HAZ
mm PARENT MATERIAL

l f‘dw‘\_\

160 -/
4

4 PM I HAZ FZ

HARDNESS (HV)

T
4 o6 8 10 12
DISTANCE mm

Ei

g. 10. Micro Hardness Profile for PM,HAZ,FZ
regions

Parent metal is supposed to show a constant
hardness. The area where hardness is changing may be
regarded as HAZ.

Following points are revealed by the values
presented in Table 3 and Hardness profile in Figure 9c:
(i) Fusion zone records highest hardness, followed by
heat affected zone and parent metal.

(if) Contrary to expectation highest hardness is not

recorded by HAZ.

(iif) Hardness varies from 165 — 187 VHN in welded
material.

3.3 Steady state creep test results
Steady state creep test was performed at 10 kg and
12 kg loads for different temperatures and for different
zones. The results of the test are tabulated in Table 4.
Creep rate measurement over the weldment
successful. Following observations can be made on the
Table 4.
(i) Fusion zone records the lowest steady state creep
rate, followed by heat affected zone and parent metal
under all the conditions of load and temperatures of
testing.

3.3.1 Activation energy

Activation energy was calculated at 10 kg and 12 kg
loads for different temperatures and for PM, HAZ, FZ
regions. The results of the test are tabulated in Table 5.
For all the zones, Activation energy increases as the
temperature increases. Activation energy is in the range
of 20 — 46 for 10 kg load, and 15 — 41 for 12 kg load.

Steady State Creep Rate values 'min (e x 107 7))
Temperatures | Parent Material Heat Affected Zone Fusion Zone

10kgload [2kgload [10kgload [12kgload |10kgload (12kgleoad
Foom

n.o13e | 0.001% 0.003 0.0009 0.0020

Temperature
100 0.1000 | 0.0167 0.030 Do 0.0416
200 04160 | 0.3300 0.833 0.2700 0.5000

Table 4. Steady State creep rate at 10 kg and 12 kg loads at different temperatures and for PM,HAZ,FZ Regions

Load Zones Parent Metal Heat Affected Zone Fusion Zone
0a
(kg) Ijl:zr:tlperature RT-100 | 100-200 |RT-100 100-200 | RT-100 100 -200
Activation
10 Energy 26.93 2043 3031 4281 3418 4580
Q kl'meol
Activation
12 Energy 15.03 1722 3133 4036 41.30 3568
Q kl'mol

Table 5. Activation energy values 10 kg and 12 kg loads at different temperaturesand for different zones

3.3.2 Stress exponent values

Stress exponent values ‘n’
Temperature Fusion Zone | Heat Affected
Zone
RT 4.38 5.67
100 7.33 6.05
200 3.40 5.14

Table 6. Stress exponent values

4. RESULTS AND DISCUSSIONS

Welding is the joining process involving high
thermal input. The thermal effect creates distinctly
three microstructural zones, viz: fusion zone (FZ), heat
affected zone (HAZ) and parent metal (PM). The
spread of the fusion and heat affected zone depends on
the process of welding. With the present process of



shielded metal arc welding (SMAW) the width of
fusion zone is around 6 mm. Heat transfer equation is
used to find out the thickness HAZ and it is found that
it extends by 2-3 mm. The calculation of thickness of
heat affected zone is given in the appendix. Impression
creep testing is one of the convenient methods for
mechanical characterization of the micro regions like
fusion zone and heat affected zones, at room
temperature and higher temperature. Further, values of
steady state creep rates can be used to find out the
activation energy (Q*) which reveals the mechanism of
creep.

The laser treatment on the surface of the weldment
is expected to induce the residual compressive stresses
and its mechanical properties, including creep. Further,
three regions with different micro-structural features
are expected to respond differently to the laser
treatment. Hence, laser beam of power 50 mJ is
scanned over the welded plates in single and double
rows. However, it is found that surface of weldment got
damage due to the action of laser. The initiation of
cracks in the laser affected area is clear from the SEM
photomicrograph presented in figures 8a to 9c.

4.1 Details of microstructure
Following are the observations for sample:

(i) Parent metal consists of banded ferritic and pearlitic
structure. Pearlite content is around 30 %. As the base
metal was cold rolled, banded ferritic and micro-
structural characteristics of three zones have been
investigated by optical microscope and scanning
electron microscopy (SEM) for samples pearlitic
structure was found.

(ii) Fusion zone consists of very fine ferrite and
pearlite, well distributed throughout. Banded structure
disappears as it reaches austeniting temperature.

(iii) Heat affected zone consists of fine ferrite and
pearlite. Ferrite is seen surrounding the pearlitic region
as in the case of steel containing more than 0.45 %
Carbon.

(iv) For low carbon steels, the nose in the TTT diagram
will be nearer to the y axis. As the percentage of carbon
increases, nose pushes to the right of the TTT diagram.

As the distance of nose from y axis increases, there is a
chance of formation of martensite or bainite. So,
martensitic or bainitic are not observed in HAZ zone
the hardness value is in the range of 165 — 188 VHN.

5. CONCLUSIONS

Based on the present investigation following
conclusions have been arrived at. The activation energy
in the range of 15 — 46 kJ/mol and stress exponent
values in the range of 3.4 — 7.33 suggest that the
dominant mechanism is dislocation creep. Hardness
value is more in Fusion zone compare to Parent and
Heat Affected zones.
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Abstract: Titanium is considered to be the metal of the 21st century [1]. Metal, which would have small volume
density (at least 2-3 times smaller than iron), plasticity, workability, high rigidity, resistance and life span, has long
been desired. It has also been required no to lose those characteristics when exposed to air, river and sea water, not
to be soluble in acid or potash. At the same time it has been required to be of sufficient content in earth crust.
Titanium is such a material. Thanks to its specific characteristics its application has been spreading into many
areas, such as medicine (implants), space (material for space technology) [2], chemical facilities, ships for sea
transport (resistance to acids and salts), buckles for mountain climbers (low density and high rigidity), etc. Titanium
mechanic characteristics, however, lead to new problems in technological manufacturing. It is necessary to apply
a considerably different approach to its manufacturing. Titanium and its alloys behave in a specific way during
manufacturing and it is necessary to know and use this behaviour for an effective production of parts.

Key words: machining, titanium alloys, turning, grinding

Metal buducnosti - Titanijum i problemi njegove obradivosti. Titanium se smatra metalom 21. veka [1]. Metal,
koji ima malu specificnu gustinu (barem 2-3 puta manju od gvozda), plasticnost, obradljivost, veliku cvrstocu,
otpornost i radni vek, je kao takav odavno pozeljan. Neki od zahteva vezanih za osobine su da zadrze te
karakteristike usled izlaganja vazduhu, recnoj i morskoj vodi, i da nisu razgradive u kiselinama i potasi.
Istovremeno je zatrazeno da ga bude dovoljno sadrzanog u zemljinoj kori. Titanium je takav materijal. Zahvaljujuci
svojim specificnim karakteristikama njegova primena se prosirira u mnoge oblasti, kao Sto je medicina (implanti),
svemir (materijalno za svemirske tehnologije) [2], hemijska postrojenja, brodovi za pomorski saobracaj (otpornost
na kiseline i soli), kopce za alpiniste (niska gustina i visoka krutost), itd. Titaniumove mehanicke karakteristike
medutim, dovode do novih problema u tehnologiji proizvodnje. Potrebno je primeniti znacajno drugaciji pristup za
njegovu proizvodnju. Titanijum i njegove legure se ponasaju na specifican nacin u toku proizvodnje i neophodno je
znati i koristiti ove ponasanje za efikasnu proizvodnju delova.

Kljuéne redi: masinska obrada, legure titanijuma, struganje, brusenje

1. INTRODUCTION - Titanium features

In Mendeleev periodic table titanium has serial
number 22. Its neutral atom consists of the nucleus
including 22 protons and aset of 22 electrons. The
number of neutrons is about 24-28. Therefore also the
number of titanium isotopes can be different. Some
metals can be added to titanium, which increase its
durability to tenths or hundreds times. These are for
instance Zr, Ha, Ta, W. By adding 20-30% of Mo,
a corrosion stability of gold can be achieved in
titanium. Titanium is hard to smelt. The temperature of
clean titanium smelting is the highest of all
construction metals: 1668°C. Titanium toughness is
high [3]. This is the reason why it resists cavitation
very well, for example. It is a suitable material for ship
screw-propeller. It possesses a special feature — shape
memory. In an alloy with other metals, for instance
nickle, it remembers the shape of the part which has
been produced at certain temperature. For instance, if
the material is hot-turned into the shape of a spring,
when it is heated to the temperature at which it was
produced, it returns to its original shape. This is used in
space (opening of aerials folded before), medicine (a
wire, which turns into a coil, is directed into constricted

blood wessel, where it spreads and extends it).
Titanium has small heat conductivity (A =0,071 J.cm’
's1.°C™"), which is three times smaller than that of iron
[4]. At room temperature, the coefficient of linear heat
conductivity is 8,5.10°.°C™". At room temperature, its
electric conductivity is 42,1.10° € .cm. It is a typical
paramagnet. However, it also has some negative
features. It has tendency to self-ignition, it is
combustible in some cases. It can self-ignite also
without heat supply in a form of fine chip or powder.
Titanium maintains its mechanic features up to high
temperatures (400-500°C). It is not disrupted up to the
temperature of — 235°C. It belongs to light metals. Its
density is 4,517 g.cm™. Therefore it is 1.4 times heavier
than aluminium and 1.5 lighter than iron. However, it
exceeds them by rigidity. It absorbs gases at higher
temperatures, mainly oxygen and nitroggen, by which
its plasticity decreases and its rigidity and firmness
rises (used for gas turbine blades) [3]. Pure titanium is
tough, rigid, ductile, plastic metal. Its HB is about 1000
MN.m?, E = 108 tis.MN.m?, R, = 250 MN.m™. It has
the highest friction coefficient among all metals
therefore it is not suitable for parts which are in friction
contact with other parts (slips, friction bearings).



2. PROBLEMS WITH MACHINING TITANIUM

Machining is complicated due to high friction
coefficient of titanium. Titanium sticks to tool working
areas. Practically there does not occur slipping of the
chip along the tool face. The area of contact of the chip
with tool face is very small. Great pressures and
temperatures are created on this area. Heat discharge is
complicated due to titanium small heat conductivity.
By sticking of titanium elements on the tool, its
geometry changes and it quickly loses its
machinability. Diamond, which has the smallest
friction coefficient, is a suitable tool material.

Titanium and its alloys belong among materials that
are difficult to machine. Machining character differs
from machining other metal materials. Tool durability
is very low as aconsequence of cutting wedge
deformation and increasing cutting edge rounding. Heat
concentrates into a narrow area in tool cutting wedge as
titanium heat conductivity prevents heat off-take into
the chip and workpiece. On the other hand, cutting
forces and performance consumed are considerably
smaller than during steel machining. The problem is
that the chip is not compact, but it consists of elements
which are created as a result of high friction coefficient
between the tool and cut materials [5], [6], [7]. The
chip does not leave along the tool face, but upwards
and creates segments as a consequence of periodic slips
in material (Fig. 1).
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Fig. 1. Mechanism of chip creation during titanium
machining

Gradual compression of creating chip segment
pushes the segment upwards. The contact between
created segment and the new one gradually moves as
a result of segment alignment from the side of the tool.
Chip movement speed along the tool face is equal to
the speed of chip element compression. As the slip has
been created and it spreads fast, it moves the creating
element in the direction of slip area. Basically it must
speed up element movement. This cycle part, which is
marked by segment movement along the tool face, has
periodic brakings which possesses a special feature,

minimal force is necessary for segment compression.
In Fig. 2 there is a photograph of the chip under
spacing microscope.

Fig. 2. Photograph of titanium chip under spacing
microscope

It can be seen that plastic deformation intensity in
the chip is visibly variable. An undeformed structure is
located in the center of elements, a periodic adiabatic
slip occurs between elements. Chips segmentation is
probably related to instabile deformation character,
which is conditioned by mutual influence of two
mechanisms:

- rigidity decrease under the influence of heating by
friction and deformation
- deformation reinforcement

Creating strips of concentrated slip is connected
with bad material heat conductivity. Heat energy
concentrates into a strip. Observation of chip creation
by a speed camera has shown alternating braking of the
chip, the reason of which can be welded connection of
tool and the chip. This eplains high intensity of tool
wear.

There is a considerable slip on segement borders.
A visible deformation can be seen at the back side of
the chip which used to be a transfer workpiece area.
The fact, that there are no problems with chip shaping
during titanium machining is a positive aspect, the chip
is elementary, little compact and falls apart at the
impact with an obstruction. Chip shaper on the tool is
not necessary. Self-excited tool oscillation is the result
of the above described chip creating mechanism.

The order of the phenomena at segment chip
creation can be divided into two stages.

- The first stage is marked by plastic instability
which leads to location of the deformation along the
slip area. This area starts at cutting edge and first it is
oriented in the direction of cutting speed vector, then it
bends upwards where it crosses with cut surface. Slip
disruption of the chip occurs at its outer side in the
form of fissures and inner side in the form of deformed
strips.

- In the second stage, gradual smoothing
(smooothing out of semi-wedge) of the incliend side of



chip segment oriented towards cut material as a result
of tool shifting occurs. Chip thickness approximately
equals the thickness of cut-off layer.

This has lead many authors to a wrong conclusion
that there is alarge limit angle of primary plastic
deformation during titanium machining. It means that
chip compression should equal 1, which does not
correspond with the laws of plastic deformation
(volume conservation law). The use of term ,slide
angle* does not suit the case. Deformation process in
this narrow strip is very probably an adiabatic slip. The
disruption occurs as aresult of compression from
surrounding metal layers (case of area deformation).
There is some free and not fixed material alongside the
chip (area tension state), which allows the segment to
spread and create fissures.

In this connection there occurs a question how to
consider chip creation parameter in this case. Chip
thickness cannot be identified by geometric
measurement (4, from Fig.1 is only a limit chip width).
It is necessary to use the following procedure. Trapped
chip of certain lenght is considered and mean chip
compression is calculated for known cut material
density from the equation:

_ 100.m,

h=—1t
l.y.S

)

where:

m, is chip weight, lenght [, g

S — cross section area cut (a,Xf), mm’
I, — lenght of trapped chip, mm

2.1 Some experimental results
As it has been presented, cutting forces are

experimental dependence of cutting forces on cutting
speed for both materials.
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Fig. 3. Experimental dependence of cutting forces F.
and F¢ on cutting speed at machining steel C45
and titanium alloy VT 3-1

While for steel it is possible to identify of minimum
force, at cutting speed 20 m.min" and maximum at
cutting speed cca 60 m.min’, titanium behaves
completely differently. Cutting force continually
decreases up to 60 m.min”', (which can be considered
to be alimit one at machining titanium), then it
increases.

Specific mechanic features of titanium condition
also the mechanism of tool wear [8]. In Fig. 4 there are
experimental curves of dependences of tool wear on the
back on machining time and cuttting speed, obtained
during turning titanium alloy VT 3-1 by a tool made of

considerably smaller than at machining steel in spite of sintered  carbid P20 with TiC  coating.
higher titanium rigidity. In Fig. 3 there is an
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It can be seen that with rising cutting speed, tool
wear intensity sharply increases. It can be seen more
visibly on dependence T-v, obtained from Fig. 4 for
blunting criterion VB = 0.8 mm, in Fig. 5.
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Fig. 5. Experimental dependence of tool durability on
cutting speed

It is atypical hyperbolic dependence, it
documents considerably lower tool durability than at
cutting steel in whole range of cutting speeds.
Inadequacy of higher cutting speed than 50 m.min™
follows this fact. General principle for selecting
cutting speed can be presented:

v = 0,1.v ., for the same cutting material.

One of the important parameters of titanium
machining is the quality of machined surface [9],
[10]. In Fig. 6 there is an experimental dependence
Rz-f diagrammme for machining with a classical tool

with rounded cutting wedge with radius 7, = 0.4 mm
and aspecial tool with linear cutting edge.
Considering the cutting edge rounding, for the first
curve, Rz increase is observed after decreasing the
shift under 0.1 mm. It is caused by the compression
of cut material under the tool cutting wedge. To
remove this problem, atool with the following
geometry has been used: ¥, = 0% A = +45%; %, =
0°.
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Fig. 6. Experimental curves of dependence Rz — f

obtained during turning titanium alloy with
a classical tool with tip rounding radius and

10

tool with linear cutting edge
Considering titanium alloy plasticity, it is suitable
to create conditions for a free cut [7] during turning.
Therefore atool with linear cutting edge with

inclination angle A = - 45° (Fig. 7) has been used in

the second phase for linear turning.

Fig. 7. Turning with a tool with linear cutting edge

Visible improvement of the quality of machined
surface of the workpiece can be seen. Visually,
mirror shine can be seen, it means avery good
quality of machined surface.

A dependence of Rz on cutting speed has an
interesting course (Fig. 8 ).
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Fig. 8. Experimental dependence of the highest point
of uneveness of machined surface on cutting
speed for turning steel C45 and titanium alloy
r. = 0.8 mm

The dependence has the opposite course in
comparison with turning steel. It continually grows
worse with the growth of cutting speed Rz above 20
m.min"' Rz when turning titanium. Cutting speed
higher than 60 m.min™ is not suitable for machining
titanium. The experimenta could have been held for
only afew seconds during higher cutting speeds.
Similraly to steel, at cutting speeds < 20 m.min"' Rz
increases as a result of compression of material under
the rounded cutting wedge. In whole range of cutting
speeds up to 60 m.min"' , the quality of machined



titanium surface is considerably higher than for steel.

Cutting threads is the critical operation of
titanium turning. Considering titanium memory and
limited minimal thickness of cut-off layer, serial taps
cannot be used. Tap seizure occurs, mainly when the
work is interrupted (material tries to return to its
original dimension). Threads can be successfully cut
with amachine tap, quickly, with full gear and
suitable cutting oil.

High friction coefficient of titanium with tool
material has lead to the idea to apply ultrasound
oscillation on the tool. The results are very interesting
and documented, Fig. 9 and 10.

e

Fig. 9. View of thread cut by a classical tap under

Fig. 10. View of thread made by a tap oscillated y
ultrasound

The difference is sharp. As it can be seen, the
thread sides do not have microuneveness caused by
the tool back friction with transfer workpiece area.

Other problems occur during grinding. It is well-
known that titanium cannot stand small thickness of
cut-off layer which is created during grinding [5],
[11]. There occurs a danger from ignition [12], [13].
In Fig. 11 there is a metallographic cut of the place of
chip creation during grinding with AlLO; tool.
Creating chip possesses fibre-like structure. There
occurs friction between titanium in the chip and
titanium in the workpiece. These are exceptionally

11

difficult machining conditions. The solution lies in
the application of diamond grinding abrasion wheels
or cubic nitride of boron. Diamond, as it is known,
has a very small friction coefficient and in contact
with titanium, favourable conditions for chip creation

occur.

Fig. 1. etallographic cut of hip creation during
gridning titanium alloy VT 6 with Al,O; tool

3. CONCLUSION

It is obvious that the application of titanium and
its alloys will have spread to different applications in
mechanical enginerring, chemmical, food-processing,
air and cosmetic industries [14], [15]. Therefore
knowing the conditions of economical turning of this
material has high importance. Physical and
mechanical as well as chemical features of titanium
predestinate it for light and firm constructions.
However, it causes considerable difficulties in its
technological manufacturing. Mainly its high rigidity
causes that higher cutting speeds cannot be applied.
Low heat conductivity causes that during machining,
heat is not lead into the chip and workpiece. It
concentrates in cutting wedge and causes its
degradation after short machining. It is important for
the cutting wedge to remain sharp with minimal
cutting edge rounding radius. This is the reason why
cutting edge durability effectiveness is considerably
lower than for machining steel. Exceptionally high
friction coefficient of titanium with any other metal,
it means tool material, causes problems in chip
creation and machined surface. Due to adhesive
connection it is not possible to use cutting tools
which contain titanium. The chip does not slide along
the tool face but leaves under the angle of slide
deformation limit ¢ in the form of little compact

elements. This is why knowledge about creating
achip from machining steel cannot be used for
machining titanium.
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Abstract: Characteristics of air hardening steel are high hardness and low impact toughness. In order to increase
the impact toughness while retaining replace with the high hardness value is the alloying of Cr-Mo steel with
vanadium and application of appropriate heat treatment. Vanadium formed VsCs carbides that block the growth of
austenitic dendrites and structure makes fine-grained. Vanadium which forms VsCs carbides is partly distributed
between present phases in the steel, carbide (Cr,Fe) ;C3 and austenite. Also, the presence of vanadium can enable
the formation of (Cr,Fe) ,3C6 carbide and its precipitation in austenite during the cooling process. In local areas
around fine carbide particles, austenite is transformed into martensite. In other words vanadium reduces the
amount of remained austenite and so improves hardenability of the Cr-Mo steel.

Key words: Vanadium, Impact Toughness, Hardness, Microstructure

PoboljSanje ¢vrstoce i tvrdoée visoko legiranih ¢elika pomoéu vanadijuma i odgovarajuée termicke obrade.
Karakteristike celika ojacanog na vazduhu su visoka tvrdoca i niska udarna zilavost. U cilju poveéanja udarne
Zilavosti da bi se zadrzZala visoka tvrdocéa primenjuje se legiranje Cr-Mo Celika sa vanadijumom i odgovarajuca
termicka obrada.Vanadijum koji formira VsCs karbide je delimicno rasporeden izmedu prisutnih faza u Celiku,
karbida (Cr,Fe) ;,C3 i austenita. Takode prisustvo vanadijuma moze da spreci nastanak (Cr,Fe) ,3C6 i njegovu
precipijaciju u austenitu za vreme procesa hladenja. U okolini finih Cestica karbida austenit se transformise u
martenzit. Drugim recima vanadijum redukuje kolic¢inu zaostalog austenita i na taj nacin poveéava tvrdocu Cr-Mo
celika.

Kljuéne reci: vanadijum, udarna zilavost, tvrdoca, mikrostruktura

1. INTRODUCTION resistant carbides, prevents the transformation of
austenite to perlite during cooling of castings and
The cast microstructure of high alloyed Cr- affects the structure of the steel metal matrix by closing

Mo steel consists of primary austenite dendrites, which of y area in the phase diagram [4].
can be partially or completely transformed. It is Carbides Cr;C; type and Cr,;Cg can be alloy with
expected that with the increasing of the vanadium iron to form the interstitial phases (Cr,Fe);C; and
content, the alloy hardness and wear resistance (Cr,Fe) »Cs. Best toughness and hardness have the
decreases, and the impact toughness increases. structures containing carbide (Cr,Fe);C;, which is
The basic problem with these steels is low impact  formed in steel containing more than 6% of chromium.
toughness. Until very recently, the solution to increase With the increase of chromium content eutectic point is
the impact toughness was sought in getting of the  ghified to lower concentrations of carbon. However,

complete martensite structure, that can be achieved by chromium does not increase hardenability but
quenching of steel from the temperature of about  combined with higher carbon content increases the

1000°C. depth of the quenched layer.
In recent years, the research goes in the direction
of investigation of the influence of alloying elements Effect of Vanadium
such as molybdenum, manganese and particularly Vanadium affects the solidification process of
vanadium [1, 2, 3]. these alloys by narrowing of the temperature interval of

Vanadium affects the cr}{stall.ization process, as it crystallization. Namely, the crystals of V¢Cs carbides
moves the liquid and solid lines toward higher  are formed during the separation of primary austenite

temperatures. from the solution, blocking further growth of austenite

In this paper, the research focus is set to study the  dendrites and support the production of fine grained
influence of vanadium on the structure, hardness and structures [5].

toughness of the Cr-Mo steel. Besides it forms added, VCs carbides, similar to

the molybdenum, vanadium, is partly distributed

1.1. The influence of chemical composition on between present phases in the steel; carbide (Cr,Fe);Cs
structure and properties of Cr-Mo steel and austenite.

Effect of Chromium The presence of vanadium enables the formation of

Chromium reacts with carbon to form hard wear (Cr,Fe),3Ce carbide and its precipitation in austenite
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during the cooling process. In local areas around fine
carbide particles, austenite is transformed into
martensite. In other words, vanadium reduces remained
austenite and improves steel air-hardening. Vanadium
concentration over 2.5% significantly improves the
impact toughness.

Effect of microstructure on the steel properties

The microstructure determines the two most
important characteristics of the wear-resistant material,
hardness and toughness. Customizing content and
arrangement of the phases and micro-constituents,
present in the structure of steel, is possible to obtain the
maximum value of hardness and toughness, or the
optimal combination of these characteristics [6].

In terms of structure, this type of steel belongs to
the ledeburitic steels. Because of dendritic segregation,
crystallization of the ledeburitic steel starts with the
separation of primary austenite crystals that containing
less carbon, chromium and molybdenum than in the
melt. Ledeburit is distributed as a network around the
primary austenite crystals. After the solidification of
ledeburit, shape, size and distribution of the proeutectic
carbide cannot be changed by heat treatment, and
solidification process is of essential importance for the
steel properties[7, 8].

At high-alloyed ledeburit, austenitic phase has a
higher growth rate, so that the austenite formed a
wrapper around carbide fibers and this structure result
in higher chromium steel strength and toughness,
compared to unalloyed or low alloyed ledeburitic
micro-constituent.

Precipitation of secondary carbides, mostly (Cr,
Fe),;Cs, from austenite grains takes place during slow
cooling or subsequent annealing [6]. At the very
beginning, the precipitate is very fine and oriented
along the border with eutectic (Cr, Fe);C; carbide and
around the austenite grains boundaries.

The process of precipitation of secondary carbides
reduces the chromium and carbon content in the metal
matrix so that a higher percentage of austenite will be
transformed to martensite. Such a phenomenon of
secondary carbides has dual positive effect as follows:
hard, fine dispersed phase is formed and the amount of
residual austenite is reduced [9, 10, 11].

2. DESCRIPTION OF THE EXPERIMENT

For melting of the steel, induction furnace added of
250 kg capacity, was used. The samples for the
experiments were cast into the sand molds. Molds are
made according to the patterns that have the shape and
dimensions in accordance to the impact toughness and
hardness test standards. Castings were heat treated by
hardening in controlled air flow and subsequent

tempering. The tempering was done at two
temperatures as follows:
e low temperature tempering at 250°C, which

removes micro-stresses, improves toughness and
ductility of steel, compared to the hardened state,
but keeps high strength and toughness that is
required of wear resistant castings and
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e medium temperature tempering at 400°C, which,
also removes micro-stresses, but leads to the
formation of bainitic structure, and therefore
increase the impact toughness of steel.

Predicted chemical composition of the steel for this

type of test was: C=2,2%, Cr=12%, Mo=1.2%, while

the vanadium changed as follows: for the first series

0,5%V, second 1% V , third 2% V and for the fourth

series vanadium was 3%. The chemical composition of

samples I, II, IIT and IV series are in the Table 1.

— | 22 Chemical Composition

S E o -

5 2 5 E C Cr Mo S A\

@ ) | (W) | () | (%) | (%)
1 I | 217 | 11,12 | 1,1 ] 0,03 | 0,45
2 IIrj 219 (11,01 ] 1,12 | 0,03 | 0,91
3 oI | 2,15 | 11,59 | 1,09 | 0,03 | 1,96
4 IV | 2,11 | 11,52 | 1,01 | 0,03 | 2,80

Table 1. Chemical Composition of the Samples

Surface of the samples, immediately after casting
and heat treatment, is very rough so it was necessary to
clean up cast samples and machined it to the standard
test dimensions. Mechanical processing should be done
with permanent cooling in order to avoid any change in
the microstructure.

For testing of the impact toughness samples 55
mm long and 10x10 mm cross section were prepared.
Testing of impact toughness was performed using
computerized pendulum Schenck-Trebel 150/300J.
Pendulum computerization includes connecting of the
force meter, detector of the fracture time and
deformation gauge through the amplifier with an
oscilloscope. As the fracture of the samples caused by
impact is a very short phenomenon (since 0.5 to 8 ms),
the role of the oscilloscope is to make the signal
visible. Oscilloscope is then connected to a computer
for processing signals obtained in the measurement.

For the purposes of hardness testing the samples of
similar size as the impact toughness tests are made.
Because of the relatively high hardness of the material,
hardness testing was done by Rockwell C method on
the Vexus SHR-150M device.

Analysis of the microstructure was performed
under a light microscope Olympus GX41 that was
equipped with software for image processing and phase
analysis and on SEM microscope JEOL JSM-6610LV.
Preparation of samples was carried out using standard
metallographic procedure.

3. RESULTS AND DISCUSSION

3.1. Effect of vanadium on the hardness

Hardness testing was performed on six points of
the sample so that the mean values for the relevant
value was taken.

Results of hardness testing are shown in Table 2.
From the table it can be seen that with increasing
vanadium content in the alloy, hardness decreases,
respectively, and more intensive when the samples
were tempered at the temperature of 400°C. When the
tempering temperature was 250°C decrease in hardness



is less severe, as seen in Figure 1. However, hardness
remained at a relatively high level and the decrease of

hardness is acceptable.

Serial Sample Hardness (HRC)
Number | Mark 250°C 400°C
1 I 63,00 62,25

2 II 60,30 60,50

3 I 60,10 58,50

4 v 58,90 57,20

Table 2. The values of hardness

This reduction in hardness undoubtedly entails
increasing of impact toughness.

1——250°C

Hardness Changes
2 400°C

HRC

0.5 1 V(%) 2: 3

Fig. 1. Diagram of Hardness Changes

3.2. Effect of vanadium on the impact toughness

Impact toughness testing was performed on three
samples from each series. The mean value of toughness
measurements was taken as authoritative. Table 3
presents the results of impact toughness.

From the table it can be seen that with increasing
of vanadium content increases the impact toughness
values, especially at the samples from the fourth series
(mark IV) containing 3% V.

Serial | Sample | Toughness (J/cm’)
Number Mark 250°C 400°C
1 I 2,37 5,45
2 II 4,50 5,55
3 I 6,45 6,96
4 v 7,15 8,71

Table 3. The values of impact toughness

From the table it can be seen that with increasing
of vanadium content increases the impact toughness
values, especially at the samples from the fourth series
(mark I'V) containing 3% V.

Increasing of impact toughness is more noticeable
for the samples tempered at temperature of 400°C than
for samples tempered at 250°C (Fig. 2). Increasing of
impact toughness is significant, while the hardness
remained on satisfactory high level.
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Fig. 2. Diagram of Toughness Changes

3.3. Effect of vanadium on the structure

With increasing of vanadium content, the radial
distribution of (Cr, Fe);C; carbides becomes a
dominant but the proportion of long directed lamellas
and plates do not change.

Vanadium is soluble in both, eutectic carbide and
austenite. In alloys containing 2-3% of vanadium,
austenite, is largely transformed to bainite during
cooling. In the structure also present added in a small
amount of martensite, mainly along the border with
eutectic carbide.

Figure 3 shows the structure of the sample made
under a light microscope, while Figure 4 shows
micrographs of the structures made on SEM. In order to
determine the chemical composition of the present
phases, the EDS analysis was performed.

From the SEM micrographs it is evident that the
metal matrix of the alloy is immersed with fine
carbides of alloying elements. A carbide network has a
rounded shape with a small amount of carbide rods.
Locations where an EDS analysis was done are marked
with the counts 1 to 4. Count 1 is a point on the carbide
grains dispersed in metal matrix, while points since 2 to
4 refer to the points in carbide network.

The analysis in count 1 added which relates to the
carbides of metal matrix, shows that the carbides
contain 24% of carbon, 10% of chromium, 81% of iron,
0.21% of vanadium and a small amount of manganese
that could not be precisely determined. However,
carbon content is close to his stechiometric content in
Fe;C carbide, indicating the possibility that the carbides
type M;C are formed in the metal matrix. EDS analysis
shows that in the crystal lattice of this carbide a small
number of iron atoms are replaced by atoms of
chromium and manganese. Manganese builds Mn;C
carbide that is similar to Fe;C. It has orthorhombic
lattice and is most likely that the carbide (Fe, Mn);C is
precipitated in a steel metal matrix.

Counts 2, 3 and 4 refer to the eutectic carbide
network and EDS analysis shows that these are the
M;C; type carbides.

Table 4 presents the chemical composition of the
tested phases in weight percentages, while Table 5
shows the chemical composition of the tested phases in
atomic percentages.

On the figure 5 and 6 the chemical spectar done by
EDS analysis was shown.



he Structure of the Sample made by Light
Microscopy

Fig. 5. EDS Spectrum at Point 1

i:lg. 6. EDS Spectrum at Point 2

Samples Elements Content (weight %)
C Si v Cr Fe Ni Mo Total
Count 1 7,24 0,63 0,21 9,99 81,04 0,00 0,87 100,00
Count 2 13,07 0,00 2,42 42,50 40,69 0,00 1,33 100,00
Count 3 12,21 0,00 2,23 42,43 41,00 0,00 2,12 100,00
Count 4 13,25 0,00 2,47 42,16 40,07 0,00 2,06 100,00
Table 4. Chemical composition of the tested samples in weight percentage
S GPErmTES . Elements Content (atomic %) :
C Si v Cr Fe Ni Mo
Count 1 22,72 1,21 0,22 7,94 67,46 0,00 0,44
Count 2 40,94 0,00 1,72 29,90 | 26,79 0,00 0,66
Count 3 42,77 0,00 1,67 29,38 | 25,49 0,00 0,69
Count 4 42,40 0,00 1,63 29,77 | 25,44 0,00 0,77

Table 5 Chemical composition of the tested samples in atomic percentages

Based on the SEM micrograph, EDS analysis in
figure 5 and 6 and data that are given in Tables 4 and 5
it can be concluded that the structure consists of
bainitic metal matrix with a small amount of martensite

and retained austenite and carbide phase, type
(Cr,Fe),Cs.

4. POTENTIAL OF APPLICATION

This type of steel, because of its high hardness and
satisfactory impact toughness, and therefore high wear
resistance, can have a wide application area.

Parts and components that are exposed to abrasive,
impact-fatigue or combined wear are used in mining,
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metallurgy, engineering constructions, paper industry,
mechanical engineering, etc. Assortment of these parts
are: parts of mining machinery (excavator teeth and
tooth covers, crusher plates for stone coal and ore
minerals, mills hammers, plates and linings, separation
grates, etc.). In addition, this material can be used for
making bunkers lining for abrasive materials, sand
blasting shovels, mud pumps housing, molds for
briquetting of coal and steel turnings, tanks and
transporters caterpillars, and many other parts. Mills
hammers and jaw crushers plates are exposed to
abrasive wear combined with the high compressive
stress and impulse impact loads. Therefore, the
materials used to manufacture these parts should, in
addition to hardness, have a good impact toughness.



5. CONCLUSION

In this paper, the influence of vanadium on the
microstructure, hardness and toughness of the steel
with 2.2% of carbon, 12% of chromium and 2.0% of
molybdenum was discussed. Generally, with increasing
vanadium content, the structure becomes finer affecting
the mechanical properties of the steel i.e. the hardness
and impact toughness. Vanadium content in the steel
added was varied: as first series added is 0,5%V, for
the second series is 1%V, for the third series is 2%V
and for the fourth series is 3%. All 20 samples were
casted. The chemical compositions the samples of I, II,
IIT and IV are showed in Table 1.

Vanadium content higher than 3% have a negative
influence on the properties of steel (significant decrease
in hardness) and therefore the research with a higher
percentage of vanadium were not included.

It can be seen that an increase of vanadium has a
positive effect on the structure and the properties of
materials. Testing samples of Series I showed high
hardness while the impact toughness is extremely
small. Samples of the Series II showed a slight
reduction in hardness while the impact toughness is
greater than the toughness of Series 1. Hardness of the
samples of Series III follows this trend and is slightly
lower than the Series I and II, while the impact
toughness slightly increased compared to Series I, and
for Series II. Series IV showed the best properties.
Hardness is reduced compared to Series III but is still
satisfactory, while the increasing added the impact
strength is significant.

It is well known that these materials have
extremely high hardness but their impact toughness is
very small, so their use is limited. From this research
added can be concluded that the composition of the
steel with 3% of vanadium have impact strength which
is, for this type of material added is extremely high,
while the hardness decreased slightly but remained at
an acceptable level. These mechanical properties
enable new applications of steel with chemical
composition corresponding to Series I'V.
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Abstract: In this study, vegetable oil was investigated for use as coolant in the turning process of mild steel using
carbide cutting tool at different spindle speed and depth of cut. The result showed that the cooling ability of palm
kernel oil was better than that of Jatropha oil but closer to that of soluble oil coolant which extracted heat faster
from the cutting zone. The surface finish produced using vegetable oil coolants was far better compared to that of
soluble oil, also Jatropha oil gave better surface finish compared to other coolants; the chips formed by vegetable
oils were continuous and more ductile in nature than that produced by soluble oil coolants. Vegetable oil can be
used as alternative coolant to the conventional soluble oil.

Key words: Jatropha oil, palm kernel oil, coolant, AISI 301, turning process

Morfologija strugotine i ponasanje temperature alata tokom struganja celika AISI 301 koris¢enjem razli¢itih
biorazgradivih ulja. U okviru ovog rada je ispitivana mogucnost korisé¢enja biljnih ulja kao sredstva za hladenje i
podmazivanje pri procesu rezanja celika AISI 301 karbidnim alatom pri razlicitim brzinama obrade i dubine
rezanja. Doslo se do zakljucka da je sposobnost hladenja uljem od palminih kostica bolja od Jatropho ulja i bliza je
rastvorljivim uljima koji su imali mnogo bolju sposobnost hladenja. Zavrsna obrada pri korisc¢enju biljnog ulja, kao
sredstva za hladenje, je mnogo bolja u odnosu na rastvorljivo ulje, dok Jatropha ulje daje bolju zavrsnu obradu u
odnosu na ostale rashladne tecnosti. Formirana strugotina kod biljnih ulja je neprekidna i elasticnija nego kod
rastvorljivih ulja. Biljno ulje se moze koristiti kao alternativno sredstvo za hladenje pri konvencionalnim obradama.
Kljucne reci: Jatropha ulje, ulje palminih koscica, tecnost za hladenje i podmazivanje, celik AISI 301, struganje

1. INTRODUCTION materials. The key limitations in the machining of these
materials  include friction, vibration, energy
The introduction of vegetable oil based coolant in consumption and the temperature at the cutting zone
machining applications has made it possible to achieve [6]. Invariably, all these cause tool wear. Therefore,
large increase in overall performance. About two-thirds coolants are used to annul the negative effect of heat
of all coolant applications involve mineral oil-based and friction, improve surface finish, provide boundary
products, about one third of the applications use lubrication between chips and tools and flush away
synthetic products, and just a few percent of the chips in the cutting area [7]. For a typical machining
applications use vegetable oil based coolant [1]. operation, the coolant’s and heat transfer performance
Mineral oil based coolants are used during machining properties are crucial in achieving a successful result.
for various reasons such as improving tool life, To reduce the heat generated during machining, it is
reducing work-piece thermal deformation and important to provide the means of controlling its
improving surface finish, but it is not biodegradable development and minimizing its detrimental effects on
nor hazardous to human health but causes the cutting process [8,9]. Using vegetable oil
environmental pollution and also incurs a major portion technology as coolant has been shown to deliver
of the total manufacturing costs for waste treatment. [2, considerable advancements in productivity and longer
3. 4]. The growing demand for biodegradable materials tool life. Likewise, vegetable oil-based coolants during
has opened an avenue for using vegetable oils as an machining can achieve surface finishes and
alternative to conventional soluble oil coolants. dimensional tolerances with comfortable margins,
Measurements made during metal cutting show that yielding a process capability that makes for consistent,
97% of the energy expended in cutting metals is eventful machining with opportunities for increased
converted into heat [S]. When left uncontrolled in the production rates [10]. Newer vegetable-based green
absence of a coolant, it may result in the following: coolants can offer as much lubricity as standard oil-
cutting tool losing its hardness, increase in thermal based products, but the coolants tend to cost more,
deformation of work piece, heat build-up in the work often up to double the price of oil-based lubricants [11,
piece makes control of size tolerances impossible and 12].
could result in decolouration. To avoid the situation Turning is a most commonly used machining process in
mentioned above, coolant must be employed when manufacturing. Therefore, favourable selection of
machining. Recent development in metal coolants cutting parameters to satisfy  profitable objective
industries has helped in the machining of difficult-to- within the constraints of turning operations is a very
cut materials e.g. stainless steels and composites important task [13,14]. A significant number of studies
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have investigated the general effects of the speed, feed,
and depth of cut on the turning process [15, 16].
Swarup and Pradip [17] worked on surface quality
during high speed machining using karanja oil and
neem oil as eco-friendly cutting fluid. Their
performances were compared with that of conventional
soluble oil. The study showed that surface roughness
was much better using vegetable oil based cutting fluid
with increasing rate of feed or depth of cut variation
compared to dry machining or machining with
conventional cutting fluid. But cooling capacity slightly
deteriorated for vegetable oil based cutting fluids than
conventional cutting fluid. Ulrich [ 18] work showed
that new water based grinding fluid formulation was
able to meet both the performance and environmental
requirements for grinding. The new fluid concept
consisting of a high concentration (up to 40%) of
sulfonate vegetable oil in water was proposed and
tested. In this way it was possible to combine high
lubricity, better heat conductivity and good
environmental properties in one fluid. Moreover,
Wisley et al. [19] in his research work “vegetable oil-
based coolants improve cutting performance” showed
that vegetable oil technology gave considerable
advancements in productivity and longer tool life.
Using vegetable oil-based coolants during machining
achieved surface finishes and dimensional tolerances
with comfortable margins, yielding a process capability
that made for consistent, uneventful machining with
opportunities for increased production rates. Abhang
and Hameedullah [20] in their work tagged “Chip-Tool
Interface Temperature Prediction Model for Turning
Process”, showed that sunflower oil a vegetable based
coolant reduced surface roughness and cutting forces
better than other mineral based oil used.

This work is aimed at investigating the possibility of
using palmkernel oil and Jatropha oil as an alternative
coolant to soluble oil during continuous turning process
of AISI 301 on a lathe machine by determining: the
temperature generated at the cutting zone when
different oils are used as coolant at different cutting
speeds and depth of cut on the work piece, the effect of
oil coolants on the chips morphology in the range of
cutting speeds from 80 rpm to 260 rpm and the effect
of coolants on the surface finish of the work piece after
turning operation.

2. MATERIAL AND METHOD

Mild steel with chemical composition shown in
Tablel was used for the experiment. The tool material
used was a round half carbide cutting tool soldered on a
mild steel holder. The mild steel holder was bored
through and tapped at a point very close to cutting edge
of the carbide tool before soldering. A thermocouple of
0-600°C was tightly screwed into the tapped hole until
the tip of the thermocouple made a direct contact with
the carbide tool. Unrefined vegetable oils of groundnut
oil and melon oil were used as alternative coolants to
the conventional soluble oil during machining. The
vegetable oils were obtained from the south-western
region of Nigeria, while the mild steel was obtained
from Federated Steel Limited, Otta, Ogun State,
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Nigeria. The major test parameter used to investigate
the performance of the vegetable oil as cutting fluid
were temperature at cutting zone, spindle speed and
chip thickness. Mild steel bar of diameter 35mm and
length 120mm was prepared for machining using
conventional soluble oil, palmkernel oil and Jatropha
oil as coolants. During machining, various spindle
speeds of 80, 108, 190 and 260 rpm were investigated
at depths of cut of 0.4, 0.6, 0.8, 1.0 and 1.2 mm. The
temperature of heat generated between the surface of
work piece and the carbide tool was captured during
turning operation using a 3 channel SD card data lodger
thermometer monitor of model number MTM-380SD
connected via the thermocouple at a time interval of 5
seconds Figure 1.

Fig. 1. Experimental setup

During machining, coolants were applied using
dripping method at a constant rate of 0.28cm’/s.
Maximum temperature for each reading was taken,
while the chips morphology were analyzed in the range of
cutting speeds from 80 rpm to 260 rpm and various depth
of cut . The work piece was then removed and labelled
against the spindle speed and the specific coolant used.
The procedure highlighted above was used for dry cut,
conventional soluble oil, palmkernel oil and Jatropha
oil in order to compare the effectiveness of the
coolants. The deformed chip thickness was measured
by micrometer. The composition of the base metal was
determined using an Atomic Absorption Spectrometer.
The tests carried out on the mild steel metal showed the
following percentage composition as given in Table 1.

Components Fe C Si Mn
Composition

(Wt%) 99.200 | 0.131 | 0.140 | 0.347
Components Ni Cu Al Ti
Composition

(Wi%) 0.004 | 0.038 | 0.004 | 0.016
Components P Cr Co Sn
Composition

(Wi%) 0.015 | 0.013 | 0.001 | 0.001

Table 1. Chemical composition of the mild steel used



3. RESULTS AND DISCUSSION

The result obtained showed that temperature at the
cutting zone increased with increase in depth of cut and
spindle speed irrespective of the coolant used, Figure 2
to Figure 4.
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Fig. 4. Temperature variation at spindle speed of 260

rpm

The temperature generated in dry cut machining was
higher at all speeds however, soluble oil removed heat
better than all other coolants at low, medium and high
spindle speeds of 80, 108, 260 rpm respectively. At
lower spindle speeds, palm kernel oil absorbed heat
better than jatropha oil; the amount of heat absorbed by
palm kernel was almost the same as soluble oil;
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indicating that the property of palm kernel oil was
similar to that of soluble oil at 80rpm and 108rpm. At
higher spindle speed and higher depth of cut, the
property of palm kernel oil changed and its
performance declined with increase in depth of cut as
shown in Figure 4. which gave rise to higher
temperature. Surface roughness examination showed
that vegetable oil coolants gave better surface finish
than soluble oil coolant. However, jatropha oil gave the
best surface finish on the work piece.

It is observed from Fig 5- Fig 8 that the nature of chips
obtained are different forms of continuous and
discontinuous chips. The chips formed in dry
machining are snarled ribbon, snarled washer, snarled
tubular and long ribbon at spindle speed of 80, 108, 190
and 260 rpm respectively. Snarled tubular and long
ribbon chips are obtained at moderate cutting speed,
feed rate and high depth of cut. The burnt,
discontinuous and black coloured chips obtained in dry
machining indicates the temperature developed in
cutting zone is high. Using palmkernel oil and Jatropha
oil as coolant most of the chips obtained are snarled
ribbon and snarled helical washer at low cutting speeds
Fig 5 and Fig 6.

W

(¢) Palm Kernel oil (d) Jatropha oil

Fig. 5. Chips formation at spindle speed of 80 rpm

(b) Soluble oil

(c) Palm Kernel oil  (d) Jaropha oil

Fig. 6. Chips formation at spindle speed of 108 rpm



Long helical washer and long tubular chips are
obtained at cutting spindle speed of 190 rpm and
moderate depth of cut Fig 7. At high cutting spindle
speed of 260 rpm snarled conical helical and long
tubular chips are obtained for palmkernel and Jatropha
oil respectively Fig 8.

(d) Jatropha oil

(c)Palmkernel oil

Fig. 8. Chips formation at spindle speed of 260 rpm

The different chips formed was due to different cutting
conditions; different normal and frictional forces at tool
and chip interface and also different coefficient of
friction developed at chip and tool interface under
different machining environmental conditions. Physical
observation showed that the back surface of chips for
dry cut and soluble oil is rough which was as a result of
high surface roughness on machined surface. But the
back surface of chips obtained using palmkernel oil and
Jatropha oil as coolant appeared much brighter and
smoother, which indicates that the surface roughness on
machined surface is less. The deformed chip thickness
measured by micrometer was as shown in Table 2 and
the result indicated that the chips thickness increases as
depth of cut increases irrespective of the cutting fluid
used. Jatropha oil as coolant caused oxidation on the
work piece surfaces which may be attributed to its high
percentage moisture content.
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Coolant Spindle Dept of | Chips thickness
speed rpm | cut (mm) (mm)
80 0.4 0.125
80 0.8 0.132
80 1.2 0.157
108 0.4 0.138
Dry cut 108 0.8 0.144
108 1.2 0.167
260 0.4 0.158
260 0.8 0.166
260 1.2 0.172
80 0.4 0.125
80 0.8 0.131
80 1.2 0.155
108 0.4 0.137
Soluble oil 108 0.8 0.144
108 1.2 0.166
260 0.4 0.158
260 0.8 0.166
260 1.2 0.171
80 0.4 0.125
80 0.8 0.132
80 1.2 0.157
108 0.4 0.138
P almfifmel 108 0.8 0.144
108 1.2 0.167
260 0.4 0.158
260 0.8 0.165
260 1.2 0.172
80 0.4 0.125
80 0.8 0.132
80 1.2 0.157
108 0.4 0.138
Jatropha oil 108 0.8 0.144
108 1.2 0.167
260 0.4 0.158
260 0.8 0.166
260 1.2 0.172

Table 2. Measured chip thnikness for different coolant
4. CONCLUSION

The cooling ability of palm kernel oil was better than
that of jatropha oil and closer to that of soluble oil
coolant which absorbed heats the most from the cutting
zone. The good cooling ability of palm kernel oil over
jatropha oil may be attributed to its higher kinematic
viscosity. Surface roughness examination of the
machined surfaces revealed that the surface finish
produced using vegetable oil coolants was better
compared to that of soluble oil; however, jatropha oil
gave better surface finish than the other coolants used.
The chips formed by vegetable oils were continuous
and more ductile in nature than that produced by
soluble oil coolants and dry cut machining. The
continuity or discontinuity of chips solely depend on
the spindle speed and the lubricity of the oil used in
machining. During machining, vegetable oil coolants
produced less wear on the cutting tool compared to
soluble oil as coolant thereby prolonging the tool life.
Also the volume of vegetable oil used in cooling was




less than that of conventional coolant which was in the
ratio 2:3. The cooling capacity of conventional oil was
better than that of raw vegetable oil coolants, but
vegetable oils could be used as alternative coolant
during machining for longer tool life, better surface
finish, minimum volume expended and continuous chip
flow.
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Abstract: The emissivity of a given surface is the measure of its ability to emit radiation energy in comparison to a
blackbody at the same temperature. The emissivity of an object depends primarily on the type of material and its
surface properties. In this paper we propose to investigate the influence of temperature and surface roughness on
emissivity of 4 diffrent samples of aluminum alloy AW 6082 using infrared thermography. The results show that
emissivity of mentioned alloy decreases with increasing temperature in range between 50 and 200°C and also
manly decreases with increas of surface roughness in the wavelength range between 8 and 14 um.

Key words: emissivity, infrared thermography, AW 6082

Odredivanje koeficijenta emisivnosti aluminijumske legure AW 6082 koriS¢enjem infracrvene termografije.
Emisivnost posmatrane povrsine predstavija meru njene sposobnosti da emituje toplotu u poredenju sa crnim telom
pri istoj temperaturi. Emisivnost tela najvise zavisi od vrste materijala i njenih povrsinskih svojstava. U okviru ovog
rada predlozena je mogucnost odredivanja uticaja temperature i povrsinske hrapavosti na emisivnost 4 razlicita
uzorka aluminijumske legure AW 6082 uz pomoé infracrvene termografije. Rezultati pokazuju da emisivnost
pomenute legure opada sa porastom temperature u opsegu od 50 do 200°C i takode uglavnom opada sa povecanjem
povrsinske hrapavosti u opsegu talasnih duzZina izmedu 8 i 14 um.

Kljucne reci: emisivnost, infracrvena termografija, AW 6082

1. INTRODUCTION time. This method is suitable for industrial process
control, due to the ability to perform spatial and

Most processes in aluminum industry (e.g., rolling, temporal thermal analysis of the observed surface [4].
forging, extrusion, etc.) are highly temperature- One of the most efficient devices for contactless
dependent. During extrusion, for example, accurate temperature measurement is certainly infrared or
temperature measurements are necessary during thermovision camera. Thermal imaging camera records

melting, casting, heating of billets, and profile pressing the intensity of the infrared radiation emitted by the
in order to achieve the desired microstructure and real body according to its own temperature and
product quality. Accurate and precise determination of emissivity. The blackbody is an ideal emitter, meaning
the alloy temperature has a strong bearing on both that no surface can emit more radiation than a
process control and final product quality. Achieving a blackbody at the same temperature. Therefore the
superior microstructure and mechanical properties, and blackbody represents a reference in describing emission

hence the aforementioned desired attributes, relies from a real surface. We define emissivity as the ratio of
heavily on the ability to accurately measure alloy the radiation emitted by the surface to the radiation
temperature at virtually every stage of an aluminum emitted by a blackbody at the same temperature [5].
fabrication process. Therefore, accurate temperature The emissivity 1is crucial for thermographic
determination and control are of paramount importance measurements, since without knowing the emissivity of
in the quest for superior alloys, lower cost and reduced the object it is not possible to determine the true value
waste [1, 2]. of its temperature.

In the aluminum industry different types of The emissivity of aluminum depends on many
temperature sensors are used, including direct contact factors, such as the chemical composition of the alloy,
probes and radiation thermometers. While they are still surface finish quality, heating time, temperature,
widely used, direct contact thermocouples and emission angle and wavelength of the radiation [6]. In
thermisters can mar the aluminum surface, besides general, metals have low emissivity and is therefore
being difficult to implement with parts in fast transit difficult to correctly determine their temperature using
(e.g. extrusions), where the fast transit of extruded parts infrared technique.
often reduces the accuracy of contact sensors to no Because the emissivity of metals depends on the

better than 10 K. These situations require the use of surface roughness and the temperature at which the
noncontact infrared thermography for temperature measurement is performed, many authors have tried to

measurement [3]. determine the relationship between emissivity and the
The infrared thermography represents a non-contact parameters mentioned above.
temperature measurement method, which allows Wen and Mudawar have done several cases where

monitoring of thermal phenomena on the surface in real they showed that the emissivity of 4 different
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aluminum alloys: AW 1100, AW 7150, AW 7075 and
AW 2024 manly decreases appreciably between 2.05
and 3.5 pm, and increases slightly between 3.5 and
4.72 um. Authors also showed that emissivity decrease
between 600 1 700 K and rises between 700 i 800 K,
while, generally speaking, emissivity increases with the
increase of surface roughness [1,3].

Albatici and others have proposed a novel
instrumentation called The Infrared Thermovision
Technique Emissometer (ITT-emissometer), for the
measurement of thermal emissivity of aluminum at
temperatures of 100, 175 and 250°C. The resulting
value were 0.368, 0.416 and 0.418, respectively [7].
Valiorgue and others have made a calibration device
for determining emissivity, which used thermal
imaging camera to determine emission curve for steel
316L. It is shown that emissivity of the steel increases
between 100 and 200°C, after which it decreases to
about 400°C [8].

The aim of this paper is to experimentally
determine the emissivity of aluminum alloy AW 6082
using infrared camera for different values of the surface
quality and temperature of the 4 aluminum workpiece.

2. EXPERIMENTAL METHODS

In this study four aluminum workpiece made of
alloy AW 6082 with different surface roughness were
examined. Each workpiece is individually heated in a
furnace at 4 different temperatures. The value of the
heating temperature was monitored on-line by means of
three thermocouples that were attached to the front and
back side of the workpiece.

During the heating time furnace door were closed.
After reaching the aforementioned temperature, the
oven door were opened, and thermovision camera had
recorded the intensity of the infrared radiation emitted
by the observed sample.

Obtained thermographic images were analyzed in
the software Guide IrAnalyser, in which by setting the
coefficient of emissivity from 0 to 1 temperature of
workpiece changes until it reaches value shown by
thermocouple on a front side of observed sample.

2.1 Experimental setup

During the experiment, aluminum samples were
heated up in furnance in front of which was set a
thermal camera at a distance of 1 m. The samples were
individually tested. Each sample is placed vertically
within the furnace, so that the heating is carried out
evenly from all sides. The sample temperature was
measured by a thermocouple type K, which were
derived through a manhole furnace to manually contact
thermometer PCE - T395.

Two thermocouples were attached on the back side
of the workpiece by two metal plates and screws, so
that thermocouple beads are equidistant from the center
of the sample, on the left and right side. The third
thermocouple was placed on the front, right side of the
sample and its contact with the workpiece was secured
with live rubber.

Experimental setup is shown in Fig. 1. Because of
the the appearance of reflection due to the furnace
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heater radiation and possibility of getting the error in
the result of measurement, the furnace is coated within
with a black sheet which represented a simulation of a
black body.

Fig. 1. Experimental setup

Emissivity tests have been performed using a
thermal camera ThermoPro™ TPS8S, with a spectral
sensitivity of 8/14 pum (infrared thermal wavelength
range) and field of view: 30.1 x 21.6° (320 x 240
pixels).

2.2 Aluminum specimens

Aluminium alloy 6082 is a medium strength alloy
with excellent corrosion resistance. It has the highest
strength of the 6000 series alloys. This alloy is also
known as a structural alloy and in a plate form is most
commonly used for machining. Chemical composition
of the AW 6082 is given in Table 1.

Si| Fe | Cu | Mn | Mg | Zn Ti Cr
0.

7 04 | 0.6

13' 05101 |10 ] 12 ] 02| 01 |0.25

Table 1. Chemically composition of AW 6082

Square samples 150 mm x 150 mm with a 10 mm
thickness have been prepared. To investigate the effects
of surface roughness, the samples were treated with
two different surface finishes: grinding and milling.
One aluminum sample was processed by grinding
machine, while the rest of the samples were processed
by milling machine.

Machining process Rﬁzg[ﬁrg]s S S?;Egll ¢
Grinding 1.07 G. 1
Milling | 1.55 M. 1
Milling 11 1.25 M.2
Milling 111 1.77 M.3

Table 2. Characteristics of the sample




The average surface roughness (R,) was selected as
a characteristic of surface finish for each sample and it
was measured with the use of contact profilometer.
Arithmetic average roughness, or R, represents
arithmetic average height of roughness-component
irregularities (peak heights and valleys) from the mean
line, measured within the sampling length, L.

R, was measured on nine points uniformly
distributed on the front side of aluminum workpiece.
Obtained values are given in Table 1.

2.3 Experimental procedure

During the experiment each of the 4 aluminum
samples was heated separately in furnace to a
temperature slightly above the desired value. Once the
sample temperature reached steady state, both the
intensity and temperature data were recorded by the
infrared camera. This procedure was repeated for each
sample at temperatures of 50, 100, 150 and 200°C.

Concurrently, the sample temperature was
monitored online by the thermocouple with the aid of a
digit thermometer. Before taking the thermographic
picture of the observed sample a non-uniformity
calibration was performed on camera. Non-uniformity
calibration allows the automatic adjustment of the
camera’s detector to ensure normalization and
sharpness of the image.

| 240,3°C

F208,3

F181,1

F153,8

F126,6

L 99,4°C

-
e

Fig. 2. Thermogram of G.1 sample at 100°C

As mentioned before, thermovision camera can
detect infrared radiation emitted by an object. The
images they produce are called thermograms. False
colours are added to a thermogram to give an indication
of how hot each object in the image is, where the
hottest parts are coloured white, yellow or red and the
coldest parts are coloured purple, dark blue or black. In
the thermogram shown on Fig. 2, the walls of the
furnace are the hottest parts and the aluminum sample
are much colder.

3. RESULTS AND DISCUSSION

3.1 Temperature effects

Aluminum alloys represent serious challenges to the
implementation of infrared thermography because of
their complex spectral emissivity behavior. As we can
see from Table 3. emissivity of the samples varies
within certain limits with rising temperature.
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T [°C] e(G.1) |[eM]) |eM2) | e(M3)
50 0.19 0.16 0.25 0.12
100 0.18 0.15 0.17 0.09
150 0.16 0.14 0.11 0.08
200 0.15 0.12 0.10 0.07
Table 3. Emissivity of the samples at different
temperatures

Fig. 3 represents emissivity distributions for 8 <A <
14 pm for AL 6082 samples with different surface
finishes at 50, 100, 150 i 200°C. The emissivity of
aluminum samples generally decreases between 50 i
200°C, for all 4 aluminum samples, contrary to the

trend of increasing emissivity with increasing
temperature for most metallic surfaces.
0.3
0.2 — G. 1.
\____
-——-....___;-—-\ —DM. 1.
0.1 M. 2.
M. 3.
0
50 100 150 200

Fig. 3. Temperature effects

Fig. 3 also shows that the highest emissivity was
measured at 50°C for the G.1 sample (¢ = 0.25), while
the lowest emissivity was measured at 200°C for the
M.3 sample (¢ = 0.07).

3.2 Effects of surface roughness

Fig. 4 compare the measured emissivity values at
50, 100, 150 and 200°C for the aluminum samples and
it shows general similarities among the emissivity
spectra.

0,3
0,2 HG. 1.
mM. 1.
0,1 M. 2.
EM. 3.
0 1
50 100 150 200

Fig. 4. Effects of surface roughness

At 50 and 100°C, the emissivity is highest for M.2
sample, while the M.3 has the lowest one. The
emissivity variations are less pronounced at 150 and
200°C. For all four temperatures, the M.3 sample does
not exhibit the expected trend for most metallic
surfaces in the infrared range of monotonically
decreasing emissivity with increasing temperature.



4. CONCLUSION

This study explored the relationship between the
emissivity of aluminum alloy surface roughness and
temperature. Based on the presented results, it is
concluded that the emissivity of AW 6082 aluminum
alloys decreases with increasing temperature in the
temperature range from 50 to 200°C and decreases with
increasing roughness from 1.07 to 1.77 pum in the
spectral range from 8 to 14pum. The values of the
emissivity are in the range from 0.07 to 0.3, which is in
good correlation with the results of other authors [1,2].

Because of its complex emission behavior,
determining the temperature of aluminum with the aim
of infrared thermography can be problematic. Given the
fact that we can not find the table for the emissivity of
aluminum depending on the temperature, roughness
and types of alloys in the literature, the issue can
become more complicated.

In addition to the above, during thermography tests
it must be taken in consideration the influence of other
heat sources, because aluminum is highly reflective
material. These parazite radiation can lead to
significant errors in the measurement.

Therefore in future research, the authors will try to
determine the emissivity of different aluminum alloys
using thermal imaging tecnique at higher temperatures
and more severe controlled laboratory conditions, in
order to minimize the impact of the surrounding heat
sources. One of the suggestions for further
investigations is to use samples of smaller size, in order
to acheveing highly uniform temperature of the sample.
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Abstract: Modular design provides development and implementation in different stages of the products during the
whole life cycle. In this paper, based on the principle of modular design, an unconventional cutting machine concept
is presented. The modular design strategy of the unconventional machine includes water jet, laser beam and plasma
arc cutting. The developed modular system of the unconventional cutting machine and its modules are illustrated as
an example. The result is a competitive cutting machine which gives a sustainable market solution and answering
customer requirements for various options with reduced expenses of the manufacturing.

Key words: unconventional machining processes, cutting, modular design

Modularni dizajn nekonvencionalnih masina za sefenje. Modularni dizajn omogucéava razvoj i izgradnju
razlic¢itih faza proizvoda tokom celog Zivotnog ciklusa. U ovom radu je prikazan koncept nekonvencionalne masine
za secenje koristeci osnovne principe modularnog dizajna. Strategija modularnog dizajna nekonvencionalne masine
obuhvata obradu secenjem vodenim mlazom, laserom i plazmom. Primer razvijenog modularnog sistema
nekonvencionalne masine za secenje je prikazan sa osnovim modulima. Rezultat je konkurentna masina za secenje
koja daje odrZivo trzisno resenje i odgovara na razlicite zahteve kupaca sa smanjenim troskovima proizvodnje.
Kljucéne reci: nekonvencionalni postupci obrade, secenje, modularni dizajn

1. INTRODUCTION
2.1 Benefits of the modular design

Today's manufacturing is facing ever-growing Modular design has many benefits. The modular
requests on a daily basis. System flexibility, design is economical because it allows production of
productivity, quality, reliability and cost savings of safe parts which find their way into a strong market
manufacturing are the most vital requests facing the requests. Also, there is efficiency in production. The
market-oriented company. If manufacturing firms are modular design means that it is now possible design
to meet these high market requests, the imperative is to and manufacturing implemented in parallel. This means
adopt new production methods. that building the product is just a series of finished

Modular design method is one of the significant modules that come together to become a unity.
solutions to realize modern product solutions. The concept Besides reduction in cost of development, design

was first presented by Star in 1965 [1], where the use of and manufacturing, modular design offers other
modular product in manufacturing processes was benefits such as adding new solution by merely
proposed. This is an issue that was constantly investigated plugging in a new module, reusable parts and
and today modular design concept has been presented in assemblies, transparency and manageability of modules
many fields of design and manufacturing. etc. An especially benefits of the modular design are
In this work is presented investigation of the standardization of components and processes.
modular design of machine tools for unconventional
machining processes in terms of cutting operations. The 2.2 Modular design of machine tools

objective of this research is to investigate development Modern manufacturing systems are leading to
trends of the modular design of unconventional considerable changes in the way of design and
machines for Water Jet Cutting (WJC), Laser Beam manufacture of machine tools. Bases to this change are
Cutting (LBC) and Plasma Arc Cutting (PAC) the adoption of modular methods of machine tool

. construction. The benefits include shortening machine
2. MODULAR DESIGN design time, improved machine reliability, reduced

construction  costs and  simplifying  service.
Modular design is simple, flexible and reliable Furthermore, modular machine tool construction is
construction method, which modernized production by increasingly becoming an important mean of flexible
introducing more efficient ways to build the products, manufacturing automation.
especially those with many complex parts and assemblies. Engineering research and development into the
The modular design is a new trend of designing complex modular design for machine tools was first launched by
systems as a series of standalone objects. Each of these Koenigsberger in 1968 [2] and since then these
can be built by themselves and stand on their own until the technologies have been further advanced. Thereby, the
system is ready to accept them. It involves separating a modular principle into machine tools design has not
product into definable smaller units. been sufficiently studied so far in the academic sphere
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but has already been developed on the basis of long
standing practical experience. Various examples of
modular machine design have been seen in modern
manufacturing systems like machining centres, transfer
lines and flexible manufacturing systems. The
developing history of the modular design for machine
tools can be found in [3].

In order to improve manufacturing efficiency,
methods of designing machine tools must be simple
and practical. In this context, it is suitable to use
modular design of machine tools, in which
manufacturing consists of components and controllable
processes. In machine tools analysis, a module is
understood as a group of elements of the system which
may be used autonomously or in combination with
other modules. The use of the modular design concept
allows the machine tool system to be regarded as
consisting of a number of modules. Thereby, modules
are subsystems that functionally and structurally are
independent and perform controllable executive motion
in manufacturing [4-6].

3. UNCONVENTIONAL CUTTING
TECHNIQUES

There can be little doubt that production
technologies will remain important in today's
manufacturing industry. Especially important are
material cutting operations as the integral part of
manufacturing and assembly processes [7-10].

Modern world largely implements cutting
operations which are supported by novel technologies,
which are based on completely new machining
principles. These manufacturing processes are defined
as a group of methods that remove the material by
various techniques involving mechanical and thermal
energy, but do not use a cutting tools as it needs to be
used for traditional manufacturing processes. Among
them are extracted unconventional technologies which
produce precise and high-quality cuts on all sorts of
materials: difficult to machine materials, very fragile
materials, complex-shaped parts, etc. In the first place
[11-13], they are Water Jet Cutting (WJC), Laser Beam
Cutting (LBC) and Plasma Arc Cutting (PAC).

Observed unconventional methods of cutting utilize
high-power kinetic or thermal energy of the working
flow (water jet, laser beam or plasma arc) to remove
the material. The basic principle of the unconventional
cutting techniques is shown in Fig. 1.

Cutting
head \L

Nozzle

Working
flow

Workpiece

Fig.1. Principle of the unconventional cutting method
These machines have a similar structure, designed

for processing a wide variety of plate materials. Basic
structure of the unconventional cutting machine
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consists: base of the machine tool, working table,
extraction system, motion system, drive, cutting head
and nozzle, energy source and controller unit.

In this paper will not be considered which of these
three unconventional techniques is best suited for
cutting materials. These techniques and their
comparisons are illustrated in Fig. 2, where are seen
cutting area and some of the differences between them.

Kerf Accurate  Quality Speed
{rrm)

Ra furm)

?*_'El,'l 3,2-12.5] Medium

0.+04] LBC [ ] 005 0463 Good
B PAC 1650 Fast
i —— . ]

02 031 2 3 410 20 30 40 50100 150 200 300

Workpiece thickness (mm)
Fig.2. Comparison of unconventional cutting methods

3.1 Water Jet Cutting

Most theories explain water jet cutting as a form of
micro erosion used material. Through a small orifice in
the nozzle extreme pressure of the accelerated pure
water or together with abrasive particles, in a small area
of the workpiece develops small cracks. Water
extremely high pressures and impact of abrasives in the
following stream cause the mall crack to propagate
until the material is processed.

Water jet machining is in use more than half
century. Due to the uniqueness of water jet cutting,
there are many applications where it is more useful and
economical than standard machining processes. Pure
water jet cutting is used mostly to cut softer materials
such as wood, plastics and aluminium. Together with
abrasive means this method is successfully used for
cutting strength materials such as steel, ceramic and
composite material.

3.2 Laser Beam Cutting

Laser beam cutting is a thermal process that utilizes
a high energy of light beam to melt and vaporize
material particles on the surface of the workpiece.
Advantage of laser beam cutting are: no limit cutting of
hard and fragile materials, cost effective and flexible
process, high accuracy parts, narrow heat affected zone,
no tool wear, etc.

This process is used widely for cutting, drilling,
welding and marking of metallic and non-metallic
materials. Laser beam cutting is being used extensively
in the mechanical, electronic and automotive industries.

3.3 Plasma Arc Cutting

Plasma arc cutting is a thermal material removal
process via the heat generated from an ionized gas,
which is produced by applying an electric current. The
plasma arc cutting has always been seen as an
alternative to the oxy-fuel process. Plasma arc cutting
is characterized: low capital cost, high speed of cutting,
increased quality of the cut, low finishing costs,
mobility, cutting of all positions, etc.



Plasma arc cutting is used for industrial production
cutting of all materials. This process is chiefly used for
cutting bulky sections of electrically conducive
materials. Plasma is the fastest cutting process on
carbon steel, aluminium or stainless steel.

4. MODULARITY OF THE UNCONVENTIONAL
CUTTING MACHINE

The modular design for unconventional machine
tools is the real example for mode of complex technical
systems standardization. This means composition of
great number of common modules, produced from
standard or non-standard elements composed in a
functional composition of complex unconventional
machines. Efficiency and reliability of the modular
design of these machines allows designing complex
modules from different elements which are checked in
design and technology meaning.

4.1 Modular strategy for design

In industrial practice a variety of unconventional
cutting machines exist, yielding a number of different
technical, technological and economical levels. As with
any purchase, the wants and needs must be weighed
well. Closely examining machine needs can minimize
unnecessary expenditures.

There are different criteria for classification of
unconventional cutting machines. Selection of these
machine tools includes: power, size of the work area,
number of cutting heads, level of controlled axles, etc.

These requirements most effectively modular
design strategy implement. The modular system offers
optimum technology of design for different types of the
unconventional cutting machine, while having to meet
the specific conditions of the cutting process. All
requirements have to be covered with detailed analysis
of wvarious options, combined with extensive
engineering expertise.

Due to the specifics of each of the unconventional
processes, there are elements, objects and systems that
are common, as well as those that are unique to a given
case. The main composition of the modular system of
unconventional cutting machine is shown in Fig. 3.

UCONVENTIONAL CUTTING MACHINE
WJC - LBC - PAC

[ 1 ]
Working Extraction

Motion

system table system
Transverse bar Slide rail Aspiration system
Guide way Guide rail Protection cover
Drive Pallet
Cutting head
Nozzle

Fig.3. Modular system composition

4.2 Modular conception

Because of high price of unconventional cutting
machines and specific production conditions, modular
design is one of the significant solutions to implement
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these machines. This modular design is complicated,
but flexible and considerably cheaper.

The developed standard variant of the modular design
of unconventional cutting machine is illustrated in Fig. 4.

Cutting
head

e -

Working

system

Base of the
machine

Extraction
system

Fig.4. Modular design of the unconventional machine

If customer designs unconventional cutting
machine, manufacturer can produce part of equipment
or to order it from another supplier. For most of the
production conditions it is possible to produce basic
parts of machine tools structure. Energy source, drive
system, control unit and nozzle are usually ordered
from specialized producer of equipment parts.

The unconventional machine structure is usually
produced according to own flexible system needs.
Shown in Fig. 5 is upgradeable bed of the machine tool
with slide and guide rails. The scalable modular motion
system is shown in Fig. 6.

The main
frame

Fig.5. Bed of the unconventional machine

Guide way Limiter

Slider

Fig.6. Modular motion system

Shown in Fig. 7 is possible variant of the modular
design unconventional cutting machine with extended
working table. This concept uses the flexible bed of the
machine and a replaceable transverse bar with more
cutting heads.



7 Flexible

/ Flexible
__— working N4
A = space \\
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Fig.7. Unconventional machine with extended working
table

¢

The presented modular design of unconventional
cutting machine allows that all standard options are
easily installable as a module afterward and enabling a
machine upgrade to the customer’s wishes. This is a
perfect example of how a modular design concept
makes it possible to make small changes to existing
designs to create an unconventional cutting machine
with custom capabilities.

5. CONCLUSION

Modular design of machine tools is completely
different substantially from traditional approaches to
design. Historically, modular principle of design has
been based on experience.

The modular design of unconventional cutting
machine, because of the high price of equipment,
economically is much approved procedure. The
presented modular design of unconventional machine
allows efficient construction of elements and systems
to be ensured a good design. It is flexible machine
which allows answering customer requirements for
various options. This modular composition of the
machine offers optimum value of technology for
various types of machining sheet materials.
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Abstract: In this paper, authors performs analysis of the free—form surface milling based on the fragmentation of
the design elements which create active surfaces in tool making. Their analysis is based on fragmentation approach
which makes the most of combining CAD, modelling and testing objects in tool making as well as selecting of the
fragments with parts of free/form surfaces. Examples being introduced in this paper point out that it is volume based
fragmentation of free form surfaces which allows to associate CAD design of tooling parts, their modelling and
producing in chosen scale as well as testing different milling strategies. Results also showed that it is the Lining
strategy of ball end milling which denotes desired compromise between machining time and surface quality when
ball end milling fragments with different signed curvature radius.

Key words: free form surface, fragmentation types, design elements, roughness parameters.

Analiza glodanja slobodih povrsina baziran na pristupu fragmentacije. U ovom radu, autori vrse analizu
glodanja slobodnih povrsina na osnovu fragmentacije elemenata aktivnih povrsina koje se stvaraju pri glodanju.
Analiza je zasnovana na pristupu fragmentacije koji ¢ini najvecéi deo kombinovanja CAD-a, modeliranja i testiranja
objektata pri izradi alata, kao i selektovanje fragmenata sa delovima slobodnih povrsina. Primeri koji se navode u
ovom radu ukazuju na to da objekat zasnovan na fragmentaciji slobodnih povrsina omogucava da se poveze CAD
dizajn delova alata, njihovog modeliranja i proizvodnje u izabranoj skali kao i testiranje razlicitih zahvata
glodanja. Rezultati takode pokazuju da obrada sa loptastim glodalom oznacava Zeljeni kompromis izmedu vremena
obrade i kvaliteta povrsine kada su loptasti fragmenti razlicitih radijusa.

Kljuéne reci: slobodna povrsina, tipovi fragmentacije, elementi dizajna, hrapavost povrsine.

1. INTRODUCTION motion and so—called CC points in tool path and CL
points of cutter position [5]. To check surface
Tools for sheet or bulk forming and moulding have inaccuracy, programming considers deformation of the
significant position in products innovation and cutter body [9].
reduction of their life cycle for determining product 5. The fifth field is performance of milling
quality and accuracy. They include free—form elements cutters as end mill and ball end mill, their performance
and their active parts are produced by CNC milling is given by forces, tool body deformation and machined
which is the largest subject in this technology. State— surface [10]. In moulding of plastics, combination of
of-the—art is very wide and can be categorised in six strategies, cutter diameter and way of milling do affect
main fields: active surface [11]. Technology to produce sheet
1. The first field is surface design [1], [2] which forming tools consists of division of active surfaces
employs basic features of free—form shape. into fragments [12].
Composition of the features allows generating complex 6. The last field is quality checking of active
surface being used in industry including tooling for surface and critical spots of produced tooling. In fact
forming dies and plastic moulding. that field combines following  approaches:

2. The second field is modelling and programming variable data as feed and spindle
decomposition of free—form surfaces [3], [4] which revolutions [13], surface texture simulation [14] and
applies division of product into fragments with parts of texture analysis in two directions [15]. To check true
free—from surfaces. Fragments enable programming machined surface, 3D measurement of texture being

paths of ball end mill cutters which are based on dependent on feed and infeed is used [16]; however,
orientation of any surfaces; such a methodology is digital analysis of texture due to various forms of
applicable in design of moulds. contact between ball end mill cutter and work piece is

3. The third field includes milling strategies and applied [17]. In analysis of quality of free—form
directions of tool path [5], [6] which consider surfaces, such approaches as 3D metrology [5],
machining time and dimension accuracy. Milling roughness figures [13], [14], surface texture and

strategies assume elimination of the surface inaccuracy Abbot's curves [16], texture variation in two directions
by means of topology data [7] and by tool edge contact [10] etc., are employed. Performance of end mill
with workpiece [8]. cutters is expressed in terms of tool edge wear [10],

4. The fourth subject is programming of tool [11] and cutting forces [9], [13].
path and it represents topology and combining of tool
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Fig. 1. An example of design elements when tool
making the lower die

Tooling for sheet or bulk forming and moulding
make form product through their active parts.
Manufacturing of the tooling shape in Figure 1, though,
consists of different milling strategies which are
expressed through programming instructions; therefore,
checking of the final shape gives lack of measurability.
In order to secure proper checking of the machined
surface quality, there is only way of securing such
measurability, the measurable fragments. Fragments
are supposed to bear all the significant attributes in the
free—form surface whereas they must be capable of
identifying and measuring the active surface of tooling.
In order to achieve such a surface checking, the
fragmentation is introduced to analyse the fragments of
the whole relief surfaces.

2. TOOLING FRAGMENTATION VARIETES
AND THEIR FEATURES

Basic idea of free—form surface fragmentation is
that a pattern is taken from the tooling entity, which
can be further studied as a fragment of the surface or as
a sample being produced in laboratory. This approach
offers study of wide scale of effects as formulation of
the surface as for instance, radii, their transition, datum
in Figure 1 which replaces the parts of planes as
bottoms, walls, etc. Because of wide varieties in
fragmentation, three ways of expressing fragment
shape are introduced below.

Rim Datul Chamfer Isle
Plane
Wall
Wall
Relief
a)
Wall
Groove Wall

b)

Fig. 2. CAD based fragmentation: attributes of the free
form surface in tool making (a) Fragments based
on measurability (b) Fragments based on
combining of dimension

Wall
Isle
Relief
Rirm
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Roughing Semifinishing Finishing

Rounding

N

Fig. 3. CAD based fragmentation and sequence of
producing resultant surface finish a case of the
LINING strategy

2.1 CAD Based Fragmentation

CAD based fragmentation of the free—form surface
seems to be the feasible tool to investigate end ball
milling process. Main advantage in such a way is that
any part of the free form surface is transferred into
virtual volume (mainly 100° mm?®) in Figure 2 wherein
such analyses as modelling and simulation of
machining are used. Thus, CAD drawing of tooling part
allows to take out the representatives of free form
surfaces. Such way of free form surface fragmenting
makes the most of applying calculation of the scallop
heigh, the surface error in Figure 3, however,
roughness models in Figure 4 are based on sequence of
milling operations in LINING Milling Strategy. In
modelling of cusp height, roughing applies ball-end—
mill cutter of diameter D=16 mm; semi finishing is
modelled with D=10 mm and finishing results from
D=6 mm.

2.2 Object Based Fragmentation

While CAD based fragmentation allows to identify
wide variety of milling strategies and their effect on
surface finish, results always need verifying. In
principle, object based fragmentation represents the art
of selecting an object which is included in the design of
tooling and subsequently such an object is modelled in
terms of different milling strategies. Simple parabolic
surface y=30-0.048x” was used to verify this approach
whereas three kinds of milling strategy as SPIRAL,
CONSTANT Z LEVEL and LINING were used to
produce resultant surface finish. Commercial sintered
carbide ball end milling cutter D=8 mm was used to
machine AlCu4Mg alloy (feed per tooth f,=0.03 mm,
revolutions n=4900 1/min, side step a.=0,5 mm,
coolant: emulsion, machine tool EMCOMILL 155 with
control unit Heidenhein TNC 426). Figure 4 illustrates
an example of comparing CAD model with real
machined object and data in Table 1, the parameters of
surface roughness by ISO 4287, make distinguish
suitability the Constant Z level as the strategy reducing
subsequent grinding and polishing of this part of
tooling, an isle/wall/transition  according to the
notation shown in Figure 1.

2.3 Volume Based fragmentation

Two main dimensions create the idea of the Volume
Based Fragmentation. The first dimension is 100’ mm’,
a volume of a part of the product, either a part of
tooling in fact as e.g., a any die, or an entity as e.g.,
tooling in injection moulding. A volumetric segment,



which is supposed to be of 10° mm’, represent a
fragment to measure machined surface roughness, such
a dimension allows to replace a part of relief surface by

a circle.

Fig. 4. An example of object based fragmentation: (a)
CAD representation of the object; (b) applying

of the Spiral Milling Strategy

Milling spiral constant z lining
strategy level

Ra [um] 2.19 0.58 1.69
Rz [um] 9.78 3.06 8.01
Rt [um] 11.71 4.18 10.83
Rp [um] 5.74 1.6 4.5
Rv [um] 3.96 1.46 3.51

Table 1. Results of measuring surface texture
parameters when ball end milling (Mitutoyo
SJ301)

Positioning of the machined surface in Vee block in
Figure 6a) shows that stylus moves along ridge lines
and valley lines of the machined surface while the
former means position of stylus in that of Figure. If
centre of a radius R, which defines a part of relief
surface is located within a sample, it represents positive
signed curvature radius which is taken as k=1/R, a
convex case of the signed curvature. Otherwise, the
ratio k=1/R represents the negative signed curvature, a
concave case of the measured fragment: in other words
said, the centre of the circle radius is located outside
machined surface. Such cases of the signed curvature
radii are shown in Figure 6(b) and their combination
produces final fragment of the machined surface. Now,
different milling strategies are applicable to such a
fragment, the whole Figure 6 gives evidence about how
milling strategy LINING is being investigated.

Radius R=15 mm
Signed

ig
I rvature k=-0.07

fragment of
relief surface

Volume
fragment of
relief surface

E
=
a
&

Radius R:

Sign
curvature k=-0.10

Vee block

Fig. 6. Measurability of the relief surface fragment: (a)
positioning of the fragment at the Vee block (b)
volume fragment and related radii used in
experimental measurements (c) surface texture
and its changes as an effect of the depth of cut a,
(milling strategy LINING, signed curvature k=—
0.10 mm, roughness range Ra=1.30-1.60 pm)
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Experimental measurement were performed to
identify effect of signed curvature k and cutting
conditions on surface roughness parameters Ra and Rz.
Commercial sintered carbide ball end milling cutter
D=8 mm with number of flutes z=2 and helix angle 30
degree was used to machine AlCu4Mg alloy. The
samples included radii and signed curvatures according
to the Figure 6(b) while L27 Taguchi design was used
in experiments. Identical range of depth of cut a, and
side step a. (a,=0.5 — 1.5 mm, a. = 0.5 — 1.5 mm) were
used in L27 Taguchi design while feed rate and spindle
revolutions were vy = 1500 mm/min and n = 5000
1/min; machine tool EMCOMILL 155 with control unit
Heidenhein TNC 426. The L27 design was created by
means of MiniTAB software and there is no need to
explain its matrix here for returning evaluation
instantly including relevance of results. The roughness
parameters Ra and Rz were measured at the
ridge/valley lines shown in Figure 6(a) and Taguchi
L27 returned following statistical formulae:

Ra=0.58+k-1.71a,+3.63a.+12k+1.09a,"~

0.50a,+0.97k a,~1.69k.a,-0.40a,.a, (1)
Rz=0.33+2.10k-8.23a,+22.7a:+102k*+4.43a,>~
5.50a,*+6.97k.a,~7.60k.a,—0.57a,.2, ()

Meaning of the above mentioned formulae is
contribution of the ball end milling factors to the
resultant surface roughness. Though determination
index is very high (R’=0.94 and 0.91, respectively),
contribution of the factors as a. and a. and k is quite
different. Results of ANOVA (Analysis of variance)
points out that the a, bears the main effect on the
resultant surface roughness which was found out to be
about 90 — 91 per cent, while the a, and k brought
effects no greater than 2.1 — 2.5 percent. In other words
said, the signed curvature of workpiece is rendered
through the errors in models, thus final effect of a. and
a, was found out as:

Ra=0.62-1.75a,+3.71a.:+1.02a,°-0.50a,°-0.40a,.a, (3)
Rz=0.27-8.51a,+23.00a,+4.43a,"-5.61a,°~0.57a,.2, (4)

and they are shown in Figures 7(a) and b.
3. CONCLUSION AND PROSPECT

In this paper, authors introduce their results based
on fragmentation of definite free—form surface in tool
making. Their approach combines set of factors
affecting design in tooling whereas simple notation of
design shapes in tool making is introduced. Three ways
of fragmenting active surfaces in tool making are
proposed. There is limited field of application for CAD
based fragmentation, it can be used to rapid creating of
the fragments. Prospect of such an approach is that it
will combine such quantities as models of surface
fragment and their relationship to the kinematics of any
milling strategy. The Object Based Approach
represents definite part of tooling which can be
produced in any scale to study effect of milling strategy
on its resultant surface quality. It must be noted that
roughness parameters are not only results assessing
quality of free form milling, it is also dimension
accuracy which implies surface metrology. Main



advantage of the Volume Based Fragmentation is
combining of CAD, experiments and surface
metrology, thus, it provides for verifiable results being
tested in laboratory. The variable signed curvature and
design of testing piece presented in this paper are one
of the possible solutions which are offered by design of
tooling. Because of large set of factors as art of milling
strategy, diameter of end ball milling cutter and its
geometry, tooling fragment designed as 2D or 3D,
cutting conditions, etc., use of experimental design
identifies all the relevant influences and in fact, design
of experiment allow to optimize this process as such.

ai [mm]

b) ep fren)

Fig. 7. Effect of cutting conditions a, and a. on surface
roughness parameters based on L27 Taguchi
design (a) mean arithmetic deviation Ra (b)
average maximum height of the profile Rz
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Abstract: On the basic of large experimental date processing, mean time to failure related with reliability or
unreliability 50% is not coincidence and we can on more directly way determine mean time to failure analytically
or from graphics.

Key words: reliability, failure, mean time to failure, Weibull's distribution

Pouzdanost koja odgovara srednjem vremenu bezotkaznog rada. Na osnovu opseznih ispitianja otkaza reznih
alata uoceno je da srednjem vremenu bezotkaznog rada odgovara pouzdanost odnosno nepouzdanost od 50%. U
radu je pokazano da to nije slucajno i da se na direktniji nacin moze odrediti srednje vreme bezotkaznog rada

Kljuéne reci: pouzdanost, otkaz, srednje vreme bezotkaznog rada, Weibullova raspodela

1. INTRODUCTION interval, and #;, the time in the middle of interval [6-
8].
Starting with probability positions mean time to If the distribution function is known the reliability is

failure can be determined on the basis of observed _
failures in time [1-2]. R =1-F(1) (7

Observed object in time can be described with simple because it is
state function R +F) =1 (8)
~ { 1 object in available The frequency of failure as defined as
YU object in failure ft) = dR(@/dt )

. . . . . and failure intensit
The time in failure on observed object is not uret Y

constant and present random value which we can A =ft)/R(¥) (10)
prognose if it is known distribution function . . e
parameters and/or approximate - analytical or The mean time to failure by definition is
graphical [3-5]. T, = o/ “R(¥) dt (11)
For discrete systems if we observe N objects and if o
after time ¢ is N(¢) objects in available and n(?) in and represent an area under a curve of reliability
failure, the reliability can be expressed as R®)=fi (t); . o .
When using Weibull’s distribution function,
R@®) =N@®/N = [N - n() JN = n(t)/N (1 F) = 1- exp(t/n)? (12)
and unreliability . . o . o
which finds its application in analysis of reliability
F(t) =1-Rt) = [1-N(tJN [N-n@)JN=1-n()/N (2) of technical systems, mean time to failure can be

From previous equation follows determined via gamma functions

Rt +F@)=1 3) T.=nil{l+1/p (13)

whereby the gamma function table is used [9].

As shown in [10] mean time to failure
correspond  reliability, that is, unreliability
f(t) = An/N @) R() = F(t) = 0,5 and can be determined directly
analytically or from graphics on the basis of
distribution function of failure (12), i.e., from
A = An/N(t) = f(t)/R(t) (5) graphics R(?) = f;(t) and/or F(t) = f>(1).

Staring from Weibull’s distribution function
(12), mean time to failure can be determined directly
T,, = (I/N) X Anf(t,; + 1) )2 = X An t,,/N (6) from  Weibull’s  distribution  function  for
R =F1)=05

which indicates complementarities.
Frequency of failure is

and intensity of failures
the mean time to failure is
where An is the number of failures in interval Az and

t.; is the time on beginning and # on the end of T,= TICW= nk
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whereis K = [In(1-0.5)]""= (B (14)

2. RELIABILITY R(t) = 0,5 CORRESPOND TO
MEAN TIME TO FAILURE

On the basis of large number of processed data to
failures the mean time to failure correspond reliability
i.e. unreliability R(z) = F(t) = 0,5 (see Appendix on
the end of paper). Starting from this fact the
corresponding theoretical explanation is demanded.

On the Fig.l the changes of reliability R(z) and
unreliability F(?) in time are proposed.

The mean time to failure, defined as

Tm:()/DOR(t) dt (11)
and represent area under curve R(?) = f;(1). (Fig. 2)

R(t) )
1
F(b) F(t)
C
0,5
R(t)
0
T t
Fig. 1
R(t)4
1
A
05 ™JC
0 -
Tk t
Fig. 2

If the supposition of the mean time to failure 7,
correspond reliability or unreliability R(z)=F()=0,5 is
correct, the area A (Fig. 2) must be equal with area or
rectangle (Fig. 3) T,, = T,, . I By them follow to
estimate the complementarity condition A,=A; and
concluding equality A=A;, Aj1=A,=A; (Fig. 4) [11].

R(t) 4
1 g
™
™ A
™
"N C
0,5
1] o=
Te t
Fig. 3
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Fig. 4

Proof of the mean time to failure correspond R(?)
==F(#) = 0,5 deduce on the claim A;=A;. From the
Fig. 5 follow

R(t) 4 Aq
1 T
'
=i
hid
0,5 C s
. t o __TR -t
0
Tr t
Fig. 5
A= ' (T —t) dR(1) (15)

And from Fig. 6

F(t) i AS
1 T —
=2
ge]
C
0,5 t-Tn
t
0 -
Tr t
Fig. 6
As=osl ' (t—Tw) dF() (16)

From the condition of complementarity (8), after
derivation follows

dF(t) = - dR(t) (17)
and after substitution in (16) we have

As=osl ' (t—Tw) (AR(®) = o ' (Tw— ) dR(t) (18)
How integrals for A; (15) and A; (18) are identical
we conclude.

Treos5 =T (19)

Le.
mean time to failure correspond reliability or
unreliability R(t) = F(t) = 0,5 [12].



On the above, mentioned mean time to failure can
be determined analytically on the basis from
distribution function (12) or from graphics R(t) = fi(t)
and/or F(t) = f5(t), or from probability papers.
From (12) follows
t=n [-In(1 - F(t)]""
and for F(t) =R(t) =0,5is t=Tr-s =T we have

Tm =n ['hl(l - 095)] P

(13)

or finally

T =" (0,6931472)"P (139
ie.

Tm=n Cc'P= Kn

where is K = [-In(1-0,5)] " = f(B) (13)
If comparing terms

Tw=mnT(1 +1/B) (12)
and

Tm=nmC" whereis C=0,6931472 (13)

in both cases first part is proportional with position
parameter m, and second parts of terms are functions
of shape parameter .

[(1+1/p) and K=C"
3. CONCLUSION

On the basis of before mentioned we can conclude:

The mean time to failure correspond to reliability
and unreliability R(t) = F(t) = 0,5

The mean time to failure can be determined
analytically via distribution function and/or from
graphics R(t) = fi(t) and/or F(t) = f5(t) and/or
from probability papers, for R(t) = F(t) = 0,5
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APENDIX 1

In goal to determine the mean time to failure of
cutting tool 7, and reliability R(?), which
corresponding the observation of cutting tool failure,
by turning on the lathe, in real production conditions,
by different cutting conditions, on operation turning,
external, longitudinal, rough-finish, by machining
cylinder head of engine “Perkins”, type M3. The 25
different cutting conditions was varied (5 different
cutting speeds v and 5 different feeds s, in
combination each with everyone. By grapho-analytical
data processing, the distribution function parameters,
for Weibull’s distribution function £ and 7, on the
basis of that, the mean time to failure
T, = n I{l +1/p) and reliability which corresponding
R(T,) = exp(—T,,,/f])ﬁ and Tr-ygs which corresponding
reliability or unreliability R() = F() 0,5. are
determined. Quoted data are classified in Table T.1.
The table contains values of mean time to failure
given from two equations 7,, = n {1 +1/f) and
T, = n [n(l - 0,5]"F = n (0,6931472)"" which
relates on same experimental data.



(n, rev/min) (160) (200) (250) (315) (400)
v, m/min 47,226 59,03 73,79 92,98 118,06
1 2 3 4 5
0,8 B m 3,0 600 3,1 320 3,3 158 2,9 70 3,65 38
T 535,8 286,1 141,7 62,4 34,3
R(T,) 0,49 0,49 0,50 0,49 0,50
T ros 531,0 284,3 141,4 61,7 31,0
6 7 8 9 10
1,0 B m 3,28 290 3,07 132 2,48 65 32 318 3,65 14
T 260,1 118,0 57,7 28,5 12,6
R(T,) 0,50 0,49 0,48 0,50 0,50
T ros 2593 117,2 56,1 28,4 16,7
11 12 13 14 15
s, 1,2 B n 2,72 170 2,76 80 2,7237,5 2,75 19 1,6 8
mm/rev T 151,8 71,2 333 16,9 7,2
R(T.) 0,48 0,48 0,48 0,48 0,43
T ros 148,6 69,9 32,8 16,6 6,4
16 17 18 19 20
1,4 B n 2,91 118 3,0 57 30 28 3,012,5 1,9 55
T 105,0 50,9 25,0 11,2 4,9
R(T.) 0,49 0,49 0,49 0,49 0,45
T ros 104,0 50,5 25,8 11,1 4,5
21 22 23 24 25
1,6 B n 3,54 89 3,2 40 1,62 17 2,01 8 14 3.5
T 80,1 358 15,2 7,1 32
R(T.) 0,50 0,50 0,43 0,46 0,42
T raos 80,3 35,7 13,6 6,7 2,7

Table T.1. Estimated values of and correspond mean time to failure T m i T R=0,5

APENDIX 2

How it is presented in the paper, mean time to
failure, with two equation, in analytical form, can be
determined

Tw=nT(1+1/B)

T =N (0,6931472)"F = nK where is K = f(B)

By comparing this terms we can conclude that the
mean time to failure T,, direct proportional with
position parameter of Weibull’s distribution function
n. Values of gamma functions corresponds to values
of K.

In Table T.2, differences between gamma function
I" and K values both in function of B shape parameter,
are given.

Authors: Prof . dr. Sava St. Sekulié¢

Department for Industrial Engineering and
Management, Faculty of Technical Sciences,
University of Novi Sad, 21000 Novi Sad, Dositej
Obradovi¢ Square 7,

e-mail: nemanja.tasic@uns.ac.rs
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Abstract: In this paper, mathematical model for the establishing relationship between laser cutting parameters such
as laser power, cutting speed and assist gas pressure, and kerf width obtained in CO, laser cutting of aluminum
alloy (AIMg;) was developed. To this aim, second order polynomial model was developed by using experimental
data obtained in laser cutting experimentation planned as per standard full factorial experimental design.
Statistically assessed as adequate, developed model was then used to investigate the effect of the laser cutting
parameters on the kerf width angle by generating 3D plots. In addition to modeling, by applying discrete Monte
Carlo method laser cutting parameter values that produce the minimal kerf width were identified.

Key words: CO?2 laser cutting, aluminum-magnesium alloy, kerfwidth, discrete Monte Carlo method

Modeliranje i optimizacija Sirine reza kod CO, laserskog sefenja legure aluminijuma primenom diskretne
Monte Carlo metode. U ovom radu je kreiran matematicki model za uspostavijanje relacija izmedu parametara
laserskog secenja kao Sto su snaga lasera, brzina secenja i pritisiak pomocnog gasa, i Sirine reza kod CO, laserskog
secenja legure aluminijuma (AIMg;). U tom cilju koristeéi eksperimentalne podatke, dobijene realizacijom punog
faktornog eksperimenta, kreiran je polinomski model drugog reda. Nakon sto je statisticki ocenjen kao adekvatan,
kreirani model je koriscen za istrazivanje uticaja parametara laserskog secenja na Sirinu reza kreiranjem 3D
grafika. Pored modeliranja, primenom diskretne Monte Carlo metode odredene su vrednosti parametara laserskog
secenja kojima se postize minimalna Sirina reza.

Kljucne reci: CO, lasersko secenje, legura aluminijum-magnezijum, Sirina reza, diskretni Monte Carlo metod

1. INTRODUCTION different aspect of laser cutting such as analysis of the
effects of process parameters on kerf width, kerf

Aluminum and its alloys are among the most deviation, kerf taper, dross formation, surface
versatile engineering materials in many industries such roughness etc. Modeling and single and multi-objective
as the automotive, construction, and aerospace industry optimization problems were also solved by applying

because of their unique properties [1]. Pure aluminum different methods such as Taguchi’s robust design
is soft and ductile, and it is often alloyed with small methodology, grey relational analysis and regression
amounts of copper, magnesium, manganese, silicon, analysis. Regarding the use of CO, lasers for cutting of
zinc or lithium to improve its techno-technological aluminum and its alloys the same modeling and
characteristics. optimization methods were used while investigating the
In industry for cutting of aluminum and its alloys effect of process parameters on kerf geometry, HAZ,
nonconventional ~ machining  technologies  are surface roughness, dross formation, surface chemistry
predominantly used, particularly laser cutting and and microstructural examination [1, 5-7].
abrasive waterjet cutting. CO, laser cutting of The scope of this paper is development of

aluminum and its alloys is considered difficult because mathematical relationship between process parameters
of high reflectivity and thermal conductivity of (laser power, cutting speed, assist gas pressure) and
aluminum and its alloys. Therefore, it is a common kerf width obtained in CO, laser cutting of aluminum
practice to use Nd:YAG lasers for cutting aluminum alloy (AIMg;). To this aim, full factorial experimental
alloys since higher absorptivity of the Nd:YAG laser design was adopted for the purpose of experimentation

enables its processing with relatively less laser power. and obtained data were used for the development of
On the other hand, the use of CO, lasers for cutting of kerf width mathematical model by using second order
aluminum alloys is not usual, however, from the polynomial. In addition to modeling, the kerf width
industrial point of view, such a possibility would be mathematical model was optimized, i.e. an attempt has
very welcome [1]. been made to determine process parameter values such

To this aim, a number of research investigations that kerf width is minimized. To this aim, discrete

were carried out each covering a specific aspect of laser Monte Carlo method was applied. To the authors’
cutting of aluminium and its alloys by using laser knowledge, little work has been reported in the
cutting technology. As already mentioned a number of literature on optimization using discrete Monte Carlo
of previous studies investigated laser cutting of method, although it has many benefits such as high
aluminium and its alloys by using Nd:YAG lasers [2- probability of success, parameter free optimization
4]. These and many other researches were focused on approach and fast computation.
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2. EXPERIMENTAL DETAILS AND RESULTS

For conducting the experiment trials, CO, laser
cutting machine (Prima Industry) with a maximal power
of 4 kW was employed. Straight cuts performed with a
Gaussian distribution beam mode (TEMy) in
continuous wave mode on 3 mm thick AIMg; sheet
sheet. The laser beam was focused on the bottom
surface of the sheet using a focusing lens with a focal
length of 5 in (127 mm). The conical shape nozzle with
2 mm diameter was used. The nozzle-workpiece
distance was set at 0.8 mm.

For the purpose of experimentation, the full
factorial design was used in which the experiment trials
were performed as per standard 3° full factorial design.
Based on the pre-analysis and pilot experimentation,
three laser cutting parameters were selected, i.e. laser
power (P), assist gas pressure (p) and cutting speed (V).
Since it was assumed that there exist a non-linear
relationship between laser cutting parameters and kerf
width, P, p and v were were varied at three levels: P =
3,3.5,4kW; p=6, 8, 10 bar; v = 3, 3.25, 3.5 m/min.
Therefore, 27 experimental trials in total were
performed (Table 1).

Rectangular specimens with dimensions 20 mm x
40 mm were cut in every experimental trial (Figure 1).
Kerf width (w) was measured using optical coordinate
measuring device Mitutoyo (type: QSL-200Z) with
resolution of the length measuring system of 0.5 pum.
The kerf width of each specimen was measured by
analyzing pictures of the top (laser beam entry) and
bottom surface (laser beam exit) of the specimens using
Q-spark image processing software. The kerf width was
measured at 3 equally distanced positions along the
picture of the kerf.

Fig. 1. Plate with specimens obtained after laser cutting,

Kerf width is an important feature of the laser
cutting process that provides the advantage of this
technology compared to other methods of contour
cutting. By focusing the laser beam and by flow stream
of assist gas material is removed from the cutting zone
and the kerf occurs with a certain width. Kerf width
increases with the increase of material thickness, and
depends on the size of the spot, laser power, cutting
speed, the characteristics of the material, the
wavelength, method of cutting, etc. When cutting with
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oxygen kerf width is largely affected by assist gas
pressure. The dynamic nature of the exothermic
reaction produces an irregular, non-uniform kerf width
as well as periodic striations on the surface of the cut.
When cutting with nitrogen a significantly better and
more regular cut is obtained. Cutting width at the
bottom "output" side of the sheet is usually smaller, and
is somewhat larger than the diameter of a focused laser
beam at optimum cutting conditions. In general, when
using laser cutting technology the goal is to obtain the
smallest possible kerf width because this minimizes the
amount of removed material.

Trial | P (kW) | p (bar) | v (m/min) | Kerf width (mm)
1 3 6 3 0.41
2 3 6 3.25 0.40
3 3 6 3.5 0.40
4 3 8 3 0.47
5 3 8 3.25 0.39
6 3 8 35 0.42
7 3 10 3 0.43
8 3 10 3.25 0.41
9 35 10 35 0.47
10 3.5 6 3 0.41
11 35 6 3.25 0.44
12 3.5 6 3.5 0.48
13 3.5 8 3 0.52
14 35 8 3.25 0.48
15 3.5 8 3.5 0.50
16 35 10 3 0.54
17 3.5 10 3.25 0.51
18 4 10 35 0.47
19 4 6 3 0.39

20 4 6 3.25 0.43
21 4 6 35 0.45
22 4 8 3 0.46
23 4 8 3.25 0.36
24 4 8 3.5 0.51
25 4 10 3 0.54
26 4 10 3.25 0.53
27 4 10 3.5 0.42
Table 1. Experimental trials and results

3. KERF WIDTH MATHEMATICAL MODEL

Raw data are impractical for interpretation and
analysis of experimental results. Therefore, for the
purpose of the detailed analysis of the conducted
experimentation, based on obtained data the
mathematical model using regression analysis was
developed. To include first, second order main effects
and interaction effects of the laser cutting factors, full
second order regression model was developed:



w=-0.81791+1.5983- P+0.32929- p—
1.72637-v—0.23837- P2 —0.00612- p> + 0

0.36~v2+0.01072~P-p+0.00622-P~v—
0.07778-p-v

With mean average percentage error of about 5 %
between experimentally measured kerf width values
and predictions it can be concluded that developed
mathematical model is quite accurate.

To analyze the effects of laser cutting factors on the
kerf width Eq. (1) was plotted. Three 3-D surface plots
(Figure 2) were generated by varying two factors of
interest, while other the third was held constant at
middle level.

p [bar]

W [mm]

070

065
W [mm]
0.60

p [bar]

c)

Fig. 2. Effect of laser cutting parameter interactions on
kerf width [8]

As seen from Figure 2 the effect of the laser cutting
parameters on the kerf width is nonlinear and variable.

As could be expected, low laser power and the
higher cutting speed results in the low heat input during
cutting operation so as lower kerf width is obtained
(Figure 2). For higher laser power levels more material
is being melted which results in larger kerf width.
Similarly, when using higher levels of cutting speeds,
there is lesser interaction time between laser beam and
workpiece material, i.e. the material is heated within a
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relatively narrower zone around the laser beam thus
forming a narrower kerf. These results are in agreement
with those reported in literature.

Besides these, some unusual observations from
Figure 2 are evident. Namely, it can be observed that
for some specific combinations of laser cutting
parameter values, kerf width decreases with the
increase in laser power. Also, for certain laser cutting
conditions, the increase in cutting speed results in an
increase in kerf width. A more detailed analysis of the
Figure 2 can reveal that these may be result of higher
laser power levels or lower assist gas pressure levels
used. Namely, in situations when greater proportion of
material are evaporated and there is no sufficient gas
pressure, one can expect the formation of surface
plasma that reduces the amount of irradiated energy
absorbed in the cutting region.

4. OPTIMIZATION OF KERF WIDTH

From Figure 2 it is obvious that achieving desired
kerf width can be obtained by a set of different
combinations of laser cutting parameter values.
However, finding a set of the laser cutting parameter
values to meet the desired kerf width, calls for the
parameter optimization in three-dimensional laser
cutting parameter hyperspace.

The goal of the optimization is to determine the
optimal laser cutting parameter values at which the
minimum kerf width is obtained. Mathematically, the
optimization problem is as follows:

Find: By, Vops» Popt
to minimize: w=f(P,v, p)
subject to: 3< P <4 [kW]
6 < p <10 [bar]
3<v<3.5 [m/min]

2

The optimization problem in Eq. 2 was solved with
discrete Monte Carlo method. The details about Monte
Carlo method can be found in [9, 10]. This method was
selected as it represents a parameter free approach that
only requires performing a large number of simulations
that are, however, executed very fast. Moreover,
discrete Monte Carlo method takes into account
techno-technological possibilities of machine tools and
the determined solutions can be easily set on a given
machine tool [9].

Before the actual application of discrete Monte
Carlo method one needs to define the search step for
each laser cutting parameter. This step defines the
number of possible values that can take a given
parameter within the given range. In order to create
relatively dense search grid and by considering laser
cutting machine technological characteristics, search
steps for laser power, cutting speed and assist gas
pressure were set to 0.01. This resulted in 2065551
parameter values combinations. The probability of
finding a desire objective value (minimum) is only
1/2065551, but running it 10000000 times results in
probability of finding optimal value over 99.99%. The



optimization problem formulated in Eq. 2 was solved
using the developed software solution ‘“Analysis
VirtuoLab” which supports the application of
exhaustive iterative search, continual and discrete
Monte Carlo method for solving optimization problems
with and without constraints [11]. Here it should be
noted that optimization was performed within few
seconds on desktop Intel Core 17-2600 CPU@3.4GHz
with 12 GB RAM computer.

As a result of the application of discrete Monte
Carlo method, the minimal value of kerf width of w =
0.497 mm was obtained. This solution corresponds to
the following combination of the laser cutting
parameter values: P =3 kW, p = 6 bar, v = 3.02 m/min.

These values can be easily set for performing a
given laser cutting operation.

5. CONCLUSION

In this paper, regression based mathematical model
is developed in order to relate the laser cutting
parameters i.e. laser power, cutting speed and assist gas
pressure, and kerf width in CO, laser cutting of
aluminum alloy. Experiment trials were performed
according to full factorial design. By applying the
discrete Monte Carlo method, the optimal laser cutting
parameter settings, which minimize kerf width were
determined. It was found that focusing the laser beam
on the bottom surface of the sheet using assist gas
pressure of 6 bar at combination of laser power of 3
kW and cutting speed of 3.11 m/min, produced an
minimal kerf width.

The conclusions drawn can be summarized by the
following points:

e the kerf width is highly sensitive to the
selected laser cutting parameters and their
interactions,
the effect of a given laser cutting parameter on
the kerf width must be considered through the
interaction with other parameters,
the discrete Monte Carlo approach is found to
be very simple, easy to implement and
efficient for the optimization.
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Abstract: This paper describes testing and programming methods for parallel kinematic machine based on mini
laboratory and desktop 3-axis parallel kinematic milling machine (PKMM). The paper presents the IDEF(
methodology for developmentally testing of new machine tools, with an example of application of this methodology.

Several test workpieces are machined in order to verify the developed control and programming system.
Key words: testing, programming, parallel kinematic machine

Programiranje i ispitivanje mini laboratorijske stone troosne glodalice sa paralelnom kinematikom. U ovom
radu se opisuje ispitivanje i metodi za programiranje masina sa paralelnom kinematikom, na osnovu mini
laboratorijske i stone troosne masine sa paralelnom kinematikom. Prikazana je i IDEF0 metodologoja za razvojno
ispitivanje novih masina alatki, sa primerom primene. Obradeno je nekoliko test radnih predmeta u cilju verifikacije

razvijenog sistema za upravljenje i programiranje.

Kljucéne redi: ispitivanje, programiranje, masina sa paralelnom kinematikom

1. INTRODUCTION

Previous experience in the field of PKMM and
successfully developed first industrial prototype of
vertical milling machine based on newly developed
parallel mechanism is shown in [1,2]. As a result of the
experience in developing vertical milling machine
industrial-size prototype, we come to the conclusion
that, based on the same mechanism, a low-cost mini
laboratory and desktop educational 3-axis parallel
kinematic milling machine can be developed as a help
in the process of acquiring basic experiences in the
field of PKM [3-8].

Compared to the first experimental industrial-size
prototype milling machine, scaling factor 5 is adopted
for the desktop machine, because the machine would
be real desktop and would have five times smaller
overall sizes and five times smaller workspace overall
sizes, retaining all advantages of parallel mechanism
which is used. The structure of the parallel mechanism,
modeling approach, solving of inverse and direct
kinematics, workspace and singularity analysis and
control system of developed mini laboratory and
desktop 3-axis PKMM, have been described in
previous research [1-8].

Based on adopted concept and design
parameters, the first low-cost desktop educational 3-
axis parallel kinematic milling machine has been built
and tested in our laboratory [5-8]. The first low-cost
desktop educational 3-axis PKMM presented in [3-5]
was physically realized and was named pnl01 st V1.
This paper presents a testing of new version (pnl01_st
V1.5) with small modifications that includes the
protection cover as well as trunk for chip, Fig. 1.
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Fig. 1. Mini laboratory and desktop 3-axis PKMM

Control system of parallel kinematic machine is
much more complex than control system of traditional
machines with serial kinematics, because it is necessary
to solve inverse and direct kinematic problems.
Advantage of this parallel mechanism is in the fact that
inverse kinematic problem can be solved in an easy way
[5,8]. The control system, for our machine, is based on
PC Linux platform with real time extension and EMC
(Enhanced Machine Controller) software system [9].
EMC was created by NIST (the National Institute of
Standards and Technology) [10] and is free software
released under the terms of the GPL (General Public
License).

The paper structured as follows. Section 2 gives an
overview of the programming methods for realized
machine. Section 3 gives the description of the
methodology for testing mini laboratory and desktop 3-
axis PKMM. Section 4 describes machining
experiments and program verification during the
machine testing.



2. PROGRAMMIMNG METHODS

Current situation of programming method is based
completely on the G code. Numerical control machine
tools have evolved from simple machines with
controllers that had no memory, driven by punched
tape to today’s highly sophisticated Computer
Numerically Controlled (CNC) machine tools. Machine
tools have changed radically, but the programming
language has remained the same with G code
programming (ISO 6983) [11].

This paper also presents programming methods for
mini laboratory and desktop 3-axis PKMM as well as
programming system based on G code. Mini laboratory
and desktop 3-axis PKMM can be programmed using
several different methods, (i) Manually programming;
(i) Conversational programming; (iii) Programming
using the CAD/CAM system; and (iv) New
programming method using the software STEP-NC
Machine [6,12,13].

An open challenge, in the field of machine tool
programming is the new programming method using
standard known as STEP-NC. The development of new
programming method is running, but is still an
unfinished work [12-19]. STEP-NC is a new interface
that has developed for exchange of information
between CAD/CAM systems and CNC controllers. The
STEP-NC provides CNC controller new opportunities
that enables controller to receive high level of
information from workpiece design. It allows bi-
directional flow of data between CAD/CAM and CNC
Machine Tools without losing information. STEP-NC
does not describe the tool trajectories for specific CNC
machine tool as G code does, but it provides a feature
based data model. A STEP-NC file is not machine tool
specific and can be used on various machine tool
controllers [15]. Now, this method of programming
can't be completely used, because the resources for that
development are owned by several research centers.
There are possibilities for application through two
possible scenarios (SC1, SC2) which are described in
[13]. This approach is an indirect application of this
programming method on existing machines and
available software.

3. METHODOLOGY FOR TESTING MINI
LABORATORY AND DESKTOP 3-AXIS PKMM

IDEFO is the method designed to model the
decisions, action, and activities of an organization or
system. It is useful in establishing the scope of
analysis, especially for a functional analysis. IDEFO is
used to produce a "function model". A function model
is structured representation of functions, activities or
processes within the modeled system or subject area[4].

In this paper, functions of testing mini laboratory
and desktop 3-axis PKMM, are described by using the
IDEFO diagram. This is a part of methodology of
configuring new machine tools, which is described in
details in [4,8]. A full decomposition of the activities in
configuring new machine tools with an example of
application of this methodology for mini laboratory and
desktop 3-axis PKMM is summarized in Table 1.
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Al. Design machine pnl101 st V.1 and the
establishment of the necessary model

All. Selection and design of machine
components

A12. Project of a complete machine tool

A13. Configure family machine tools

A14. Techno-economics of machine tool

A2. Configuring Control for pn101 st V.1
A21. Control modeling for machine pn101_st V.1
A22. Integration of model control into EMC
A23. Simulation of CNC system in EMC
A24. Configuring virtual machine simulator
A25. Integration of control systems into EMC
A3. Analysis and simulation of the model
A31. Formation of the model for CAE and optimization
A32. CAE analysis

A33. Optimization of the model

A4. Make pnl01 st V.1 and test work

A41. Development of special components and
subcomponents

A42. Assembly of machine tool

A43. Calibration of machine tool

A44. Testing and trial work of machine tool
Table 1. A full decomposition of configuring activities
[4]

According to the IDEFO methodology, by analyzing
diagram A44 in details, we get the basic flow of
activities shown in Fig. 2. The basic activities are:
Ad41 Direct measurement, A442 Indirect
measurement, A443 — Rating and/or determination of
quality indicators and A444 — Correction and setting up
mini laboratory and desktop 3-axis PKMM.

The basic activities for testing in A44 diagrams, are
very important for the final verification for control and
programming system of mini laboratory and desktop 3-
axis PKMM, throughout trial run. A detailed plan of
methodology for developmentally testing is shown in
Fig. 2, and special attention is paid to indirect methods
of testing (A442), that is relating to the testing of the
working accuracy.

Indirect testing methods were realized on the mini
laboratory and desktop 3-axis PKMM during its trial
work. These include verification of the workspace [5,
8], positions of referent points, and machining several
test workpieces.

4. MACHINING EXPERIMENT

Several test workpieces are machined in order to
verify the control and programming system. The main
goal of the experiments was to test capabilities of the
developed prototype of mini laboratory and desktop 3-
axis PKMM.

The first test is done to verify the positioning of tool
tip during the drilling of properly spaced holes, as an
indirect testing method and is shown in Fig. 3a,b.

The second test is done to verify control and
programming system based on G code using manually
programming method. Linear interpolation is very
serious test for parallel kinematic machine. A linear
move is perhaps one of the most difficult motions that
parallel kinematic machine can achieve. Therefore a
non-standard test workpiece with grid of slots is chosen

[6].
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Fig. 2. The basic flow of activities for testing mini laboratory and desktop 3-axis PKMM

surfaces, having the shape of profile of human head,
using CAD/CAM system for programming. Fig. 3e,f
shows 3 -axis machining of freeform surfaces having
the shape of profile of human head.

The fourth test is done in order to verify current
application of new method of programming based on
STEP-NC. Figure 4 shows the example which refers to
the machining benchmark workpiece based on the
original STEP-NC program according to ISO 14649-
11.

d) machined non-standard test
workpiece with grid of slots

f) machined workpiece having

e) tool path simulation the shape of profile of human
head
Fig. 3. First, second and third test workpiece
machining

Tool path simulation and machined second test Fig. 4. Machining benchmark workpiece based on the
workpiece are shown in Fig. 3c,d. The third test is original STEP-NC program according to ISO
involved the machining of complex geometric esthetic 14649-11
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There are five machining working steps in this
benchmark test. They are milling the top surface of the
workpiece, drilling and reaming the hole, and rough
and finish milling the pocket. Original STEP-NC
program, according to ISO 14649-11 is translated using
STEP-NC interpreter [20] in Canonical Machining
Commands (CMCs), then these CMCs are translated
into G code and then machining workpiece on the mini
laboratory and desktop 3-axis PKMM is carried out.

Dimensions of workpieces are set according to the
dimensions of machine workspace. Several test
workpieces were made of styrofoam. In any considered
case, a flat end mill tool (diameter 3 mm), was used.

For the prepared programs, the test workpieces are
set in workspace boundaries correctly and workpieces
are machined. We can state that these tests have
successfully verified control and programming system
of prototype of mini laboratory and desktop 3-axis
PKMM.

5. CONCLUSION

This paper described the programming methods for
mini-laboratory and desktop 3-axis PKMM in several
different ways, such as manually programming,
conversational programming, programming using the
CAD/CAM system and new programming method
using the software STEP-NC Machine. The
methodology for developmentally testing of new
machine tool and application of this methodology for
testing of mini-laboratory and desktop 3-axis PKMM
during its trial work were presented in this paper.

Developed desktop machine can machining soft
materials, it is programmable in a common way, and it
is fully safe for user-beginners, and represents a
comprehensive and sophisticated educational machine
tool.

Our future research will be focused on realized
open architecture control system, that can download
and directly execute programs in some of the STEP-NC
formats for mini-laboratory and desktop 3-axis PKMM.
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Abstract: The occurrence of self-excited vibrations in machining can cause a number of problems, such as: tool
wear or breakage, poor surface quality, increase energy consumption, increase of noise, etc. In order to avoid the
consequences of self-excited vibration it is necessary to define those cutting regimes which can not cause the
occurrence of these vibrations. For this purpose, it is necessary to define a stability lobe diagram of the observed
machining system, which shows the boundary between stable and unstable zone of machining operations, depending
on the number of revolutions of the spindle and cutting depth.

This paper, presents the application of analytical methods for defining of stability lobe diagram, for the case of a
milling machining center FM-38.

Key words: dynamic behavior of the machining system; self-excited vibrations, frequency response function,
stability lobe diagram

Definisanje karte stabilnosti obradnih sistema primenom analitickih modela. Pojava samopobudnih vibracija
pri obradi rezanjem mozZe da izazove nezZeljene pojave pri procesu obrade, kao npr. habanje ili lom alata, los
kvalitet obradene povrsine, povecanje potrosnje energije, povecanje bucnosti masine, itd. Da bi se izbegle posledice
samopobudnih vibracija, pri radu masine alatke potrebno je definisati one rezime rezanja pri kojima ne dolazi do
pojave ovih vibracija. U tu svrhu, potrebno je definisati kartu stabilnosti posmatranog obradnog sistema, koja
prikazuje granicu izmedu rezima stabilnog i nestabilnog rada masina u zavisnosti od broja obrtaja glavnog vretena
i od dubine rezanja.

U radu je, na primeru obradnog centra za glodanje FM-38, prikazana primena analitickih modela za definisanje
karte stabilnosti.

Kljucne reci: dinamicko ponasanje obradnih sistema, samopobudne vibracije; funkcija frekventnog odziva,; karta
stabilnosti;

1. INTRODUCTION of the cutting process.
) ) The first research on of mathematical modeling of
When the machine tool works, it may cause the selfexcited vibrations are conducted by Tobias [2, 3]

emergence of various types of vibration wich have a and Tlusty [2, 4], which identified a regenerative
significant impact on the machining process. These mechanism of selfexcited vibration, and developed a
types .Of vibration are free, forced and selfexcited mathematical model in the form of delay differential
vibrations. equations (DDE). The zeroth order approximation,

The most unfavorable vibrations that occur in ZOA, method of Altintas and Budak [5] suggest
machining processes, are selfexcited vibration, which making stability predictions using the zeroth order
draw the energy necessary for their creation and growth  Fourjer term to approximate the cutting force variation
of amplitude from the cutting process itself. These and achieve reasonably accurate stability lobe diagrams
vibrations can occur due to friction in the tool-  predictions for processes, where the cutting force varies

workpiece system, due to thermo-mechanical effects, or  relatively little, i.e. considerable radial immersions and
as a result of the regenerative effect, ie. variation of large number of teeth.

cutting depth during machining. Selfexcited vibrations Besides the above mentioned, a number of
often lead to unstable operation of machine tools, and  researchers is also applied complicated mathematical
also reduce the quality of the machined surface, expressions for modeling selfexcited vibrations in order
causing the appearance of noise, leads to rapid wear of o define stability lobe diagrams, and so Insperger and
the cutting tools and elements of machine tools, etc. Stephan [6, 7] apply semi-discretization method (SD)
[1]. to reduce a complicated DDE method to series of

In order to avoid the consequences of selfexcited ordinary differential equations (ODE) with a known
vibrations, it is often not possible to use certain cutting solution. Gradisek [8] compared the stability limit of
regimes, because they cause unstable operation of the milling process obtained by methods ZOA and SD, and
machine tool. Diagrams which show the stable and concluded that the two methods yield very similar
unstable area of machine tools operation, are called stability lobe diagrams for machining with relatively
stability lobe diagrams (SLD), and they are defined  Jarge values of radial immersions, while for small

according to the number of revolutions of the main  vaJues of the radial immersions these two methods
spindle and the cutting depth. Stability lobe diagrams  provides stability lobe diagrams with significant
are usually defined analytically based on the modal differences. The occurrence of selfexcited vibrations
parameters of a machining system and the parameters are also analyzed by Milisavijevi¢ and Zeljkovi¢
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[9,10,11], who developed the two-dimensional model
for prediction of selfexcited vibration, based on the
Sokolovski oscillator.

The paper considers two analytical models for
defining a stability lobe diagrams of machining
systems, average tooth angle model, and Fourier series
model. These models are then applied for analytical
definition of stability lobe diagrams for milling
machining center FM-38. In order to determine the
modal parameters of a machining system, which are
required as input data in defining a stability lobe
diagrams, a series of impulse tests in order to obtain a
frequency response function (transfer function) of the
system is conducted, from which it is possible to
determine its modal parameters. In order to determine
the modal parameters of a machining system, as well as
to perform the calculations necessary for defining the
stability lobe diagrams, the MATLAB programming
environment is applied, and in order to collect
experimental data in the impulse tests, a software
system LabVIEW is applied.

2. DEFINITION OF STABILITY LOBE
DIAGRAMS USING ANALYTICAL MODELS

As noted above, the stability lobe diagram shows
the boundary between the stable and unstable zone of
the cutting process, depending on the axial cutting
depth b, and machine tools spindle rpm (Fig. 1).
Defining of the stability lobe diagram will be carried
out on the basis of the two previously mentioned
models, Tlustys average tooth angle model, and
Altyintas Fourier series model.

Unstable area

The area of
conditional
stability

Depth of cut (mm)

Stable area

Main spindle RPM (o/min)

Fig. 1. Appearance of stability lobe diagram

2.1 Average tooth angle model
Tlustys average tooth angle model model was

originally  developed for  orthogonal cutting

operations, but the theory has been extended to
include milling operations. For this purpose Tlusty

adopted five assumptions [4, 12]:

e Oscillatory system is linear;

e Direction of variable cutting force component is
constant;

e The variable component of the cutting forces
depend only on the fluctuations in the direction
perpendicular to the machined surface;

e Size of variable cutting force component varies
proportionally and simultaneously with the change
of the chip cross section;

e Although the position of the tool is variable in time,
the system can be modeled as unchangeable in time
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by analyzing the stability of the system for a

"average" angle of tool contact.

Taking into account the above assumptions, this
model defines the axial depth of cut b,, and the
corresponding number of revolutions of the main
spindle n, for frequency range in which one can expect
the emergence selfexcited vibration. These values (by;,
and n) are entered into the stability lobe diagram
relative to one another. The axial depth and number of
revolutions of the main spindle are determined from the
expression:

lim = —1, (1)
2K Gy
n= S ()
27rN(k + 5)
2r
Where:
Gorient 1 Hypions real and imaginary part of the
oriented transfer function
k=0,1,2,3.. - number of "waves" on the stability
lobe diagram
fe - frequency of selfexcited vibrations
Ks - specific cutting force
N - number of cutters teeth
' b, — 9, - the average number of
m'=N T 360 tooth in contact with

machined suface

- phase shift between waves
on machined surface after
the passage of two
successive tools teeth

orient

A (i)

2.2 Fourier series model

Altintas and Budak considered a milling tool with N
teeth and helix angle 0° as a dynamic system with two
degrees of freedom (Figure 2), and applied the method
of Fourier series for solving complex equations of
motion.

orient

vibration marks
left by rooth (j)

Workpiece

vibration marks
left by tooth (j-2)

Fig. 2. Regeneration of waviness in a Fourier series
model [5]

The axial depth and number of revolutions of the
main spindle are determined from the expression:

27N, )
L= 1+« 3
lim NKt ( ) ( )
n=60/NT “4)
Where:
AgiA; - real and imaginary part of the

complex quadratic function which is
defined on the basis of observed



system FRF, where: x = A,/ A,

&t 2kz - period between two successive tooth
o, passage
k=0,1,2,3,... - number of "waves" on the stability
lobe diagram
W, - angular velocity of sekfexcited
vibration
eE=w-2y - phase shift between waves on
machined surface after the passage of
two successive tools teeth, where:
w=tan" Kk
Ks - specific cutting force
N - number of cutters teeth

In order to define the stability lobe diagram by any
of above-mentioned analytical models, it is necessary
to know some of the dynamic characteristics of the
observed system, or its modal parameters. In most
cases the required information on the system dynamic
characteristics are obtained from the transfer function
(TF) or frequency response function (FRF) of the
machine tool-tool holder-tool system.

In determining the TF of main spindle-tool system,
the impulse tests are frequently applied. The machine
tool structure is excited with a impulse hammer while
the response was monitored by appropriate
displacement, velocity or acceleration sensors.

3. STABILITY LOBE DIAGRAM OF
MACHINING CENTER FM-38

To define the stability lobe diagram of a observed
machining center, it is necessary to determine its modal
parameters, ie. natural frequency, modal stiffness and
damping coefficient, which is usually determined by
the frequency response function (FRF) of the system.

As already noted, the frequency response function,
of observed machining center can be identified
experimentally using the impulse excitation force. The
basic idea is to excite the machine structure by a
impulse force at a certain place (tool tip), and to
monitor the dynamic response of the system in the
same or another place. Figure 3. shows an experimental
model for the determination of a machining center
FRF, consisting of triaxial acceleration sensor
DYTRAN 3023A1 (1), which measures the oscillations
of the tool tip, and the excitation hammer Bruel &
Kjaer Type 8206 (2). excitation hammer and
accelerometer are connected to the National
Instruments cDAQ 9172 A/D converter NI 9233 (3),
which directly sends obtained information to the
computer (4).

Fig. 3. The experimental model for determination of
frequency response function machining

It should be noted that the HSS end mill with four
cutting edges (teeth) and diameter 10 is mounted in
the machining center main spindle.

Accelerometer signal and the signal of the impact
hammer are sent to the PC through the A/D converter,
and stored in tabular form using the LabVIEW
software. The application of program system
MATLAB allows fast Fourier transform (FFT) of
received signal and determining FRF of observed
system, ie. its real and imaginary part. Figure 4 shows
the real and the imaginary part of FRF for ¢10 end mill
mounted in the main spindle of machining center FM-
38.

] ]

Fig. 4. Real and imaginary part of the FRF system

In addition to the calculated modal parameters for
defining stability lobe diagram are also required
parameters depend on the material of the workpiece
and the machining process. These data, together with a
defined modal parameters are shown in Table 1.

- natural frequency of the

f, =1335 [Hz] Systemn

k=19-10° [N / m] - modal stiffness of the system

¢ =0,0037 - damping coefficien

d =10 [mm] - diameter and number of tools
N=4 teeth

£ =60 - angle of the cutting force

K. =007

- corresponding coefficients of

K, =800 [N/mm’] | cutting force
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Table 1. Parameters required for defining SLD

ANy

Fig. 5. Stability lobe diagram obtained by average
tooth angle model




By applying MATLAB programming system, based on
the parameters shown in Table 1 and using the two
previously explained models, were defined two
stability lobe diagrams as illustrated in (Fig. 5) and

I

Fig. 6. Stability lobe diagram obtained by Fourier series
model

4. CONCLUSION

The emphasis of this paper is placed on analysis and
understanding of phenomena of selfexcited vibration in
the milling process, through analytical models for
defining the machining systems stability lobe diagram.

Defining of the stability lobe diagram was carried
out on the basis of the two analitical models, Tlustys
average tooth angle model [4], and Altyintas Fourier
series model [5].

In order to determine the modal parameters of
machining center FM-38, which are required for
defining the stability lobe diagram, a series of
experiments using modern diagnostic equipment was
carried out.

By applying MATLAB programming system, based
on the defined modal parameters and using the two
analitical models, the two stability lobe diagrams were
defined.

Analyzing the results, ie. stability lobe defined in
this way, it is concluded that the average tooth angle
model gives the limit depth of cut 5.28 mm, while
model of Fourier series gives somewhat lower limit
depth of cut 4.7 mm.

To analyze models for defining a stability lobe
diagram of machining systems, which was conducted in
this paper, it is necessary to experimentally define
stability lobe diagrams of machining center FM-38, and
then compare the obtained results with analytical data.
This would assess the validity of the analytical models
for stability lobe diagrams defining, and this task
represents the direction of future research within the
milling process stability analysis.
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Abstract: This paper presents a comparison between selective laser sintering and injection moulding technology for
the production of small batches of plastic products. The comparison is based on analysing the time-cost efficiencies
of each manufacturing process regarding the size of the series regarding the selected product sample. The presented
analysis could be used as a general guideline for decision-making process regarding the more efficient
manufacturing methods.
Key words: Additive Manufacturing; Selective Laser Sintering; Injection Moulding

Poredenje selektivnog laserskog sinterovanja i injekcionog presovanja. U radu se porede tehnologije
selektivnog laserskog sinterovanja i injekcionog presovanja plasticnog proizvoda. Poredenje se zasniva na analizi
vremena i troskova za svaku tehnologiju i tip proizvodnje. Predstavijena analiza se moze koristi kao opsta smernica
za izbor optimalnije tehnologije.

Kljucne reci: aditivne tehnologije; selektivno lasersko sinterovanje; injekciono presovanje

1. INTRODUCTION machines between themselves [2, 4]. In addition, based
on certain gained results, some decision making models
For a long period additive manufacturing machines were established [1, 3]. There have also been studies
(AMM) were mainly used for Rapid Prototyping (RP). that compared AM to conventional manufacturing at
The parts made by these machines were used as various high volume series but which usually also included
prototypes during different stages of product some redesigning of the product itself by making it
development. That meant that this was mainly more adaptable to additive technologies [4].
individual or very low volume production at which
AMM were generally more efficient than conventional 3. RESEARCH APPROACH
manufacturing  processes.  Later, the  Rapid
Manufacturing (RM) term was established to describe At the beginning of the research a decision was
cases of using AMM for producing end-user parts. made to limit the study to a single-product and the
Nevertheless, in the majority of these kinds of cases, it study was to be limited to the plastic part of the
was individual, highly customised or very low volume production. In order to obtain useful results, a real life
production. Usually the search for the most appropriate example was needed of a part that would fit the
manufacturing process was made amongst different description of a ‘standard usual mass-produced plastic
additive manufacturing (AM) technologies. The most part. A plastic cylindrical protective cover was chosen
important decision criteria were usually the available (Fig. 1).
material properties and achievable accuracy [1, 2],
whilst manufacturing time and cost differences played
only minor roles. The purpose of the research presented
in this paper was to evaluate the efficiencies of AM
regarding larger series. In such cases comparisons have
to be made between conventional manufacturing
processes that are usually used during high volume
production.

2. STATE OF THE ART

The first research into the efficiencies of using AM
was focused within the field of RP. These kinds of
studies examined how AM performs compared to
conventional  workshop-based  prototyping. The
advantages shown by these studies, and proven by the
quick expansion of AMM, enabled a new field of RM
[3, 4]. Initial studies in this field mainly focused on
comparing different additive technologies and

Fig. 1. Tested product

The larger diameter of the part was 55 mm and the
part’s complexity was limited to company logo and an
M10 thread on the part. In addition the company
interested in producing the part was fairly unsure of
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possible series volume, making the selected part even
more appropriate for a planned study.

4. SELECTIVE LASER SINTERING

Selective laser sintering (SLS) is an AM technology
that uses a laser as the power source to sinter powdered
material, binding the material together to create a solid
structure. The manufacturing procedure begins with
CAD data preparation, orientation and placement in the
machine’s workspace, and layer and laser strategy
definitions. In the next phase, the machine
manufactures the parts. After the required cooling-
down period, the parts can be cleaned.

Previous research has already proved that an
individual part’s cost depends largely on how
efficiently the machines workspace is used during
manufacturing [3]. The following analysis was made
using selected product sample, a SLS machine with a
workspace volume of 200 x 250 x 330 mm and 0.1 mm
layer thickness when manufacturing. If we build just
one part it takes the machine 2.05 hours to finish the
manufacturing phase. If the entire level is filled (12
parts) manufacturing takes 2.65 hours. We can further
increase the workspace yield by placing an additional
12 reoriented parts above the first level. In this case the
manufacturing of 24 parts takes 4.65 hours.

The corresponding drop of in an individual part’s
required manufacturing time is presented by the
following diagram (Fig. 2).

25

2 4%

1,5

1 =p=Time per part

0,5

0 +

Production time per part [h/part]

1 5 12 24
Series volume [part]

Fig. 2. Diagram of production time per part

If the entire workspace of the machine is filled by
vertically adding this 24 parts setup, 192 parts are
manufactured in 34.75 hours. Therefore, if serial
production of the part is considered, it makes sense to
continually manufacture parts with completely filled
workspace volume jobs. Such production begins with
initial data and machine preparation. Before
manufacturing starts, a SLS machine has to be slowly
preheated to the working temperature.

Manufacturing time [h]
80 100 120

1] 20 40 60 140 160 180 200
§ s [HOleA
a5 [HdleA
75 [HdleA
a5 [HBIGA
3475 [HGIEA

® CAD / machine preparation ® Parts manufacturing ® Cooling time ® Parts cleaning

Fig. 3. Serial production workflow

During this time, CAD data and a controller
program can also be prepared. When the manufacturing

phase of the first job is finished the cooling down
period begins. If the SLS machine has a removable
workspace frame, this can be performed outside the
machine. This means that the next process of
manufacturing can start with the same program on an
already preheated machine. When the cooling of the
first process has finished, there is still enough time for
all the parts to be cleaned before the next parts are
completed on the same machine (Fig. 3).

In order to calculate the costs of serial production it
was presumed that the SLS machine would be run 24
hour per day. The work runs over three shifts with one
worker running and supervising the machine and also
cleaning the finished parts, during each shift. The
combined machine/worker hours was estimated at 25
€/hour. The cost must also be added, and was estimated
at 2 € per part, presuming the previously presented
workspace yield and recommended 50% used powder
refresh rate. Now, the series volume dependent price
part can be calculated (Fig. 4). The serial production
runs in steps of 192 parts. The material and
machine/worker’s hourly costs during the required jobs
are added to the costs of the initial CAD/machine
preparation and final cooling-down and cleaning
phases, when the serial production on the machine has
already stopped.

10

6

e SLS

Production cost per part [€/part]

& 0 LGP FE PSP
Series volume [part]

Fig. 4. Series volume dependand production costs per

part

5. SELECTIVE LASER SINTERING

Injection moulding is a manufacturing process for
producing parts by injecting the material into a mould.
Injection moulding can be performed using a host of
materials, including metals, glasses, elastomers, and
most commonly thermoplastic and thermosetting
polymers. After a product has been designed, by an
engineer, moulds are made by a mouldmaker from
metal, and precision-machined to form the features of
the part.

Fig. 5. Mould cavity design



In regard to the selected sample part, a two-nested
cavity design was predicted in order to enable the
removal of finished parts from the mould and a three-
part cavity plate design was constructed (Fig. 5).

Besides the cavity part of the mould, other

construction parts are also necessary when using the
mould on a standard injection moulding machine
(IMM). These parts are usually bought from standard
mould parts’ suppliers. The price of the standard parts
necessary for tool assembly is usually a good indicator
of the final mould price (often 50 % of the final price
contributes to the standard parts). After consultation
with a renowned mould making shop in Slovenia the
final price of the selected injection mould design was
estimated at 8,000 €.
Mould manufacturing time estimation was made under
ideal circumstances, which meant that the mould
making shop had free capacity to start each phase of the
manufacturing process as soon as possible [2]. In such
a case, 8 days were estimated to be required for
presented the injection mould (Fig. 6).

IS -

0 50 100 150
Manufacturing time [h]
m Standard parts supply and modification
| Mould testing

® Injection moulding cycles

Fig. 6. Injection moulding serial production workflow
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m Construction of mould
® Assembly of mould
® Warm up of mould

Next, a serial production on the IMM can begin.
Again, a continual three-shift production was predicted.
After 3 hour the initial mould/machine setup is
performed 40 seconds (predicted by an injection
moulding simulation software) sequential production of
2 parts begins. For the series number dependent price
parts to be calculated, the costs of mould production,
combined IMM/worker cost (20 €/h) and material costs
(1 €/part) have to be considered (Fig. 7).
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=== |njection moulding
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Fig. 7. Series volume dependand production costs per
part.

6. SERIES VOLUME BASED COMPARISON

6.1 Production costs analysis

Production costs per part with SLS becomes almost
constant for series volumes higher than 192 parts, due
to only the initial CAD/machine preparation and final
cooling-down and cleaning phase being distributed
between more produced parts. In contrast, with
injection moulding much higher mould production
costs (per part) are quickly compensated by
technology’s much faster production rate.
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Fig. 8. Comparison of production costs per part

Naturally, a break-even point (a production volume at
which the production costs per part are the same,
regardless of the technology) is interesting (Fig. 8).
During the presented comparison an exact break-even
point number could not be determined due to a lack of
the necessary 192 parts cycle of SLS for the estimated
production cost to be valid. However, a 192 interval
value could be found after which the production costs
per part of injection moulding fell below the almost
constant costs per part of SLS. In the presented case
this number was at 1344 parts at which the costs per
part of SLS were 6.94 €/part whilst the injection
moulded parts were at 7.09 €/part (Fig. 9).
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Fig. 9. Break-even point estimation
6.2 Production time analysis

The following production time analysis is also
based on ideal circumstances that both technologies are
available for any phase of production to start a soon as
possible. With SLS production can start immediately
and after 54 15 hours the first 192 parts were finished.
Afterwards, each new batch of 192 parts was finished
in 34.75 hours. With injection moulding technology an
initial phase of mould production results in an 8 days
waiting period for the first parts to be completed.
Afterwards moulding production starts and quickly
overtakes with 3150 parts already completed, when
SLS would still be manufacturing the 192 part steps to
1152 series volume (Fig. 10). At that volume (3150
parts) the production costs per part of injection
moulding would have already fallen to 3.6 €/part.
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Fig. 10. Comparison of produced parts numbers
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7. DISCUSSION

The presented results clearly show that SLS cannot
compete with injection moulding regarding anything
that could be considered as high volume production.
The absolute numbers presented in this paper are only
valid for the selected part’s production, but general cost
per part relationship between both technologies could
be attributed to a general case. With injection
moulding, there are always high initial costs for mould
production that have to be compensated by larger series
volume. Therefore, for any plastic part a certain lower
limit of the series volume that is more cost-effective to
be produced on SLS machine can be determined. This
limit in a general case depends largely on how many
parts are possible to be produced with maximal
workspace volume yield within a single SLS machine
run. This means that the part’s maximal outer
dimension and geometrical properties in connection
with the particular machine’s workspace have to be
considered for each case. In a case when only single
part serial production is considered and final CAD data
is already available, an efficient workspace yield layout
for that part can be quickly determined relatively. Once
this is established, a predictively required
manufacturing time can be obtained from a selective
laser sintering machine’s software.
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Abstract: Wirebonding is a crucial process in semiconductor industry as bonding strength accounts for one of the
major causes of yield loss. With this, the industry adopts a wirepull test (WPT) that measures the wirebond strength.
1t is thus important to evaluate the variability of the data obtained in WPT so that these approximate the actual
wirebond strength and the variability caused by the measurement systems must be kept insignificant. Since, WPT
involves procedures, intstruments and operators, measurement systems analysis (MSA) is a helpful tool in
determining the validity of the measurement system. Thus, this paper presents a case study on the use of MSA in
WPT of a wirebonding process in a leading semiconductor manufacturing firm in central Philippines. Results are
reported in this work.

Key words: wirebonding, wirepull test, MSA, semiconductor

Analiza sistema merenja testa kidanja pri procesu spajanja poluprovodnika: studija sluc¢aja. Spajanje je
kljucan proces u industriji poluprovodnika i kao vezivna snaga cini jedan od glavnih uzroka gubitaka. Zbog toga
industrija usvaja test kidanja ( VPT ) koji meri vezivhu snagu spoja. Stoga je vazno da se proceni promenljivost
podataka dobijenih pri VPT tako da budu priblizni stvarnoj snazi spoja i promenljivost uzrokovanja mernih sistema
mora da ostane beznacajna. Jer, VPT koji ukljucuje procedure, instrumente i operatere, analize mernih sistema
(MSP) je korisna alatka u utvrdivanje valjanosti sistema za merenje. Tako da u ovom radu predstavija studiju
slucaja o koriséenju VBA u VPT pri procesu spajanja u vodecoj firmi koja se bavi proizvodnjom poluprovodnika u
centralnim Filipinima. Rezultati su prikazani u ovovm radu.

Kljucne reci: spajanje, test kidanja, MSA, poluprovodnik

1. INTRODUCTION granted. In fact, wirebonding represents the highest
yield loss which accounts to 42.5% relative to other
In the semiconductor industry, wirebonding is a processes in an integrated circuit assembly [1]. These

critical process that involves connecting the chips failures can be attributed to various causes and
through contact pads, the substrates and the output pins insufficient bonding strength is one of the main causes
[1] using Au, Al and Cu wires of high quality [2]. [1].

Technically, it is an electrical interconnection There are many input variables in a wirebonding
technique using thin wire and a combination of heat, process and they are tightly monitored in a particular
pressure, and/or ultrasonic energy. This is where two semiconductor firm. Two of the most important input

metallic materials, i.e. wire and pad surface, are variables directly related to a successful wirebond are
brought into intimate contact. Once the surfaces are the wire and the critical wirebond parameters such as
engaged in intimate contact, electron sharing or the bond time, bond power, bond force and the heater
interdiffusion of atoms happens, resulting in the block temperature [2]. Servais and Bradenburg [3]
formation of wire bond. Three types of wire bonding provided details on the evaluation of successful
processes are known in the semiconductor industry: wirebonds. These two input variables highly impact the
thermocompression bonding, ultrasonic bonding, and wirebond strength — an important key process output
thermosonic bonding. A comprehensive discussion on variable. To control wirebond strength, the

the details of the wirebonding process can be found in semiconductor industry in general uses a destructive
Chauhan et al. [2]. test method popularly known as wire pull test (WPT).
Due to its wide applicability, this paper focuses on WPT or bond pull testing, is one of the several
thermosonic  wirebonding process. This process available time-zero tests for wirebond strength and
combines ultrasonic energy with the ball-bonding quality. It is performed by applying an upward force
capillary technique of thermocompression. The process under the wire to be tested, effectively pulling the wire
is practically similar, but in thermosonic bonding, the away from the die. The greater upward force required
capillary is not heated and substrate temperatures are to break the the wire, the better is the wirebond quality.
maintained typically between 120 to 220°. This is Since WPT is crucial in determining wirebond test,
suitable for both ball-bonding and wedge-bonding semiconductor industry must ensure that the resulting
which are two forms of wirebonding techniques. values of the test really represent the actual wirebond
Servais and Bradenburg [3] claim that wirebonding strength with minimal variances. Failure to record these

may seem to be a simple process and is often taken for actual values would put the wirebonding process at
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stake and may ultimately increase yield loss [1]. When
actual values are recorded, process capability increases
and defects related to the wirebonding process may be
minimal. Since WPT involves the interfaces of
equipment, methodology and operators, measuring the
validity of this measurement system is a crucial task for
process engineers and measurement system analysis
(MSA) is the most appropriate approach.

This paper presents MSA of testing the validity of
the measurement system used to conduct WPT. MSA is
a methodology that quantifies a measurement error by
examining various sources of variation in a process
resulting from the measurement system, the operators
and the parts [4]. MSA defines measurement quality in
terms of bias, reproducibility, reliability and stability
[5] although the term gauge repeatability and
reproducibility has surfaced to represent  bias,
reproducibility, reliability [6]. A case study on a 2500
g-f WPT module in a leading semiconductor
manufacturing firm in central Philippines is conducted
to illustrate the methodology. The contribution of this
paper is in presenting a case analysis on testing the
capability of the measurement system used to perform
wirepull test in determining wirebond strength.

This paper is organized as follows: Section 2
presents a literature review on wirebonding process and
measurement system analysis. Section 3 details the
methodology of the case study. Section 4 presents the
results and discussion and Section 5 ends with a
conclusion.

2. BACKGROUND OF THE STUDY

2.1 Wirebonding process

In the wirebonding process, the wire is usually
made of gold (Au), aluminum (Al) or copper (Cu).
Harmon [7], however details that Au thermosonic
wirebonding has been used in the semiconductor
industry for many decades. Because of the steep
increase in prices of Au, the industry has shift to Cu
although there are many issues that must be resolved in
Cu wirebonding such as oxidation rate and hardness of
Cu wire [8]. Although there are many benefits of Cu
wirebonding including lower material cost, higher
electrical and thermal conductivity; Goh et al. [8]
highlight that cracking of the wirebond interface has
been a problem due to high humidity and temperature.
In fact, a number of studies have underscored the
comparison between Au and Cu wirebonding
technology. Zhaohui et al. [9] made such comparison in
terms of bond force, stress and strain distribution of the
bond pad and temperature evolution during the bonding
process. It was found out Cu wirebonding induces
much higher stress and strain to the electrode structure
compared to Au wirebonding process. It was also found
out that plastic and friction heating effect of Cu
wirebonding is more significant than Au wirebonding
as Cu wirebonding requires more bonding force and
power. Goh et al. [8], on the other hand, made the same
comparison in terms of their corrosion and oxidation
behaviour under different environmental conditions. It
was found out that Au wirebonding process produces
good results.
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Wire size must be compatible with the
semiconductor pad area and therefore quite thin that
commonly ranges from 15 to 25um in diameter. There
are two forms of wire bonding technique: wedge
bonding and ball bonding. In ball bonding, the thin Au
wire tip is melted with a small electrical spark which
eventually forms metal ball at the end of the wire. Then
the capillary from which the wire is fed presses the
wire into the bonding pad on the chip. The capillary
lifts and moves to the connection pad where it descends
and attaches the wire to the metal pad. While the
capillary is down, the wire is pulled back so that it
breaks close to the bonding area. After, the capillary is
lifted and a few microns of wire is fed in. At this stage,
the capillary is ready to form a ball again for the next
ball bonding process. In wedge bonding the wire is
pressed into the semiconductor pad horizontally and
attaches in that position. After the first bond, the wedge
tool tip is lifted and moves to the connection pad
position where the wire is attached horizontally. The
wire is now pulled in order to break after the
attachment near the bond area. The wedge tool is lifted
and a few microns of wire are fed making it ready to
the next wedge bond process. Figure 1 shows a ball
bond attached to the wire pad and Figure 2 shows the
mechanism of the wirebonding process. A thorough
discussion on this process can be found in Chauhan et
al. [2] and Su and Chiang [1].

Fig. 1. Front view of the ball bond attached to a die pad
[3]

Wire clamp
]

.4/'

Capillary

First bond

Bonding wire

Second bond
Die pad
Lea

Fig. 2. The mechanism of wirebonding process [1]



Currently, three bondong methods are available:
thermocompression, ultrasonic and thermosonic.
Thermocompression consists of applying a relatively
high force with the wire ball into the pre-heated or
substrate operating at 250°C up to 500°C and the wire
must be gold. Ultrasonic wirebonding consists of
applying a relatively smaller force pressing the wire to
the substrate at room temperature and applying
vibrational energy in the form of ultrasounds with wire
material can be either gold or aluminum. Thermosonic
wirebonding on the other hand is the most preferred
method which is a combination of thermocompression
and ultrasonic methods operation at 100°C up to 200°C
and wire material can be either Au, Al or Cu.
Comprehensive discussion on almost all details of
wirebonding process can be found in Chauhan et al.
[2]. Nevertheless, wirebonding is a crucial process and
quality of the bonding strength is one of the major
causes of wirebonding failures [1].

2.2 Measurement system analysis (MSA)

Montgomery [10] claims that determining the
capability of the measurement system is an important
part of many quality and process improvement
activities. However, Mukherjee et al. [11] argue that it
may not be cost efficient to calibrate each measurement
device daily, nor would it be beneficial to calibrate or
test each device only once per decade. Thus, MSA
provides a quantitative tool in determining the
capability of the measurement system. MSA seeks to
describe, categorize, and evaluate the quality of
measurements, improve the usefulness, accuracy,
precision, and meaningfulness of measurements [12]. It
is experimental and statistical method that identifies the
variations in the measurement system [10]. It is used to
verify that the differences in the data are due to actual
differences in what is being measured and not to
variation in measurement system. In any measuring,
some of the observed variability is due to variability in
the process, whereas the rest variability is due to the
measurement error or gauge variability. Smith et al.
[13] detail the aspects of MSA in terms of analyzing
bias, linearity, reproducibility, reliability and stability
of the measurement system. Bias is the systematic error
that is an indication of a measuring instrument. In
statistical terms, bias is recognized when the averages
of measurements have a different fixed value from the
reference value [14]. Linearity ensures that
measurement is true and/or consistent across the range
of the gauge. Stability implies that measurements
remain constant and predictable over time.
Repeatability refers to the variation that occurs when
repeated measurements are made of the same item
under identical conditions, also known as the
equipment variance and reproducibility refers to the
variation that occurs when different conditions are used
to make the same measurements, also know as the
appraiser variance. The framework of MSA is shown in
Figure 3 which implies that the measurement system
consists of methods, the instruments and the operator.
Thus, determining holistic capability of the
measurement system require careful consideration of
this interconnected system.
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| Instructions | | Procedures |

Fig. 3. Measurement system analysis process [15].

Product Resulting
characteristics Values

3. METHODOLOGY

3.1 Wirepull test (WPT)

WPT requires an equipment commonly known in the
semiconductor industry as the wire pull tester or bond
pull tester which consists of two major parts. The first
part is a mechanism for applying the upward pulling
force on the wire using a tool known as a pull hook and
the second part is a calibrated instrument for measuring
the force at which the wire eventually breaks. This
breaking force is expressed in gram-force (g-f). Figure
4 shows a wirepull tester and pull hook used in this
case study.

Figure 4. Wire pull tester stage (left) and a pull hook
(right)

There exist various test conditions in performing
WPT, however, the double-bond WPT is widely used
for conventional wirebonded semiconductor devices.
This procedure consists of applying the pull hook under
a wire that is attached at both ends, i.e., one end to a
bond pad on the die, and the other end to the bonding
finger or bonding post of the device. The pull hook is
usually positioned at the highest point along the loop of
the wire, and the pulling force is applied perpendicular
to the die surface (vertically if the die surface is
horizontal). The wire pull tester measures the pulling
force at which the wire or bond fails. The measured
force is then recorded in gram-force (g-f). Aside from
the bond strength reading, the operator must also record
the bond failure mode. Failure mode in this case refers
to one of the following: first bond (ball bond) lifting,
neck break, midspan wire break, heel break, second
bond (wedge bond) lifting. For this case study, only the
wirebond strength reading is measured and analyzed
for MSA. Figure 5 shows the schematic diagram of the
WPT process. Force (F) is applied to the wire until it
breaks. The dage machine or the wirepull tester as
shown in Figure 6 records the force applied F at the
break point.

3.2 Data gathering
For every measured WPT data, total variation can
be expressed as:
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where O ? is the total variability of the data, O jT is

2 2 2
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actual variation of the wirebond strength data and

O'és is the variation due to the measurement system.
Note that in MSA, O-fm must be insignificant to O'i SO

that O'jT - O'%. Data are gathered from the results of

the WPT for a week time duration. For stability
analysis, 125 readings of 1,500 g-f reference value are
evaluated from 25 subgroups referring to 25-hour runs
randomly selected from three shifts for one week. Five
trials are gathered for each run. For bias, ten random
samples of 500 g-f reference value are gathered. For
linearity, 50 samples are evaluated of 50, 250, 500,

1,000, 2,500 g-f reference values. For gage
reproducibility and repeatability (GR&R), three
operators are analyzed each with three trials,

corresponding to three days, and ten samples per trial.
All statistical analysis were done through SAS JMP
software v. 9.0.
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Fig. 5. Schematic diagram of the WPT.
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Fig. 6. Wirepull tester used in the case firm
4. RESULTS AND DISCUSSION

4.1 Short-term stability

For a period of one week, 25-hour subgroups are
gathered each with five trials. The reference value for
this test is 1,500 g-f. For brevity, the data set is not
presented here. Figure 7 shows the x and R control
chart.

It can be observed in Figure 7 that as far as short
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term stability is concerned, the readings are within
control limits and therefore, the readings are stable in
the short run.

Variables Control Chart
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Fig. 7. x and R control chart using SAS JMP 9.0

4.2 Bias

Previous studies done in the case firm suggest that
WPT data follows a normal distribution. Thus, from
Central Limit Theorem, it is acceptable to gather less
than 30 samples and then analyze bias from there. With
this, ten samples were randomly picked from the 7-day,
24-hour per day operation for the WPT. For a
measurement system to be valid, it must be accurate
such that the mean p of the error (referred herein as the
bias) should be p = 0. In this case, we can set the
following hypothesis:

Hy:nu=0 2)

H :u+0 3

Using t-test for this hypothesis testing, the
following analysis is shown in Figure 8.

Using «a=0.05, the two-tailed t-test yields

p—value=0.7976 > o = 0.05, therefore f7, must be

accepted and conclude that at 95% confidence level,
4 =0 which shows that the readings are not bias. It can

be also extended using at 95% confidence level,
—0.19129 < £ <0.15129 which further implies that

there is a probability that p=0. Thus, the readings are
not bias.

4.3 Linearity

For readings to be consistent across levels of the
gage, the bias of each of the readings compared to the
reference value of the wirebond strength should be
consistent such that it exhibits linearity across reference



values. The linearity condition in MSA states that at a
range of reference values, bias is consistent.

For the experiment, 10 readings for each of the 5
levels, i.e. 50, 250, 500, 1000, 2500 g-f are gathered in
random for one week period. Figure 9 shows the
results.

Bias
Quantiles Moments
""" sg 100.0% maximum  0.3000  Mean -0.02
— 99.5% 0.2000  Std Dew 0.2304428
a7.5% 0.2000  Std ErrMean 0.0757188
a0.0% 02900 Upper 95% Mean 01512878
75.0% quartile 02000 Lower 95% Mean  -0.191288
60.0% median 00500 M 10
25.0% quartile  -0.2250
0.5 -0.3 -01 0 01020304 100% -0.3800
25% -0.4000
05% -0.4000

0.0%  minimum  -0.4000

Test Mean=value Confidence Intervals

Hypothesized Value 1} Parameter Estimate LowerCl UpperCl 1-Alpha
Actual Estimate -0.02 ean -0.02 -0491328 0151288 0.950
DF ] Std Dev 0239444 0164698 043713 0.950
Std Dev 0.23944

tTest
Test Statistic  -0.2641
Prak = [t 0.7976
Frob =t 06012
Prab =1 0.3988

Fig. 8. t-test for bias

In Figure 9, bias values are plotted against reference
values. For MSA, the slope of the regression fit should
be close to zero. This can be explained as follows.
When slope is close to zero, therefore bias is consistent
throughout the reference values. To test if the
regression fit is valid, SAS JMP displays t-test (two-
tailed). Values are 0.9529 and 0.7389 for intercept and
reference values respectively, which are greater than a
= 0.05. Therefore, the slope of the regression is
significantly zero. Further explanation of the linearity
test can be done graphically. It is shown that the
regression line is within the confidence band at level
95%. Thus, linearity is acceptable.

4.4 Gage Repeatability and Reproducibility

Three operators were taken into consideration. Each
operator is given three days each at ten readings per
day. Figure 10 shows the results.
From Figure 10, %GR&R = 3.958% which means that
GR&R error is only taking up 3.958% of the total
variation, less than the acceptable 10%. The number of
distinct categories (NDC) as shown is also greater than
5. Thus, the gage is acceptable.

4.5 Summary of MSA
The following tables show the summary of the
results of MSA.

Control Limits: - R - Chart
X - Chart
UCL 1500.9950 g-f 5.1700 g-f
CL 1499.5886 g-f 2.4400 g-f
LCL 1498.1760 g-f 0.0000 g-f
Short-Term Yes
Stable?

Table 1. Short term stability summary

Standard Used

True Value 500 g-f

- 500.0200 g-f
X

Bias - 0.0200
Prob>[t| 0.7976
Significant Bias? Not significant

Table 2. Bias summary

Standards Used

True Values 50 g-f 250 g-f 500 g-f
1000 g-f 2500 g-f
For Each Standard:
- 50.005 g-f 250.001 g-f 500.020 g-f
X 999.940 g-f 2499.990 g-f
iiiz;ii;gt Not significant

Table 3. Linearity summary

Estimate of . % % .
Variance Variation Tolzranc % Total Contzbutlo
EV 1.0435 0.0400 0.0000 0.0000
AV 0.4541 0.0200 0.0000 0.0000
Interaction 0.2777 0.0100 0.0000 0.0000
GRR 1.1380 0.0500 0.0000 0.0000
PV 2875.5544 | 118.3400 | 100.0000 100.0000
TV 2875.5546 | 118.3400 | 100.0000 100.0000
P/T Ratio 0.00047

NDC 3562

Capable? Yes

Table 4. GR&R summary

Bivariate Fit of Bias By Reference Value
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Bigs=-0.002374 + 0.00001 09" Reference Value
Summary of Fit
RSguare 0.002336
RSguare Adj -0.01344
Foot Mean Square Error 0202179
mean of Response 0.007
Cbservations {or Sum Wots) Al
Analysis of Variance
Sum of
Source DF Squares Mean Square F Ratio
model 1 0.0045943 0.004594 01124
Errar 48 1.9620557 0.040876  Prob>=F
. Total 48 1.9666500 07388
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept -0.002374  0.039991 -0.06 09524
Reference Walue  0.0000108  3.281e-5 0.34 07389

Fig. 9. Linearity analysis using SAS JMP v. 9.0
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Fig. 10. GR&R analysis using SAS JMP
5. CONCLUSION

This study presents MSA of wirepull test in a
semiconductor wirebonding process. Results show that
2500 g-f Wirepull Module has an acceptable
measurement system based from stability, accuracy,
linearity and GR&R analysis. In Repeatability and
Reproducibility summary, almost 100% of the variation
is taken by actual variation of readings of wirebond
pull strength, not by the measurement system i.e.
equipment, operator and the interaction of both. At

95% confidence level, O'jT — Gﬁ. At this level, the

2500 g-f wirepull module can be used to measure
wirebond strength for engineering and statistical
analysis. The process presented using MSA can be used
to evaluate other measurement systems of the case firm
or of any manufacturing process.
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Abstract: The study provides updated life cycle inventory data of electricity generated in Serbian coal-fired power
plants. The data refer to the situation in 2012 and cover the whole life cycle of electricity, including power plant
emissions, and up- (e.g., coal mining and transportation, provision of auxiliary materials, etc.) and downstream
(e.g., coal ash treatment) processes. In 2012, the global warming potential and the cumulative fossil energy
requirements of electricity were 1.18 kg COgeq'kWh'I and 11.64 MJ-kWh'', respectively.

Key words: Electricity, lignite, life cycle inventory, power plants, Serbia.

Analiza inventara Zivotnog ciklusa elektri¢ne energije iz termoelektrana na lignit u Srbiji: studija slucaja.
Studija daje uvid u azurirani inventar zZivotnog ciklusa proizvedene elektricne energije u elektranama na ugalj u
Srbiji. Podaci se odnose na situaciju 2012. i pokrivaju celokupan Zivotni ciklus elektricne energije, ukljucujuci
emisije iz elektrana, proizvodni lanac elektricne energije (eksploatacija uglja, transport, dodatni materijali, itd) i
tretiranje otpada (npr. pepeo nakon sagorevanja). Potencijal globalnog zagrevanja i kumulativne potrebe elektricne
energije za energijom iz fosilnih goriva bio je 1,18 kg COzgq'kWh'I i 11,64 MJ-kWh™, respektivno.

Kljuéne reci: Elektricna energija, lignit, inventar Zivotnog ciklusa, elektrane, Srbija.

1. INTRODUCTION

Without electricity, no industrial process would be  environmental impacts caused by electricity generation
achievable. Therefore, accurate life cycle inventory in Serbia, given the negligible environmental impacts
(LCI) of electricity system in life cycle assessment arising from life cycle emissions associated with
(LCA) study is crucial. Commercial LCI databases on  hydroelectricity [3] and small share of other fossil fuels
Serbian electricity system are based on older (ca. 1%) in electricity generation [1].
information, often from the mid-1990s, which makes
them uncompetitive. Updated Serbian electricity system 2. METHODS AND MATERIALS
LCI data would grant benefit to many LCA studies. In
2012, net electricity generation in Serbia was 2.1 Coal-fired power plants in Serbia
approximately 34,509 GWh [1]. 70.4% of electricity LCI of six Serbian coal-fired power plants (operated
production in 2012 relied on lignite, most undesirable ~ by EPS) is presented in this study. 3,936 MW is their
coal (low calorific value, high moisture and sulphur  total net output capacity, which is 55% of total
content). Hydroelectric power plants contributed 28.5%  capacities [1]. Overview of power plants covered in this
of the total, while other energy sources (mainly natural research is given in Table 1. More detailed data on the
gas) have virtually negligible share in total electricity ~ technical characteristics of Serbian coal-fired power
generation (about 1%) [1]. plants are available on the webpage of the Electric

In 2013 the Electric Power Industry of Serbia  Power Industry of Serbia.

(Elektroprivreda Srbije — EPS) published several
reports [1, 2], which provided information on annual
emissions, fuel consumption and the net electricity
generation of each Serbian power plant. Information
provided by EPS is very useful, but limited in LCA
study for a few reasons. Data on upstream processes
(e.g. extraction, fuel production, fuel transportation) is
not provided and modest information on emissions is
presented.

The aim of this study is to provide more accurate
and comprehensive LCI information on electricity
generated in the Serbian coal-fired power plants in 2012
by including flows associated with upstream processes
(e.g., fuel extraction, fuel production, etc.) and other
emissions not addressed in the EPS reports.

The assessment is limited to coal-fired power plants
(i.e., thermal power-plants; TPPs). However, the results
of this research are a good proxy for the total

2.2 Functional unit and system boundaries

The functional unit is defined as 1 kWh of
electricity generated in Serbian coal-fired power plants
in 2012. System boundaries include i) coal mining, ii)
coal transportation, #ii) coal combustion in TPPs, i.e.
electricity generation, and iv) treatment of coal ash.
Transmission and distribution of electricity and
consequently the electric grid infrastructure and losses
are not within the system boundaries.

2.3 LCI data and assumptions

Data on power plant emissions, fuel and material
inputs of electricity generation are largely available
from EPS reports [1, 2], while LCI data associated with
these inputs is taken from the Ecoinvent v.2.2 LCI
database [4] which is integrated in the SimaPro 8 LCA
software used for calculations.
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Name of the TPP abbrev. Net output Electricity Thermal LHW?* of Coal
electric generation energy coal consumption
capacity (GWh-a™) generation (kJ'kg™) (million

(MW) (GWh-a) Mg**)

TPP "Nikola Tesla A" | TENT A 1,502 10,581 7,448 15.34

TPP "Nikola Tesla B" | TENT B 1,160 6,725 7,448 9.54

TPP "Kolubara" TEK 245 1,195 6,805 1.81

TPP "Morava" TEM 108 651 8,757 0.83

TPP "Kostolac A" TEK A 281 2,091 302 8,079 3.44

TPP "Kostolac B" TEK B 640 3,032 8,079 4.12

Total 3,936 24,275 302 34.92

Table 1. Electric capacity and annual production of electricity and heat in Serbian coal-fired power plants in 2012

[1,2,3]

Concise description of life cycle subsystems and
processes and implemented LCI datasets are provided
below.

i) Coal mining. Total coal consumption of provided
TPPs in 2012 (Table 1) was ca. 35 million Mg with
energy content of 7.7 MJ-kg". The required quantities
of coal are retrieved via opencast method in Kolubara
and Kostolac lignite coal mines [1, 3]. The coal is
obtained by surface mining, which involves fracturing
and removing the overlying soil and rock, breaking the
coal by blasting or mechanical means, and loading the
coal for transport to its final destination.

Ecoinvent v.2.2 includes LCI data of coal excavation
from opencast mines. ,Lignite, at mine/RER® is the
respective process and refers to the excavation of 1 kg
of coal from the average opencast lignite mine in
Europe. In order to have more representative results, the
flow describing lignite in the original dataset “Coal,
brown” which has a calorific value of 9.9 MJ-kg" is
changed into the “Coal, brown, 8 MJ per kg”.

ii) Coal transportation. Distances and transportation
of coal are obtained from the EPS officials and they
refer to the case in 2011. TPPs receive coal loads via
conventional freight trains and/or conveyor belts. Due
to assumed small environmental impact, conveyor belts
are not taken in the calculation in this study. Our
previous studies provide data on transportation
distances from coal mines to TPPs [3, 5].

Ecoinvent database: ,,Operation, coal freight train,
electricity/CN” describes LCI inventory data of coal
electric train transport. It was necessary to adopt
Serbian electricity system data, since the original
process refers to coal transport with electric trains in
China [3, 5].

iii) Electricity generation in power plants. Annual
emission of pollutants (CO,, SO,, NO,) and particles
(PM) is available from the EPS report [2]. Information
on other emissions, as well as information on particle
size distribution is not available from the report. Since
size of the particles is relevant due to their influence on
life cycle impact assessment (LCIA) results, we
followed recommendation of Roder et al. [6] who
suggested the following size distribution of particles
emitted from power plants equipped with electrostatic
precipitators: 83.1% are particles with diameter bellow
2.5 um (PM,5), 7.1% are particles with diameter bigger
than 10 um (PMjy) and the rest are particles with
diameter between 2.5 pm and 10 um (PM; 5.19).
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Required raw water (from rivers and underground
aquifers) for cooling and steam generation processes in
TPPs is provided in EPS report [2]. Ecoinvent v.2.2
database provides LCI of these processes.

Data inventory on emissions released during the
construction, maintenance and demolition of TPPs
equipment and infrastructure is contained and is taken
from Ecoinvent database. Same database provided data
on quantity and LCI of chlorine consumed in Serbian
power plants (see Table 2).

iv) Coal ash treatment. Roder et al. [6] concluded
that after each kg of burned lignite coal in Serbian
TPPs, 0.189 kg of ash was formed. According to annual
coal consumption (Table 1), annual ash produced is
estimated to be around 7 million Mg. Environmental
flows considering ash disposal in the Serbian TPPs are
given in the Ecoinvent v.2.2 database. In this study we
assumed that formed ash is recycled in form of
backfilling material in opencast mines.

Table 2 gives an overview of environmental and
product flows associated with the life cycle of
electricity from Serbian TPPs and references to their
respective LCI datasets.

3. RESULTS AND DISCUSSION

3.1 Life cycle inventory results

Selected results of LCI analyses are summarized in
Table 3. Due to space limitation only selected
environmental flows are presented here. However, the
whole LCI and selected LCIA results of electricity
generated in Serbian TPPs are available on-line
(https://goo.gl/R2hGBj). The LCI data refer to the
situation in 2012.

Life cycle CO, emissions of coal-based electricity in
Serbia range from 1,125 to 1,426 g kWh' with 1,170 g
kWh' as a weighted average value. Substantial
difference between the results can be explained with
different electric efficiencies of TPPs, and with
differences in chemical composition and heating value
of lignite used for electricity generation in different
power plants. In 2012 the average heating value of
lignite used by different power plants varied between
6.8 MI'kg"' and 8.7 MJkg" [3]. Relatively high life
cycle SO, emissions of about 13.5 g kWh™' characterize
the Serbian TPPs. About 99% of total SO, emissions are
released during the combustion of lignite in TPPs.
Sulphur content in combusted lignite is main
determinant of SO, emissions. Other factors are: heating
value, moisture and alkali concentration. Besides the




high sulphur content of the Serbian lignite (up to 1.58
wt.% on dry basis [7]), old abatement technology and

the lack of treatment of flue gases in Serbian TPPs are

also determining factors of the high SO, emissions.

Life cycle Unit TENT TENT TEK TEM TEK A* | TEK B | Average | LCI
phase A B data
L. Coal mining
- lignite kg 1.45E+0 | 1.42E+0 | 1.52E+0 | 1.27E+0 | 1.44E+0 | 1.36E+0 | 1.42E+0 | (a)
II. | Coal
transportation
- rail Mgkm | 9.28E-2 | 1.08E-1 | 1.52E-2 | 2.85E-1 | 0.00E+0 | 0.00E+0 | 7.78E-2 | (b)
transport
- rail Mgkm | 9.28E-2 | 1.08E-1 | 1.52E-2 | 2.85E-1 | 0.00E+0 | 0.00E+0 | 7.78E-2 | (c)
infrastructure
III. | Power plant
- emissions
PM kg 3.89E-4 | 3.18E-4 | 425E-3 | 6.96E-3 | 6.96E-4 | 1.41E-3 | 8.87E-4
PMys | kg 3.24E-4 | 2.65E-4 | 3.53E-3 | 5.79E-3 | 5.78E-4 | 1.17E-3 | 7.37E-4
PMys | kg 3.81E-5 | 3.11E-5 | 4.15E-4 | 6.80E-4 | 6.80E-5 | 1.38E-4 | 8.67E-5
10
PM,, | kg 2.77E-5 | 2.27E-5 | 3.03E4 | 495E-4 | 495E-5 | 1.00E-4 | 6.31E-5
SO, kg 9.96E-3 | 1.40E-2 | 1.95E-2 | 2.63E-2 | 2.10E-2 | 1.27E-2 | 1.34E-2
NO, kg 1.91E-3 | 1.80E-3 | 2.80E-3 | 2.23E-3 | 1.28E-3 | 8.67E-4 | 1.74E-3
CO, kg 1.14E+0 | 1.10E+0 | 1.41E+0 | 1.25E+0 | 1.11E+0 | 1.20E+0 | 1.15E+0
- p- 1.18E- 1.18E- 1.18E- 1.18E- 1.18E- 1.18E- 1.18E- | (d)
infrastructure 11 11 11 11 11 11 11
- water for m’ 1.00E-1 | 1.27E-1 | 1.32E-1 | 1.28E-1 | 1.47E-1 | 1.58E-1 | 1.21E-1 | (e)
cooling
- water other | kg 8.07E-2 | 7.45E-2 | 1.30E-1 | 1.97E-1 | 1.30E-1 | 2.96E-1 | 1.03E-1 | ()
- chlorine kg 1.21E-4 | 1.21E4 | 1.21E4 | 1.21E4 | 1.21E4 | 1.21E4 | 1.21E4 | (g
IV. | Coal ash
treatment
- coal ash kg 2.74E-1 | 2.68E-1 | 2.87E-1 | 2.40E-1 | 2.72E-1 | 2.57E-1 | 2.69E-1 | (h)

Notes: Life cycle inventory data from the Ecoinvent v.2.2 LCI database: (a) modified “Lignite, at mine/RER” see
Section 2.3; (b) modified “Operation, coal freight train, electricity/CN”, see Section 2.3; (c) modified “Transport,
freight, rail/RER”, only infrastructure related flows considered; (d) Lignite power plantl/RER; (e) Water, cooling,
unspecified natural origin/m’; (f) Water, completely softened, at plant/RER; (g) Chlorine, liquid, production mix, at
plant/RER; (h) Disposal, lignite ash, 0% water, to opencast refill/CS.* 13% of total flows related to TPP "Kostolac
A"is allocated to heat co-product according to the principles of energy allocation.

Table 2. Material and energy flows associated with electricity generation in the Serbian TPPs (per 1 kWh)

Life cycle phase Unit | TENTA | TENTB | TEK TEM TEK A TEK B | Average
Resources
Coal (lignite) kg 146E+0 | 1.43E+0 | 1.52E+0 | 1.28E+0 | 1.44E+0 | 1.36E+0 | 1.43E+0
Coal (hard) kg 4.03E-3 4.00E-3 | 3.99E-3 | 4.11E-3 3.78E-3 | 3.60E-3 3.93E-3
Crude oil kg 1.57E-3 1.58E-3 | 1.46E-3 | 1.84E-3 1.37E-3 | 1.31E-3 1.52E-3
Natural gas m’ 1.69E-3 1.67E-3 | 1.68E-3 | 1.70E-3 1.58E-3 | 1.50E-3 1.64E-3
Water (all kg 2.67E+2 | 2.97E+2 | 2.70E+2 | 3.63E+2 | 2.73E+2 | 2.77E+2 | 2.79E+2
sources)
Emissions to air
PM kg 1.00E-3 9.21E-4 | 4.89E-3 | 7.52E-3 1.30E-3 | 1.98E-3 1.49E-3
PM,; kg 3.36E4 2.77E-4 | 3.54E-3 | 5.81E-3 5.86E-4 | 1.18E-3 7.49E-4
PM, .10 kg 4.34E-5 3.67E-5 | 4.20E-4 | 6.88E-4 7.18E-5 | 141E-4 9.18E-5
PMy, kg 6.25E-4 6.07E-4 | 9.24E-4 | 1.03E-3 6.38E-4 | 6.57E-4 6.48E-4
SO, kg 1.01E-2 141E-2 | 1.95E-2 | 2.64E-2 2.11E-2 | 1.27E-2 1.35E-2
NO4 kg 1.98E-3 1.87E-3 | 2.86E-3 | 2.32E-3 1.34E-3 | 9.24E-4 1.81E-3
CO, kg 1.16E+0 | 1.13E+0 | 1.43E+0 | 1.28E+0 | 1.13E+0 | 1.22E+0 | 1.17E+0
NMVOC kg 9.90E-6 9.93E-6 | 9.29E-6 | 1.13E-5 8.72E-6 | 8.32E-6 9.58E-6
CcO kg 4.33E-5 4.42E-5 | 3.75E-5 | 5.74E-5 3.53E-5 | 3.43E-5 4.17E-5
CH,4 kg 3.69E-4 3.62E-4 | 3.83E4 | 3.31E4 3.63E-4 | 3.43E-4 3.61E4

Table 3. Selected results of LCI analyses of electricity generated in Serbian TPPs (per 1 kWh in 2012)
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Variation of NOx and PM emissions within different =~ SimaPro 8 and the ReCePi Midpoint (H) v.1.10 and
TPPs can be explained with various fuel composition,  cumulative energy demand (CED) LCIA methods are
boiler construction and combustion conditions, and  shown on Fig. 1.
different extension of installation and efficiency of Ecoinvent processes show higher environmental
emission control devices in the investigated TPPs. impacts in most of the impact categories compared to

CO,, NO,, SO,, PM,5.y, and PM,s emissions are  our average process. This can be largely explained with
mainly released during lignite combustion in the power  older and more complete emission datasets used by
plants, accounting for 94-99% of the total, whereas  Ecoinvent v.2.2 and v.3 and different heating values of
other emissions are mainly associated with up- and lignite assumed in Ecoinvent. According to data on Fig.
downstream processes. 1, in 2012, the global warming potential and cumulative

Total annual CO, emissions associated with the  fossil energy requirements of electricity generated in
lignite combustion in the Serbian TPPs are 28 Tg (Tg =  Serbian TPPs were 1.18 kg CO,q and 11.64 MJ,
million metric tons), accounting for 61% of the total  respectively.

CO, emissions in Serbia in 2012 (ca. 46 Tg). Serbian
TPPs in 2012 released 0.33 Tg and 0.04 Tg of SO,and 4. CONCLUSIONS

NOx, tively. . .
respectively Available Ecoinvent LCI datasets do not accurately

3.2 Comparison with Ecoinvent data describe the environmental impact of electricity

Results were compared with respective processes ~ Produced in Serbian coal-fired power plants. Since most
from Ecoinvent v.2.2 (Electricity, lignite, at power industrial processes directly (or indirectly) link to the
plant/CS) and Ecoinvent v. 3 (Electricity, high voltage ~ electricity, it is paramount to provide up-to-date,
{RS}electricity  production,  lignite]Alloc ~ Def)  accurate and comprehensive LCI datasets of electricity.

databases. Selected results of LCIA calculated with

100
80 - |
60 M This study
a2
40 - HEcoinventwv. 2.2
Ecoinventv. 3
20
O .

cc TA FE HT POF  PMF WD MD FD
Notes: CC — Climate change (100% = 1.36 kg CO.,,); TA — Terrestrial acidification (100% = 1.72E-02 kg S§O:.,);

FE — Freshwater eutrophication (100% = 3.58E-03 kg P.,); HT — Human toxicity (100% = 2.43E+00 kg 1.4 DB,,);
POF — Photochemical oxidant formation (100% = 3.79E-03 kg NMVOC); PMF — Particulate matter formation
(100% = 6.28E-03 kg PM,y.,); WD — Water depletion (100% = 2.74E-01 m’); MD —Metal depletion (100% =
6.53E-03 kg Fe,,); FD — Fossil depletion, i.e. cumulative fossil energy demand (100% = 15.7 MJ);

Fig. 1. Comparable LCIA results of electricity generated in Serbian power plants according to the Ecoinvent
database and this study.
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Abstract: Image analysis today plays an important role in the field of industrial engineering for image processing.
The use of different tools in order to extract important information from industrial CT images is an active field of
research that attracts the attention of many researchers. In this paper two methods will be presented that are used
for segmentation of CT images. Those methods are fuzzy C-means clustering and K-means clustering. Comparative
analysis will be performed in the form of accuracy of segmented binary images. Presented analysis leads to the
conclusion that fuzzy C-means clustering has greater accuracy than hard K-means clustering approach.

Key words: Segmentation, Industrial CT, fuzzy clustering, hard clustering

Analiza ta¢nosti algoritama za klasterizaciju za segmentaciju industrijskih CT snimaka Analiza slike danas
ima vaznu ulogu u oblasti industrijskog inzenjerstva za obradu slike. Primena razlicitih alata kako bi se izvukle
vazne informacije iz industrijskih CT snimaka je danas aktivna oblast istrazivanja koja privlaci paznju mnogih
istrazivaca. U ovom radu su prikazane dve metode koje se koriste za segmentaciju CT snimaka. Ove metode su
metoda klasterizacije fazi C-srednjih vrednosti i metoda klasterizacije K-srednjih vrednosti. IzvrSena je
komparativna analiza u vidu tacnosti segmentiranih binarnih slika generisanih primenom ove dve metode.
Predstavljenom analizom se dolazi do zakljucka da metoda fazi C srednih vrednoasti ima vecu tacnost kod
segmentiranih snimaka.

Kljuéne reci: Segmentacija, Industrijski CT, fazi klasterizacija, hard klasterizacija

1. INTRODUCTION operations [7] and others. As a result, these methods

provide a binary classification of individual volume

The application of modern computer — aided voxels into segmented regions, meaning that a whole

technologies in different fields allows vast growth, voxel either belongs to the region of a specific feature,
large and increasing number of industrial applications or not.

of X-ray Computed Tomography (CT) in the
manufacturing industry as well as in other industries 2. METHODS
such as such as aviation, railway, military industry and

others [1,2]. The segmentation process is widely spread and is

CT technology is used to acquire two dimensional applied in many applications such as algorithms for
(2D) images of an object and then from these images a robot vision, registration of facilities, analysis of
three dimensional (3D) model of the object’s external geographical areas and analysis of CT images [8,9]. In

and internal structure is reconstructed and which can a more classical definition, segmentation is defined as a
then be analyzed. Therefore, CT became very popular process of dividing image on non-overlapping,
for its use in material analysis because of its non- consistent homogenous regions, in accordance with
destructive testing (NDT) ability and the detection of certain characteristics such as intensity of grayscale or
flaws such as voids and cracks, and particle analysis in texture. As a result of the segmentation process a
materials. CT is the only technology able to measure as binary image is generated where the value 1 represents
well the inner as the outer geometry of a component the region of interest, and 0 represents the background
without need to cut it through and destroy it. As such, it that has been excluded [10].
is very usefull for industrial quality control of Cluster analysis is based on partitioning a collection
workpieces having non-accessible internal features of data points into a number of clusters, where the
(e.g. components produced by additive manufacturing) points inside a cluster show a certain degree of
or multi-material components (e.g. two-component closeness or similarity. Clustering methods can be
injection molded plastic parts or plastic parts with considered as either hard (crisp) or fuzzy, depending on
metallic inserts) [3]. whether a pattern belongs exclusively to a single cluster
Many different methods for automatic extraction of or to several clusters with different degrees of
important information from industrial CT images have belongings. In hard clustering each point (voxel) of the
been proposed. Feature extraction from CT images is dataset belongs to exactly one cluster, a membership
mostly done through a preliminary segmentation step value of zero or one is assigned to each pattern,
using methods such as region growing [4], fuzzy whereas in fuzzy clustering, a value between zero and
clustering [5] water shedding [6], morphological filter one is assigned to each point by a membership
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function. [11].

K-means clustering method (also known as Lloyd's
algorithm) is one of the most popular methods used for
unsupervised classification of data. It is working on the
principle of classification data in a predefined number
of clusters (shown in figure 1) [11].

Input parameters
K=? (2=K=n);

!

Initialize the center of the
clusters

Attribute the closest cluster to
each data point

Are cluster centers
moving?

Set the position of each
cluster

Fig. 1. K-means clustering algorithm

Fuzzy C-means clustering algorithm is widely used
in the field of image processing. It is used for
clustering, or grouping of data where each data belongs
to a cluster with a certain degree of belonging, unlike
hard clustering, where each data belongs to only one
cluster [12]. In the clustering process of CT images the
most common parameter that is taken into account is
the pixels intensity displayed in grayscale. In this way
the FCM objective function is minimized when high
membership values are assigned to pixels whose
intensities are close to the centroid of its particular
class, and low membership values are assigned when
the point is far from the centroid [13]. With fuzzy c-
means, the centroid of a cluster is computed as being
the mean of all points, weighted by their degree of
belonging to the cluster. The degree of being in a
certain cluster is related to the inverse of the distance to
the cluster. By iteratively updating the cluster centers
and the membership grades for each data point, FCM
iteratively moves the cluster centers to the '"right"
location within a data set [12].

It is necessary to define input parameters such as
the number of clusters C and weighted exponent m
which defines the degree of fuzzification or affiliation
of pixels to clusters. When the weighted exponent m is
equal to 1 it is called a crisp clustering, and when m>1
the degree of fuzziness increases among points in the
decision space. Figure 2 shows the basic scheme of
fuzzy clustering [12].

START

Input parameters
C=? (2<C<k),; m=? (m=1)

Compute‘:‘.he fuzzy
centers
Iy,
I

NO

1 YES
STOP
Calculate the fuzzy

membership
1

Uy =

g, (f=dy™

Fig. 2. Fuzzy C-means clustering algorithm

The main difference between fuzzy and hard
clustering is that with fuzzy clustering any pixel in the
image can belong to several clusters, but with a certain
degree of belonging to a given cluster, which moves in
the interval from O to 1. This is an important trait in
image analysis in order to maximize sensitivity.

3. RESULTS

Experimental results were carried out on six CT
images which were taken from a stack of CT images of
a motor block [14] shown in figure 3 and figure 4. The
two presented algorithm (named FCM and HARD)
have been implemented in Matlab software, on a
computer (Fujitsu CELSIUS M470-2) with Intel (R)
Xeon (R) CPU E5645, 2.40GHz processor and 16 GB
of RAM.

Fig. 4. CT images used for analysis
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No additional postprocessing was carried out in Parameters that are commonly used for the

order to show the real results in the application of these statistical analysis of segmented binary images are
algorithms for processing of industrial CT images. Jaccard index [15] and Dice coefficient [16]. They are
Input parameters that were used in these two used as evaluators of the segmented CT images. In

algorithms are a number of clusters C which are these evaluators extent overlapping ranges from 0 to 1,
defined by the user manually, termination criterion & where 1 defines a complete overlap of the segmented
(accuracy), the maximum number of iterations and image with the reference image.

weighting exponent m (only FCM algorithm). In order These evaluators are defined according to the
to extract as much information from the images in both following formula:
approaches, after a short experimental analysis, optimal Jaccard index
segmentation parameters in each of these industrial CT

images were considered. | AN B|

Input parameters that were used in these two =
algorithms are a number of clusters C which the user |A U B|
enters manually, termination criterion & (accuracy), the
maximum number of iterations and weighted exponent
m (only with FCM algorithm). In order to extract as
much information from the images in both algorithms,
after a short experimental analysis, optimal parameters _ 2|A NB |
were considered in each of these three industrial CT - | A| +| B| @
images.

In order to be able to perform accuracy analysis of
the segmented images, each of these CT images was
manually segmented. These manually segmented
images were then used as reference images in relation

()

Dice coefficient

where A is the result of segmentation of the reference
image, and B is the segmentation result of FCM/HARD
algorithm that was compared with A.

to which were both fuzzy clustering and hard clustering Figure 5 shows the re.sults of segmentation results
by FCM and HARD algorithm.

segmented images compared (figure 5).

Fig. 5. Results from segmentation using FCM and HARD algoritm

On figure 6 and figure 7 are shown evaluation
results by Jaccard index and Dice coefficient for all six
CT images, segmented by both FCM and HARD

algorithm,. which were compared to their segmented e TR o oo '
reference images. 8 E "
0,96 =
Jaccard index FOM mHARD =
2 3

g”:“ = Osimoes ) no. of imaé_es ’ ’
052 : Fig. 7. Graph showing results obtained from Dice
“ 4. DISCUSSION

Based on the presented results it can be seen that
the segmentation results using the FCM algorithm
Fig. 6 Graph showing results obtained from Jaccard show better results compared to the results obtained

Dice coefficient

no. of images



using HARD algorithm. The results of evaluation by
Jaccard index for all six CT images segmented by FCM
algorithm are 0,961, 0,9984, 0,9657, 0,9439, 0,9481
and 0,977, respectively. And the results of evaluation
by Jaccard index for all six CT images segmented by
HARD algorithm are 0,9576, 0,9515, 0,9536, 0,9434,
0,9407 and 0,9199, respectively. Results of the
evaluation by Dice coefficient for all six CT images
with FCM algorithm are 0,9801, 0,9992, 0,9825,
0,9711, 0,9734 and 0,9884, respectively. And the
results of evaluation for all six CT images segmented
by HARD algorithm are 0,9783, 0,9515, 0,9763,
0,9709, 0,9694 and 0,9583, respectively. However, in
cases 2 and 6 it can be seen that the results by Jaccard
are much better for FCM than HARD algorithm. The
reason why this could be is that by applying fuzzy
clustering on these images, due to the vague areas on
CT image, the FCM algorithm was able to extract more
information from the images unlike HARD algorithm,
which essencialy separates data by them either
belonging to certain cluster on don’t. This can be seen
on results from both Jaccard and Dice.

5. CONCLUSION

In this paper is presented a comparative analysis of
two different clustering methods for segmentation of
industrial CT images. Segmentation was performed on
six industrial CT images, and those results were
compared with the results of the manual segmentation.
As segmentation evaluators were used Jaccard index
and Dice coefficient. Results for all six CT images
segmented by FCM algorithm are showing very good
results, thus showing the advantage of fuzzy clustering
over hard clustering for segmentation of industrial CT
images.
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Abstract: The loss of one, several or all teeth reduces the quality of life. Modern dentistry offers many options for
the rehabilitation of such patients. The planning and preimplantation diagnostics and preparation take an important
place in oral implantology. In the process of planning and preparation for implantation, radiography occupies a
central place.This paper presents the case of 60 year old patient, edentulous, who came to the Dentistry Clinic of
Vojvodina in order to get fixed dental restorations carried by dental implants. Both upper and lower acrylate
complete dentures were made, using radiosensitive teeth and a CBCT scan was made with the dentures in the mouth
of the patient. Analyzing scans obtained in this manner , the final treatment plan was made.

Key words: Implantology, CBCT, radiosensitive teeth

Planiranje implantoloSke terapije na bazi CBCT snimaka sa radiosenzitivnim zubima Nedostatak jednog, vise
ili svih zuba smanjuje kvalitet Zivota. Savremena stomatologija pruza brojne mogucnosti za rehabilitaciju ovakvih
pacijenata. Planiranje i preimplantacijska dijagnostika i priprema zauzimaju posebno vazno mesto u oralnoj
implantologiji. U procesu planiranja i pripreme implantacije centralno mesto zauzima rendgenoloska dijagnostika.
U radu je prikazan slucaj pacijenta starog 60 godina, totalno bezubog, koji se javio na Kliniku za stomatologiju
Vojvodine zbog izrade zubnih nadoknada nosenih dentalnim implantima. Pacijentu je izradena gornja i donja
totalna proteza, uz upotrebu radiosenzitivnih zuba, te nacinjen CBCT snimak sa ovim protezama u ustima.
Analizom ovako dobijenih snimaka napravljen je konacan plan terapije.

Kljuéne reci: Implantologija, CBCT, radiosenzitivni zubi

1. INTRODUCTION

The teeth and oral cavity, as the initial part of the Loss of alveolar bone may occur prior to tooth
digestive system, have an important physiological role extraction because of periodontal disease, periapical
in the organism, as well as their role in the function of pathology or trauma to teeth and bone [4]. The tooth
speech, they have an impact on the appearance of a extraction can also result in a significant bone loss.
person, so they have a large affect the psychology of a All of the above, can cause the appearance of
person and its identity. The loss of one, several or all unevenly resorbed ridges of different shape, height and
teeth has multiple consequences, reducing the quality width, which creates serious problems if we want to

of human life [1]. obtain the quality prosthetic rehabilitation of these
Modern dentistry offers many options for the patients [3].

rehabilitation of such patients. In last two decades The problem of rehabilitating partially or totally

especially dental implantology has developed, enabling edentulous patients is not only related to

us to make fixed and removable dental restorations underdeveloped countries. More than 60% of the

carried by dental implants. population in the highly industrialized countries

In everyday clinical practice, we meet with a requires treatment with dental implants, which is the
relatively large number of patients who require implant reason for the annual growth of implants market of

treatment, and where the loss of one, several or all teeth about 15% [5]. It is estimated that in the US alone,

led to a significant bone loss of the alveolar ridge [2]. according to current data, there are about 36 million
Alveolar ridge of the jaw carries the teeth in the edentulous people [3].

dental alveoli and the formation of this ridge begins The planning and preimplantation diagnostics and

simultaneously with the eruption of teeth, and its preparation take special important place in oral

atrophy and reduction is caused by their loss. This implantology. Planning is mostly teamwork involving

means that the alveolar bone has the function to receive professionals of different specialties. In the process of
and distribute the forces of chewing on the bones of the planning and preparation of implant therapy
skull [3]. radiological diagnostics occupies a central place [3].

In these situations it is necessary to compensate the
lost bone in order to ensure optimal conditions for
placement of dental implants and prosthodontics [2].
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2. APPLICATION OF CBCT WITH
RADIOSENSITIVE TEETH

CT and CBCT (Cone beam computerized
tomography) technology provides clinicians with new
methods to view patient anatomy exceeding
conventional two-dimensional radiology. Interactive
software applications allow for improved interpretation
of the CT scan data. The enhanced capability of
innovative software applications that allow clinicians to
interpret and maneuver through various three-
dimensional images has far- reaching implications
when interactive treatment planning software is
combined with  computer-aided  design  and
manufacturing [6]. Cone beam CT (CBCT) permits
finely detailed visualization of the osseous architecture
with high contrast and without burn out. By offering
tomographic slices download to 0.08 mm, a true
volumetric presentation of the arch is obtained [7].
Information obtained from cone beam computed
tomographic scans permits the measurement of the
density, height, and buccolingual with of the alveolar
bone at any jaw location, as well as visualization of the
pathology, inclination of the bone, and anatomic vital
structures [8].

In everyday clinical practice use of CBCT is a
standard today, and it is crucial in planing of the
implant position. If a patient lost only one or a small
number of teeth, only CBCT scan is sufficient, but with
totally edentulous patients it does not provide us with
enough data so that we can accurately determine the
exact position of the implants. CBCT scan with a
model of a tooth restoration using radiosensitive
markers in the mouth is one way to overcome this
problem, because it gives us information about the
teeth position in the final prosthesis. As markers,
unlike in conventional radiographic methods, in
making CBCT images metal can’t be used, but takes

into account the use of gutta-percha points or
radiosensitive acrylate [3].
Making  the  temporary  prosthesis  with

radiosensitive acrylic teeth is just a method that enables
us to overcome the above problems and limitations of
CBCT in the planning of implant treatment in
edentulous patients. Software analysis of the recorded
images thus gain us insight into the dental-alveolar
relations, and we can accurately determine the position
and inclination of the implant and to plan augmentation
procedures on residual alveolar ridge if there is a
need.(Figure 1.)

Fig. 1. CBCT scan with radiosensitive teeth
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CT and computerized systems have brought
revolutionary changes in implantology and in the future
will certainly have a key importance in the
development of this discipline [3].

3. IMPLANT PLANNING THERAPY - CASE
REPORT

This paper presents the case of a 60 year old patient,
totally edentulous, responding to the Dentistry Clinic of
Vojvodina in order to get fixed dental restorations
carried by dental implants . His medical history data
were obtained and showed that the patient is in a good
general state of health, does not take any treatment and
is not allergic to food, medicines nor dental materials.
Teeth have been extracted successively for several

years, and he had never had dentures. It also states that
in the upper jaw he had surgery twice on the roots of
the front teeth.

Clinical intraoral examination shows significant
degree of bone resorption in the residual alveolar
ridges, which is especially pronounced in the upper jaw
(Figures 2. And 3.)

Fig. 2. Upper jaw

Fig.3. Lower jaw

By making an analysis and X-ray OPT footage a
considerable loss of bone in both jaws was noticed , as
well as enhanced pneumatisation of both maxillary
sinuses.

It was decided that prior to definitive treatment
plan, the patient should be provided with a temporary
upper and lower total acrylic prosthesis, but
conventional acrylic teeth should be replaced with
radiosensitive teeth (Figure 4).



Fig.4. Making of the denture

Next step would be making of a CBCT scan with
these dentures and placing them in the patients mouth.
(Figure 5)

Fig. 5. The lower denture in the mouth

Fig. 7. Planning in the lower jaw

After the analysis of the obtained images, it was
possible to make a definitive treatment plan (Figures 6.,
7. and 8.). Number, positions and dimensions of the
dental implants that will carry dental restorations was
established , as well as the amount of bone tissue that
must be compensated prior to the implant placement.
In the upper jaw, since the atrophy of the ridge was far
more progressive, a two-phase intervention was
planned, whereby in the first act alveolar ridge
augmentation should be carried out, and in the second
insertion of the implants. In the lower jaw it was
possible to implement therapy in one act, i.e. implants
will be placed with simultaneous compensation of
smaller amount of bone loss. After such a developed
treatment plan, we started its implementation.

Fig. 8. Software analysis of dental-alveolar relationship



4. CONCLUSION

Tooth loss and its consequences in modern society
represent a serious medical, social and economic
problem and, therefore, it is not surprising that a large
number of scientists of medical and technical sciences
are dealing with it. The development of science and
technology in the last 20 years puts dental implantology
in the front row, as a branch of dentistry that largely
solves this problem. Particular progress has been made
in terms of preimplantation diagnostics and planning of
implant therapy.

Today, dental implantology is not possible without
the use of CBCT devices and a software support for
these machines, in the form of a number of programs
aimed at analyzing, planning, virtual implant placement
into the desired position, and all other processes that
allow us to implement optimal therapy in each case.
The introduction of radiosensitive teeth in treatment
planning of edentulous patients greatly improve the
accuracy and reliability, and reduces the possibility of
error when making teeth restorations. The very
simplicity of the procedure to make dentures with the
teeth is giving it an advantage over some other
procedures that have been used in practice.

Although this procedure extends a treatment and
makes it more expensive, benefits which it brings
exceeds its disadvantages, and the authors of this paper
suggest that the this protocol should be included in the
regular protocols in implant treatment of edentulous
patients.
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FULL ANATOMIC BRIDGE FORM ZIRCONIUM DIOXIDE
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Abstract: Daily progress of dentistry, especially in the field of prosthodontics is introducing new materials and
technologies. With the increasing need for aesthetically acceptable and non-metal materials, it came to development
and improvement of ceramic materials and computer based systems (CA). The patient came in order to compensate
the missing left lateral incisor. Since the adjacent teeth are brushed and the print was taken, casted model has been
scanned using 3Shape D800 laboratory scanner. Dental restoration has been designed using 3Shape DentalSystem
Premium software and the available tools. After completing the virtual design, the data are sent to the program
responsible for CAM Zenotec® mini CAD/CAM device. As a result, the compensation with the full morphology was
obtained without the need for finishing works.

Key words: CAD/CAM, zirconium dioxide, dental restorations

Primena CAD/CAM tehnologije u projektovanju i izradi mostova pune anatomske forme na bazi cirkonijum-
dioksida. Stomatologija, posebno stomatoloska protetika svakodnevno napreduje uvodenjem novih materijala i
tehnologija. Kako se javlja sve veca potreba za estetski prihvatljivim i bezmetalnim materijalima, doslo je do
razvoja i unapredenja keramickih materijala i racunarima podrzanih sistema (CA). Pacijent se javio radi
nadoknade nedostajuceg levog bocnog sekutica. Posto su susedni zubi zbruSeni i uzet otisak, izliven je model koji je
skeniran pomocu 3Shape D 800 laboratorijskog skenera. Zubna nadoknada je dizajnirana pomocu 3Shape
DentalSystem Premium softvera koriscenjem raspolozivih alata. Nakon zavrSenog dizajna virtuelni podaci su
poslati u program odgovoran za CAM Zenotec® mini CAD/CAM uredaja. Kao rezultat, dobijena je nadoknada
pune morfologije bez potrebe za doradivanjem.

Kljuéne reci: CAD/CAM, cirkonijum-oksid, zubne nadoknade

1. INTRODUCTION has excellent biocompatibility and mechanical
characteristics compared to conventional ceramics [4].

By introducing new materials and technology in the However, the main disadvantage of this ceramic system
filed of dentistry, especially in prosthodontics, it is states breaking a part of veneering ceramic layer [5-8].

rapidly progressing. With increasing popularity of The solution of this problem is the creation of one-
intraosealnih implants, there was an expansion of fixed piece restoration using CAD/CAM system. From
dental restorations [1]. With the increasing need for zirconium-oxide ceramics it is possible to produce a
aesthetically ~ acceptable  non-metal  materials, single large compensation with the full range of the
developments and improvements of ceramic materials morphology, which has no need for veneering.

and computer supported systems (CA) progressed. In

CA systems, wich have the greatest application in the 2. CASE STUDY: CAD/CAM APPLICATION IN

field of dentistry, are including 3D digitization systems, THE DESIGN AND CREATION OF FULL
computer aided design (CAD) with reverse engineering ANATOMIC BRIDGE

(RE) and computer aided manufacturing (CAM) [2].

CAD / CAM systems enable efficient creation of high- The patient sought to compensate the missing left
quality dental restorations with high precision and lateral incisor. After examination and discussion he
accuracy in one visit [3]. On the other hand, the main suggested that the missing tooth compensate with the
disadvantage of such restorations is aesthetics that was bridge of zirconium. In the next visit the adjacent teeth
not at a high level. The blocks of compensation was are milled, left central incisor and canine and prints are

made, and it is obtained with the use of rototillings cut taken.

method, they had been uniform and could not fully

imitate tooth structure that differ in color and 2.1 3D Digitization

translucency without finishing by dental technicians. In After taking impressions, models are casted of
this way the time needed for tooth reparation is special plaster for scanning (Fujirock EP OptiXscan,
extended which is increasing the costs of their GC, Japan). The model was scanned using 3Shape
production. For this reason, for a long time CAD/CAM D800 laboratory scanner (Fig. 1) supported with

system was only used as a method for making metal- 3Shape DentalSystem Premium software. This scanner
free base compensation, then the dental technician has two cameras with resolution of 5.0 Mpix, red light
inflict the veneers ceramics. Zirconium oxide ceramic laser technology and accuracy of 20 microns.
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Fig. 1. 3Shape D800 labaratory scanner

After the 3D digitization is complete, the virtual model
appeared on the screen (Fig. 2).

Fig. 3. Finished compensation design
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2.2 Restorations CAD design

The begining of designing compensation involves
determining the lines of demarcation. The computer
automatically gives the proposal of the demarcation
line, but the wuser interface allows for manual
corrections. The next phase is the determination of
entering way of compensation. Then, from the data
base are choosen cheapest morphological files. The
files vary in height and number of nodules, fissure
complex, and ridge morphology. Further adjustments
are allowing compensation of group movement,
correction of individual teeth axis or correction of
individual zones with tools for adding or removing
material (Fig. 3).

2.3 CAM compensation

Virtual project is automatically converted into the STL
file and then electronically sent to the program
responsible for the CAM process. In this case, STL file
is imported into the program rototillings Zenotec®
mini CAD/CAM (Wieland Dental) (Fig 4). The
compensations are then milled from non-ferrous single-
zirconium discs (color T1). Usually, coloring requires a
separate working step which is comprising to
application of the liquid coloring matter based on metal
oxide, dipping or by using the brush technique before
sintering. For colored discs, the colors are added to the
zirconium powder and are homogenized during the
industrial production process.

Fig. 4. Zenotec® mini CAD/CAM device

As a result the compensation of highly homogeneous
color was obtained (Fig. 5). The need for manual
veneering can exist in extremely attimis works, while
more simple aesthetic forms can simply paint the
surface and is additional advantage when creating
compensation which is time saving. The consistency of
color is another advantage that should not be ignored.
Contact points in the zirconium dioxid ceramics should
be highly polished, thus preventing abrasion of
antagonist.



Fig. 5. F‘inelll-cmpensation
3. CONCLUSION

Displayed zirconium oxide ceramic has excellent
mechanical characteristics, aesthetic performance,
excellent biocompatibility and as well as the abrasion
resistance, as compared to conventional ceramics. In
contrast to the glass-ceramics, which are less stable in
the mouth, they are limited to restoration of individual
or small bridges [4], from zirconium - oxide ceramics
and it can make long-span bridges with full
morphology. Thanks to the materials and painted
homogenized discs, finishing work by dental
technicians can be minimized, and the finished work
can be obtained quickly, easily and reliably using
CAD/CAM technology.
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Abstract: The paper discusses the current gaps and future directions of global supply chain defined by the
literature. The basic terminology and classification of supply chain create the base for the future analysis. In the
paper the current factors influencing basic supply chain model are analyzed and defined in the individual and
global viewpoint. The most used research methods in the field of supply chain were identified by their quantitative
occurrence in the literature. According to the review provided by various companies, the future directions of supply
chain risk management were defined and pointed in the map. Developing the future supply chain require time,
insight and input from a wide range of industry players (e.g. retailers, consumer products, manufacturers, industry
standards organizations, technology companies, etc.) so it is necessary to start with the collaboration between them
to become more prosper in this dynamic environment.

Key words: Risk modeling, distribution network, future directions, gaps

Globalna distributivna mreza i modelovanje rizika. U radu su prikazani trenutni nedostaci i bududi pravci
globalnog lanca snabdevanja definisani literaturom. Osnovna terminologija i klasifikacija lanca snabdevanja
stvaraju osnovu za buduce analize. U ovom radu aktuelni faktori koji uticu na osnovni model lanca snabdevanja su
analizirani i definisani sa individualnog i globalnog stanovista. Metode istrazivanja iz oblasti lanca snabdevanja
koje se najvise koriste identifikovane su po njihovim kvantitativnim pojavama prema literaturi. Prema pregledima
raznih kompanija, buduci pravci upravijanja rizicima lancem snabdevanja su definisani i ukazni na karti. Razvoj
buduceg lanaca snabdevanja zahteva vreme, uvid i ulaz iz Sirokog spektra industrijskih subjekata ( npr. trgovci,
potrosaci proizvode, proizvodaci, industrijske standarde organizacije, tehnoloske kompanije, itd.), tako da je
neophodno da se pocne saradnja izmedu njih da bi vise napredovali u ovom dinamicnom okruzenju.

Kljuéne reci: modelovanje rizika, distributivna mreza, buduci pravci, nedostaci

1. INTRODUCTION Kleindorfer and Saad divided risk in two categories as:
(1) risks arising from the problems of coordinating
Supply Chain Risk Management (SCRM) is one supply chain and demand; (2) risks arising from

aspect of Enterprise Risk Management (ERM) which disruptions to natural activities [8]. Companies usually
start with the risk identification. Many different manage supply chain risks at the strategic (long term)
definitions of risk in a supply chain (SC) context are or at the tactical (medium term) level [9].

provided in literature.
According to Jiittner et al. supply chain risk (SCR) 2. LITERATURE REVIEW
can be defined as “the variation in the distribution of

possible supply chain outcomes, their likelihoods, and Managing risks in a global supply chain requires lot
their subjective values”[1]. This definition highlights of information sharing, close relationships and trust on
two risk dimensions, namely: (1) impact and (2) the partners, alignment of incentives and knowledge
likelihood of occurrence. about risks [2]. The literature suggests that proactive

The supply chain may be divided into four approaches at supply chain level should be
dimensions: (1) traditional, (2) lean, (3) agile and (4) implemented in order to effectively manage disruptions
leagile supply chain [2]. Chopra and Sodhi classified [10]. Research community has developed numerous
supply chain risks as disruptions, delays, systems, supply chain design models. To confront the challenges
forecast, intellectual property, receivables, inventory, of a complex and unstable competitive environment
and capacity [3]. and to gain long-term benefits, it is necessary to include

According to Sinha et al. the most important supply resilience and robustness considerations into supply
chain risk areas are standards, supplier, technology, and chain design [10].

practice [4]. Finch mentioned three levels of risk Dynamic supply chain models under uncertainty are
coverage, namely: (1) application level; (2) needed, as well as tools able to consider interactions
organizational level; and (3) inter-organizational level characterizing supply chain factors and risk sources.
[5]. Norrman and Jansson, categorized all types of SC Nevertheless, very complex interactions among supply
risk into three categories: (1) operational accidents; (2) chain factors make the supply chain inherently

operational catastrophes; and (3) strategy uncertainty vulnerable to disruptions. That is the reason why only
[6]. According to Tang there are two kinds of risks in the most relative risk factors of SC should be
SC: (1) operational risk; and (2) disruption risk [7]. considered.
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This creates a challenge for managers to choose the
most relevant risk factors in their models.
Many researchers analyzed supply chain risks through
different influence factors pointed in below (Tab. 1).

PREVIOUS
INFLUENCE DESCRIPTION RESEARCH
Leeetal. [11];
Capacit Supplier is near or at Chopra and Sodhi,
pacity full capacity [3]; Norrman and
Jansson [6]
. Unreliable cycle times g
Cycle Time of suppliers Zsidisin [12]
E Norrman and
w Material Unreliable raw Jansson [6];
5 availability material sources Noordewier et al.
L|DJ [13]; Hillman [14]
Lo | Dot | Choma nd s
g . [3]; Hillman [14]
suppliers
Suppliers are located Chopra and Sodhi,
Natural in areas prone to [3]; Zsidisin [12];
Disaster natural/political Norrman and
disruptions Jansson [6]
Suppliers are to
strength or to weak to aljic
Sl\t/rlzrrlkig gth kto | Kraljic [15]
& dictate the price
5 Currency Supphershcomm{)n Hillman [14]
38 currency is volatile
O . . Supplier is financially | Chopra and Sodhi,
Financial =\ ooy [3]; Babich [16]
Cost Poor management Hillman [14];
management | skills of suppliers Zsidisin [12]
Quality Subs_tandard control Hillman[ 14];
quality methods of Sy
> system : Zsidisin [12]
- suppliers
3:' Supplier is
8 Legal ur}aware/unconcemed Hillman [14];
Standards with legal / Huang et al. [17]
environmental ’
standards
Poor product Noordewie ol
> R&D development methods . ;
c of supplicrs [13]; Laseter and
5 pp Ramdas [19]
m .
x Suppliers have Ch.opra and S.Odhl’
w . .. | [3]; Noordewier et
T | Flexibility | Processes whichdon't 4 045 50 N0 an
L Y allow significant ari d Jan’sson [6]:
changes in volume Zsidisin [12]
Lack of clear .
.. (Hillman,
Management | management vision or 2006)[14]
expertise
Market The market in which Chopra and Sodhi
characteristics the supplier operates [3]; Noordewier et
is volatile al. [13]
Unreliable .
L Information information system of Chopra and Sodhi
% sunpliers [3]; Hillman [14]
& pp i
a The supplier may not
% be able to handle the Chopra and Sodhi,
5 Product type | complexity or [3]: Hillman [14]
O sensitivity of product ’
requirements
It is difficult to
manage the
Relationshi relationships with Noordewier et al.
P | suppliers [13]; Hillman [14]
(communication
barriers)

Table 1. Factors of failure pointed in the literature

We believe that empirically grounded research
supports the development of quantitative modelling
using empirical studies and conceptual models.

WEF 2011, presented triggers of global supply
chain disruptions with the top external disruptions
highlighted in the Table 2 [20].

According to their research the initial event may
results in a cascading disruption or failure across
regions or industries.

ENVIRONMENTAL GEOPOLITICAL

Conflict and political unrest
Export/import restrictions

Terrorism
Natural disasters Corruption
Extreme weather Illicit trade and organized
Pandemic crime
Maritime piracy
Nuclear/biological/chemical
weapons
ECONOMIC TECHNOLOGICAL
Sudden demand
shocks

Extreme volatility in
commodity prices
Border delays
Currency fluctuations
Global energy
shortages
Ownership/investment
restrictions

Shortage of labor

Information and
communications disruptions
Transport infrastructure
failures

Table 2. Triggers of global supply chain disruptions
[20]

Modeling the critical point of failure within a SC
network is un-attempted and demands further research
[5]. We believe that disruption impact evaluation in
terms of cost, duration, and service will provide better
transparency for effective SCR modelling.

According to Musa the percentage of publications
by types of research methods were analyzed [21]. In the
literature review process were identified four types of
research approaches pointed below:

Type of research method identified by the

2% literature
m Overview/Exploratory

20% Empirical study
Analytical model

Simulation model

26%

Fig. 1 Percentage of publications by types of research
method in the field of Global Supply Chain

According to Colicchia and Strozzi it is necessary
to analyze how key concepts and performance
measures from other disciplines can be incorporated
into SCR models [10]. Also there is a need to



investigate — through empirically based research — how
companies assess their supply chain risk exposure and
how they develop mitigation capabilities in
collaboration with their supply chain partners.

3. SCRM RESEARCH GAPS

Using literature review, main six research gaps in
the field of SCRM were determined:

1. According to the research, the holistic SCRM
approach is lacking in the current literature.
Williams et al. claims that studying dyadic
relationships are extremely important for the
holistic understanding of SCRM [22]. These holistic
“system of systems” approach is expected to bring
fresh thinking for current SC problems [23].

2. There is a need to develop novel quantitative as
well as qualitative methods to quantify the risk
propagation and create an effective quantitative
modelling approach to solve SCRM problems.
There are many quantitative tools, like
mathematical programming and simulation models
Rao and Goldsby [24] or graph theory Colicchia
and Strozzi [10], which are not developed to solve
SCRM problems. According to Khan et al. it is
necessary to develop well-grounded quantitative
models which could consider other interdisciplinary
research approaches [25]. Quantitative tools and
theories which could be used to the dynamic
behavior of the complex SC system might be: (1)
System Dynamics using causal loops diagrams and
flow diagrams, (2) Real Option Valuation, and (3)
Simulation modelling.

3. According to Jiittner et al. there is an increasing
importance to identify risk drivers and their
potential impact to SC processes [1]. Bryson et al.
forced the need for creating an effective recovery
system to mitigate the effect of disasters [26]. Only
some authors like Khan and Burnes [27] and
Natarajarathinamet al. [28] examined the effects of
risk disruption and recovery planning. For these
reason, the robust contingency/recovery planning
strategies for potential future disruption are needed.
We believe that create an appropriate risk recovery
model will require proactive planning combining
appropriate information and human intervention.

4. The global compliance standards and environmental
thinking become more important in recent years.
This environmental awareness force logistics
activities to be more effective. Also there is a
pressure to use natural resources and recycle. Many
companies are aware of this recent trend and take
into consideration the interrelationship between
risks and sustainability perspective to become more
successful in the current competitive global market.

5. Companies need to be able to monitor real time
logistics  networks. Low information and
communication technology make the visibility of
SC performance almost insignificant. According to
Tang [7] and Rao and Goldsby [24] current
technologies such Radio Frequency Identification
(RFID), Enterprise Resource Planning (ERP) or
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General Packet Radio Service (GPRS) will become
important information tools for management of
supply chain risks in terms to improve SC
performance. Nevertheless, the recent technology
used to analyze risk management demands needs to
be investigated more extensively.

6. Network information communication and sharing
avoids defaults and generate trust between
shareholders. Nevertheless, long-terms contracts for
disruption are still lacking in the literature. Only
few research papers were focused on contracts
relating to price and demand fluctuations.

Other additional gaps which might be considered
are the lack of understanding of the nature of
complexity among many supply chain researchers and
the low effectiveness of risk management[29].

4. FUTURE DIRECTIONS OF SCRM

Each supply chain should follow 5 steps of
improvement provided by Logisitics [30], namely: (1)
Analyze the entire supply chain, (2) Connect
Electronically, (3) Anticipate Issues, (4) Set up
Alternative Plans, (5) Manage by Exception (Fig. 2).

New markets and new
economic balance

Driving the value
chain

Sustainability
1

e -

Ecological

Marketing Redesigning
complexity through | | Iy chai
transparency | 1 TP

Graying and
urbanisation

New rules/ new
compliancy Exploration of

information

Fig. 2 Future SC proposed by CapGemini [31]

4.1 Case study

Global supply chain suffers many breakdowns in
recent years. Many of them were related to natural
disasters, e.g. Japan tsunami (2011), Hurricane Katrina
in US (2005), Indian ocean tsunami (2004), etc.

These natural disaster caused cascading effect of
disruptions pointed below (Tab. 3).

According to our study, future directions of global
supply chain should be oriented on scenario planning,
quantitative risk metrics and data/information sharing.

The most important directions of Global Supply
Chain are also pointed below (Fig. 3).

The importance of the selected areas was measured
by their key words occurrence in the literature. The
importance of individual areas was numerically and
graphically classified.



CAUSE EFFECT
All major ports were closed with intense effect
pHYsIcAL | on the global logistic services. The gpilling
/INFRA- effect of the earthquake and tsunami led to a
STRUCTURE | pyclear power plant breakdown in fukushima.
DISRUPTION | Njyclear crisis and electricity shutdown forced
companies to shut down their plants.
After the japan tsunami, three sectors, namely:
1) automotive; (2) steel industry; (3
FINANCIAL (l)t i ('31 Gified by gl tgf I
DISRUPTION | Clectronics, were identified by global supply
chain analysts as most affected business areas
(hike in prices of all affected products).
T'f_co%’\\'(o' Impact on stability and integrity of e-services,
pisrupTiON | loss of intellectual property.
INFORMA- | Massive impact on information security (lack
TION of communication due to a complete
DISRUPTION | shytdown of the supply network).
HUMAN :
RESOURCE Loss of .llyes. Remove of employees (affect
DISRUPTION | productivity).
SOCIAL AND ) ) .
EcoLoGl- | Corruption, organized crimes, global
CAL imbalance, etc.
DISRUPTION

Table 3. Cascading effect of disruptions

Future directions of global supply chain

. . Scenario planning; 9
Business community

planning; 1
b Centralized risk

Supplier audit  management
5 colaboration; 2 program; 2 Profesiondl

certification and
licensing; 7

Risk quantification
matrics; 3
Data and
information sharing;

9

Training and
education; 10
Indlustry

benchmarking; &
Legislative

3
compliance; U
2

Vendor compllance
johues 1

Business led quaki
standard

Shaping new
legislation; 2

O Fmanual Government
P for the cost ofnskS incentive srograms;

Meed for impovements

-1 0 1 1 3 4 5 b 1

Future importance
Fig. 3 Potential future directions of global supply chain
identified by the literature

5. CONCLUSION

The common challenge for the future of global
supply chain might be the (1) collaboration between
consumers and shoppers which should be informed
about the sustainability impact of their shopping
choices, (2) collaboration and standardization between

retailers in order to be profitable and achieve
sustainable growth, (3) collaboration between
manufacturers and suppliers with the aim to

manufacture, market and supply the products that
consumers need in a cost-efficient manner, (4) facilitate
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the distribution process from supplier to consumer
using longer-term contracts with logistics service
providers. Developing the future supply chain require
time, insight and input from a wide range of industry
players  (e.g.  retailers, consumer  products,
manufacturers, industry standards organizations,
technology companies, etc.) so it is necessary to start
with the collaboration between them to become more
prosper in this dynamic environment.
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Abstract: There appears an argument that flexibility and quality are two elements that compete with each other
and that firms need to make a trade-off decision between the two. This research suggests that certain flexibility
dimension practiced in firms for better quality products enhances performance. Using a case study of a leading
alloy steel manufacturing firm in India, the hypothesized relationships are validated. The relationship between
flexibility and quality appears to be limited, especially with respect to specific measures. However, future
research will focus on empirically testing the practices presented in order to develop a more complete and
rigorous list of flexibility measures for achieving quality.

Key words: manufacturing flexibility, product quality, case study, path model

Aspekti fleksibilnosti i kvaliteta prakse industrijskog menadzmenta u Indiji: empirijsko istrazivanje. Cesto se
pojavijuje argument da su fleksibilnost i kvalitet dva elementa koja se medusobno nadmecu i da kompanije moraju
napraviti kompromis izmedu njih. Ovaj rad sugerisSe da odredena dimenzija fleksibilnosti, upotrebljavana u
firmama za pospesivanje kvaliteta proizvoda, poveéava performanse. Koris¢enjem studije vodeceg proizvodaca
legiranog celika u Indiji hipoteticke teze su validovane. Zavisnost izmedu fleksibilnosti i kvaliteta cini se da je
ogranicena, pogotovo u pogledu odredenih mera. Buduca istrazivanja e se fokusirati na testiranje iznetih praksi u
cilju razvoja kompletnije i rigoroznije liste mera za postizanja kvaliteta.

Kljucne reci: fleksibilnost proizvodnje , kvalitet proizvoda , studija slucaja , putanja modela

1. INTRODUCTION quality of such products need to be modelled [8].

Unlike some of the industrial countries in Asia 2. REVIEW OF LITERATURE
(Japan and China), India has basically relied on its
manufacturing firms to compete in international market 2.1 Production system flexibility

[1]. Evolving manufacturing environment offers new Flexibility has been classified according to
pressures to be confronted by the manufacturing firms, approach/logic and interpretation in different aspects,
such as customized products with on-time delivery e.g. supply, customer and manufacturing [9]. Among
along with underlying requirements of quality and  the vastness of publications, the study focused on

competitive cost [2]. Flexibility has brought about  ejoht basic flexibility dimensions with their
significant advantages by reducing the work-in-process definitions [10, 11, 12]. Machine flexibility is
levels of inventory and improving utilization of defined as the capability of production system to
resources,  reduction  of  space, reduction of  perform varying operations, in switching from one
scrap/rework, reduction of cycle time [3]. Quality has operation to another allowing small batch sizes, less
appeared two different meanings to researchers [4]. inventory cost and higher machine utilization.
First the specification of a good/service and second Process flexibility is defined as the capability of
how well its producer actually delivers to that performing several operations by the production

specification [5]. Delivery to specification encompasses system while reducing batch and inventory costs.
reliability and robustness, ease of purchase or access, Routing flexibility is defined as the ability of
ability to deal with complaints and after-sales service. production system to produce a part by alternative

As r.epoT’ted by Park and Son [6], improved prod.uct routes using different machines, different set of
quality is the key factor in advanced manufacturing process plans and operations. Volume flexibility is

systems and plays an importan.t role in improving Fhe defined as the range of output levels a production
market share and profit margin of a manufacturing system can economically produce to adjust the
firm by decreasing the total manufacturing cost. production upward or downward. Operation flexibility

The interrelationship ~ between dimensions of g defined as the number of alternative ways in which
flexibility and basic characteristics of product quality a part can be produced. Part mix flexibility is defined
is complex [7]. As there is a constant need of producing as the time it takes to add or substitute new products

products with acceptable level of quality in a production into the system. Expansion flexibility is defined as the

system, the influence of flexibility on the level of ease at which capacity may be added to the system.
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Material handling flexibility is defined as the capability
of a production system to move different part types
through the manufacturing system and to accommodate
different parts of different sizes for proper positioning.

2.2 Product quality

Product quality is the degree to which the product
conforms to the design specifications [13]. The
concept of flexible manufacturing represents a strategy
to improve quality. There appears two general
approaches to quality in organizations: total quality
control and TQM [14].

Product quality may be characterized with six basic
functions [15]. Performance refers to the primary
operating characteristics of a part/product.

Feature refers to the secondary characteristics that
supplement the products basic functioning.

Reliability reflects the probability of a product’s
failing within a specified period of time.

Conformance refers to the degree to which a
product’s design and operating characteristics match
pre-established standards.

Durability is a measure of product life having both
economic and technical dimensions.

Serviceability refers to the speed, courtesy and
competence of repair.

2.3 Flexibility and quality relationship

Constantly changing provides customers with more
choices and manufacturers with more ways to compete
[16, 17]. A few investigators have reported
relationships between specific types of flexibility and
quality. Li and Huang [18] established the impact of
flexibility on product quality. Garg et al. [19] studied
the relationships between flexibility and quality in
Indian manufacturing organizations.

3. OBJECTIVES AND METHODOLOGY

The objective of present research is to explore the
possible relationship between flexibility and quality and

i) flexibility dimensions are to be characterized
and quantified

il) quality parameters are to be decided and

quantified

ii1) flexibility quality relationship models are to be
developed and the effect to be studied. For high
production volume and high variety, whether
the quality of product would be maintained?
What happens to the performance of the firm
due to flexibility?

A case study approach was decided to investigate
the effect of flexibility on quality [20]. Sample in this
study includes various sections/departments (forging,
rolling, annealing, cutting and inspection) within an
Alloy manufacturing firm. Table 1 provides an
overview of the firm.
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Attributes Response
Year of establishment 1981
Turnover (million $) 85
Nature of product Alloy steels
Number of employees 750
Domestic market share 17 %

Table 1. An overview of firm under study

4. CASE STUDY

4.1 Reasons for selecting the firm

Ferro alloy industry is chosen for several
reasons. First, it is the world’s largest manufacturing
activity. Second, the history of this industry is fairly
well disseminated. Third, the alloy industry has been
explored within the context of specific countries.
Finally, this industry offered the potential to
simultaneously  examine eight dimensions of
flexibility and six parameters of quality considered in
this research. The firm considered in this study is
located at Odisha in which the company has
maximum number of product variants. The firm
aims to improve production system flexibility and
maintain acceptable level of product quality to
achieve better performance.

4.2 Operations at the firm

The division has many production modules for a
large market share. Each module though automated,
requires setup time for every variety change in
operations. The firm produces alloys using any of the
modules keeping scrap rate almost zero. The
operating sequence at the manufacturing firm:
Casting, Forging and Rolling, Annealing, Cutting,
Quality check and Dispatch.

4. 3 Data collection from the firm

Field study coupled with both quantitative
methods (document examination) and qualitative
methods (questionnaire survey, personal

discussions), was considered appropriate for the
complex nature of the study and was used as data
collection technique. Data required to compute
the variables considered for various factors is drawn
from various sources, such as, daily production report
files, strategic plans for new part/products, review
committee meeting reports, company presentations
for customers/suppliers, bill-of-materials, financial
statements and their sources.

Quality and flexibility parameter values for a
period of more than sixty months are collected from
the concerned firm using nominal group technique.
Data pertaining to each parameter are collected
from experts (manufacturing, quality control, sales
and marketing, finance). Data represent the average
figures for corresponding variables during a particular
month on 0 to 1 scale. One aspect is discussed with
more than one respondent [21]. Table 2 provides
information regarding the informants.



Position Percentage

Departmental heads 13
Departmental managers 41
Foreman & others 46

Table 2. Details of Informants

5. DATA ANALYSIS

Flexibility of production system is characterized
with eight dimensions and quality of product six.
Various dimensions of flexibility (FLX) and quality
(QUA) considered in this study are: machine (MC),
material handling (MH), volume (VO), process (PR),
part mix (PD), routing (RO), expansion (EX) and
operation (OP) flexibility. Quality has six parameters:
performance (PE), feature (FE), reliability (RE),
conformance (CO), durability (DU) and
serviceability (SE). Data pertaining to each of these
dimensions are collected from the group of experts. All
the dimension of flexibility and quality possess
Cronbach alpha values more than 0.6, which is the
boundary for reliability. Path models relating flexibility
and quality to observe the effect of one upon another

are developed. In a multi-product manufacturing
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firm, there exist four situations of production
system /machine-product combinations: many
machines produces many product types (M-M-M-P),
many machines produce one product type (M-M-1-P),
one machine produces one product type (1-M-1-P)
and one machine produces many product types (1-
M-M-P). Path diagrams relating flexibility and
quality are developed using AMOS software package.
The details of the model and the corresponding path
values are explained in the following subsections.

5.1 M-M-M-P production system

In this category of production system, there are
finite numbers of machines in series producing finite
number of part/products. The hypothesized
relationship between FLX and QU A is shown in
Fig. 1. The coefficients indicating the association
between the variables of flexibility and quality are
provided in Table 3. From the p-values, it is
concluded that some of the relationships are quite
significant (bold entries), while other relationships
although they exist are statistically insignificant at
95% confidence interval.
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Fig. 1. Path diagram relating flexibility and quality

Estimation | Std. error p-value
QUA-FLX 1.01 0.125 0.001
CO-QUA 0.37 0.092 0.025
DU-QUA 0.81 0.065 0.007
SE-QUA 0.87 0.121 0.006
RE-QUA 0.19 0.025 0.231
FE-QUA 0.95 0.113 0.003
PE-QUA 0.95 0.066 0.102
PD-FLX 0.94 0.105 0.003
PR-FLX 04 0.125 0.025
RO-FLX 0.85 0.032 0.011
EX-FLX 0.93 0.21 0.003
OP-FLX 0.72 0.107 0.015
VO-FLX 0.24 0.182 0.192
MH-FLX 0.11 0.223 0.257
MC-FLX 0.94 0.102 0.003

Table 3. Path estimates of M-M-M-P system
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In M-M-M-P model, dimensions such as part mix,
process, routing, expansion, operation and machine
flexibility affects significantly the system flexibility.
Feature, serviceability, durability and conformance
factors significantly affect part quality. The error
values for all the variables are within the acceptable
range, indicating that a good amount of variance of
these variables is explained through the model.

5.2 M-M-1-P production system

In this category, path diagram (as in Fig. 1) is
drawn whose path coefficients associating the
variables of flexibility and quality are provided in
Table 4. In M-M-I-P model, it is observed that
process, routing, operation, volume and machine
flexibility significantly affects system flexibility
whereas performance, feature, serviceability and
conformance factors significantly affect product
quality.



Parameter | Estimation  Std. Error p-value

QUA-FLX 1.12 0.098 0.002
CO-QUA 0.45 0.048 0.025
DU-QUA 0.05 0.063 0.762
SE-QUA 0.66 0.123 0.021
RE-QUA 0.14 0.078 0.321
FE-QUA 0.44 0.086 0.025
PE-QUA 0.56 0.046 0.022
PD-FLX 0.74 0.094 0.026
PR-FLX 0.41 0.084 0.025
RO-FLX 0.84 0.106 0.016
EX-FLX 0.14 0.097 0411
OP-FLX 0.72 0.102 0.018
VO-FLX 0.91 0.112 0.005
MH-FLX 0.1 0.225 0.501
MC-FLX 0.83 0.078 0.015

Table 4. Path estimates of M-M-1-P system

5.3 1-M-1-P production system

Relationship between flexibility and quality is
modelled using a path diagram (as in Fig. 1) where
one machine produces one particular type of
part/product. Path coefficients are provided in
Table 5. From /-M-1-P model, it is observed that
process, routing, operation, and volume flexibility
significantly affects system flexibility —whereas
performance, feature, durability and conformance
factors significantly affect product quality.

Parameter | Estimation Std. error p-value
QUA-FLX 1.03 0.173 0.003
CO-QUA 0.5 0.102 0.022
DU-QUA 0.82 0.196 0.011
SE-QUA 0.19 0.125 0.317
RE-QUA 0.12 0.107 0.352
FE-QUA 0.7 0.06 0.015
PE-QUA 0.67 0.272 0.023
PD-FLX 0.59 0.113 0.026
PR-FLX 0.37 0.108 0.025
RO-FLX 0.91 0.242 0.003
EX-FLX 0.63 0.051 0.026
OP-FLX 0.86 0.121 0.012
VO-FLX 0.8 0.098 0.011
MH-FLX 0.25 0.221 0.195
MC-FLX 0.43 0.134 0.051
Table 5. Path estimates of 1-M-1-P system
5.4 1-M-M-P production system
The relationship between flexibility and

quality is found out with the help of a path
diagram (as in fig. 1) where one particular machine
produces variety of part types. Path coefficients are
provided in Table 6. In I-M-M-P model, it is
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seen that dimensions such as part mix, routing, and
operation flexibility significantly affects system
flexibility whereas performance, feature, durability,
serviceability and conformance factors significantly
affects part quality.

Parameter | Estimation | Std. error p-value
QUA- 0.93 0.109 0.003
CO-QUA 0.41 0.281 0.025
DU-QUA 0.84 0.056 0.011
SE-QUA 0.98 0.045 0.001
RE-QUA 0.14 0.215 0.395
FE-QUA 0.78 0.054 0.017
PE-QUA 0.95 0.074 0.002
PD-FLX 0.79 0.165 0.017
PR-FLX 0.28 0.198 0.128
RO-FLX 0.76 0.121 0.023
EX-FLX 0.73 0.124 0.026
OP-FLX 0.71 0.128 0.024
VO-FLX 0.84 0.106 0.026
MH-FLX 0.15 0.224 0.375
MC-FLX 0.34 0.201 0.212

Table 6. Path estimates of 1-M-M-P system

All the four estimated models show a good fit with

the data. The ratio of xz to dof is within 3.0. Fit

indices for the models corresponding to all the
combinations are provided in Table 7. For all the
models, goodness-of-fit index (GFI) is greater than
0.9 indicates that the model is saturated due to
hypothesized relationships between the parameters.
Other fit indices for all the models are greater than
0.9. Achieved normed-fit-index (NFI) is within
acceptable range. The values in table indicate fair
amount of model fit, thus obtaining a satisfactory
result.

Model ¥2 | dof | GFI | NFI | RMSEA
1-M-1-P 226 | 76 | .925 | .902 .057
M-M-1-P | 218 | 76 | .933 | 917 .069
1-M-M-P | 169 | 76 | 901 | .936 .072
M-M-M-P | 138 | 76 | .924 | .928 .068

Table 7. Fit indices for the relationships between
flexibility and quality

6. RESULTS AND DISCUSSION

eIn M-M-M-P system - part mix, routing, process,
expansion, operation, and machine flexibility make
significant contributions (at 0.05 confidence interval,
p-value is less than 0.025) to system flexibility, i.e.,
increase in coefficients of these dimensions increases
the system flexibility and product quality. Material
handling and volume flexibility are not making
significant contributions. Quality factors such as



conformance, durability, feature, and serviceability
make significant contributions to product quality i.e.,
increase in coefficients of these functions increases
quality of product. However, performance and
reliability do not have any significant contribution to
quality. Thus, flexibility bears a significant
relationship with quality.

eIn M-M-1-P system - part mix, process, routing,
operation, volume, and machine flexibility make
significant contributions to system flexibility.
Material handling and expansion flexibility are not
making significant contributions. Conformance,
serviceability, and feature of the part make
significant  contributions to product quality.
However, dimensions such as performance,
durability and reliability do not have any significant
contribution to quality. There exists a significant
relationship between flexibility and quality.

eIn /-M-1-P system - process, routing, operation,
and volume flexibility make significant contributions
to system flexibility. Machine, material handling,
expansion and part mix flexibility are not making
significant contributions. Conformance, durability,
and feature make significant contributions to product
quality. However, performance, serviceability and
reliability do not have any significant contribution to
quality. There exists a significant relationship
between flexibility and quality.

eIn /-M-M-P system - routing, process, and
operation flexibility make significant contributions
to system flexibility. Machine, material handling,
expansion, part mix and volume flexibility are not
making significant contributions. Conformance,
durability, feature, and performance of the part make
significant  contributions to product quality.
However, serviceability and reliability do not make
any significant contribution to quality. Flexibility
bears a significant relationship with product quality.

Results of path diagrams indicate that increase in
certain flexibility dimension increases quality.
Greater the path coefficient value better is the
relationship/effect. There are specific flexibility
dimensions which do not significantly affect product
quality. In specific terms, increase in process, routing
and operation flexibility increases the product
quality. Moreover, material-handling flexibility has
no effect on product quality.

7. CONCLUSIONS

Although the models developed in this
research are tested in multi-product manufacturing
firms, it is recommended that the firms practicing
mass production may also find these models
applicable. There exists a positive relationship
between flexibility and quality and thus system
flexibility contribute directly and indirectly to
product quality. This research developed educational
materials for use in academic and professional
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training purposes. Developing greater awareness and
competence among manufacturing professionals is a
critical step toward improving product quality and
the case study approach helps achieve that goal.
The findings suggest that the linkage between
flexibility and quality is more complex than
suggested by previous research and thus emphasize
the need for additional studies using multivariate
research designs.

It would be an important research direction to
examine the impact of other dimensions, such as,
worker flexibility, material flexibility, market
flexibility, supplier flexibility on quality. Empirical
research using a survey questionnaire would allow
the researchers to test the generalisability of the
practices, as well as identify any industry or regional
differences.
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Abstract: Product packaging has been drawing interests in domain literature brought about by its economic, social
and environmental contexts. Recently, there has been increasing number of works focusing on food product
packaging due to its higher production volumes. Much of these interests focus on the design and selection of
materials that address issues on sustainability. With this, life cycle assessment (LCA) is widely regarded as a tool
that quantifies the environmental impacts of product systems. This paper presents a case study of a matrix-based
LCA on the comparisons of polystyrene and recycled paper egg tray. Results of the LCA are reported in this work.
Key words: matrix-based LCA, egg tray, packaging

Matri¢na procena Zivotnog ciklusa polistirena i recikliranog kartonskog pakovanja za jaja. Pakovanje
proizvoda privlaci interes u domenu literature zbog svog ekonomskog, socijalnog i ekoloskog konteksta. U zadnje
vreme se javlja sve vise radova usmerenih na pakovanje pojedinih proizvoda zbog povecanja njihove proizvodnje.
Mnogo tema se orijentisu na projektovanje i odabir materijala koji zadovoljavaju uslov odrZivosti. Procena Zivotnog
ciklusa (LCA) je opste prihvacen alat koji kvantifikuje ekoloski uticaj proizvodnog sistema. U ovom radu je
predstavijena studija poredenja matricne procene zivotnog ciklusa polistirena i recikliranog kartonskog pakovanja
za jaja. Rezultati procene su navedeni u ovom radu.

Kljuéne reci: matricna procena zivotnog ciklusa, karton za jaja, pakovanje

1. INTRODUCTION [10] and an excellent exposition of the various issues in
this domain including its environmental issues is done
Product packaging has been an interesting topic in by Marsh and Bugusu [11].
domain literature in the context of economic, social and
environmental issues [1]. From the standpoint of
sustainability in general and sustainable manufacturing
in particular [2], product packaging must adopt
environmentally-conscious design with materials and
processes that conform to sustainability. With this, life
cycle assessment (LCA) provides a quantitative and
logical approach in providing salient inputs to the
design process. This has been a motivating research
area which is evidenced by a number of works
dedicated to this problem domain, e.g. Sanyé-Mengual
et al. [3], Madivala et al. [4] among others. This is
inherently due to the presence of product packaging in
all industrial sectors and marketplace [3]. A general
overview of product packaging in the context of LCA
can be found in Lee and Xu [5].

This paper presents a matrix-based LCA on the
comparison between polystyrene egg tray and recycled
paper egg tray used in egg packaging. This paper
embarks on the early work of Zabaniotou and Kassidi
[12]. The main departure of this work is the application
of the matrix-based framework originally developed by
Heijungs and Suh [13]. In 2002, an estimated 53.4
million tonnes of eggs were produced and this figure
eventually grows steeper as significant growth in the
use of egg products was observed [14]. The
Netherlands and the U.S. are the largest egg exporting
countries and Germany is also the largest importer of
eggs. Thus packaging of this product is important as
well as the environmental issues associated with this
packaging. The polystyrene, popularly known as
styrofoam, egg tray and recycled paper egg tray were

Among various areas in product packaging, food considered as the widely used egg packaging [12].
product packaging draws interests in literature. For Since global awareness on environmental issues is
instance, Levi et al. [6] presented a comparative LCA increasing sharply over the last two decades following
of disposable and reusable packaging in distributing the Brundtland report [15], reuse and disposal of
fruits and vegetables. Siracusa et al. [7] conducted an products have been important issues in literature. This
LCA on multilayer polymer bag for food packaging study aims to determine, evaluate and compare the
and preservation. Raheem [8] provided an overview on environmental burdens and impacts associated with
the applications of plastics and paper as food packaging each product packaging using a matrix-based LCA with
materials. Arvanitoyannisab and Bosneab [9] presented an attempt to determine which packaging is more
status and perspectives on recycling of polymeric environmentally-benign. The contribution of this work
materials for food packaging. The highly-cited lies in applying matrix-based LCA on the comparison
reference for food packaging is the work of Robertson of two egg packaging materials.
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2. MATRIX-BASED LIFE CYCLE ASSESSMENT

2.1 Life Cycle Assessment (LCA)

LCA is a process for evaluating the environmental
impacts associated with a product or process by
identifying and quantifying energy and materials used
and wastes released to the environment, assessing the
impact on the environment of those energy and material
uses and waste releases, and identifying ways for
reducing the environmental impacts [16]. By definition,
LCA covers the entire life cycle of a product or a
system which is from extraction of raw materials,
manufacturing, distribution and use, final disposal. This
is termed as a cradle to grave analysis. In general, LCA
is capable of identifying opportunities to improve the
environmental aspects of products at various points in
their life cycle, supporting decision-making in strategic
planning, priority setting, product or process design or
redesign, assisting selection of relevant indicators of
environmental performance, and in marketing of
products [17].

LCA as a methodology is widely used in
environmental assessment and the specific activities in
the methodology have been agreed by scholars and
practitioners in the field with particular focus on the
international standards for LCA — I1SO 14040-14043.
[17-19]. The general framework of LCA is composed
of four phases: goal and scope definition, inventory
analysis, impact assessment, and interpretation [20-21]
and the International Standard 1SO 14040 series [17],

as shown in Figure 1.

Life Cycle Assessment

S——
Goal and scope >
definition <
- J
A
\ 4
( ) i
Inventory > Interpretation
analysis <
- J
A
A
~
Impact >
d
-

\ assessment

Fig. 1. Phases of life cycle assessment [17]

~/

2.1.1 Goal and Scope Definition

The goal and scope of an LCA study shall be
clearly defined which must be consistent with the
intended application [17]. The goal of an LCA study
must clearly state the intended application, the reasons
for carrying out such study and its intended audience.
In defining the scope of an LCA study, the functional
unit, the system boundary and data requirements must
be clearly described. As an iterative methodology, LCA
allows modifications of the scope of the study while the
study is being conducted as more additional
information is obtained.
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2.1.2 Life Cycle Inventory (LCI)

Life cycle inventory analysis involves data
collection and calculation procedures to quantify
relevant inputs and outputs of the product system.
Inventoriable items of the LCA study must be declared
in the goal and scope definition. These items may
include the use of resources and emissions to land,
water and air associated with the system. Likewise,
inventory analysis is iterative. Thus, as data are
collected and more is known about the system, new
data requirements or limitations may be identified so
that the goals of the study will still be met. Oftentimes,
issues may be identified that require revisions of the
goal or scope of the study.

2.1.3 Life Cycle Impact Assessment (LCIA)

This phase of LCA is aimed at evaluating the
significance of potential environmental impacts using
the results of the LCI. The impact assessment phase
may include the following: assigning of inventory data
to impact categories popularly known as classification,
modeling of inventory data within impact categories
which is known as characterization and possible
aggregation of results.

2.1.4 Interpretation

Interpretation is the phase of LCA in which the
findings from the inventory analysis and the impact
assessment are combined together consistent with the
goal and scope definition in order to reach conclusions
and recommendations.

2.2 Matrix-based LCA

The matrix-based LCIA method was first
introduced to LCI computation by Heijungs [22]. This
method utilizes a system of linear equations to solve an
inventory problem. Arranging the economic and
environmental flows in matrix forms, the final
cumulative environmental loads are calculated by some
matrix algebra operations. Later, Heijungs developed
the detailed computational methods were developed by
Heijungs and Suh [13] and is considered the
fundamental textbook of matrix-based LCA. A set of
definitions of the matrix-based LCI and LCIA model is
provided in this section which is lifted from the
discussion of Heijungs and Tan [23]. More detailed
discussion can be found in Heijungs and Suh [13].

Definition 1. The flow of economic goods within the
life cycle system is balanced such that the net system
output corresponds to the functional unit

As=f (1)
where A is the technology matrix, s is the scaling
vector, and f is the functional unit vector. The form of
(1) can be written as

s=A"f
provided that A is invertible and A™ exists.

)

Definition 2. The equation for balances of flows of
resources and emissions of the life cycle is

Bs=g ®)



where B is the intervention matrix and g is the
inventory vector. The relationships provided in (2) and
(3) may then be combined to give the generalized LCI
model

g=BA"f C)

Every column in A or B represents a process within the
life cycle system, each with a corresponding scaling
vector s. The elements of f and g correspond to specific
economic goods or environmental  streams.
Conventionally, positive values in A, B, f, or g
represent outflows, while negative values denote
inflows [13].

Definition 3. The environmental impact vector h is
defined as

h=Qg ®)
where Q is the characterization matrix that describes
equivalence of g, € g to /4, € h. Combining (4) and
(5) gives

h=QBA™f (6).
Definition 4. If weighting of environmental impacts is
applicable and logical, then the total environmental
impact El can be written as

El=w'h @)
where w' is obtained by some prioritization method.

3. GOAL AND SCOPE DEFINITION

Shown in Figure 2 is the life cycle of polystyrene
egg tray considered in this study. After several
processes, the egg trays will be shaped and a total of
50,000 Polystyrene egg trays will be produced ready
for packing and shipping to their specific destinations.
The egg trays will be used by different consumers and
is disposed afterwards.

Packaging and
distribution

Egg tray Consumer
manufacturing use

Fig. 2. Polystyrene egg tray and recycled paper egg tray
processes

The manufacturing process of recycled waste paper
will undergo on several processes using the pulping and
egg tray maker machine. The water used in the process
of making of trays is recycled thus no water is put into
waste. A Dissolved Air Floatation is the one that treats
and clarifies the water that will be used throughout the
process. The manufacturing process ends in drying the
formed egg tray. Afterwards, the egg trays will be
packed and are ready for delivery at specific
destinations. The trays will be delivered to different
consumers. After the egg trays are used, these will be
disposed.

In this study, the functional unit was based from the
previous gathered date given 50,000 egg trays of six
eggs each. Closed egg trays have been considered. In
fifty thousand egg trays require for their production, a
quantity of 680 kg of waste Polystyrene and 998 kg
waste recycled paper, respectively after consumer use
them. The chosen system boundary for this study is
“gate-to-grave”, which encompasses from the
manufacturing to the disposal process of both
Polystyrene and Recycled paper egg trays. Through this
system boundary, this can help in the identifying the
different energy, materials and releases of the two
products through their life stages which can be
candidates of environmental impact and purpose in
further studies.

Table 1. Polystyrene egg tray list of economic and environmental flows

_— . Economic . . Environmental
Process Description Economic Inflows Outflows Environmental inflows outflows
0.45 kg Iron Mine 3.44 kg CH,
0.22 kg CaCO; 32.67 kg NO,
Egg Tray 1.6 kg Bauxite 71298 MJ Energy 2952 kg CO,
1 Manufacturing 12 kg Mine Salt 680 kg Egg tray consumption 0.011 kg N,O
718 m® fuel 94.95 kg SOy
715 m® Natural Gas 1.959 kg CO
Packaging and 680 kg egg tray 680 kg
2 Distributing 866.66 kWh | packed egg tray 682 kg CO,
3 Consumer Usage 680 kg 680 kg -
packed egg tray | waste egg tray
680 kg .
4 Disposal waste egg tray 680\/\'7&5’90“(1 40.188 kg CO,
51 kWh

The assumptions and limitations of this study are: (1)
accidental pollution and environmental impacts
caused by personnel at the site of production and
delivery are neglected, (2) both egg packaging
products produced are all used and disposed
throughout the life cycle, (3) the use of diesel
(combustion) and fuel (combustion) in truck

89

deliveries were focused on the Carbon dioxide
(C0O2), Mono-nitrogen Oxides (NOx), and Carbon
Monoxide (CO) emissions alone, and (4) all egg trays
were all utilized by the consumer, thus the waste egg
tray are the same quantity as of the produced egg
trays on both life cycles




Table 2. Recycled paper egg tray list of economic and environmental flows

Process Description Economic Economic Environmental Environmental
P Inflows Outflows inflows outflows
3.44 kg CH,
32.67 kg NO,
1 Egg Tray 1500 kg 680 kg 71298 MJ 2952 kg CO;
Manufacturing Recycled Paper Egg tray Energy consumption 0.011 kg N,O
94.95 kg SOy
1.959 kg CO
Packaging and 0.8kg 680 kg
2 Distributing Dye Solution |packed egg tray| 682 kg CO,
0.442kg 680 kg
3 Consumer Usage Anti-Foaming | waste egg tray i
. 20kg 680 kg
4 Disposal Paraffin Solution | solid waste 40.188 kg CO,

Table 3. Environmental impact categories: characterization

Impact category CO, NO, CH, SO, | CO | N,O Energy
Global Warming Potential | 1 COeq/kg 0 35CO0%q/kg | O 0 0 0
Acidification Potential 0 0.70 NOyeq/kg 0 0 0 0 0
Energy Consumption 0 0 0 0 0 0 1M

4. LIFE CYCLE INVENTORY

The matrices A and B together with vectors f and
s for both type of egg trays are shown in Appendix A.
Only vectors g are shown in this section. Using
equations (1) to (4), amount of each inventory item is
obtained.

Co, 3674.19
NO, 32.67
CH, 3.44
Gpotsprene =| SO, |=| 94.95
co 1.96
N,O 0.011
Energy —71298
Co, 2513.25
NO, 4.16
CH, 1.55
8 recycledpaper = SO, |=| 585
co 0.92
N,O 0.016
Energy —25088

Based on the calculated values, g g1 to g6 are all
positive since they are the emissions of the whole life
cycle. The negative value g7 represents the use of the
energy.

5. LIFE CYCLE IMPACT ASSESSMENT

Vector Q is given by

Q [ CO2 NO, CH4 SO, CO N20 Energy
Gwp|l 1 0 3 0 0 0 0

APl O 07 O 0 O 0 0
Energy

. 0 0 0 0 0 0 1
consumption
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For h of polydstyrene egg trays,
h

hl 3794.588
h2 22.869
h3 -71298

For h of recycled paper egg trays,

h
hl 25675
h2 290934
h3 25088

6. INTERPRETATION

Based on the results, the inventory indexes of
Polystyrene Egg Tray on CO2, NOx, CH4, SOx, CO
and N20 accumulated the greater values than the
recycled paper egg tray life cycle. It can be
concluded that the processes or stages through the
Polystyrene Egg tray life cycles emits greater amount
of harmful chemicals in the air than of the recycled
paper egg tray processes. The obtained result for
GWP got the highest value among the three impact
categories being focused. It matches with the graph
for emissions that CO2 has the highest value
compared to other emissions.

7. CONCLUSION

The application of Life Cycle Assessment
Procedure was made possible through the use of
Matrix-Based method in assessing Life Cycle
Assessment upon comparing the two products. The
results obtained do not provide a clear-cut answer in
defining the eco-friendly product but the goals were
answered and compared using this method. The



obtained results have revealed that the Polystyrene
Egg Tray, during its life cycle has higher
environmental impacts than the recycled paper one.
The Polystyrene Egg Tray in all of the degrees emits
more due to its manufacturing inflows and outflows.
The conclusion and data of this study can be used as
a reference and database for further study. This study
can also serve as a comparison purposes on both
products. This study can only be used by the
Polystyrene and Recycled paper egg tray
manufacturers and those who transport raw materials
from a supplier wherein transportation is needed. The
machines used in the manufacturing until the disposal
stage of both products are automatic machines.
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