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ABSTRACT: The main principle encouraging by solar cars is the potentiality to produce energy
from the sun with an attitude that respects the environment. Increasing interest in solar-powered
vehicles arise as a topic of study mainly developed by academic institutions, students, engineers,
researchers, and also solar car teams all around the world with the aim of promoting sustainable
mobility, gives us the opportunity that enhances the make the more efficient solar car with include
proper optimization on its mechanics like the suspension system, steering system, vehicle’s dynamics,
etc. In this study, the finite element analysis of the front suspension system of the solar-powered
vehicle was carried out. The regions to be optimized on the relevant suspension system parts were
carried out by a topology optimization study. After that, parts and geometries of the new suspension
system were designed. The main object of this study is mass optimization of the new suspension
system.
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Giines Enerjili Hafif Aracin On Siispansiyon Sistemi Tasarimi

OZET: Giines arabalarinin 6zendirici temel ilkesi, evreye saygili bir tavirla giinesten enerji iiretme
potansiyelidir. Glines enerjisiyle calisan araglara artan ilgi, temel olarak akademik kurumlar,
ogrenciler, miithendisler, arastirmacilar ve ayrica diinyanin dort bir yanindaki giines enerjili araba
ekipleri tarafindan siirdiiriilebilir hareketliligi tesvik etmek amaciyla gelistirilen bir ¢calisma konusu
olarak ortaya ¢ikmaktadir. Daha verimli arag, daha verimli siispansiyon sistemi, direksiyon sistemi,
aracin dinamikleri gibi mekanigi lizerinde uygun optimizasyon calismalarini i¢cermesi, alandaki
caligmalara yon vermesi anlaminda 6nem arz etmektedir. Bu ¢alismada, giines enerjili aracin 6n
siispansiyon sisteminin sonlu eleman analizi yapilmustir. Ilgili aski sistemi parcalari iizerinde
optimize edilecek bolgeler, bir topoloji optimizasyon calismast ile ger¢eklestirilmistir. Devaminda,
yeni siispansiyon sisteminin parcalar1 ve geometrileri tasarlanmistir. Bu ¢aligmanin ana amaci, yeni
slispansiyon sisteminin kiitle optimizasyonudur.

Anahtar Kelimeler: Giines arabalari, Siispansiyon sistemi, Y6n verme mafsal kolu, Cift salincak.

1. INTRODUCTION

Energy is indispensable to modern society, unfortunately, most primary sources are
unsustainable. Nonrenewable resources are associated with a multitude of environmental impacts,
including global climate change, acid rain, freshwater consumption, hazardous air pollution, and
radioactive waste. Nevertheless, renewable energy has the potential to meet demand with a much
smaller environmental footprint and can help to alleviate other pressing problems, such as energy
security, by contributing to a distributed and diversified energy infrastructure. However, wind and
solar as major renewable sources are the fastest growing renewable sources, but their contribution is
much smaller of the total energy usage of the world rankings (Anonymous, 2020).

From the consumption as well as the production point of view, renewable energy sources are
finding their value in the automotive industry. While the automotive companies are willing to develop
environmentally-friendly vehicles and introduce sustainable production processes, there is further
potential space for renewable energy sources. To illustrate, innovative automotive companies in
Germany are investing in sustainable energy projects as part of their company strategy aligning with
“Energiewende” politics (Pechancova, 2017).

Renewable energy also plays a role in boutique race teams of academic origin such as solar car
teams in the worldwide. In fact, we are writing this academic study based on Solaris 11 solar-powered
vehicle, one of the boutique solar racing teams we mentioned. As part of the solar car team, we aim
at development and innovation in our new vehicles every year. Therefore, this study brings along
suspension optimization, which is a vital parameter in vehicle design.

The suspension system of a car performing a vital role on the vehicle’s stability. Cars must be
overcome the surrounding resistance’s inertia with the effective design of suspension system design
that could dissipate through ground vibrations and absorbs the detrimental influence of road
conditions (Harris, 2020; Camargo et al., 2017) The idea of structural optimization of suspension
system gather around two important considerations: stiffness and durability. Hereat the design
parameters evaluate for making the suspension lighter, compact, and ensuring it always stays in
contact with road during several maneuvers (Camargo et al., 2017). Thus, the suspension system
design does not belong to only meet the basic requirements of the vehicle like absorption and safety
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but also augment the performance of the solar car where the energy management is a particularly
important issue.

Felipe Vannucchi de Camargo et al. have investigated the suspension system of a solar-powered
vehicle at their work. They were enhanced three different shapes made out of carbon fiber reinforced
plastic was analyzed and compared through static and modal finite element analysis (Camargo et al.,
2017).

Burdick et al. have main purpose to optimize their 2016 suspension system which is 15.83 kg
more than their 2020 solar car’s suspension weighed. Their design consists of a leading double control
arm suspension in the front and a trailing arm suspension in the rear. A bell crank shock is used for
both systems. All components were mounted to a three-layer M10 carbon fiber chassis board which
was selected based on material testing (Burdick et al., 2019)

Odabasi et al. are in their study a preliminary comparison was presented among longitudinal
arms with leaf springs, MacPherson and double wishbone, aimed at pointing out the most appropriate
design for the solar-powered vehicle hereby considered, considering its its specific demands for low-
weight and efficient structures (Odabasi et al., 2018)

2. MATERIALS AND METHODS

2.1 Materials

The suspension system isolates the vehicle and occupants from the vibration of the road surface.
When the solar-powered vehicle hits bumps, the suspension system provides handling and steering
of the solar car. Before designing the suspension system, the balance of the solar-powered vehicle
should be calculated and specified the spring and damper rates for the front and rear wheels. For these
calculations’ wheelbase, the weight of the car, and the moment of inertia of the solar car must be
known. The weight of Solaris 11 is about 2750 N and the wheelbase is typically 2.0 m. Solaris 11 is
a solar car that is three-wheeled with two wheels in front and a single rear wheel. All of the tires must
be loaded approximately equal weight for stability.

The main weights of the solar-car were assumed to be 785 N for the driver, 200 N for the
battery, 150 N for the brushless DC motor, 150 N for the solar array, and 540 N for the monocoque
body-chassis. The center of gravity for the 540 N monocoque chassis is assumed to be at the center
of the body. The driver and battery weights have been moved to obtain the required 51.5% of the
weight on the front wheels. The polar moment of inertia can be calculated after specifying the center
of gravity.

A double-wishbone suspension has been chosen to use for the solar-powered vehicle. Because
double-wishbone suspension provides the best control of the suspension geometry and it is lighter
than the McPherson suspension type. Before enhancing the suspension design, the wheelbase and
wheel track must be determined. The wheel track and wheelbase have been determined as 0.8 m and
2.0 m. The following items have been taken into consideration during the design of suspension
geometry.

*Lower wishbones in the suspension are longer than the upper wishbones. Longer lower
wishbones reduce the scrub and bump steer. These design criteria can be possible with the narrow
chassis structure. Also, a wider wheel track provides longer lower wishbones.

*The lower wishbones conduct higher loads to the chassis than the upper wishbones.
Therefore, points where the wishbones hook onto the chassis, must be stiff.
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*Another critical consideration is the distance between the lower and upper wishbones. If the
distance can be increased, death wobble can be reduced. Another point of view, the larger distance
can be contributed to reducing loads on the upper wishbone, and scrub, bump steer can be minimized.

After the calculated wishbones length, the next step is the defining kingpin axis. Angling the
kingpin through the center of the tire patch provides the braking loads to are having a zero moment
around the kingpin axis. This condition eliminates the brake steer.

Table 1. Mechanical properties of aluminum 7074 T6 and AlSi7Mg alloy
Magnitude with Units of
Aluminum 7075 T6

Material Properties Magnitude with Units of AlSi7Mg

Density [kg/m®] 2880 2660
Tensile Strength [MPa] 510-538 220

Poisson’s Ratio 0.33 0.33
Young Modulus [MPa] 71.7 74
Elongation at Break [%0] 11 2.5

2.2 Force Calculation
Before the finite element analysis and part designs, the forces acting on the vehicle should be
calculated. As shown in figure 1, three types of forces act on the solar-powered vehicle. These are
braking, axial, and radial forces. The radial force is the force perpendicular to the ground acting on
the wheel and it is a force that occurs depending on the mass of the relevant land vehicle. Axial force,
on the other hand, is a force that depends on mass, speed, and radius of turn.

Fbraking

.

Faxial radial

Figure 1. Forces acting on the solar-powered vehicle

The mass of the Solaris 11 vehicle was assumed to be 280 kg. The safety factor was accepted
as 2 in the radial force calculation. Because it is assumed that the entire mass is formed on 2 wheels
while the vehicle turns around the bend. The radial force calculation has shown in equation 1.

mxgxSF=826x981x2=1620.612N (1)

As a result of examining the road data of Solaris Solar Car Team in axial force calculation, it
was determined that the turning radius of the most critical scenario was recorded while turning with
a speed of 16.67 m/s at a 38.9 m bend. The axial force calculation has shown in equation 2.

mv? _ 826x 16.67>

= 2
x. 23g7s Y15 =1016397 N 2

In this solar-powered vehicle, it has been decided to use hydraulic disc brakes at the front and
rear. In this study, the main focus on the front axle. The solar-powered vehicle designed for the
participating Bridgestone World Solar Challenge. In scrutineering, all solar-powered vehicles test for
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braking capability. When the velocity is 60 km/h, all vehicles have to stop in 30 meters. For this
reason, the first step is calculating the kinetic energy of the solar car in the first braking force.

KE =05xmx V2 =38904.45] (3)
Stopping distance calculation as,

s=0.1xv+0.0060 x v2 =27.6m (4)

Average braking force calculation as,

2

Frpg = % = 1409.581 ®)
Deceleration,
D, =0.5g (6)
Stopping time calculation as,
V=U-D,xt=>3.4seconds @)

Dynamic weight transfer calculation as,

h (W
Wy = (Z) * (3> *D, = 586.1671 N (8)

The radial load on the front axle calculated 1620.612 N and the rear axle is 1126.188 N. In
dynamic condition vertical load on the front and rear axles,

Front Axle = 1620.612 + Wp = 2206.779 N )
Rear Axle = 1126.188 — W = 540.0209 N

Percentage load transfer while braking,

Front Axle Percent = 0.8034

Rear Axle Percent = 0.1966 (10)
Required braking force at the front and rear axles,
Frront requirea = 1132.005 N (12)
Frear,required = 277.0129 N
Braking torque required for a single front wheel,
Brake Force . ]
———x u* Effective Radius of Wheel = 47.385 Nm (12)

F =
2
Braking torque required for a single rear wheel,
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_ Brake Force

= 5 * u = Ef fective Radius of Wheel = 23.192 Nm (13)

Table 2. Force calculation study of Solaris 11 solar-powered vehicle

# Type Force [N]
1 Radial 1620.612
2 Axial 1016.397
3 Brake 566.0025

2.3 Spring Rate Calculation

One of the main purposes of suspension is to generate as much grip as possible from the tires
in order to keep the tires in contact with the road, because it is the friction between the tires and the
road that affects a vehicle’s ability to steer, brake and accelerate.

Finding the ideal spring rate of the purpose-built solar race car plays a major role in the choice
of suspension spring. Primary objective of the calculating ideal spring rates for a car is that
calculations are based on ideal wheel loadings of the car. However, the ideal wheel loadings require
ideal spring rates to calculate from. Due to this reason, a typical design problem is occurred. In order
to overcome this issue, we need to calculate our ideal spring rate with appropriate assumptions to fine
tune. When we calculate the ideal spring rate of the solar car, we could choose the appropriate
suspension spring (coil spring, leaf spring etc.) from the industry.

e If the weight distribution of the solar-powered vehicle is unequal between the front and
rear axle, kfront/Wfront should be about 30% less than krear/Wrear.

e The bounce and pitch frequencies should be close together, and the bounce frequency
should not be more than 1.2 times the pitch frequency. A higher ratio results in
interference kicks that degrade the performance of the suspension.

e For passenger cars, the bounce and pitch frequencies should be about 1.3 Hz or less to
give a nice smooth ride. Solar cars can sacrifice a smooth ride for energy efficiency, as
long as it does not get into the range of causing the driver motion sickness or dizziness.

Front ride rate calculation as,

Kr = (AWx9.81)/X [N/mm]
AW = Front outside wheel change [kg]| (14)

X = Front bump allowance [m]

Front ride wheel rate calculation as,

(Kg + K1)

=————= [N/mm

W= Ky —Ke) | .
15
Kgr = Ride rate [N /mm] (19)

Kr = Tire vertical rate [N /mm]
Installation ratio calculation as,

IRr = Damper Displacement / Wheel Displacement (16)
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Front spring rate calculation as,

Ksr = Kwr/(IRp)? [N/mm]
(17)
Ky r = Front ride wheel rate [N /mm|

2.4 Previous and New Suspension Setup

When the solar-powered vehicle crossed the bump, the first contact of the reaction forces
happens on the tire and rim. These forces are moved into the suspension arms and are then moved to
the actual suspension. Old and new suspension parts were examined. There are many physical
differences that are shown between them. Both suspensions setup can divide into 3 main parts. There
are knuckle arm, upper and lower wishbones. Specifically, the weights of the old knuckle arm design
are 1076.5 grams, the upper wishbone is 598.8 grams and the lower wishbone is 697.18 grams.
Besides that, for the new suspension parts, the new knuckle arm design is 489 grams, the upper
wishbone is 74.52 grams, and the lower wishbone is 244.63 grams. In conclusion, the weight
difference between the two-suspension setup is 1564.33 grams.

There are some physical differences between old and new suspension systems. For instance,
the heights of roll centers of front and rear are 0 and 326.05 mm for the old suspension system. The
vertical distance between the center of gravity and the roll axis is 25.81 mm. For the new suspension
system, the heights of roll centers of the front and rear are 76 and 316 mm. The vertical distance
between the center of gravity and the roll axis is 5 mm. Consequently, the calculated amount of torque
acting upon the chassis during cornering different for each suspension system. The scenario is a 33
m turning radius and the velocity is 16.67 m/s. The torque acting upon the chassis is 59.28 Nm on the
old suspension system and 11.48 Nm on the new suspension system.

The new suspension system has designed for the new solar-powered vehicle. The track width
of the old suspension system is 1500 mm, and 800 mm for the new suspension system. The steering
and handling conditions are harder for the lower trackwidth. But more efficient aerodynamic bodies
have lower track width. Each suspension setups have a positive scrub radius. A positive radius allows
the wheel to roll over on lock making parking situations easier. Having a small scrub radius is
beneficial as it allows the wheel to react less to braking inputs due to the smaller moment arm and
increases steering stability under braking conditions. As shown in Table 3, all physical details of both
suspension setups indicated. A hybrid system includes a polymer composite leaf spring and shock
absorber at the front suspension at the new suspension setup.

Table 3. Formal engineering specification table of the previous and new suspension set-up

# Parameters Value [Previous] Value [New]
1 Weight 280 kg 280 kg

2 Natural Frequency 25Hz 2.17 Hz

3 Speed 75 km/h 75 km/h

4 Tire Scrub 2.82 mm 5mm

5 Toe Angle 0 degree 0.5 degrees
6 Track Width 1500 mm 800 mm

7 Wheelbase 2200 mm 2200 mm
8 Height of roll center of front 0 mm 76 mm

9 Height of roll center of rear 326.05 mm 316 mm
10 Height of C.G. 150 mm 196.8 mm
11 The vertical distance between C.G. and roll axis 25.81 mm 5mm

12 Wr:WFE 0.6949 0.6949
13 Ideal front spring rate 50 N/mm 72.64 N/mm
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3. RESULTS AND DISCUSSION

3.1 Previous Suspension System
After the finite element analysis of the old suspension system, the topology optimization study
of the old suspension system was carried out. The topology optimization study was made realize on
the knuckle arm, a-arms, and brackets of the suspension system. According to the analysis results,
the maximum stress distribution in the lower wishbone connection area was observed. The maximum
strength in this region was observed around 80 MPa. The stresses seen in the upper wishbone
connection area are around 45-50 MPa. The stress difference seen between the two connection areas

IS 50%. The maximum stress value observed in the lower wishbone parts is 161.55 MPa, and the
maximum stress value observed in the upper wishbone parts is 123.65 MPa. In Figure 5, the safety
factor studies of all suspension parts were observed. All suspension parts are safe in line with the

material properties used. For this reason, the mass reduction has been performed in all parts.
T =

81,227
. 2,206
— 63,185
— 54,184

45,143
H 36,122

L 27101
13,08

E 9,0556
0,037501

Figure 2. Equivalent stress distribution on old design of knuckle arm [MPa]

123,65
. 1099
— 96,173
— 82,435

H 65,607 P 8
54,06 a
L | 41,722

E 27,491
13,746 : - I FRRESNS R— ——

0,008404

Figure 3. Equivalent stress distribution on old design of upper wishbones [MPa]
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161,55
[] 143,6
L 125,65
L 1077

89,755
. 71,805

— 53,856

35,906
E 17,957
0,0076355

UPPER
WISHBONE

LOWER
WISHBONE

Figure 5. Safety factor study of the old suspension system

3.2 New Suspension System
At the end of the new suspension system study, results showed that the maximum equivalent
stress occurred on the upper wishbones. The average occurred stress on the knuckle arm design is
8.27 MPa and the maximum stress is 76.66 MPa. The stresses seen in the upper wishbone connection
area are around 50-55 MPa and on the lower wishbone are 65-70 MPa. The maximum stress value
observed in the lower wishbone parts is 23.47 MPa, and the maximum stress value observed in the
upper wishbone parts is 48.62 MPa. Reduction of the occurred stress and mass amounts are shown in
table 4. Safety factor studies were shown in Figure 9 and observed. All suspension parts are safe in

line with the material properties used.

Table 4. Mass reduction studies in the new suspension systems

Part Name Mass [gram] Difference [%]
Old New

Knuckle Arm 1076.5 489 %54.58

Upper Wishbone 598.8 74.52 %87.56

Lower Wishbone 697.18 244.63 %64.91

Total 2372.48 808.15 %65.94

Table 5. Maximum equivalent stress occurred on suspension parts

Part Name Equivalent Stress [MPa] Difference [%]
Old New

Knuckle Arm 81.227 76.662 %5.62

Upper Wishbone 123.65 48.616 %60.68

Lower Wishbone 161.55 23.466 %85.47
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{4

Figure 6. Equivalent stress distribution on new design of knuckle arm [MPa]
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Figure 7. Equivalent stress distribution on new design of upper wishbones [MPa]
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Figure 8. Equivalent stress distribution on new design of lower wishbones [MPa]
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Figure 9. Safety factor study of the new suspension system
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Another important issue in the design of the new suspension system is the kinetic analysis of
the relevant wishbone mechanism. Because the upper and lower wishbones may not design to be
parallel to each other and this mechanism can be locked when the vehicle is on road. For this reason,
the spring and shock absorber may not work properly and this may happen the bump steer on the
vehicle. Figure 10 shows that the unstable angles of the lower and upper wishbones of the new
suspension system with the ground. Upper and lower wishbones work at close angles with each other
and they conduct the reaction force to the shock absorber and spring as accurately.

Figure 10. Motion study of wishbones of the new suspension system

807

813 1

Angular Displacement (deg)
3
=
1

o | ower Wishbone

mmm [pper Wishbone

232 i . i : i ' i ' i : i ¢ i . i ' i '

0.00 0.40 0.20 1.20 1.60 2.00 2.40 280 3.20 360 4.00
Time (sec)

4. CONCLUSION

In this study, the static analysis of the aluminum alloy suspension system parts designed for a
solar-powered vehicle was carried out and strengthening and weight reduction studies were
conducted. It has been observed that weight and mechanical properties can be improved by different
design approaches and material selections. The conclusions are given below:

e According to finite element analysis (FEA) results, it was concluded that a weight
reduction may be applied at regions where the low equivalent stresses are observed. The

final design has a 65.94% (1.564 kg) weight reduction compared to the initial design
(2.372 kg).

e The maximum equivalent stress of the new suspension system parts also reduced by
5.62% on the knuckle arm design, by 6.06% on the upper wishbone, and by 80.23% on
the lower wishbone.
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powder metallurgy method. After mixing, the resulting powder mixtures were compressed with a
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sintering at different temperatures (540°C, 580°C, 620°C) and times (2 and 4 hours). After sintering
samples, metallographic sample preparation processes were applied, the density and hardness
measurements were made, then the microstructure examinations were performed by optical
microscope, scanning electron microscope (SEM) and energy distribution spectrometer (EDX) and
the results were evaluated. Thus, the effect of changing reinforcement rate, sintering temperature and
sintering time on the microstructure and mechanical properties of the composites produced was
determined and a comparison was made. As a result of the study, it was determined that the optimum
values were obtained in samples sintered at 620°C for 4 hours. The highest hardness values obtained
were determined as ~92 HV for 24wt.% SiC reinforced samples sintered at 620°C for 4 hours and,
~60 HV for 8wt.% B4C reinforced samples sintered at 620°C for 4 hours. Thus, compared to ~54 HV
value, which is the highest hardness value obtained in unreinforced Al samples sintered at 620°C for
4 hours, 70% higher hardness was obtained in SiC samples and 11% higher in B4C samples. Although
the B4C hardness value is higher than SiC, it was interpreted that the difference in the
matrix/reinforcement particle size ratio was effective in obtaining these hardness results.
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Toz Metalurjisi ile Uretilmis Al/SiC ve Al/BsC Metal Matrisli Kompozitlerin Mikroyap,
Fiziksel ve Mekanik Ozellikleri

OZET: Bu calismada, farkli takviye oranlarinda (%8, %16, %24) silisyum karbiir (SiC) ve bor karbiir
(B4C) ile takviyelendirilmis aliiminyum (Al) matrisli kompozitler toz metalurjisi yontemi ile
iiretilmistir. Tozlar karistirildiktan sonra, elde edilen toz karisimlar tek eksenli bir hidrolik pres ile
preslenmistir. Silindirik blok seklinde preslenen ham numuneler, farkli sicakliklarda (540°C, 580°C,
620°C) ve siirelerde (2 ve 4 saat) sinterleme islemine tabi tutulmustur. Sinterleme sonrasi numunelere
metalografik numune hazirlama islemleri uygulanarak, yogunluk ve sertlik dl¢timleri yapilmus,
ardindan mikroyap1 incelemeleri optik mikroskop, taramali elektron mikroskobu (SEM) ve enerji
dagilim spektrometresi (EDX) ile gerceklestirilmis ve sonuglar degerlendirilmistir. Boylece degisen
takviye orani, sinterleme sicaklig1 ve sinterleme siiresinin iiretilen kompozitlerin mikroyaps, fiziksel
ve mekanik 6zelliklerine etkisi belirlenmis ve karsilastirma yapilmistir.

Anahtar Kelimeler: B4C, Metal matrisli kompozitler, Toz metalurjisi, SiC.

1. INTRODUCTION

Metal matrix composites, together with their superior properties such as high strength, low
density, good wear and corrosion resistance, constitute a better alternative material group compared
to traditional materials. Thus, it has widespread use in many fields, especially in the automotive,
aerospace and defense industry (Venkatesh and Harish, 2015).

In metal matrix composite materials, metals such as aluminum (Al), magnesium (Mg), titanium
(Ti), nickel (Ni), copper (Cu), zinc (Zn) and their alloys are generally used as matrix materials
(Kalemtas, 2014). Among these, aluminum and its alloys are the most preferred ones due to their
lightness, good thermal and electrical conductivity, high corrosion resistance, easy availability and
therefore economic (Baradeswaran and Elaya Perumal, 2013; Karakog et al., 2019).

Aluminum and its alloys are reinforced with ceramic particles in order to improve their
properties such as strength and wear resistance (Colak and Turhan, 2016). In this study, particle
reinforced metal matrix composites were investigated. Since, metal matrix composites with
particulates as reinforcement are comparatively less expensive and have isotropic properties
compared to fiber-reinforced metal matrix composites (Bhushan, 2021). The most preferred of these
ceramic reinforcing materials are generally alumina (Al203), SiC and B4C. However, B4C has been
less studied than other reinforcing materials due to its high cost (Gokmese et al., 2013).

Powder metallurgy method and liquid phase production methods such as various casting
methods are generally used in the production of composites with particle reinforced aluminum metal
matrix (Lindroos and Talvitie, 1995). When these two methods are compared, the powder metallurgy
method stands out with some advantages. These are advantages such as the wetting problem
frequently encountered in liquid phase production methods is much less in the powder metallurgy
method and there is no reaction between the matrix-reinforcement due to the production being carried
out at low temperatures. In addition to these, net shaped production possibilities with homogeneous
distribution and good dimensional tolerances are among the advantages of this method. Powder
metallurgy, as a near net shape technology, also provides significant advantages in minimizing
material and energy waste for mass production of structural parts (Jeevan et al., 2012; Mohapatra et
al., 2016; Hu et al., 2017; Basavarajappa and Parashivamurthy, 2017; Karakog et al., 2019).
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Zaki and Hussain examined the properties of Al/B4sC composites by producing them with
powder metallurgy method at reinforcement ratios of 2-4-6%. According to their results, they found
that there was an increase in the hardness values up to 4% B4C reinforcement and a sudden decrease
in the 6% B4C reinforcement rate. From SEM studies, they determined that B4C particles in the
aluminum matrix have a homogeneous distribution (Zaki and Hussain, 2020). Surya and Prasanthi
produced AI7075/SiC composites with varying reinforcement ratios (0, 5, 10, 15, 20, 25 and 30%)
using powder metallurgy method and examined their microstructure and mechanical properties. From
SEM studies, it was determined that SiC particles up to 15% SiC reinforcement ratio had a
homogeneous distribution in the Al matrix and showed less porosity than higher reinforcement ratios
than 15%. This showed that a homogeneous distribution can only be achieved up to a certain weight%
of the reinforcement. Accordingly, it was determined that the optimum reinforcement ratio was 15%
and that the microstructure and mechanical properties of composites were better than other samples
at this ratio (Surya and Prasanthi, 2021). Dangarikar and Dhokey produced Al7075/B4C composites
by using powder metallurgy method with B4C reinforcement varying from 2% to 20% in their studies
and examined their wear and mechanical properties. It was determined that the density decreased and
the hardness increased with increasing reinforcement ratio, and the lowest wear rate was obtained
from 10% B4C reinforced samples. It has been stated that in B4C reinforced composites between 12-
20%, the wear rate was higher due to reinforcement segregation and dislodgment (Dangarikar and
Dhokey, 2020). Surya produced 0, 5, 10 and 15% SiC reinforced Al6061/SiC composites at varying
sintering times (1, 2, and 3 hours) using powder metallurgy technique and examined their
microstructure and mechanical properties. It has been determined that the sintering time is highly
effective on the density of composites since diffusion is largely dependent on sintering temperature
and time. When the SiC reinforcement, ratio was increased from 5% to 15%, the hardness value for
composites sintered at 530°C for 3 hours increased from 73 HRB to 81 HRB. When the sintering time
increased from 1 hour to 3 hours, the hardness value of the 15% SiC reinforced composite increased
from 70 HRB to 81 HRB (Surya, 2021). Salman produced Al6061 matrix composites reinforced with
SiC and B4C in different ratios (3, 6, 9, and 12%) by powder metallurgy and examined their physical
and mechanical properties. It has been determined that mechanical properties such as hardness and
compressive strength of composites produced with increasing SiC and B4C reinforcement ratios have
improved. It has been determined that the hardness of SiC reinforced composites is higher than the
B4C reinforced ones. It has been suggested that this is due to the stronger bonding of SiC with the
matrix compared to B4C. It was stated that the optimum rate of reinforcement for SiC and B4C was
9% (Salman, 2017). Celik and Kilickap produced B4C and SiC reinforced composites in different
weight ratios with powder metallurgy technique and examined their hardness and wear properties. It
has been observed that the homogeneous distribution of reinforcement elements in the matrix affects
the hardness value of the composite produced. It has been determined that the increasing rate of
reinforcement increases the hardness. The highest hardness value was determined as 58.7 HV from
16% B4C reinforced composite. In addition, it has been determined that the increase in the
reinforcement ratio contributes to the increase in wear resistance (Celik and Kilickap, 2019). Kumdali
investigated the properties of B4C reinforced composite materials with Al matrix produced by powder
metallurgy. It was stated that the increasing size difference between the reinforcement and the matrix
grain size resulted in the accumulation of reinforcement powders between the matrix grains and
thereby causing agglomeration and thus negatively affecting the sintering and thus material
properties. For the reinforcement ratio, it was determined that the hardness increased up to a certain
rate, but decreased in 25% reinforced samples. In addition, it was stated that the samples reinforced
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at this rate (25%) had a highly porous structure, there were voids where B4C grains should be in their
structures and these samples were dispersed during the study (Kumdali, 2008). Ay studied the wear
behavior of composite materials produced by reinforcing different proportions of Ti and B4C to
AIl7075 alloy by powder metallurgy method. It was determined that the hardness increased and the
density decreased with increasing B4C reinforcement ratio. It was determined that the highest
hardness was obtained from the composite samples with reinforcement ratios of 6% Ti and 9% B4C.
As a result of the wear tests, it was stated that the weight loss, i.e. the wear, increased with the
increasing sliding distance, and with SEM examinations, the parts that ruptured from the surface
during the test were again welded to the surface and this situation increased with increasing
reinforcement rates (Ay, 2014). Kalaycioglu investigated the effect of reinforcement ratio and
reinforcement grain size on microstructure and mechanical properties of Al2017/SiC composite
materials produced by powder metallurgy method. It was determined that hardness and porosity
increased and density decreased with increasing reinforcement ratio (Kalaycioglu, 2010). Kevenlik
investigated the effect of different reinforcement ratios and sintering temperatures on Al2014/SiC
composite materials produced by powder metallurgy. It has been determined that the hardness,
density, and porosity increased with the increasing reinforcement ratio. It was determined that
hardness and density increased and porosity decreased with increasing sintering temperature
(Kevenlik, 2013).

In this study, besides to a frequently preferred ceramic reinforcement material such as SiC, a
relatively less studied BsC was selected and comparison was made. In addition, different
reinforcement rates, different sintering temperatures and times were selected for each reinforcement,
and their effect on the microstructure and mechanical properties of the composite material produced
was examined.

2. MATERIALS AND METHODS

The general properties of the materials (Al, SiC, B4C) that will form the metal matrix composite
material composition to be examined in the study are given in Table 1 and the flow diagram of the
experimental procedure applied is given in Figure 1. These materials were obtained from Ege Nanotek
company, with Al powder average ~40 um size and >98% purity, SiC powder average ~36 um size
and ~98% purity, B4C powder average ~6 pum size and >96% purity.

At the beginning of the experimental studies, the powder mixture weight calculations required
for the production of the test samples in desired dimensions were made. These were calculated based
on the density of the powder mixture and the volume of samples to be produced. The volume of
samples to be produced was calculated using Equation 1. Based on this value, the sample weights to
be produced were calculated by using Equation 2. The theoretical densities of the powder mixtures
produced were calculated using Equation 3.

V =nr?h 1)
W=p.V (2)
Pmix = [(W)1 * p1] + [(%W)2 * p2] + -+ [(%W)n x pn] 3

Here V, W, p, pmix, (%W) n and pn are volume(cm?), weight(g), density(g/cm?), the theoretical
density of the powder mixture (g/cm?), the weight percentage of n component in the mixture and the
density of the n component (g/cmq); respectively.
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Powder mixtures were prepared by weighing on with Shimadzu precision scales. Mixing
processes for the purpose of obtaining homogeneous dispersed powder mixtures were carried out in
a V-shaped mixer at 20 rpm for 3 hours. As a result of the examinations made at the end of this period,
it was decided that the given mixing time was sufficient to obtain a homogeneous powder mixture.

Before the pressing process, preparation works of the mold to be used in pressing the powder
mixtures and thus in the production of raw samples were carried out. The produced mold and the used
punch are given in Figure 2. The prepared powder mixtures were pressed with a uniaxial hydraulic
press under a load of 450 MPa, and thus the production of raw samples was carried out. Literature
studies and preliminary experiments were decisive in the selection of pressing pressure. Prior to
pressing process, the inner surface of the mold and the surface of the punch were lubricated with zinc
stearate in order to reduce friction and mold wear and to allow the samples to come out of the mold
more easily after pressing. The produced samples are cylindrical samples with a diameter of 12 mm
and a height of 22 mm. A total of 126 samples were produced, 3 pieces for each different parameter.
One of the samples produced is given in Figure 3.

Raw density measurements of raw samples obtained after pressing were made before sintering
and then samples were subjected to sintering. Sintering was carried out in three different sintering
temperatures, 540°C, 580°C and 620°C, in Nabertherm heat treatment furnace under normal
atmosphere. Samples were taken to the sintering temperature in 1 hour and kept at two different
sintering times, 2 and 4 hours at this temperature, then left to cool in the furnace environment. In
order to reveal the change in density values by sintering, density measurements were performed twice,
one before and the other after sintering. These measurements were made according to the Archimedes
principle with Shimadzu precision scales. In order to measure densities by Archimedes Principle,
Shimadzu Density Measurement Set was also used. Then, the porosity rates and density percentages
of the samples were calculated using the experimental densities measured after sintering and the
calculated theoretical densities.

The density of unreinforced pure aluminum and produced composite samples were measured
using the Archimedes principle described in ASTM B962-13 (Shaikh et al., 2019). For this, first the
weights of the samples in air (Wa.) and water (Ww) were measured, then density (p) was calculated
according to Equation 4.

p= [ﬁ] * P 4)

The theoretical density of the composite samples produced was calculated according to the
mixing rule. The pores formed in the samples were calculated as the percentage of the difference
between the theoretical and experimental density relative to the theoretical density as in Equation 5.

Pth — Psin
—_

% Porosity = 5
th

100 (5)

Here pth and psin are theoretical and sintered (experimental) densities, respectively.

Metallographic sample preparation procedure was applied to the samples after density
measurements. For this, the samples were first cut with the Metkon Micracut 201 precision cutter and
brought to appropriate dimensions for the bakelite moulding process. The cut samples were then
embedded in bakelite with Metkon Ecopress 100 mounting press. Then the samples were grinded
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with 600, 800, 1000, 1200 and 2000 grit abrasive papers in Metkon Forcimat grinding-polishing
machine, respectively. Lastly, the samples were polished with 1-micron alumina suspension in
Metkon Digiprep Accura grinding-polishing machine, and thus metallographic sample preparation

JournalMM (2021), 2(2) 72-89

processes were completed.

Microstructure images of the finished samples at magnification rates of x10, x20, x50 and x100
were obtained with Leica optical microscope. Microstructure images at x100, x250, x500 and x1000
magnification rates and energy-dispersive X-ray spectroscopy (EDX) analysis were obtained by Jeol
JSM 5600 scanning electron microscope (SEM). Hardness tests were carried out with Metkon
Duroline-M microhardness tester in the Vickers scale. In order to obtain optimum results,
measurements were taken from three different points on the surface for each sample, and the

arithmetic average of these values was determined as the hardness value.

Table 1. General properties of the materials used in the experiments

Material Density (g/cm®) Melting Temperature (°C) Hardness (kg/mm?)
Al 2.7 660 16.7
SiC 3.21 2730 2600
B4C 2.52 2350 3200

%8-16-24
B.C

%8-16-24
SiC

Raw density
measurement

Pressing
measurement

540-580-620 °C

Experimental density

2-4 Hours
Sample Preparation }
Optical Microhardness
Microscope A L (HV)

Figure 1. Flow chart showing the experimental procedure of this study
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Figure 2. Mold and punch used in pressing
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Figure 3. Produced sample

3. RESULTS AND DISCUSSION

As a result of the experimental studies, it was determined that there was an increase in the
density values of the samples depending on the increasing sintering temperatures and times. This
increase is thought to occur due to the shrinkage of the pores due to the increase in bond breakage of
atoms at the temperatures close to the melting temperature and thus the increase of diffusion between
Al grains. In Figures 4 and 5, density variations depending on sintering temperatures of pure Al
samples and SiC and B4C reinforced Al samples are given.

From the graphs showing the change in density depending on the sintering temperature, it can
be seen that the 8wt.% SiC graph in Figure 4 and the 24wt.% B4C graphs in Figure 5 are different
from the others. Since a single sample to be produced for the parameters examined in the study may
not always give the correct result and to evaluate the results based on the majority considering the
tolerances in the samples and measurements; 3 samples were produced for each parameter and the
graphs were obtained by taking the average values of these samples. As mentioned above, since the
samples, which do not always give the desired and correct results, are also taken into account, they
may cause a difference in the average values taken. This situation can be put forward as an explanation
for the situation seen in the graphs mentioned above. Therefore, a similar situation is also reflected
in the porosity graphs taken from the same samples.

It has been determined that there was a numerically increase in density values due to the
increased reinforcement rates for SiC because the SiC density is higher than Al density. But in real,
it was found that with increasing reinforcement rates, porosity increased and density values grow
away from the theoretical density value. Similarly, it was determined that there was a numerical
decrease in density values due to the B4C density being less than Al density, and again with the
increasing reinforcement rates, it was found that porosity increased and density values grow away
from the theoretical density value.

When porosity values were analyzed, it was seen that porosity decreases with increasing
sintering temperatures and times. In Figures 6 and 7, porosity variations depending on sintering
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temperatures of pure Al samples and SiC and B4C reinforced Al samples are given. It was determined
that the least porosity was observed in pure Al samples and the highest porosity was observed in 24
wt.% SiC and 24 wt.% B4C reinforced Al samples. The reason for this is thought to be due to the
increasing SiC and B4C ratios, and the diffusion difficulty of Al around this increasing reinforcing
grains in the structure and thus Al's having difficulty in binding these grains. In other words, it has
been commented that porosity generally increases in increasing reinforcement rates and the reason
for this situation is that pores generally occur around the reinforcement grains. In addition, due to the
refractory properties and low thermal conductivity of the reinforcing materials, it is thought that the
increased reinforcement rates in the structure reduce the diffusion by preventing the heat conduction
and thus the sintering mechanism during sintering, thereby preventing the shrinkage and reduction of
the pores. It is thought that another reason for the increase of porosity with increasing reinforcement
rates may be the reduction of the compressibility of the composite by increasing the amount of
reinforcement grains, which has high hardness and low compressibility, in the structure. As a result,
it was determined that porosity decreases with increasing sintering temperature and time, and
increases with increasing reinforcement rates. It has been determined during literature studies that
similar results have arisen in studies conducted by Kumdali, Kalaycioglu and Kevenlik (Kumdali,
2008; Kalaycioglu, 2010; Kevenlik, 2013).
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When the hardness results were evaluated for SiC reinforced samples, it was determined that
there was an increase in the hardness of the samples with increasing SiC reinforcement rate, sintering
temperature and sintering time (Figures 8 and 9). It can be said that this situation is due to the increase
in the amount of SiC, which has a much higher hardness than the matrix material. Increasing hardness
with increasing sintering temperature and time is thought to be due to the increase in diffusion and
bonding between the grains thereby shrinking the pores and thus obtaining a structure closer to the
theoretical density. In Figure 8, the variation of hardness depending on sintering temperature in SiC
reinforced samples is given. It has been determined during literature studies that similar results have
arisen in studies conducted by Kalaycioglu and Kevenlik (Kalaycioglu, 2010; Kevenlik, 2013).

When the hardness results of B4C reinforced samples were evaluated, it was seen that the
hardness increased with sintering temperature and time, similar to SiC reinforced samples. However,
it was determined that there was a decrease in the hardness of the samples at increasing B4C ratios,
above 8 wt.% reinforcement rate (Figures 9 and 10). So much so that during sample preparation for
microstructure studies, 24 wt.% B4C reinforced samples had ruptures from the surface during
grinding. One of these samples is given in Figure 11. Even when these samples were compared with
pure Al samples, there was no significant increase in their hardness, only 8 wt.% B4C reinforced
samples sintered at 620°C for 2 and 4 hours had higher hardness values It has been determined during
literature studies that similar results have arisen in studies conducted by Kumdali, Ay, Salman, and
Zaki and Hussain (Kumdali, 2008; Ay, 2014; Salman, 2017; Zaki and Hussain, 2020). This situation
is thought to occur due to the decrease in compressibility of the powders as a result of the increase in
the amount of B4C, whose hardness in the structure is higher than the matrix. It is thought that pressing
does not take place effectively in these samples since the pressing pressure is insufficient for these
samples, and this situation can be eliminated by increasing the pressure. In addition, BsC with
refractory properties and low thermal conductivity is thought to make sintering difficult by reducing
Al diffusion with its increase in structure, thereby reducing hardness by poor binding due to reduced
wetting of B4C grains. It is also thought that the average size of the B4C grains being much smaller
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than the average size of the SiC grains and the divergence from the average size of the Al matrix is
also effective in this situation. Because, it is thought that the divergence of the matrix and
reinforcement grain sizes prevents a good mixture, in such cases, B4C grains aggregate at the Al grain
boundaries, thereby preventing binding and causing a weak structure. Hence, it is concluded that

matrix and reinforcement grain sizes should be chosen close to each other.

Sintering Temperature (°C)

56 80
54 e
7/
52 e 70 1 .
y P
%‘ 50 // %
= 48 - L 604
2 1]
2 I g
S 44 - - 50 A
o° c i
5w Pure Al = 8Wt.% SiC
40 —e— 2 Hours T 40 —e— 2 Hours
38 —~*— 4 Hours ~-e-— 4 Hours
36 30 T T T T T
520 540 560 580 600 620 640 520 540 560 580 600 620 640
Sintering Temperature (°C) Sintering Temperature (°C)
70 100
4 _e
65 90 |
60 1 <
5 55 | 2 80
@ 50 2 70
[ = c
° 45 A s ) ° .
3 16wt.% SiC g 601 24wt.% SiC
I 40 I
—e— 2 Hours 50 —e— 2 Hours
351 —-e— 4 Hours —-e— 4 Hours
30 T T T : : 40
520 540 560 580 600 620 640 520 540 560 580 600 620 640

Sintering Temperature (°C)

Figure 8. Variation of hardness depending on sintering temperature in SiC reinforced samples

Sintering Temperature (°C)

65
54 1 °
/ 60 1 °
52 1 e L
S 50 1 v S 551 .
I i 4 I
< 48 % =
P o 50 1
g 4 g
£ R 5 ]
= Pure Al = 9
& 42 £ 401 8wt.% B4C
40 A —e— 2 Hours —e— 2 Hours
| —o— 4H 35 1 e
38 ours -e-— 4 Hours
36 ‘ ‘ ; ; : 30 : : : : :
520 540 560 580 600 620 640 520 540 560 580 600 620 640
. o
Sintering Temperature (°C) Sintering Temperature (°C)
55 60
50 1 ° b —e— 2 Hours
/ 50 \ --o— 4 Hours
45 7/ N
/ \ 24wt.% B4C
5 40 1 // 5 40 A 4
8 a5 / 2
8 35 - 2
S 30 g S 30
] 0 ]
£ ol 16wt.% B4C s
—e— 2 Hours 20
20 1 —-e— 4 Hours
15 T T T T T 10 . . . - T
520 540 560 580 600 620 640 520 540 560 580 600 620 640

Sintering Temperature (°C)

Figure 9. Variation of hardness depending on sintering temperature in B4C reinforced samples

82



Sanli, P., Gavas, M.

100

0 5 10 15 20

25

30

100

JournalMM (2021), 2(2) 72-89

0 5 10 15 20 25

—e— 540°C SiC v —e— 540°C SiC »
90 1| e 580°C / 901 e s80°C y
S 90 —v-- 620°C / S 80 ~T 620%C S/
/
=~ 2 Hours e = 4 Hours S
%) 70 4 Y %) 70 A PEaY e
3 //r\\\\‘4v/ ° 3 e Te-v
£ 601 - 5 601 . .
= | e ° R 5 | v e
I 50 v I 50
40 :\k//' o] tYTH—me
30 ‘ ‘ ‘ ‘ ‘ ‘ 30 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Reinforcement Ratio (%) Reinforcement Ratio (%)
60 70
- B4C B4C
// \\ 60
50 1 e \ 1 B A
v \\ S\ - ~
% ° e \ L
= 40 { \ » 201
[92] [%]
8 e
S 30 1 S 40 1
= 2 Hours 3 4 Hours
T
T o \
20 | —e— 540°C 30 | —— 540°C N
e 580°C e 580°C
—v—- 620°C -¥-- 620°C °
10 20

30

Reinforcement Ratio (%) Reinforcement Ratio (%)

Figure 10. Variation of hardness depending on the reinforcement ratio of SiC and B.C reinforced samples sintered for 2
and 4 hours

—

Damaged
sample
surface

L_ : -

Figure 11. One of the 24 wt.% B4C reinforced samples where surface damages occur

As the optimum experimental parameters, 620°C and 4 hours were determined. The highest
hardness and experimental density values and the lowest porosity were obtained at these parameters.
The highest hardness value was determined as ~92 HV from the samples with 24wt.% SiC
reinforcement produced with these parameters, and thus, a 70% increase was obtained compared to
the ~54 HV, which is the highest value obtained from the unreinforced Al samples.

In order to carry out microstructure studies, microstructure images were taken with optical
microscope and SEM from samples and EDX analyzes were carried out to verify their elementary
composition (Figure 12-16). For comparison, only SEM images of those with the highest and lowest
parameter values from samples produced in different parameters were given.

When the microstructure images were examined, it was seen that the mixing time was sufficient
to obtain a homogeneous distribution in the structure. In other words, it has been seen that SiC and
B4C reinforcing materials were homogeneously distributed in the structure. However, in samples
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reinforced with 24 wt.% B4C, surface ruptures were detected during the sample preparation stage, as
mentioned before in the hardness measurements. In the microstructure studies of these samples, this
situation can be clearly seen due to the differences with the images of other samples. In addition, the
increase of reinforcement particles and porosity in the structure with increasing reinforcement rates,
can be noticed. Because, the pore formation in the structure generally occurred at the matrix grain
boundaries and matrix-reinforce interfaces.
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Figure 12. SEM photos of SiC reinforced samples produced with different production parameters at a magnification of
x500
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Figure 13. SEM photos of B.4C reinforced samples produced with different production parameters at a magnification of
x500

When the EDX analysis was examined, it was seen from the analysis results of the pure Al
sample given in Figure 14 that the structure consists of 100% Al and contains no impurity. Figure 15
shows the numbered regions where measurements were taken from a 24 wt.% SiC reinforced sample
for EDX analysis. When the EDX analysis obtained from these regions is examined, it can be seen
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that the results are as expected. In EDX analysis for B4C, healthy analyses could not be obtained due
to both device inability and the problem on the surfaces. Although boron was selected as an element,
it could not be seen by the device, because it was inadequate in determining sub-carbon elements.
Still, the result of the analysis is presented in Figure 16, and as seen, the net results could not be
obtained. So much so that the percentage of Al was read as 0.357%, although the screening was a
general scan. Therefore, these results were not taken into account in terms of evaluation.
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Figure 15. EDX analysis of 24 wt.% SiC reinforced samples sintered at 540°C for 2 hours
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Figure 16. EDX analysis of 24 wt.% B4C reinforced samples sintered at 540°C for 2 hours

4. CONCLUSION

In this study, microstructure and mechanical properties of composite samples produced in 3
different reinforcement ratios, 3 different sintering temperatures and 2 different sintering times were
investigated. The results obtained by evaluating the effects of these different production parameters
on these properties were interpreted as follows:

e With increasing sintering temperature and time, hardness and density increased and
porosity decreased.

e Porosity in samples increased with increasing reinforcement rates.

e While the hardness values increased with increasing reinforcement rates for SiC
reinforced samples, there was no effective hardness increase for the B4C reinforced
samples with more than 8 wt.% reinforcement ratios. In fact, high reinforcement rates
in these samples caused ruptures.

e It has been found that the difference between the matrix and reinforcement grain sizes
causes the B4C grains, which are smaller than Al, to aggregate at the Al grain
boundaries, thereby preventing wetting and thus resulting in a weak structure.

e It is concluded that a homogeneous distribution is obtained from microstructure
examinations, the porosity increases with increasing reinforcement rates, and these
pores mostly occur in matrix grain boundaries and matrix-reinforcement interfaces.

e As the optimum experimental parameters, 620°C and 4 hours were determined. The
highest hardness values were obtained at these values, and it was detected as ~92 HV
for 24wt.% SiC reinforced samples and ~60 HV for 8wt.% B4C reinforced samples. In
other words, 70% higher hardness value was obtained in SiC samples and 11% higher
in B4C samples compared to ~54 HV, which is the highest hardness value obtained in
unreinforced Al samples.

To summarize, it was found that the perception that there will be an improvement in the
mechanical properties of the materials produced with the increasing B4C ratio in the structure, which
is frequently seen in the literature reviews, was not confirmed by our study. On the contrary, it was
found that a negative effect occurred on the mechanical properties after a certain B4C ratio in the
produced part. As a result, it has been observed that increasing reinforcement rates do not always lead
to an improvement in the structure.

In light of the findings of the study and literature reviews, it has been interpreted that this
situation is highly dependent on particle size, particle morphology, and reinforcement ratio.
Accordingly, it has been interpreted that when optimization of properties such as particle size, particle
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morphology, and reinforcement ratio is achieved, the properties that could be obtained with the
addition of high rates of SiC might be obtained with the addition of B4C at lower rates. Thus, a new
discussion has also been opened for further studies.

5. CONFLICT OF INTEREST

Authors approve that to the best of their knowledge, there is not any conflict of interest or
common interest with an institution/organization or a person that may affect the review process of
the paper.

6. AUTHOR CONTRIBUTION

Polen SANLI and Muammer GAVAS have the full responsibility of the paper about
determining the concept of the research, data collection, data analysis and interpretation of the results,
preparation of the manuscript and critical analysis of the intellectual content with the final approval.

7. REFERENCES

Ay H., Toz Metalurjisi Yontemi ile Uretilen AA7075 Aliiminyum Alasimma Ti ve B4C Ilavesinin
Asmnma Davranisi Uzerine Etkisinin Incelenmesi. Karabiik Universitesi Fen Bilimleri
Enstitiisti, Yiiksek Lisans Tezi (Basilmis), 2014.

Baradeswaran A., Elaya Perumal A., Influence of B4C on The Tribological and Mechanical Properties
of Al 7075-B4C Composites. Composites Part B: Engineering 54, 146-152, 2013.

Basavarajappa M. P., Parashivamurthy K. 1., Synthesis and Tribological Characterization of In-situ
Prepared Al-TiC Composites, American Journal of Materials Science 7(4), 108-111, 2017.

Bhushan R. K., Effect of SiC Particle Size and Weight % on Mechanical Properties of AA7075 SiC
Composite. Advanced Composites and Hybrid Materials 4, 74-85, 2021.

Celik, Y. H., Kilickap, E., Hardness and Wear Behaviours of Al Matrix Composites and Hybrid
Composites Reinforced with B4C and SiC. Powder Metallurgy and Metal Ceramics 57(9), 613-
622, 2019.

Colak N. Y., Turhan H., Toz Metalurjisi Yontemi ile Uretilen Al-Si/BsC Kompozit Malzemenin
Mikroyap1 ve Mekanik Ozelliklerinin Arastirilmasi. Firat Universitesi Miihendislik Bilimleri
Dergisi 28(2), 259-266, 2016.

Dangarikar, S. U., Dhokey, N. B., Study of Hot-Pressed Sintering of Premixed Al7075 Based B4C
Reinforced Composites on Wear Mechanism Materials Today: Proceedings, 2020.

Gokmese H., Tasc¢1 U., Bostan B., AA 2014 Al Matrisli B4C Parcacik Takviyeli Kompozitlerin Mikro
Yap1 ve Asinma Davranisinin Incelenmesi, Gazi Universitesi Fen Bilimleri Dergisi Part C:
Tasarim ve Teknoloji 1(4), 161-168, 2013.

Hu B., Warzel 11l R., Ropar S., Neilan A., The Effect of Porosity on Machinability of PM Materials.
International Journal of Powder Metallurgy 53(1), 27-36, 2017.

Jeevan V., Rao C.S.P., Selvaraj N., Compaction, Sintering and Mechanical Properties of AI-SiCp
Composites. International Journal of Mechanical Engineering and Technology 3(3), 565-573,
2012.

88



Sanli, P., Gavas, M. JournalMM (2021), 2(2) 72-89

Kalaycioglu, A. S., SiC Tane Katkili Aliiminyum Kompozitlerin Toz Metalurjisi ile Uretimi ve
Karakterizasyonu, Dokuz Eyliil Universitesi Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi
(Basilmis), 2010.

Kalemtas A., Metal Matrisli Kompozitlere Genel Bir Bakis. Putech & Composites 22, 18-30, 2014.

Karako¢ H., Ovali i., Diindar S., Citak R., Wear and Mechanical Properties of Al6061/SiC/B4C
Hybrid Composites Produced with Powder Metallurgy. Journal of Materials Research and
Technology 8(6), 5348-5361, 2019.

Kevenlik, O. F., Toz Metalurjisi Yontemi ile SiC Takviyeli Al 2014 Esasli Kompozit Uretimi ve
Mekanik Ozelliklerinin Incelenmesi, Kirikkale Universitesi Fen Bilimleri Enstitiisii, Yiiksek
Lisans Tezi (Basilmis), 2013.

Kumdali F., Aliiminyum Matrisli BaC Takviyeli Kompozitlerin Toz Metalurjisi Y&ntemi ile Uretimi.
Y1ldiz Teknik Universitesi Fen Bilimleri Enstitiisii, Yiiksek Lisans Tezi (Basilmis), 2008.
Lindroos V. K., Talvitie M. J., Recent Advances in Metal Matrix Composites. Journal of Materials

Processing Technology 53(1-2), 273-284, 1995.

Mohapatra S., Chaubey A. K., Mishra D. K., Singh S. K., Fabrication of Al-TiC Composites by Hot
Consolidation Technique: Its Microstructure and Mechanical Properties. Journal of Materials
Research and Technology 5(2), 117-122, 2016.

Salman, K. D., Comparison the Physical and Mechanical Properties of Composite Materials (Al/SiC
and Al/B4C) Produced by Powder Technology, Journal of Engineering 23(10), 85-96, 2017.

Shaikh M. B. N., Arif S., Aziz T., Waseem A., Shaikh M. A. N., Ali M., Microstructural, Mechanical
and Tribological Behavior of Powder Metallurgy Processed SiC and RHA Reinforced Al-Based
Composites, Surfaces and Interfaces 15, 166-179, 2019.

Surya, M. S., Effect of SiC Weight Percentage and Sintering Duration on Microstructural and
Mechanical Behaviour of AlI6061/SiC Composites Produced by Powder Metallurgy Technique.
Silicon, 2021.

Surya, M. S., Prasanthi, G., Manufacturing, Microstructural and Mechanical Characterization of
Powder Metallurgy Processed AI7075/SiC Metal Matrix Composite. Materials Today:
Proceedings 39, 1175-1179, 2021.

Venkatesh B., Harish B., Mechanical Properties of Metal Matrix Composites (Al/SiCp) Particles
Produced by Powder Metallurgy. International Journal of Engineering Research and General
Science 3(1), 1277-84, 2015.

Zaki, M. U., Hussain, S., Impact of Addition of Manganese and Boron Carbide on Aluminium Metal
Matrix Composites Using Powder Metallurgy Process. Materials Today: Proceedings, 2020.

89



JOURNAL of

MATERIALS and MECHATRONICS:A

e-ISSN 2717-8811
JournalMM, 2021, 2(2), 90-98

Arastirma Makalesi / Research Article

Spot Welding of AISI 1010 Steel Sheets Coated with WC by ESD Technique

Basar Ersegiin CELIK?, Esin Tugba SIMSEK?*

L Afyon Kocatepe University, Institute of Natural Sciences, Afyonkarahisar, Turkey,
ORCID ID: https://orcid.org/0000-0002-3015-2553, basarerseguncelik@msn.com
2 Cumhuriyet University, Institute of Natural Sciences, Sivas, Turkey,
ORCID ID: https://orcid.org/0000-0003-2063-7802, esimsek@cumbhuriyet.edu.tr

Gelis/ Received: 01.03.2021; Kabul / Accepted: 09.05.2021

ABSTRACT: Surface coatings made with different methods change the surface properties of
metallic and non-metallic materials and improve properties such as wear resistance. As a result of a
hard surface coating, the surface is protected against wear, but problems may arise in arc and high-
energy welded joints. Besides how the general properties of the coating layer change after the welding
process, the mechanical properties of the welded joint are also important. In this study, tungsten
carbide (WC) coating was carried out on AlISI 1010 steel by ESD method at constant current using
different frequencies and voltages and later two identical specimens were joined by spot welding at
constant current and pressure. In order to reveal the welding zone, the samples were sliced into two,
and then moulded and classical metallographic processes were applied. After metallographic
processes, images were taken with an optical microscope and Electron microscopy to examine the
microstructures formed in the weld zone. The results show that WC coated steel sheets cause localized
alloying in the weld zone and therefore drastic changes in microstructures.
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ESD Teknigi ile WC Kaplanmis AISI 1010 Celik Saclarin Nokta Kaynag:

OZET: Degisik yontemlerle yapilan yiizey kaplamalari, metalik ve metalik olmayan malzemelerin
ylzey Ozelliklerini degistirmekte ve asinma direnci gibi 6zellikleri iyilestirmektedir. Sert bir fazla
ylizey kaplama sonucunda, yiizey asinmaya kars1 korunmakta ancak ark ve yiiksek enerjili kaynakli
birlestirmede sorun ¢ikabilmektedir. Kaplama tabakasinin genel O6zelliklerinin, kaynak islemi
sonrasinda nasil degistiginin yaninda, kaynakli birlestirmenin mekanik 6zellikleri de dnemlidir. Bu
caligmada, sabit akim, farkl frekans ve voltajlarda AISI 1010 ¢eligi izerine ESD yontemi ile tungsten
karbiir (WC) kaplama islemi yapilmis ve daha sonra iki ayni 6zellikteki numune, sabit akim ve bask1
kuvvetinde nokta kaynagi ile birlestirilmistir. Kaynak bdlgesini ortaya ¢ikarmak i¢cin numuneler ikiye
boliinmiistiir, daha sonra kaliba alinarak ve klasik metalografik islemler uygulanmistir. Metalografik
islemler sonrasinda kaynak bdlgesinde olusan igyapilari incelemek i¢in optik mikroskop ve Elektron
Mikroskopisi ile goriintiiler alinmistir. Sonuglar, WC kapli ¢elik saclarin kaynak bolgesinde bolgesel
alasimlamaya sebep oldugunu ve bu nedenle mikro yapilarda ciddi degisiklikler oldugunu
gostermistir.

Anahtar Kelimeler: AISI 1010, Disiik Karbonlu Celik, Nokta diren¢ kaynagi, Elektro-Kivileim
Biriktirme (ESD), Tungsten Karbiir (WC) kaplama.

1. INTRODUCTION

In addition to mainly overcome the corrosion of metallic and non-metallic materials, surface
coatings are widely used in almost every field of the industry to obtain various properties. ESD
(Electro Spark Deposition) coatings have been applied to the steel in order to improve its existing
mechanical properties or to gain some other properties, and have been subjected to some tests for
general use (Kayali and Talag, 2019; Talas et al., 2016). For this purpose, very hard alloys such as
WC, CrC, medium hard alloys containing Co or different electrode materials containing soft metals
such as Ag were selected for coating on steels and other alloys (Tang, 2009; Wang et al., 2009).
Coatings made on stainless steel samples with these electrodes were subjected to severe wear and
torsion tests, and significant improvements were made on the wear and torsion strength values of
stainless-steel samples via ESD coating process (Jiao, 2018). TiC-TiB> composite coating was
deposited by electrical discharge hardening onto the surface of 40Cr steel with a TiC-TiB2 composite
rod as electrode (Tang, 2016). TiB2 / Ni coatings on the copper alloy electrode surface prepared by
electrospark deposition were studied (Cheng et al., 2011). A titanium carbonitride (TiCN) coating
was produced and compared to a tungsten carbide (WC) ESD coating (Miller etal., 2014). To improve
the lifetime of electrodes used for the resistance spot welding of Zn-coated steel sheets, a TiB>-TiC
composite coating was fused onto the surface of spot-welding electrodes using an electro-spark
deposition (ESD) process (Luo et al., 2014). In order to increase the life of conventional copper
electrodes in resistance spot welding of Zn-coated sheet steel, a multi-layer Ni/(TiCP/Ni)/Ni
composite coating was deposited onto the copper electrode top surface by electro-spark deposition
(Zou, 2009). To obtain toughened Fe2B coating and overcome various limitations of boriding, electro-
spark deposition (ESD) was used to prepare nanocrystalline FeoB coating (Wei et al., 2017). The
tribological properties of the coatings obtained by electro-spark alloying of C45 steel surfaces were
studied (Padgurskas et al., 2017).

Ultra-hard surfaces were obtained by coating TiB2 with ESD on AlISI 1020 and 1018 low carbon
steel samples (Agarwal and Dahotre, 1998). The tip surfaces of the Cu—Cr—Zr electrodes were coated

with Cr—Ni filler metal by using electro-spark deposition (ESD) coating method under 40, 80, and
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120 V. Consequently, the effects of the coating on electrode characteristics and properties of the
TRIP800 resistance spot weldment were investigated (Emre and Bozkurt, 2020). In coatings
deposited on HSS tool steels, the life of tool steels is increased by 2000% (Reynolds et al., 2003). A
coating with a hardness of 1542 HV was obtained on AISI 304 stainless steel by using ESD and a
ceramic layer such as Cr7Cs or Fe based amorphous alloy (Fe, Cr, Mo, Cd, C, B) electrode (Frangini
et al., 2002; Wang et al. 1997). WC-based (Co, Mo, Ta etc.) hard alloys were coated with ESD
technique on low carbon steel and pure titanium substrates to form an abrasion resistant coating which
improved service life for 4.3 and 1.4 times on steel and pure titanium, respectively (Chen and Zhou,
2006).

In the ESD coating process, a crack-free, uniform and metallurgically bonded deposited layer
was obtained by with and without additional layer such as pure Ni electrode, in order to add new
features to, which is widely used in the industry besides steel (Liu et al., 2000). In recent years, studies
have been carried out on the equipment and process used to increase the efficiency during the process,
apart from the method of using different electrode pairs to maximize the new properties obtained in
coatings made by the ESD process (Liu et al., 2005). The spot welding of coated surfaces are
complicated process in which the reaction between Zn or coating materials and spot weld electrodes
are the main concern. This, in turn, affects the weld performance and metallurgical characteristics
(Emre and Kagar, 2016; Miiftiioglu and Keskinel, 2007). For steel, there is vast amount of study
involving the performance of resistance spot weld electrode tips and metallurgical reactions between
the coated electrodes and welded sample (Emre and Kagar, 2016; Miiftiioglu and Keskinel, 2007;
Tumuluru, 2007; Gedeon and Eagar, 1986), however, there is very limited data available for the spot
welding of WC coated steel sheets.

In this study, AISI 1010 steel was ESD coated and spot welded following the coating with WC.
The spot weld zone was sliced and metallographically characterized using optical microscopy.

2. MATERIALS AND METHODS

AISI 1010 steel is ESD coated at different frequencies and voltages, and then welded with
resistance spot welding. The metallographic processes have been applied by slicing the specimens
into two from the weld zone. The composition of the iron-based material, AISI 1010, which is coated
using electro-sparking deposition with WC electrode, is shown in Table 1. The voltage and
frequencies used during the coating are 383 Hz (f3), 950 Hz (f6) and 1374 Hz (f9) and voltages are
48V (v3) and 78V (v6). WC electrode is of the 99% purity and commercially available. Table 2 shows
frequencies and voltages sued in this study.

Table 1. Nominal composition of AISI 1010 steel and WC electrode material used in ESD coating (wt%)

Material C Mn Si Fe Co w
Steel 0.08-0.11 0.78 0.032 Bal.
WC 8.7 - - - 2.4 88.7

Table 2. The voltage and frequencies used during the coating

Experiment Parameters F3V3 F3V6 F6V3 F6V6 FoV3 FoV6
Frequencies 383 Hz 383 Hz 950 Hz 950 Hz 1374 Hz 1374 Hz
Voltages 48V 78V 48V 78V 48V 78V
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For coating, the SZ-3000 branded ESD coating machine is used, which has a power of 3KW,
can produce a voltage in the range of 20-140V and whose coating frequency can be adjusted in the
range of 100-1800 Hz. During the coating process, argon was used as the protective gas and the
coating time was selected as 90s. The image of the test setup and coating machine prepared to ensure
the rotation of the base material for the coating process and the passage of the current are shown in
Figure 1.

————) -« Argon
Power
Source and Electrode
Signal Holder
Generator
c————) Electrode .
o] B Coating
b)

Figure 1. a) Electro-Spark Deposition (ESD) setup and b) principle of ESD coating

Specimens of 100 mm long, 2 cm wide and 0.75 mm thick, made of AISI 1010 quality steel,
were spot welded using approximately 80A with an electrode compression force of 270 kN using an
AC spot welding machine. For microstructure analysis, 1.5 mm thick samples were cut from the
coated and spot-welded surfaces with precision cutting from the middle of the coating. Since the
dimensions of the cutting result are small, it is taken into the cold moulding process in order to provide
better holding in the sanding process. The cold moulding process is mostly created by mixing the
hardener and the resin material together, and the mixture is hardened in the mould after a certain
period of time. Grinding (up to 1200G) and polishing (Alumina solution - 1 micrometer) processes
were carried out with the Metkon brand Gripon 2V model grinding equipment at an average speed of
250 rev/min. The microstructure images of the samples were taken and interpreted by electron
microscopy. V3 corresponds to 48V and V6 corresponds to 78V. 5% HNOs acid with Ethanol mixture
was used for etching. The resistance spot welding was done using copper electrodes and ATIKER
OW-SPT-015K machine was used for the study.

3. RESULTS AND DISCUSSION

The images taken with the optical microscope of the samples where coating, welding
respectively, are given in Figure 2. When the general properties of the samples with ESD coating are
considered, pearlitic and ferritic structures were formed around the weld zone. Hard phase formation
is not observed at the junction of the spot weld. There are structures similar to carbide formation in
the weld zone, i.e. dark and angular shaped. In addition to fine bainitic structures, intermediate
martensitic phase formation has also occurred in the weld zone, especially in HAZ.

The microstructure in as received condition is in the structure of ferrite + pearlite and it is known
that the dark coloured area is pearlite and the light-coloured structures are ferritic. On the other hand,
grain sizes are generally homogeneously distributed, and microstructural changes occurring due to
hot rolling are observed in the microstructure.
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Figure 2. a) Thickness measurements of WC coating layer on the surface coated with ESD (Scale bar is 100 micron) and,
b) microstructure of the 1010 steel in as received condition (Scale bar is 50 micron)

Table 3 shows the nugget diameters of spot welds and the length of HAZs along one side of the
spot welds. As a result of the thickness measurements taken from the weld area and other parts of the
spot welds of WC coated sheet metal, it can be said that the greatest spot weld size was observed with
uncoated spot welds. The width of HAZ does not show a regular change with respect to change in
frequency and voltage but weld zone width varies with respect to increasing frequency of the ESD
source. Table 4 shows that hardness variations also follow the changes as in Table 3, too. The hardness
variation with respect to change in voltage is not regular and irrespective of frequency. However, the
hardness of HAZ drops as the frequency increases and it is interesting that as the voltage increases
the hardness decreases slightly; it may be the effect from the high heat input with high voltage input,
resulting in slower cooling rate and hence softer microstructures form or tempering effect reveals
itself.

Table 3. The nugget diameters in mm with respect to frequency and coating voltage

wWC Uncoated F3Vv3 F3V6 F6V3 F6V6 FoV3 FOV6
Weld Zone 3,44 3,27 3,07 3,12 3,04 3,06 2,99
HAZ 2,97 2,94 2,84 2,95 2,98 2,80 2,77

Table 4. The weld nugget and HAZ hardness values in HV with respect to frequency and coating voltage

WC Uncoated F3V3 F3V6 F6V3 F6V6 FOV3 FOV6
Weld Zone 233.3 407.3 437.2 412.8 504.8 426.7 399.6
HAZ 211.2 356.3 303.4 332.3 312.4 292.6 287.6

Figure 3 shows the microstructures from the specimens that were coated WC by ESD technique.
In other zones, no clear findings in microstructure were observed. When the microstructures of spot
weld zones are examined, in general, it can be seen that the most of the spot welds show a complete
and sound joint. Except for the f9v6 sample, the weld zone in other specimens appears to remain the
same.
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Figure 3. Microstructural images s of spot welds made in uncoated condltlon and at dlfferent frequency and voltage values;
a) f3v3, b) f3v6, c) fév3, d) feve, e) fIv3, f) fove and, g) Uncoated
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It is important that uncoated spot welds are regular and the regions close to spot welds are
darker in colour. It can be seen that ferritic and pearlitic structures are formed around the weld zones
of the samples. The weld joint is rarely oxidized but the indication of finer structures in the welding
area is clearly observed. Apart from the fine bainitic structures, the formation of martensitic phases
is also seen in dark patches. Martensite formation, during which experiences a volumetric growth,
creates very high local stresses and this causes the matrix structure of the steels to distort excessively
and the deformation of the lattice structure leads to increased hardness following the fast-cooling
process (Miiftiioglu and Keskinel, 2007). Si in steels is one of the important elements for general
matrix hardness, and at the same time, when C is present, secondary phases for example by forming
carbides of Fe and Cr, provide wear resistance but overhardened matrix may lead the formation of
cracks due to over-alloying by W and WC dissociation (Tumuluru, 2007). This is highlighted by the
formation of martensite near the weld zone and heat affected zone as seen in Figure 3.

4. CONCLUSION

In this study, the microstructures of AISI 1010 steel whose surfaces were coated with WC by
using electro spark coating method, were investigated after metallographic examination.

= Measurements from the welding zone of steel which is coated with WC, showed that the
thickness of the weld zone decreases at constant voltage with increasing frequency.

= |t can be concluded that the increase in coating frequency improves the weldability of the WC
coated AISI 1010 steel.

= As a general conclusion in the microstructure analysis taken from the weld zone, it can be
seen that the pearlitic and bainitic structures are present in the weld zone. Due to the rapid
cooling of the samples, their martensitic structures are observed occasionally.
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Kod Yardimi ile Cekme Testinden Akis Gerilmesi ve Hasar Modeli Parametre Katsayilarinin
Tahmini

OZET: Sadece sinir sartlarmin kusursuz verilmesi degil, metal sekillendirme, imalat, ¢carpisma vb.
simiilasyonlarda en 6nemli diger bir girdi de kullanilan malzemeye ait 6zellikleridir. Bu 6zelliklerinin
dogru tanimlanmasi, simiilasyonun sonucglarinin uygulamada kullanimina olan giiveni artirir.
Simulasyon programlarinda farkli sicakliklarda ve sekil degistirme hizlarinda stress-strain iligkisini
temsil eden parametrik modellerin en ¢ok taninmislarindan biri Johnson-Cook gerilme akis1 ve siinek
hasar modelidir. Ancak malzemeye ait JC parametrelerinin elde edilmesi siireci olduk¢a uzun ve
yorucudur. Cok sayida testin ve simiilasyon sonuglarinin beraber degerlendirilmesi, egri uydurma,
regresyon ve optimizasyon prosediirleri, organize bir matematiksel islem uygulama siirecini zorunlu
kilar. Yaptigimiz program ile farkli yapidaki testler, test cihaz1 sonug¢ ve simiilasyon rapor format
girdileri, hiyerarsiye uygun bir diizende girilerek, parametre katsayilar1 otomatik elde edilmektedir.
Kullanici testlere ve sonuglara ait ortak grafiklerle gorsel olarak kontrol edebilmekte, gerekli
durumlarda testlere ait kritik noktalarin bulunmasina miidahale edebilmektedir. Farkli egri uydurma
algoritmalar1 kullanilarak en uygun parametrelerin bulunmasi saglanmaktadir.

Anahtar Kelimeler: Akma gerilmesi modeli, Siinek hasar modeli, Egri uydurma, Optimizasyon, JC
parametreleri.

1. INTRODUCTION

Various tests are applied to metallic materials, material producers who have to share
information about the material and, of course, in order to have information about whether the selected
material is sufficient for the application. In fact, the tensile test, in which we reach the most basic
information of materials from the stress-strain curves, is the most basic mechanical test, although we
sometimes need much more different tests. In tensile tests, when the specimen fixed to two jaws is
pulled at a constant speed, sometimes the displacement between the jaws and sometimes the relative
movement of the two points on the specimen is determined optically and the extension are combined
with the load-cell to which a jaw is attached to the load-extension curve. However, the curve for
which we have found more important information is the stress-strain curve proposed by Thomas
Young and drawn using the information taken from the load-extension graph (Figure 1). A single test
or a single curve alone cannot be sufficient to respond to all the conditions the selected material will
encounter in practice. Hundreds of curves may need to be drawn to give information about the
changing material behavior at different strain rates and different ambient temperatures. Flow stress
and damage models have been defined, since they can simply show the material behavior for each
case instead of giving many curves. These models express the situation that the user will encounter
in practice in a simple form.

Different models are used to define the behavior of the material to be used in simulation
programs and the damage condition in the elastic-plastic region. For example, Cowper Symonds,
Steinberg Guinan, Johnson-Cook etc. models are frequently used in finite element analysis programs
(Immanuel and Panigrahi, 2018; Korkmaz et al., 2020; Shokry, 2019; Wang and Liu, 2015). One of
the most well-known models is the Johnson-Cook model. There have been many studies aiming at
obtaining especially Johnson-Cook parameters constants and using these parameters (Korkmaz et al.,
2020; Akbari et al., 2016; Chen et al., 2019; Lalwani et al., 2009; Gupta et al., 2014; Shrot and Baker,
2012; Banerjee et al., 2015). The accuracy of the simulation results of any manufacturing process
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also depends on the accuracy of these models used. It is also very important to give the material
behavior in accordance with the program used. In the comparison studies of the Johnson-Cook model
whose parameter constants we are trying to estimate, although it is not valid for every situation,
Zerilli-Armstrong and Steinberg-Guinian etc. It was found to be more successful than models such
as (Banerjee, 2005, 2012; Jing et al., 2017; Zhang et al., 2019). This model describes the change in
deformation behavior of metallic material under different temperatures and different deformation

rates using two equations and ten parameter constants.
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Figure 1. Tensile test curve and its experimental result

2. MATERIALS AND METHODS

2.1 Johnson-Cook Models
The relationships between stress and strain in metallic materials can be easily explained by
Johnson-Cook model under conditions of deformation, strain rate and temperature. It is still widely
used by many researchers to describe the flow stress behavior of many different materials (Raut, N.
et al. 2021; Niu, L. et al, 2020). Although there are some redeveloped differences due to some
limitations in different materials (Shokry, A. et al, 2021; Mareau, C., 2020), the traditional flow stress
model is expressed as;

o = (A+BeM(1+Cln(e)) (1 —T"™) Q)

where o is the equivalent stress and e is the equivalent plastic strain (Johnson and Cook, 1983, 1985)

A is the yield stress of the material under reference conditions, B is the strain hardening
constant, n is the strain hardening coefficient, C is the strengthening coefficient of strain rate, and m
is the thermal softening coefficient. The terms in three different brackets given in equation (1)
describe the strain hardening effect, the strengthening effect of the strain rate, and finally the
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temperature effect, from left to right respectively on the stress flow (2). In the flow stress model, £*
and T*are defined and calculated as,

0 for €rer =&

) g . .
In(e*) = ln( - ) + for Ergp>E} (2)
Eref
—  for Erep <€)
(0 for T <Trer
| T=Tey
T"=3;——— for T <T<Ty; 3
Tm_ ref
\ 1 for T<T,

Here £* defines the strain rate, which is dimensionless, T* is the homologous temperature. T is the
deformation temperature, T,,, is the melting temperature of the metal. €, and T,.r were used to
define the strain rate and deformation temperature taken as reference in experiments, respectively
(Banerjee, 2005).

2.2 Determination of JC Flow Stress Parameter Constants
If the strengthening effect of strain rate and thermal softening effect are neglected in equation
(1) which defines the flow stress, n and B constans can be obtained approximately by using the stress
and strain values under reference deformation conditions. For this, the linear relationship between
In(c — A) and In(e) is found using the first order regression model as in Figure 2a.
When the thermal softening effect is eliminated, it will be easy to find the constant C from the

slope of the curve between — 1 and In(e*) using the values obtained at different strain rate

g
(A+Bem™)
(Figure 2Db). If this time the strengthening effect of the strain rate is eliminated from equation (1), we
— 1) and In(T™),

o
(A+Bem™)

can calculate the m value from the slope of the relation curve between In (

where the values obtained at different temperatures are used (Figure 2c).
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Figure 2. In(oc — A) ~ In(¢) graph arranged to obtain Johnson-Cook parameters B and n (a), arranged to obtain the C
2 1~ In(€*) graph (b), In (
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parameter

1) ~ In(T*) graph (c) arranged to obtain the m parameter
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2.3 Determination of JC Damage Model Material Constants

The damage model of Johnson-Cook where fracture strain is dependent on stress triaxiality,
strain rate and temperature are determined as given below (Banerjee, 2005);

gr = (D1 + D,e®M)(1 + Dyln(€") )(1 + DsT™) (4)

Gm
n=\(— ()
(Ueq>
Here Dai.s defines the damage model parameters, a,,, average stress, g, equivalent stress.

Damage to an element is defined based on a cumulative damage law and given in a linear form
(Kupchella et al., 2005) as shown below:

D= Ae ©)

&r
Where Ae is the incremental strain and &, is the strain equivalent to fracture under current stress,
strain rate and temperature conditions. Due to the formation of fracture, the strength of the material

decreases during deformation and the relationship of sufficient stress to realize whether damage has
occurred can be expressed as:

op =(1- D)Geq (7)

In (7), op is the damage stress and D is the damage parameter. Damage starts when the D value
is greater than one. Stress triaxiality and the magnitude of the equivalent stress can be obtained from
undamaged specimens in the region until neck formation, considering the plastic behavior (Bacha et
al., 2007). In (4), which defines the magnitude of the strain that causes the damage, if the effect of
strain rate and thermal softening effects are neglected, the linear relationship between &¢ and 7 is

obtained by using the regression model, D,, D,, D5 values are obtained approximately by using the
stress and strain values at the reference deformation conditions (Figure 3a).
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Figure 3. n ~ &, graph drawn to obtain Johnson-Cook D, D,, Ds damage parameters (a), @J#wf In(e*) graph
1 2

arranged to obtain D, damage parameter (b), <(D+D€% - 1>~ (T*) graph arranged to obtain Ds damage parameter
1 2
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If the thermal softening effect is eliminated from (4), D, is determined by using the values we

m and In(e*) can be found from the slope (Figure 3b). This

time, if the effect of the strain rate is eliminated from (4), we can calculate the Ds damage parameter

obtained for different test rate

with (@Jr;#ﬂ)) — 1) and (T™) using the values we obtained at different temperatures. It will be
1 2

quite easy to find from the slope of the relationship curve between (Figure 3c).

3. RESULTS AND DISCUSSION

3.1 Interface Used for Evaluation of Test Results

It takes a lot of time and effort to easily combine and evaluate a large number of tests to obtain
model parameter constants. With the data coming from the test device, not all input parameters of
some simulation programs can be accessed. Instead, the desired values should be obtained for the
appropriate situation from the sample by simulating the tensile test as in Figure 2. As shown in Figure
4, using any program that can simulate the tensile test, applying an optimal mesh type and mesh
number to the model designed in accordance with the standard, the obtained force, elongation, mises
stress etc. values are matched with the tensile test data. When the tensile test and the data obtained
from the simulation program are matched, the equivalent plastic strain and triaxiality values that
cannot be taken from the test can be reached. It takes a long time to organize and evaluate both the
displacement and force data from the tensile test device and other data from the simulation program
without any confusion. An interface has been designed considering that it will be helpful and facilitate
the work while trying to reach test results.

PEEQ
(heg: 75%)

Figure 4. Simulation of a tensile test

In order for the test to process data in different formats from many different devices, the device
must be selected initially. File types and contents of different formats are processed, basic test sample
inputs, force and extension information are read and processed. As a result, the required values are
given in the main interface (Figure 5). Ten coefficients of Johnson-Cook stress flow and damage
parameters, Hollomon's hardening coefficient values, some critical fundamental values related to
strain and stress, toughness, resilience and Young modulus are given in the interface. The K
coefficient in Hollomon Equations is called the strength coefficient and the n coefficient is called the
strain hardening exponent. The strain hardening coefficient refers to the ability of a material to harden.
The low value of this coefficient, which generally varies between 0-0.5, indicates that the material
will break before it hardens too much, and its high value indicates the ductile structure of the material.
The formability of metals and their alloys is related to their hardening behavior (Praveen et al., 2004).
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Since the hardening exponential determines the hardening capacity during plastic deformation, for
example, the chip forming ability of the material in machining can be calculated (Yang and Putatunda,
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Figure 5. Main interface view

As can be seen in Figure 6a, after selecting the test device for the data format, the condition for
which type parameters should be calculated should be determined. Here, although the general request
is for true strain- true stress, parameter constants can also be calculated for true plastic equivalent
strain - Von Mises stress used in some simulation programs (Figure 6b). After selecting one of the
two options, it is necessary to select different calculation procedures, namely the parameter type for
Johnson-Cook stress flow parameter constants or damage parameter constants (Figure 6c). Since the
data ranges taken in the tests can be varied, processing too much data may increase accuracy but also
cause unnecessary waste of time. Since many iterations are required to estimate some parameter
constants, the response time can be quite long. The evaluation of the result for few data points also
causes incorrect values. Therefore, data range values should be chosen carefully (Figure 6d). The data
describing the temperature and strain rate effects of Johnson-Cook stress flow and damage parameter
constants both have different structures and the calculation procedures are different from each other.
After determining which effect the calculation will be made (Figure 6e), the number of different
temperatures or strain rates are selected to evaluate (Figure 6f, g). In the main interface, during the
evaluation of more than one test, it is also determined whether the data will be done through the
average or curve fitting procedure.
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Figure 6. Selection interfaces for parameter types

Figure 7a shows the interface screen for taking into account by processing one or more test
data. The data that are evaluated one by one can be selected out of the account if desired. As seen in
Figure 7b, the flow stress parameters of the selected test are determined on the coefficient evaluation
screen. Here, the file we receive from the test device is selected with the "Browser" and the data
received are processed and the coefficients of the model are found. Since the tests are carried out with
a large number of samples, separate evaluations can be made for each of them and the desired test
can be included in the evaluation. The nonlinear least squares formulation is used when fitting the
curve. The process gives an estimate of the model coefficients as a result of the curve fitting process.
The least squares method used to obtain the coefficient estimates applies an iterative procedure that
minimizes the total square of the residuals. Curve fitting requires a parametric model selection that
relates the response data to the prediction data with one or more coefficients. In accordance with the
form, we want the model, "a Two-Term Power Series Model™ for Johnson-Cook parameters and "a
Single-Term Power Series Model" for Holloman parameters were used.

Robust least-squares fitting method, least absolute residue structure, curve fitting by
minimizing the total square of residues, select parameter coefficients determined according to the
largest R-squared value resulting in the case of choosing "Trust-Region™ or "Levenberg-Marquardt”
algorithm. The R-squared is a statistical measure of how close the data is to the fit regression line. It
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is also known as the coefficient of determination or the multiple coefficients of determination for
multiple regression. In general, it can be said that the higher the R-square, the better the selected
model fits your data.

In Figure 7b, both the flow stress values and the values of some critical points, obtained from
the calculated data, are given. Both finding critical points in strain-stress curves of materials with
many different structures and very variable data vibrations / oscillations make it difficult to
calculations of critical points. A few peaks of vibration greatly affect the finding the location of these
critical points. Using a few close data values and limited by tolerance criteria, the slope of the curve
is calculated. All critical points on the stress-strain curve are controlled by the program from the end
to the beginning and from the beginning to the end. These locations can also be determined by the
user, in case of doubt about the location of the critical points found. If different devices can be used
to find strain from extension values such as grips that hold the sample, then extensometers such as
video extensometers can also be selected from the program screen. If the flow stress parameter
constants are to be estimated according to Misses stresses and equivalent plastic strain, it is naturally
easier to process the regular data coming from the simulation and to locate the critical points (Figure
7c).
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Figure 7. Interface of evaluation and input determination for flow stress parameters

The data belonging to the tests performed for each temperature and strain rate selected for the
parameters are processed by the linear regression procedure and the values of C strengthening
coefficient of the strain rate (Figure 8a) and m thermal softening coefficient (Figure 8b) are found.
All parameters of the tests used to find the constants and the values of the critical points can be
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monitored by selecting the relevant graphic. In Figure 5. if you want to make optimization as seen in
the main interface, the program uses the find minimum of constrained nonlinear multivariable
function, for the default interior-point algorithm, from lower bound to upper bound. New
strengthening coefficient of the strain rate and m thermal softening coefficient values it replaces the
old values on interface screen.
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Figure 8. Interface for strengthening coefficient of the strain rate(C) and thermal softening coefficient(m)

Johnson-Cook defined the damage parameters depending on the stress triaxiality, strain rate
and temperature to obtain the fracture strain. Five parameter constants help us solve the fracture strain
with a simply defined formula. The test results are evaluated by applying tensile test at different strain
rate and under different temperatures on specially prepared test samples for these parameters. A large
number of test data taken for different group tests are entered into the program as in Figure 9a. Any
number of tests belonging to the specified group can be included or removed from the calculation.
When the test file is selected, it is found automatically by following the slope of the fracture strain
graph in the interface (Figure 9b). Finding a specific point from thousands of data belonging to the
test can sometimes be erroneous due to peak vibrations occurring in the device. The user can
determine the fracture strain point within the narrow area limited by intervening in the graphical
inclination control tolerance when desired. Parameters are obtained by evaluating the fracture strain
and stress triaxiality values at this moment, automatically or determined by the user. For the stress
triaxiality that cannot be obtained from the tensile test, the simulation is referred. As seen in Figure
9-a, after the test results are entered into the program and the fracture strain is determined. The stress
triaxiality matching the fracture strain is found from the report file coming from the simulation
program and included in the calculation to find the coefficients of damage parameters.
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Figure 9. Main interface for damage parameters and fracture strain point finding interface in tests
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Damage parameter constants D1.3 are found by curve fitting procedures using the test results
and simulation report results that coincide with these results (Figure 10a). Here, as applied to find
flow stress parameters, it determines the parameter coefficients for the maximum controlled R-square
value using different algorithm options. The R-squared is the measure of how close the curve is to
the regression line formed by the parameters found. The largest R-squared value shows the option for
the selected model that best fits the experimental data. Regression procedures are applied to find the
strain rate parameter constant, D4 and temperature parameter constant Ds (Figure 10b, c). The
constants are the slope of the curve that is drawn in case of temperature or strain rate change. If
desired, after finding Da4s, optimization can be applied as in the option of determining the stress
strengthening coefficient and thermal softening coefficient in the flow stress parameters (Figure 5).
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Figure 10. Interfaces for damage parameters (D1.5)

4. CONCLUSION

One of the most well-known parametric models representing the stress-strain relationship and
fracture strain of metallic materials used in simulation programs is Johnson-Cook's model. They
defined this relationship in a simple form for large deformation conditions, high strain rate and
elevated temperature. However, obtaining the JC parameter coefficients of a material is a very time-
consuming process. It is a complex task, respectively, to prepare test samples with different
geometries in the workshop, to apply many tests in the laboratory, to organize test data and simulation
reports in different formats, to process them together in a mathematical program. This program has
been designed to make the study easier in this process and to enter data in an order to estimate JC
stress flow and JC ductile damage model parameters, and when required, curve fitting, optimization
and regression procedures are applied using algorithms to obtain the most optimal results. The
program has been tested with the different types of test results we have designed, and it has been
observed that it has effective data entries and satisfactory results. As with every program, it will need
to be updated in accordance with the feedbacks of the users and with different details.
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OZET: imalat endiistrileri daha rekabetci bir ortamda gelisimlerini ve siirekliliklerini devam ettirerek
maliyetlerini diisiirmeyi hedeflemektedir. Yalin tiretime gecis siirecinde ilk adim, israfa yol agan
dretimdeki tiim aktivitelerin en aza indirilmesi ve katma degeri olan/olmayan faaliyetlerin analiz
edilmesidir. Bu ¢alismada, otomotiv sektoriinde faaliyet gosteren firmalarin (Ford, Bosch, Delphi,
Audi, Toyota, Honda, Hydrema, Fiat, Hitachi) iirettikleri araglara takilan parca imalati i¢in ar-ge
caligmasi ele alinmistir. Montaj hatt1 tasarimi ile yapilan iyilestirme siirecinde, imalat siirecinin
isleyisi, stirec lizerindeki etkiler robot ve kamera destekli kalite kontrolii belirlenmeye c¢aligilmistir.
Kamera ile 6lgiim sistemleri kullanarak iiretim siirecinin incelenmesi, ¢evrim siiresinin azaltilmasi,
katma deger yaratmayan hareketlerin giderilmesi ve lay-out (yerlesim diizeni) iyilestirilmeleri hedef
almarak kompleks ve zor parcalarin kalite kontrolli, montaj hatlari i¢in iyilestirme caligsmalari
degerlendirilmistir.
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Measuring The Parts Used in The Automotive Industry with the Help of Robots and
Cameras, Reducing Manual Error

ABSTRACT: Manufacturing industries aim to reduce their costs by continuing their development
and continuity in a more competitive environment. The first step in the transition to lean production
is to minimize all activities in production that lead to waste and to analyze activities with or without
added value. In this study, R-D work for the production of parts attached to the vehicles produced by
companies operating in the automotive sector (Ford, Bosch, Delphi, Audi, Toyota, Honda, Hydrema,
Fiat, Hitachi) is discussed. In the improvement process with the assembly line design, the functioning
of the manufacturing process and the effects on the process were tried to be determined by robot and
camera assisted quality control. Quality control of complex and difficult parts, improvement studies
for assembly lines were evaluated by targeting the examination of the production process using
camera measurement systems, reducing the cycle time, eliminating the movements that do not create
added value, and improving the lay-out. Quality control of complex and difficult parts and
improvement studies for assembly lines were evaluated by aiming at eliminating movements that do
not create added value and improving lay-outs. Quality control of complex and difficult parts and
improvement studies for assembly lines were evaluated by aiming at eliminating movements that do
not create added value and improving lay-outs.

Keywords: Quality control, Lean manufacturing, Image processing, Measurement systems, Robot
assembly line.

1. GIRIS

Giliniimiizde, bilgisayar ve kamera gibi elektronik {iriinler; robotlar ve algilayicilar gibi
endiistriyel {riinler hayatimizin her alaninda oldugu gibi otomotiv endiistrisinde de vazgegilmez
Ogeleri haline gelmistir (Ege ve ark., 2021). Otomotiv sektoriinde rekabetci kosullarin olusabilmesi
ve devam ettirilebilmesi igin farkli yontemler gelistirilmektedir. Otomotiv sektorii igindeki bir¢ok
firmalarda bu rekabet¢i kosullari saglamak i¢in yeni ve farkli yontemlere ihtiya¢ duymaktadir.
Kaliteli bir imalat veya proses yonetimine sahip kuruluslar (firmalar) siirekli olarak biiylimekte ve
gelisen teknolojiyle birlikte kendilerini yenileme arayisinda bulunmaktadirlar. Boylelikle otomotiv
sektoriinde yer alan firmalarin imalat alt yapilarii gelistirmeleri i¢in ge¢cmisten giiniimiize kadar
endiistriyel otomasyonlarini ilerletmeleri kritik 6nem tasimaktadir (Manesis ve Nikolakopoulos,
2018). Bu durumun gelisimi ise otomasyonun daha kolay ve anlasilir olmasini, uzaktan kontrol
edilebilmesini ve uzaktan izlenebilir olmasini saglamasiyla otomasyon sektoriiniin dogusuna ayna
tutmaktadir. Firmalar i¢in 6nemli bir ihtiyac olan endiistriyel otomasyon sistemleri kullanildiklar:
yere ve ihtiyaca gore bir¢ok farkli yapiyr biinyesinde barindirmaktadirlar. Bu otomasyon
sistemlerinin biiylik bir kismini endiistriyel robotlar olusturmaktadir (Kurt ve Bozoklu, 2019).
Endiistriyel robotlarin otomotiv entegrasyonuyla elde edilen yeni ve farkli gelismeler, yalniz son
mamulde degil, iiretim asamalarinin her birinin gelisiminde de biiylik katma deger saglamaktadir.
Giliniimlizde otomotiv sektoriinde yer alan otomasyon sistemlerinin 6nemli yardimcilart olan
endiistriyel robotlarin basta kalite olmak {iizere bir¢ok avantaj/dezavantajlar1 s6z konusu
olabilmektedir. Oyle ki montaj esnasinda seri imalat asamalarinda par¢a montajinda kullanilan sabit
tezgahlar yerine kamera destekli gorsel kontrol entegreli robot yardimi ile sabitleme ekipmamn
kullanmadan bir montaj uygulamasi gergeklesebilmektedir (Bone ve Capson, 2003). Giinlimiiz
teknolojik geligsmeleri 151¢1nda kamera ile kontrol sistemi ise bu yontemlerden sadece birisidir (Saga
ve ark., 2020). Kamera ile parca kontrol sistemleri; iiretim siirecinin siirekli iyilestirilmesini saglayan
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bununla birlikte verimlik, maliyet, stok durumu ve iiretim asamasindaki zamaninin optimize
edilmesinde yardimci olan 6nemli bir olgu olarak karsimiza ¢ikmaktadir.

Son yillarda isletmelerin biiylik bir boliimii montaj yolu (manuel montaj) ile iretim
yapmaktadir. Misterilerin istedikleri iiriinii talebe en uygun sekilde ve en uygun maliyetle
firmalardan talep etmeleri firmalara ciddi bir rekabet zorunlulugu getirmektedir. Uretim taleplerinin
her gecen giin artmasindan dolay1, montaj hatlari, fazla miktarlarda siparisleri, minimum maliyetle,
istenen kalitede ve talep edilen siirede liretilmesi, amaglanan seri iiretim sistemlerinin degistirilemez
bir parcasi durumuna getirmistir (Gokgen ve ark., 2006). Bu sebeple, montaj hatlari, seri iiretim
sistemlerinin esas 6gesi olarak diisiiniilmektedir. Montaj hatlarinda kaynaklarin verimli ve etkin bir
bi¢cimde kullanilmasiyla is yiikleri ve is istasyonlar1 dengeli bir sekilde dagitilmaktadir. Seri iiretim
yapan firmalar i¢in, montaj hatt1 dengeleme problemi ciddi 6nem tagimaktadir (Li ve ark., 2021).
Yalin iiretim ise, israfa neden olan iiretimdeki biitiin aktivitelerin en aza indirilmesi ve katma deger
yaratan aktivitelerin ise arttirilmasi yontemidir. Yalin iiretim ayni zamanda bir akis boyunca katma
deger yaratmayan tiim adimlarin (hata, maliyet, stok, is¢ilik, gelistirme siireci ve {iretim alan1 gibi)
elimine edilmesi ve yalin {iretim tekniklerini kullanarak miisteri taleplerine proaktif (insiyatif almak)
coziimler sunmaktir (Turan, 2018). Boylelikle yalin iiretimde hedef sifir hata ve sifir stok prensibine
dayanmaktadir (Wilson, 2010). Boylece miisterinin para vermek istemeyecegi her aktivite israftir.
Israflar ise, yalin iiretimdeki araglarin dogru kullanilmasiyla azaltilabilir veya ortadan kalkabilir.

Ar-ge calismasi yapmak ve elinizdeki hatti iyilestirip verimliligini arttirmak igin sistemin ne
kadar1 manuel veya otomasyon agirlikli ¢alistigi detayli bir sekilde incelenip analiz edilmelidir.
Revize etmek isteyeceginiz sistem 0rnek olarak operatdriin inisiyatifi altinda ise, pargalarin dizilmesi,
paketlenmesi, tasinmasi vb. gibi is boliimlerinin i¢inde ise hattin verimliligi robot yardimai ile ciddi
derecede artirilabilir. Ornegin, bir mil parcasmin kasalara konulmasi islemi asamasinda operatdr her
defasinda maksimum iki par¢a manuel olarak temin eder ve sevkiyat kasasina iletebilir. Diger
taraftan, robot ise mili tutacak uygun bir gripper (tutucu parmaklar) tasarimu ile tek sefer de birden
cok parcayr zamandan tasarruf ederek de kasaya iletebilir. Bu bilgilere istinaden yenilik¢i ve
geleneksel yontemler ile 6rnek bir parcanin kontroliiniin manuel (mastar yardimai ile parca kontrol) —
robot — goz ve kamera ile ilgili iliskisinin karsilastirilmasinin iiretici firmaya sunulmasi Sekil 1’de
gosterilmektedir. Sekilden de anlasildigi gibi en az siire ile is parcasi kontrolii kamera ile elde
edilirken en fazla siirede imal edilen parga siiresi manuel olmaktadir. Bu durum iiretici firmalar
tarafindan maliyet ve is ylikii bakimindan kritik bir dneme sahip olmaktadir. Maliyet ise en dnemli
etken faktorlerden biridir. Robot ile i pargasi kontrolii ise yine firmalarin uygun olarak benimsedigi
onemli olgular olarak karsimiza da ¢cikmaktadir. Bu nedenle, gelisen teknoloji ve seri imalat asamalari
bu kritik degerlere ciddi yatirimlar yapmakta ve imalatlarini kalite standartlar1 kapsaminda tasarlayip
hiz kazanmaktadirlar. Diger taraftan kamera veya robot islem uygulamalarinin isletmeci agisindan
dezavantaji ise bu sistemlerin yliksek maliyet ile karsilarina ¢ikmasidir.

Yenilikc¢i ve geleneksel yontemlerin karsilagtirilmasi

o5 &
=
-3
Z 3
£, i sy
S
! .!/ .!/ LI P LI P
£ 0
Kamera ile kontrol Robot Goz ile kontrol Manuel

Sekil 1. Uretilen is parcasinin yenilik¢i ve geleneksel yontemler ile karsilastiriimasi
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Bu calismada, kamera kontrol iiretim sistemi ile beraber montaj hattinda iyilestirme
caligmalarinin gereklilik, fayda ve iliretim maliyetleri agilarindan degerlendirilerek goriintii (kamera)
isleme ile birlikte pargalarin kalitesinde iyilestirme ¢alismalarina farkli bir bakis a¢is1 kazandirmak,
iiretim ve imalat endiistrisinde kullanilan hassas pargalarin iiretimini yapan bir montaj hatt1 i¢in
tyilestirme caligmalar1 ger¢eklesmistir. Deneysel ¢alismalarin uygulandigi yerlerde (iiretim ve imalat
fabrikalar1) analiz yapilarak, ticari araglar i¢cin montaj hattinin ¢evrim siireleri ve operatér sayisi
diisiiriilmesi bu kapsamda yer almaktadir.

2. MATERYAL VE YONTEM

Yapilan ¢aligmada, montaj hatt1 tasarimi ile uygulanan iyilestirme siirecinde, imalat siirecinin
isleyisi, siireg tizerindeki etkiler, robot ve kamera destekli kalite kontroliin belirlenmesi hedeflenerek
izlenen yol ve is akis semast Sekil 2°de verilmistir.

Uriin kalitesi

] n
ihtiyacin yiiksek
—> . . I Tasarim
belirlenmesi programinda 0On degerlendirme
gripper’in tasarimi Minimum
S operator

Kalite kontrolii
yapilacak parga

@,

—_—
Kalite -
kontrol Parga Yiikleme ve .

Kamera sabitleme Imalat ve kurulum
hatti Kamera ve robot
—> - Tasanimi
eklenmesi ]
—_—d /

Sekil 2. Caligmada izlenen yol ve is akis semasi

Miisterilerin ihtiyacglar1 dogrultusunda belirlenen parcalarin kamera ile kalite kontrol yapilacagi
hattin olusturulmast ve istenilen performansi karsilamak amaci ile isletmede kalite ydnetim
sisteminin tiim sartlar1 ile uyumlu olacak sekilde tasarlanmasi i¢in gerekli aksiyon (plan) ilk asamada
ele alinmistir. Cesitli geometrilere sahip ara¢ parcalarinin kamera ile analiz edilip, 6l¢tim yardimt ile
kalite kontrolii yapilabilmektedir. Tasarimi yapilan sistemin amaci araclarin (binek/ticari arag)
motorlarina takilan karmasik ve 6l¢iimii kolay olmayan parcalarin, tim ylizeylerinin miisterinin
istedigi olcii toleranslar girilerek olusturulmasidir. Iyilestirme ¢alismasinin ilk asamasinda (hattin
diizenlenmesi) On tasarim gercekleserek bagli bulunan istasyonlara aktarilmistir. Sekil 3°de tasarimin
i¢ ana bdliimii olan istasyonlar gosterilmektedir.

1. istasyon 2. istasyon 3. istasyon

Yikleme Olciim alma Robot eli tasarimi

Sekil 3. Uretim sahasindaki istasyon kisimlar1

Imalat asamasinda manuel olarak kalite kontrolii gerceklestirilen hattin otomasyon destegiyle
on tasarimin yapilip operatoriin uygulayacagi hatanin en aza indirilmesi i¢in operatérden bagimsiz
mekanik fikstiir tasarimi gerceklestirilerek tasarima gecis saglanmistir. Tasarimda ise Solidworks
programindan yararlanilarak dl¢lim kamerasi ile desteklenip tiretimi gerceklestirilmistir. Caligmada
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tasarimi yapilacak iirliniin Sekil 4’te gosterilen bir plaka {izerine sabitleyip tutabilecek bi¢gimde X
ekseninde bir adet piston konumlandirilmistir. Bu plakanin bagli oldugu kizakli pnomatik piston ile
ileri ve geri gitmesi saglanmaktadir.

Piston

Sekil 4. Lineer kizaga bagli tasarimin Solidworks ¢izimi

Birinci istasyon yani yiiklemede operator, pargalari kayar tabla tizerinde bulunan sabitlenmis
mastarlarinin lizerine birakarak ve ¢ift el butonu ile onay vererek islemi uygular. Sistem onay aldiktan
sonra plakanin kizakli piston ile ileri gitmesi bdylelikle saglanmis olur. Plakanin hareket etmesini
saglayan kizakli piston ve sistemin biitiinii PLC (Programlanabilir Mantiksal Denetleyici) ile kontrol
edilmistir. Ol¢iim alma ikinci istasyonda ise yapilan islem sistemin biitiiniinii olusturmaktadir. Sekil
4’te gosterilen istasyona parga yiiklenmesi yapilip, operatdr onay verdikten sonra ileri giden kayar
tabla iizerindeki iiriinler robot eli yardimu ile alinip bu istasyona getirilir (Sekil 6). Kameranin fotograf
¢cekme ve 6l¢lim hizinin (6 mm/s) iistiine ¢ikmadan kameraya belirli agilarda gosterilir ve boylece
fotograf ¢cekimi saglanmis olur. Bilgisayara iletilen fotograflar ¢esitli goriintii isleme asamalarindan
gecirilerek geometrik toleranslarinin Slgiimleri incelenir ve is pargasinin toleranslar i¢indeki
uygunlugu kontrol edilir. Uriiniin tam olarak hangi basamaklardan gegirilip miisteriye hazir hale
getirildigin son asamasidir. Bundan sonra miisteriden alinan teknik bilgiler dogrultusunda kameraya
onceden gorsel ve matematiksel hesaplar ile aktarilan veriler 1s13inda c¢ekimi yapilan parcalar
incelenir. Robotun elindeki par¢a kameranin programinda yiiklii olan toleranslarin i¢inde ise onay
alip konveyor ile sevkiyat boliimiine yonlendirilir. Eger parca hatali ise sirasi ile diger parametreler
(kalinlik, incelik, diklik, egrilik ve dairesellik) incelenir. Kameranin hata verdigi nokta ve toleranslar
Sekil 5’te verilmistir.
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Kalinlik incelik
Taslamaislemi uygulanip Hata dizeltilemez ve
tekrar Slgim alinmalidir. hurdaya ayrilir.

Diklik Egrilik
Hata dizeltilemez ve Pres islemi uygulanip
hurdayaayrihr. tekrar dlgim alinmalidir.
Dairesellik

- Toleransta kaliyorise
hurda,

+ Toleransta kaliyorise
kismi kumlama gerekir.

Sekil 5. Hata noktalar1 ve tolerans gosterimleri

Bu kriterlere gore tiriin se¢imi yapilip kasalara robot eli ile birakilir ve ¢evrim bu sekilde devam
eder.

Kamera

Kamera
plakasi

50x50x4 mm
profil

T~

Yer sabiti

/igin plaka

Sekil 6. Olgiim alma (ikinci istasyon) istasyonunun Solidworks model gdsterimi

Ugiincii istasyon olan robot eli tasariminda cycle (déngii) ve insan giiciinden tasarruf ettiren
robot, tagima robotu olarak ifade edilen endiistriyel bir uygulamadir. Bu robotlar, endiistriyel
uygulamalar da, konveyor iiretim hatlarinda, insan giicli ve zamandan kisarak kaliteyi yiikseltmek ve
maliyeti minimum seviyelerde tutmak amaciyla kullanilmaktadir (Firat ve Firat, 2017). Diger bir
deyisle, farkli geometrilere sahip olan is parcalarinin alinip, kameranin 6niinden belirli kriterlere bagl
kalarak istenilen eksen ve agilarda hareket ettirilmesini saglamaktir. Fotograf c¢ekimi
gerceklestirildikten sonra hata analizi yapilip PLC’ye gerekli 6l¢ii ve veriyi kaydettikten sonra is
parcasini uygun kasalara yerlestirmektedir. Thtiya¢ duyulan iiriiniin tutulmas igin gripper (endiistride
bir par¢ay1 tasima veya sabitleme amaci ile kullanilan mekanik, pndmatik veya elektrikli ekipman)
kullanilmigtir. Gripper’in agirlig1 ve istasyonlarin erisim mesafesi goz oniinde bulundurularak robot
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secimi yapilmistir. Robot se¢imi ise iiriin adedine, agirli§ina, boyutuna ve iirliniin taginacagi uzakliga
uygun sec¢ilmistir. Bu ¢alismada Sekil 7°de gosterilen Kuka-Kr20 R1810 endiistriyel tasima robotu
kullanilarak islemler uygulanmistir.

Sekil 7. Kuka-Kr20 R1810 endiistriyel tasima robot model gosterimi (Anonim, 2021a)

Tasima robotunun flansina montaji yapilan gripperin tasarimi Sekil 8’de gosterilen gripper
yardimi ile parca kayar tabla iizerinden alinmaktadir. Gripper olarak adlandirilan tutucular plakaya
bagli, plaka ise robotun flangina baglanarak sistem hazir hale gelir.

Robotun flangina

baglanacak plaka

Tutucu pistonlarin

abitlendiéi plaka
>

Kirlangig Tutucu

X ekseni

Sekil 8. Gripper sisteminin Solidworks model gosterimi

Miisterinin istedigi parcayr uygun sekilde ve istenilen noktalardan tutabilmek icin gripper
secimi ve tasarimi degisebilmektedir. Bu tasarimda dort adet standart ¢ift etkili silindir kullanilmistir
(tutucu piston). Tutucularin bagh oldugu plakalar kizakli oldugu i¢in X ekseninde, parcanin
uzunluguna bagli olarak istenilen konuma cekilebilmektedir. Boylece parga istenilen hassas ve 6l¢iim
gerektirmeyen noktalardan tutulup kameraya okutulup sonug alinabilmektedir. Tasarimda kullanilan
standart pargalar Sekil 9’da gosterilmis olup sistemde; bir adet sartlandirici, dort adet ¢ift etkili yliksek
sitkma kuvvetine sahip parmak tutucu ve bir adet ¢ift etkili kizakl piston kullanilmistir.
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Filtre .=

Vag’ layict

I@Su Bogsaltma

Sartlandirici

Kizakli piston

Parmak tutucu piston
Sekil 9. Pnomatik ekipmanlarin; a) Sartlandirict (Anonim, 2021b) b) Parmak tutucu Solidworks model (Anonim,
2021c), c¢) Kizakli piston Solidworks model gésterimi (Anonim, 2021d)

Bunlardan ilki olan sartlandirici, havanin akis yoniinden pndématik sisteme giris yerinde
kullanilan ve havay: sistem igerisinde kullanilabilecek ozelliklere getiren elemanlardir. Tek bir
eleman olarak kullanilsa da (regiilator basing ayarlayici, yaglayici, filtre, manometre basing
gostergesi) dort farkli pnomatik elemandan meydana gelmistir. Sartlandiricinin ana gdrevi havanin
icindeki suyu almak, havay1 temizlemek, kuru havay1 yaglamak ve havanin basincini ayarlamaktir.
Bu islemlerin tiimiinii yapan elemana sartlandirici denilmektedir. Ote yandan, filtre, regiilator,
yaglayici olarak adlandirildig1 da goriilmektedir. Parmak tutucu ise piston yiizeyine ve hava basincina
bagl olarak olusan kuvvet piston kolunun iki yonde hareket etmesini saglar. Bu sekilde iki yonde is
yapilabilir. Calisma sirasinda piston girisine hava uygulandiginda piston kolu tarafindaki hava
bosaltilir ya da piston kolu ¢ikisina hava verildiginde piston tarafindaki hava tahliye edilir. Uriin
parcasina uygun olarak parmak tutucu tasarimi yapilmistir (Sekil 9b). Pargay1 tutma islemi bu pistona
bagli parmaklar yardimi ile gerceklestirilir. Uriinlerin sabitlendigi plakann, ileri ve geri hareket
etmesi ise Sekil 9¢’de gosterilen kizakli piston ile saglanmistir.

3. BULGULAR VE TARTISMA

3.1 Robot Destekli Sistemin Kontrolii
PLC, fabrikalarda iiretim bdliimlerinde ya da makine pargalarmin kontrolii gibi is akis
siireglerinin  denetlenmesinde kullanilan otomasyon cihazidir (Sekil 10). PLC standart
bilgisayarlardan farli olarak bir¢ok giris ve ¢ikisa (I/O) sahiptir. Bu cihazlar elektriksel giiriilti,
sicaklik farki ve mekanik darbe durumlarina karsi dayanikli tretilmektedirler. Bu ozellikleri ile
olumlu yonde avantaj sunmaktadirlar (Kiiciikkatay ve ark., 2021).
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g &

Sekil 10. PLC 6rnek gorsel (Anonim, 2021e)

Her marka PLC'ler kendilerine 6zgii bir igletim sistemi bulundurmaktadirlar. Ancak tasarimda
kullanilan sistemin kontrolii i¢in miisteri talebi dogrultusunda S7-1200 (Siemens) kullanilmistir.
Sistemde, giris bilgileri gozle goriilmeyecek hiz ile taranarak buna uygun ¢ikis bilgileri gergek
zamana yakin yanit verecek bi¢cimde islemektedir. PLC, iirlinleri ¢ok diisiik hata payi ile kisa siirede
ve ¢ok daha verimli olarak {liretme konusunda etkindir (Tastan ve ark., 2003). Sistemde kullanilan
S7-1200 PLC’nin uygulama modiilii Sekil 11°de verilmistir.

‘ Parcayi fiksleme |

|LTneer kizakh piston ileri
I

[Robot eli parcayralma poszyonu]

Pargayial
Kameraya gdster
Fotograf ¢cek

| Gorintiyi hesapla |

Parca
hatasiz

Parga hatah

ince

Konwveydr hatti

Hurda
Diklik
Hurda
Kahnhk

Taslama

Egrilik

FIN PP
Tk

Pres

Dairesellik

Kumlama

Sekil 11. PLC akis diyagrami

3.2 Kamera Destekli Goriintii Isleme
Kamera destekli goriintii isleme uygulamalari, resimlerin incelenmesi ile veriler edinmeye
yarayan sistemlerdir. Gorilintii isleme, kullanilmak istenen yere ve pargalara bagli olarak, kolay
hesaplamalardan en kompleks algoritmalara kadar farkli matematiksel ifadeler iizerinden caligir
(Ekstrom, 2012). Kamera programinin ara ylizii yatay ve dikey olarak iki boyutlu bir diizlemden
olusmaktadir. Yatay ve dikey dogrularin birlestigi her bir nokta, ¢ekilen fotografin piksel degerini
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ifade etmektedir. Dijital gostergelerde goriintiiniin alinmasini saglayan ve kontrolii miimkiin olan en
kiiciik birim sistemi piksel olarak adlandirilir. Her birim o noktanin netligi, parlakligi ve rengi
hakkinda veri aktarimi saglamaktadir. Goriintli isleme sistemi, kaydettigi gorselin iizerindeki
noktalarin analizini yaparak yeni bilgiler elde etmektir. Teknolojinin siirekli ilerledigi
diistintildigiinde ise goriintii isleme i¢in kullanilan kameralarin isleme sistemlerine ciddi derecede
destek sagladig bildirilmektedir (Kdse, 2005). Uretim siireci, robot, operatdr ve makinelere montajli,
goriintii isleme sistemleri ile gelistirilebilir. Kameralar, kullanilmak istenilen yere ve amaca bagh
olarak, cesitli boyutlarda oldugu g6z Oniline alinarak, teknik olarak uygulanabilirdir. Yiiksek
hassasiyetli endiistri kameralarin biitiinii hafif ve farkli ¢esitleri bulunmaktadir. Akilli kamera entegre
sistemleri, ¢alisma durumlarimi gorsel olarak kaydeder, kaydedilen datalar1 analiz edip, insanlara
aktarabilirler. Uriin adedi, hata analizi, havacilik endiistrisinden savunma sanayisine kadar birgok
farkl alan da kullanilabilen goriintii isleme sistemleri endiistri 4.0’1n bir pargasidir (Faheem ve ark.,
2018).

Endiistri 4.0 genel olarak sekil 12°de verilen ii¢ ana yapidan olusmaktadir. Bunlar, nesnelerin
interneti, siber-fiziksel sistemler ve hizmetlerin internetidir. Bu yapilar ise akilli fabrikalarin
gelisiminde ve olugmasinda biiyiik katki saglarlar. Endiistri 4.0 bilisim teknolojileri ile endiistri
faaliyetlerini ayni ¢atida toplayan endiistri 4.0’1n temel bilesenlerinden birincisi, son sistem yazilim
ve donanimdir. Bunlar ise diisiik maliyetli, az yer kaplayan, az enerji harcayan, az 1s1 iireten, ancak
bir o kadar da yiiksek giivenilirlikte ¢alisan donanimlardir. Ikinci ise, cihaz tabanli internet olup, tiim
cihazlarin birbiriyle bilgi/veri aligverisi i¢in kullandigi, her tiirlii arag ve gerece uyarlanmis, sensor ve
isleticilerle donatilmis olup, internet baglantili akilli elektronik sistemdir. Bu sistemlerde siber-
fiziksel sistemler olarak adlandirilir. Uretim siirecinde siber-fiziksel sistemin kullanilmasi insan
giicliniin en aza indirgendigi hatta neredeyse kullanilmadig: siireci kendinin yonettigi ve optimize
ettigi akilli fabrikalar olarak karsimiza ¢ikmaktadir. Biitiin bu olgular 151831nda endiistri 4.0 stratejisi
amacina uygun gergeklesirse maliyetler, liretim siiresi i¢in ve liretim silirecinde gereksinim duyulan
enerji sarfiyatini azaltarak tirlin miktarin1 ve kaliteyi artiracaktir (Bagci, 2018; Soylu, 2018).

Nesnelerin
interneti
Endiistri
4.0
Hizmetlerin Siber- fiziksel
interneti internet

Sekil 12. Endiistri 4.0’1n ii¢ ana yapis1

Kamera destekli kalite kontrol i¢in, miisterinin talep ettigi par¢anin 6l¢ii toleranslar1 dogru bir
sekilde kamera programina girilip tanitilmalidir. Her par¢anin sekline, yapisina gore Sl¢ii tolerans
degerleri degismektedir. Ornegin Sekil 13’te farkli boyutlarda 6l¢iim igin dairesel, egik vb. parcalarin
oOl¢ii toleranslarin verildigi ve sonug¢ alindig1 ara yliz gosterilmektedir. Parca degisimi yapilmak
istendiginde, yeni parcanin degerlerinin kamera programina tekrardan girilmesi gerekmektedir.
Kamera destekli 6l¢iim yontemi her tiirlii karmasik yapidaki parcalarin 6l¢iimiinii ¢ok daha basit hale
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indirgemektedir. Bu nedenle endiistri alaninda bu sistemler yaygin olarak kullanilmaktadir. Kamera
programinda dairesel parcalarin ¢apini, egik olan pargalarin % ka¢ egimde oldugunun yapay gorme
sistemi ara ylizii CV-X Machine Vision System cihazi ile olgiiliir.

Sekil 13. Yapay gorme sistemi ara yiizii; a) Dairesel parcalarin 6l¢iimii, b) Kompleks pargalar ig¢in egim 6l¢limii, c)
Dairesel par¢anin programa tanitilmasi

Otomotiv, kamyon ve traktor vb. fabrikalarin ihtiyaglari dogrultusunda, kendi biinyelerine
kamera destekli 6l¢iim sistemin kurulmasi i¢in en 6nemli hususlarin basinda ilk 6nce kullanim amaci,
kalite, zaman, siireklilik ve verim gibi beklentilerin karsilanmas1 amaglanmalidir. Olgiilmek istenen
par¢aya uygun, yeni istasyonun tasariminin verimli kullanimi i¢in olmasi gereken sartlar tespit
edilmelidir. Olusturulmak istenen iiretim istasyonunun hareketleri ve komutlar1 sadelestirilip, daha
anlagilabilir bir hale getirilmelidir. Hattin dongii siirecinde iriinii aldiktan ve gerekli islemleri
yaptiktan sonra ¢ikan triinler kontrol sonrasinda, kabul (OK) ya da ret (NG (not good)) durumuna
gore tasnif edilmelidir. Thtiyaca gére olusturulmak istenen risk-hat (insan ve makine saglig1) analizi
gdz oniine almmalidir. Ornek olarak Sekil 4, Sekil 6 ve Sekil 8’deki istasyonlarin pargalari
Solidworks ortaminda bir araya getirilmesi ile tasarim olusturulmus, imalati ve montaji yapilmustir.
Birgok kompleks parcalarin fiziksel biitiinlestirmelerinin saglanmasinin ardindan PLC programinin
algoritmasi ile birlikte yazilimi olusturulmustur (Sekil 11). PLC sistemi egitim setindeki tiim
komutlarin yonetildigi mekanik, elektrik, pndmatik komutlarin verildigi bir yazilim olmasi nedeni ile
amaca uygun olarak kullanilmistir (Kurtulan, 2005).

Kamera destekli kalite kontrol sistemleri, otomotiv sanayisinden uzay sanayisine, tekstilden
kimyaya, tiim alanlarda iiriiniin kontrolii siirecinde goriintii isleme yontemlerinin yardimu ile etkin bir
sekilde kullanim alanina sahiptir (Deniz ve Cakir, 2018). Kontrol siirecindeki {irliniin insan goziiniin
algilayamayacag1 boyut ya da hizdaki hatalar bile kisa siirede tespit ederek insan ve is giicii olarak
iiretime olumlu yonde katki saglamaktadir. Bu bulgular sonucunda yapilan mekanik, elektrik ve
pnomatik testler ile denenerek stirekliligi kontrol edilerek uygunlugu arastirilmalidir. Goriintii igsleme
ile kalite kontrol, giiniimiizdeki endiistri uygulamalarina daha fazla yarar saglamasi diisiiniilen kisim
ve boliimler incelenmelidir. Ornek olarak Sekil 4, Sekil 6 ve Sekil 8’deki istasyonlarm tasarimi
yapilirken bu kriterler goz onilinde bulundurulmustur.
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3.3 Proses Hatti

Proses, diger bir ifade ile siire¢ olarak da adlandirilmakta olup olaylarin ya da is akisinin
beklenen sonuca ulagabilmesi i¢in bir taslaga uygun sekilde diizenlenmesi islemidir. Bir uygulamanin
gergeklesmesi i¢in ard1 sira olusan islemler dizisi ya da eylemler dizisi olarak da tanimlanabilir. Kalite
kontrol hatt1 sistemi ise bu eylemler dizisinin biitiiniinii kapsamaktadir. Bu tasarimi gergeklestirilen
proseste (Sekil 14) operator, 6lgiim yapilmak istenen pargalart manuel (el yardimu ile) parga yiikleme
istasyonunun iizerindeki, lineer pistona bagl plakanin {izerindeki mastar kalibina birakip islemin
baslamasi i¢in onay verdikten sonra, plaka piston yardimiyla ileri konumuna gitmektedir. Robot,
plakanin tizerindeki pargalari, robotun flangina baglh gripper yardimiyla alip, 6l¢lim alma istasyonuna
montaj1 yapilan kameraya belirli a¢1 ve hiz da gostermektedir. Kamera programi ise, miisterinin
istedigi Olcii toleranslarina gore, Sekil 5°de verilen belirli siizgeclerden gecirilip analiz yapildiktan
sonra dogru ve hatali parca oldugu sinyalini PLC’ye gonderir. PLC ise gelen sinyali robota iletir ve

robot da parcanin hatasina gore istenilen kutuya birakip dongiiye devam etmektedir ve islem stiresi
bu sekilde minimuma indirgenmis olur. Bu c¢alismada uygulanan 6rnek tasarimin biitiin hali Sekil
14°teki gorselde verilmistir.

___________________________________________
P
-

- 1
Olgéim alma |

- istasyonu !
(kamera)

Parga tutma
aparati (gripper)

Kuka robot

Parga yikleme
istasyonu

Sekil 14. Proses hattinin gergek ve solidworks tasariminin nihai halinin gésterimi

4. SONUC

Bu ¢aligmada, birgok otomobil firmasinin iirettigi pargalarin kalite kontrolii sirasinda kamera
desteginden faydalanarak firmalara etkin bir sekilde katki saglamasi ongériilmiistiir. Kamera ile
Olctim sistemlerinin kullanimiyla iiretimin bastan sona incelenmesi, ¢evrim siiresinin en aza
indirgenmesi, verim saglamayan siireglerin kaldirilmasi ve yerlesim diizeni iyilestirilmeleri hedef
alinarak en etkin sekilde verimlilik artis1 saglanmasi amaclanmistir. Tiim sektorler (imalat) icin bir
degisim s6z konusu oldugunda hizmet verilen isletmenin kendi pazarindaki giincel tiim ihtiyaglari,
gereksinimleri, modernlikleri ele alinarak bu degisimi baglatmak, alani kiiresel bir pazarin i¢indeyse
tek basina yeterli olmayacaktir. Bu durumda yapilmasi gereken teknolojik gelismeleri yakindan takip
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edip her giin gelisen endiistri teknolojilerini iyi analiz ederek {iretim ve sonraki siireglerine yansittigi
deger ve avantajlarini belirlemek faydali olacaktir. Geligen teknolojiyi takip etmezsek rakiplerimiz
giinden giine daha fazla gelisecek ve bulundugumuz endiistri i¢inde devrim dahi yapabileceklerdir.
Dolayisi ile iginde bulunulan endiistri siirekli gelisen teknolojinin {iretim ve diger birgok
fonksiyonuna etki ettigi bir endiistri oldugundan, kamera destekli kalite kontrol ve 6lgiim teknolojisi
her agisindan isletmeye avantaj saglayacak tiirdendir.

Teknolojinin yakin takibinin uygulanabilmesi agisindan ise ekip g¢alismasi biiyiikk 6nem arz
etmektedir. Firmanin/kurumun kalifiye eleman sec¢imi, degisiklige adaptasyon siirecini iyi yonetecek
ekiple calismasi iiretim siirecinde etkili olacaktir. Ilgili egitimleri tamamlanmus fikirleri ile {iretime
katki saglayacak personellerin katkisi teknoloji ile birlestiginde ¢ok daha verimli sonuglar alinacaktir.
Montaj hatlarinda bu ve buna benzer caligsmalar ile daha da iyilestirilebilir ve bilimsel anlamda gerek
yalin liretimin gerekse kamera ile 6l¢lim montaj hatlarinin tiretim alanindaki fayda ve yararliliklarini
ortaya cikarabilir.

Uretim diizeylerini korurken ya da arttirirken, malzeme ve iscilik israfin1 asgariye indirmek i¢in
kullanilan ve bu ¢alismada da konusu gegen tiirevlerin etkin bir sekilde kullanilmasi ile verimlilikte
artis gbzlemlenebilecektir. Firmalarin verimlilik saglama kosullarina verdikleri 6nem her gecen giin
artmakta ve imalat endiistrisinde simdiye dek oldugundan daha 6nemli olmaktadir. Sonug olarak,
gelisen teknolojinin yakindan takip edilmesi en 6nemli konulardan biri olup, iiretim siirecine hiz
kazandirabilecek robot ve kamera ile desteklenmesi, firmanin hata payini en aza indirgeyip seri
iiretimde hiz kazanmasi, tiretkenlikte net ve kaliteli bir iyilesme saglamasiyla siireci daha verimli hale
getirecektir. Bu ¢aligmada bahsi gecen verimlilik artig1 iiriiniin kalite kontrolii manuel olarak yapildig:
zaman gecen siire cycle (dongii-cevrim) 4.3 dakikadir. Manuel kontrolliin robot, kamera, gz kontrolii
ile karsilastirildigi zaman, robotun ¢evrim siiresi 1.7 dakikadir. Aralarindaki zaman farki %60.46
diisiis saglayarak c¢evrim sliresinin azaldig1 goriilmektedir. Kamera ile manuel kontrol
karsilastirildiginda ise %65.11°lik bir diisiis goriilmektedir. En az siire ile is par¢asi kontrolii kamera
ile elde edilirken en fazla slirede imal edilen parca siiresi manuel olmaktadir. G6z kontrol ile manuel
kontrol arasindaki zaman kazanci 0.79 dakika olup %18.60 verim artis1 gdzlenmektedir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulug ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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OZET: Fren faktorii balatanin uyguladigi cevresel kuvvetin frenleme kuvvetine oranidir. Fren
sisteminin kampanali ya da diskli olmasina veya tasit boyutuna gore degisen fren faktorii; herhangi
bir fren basinci i¢in Ongoriilen frenleme momenti, frenleme ivmesi, durma mesafesi ve balata
stirtlinme katsayisini belirlediginden frenleme performansinin bir gostergesidir. Diskli frenlerin fren
faktorlii kampanali frenlerinkinden daha kiigiiktiir. Kampanali frenlerde fren faktorii ayn1 zamanda
kampananin sicaklik etkisiyle genlesmesi nedeniyle de ortaya ¢ikmaktadir. Bu ¢aligmada paralel
kayar mesnetli Simpleks pabuglu kampanali bir frenin mesnet noktas1 dnce yatay ve diisey eksenlere
gore degistirilmis sonrasinda ise fren kuvvetinin uygulama noktasi diisey eksene gore degistirilerek
buna bagli olarak fren faktoriindeki degisimler incelenmistir. Bunun i¢in Matlab/Simulink programi
kullanilarak bir sistem kurulmus ve degerler degistirilerek programa hesaplatilmistir. Mesnet
noktasinin hem yatay hem de diisey eksende merkeze yaklastirilmasi ile fren faktdriiniin arttigi
gorlilmiistiir. Fren kuvvetinin uygulama noktasinin merkezden uzaklastirilmast da fren faktoriinii
artirmistir.
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The Effect on Brake Factor of Brake Dimension Variation of Leading-Trailing Shoe Brake

ABSTRACT: The brake factor is the ratio of the peripheral force applied by the pad to the braking
force. The braking factor, which varies depending on the brake system either drums or discs or the
vehicle size, is an indicator of braking performance as it determines the braking torque, braking
acceleration, braking distance and pad friction coefficient for any brake pressure. The brake factor of
disc brakes is smaller than that of drum brakes. In drum brakes, the braking factor also arises due to
the expansion of the drum under the influence of temperature. In this study, the abutment of a leading-
trailing shoe with parallel sliding abutment was initially changed according to the horizontal and
vertical axes and then the application point of the brake force was also changed according to the
vertical axis and the changes in the brake factor were investigated. For this research, a system was
established using Matlab/Simulink program and the values were changed and calculated in the
program. It has been observed that the brake factor increases by bringing the abutment closer to the
center on both the horizontal and vertical axis. Retreating the application point of the braking force
also increased the brake factor.

Keywords: Brake factor, Drum brakes, Leading-Trailing shoe.

1. GIRIS

Glinlimiiziin vazgecilmez ulasim araclarindan biri olan tasitlarin seyir halindeyken
yavaslamasi, kinetik enerjisini (yokus asagi inislerde) kontrol ederek belirli hizlarda seyretmesi,
durmasi ya da durdugu zaman sabitlenmesi gerekmektedir. En 6nemli giivenlik sistemlerinden biri
olan tasit fren sistemlerinden de bu temel fonksiyonlar1 yerine getirmesi beklenir (Altiparmak, 2004).
Tasitlarin yavaslamasini, durmasini ya da duran bir tasitin sabit tutulmasini saglamak i¢in kampanali
veya diskli fren sistemleri kullanilmaktadir. Yiiksek sogutma kapasitesi ve fren momenti
degisimlerinden daha az etkilenmesi nedeni ile her ne kadar glinimiizde ¢ogunlukla diskli frenler
kullanilsa da 6zellikle yiiksek fren faktorii nedeniyle agir vasitalarda kampanali fren sistemleri yaygin
olarak kullanilmaktadir. Tasit glivenligini etkileyen en 6nemli karakteristiklerden olmasi nedeniyle
frenleme performansini artirmak icin daha etkili fren sistemleri gelistirilme g¢abalar1 son yilarda
artmistir (Cetinkaya, 2013). Fren sistemi ve elemanlar ile ilgili ¢ok sayida ¢aligma yapilmis olup
birkag1 6rnek olarak asagida sunulmustur.

Mutlu ve arkadaslari, fren balatasinda kullanilan ve insan sagligina zararli olmakla birlikte
cevre kirliligi de yaratan asbest yerine cam elyaf, tas yiinii ve kevlar kullanarak, balatanin basing
altindaki performansini incelemistir. Yaptiklar1 ¢alisma sonucunda balatada asbest yerine cam elyaf,
tas yiinii ve kevlarin kullanilabilecegini gostermislerdir (Mutlu ve ark., 2006).

Erdem ve Altiparmak, fren disk sicakligindaki artigin frenleme performansina etkisini durma
mesafesi testi yaparak incelemislerdir. Hafif ticari tasitta gergeklestirilen testlerde fren disklerindeki
sicaklik artisinin durma mesafesini olumsuz yonde etkiledigi goriilmiistiir. Bu nedenle servis
frenlerini siirekli kullanmak yerine yavaslatict (retarder) kullanilmasinin bu olumsuzlugu
giderecegini belirtmislerdir (Erdem ve Altiparmak, 2014).

Oz ve arkadaslar1 fren diskine plazma sprey teknigi ile Cr,Os; kaplayarak frenleme
performansini incelemislerdir. Hafif ticari ara¢ iizerinde yaptiklari deneylerde tiim frenleme
evrelerinde her iki diskin birbirine yakin 1sindigini, orijinal diskin siirtlinme katsayisinin kaplanmis
diske oranla daha yiiksek oldugunu bununla birlikte kaplanmis diskin dis ylizeyinin ve balatasinin
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test sonucunda hasar gordiigii ve orijinal diskteki korozyon miktarinin daha fazla oldugunu tespit
etmislerdir (Oz ve ark., 2019).

Sugozi, fren balatalarinda kullanilan bakirin frenleme performansina etkisini %5, %10 ve %15
oranlarinda bakir ilave ettigi {i¢ farkli fren balatasi tireterek incelemistir. Calismanin sonunda bakir
miktar arttikca siirtlinme katsayisinin arttigini, bakir miktar1 azaldik¢a asinma direncinin azaldigin
gormistiir. Bakir miktarindaki artisa paralel olarak balatalarin yogunluk ve sertlik degerleri de
artmistir. %10 ve %15 bakir igeren balatalarin endiistriyel uygulamaya uygun oldugunu tespit etmistir
(Sugozi, 2019).

Cavdar ve Bayrakgeken siirlis giivenliginin 6nemli bir aktorii olan frenleme yardimci
sistemlerini incelemislerdir. Yaptiklar1 ¢alismada ABS (Antilock Brake System), EBD (Electronic
Brake Distribution), Acil fren destek sistemi, TCS (Traction Control System), ESP (Electronic
Stability Programme), akilli hiz kontrol sistemi gibi aktif giivenlik sistemlerinin siiriicii ve yolcu
gilivenligini artirdigini ve giivenli siirlis sagladigini belirtmislerdir (Cavdar ve Bayrakgeken, 2006).

Giliney ve Mutlu, frenleme performansini degerlendirmek igin olusturulan fren test
standartlarin1 incelemislerdir. Degisik ara¢ gruplarinin frenleme performansini belirlemek i¢in
gelistirilen test standartlar1 ataletli dinamometre veya tasit iizerinde uygulanmaktadir. Yaptiklar
calisma sonucunda disk, kampana ve balata malzemelerinin frenleme performanslarinin bu
prosediirler ile belirlenmesinin otomotiv sektoriindeki 6nemini vurgulamislardir (Giiney ve Mutlu,
2015).

Herhangi bir fren basinci i¢in 6ngoriilen frenleme momenti, frenleme ivmesi, durma mesafesi
ve balata siirtinme katsayisini belirlediginden fren faktorii, frenleme performansinin bir
gostergesidir. Fren faktorii, balatanin uyguladigi ¢evresel kuvvetin frenleme kuvvetine oranidir.

Balatanin uyguladig1 cevresel kuvvet kampana ya da diskin siirtiinme kuvveti olan Fd’dir
(Limpert, 2011). Frenleme kuvveti (Fa) ise aract durdurmak ya da hizin1 azaltmak i¢in uygulanan,
arag tekerleklerinin hareketine zit olan kuvvettir (Bayrakceken ve Altiparmak, 2005). Sekil 1.’de fren
faktorlerinin karsilastirilmast yer almaktadir.

9.0
I I T I |
S i ‘l Balata-Mafsal
= yonli Dupleks
R (Yaslanan)
6.0 —
6
g
=F
5 40—
£
e
c
[
& 30—
20— Mafsal-Balata
yonli Dupleks
0 /'y e (Karsilayan)
1.0 — 5 T —
,/o/ y P \\/
o = | | ] |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fren balatasi sirtiinme katsayisi (boyutsuz)

Sekil 1. Fren faktorii karsilagtirmasi (Limpert,2011; Goktan ve ark., 1995; Anonim, 2020)
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Simpleks kampana Sekil 2’de goriildiigii gibi iki pistonlu bir silindire ve ileri geri hareketlerde

acilip kapanan fren pabucuna sahiptir (Staudt, 2000).
Tekerlek Silindiri

Donlis yonu

l—

Hannnnnm
RN

Arka Pabug

On Pabug
Geri Getirme Yayi

El Freni Kolu

Wiy

El Freni Kolu

Tutmag

Tutmag
Baglanti Plakasi

Ayar Mandali

Ayar Kolu

Sekil 2. Simpleks pabuclu kampana (Anonim, 2021)
Pabucun ucuna Fa frenleme kuvveti uygulandiginda, pabu¢ kampanaya dogru itilir.

Kampananin saat yoniiniin tersine donmesi, bir Fd siirtinme kuvveti olusturur (Sekil 3). Kampana
siirtlinmesinin fren pabucunu, kampanaya kars1 iten pabucun normal kuvvetini artiracak sekilde

dondiirdiigiinii ortaya koymaktadir. Kampana siirtinmesinde ilave bir artisa neden olan bu artan
normal kuvvet, frenin kendi kendine enerji veren etkisidir. Kendinden enerji veren pabuca 6n pabug

denir (Limpert, 2011).

Kampana
Dénls Yonu

Yatay Eksen —

Sekil 3. Paralel kayar mesnetli 6n pabug (Limpert, 2011)
Yapilan ¢alismada fren ebadinda yapilan degisiklikler ile fren faktoriiniin ne sekilde degistigi

simiile edilerek literatiire farkli bir yaklasim kazandirilmistir.
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2. MATERYAL VE YONTEM

Bu ¢alismada paralel kayar mesnetli Simpleks pabuglu bir frenin mesnet noktasi diisey ve yatay
eksenlere gore 2'ser mm'lik araliklarla 8'er mm artirilip, azaltilarak 16 mm'lik bir geniglikte
degistirilerek fren faktoriindeki degisim incelenmistir. Ayni sekilde frenleme kuvveti etki noktasi da
2’ser mm’lik araliklarla 8’er mm artirilip, azaltilarak 16 mm’lik bir genislikte degistirilerek fren
faktoriine etkisi incelenmistir. Oncelikle SUV (Sport Utility Vehicle) bir tasitta kullanilan Simpleks
pabuglu kampana 6lgiilerine gére kampananin fren faktorii hesaplanmis daha sonra Matlab/Simulink
R2019 programinda bir sistem kurulmus ve degerler degistirilerek 6n pabug fren faktorii, arka pabug
fren faktorii ve toplam fren faktorii programa hesaplattirilmistir. SUV arag tercih edilmesinin nedeni
jant ve tekerlek capinin biiyiik olmasi nedeniyle kampana geometrisi bozulmadan daha genis bir
aralikta ebat degisimi yapilabilmesidir.

Fren faktorii hesaplamasinda kullanilan balata/kampana siirtiinme katsayis1 haricinde 5 adet
biiyiikliik mevcuttur. On pabug ve arka pabug fren faktdrii hesaplamasi yapilirken dnce bu 5 deger
hesaplanmalidir (Esitlik 4-8). Fakat bu 5 degerin hesaplanmasi esitliklerin uzun olmasindan dolay1
zaman almaktadir. Ustelik sadece bir degerin degismesi bile bu 5 biiyiikliigiin tekrar hesaplanarak
ilgili esitliklerde yerine konulmasini gerekmektedir (Esitlik 2, 3). Islem dogrulugu ve zaman kazanimi
gibi nedenlerden dolayr Matlab/Simulink R2019 ortaminda bir sistem kurulmus ve fren faktori
degerleri programa hesaplatilmistir.

Hesaplama i¢in kullanilan esitlikler;

Fren faktori BF;
BF = BF, + BF, = Fyy/F, + F. /F, )
On pabug fren faktorii BF1;
BFy = Fa1/F, = [(u.Dp + ufEg)/ (Fg — t,Gg + ufHp)ly (2)

Arka pabug fren faktorii BF2;

BF, = Fgp/F, = [(u,Dp — M%EB)/(FB +u Gp + M]%HB)]Z 3)
Dg = [c/r + a/r + ps(o/7)]cospB + ps(c/T)sinp 4)
Eg = ps(c/r)cosp — [c/r + a/r + us(o/7)]sinp ®)
a, + sinay,
Fg = asin(ag/2) [a/T + us(o/7)] (6)
Gg = cosf + ugsinf (7
Hg = Fg — (uscosp — sinf) 8

Ornek SUV tasitin fren ebatlar;

uL=0.4 r=147.828 mm
us =0.2 ap = 108°
a=198.298 mm B=0°

¢ =115.57 mm y = 54°

0 = 27.686 mm
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Ornek tasitin PC-BRAKE Factor yazilimi ve Matlab/Simulink R2019 programinda elde edilen
degerleri Cizelge 1’de yer almaktadir.

Cizelge 1. PC-BRAKE Factor ve Matlab/Simulink R2019°da elde edilen fren faktorii degerleri

Fren Faktorii PC-Brake Factor Matlab/Simulink R2019
BF. 2.19 2.19
BF2 0.53 0.53
BF 2.72 2.72

Cizelge 1°den goriilecegi lizere kurulan Matlab/Simulink R2019 sisteminde ayn1 degerler elde
edilmistir. Sonrasinda ise mesnet noktasi yatay ve diisey eksene gore degistirilerek fren faktoriine
etkisi incelenmistir.

3. BULGULAR VE TARTISMA

3.1 Matlab/Simulink R2019 Programinda Kurulan Sistem
Matlab/Simulink R2019 programinda kurulan sistemde 6nemli 3 ekran bulunmaktadir. Bunlar,
veri giris ekrani, sonug ekrani ve subsystem diyagramidir.
Veri giris ekrani (Sekil 4), fren sistemine ait fren faktorii hesabinda kullanilan degerlerin
girildigi ekrandir. Bu ekranda fren ebatlar1 programa girilir.

B Block Parameters: Simpleks Pabug Fren Faktori Hesaplayici

Subsystem (mask)

Parameters
2.719
- [ e
Total BF [+ r |147.828 |: |n Faktori
0 [27.686 IE =
Leading Shoe BF |~ - |98.298 l [
Mu_s |0.2 3| [en Faktori
Trailing Shoe BF |4
Mu_L (0.4 :
Simpleks Pabug Fren Faktort He e | ‘ @
Beta |0 E
ren Faktorl
Alfa_0 108 IE

Cancel Help Apply

Sekil 4. Matlab/Simulink R2019 veri girig ekrani

Sonug ekrani (Sekil 5), 3 temel sonucu gosteren ekrandir. Burada; hesaplanan 6n pabug fren
faktorii, arka pabug fren faktorii ve toplam fren faktorii degerleri goriilmektedir.
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> 2.719

Total BF Toplam Fren Faktori

Leading Shoe BF > 2.193

On Pabug Fren Faktori

Trailing Shoe BF
Simpleks Pabug Fren Faktorl Hesaplayici > 0.5255

Arka Pabug Fren Faktoru

Sekil 5. Matlab/Simulink R2019 sonug ekrani

Kurulan sistemin subsystem diyagrami (Sekil 6) ise girilen degerle gore fren faktoriini
hesaplayan kisimdir.

c
c
c
r
P a
r > Muls] Out1 —
o
r | Beta
4 D[]
a »c
P r
Mu_s »|a
= > Mufs] Out1 —
Mu_s » o
p{ Beta
E[B]
o
o
Beta
P
Beta » a
P Mu[s] Out1t
P o
Alfa_0 P alfaj0]
Alfa_0 F[B]
»{ Mu[s]
> Out1
Beta

’% Muls]
Beta Out1

|—P F[B]

H[B]

Sekil 6. Matlab/Simulink R2019 subsystem diyagrami
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&>

Leading Shoe BF

Mu_L

Mu_L

[ ]

h 4

MulL]

D[B] On Pabug BF

E[B]

Out1

F[B]

G[B]

HB]

Total BF

BF1

L 1

|—~ MulL]
Toplam BF
D[B)
E[B}
Out1
F[B]
o) [ ]
H[B] Arka Pabug BF
BF2

*(3)

Trailing Shoe BF

4

Sekil 6 (devami). Matlab/Simulink R2019 subsystem diyagrami1

3.2 0 Mesafesinin Fren Faktoriine Etkisi

Yapilan ¢alisma sonunda pabu¢ mesnet noktasi ile diisey eksen arasindaki mesafe (o) azaldikca
yani mesnet diisey eksene yaklastik¢a fren faktoriiniin arttigi, mesafe arttikga yani mesnet diisey
eksenden uzaklastikca fren faktoriiniin azaldigr goriilmiistiir (Sekil 9). Fren faktoriindeki degisim
ozellikle 6n pabucta olmakta (Sekil 7), arka pabug ¢ok fazla etkilenmemektedir. Toplam 16 mm’lik
o mesafesi degisimi 6n pabug fren faktoriinde 0.14°liik bir farka neden olmustur. o mesafesi arttikca
on pabug fren faktorli neredeyse lineer sekilde bir azalma gostermistir. Sekil 8°de arka pabug fren
faktoriiniin 20 mm’den 30 mm’ye kadar degismedigi, 30 mm ile 32 mm arasinda bir kirilim yaparak
0.53 degerinden 0.52’ye diistiigii sonra yine sabit kaldig1 goriilmektedir. Bunun nedeni 6n pabucun
kendinden enerji veren pabug olmasi nedeniyle mesafe degisiminden arka pabuca oranla daha fazla
etkilenmesi olarak degerlendirilmektedir. Fren faktorii her iki pabucun fren faktdriiniin toplami
oldugu icin 6n pabug fren faktoriiniin degisimi, toplam fren faktoriinii etkilemektedir. Diger bir
deyisle 6n pabug fren faktoriindeki degisimin toplam fren faktorii degisimine etkisi daha fazladir.
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2,3
2,26
2,22

2,18

Fren Faktori

2,14
2,1
o mesafesi (mm)
=@=(On Pabug Fren Faktérii Degisimi

Sekil 7. o mesafesine gére 6n pabug fren faktorii degisimi
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0,515
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==@==Arka Pabug Fren Faktorl Degisimi

Sekil 8. o mesafesine gore arka pabug fren faktorii degisimi

2,81
2,78
2,75

2,72

Fren Faktoru

2,69
2,66

2,63
o mesafesi (mm)
==@==Fren Faktorl Degisimi

Sekil 9. o mesafesine gore fren faktorii degisimi
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3.3 a Mesafesinin Fren Faktoriine Etkisi

Pabug¢ mesnet noktasi ile yatay eksen arasindaki mesafe (a) azaldik¢a yani mesnet yatay eksene
yaklastike¢a fren faktorii artmig, mesafe arttik¢a yani mesnet yatay eksenden uzaklastikca fren faktorii
azalmistir (Sekil 12). Burada da fren faktoriindeki degisim 6zellikle 6n pabugta olmakta (Sekil 10),
arka pabug cok fazla etkilenmemektedir. Toplam 16 mm’lik a mesafesi degisimi 6n pabug fren
faktoriinde 0.74’liik bir farka neden olmustur. a mesafesi arttikga 6n pabug fren faktorii neredeyse
lineer sekilde bir azalma gostermistir. Sekil 11°de arka pabug fren faktoriiniin 90 mm’den 98 mm’ye
kadar degismedigi, 98 mm ile 100 mm arasinda bir kirilim yaparak 0.53 degerinden 0.52’ye diistigli
sonra yine sabit kaldig1 goriilmektedir. Bunun nedeni de 6n pabucun kendinden enerji veren pabug
olmasi nedeniyle mesafe degisiminden arka pabuca oranla daha fazla etkilenmesi olarak
degerlendirilmektedir. Fren faktorii her iki pabucun fren faktoriiniin toplami oldugu ic¢in 6n pabug
fren faktoriiniin degisimi, toplam fren faktoriinii etkilemektedir. Yani 6n pabug fren faktorii
degisiminin toplam fren faktorii degisimine etkisi daha fazladir. Bununla birlikte elde edilen degerler
a mesafesi degisiminin, o mesafesi degisimine gore fren faktoriinii daha fazla etkiledigini
gostermektedir. Diger yandan kampanali frenlerde fren faktorii ayn1 zamanda kampananin sicaklik
etkisiyle genlesmesi nedeniyle de ortaya c¢ikmaktadir. Fakat caligmada ebat degisiminin etkisi
incelendiginden sicaklik faktorii ihmal edilmistir.

2,8

g n
» (o))

N
N

Fren Faktori

1,8
90 92 94 96 98 100 102 104 106
a mesafesi (mm)

=@=(0n Pabug Fren Faktéri Degisimi

Sekil 10. a mesafesine gore 6n pabug fren faktorii degisimi
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0,535

0,53 C < ® ®

0,525

Fren Faktori

0,52 & ® ®

0,515
90 92 94 96 98 100 102 104 106
a mesafesi (mm)

=@=Arka Pabug Fren Faktori Degisimi

Sekil 11. a mesafesine gore arka pabug fren faktorii degisimi
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Fren Faktori
N N w
~ (Vo) =

N
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I\J
w

90 92 94 96 98 100 102 104 106

a mesafesi (mm)
==@==Fren Faktori Degisimi

Sekil 12. a mesafesine gore fren faktorii degisimi

3.3 ¢ Mesafesinin Fren Faktoriine Etkisi

Fren kuvveti uygulama noktasi ile yatay eksen arasindaki mesafe (c) arttik¢a yani fren kuvveti
uygulama noktast eksenden uzaklastik¢a fren faktorii artmis, mesafe azaldik¢a yani fren kuvveti
uygulama noktasi yatay eksene yaklastik¢a fren faktorii azalmistir (Sekil 15). Burada da fren
faktorindeki degisim Ozellikle 6n pabugta olmakta (Sekil 13), arka pabu¢ c¢ok fazla
etkilenmemektedir. Toplam 16 mm’lik ¢ mesafesi degisimi 6n pabug fren faktoriinde 0.16°11ik bir
farka neden olmustur. ¢ mesafesi arttikca 6n pabug fren faktorli neredeyse lineer sekilde artmistir.
Arka pabug fren faktoriindeki degisim de o ve a noktalarinda oldugu gibi 0.01 degil 0.03 dolayindadir.
Sekil 14'de arka pabug¢ fren faktoriiniin 0.51 degerinden 0.54 degerine kadar ki degisimi
goriilmektedir. Bunun nedeni tipki o ve a noktasi degisimlerinde oldugu gibi 6n pabucun kendinden
enerji veren pabug olmasi nedeniyle mesafe degisiminden arka pabuca oranla daha fazla etkilenmesi
olarak degerlendirilmektedir. Fren faktorii her iki pabucun fren faktoriiniin toplami oldugu i¢in 6n
pabug fren faktorii degisimin, toplam fren faktoriine etkisi daha fazladir. Tek fark buradaki degisimin
zit yonde olmasidir. Diger bir deyisle merkeze yaklagsmak fren faktoriinii azaltmaktadir.
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Sekil 13. ¢ mesafesine gore 6n pabug fren faktorii degisimi
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Sekil 14. ¢ mesafesine gore arka pabug fren faktorii degisimi
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Sekil 15. ¢ mesafesine gore fren faktorii degisimi
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4. SONUC

Calismada, fren pabug¢ mesnet noktasi her iki eksende de 2’ser mm’lik araliklarla toplam 8 mm
artirllip azaltilmistir. Kampana geometrisinin bozulmamas: i¢in daha fazla artirma ya da azaltma
yapilmamistir. Mesnet noktasinin eksenlere daha yakin olmasi fren faktoriinii artirirken eksenlerden
uzaklastikca fren faktorii azalmistir. Bu sonuglardan mesnet noktasinin hem yatayda hem de diiseyde
eksenlere yakin konumlandirilmasinin fren faktoriinii artiracagi belirlenmistir.

Fren kuvveti uygulama noktas1 da ayni sekilde diisey eksende 2’ser mm’lik araliklarla toplam
8 mm artirilip azaltilmistir. Burada da kampana geometrisinin bozulmamasi i¢in daha fazla artirma
ya da azaltma yapilmamistir. Fren kuvveti uygulama noktasinin merkeze daha yakin olmasi fren
faktoriinii azaltirken, merkezden uzaklastik¢a fren faktorii artmistir. Bu sonugtan fren kuvveti etki
noktasinin kampana geometrisinin el verdigi Olglide merkeze uzak konumlandirilmasinin fren
faktorlinii artiracagi belirlenmistir.

Fren faktoriinii artirmak i¢in kampana geometrisinin el verdigi 6l¢iide o ve a mesafeleri kisa
tutulmali yani olabildigince merkeze yakin konumlandirilmalidir. Fren kuvveti uygulama noktasi
olan ¢ mesafesi ise yine kampana geometrisi el verdigi 6l¢iide merkezden uzak konumlandirilmalidir.
Bu sekilde maksimum fren faktorii elde edilebilir.

Semboller

uL: Siirtiinme katsayisi balata/kampana

s: Pabug ucu ve mesnet siirtiinme katsay1si
Fren ebat1 (dayanak noktasi ile yatay eksen arasi mesafe), mm

c: Fren ebat1 (Fa frenleme kuvveti ile yatay eksen arasi mesafe), mm
Fren ebati1 (dayanak noktasi ile diisey eksen arasi mesafe), mm
Kampana yarigapi, mm

0lo: Balata yay acis1, derece

B: Balata yay acis1 merkezi ve yatay eksen arasindaki ag1, derece

v: Balata baslangici ile yatay eksen arasindaki ag1, derece

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atigsmasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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gerekse trilinlerin paketlenmesi asamasinda sayim islemi 6nem arz etmektedir. Sektorlerdeki artan
taleplerin karsilanabilmesi i¢in sayim isleminin biiylik bir dogruluk oraniyla kisa siirede yapilmasi
gerekmektedir. Bazi sektorlerdeki iiriinler standart sekillere sahip olup boyutu biiyiikk ve agir
oldugundan bant {izerinden sabit ve bir adet olarak gegcmekte sayimu reflektorlii fotosel sensorler ile
kolayca yapilabilmektedir. Baz1 {irlinler ise standart bir geometrik sekle sahip olmayip bandin
hareketiyle birlikte birden fazla olarak ve konum degistirerek bant {izerinde hareket ederler. Boyle
iiriinlerin sayimi igin ise IR (InfraRed) tabanli sistemler veya makine gorme sistemleri tercih
edilmektedir. Bu ¢alismada bant iizerinde hareket halindeki yumurtalarin saymm i¢in IR tabanli bir
algilama sistemi tasarimi ve yumurta sayisinin tespiti i¢in Matlab programinda yazilim
gerceklestirilmistir. Bant iizerinden ayn1 anda birden fazla yumurta gegmesi durumunda da algilama
sistemi ve yazilim hatasiz olarak sayma iglemini gergeklestirmektedir.
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Infrared Based Sensor Design and Egg Counting Application for Counting Moving Products

ABSTRACT: Counting is important both in determination of daily production amount and in
packaging of products in industry sectors such as agriculture, food, medicine, etc. In order to meet
increasing demands in sectors, counting process must be done in a short time with great accuracy.
Products in some sectors have standard shapes, and since they are large and heavy in size, they pass
over band as one fixed and counting can be easily done with reflective photocell sensors. Some
products, on the other hand, do not have a standard geometric shape and move on the band by
changing positions and more than once with movement of the band. IR-based systems or machine
vision systems are preferred for counting such products. In this study, an IR-based detection system
was designed for counting eggs in motion on the band and software was developed in Matlab
program to determine number of eggs. In the event that more than one egg passes over the band at
same time, detection system and software perform counting process without error.

Keywords: IR, Counter, Matlab.

1. GIRIS

Endiistrinin pek ¢ok alaninda gerek driinlerin liretimi asamasinda gerekse paketlenmesi
asamasinda hassas bir sekilde ve kisa siirede sayilmasi talep edilmektedir. Uriinlerin agirhig,
geometrik sekli gibi fiziksel 6zelliklerinin yaninda bant {izerindeki durus/hareketlerine bagl olarak
fotoselli, IR tabanl algilayicilar veya makine gérme sistemleri tercih edilmektedir.

Celik ve Tekin tarafindan yapilan g¢aligmada tahil iretiminde tohumlarin etkin olarak
kullanilabilmesi i¢in yiizeye uygun mesafeye ve yeterli adette ekimini saglayan makine gérmesine
dayali bir sistem gelistirmislerdir. Kamera goriintiisii islenerek tohum sayisi tespit edilmektedir
(Celik ve Tekin, 2020). Kaymak vd. tarim firiinleri arasinda 6nemli bir yeri olan elma agacindan
alinan gorlntiileri kullanarak bir veri seti olusturmuslardir. Goriintii isleme tekniklerini uygulayarak
agac lizerindeki kirmizi elmalarin yeri tespit edilerek merkez noktalar: isaretlenmistir. Elmalarin
merkez noktalarindan yola ¢ikilarak elmalarin sayisini bulan bir yazilim gelistirmislerdir (Kaymak
ve ark., 2019). Ozig vd. goriintii islemede nesne koordinat bilgilerine dayali bakliyat sayma islemini
gerceklestirmislerdir (Ozig ve ark., 2020). Trafik yogunlugunu tespit etmek igin {ist gegcitten cekilen
fotograflara arka plan silme ve statik ¢ergeve farkini kullanan vasita sayisini otomatik hesaplayan
bir algoritma gelistirmisledir. Gelistirilen algoritma ile araclar1 boyutlarina gore iki sinifa ayirmak
mimkiindiir (Kocaaga ve ark., 2015). Karakdse vd., endiistriyel sistemlerde arka plan ¢ikarimi
tabanli hareketli nesne tespiti ve sayilmasi i¢in yeni bir yaklasim 6nermislerdir. Bilgisayarli gérme
sistemi sayesinde iirlinlerin kalite kontrol islemini de kolayca gerceklestirmislerdir (Karakose ve
ark., 2016). Esnek otomasyon sistemi verilerinin takibi i¢in LabVIEW tabanli veri izleme sistemi
tasarlamis ve uygulamislardir. Her bir konveyor hattindaki iirlinlerin sayimmini duruma gore
konveyoriin ileri/geri hareketi s6z konusu oldugundan cift fotosel verisini PLC’de isleyerek tespit
etmislerdir (Kaya ve ark., 2015). Konveyor bant lizerinde hareket halindeki yumurtalarin sayimi
icin IR tabanl olarak bir¢ok firma modiil ve yazilim gelistirdigi (Anonymous, 2021a; Anonymous,
2021b; Anonymous, 2021c; Anonymous, 2021d; Anonymous, 2021e) gibi bu islemi makine
gormeye dayali olarak gerceklestiren firma ve calismalar da mevcuttur (Anonymous, 2021f;
Anonymous, 20219).

Yumurta iiretimi yapan ciftliklerin kapasiteleri de biiyiik isletmelerde 1.000.000 tavugun
iizerine ¢ikmis, orta 6lgekli isletmelerde ise 300.000 kapasitelerine ulasmistir. Bir kiimeste yaklagik
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olarak 60.000-80.000 tavuk bulunmaktadir. Kiimesteki kafesler 7 kata kadar ve 4-5 siradan
olusmaktadir. Her bir kafes bolmesinde 6-7 yumurta tavugu bulunmaktadir. Kafes yiikseklikleri 3
metrenin iizerinde olmaktadir. Bir kiimeste bulunan yiiksek tavuk sayisindan dolayr iiretimi
etkileyen faktorlerin takibi ve gerekli hallerde miidahale etmek biiyiikk 6nem tagimaktadir.
Kiimeslerde iiretim verimini etkileyen bircok faktér bulunmaktadir. Bu faktorler kiimes ici
iklimlendirilmesi, yem, tavuk yasi ve telef olan tavuklardir. Bu faktorlerin belirlenmesinde en
onemli etken {iiretim veriminin belirlenerek verime etki eden faktdrlere karsi gereken Onlemin
alinmasi iireticiler agisindan biiyiik énem tagimaktadir. Ornegin yiiksek katlarda bir tavuk 6liimii
gergeklestiginde bunun insan tarafindan belirlenmesi ¢ok gii¢ olmakta ve bu diger tavuklar1 da
etkileyerek verimi diisiirmektedir. Ayrica kiimes i¢i iklimlendirmesi de biiyiikk 6nem tagimaktadir.
Bundan dolay1 her bir kafes katindaki bez bantlardaki yumurtalarin giinliik sayiminin yapilmasi ve
buna gore verimi takip etmek gerekmektedir.

Bu caligmada bant {izerinde hareket halinde olan nesnelerin sayimi i¢in IR tabanli bir algilama
modiilii ve yazilim gelistirilmistir. Ornek bir uygulama olmasi agisindan yumurta verileri gelistirilen
IR tabanli modiil iizerinden alinarak Arduino Mega kart1 ile Matlab programina aktarilmigtir.
Matlab programina gelen veriler sinyal islemeden goriintii islemeye gegise dayali gelistirilen
yazilim ile iglenmektedir. Geometrik sekilleri farkli ve konumlar1 degisebilen yumurtalarin sayimi
hareket halindeki bant lizerinde hatasiz olarak gergeklestirilmistir.

2. MATERYAL VE YONTEM

IR led ve foto transistor kullanilarak hareket halindeki konveyodr iizerindeki nesneye ait
verilerin alinmasi i¢in IR modiil olusturulmustur. Modiilde sekizer adet gonderici IR led ve alici
foto transistor kullanilmistir (Sekil 1). IR led siirekli olarak kizil 6tesi 151n gonderirken nesne veya
konveyore ¢arpip gelen 151n foto transistor tarafindan algilanmaktadir. Foto transistoriin algilama
durumu nesne ile arasindaki mesafeye bagli olarak degismekte olup bu deger 10 bit ¢oziiniirliige
sahip bir ADC ile okundugunda 0-1023 arasinda degismektedir. Mesafe azaldik¢a algilayicidan
okunan deger artarken mesafe arttik¢a deger azalmaktadir.

Sekil 1. IR tabanli nesne algilama modiili
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IR tabanli nesne algilama modiiliinden gelen verilerin bilgisayar ortamina aktarilmasi igin veri
toplama kart1 olarak diisiik maliyetli olan Arduino Mega kart1 tercih edilmistir. Sekil 2’de goriilen
Arduino Mega kartinda kontrolor olarak 16 MHz hizinda calisacak sekilde ayarlanmis Atmega2560
¢ipi kullanilmis olup 16 adet 10 bit ¢oziiniirliigiinde analog girisi mevcuttur. Karttaki 8 adet analog
giris kullanilarak nesne algilayicidan gelen veriler Matlab ortamina aktarilmaktadir.

Sekil 2. Arduino mega kart1 (Anonim, 2021)

Algilayici kanallarindan gelen veriler oncelikli olarak deneme yanilma yoluyla belirlenen bir
esik degerden gecirilir. Kanallardan gelen veriler esik degerin iizerinde ise “1” esik degerin altinda
ise “0” olacak sekilde degistirilir. 8 kanal bilgisinden en az birinin bilgisi bir olmas1 durumunda bir
degiskene veriler kaydedilmeye baslar, kanal verilerinin hepsi sifir olmas1 durumunda degiskene
kayit islemi durdurulur. Degisken icerisindeki matris islenmeye baslanir. Siyah ve beyaz gecis
noktalar1 kullanilarak nesnelerin kenar bilgileri tespit edilip ka¢ adet nesne oldugu belirlenir. Tespit
edilen nesne sayist adedince nesne sayacinin degeri arittirilir. Nesne tespitine yonelik akis semast
Sekil 3’te verilmistir.

1 v
CR nesne algilayicidan kanaD Geéisken icerisindeki verile%

verilerini al al siyah/beyaz resme
* \_ donugtar )

Siyah/beyaz gegis )

Esik deger ile karsilastir e

uzerllln(':!e :se k1 a.\ll(tlnlda IS€ noktalarindan nesnelerin
U elEres el \_ kenar bilgilerini ¢ikart J

v ¥

Kanal verilerinden en az birisi Nesne kenar bilgileri
"1" olmasi durumunda yardimiyla nesne sayisini
degerleri tim kanallardan tespit et
gelen bilgiler "0" olana kadar *
sirasiyla bir degiskene ata Sayac degiskeninin degerini
¢ nesne sayisl kadar arttir
>

Sekil 3. Hareketli nesne sayici akis semasi
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3. BULGULAR VE TARTISMA

Uretim sektoriinde giinliik {iretimin tespiti ve paketlenme asamasinda sayim biiyiik énem arz
etmektedir. Uriinlerin sayim islemi bant iizerinde tasinmasi sirasinda gerceklestirilmektedir. Bant
iizerinde tiriinlerin birer adet sirayla gegmesi durumunda sayim iglemi fotoselli bir sensor vasitasiyla
kolayca algilanip yapilabilmektedir. Uriinlerin geometrik seklinin standart olmamasi ve bant
iizerinde hareket halinde olup ayni anda birden fazla {iriiniin bir arada olmasi durumunda sayma
isleminin hassas bir sekilde hatasiz olmasi beklenir. Bu durumda IR tabanli algilayicilar veya
makine gérme sistemleri tercih edilir. Makine gérme sistemlerinde ortamin aydinlik seviyesi dnemli
bir etken iken IR sistemleri ortamin aydinligindan etkilenmemektedir. Maliyet acgisindan
bakildiginda da IR tabanl algilayicilara dayali sayict sistemleri daha diisiik maliyetlidir. Makine
gorme sistemleri iirlin saymanin yaninda iiriin ayirma ve kalite kontrol islemini de beraberinde
gergeklestirebilmektedir. Bu ¢alismada; yumurta, elma, limon, portakal vb. kii¢iik boyutlu
nesnelerin sayimi i¢in IR tabanli modiil ve yazilim gelistirilmistir.

Yumurtanin geometrik sekli dikdortgen ya da kare prizma seklinde olmadigindan oval
oldugundan bant iizerinde konum degistirerek hareket etmektedir. Bu durum rastgele oldugundan
bazen yumurtalar Sekil 4’te goriildigi gibi sirayla algilayicinin altindan gegerken bazen de
birbirine ¢ok yakin ve birden fazla yumurtanin gectigi durumlarda s6z konusu olmaktadir.

Sekil 4. Konveyor lizerindeki algilayicinin altindan gegen yumurtalarin durumu

Uriinlerin dogru sayilmasinda algilayicidan okunan degerlerin gegirilecegi esik deger onem
arz etmektedir. Bu degerin kiigiik ya da biiyiik segilmesi sayim igleminin hatali olmasina sebebiyet
vermektedir. Bu ¢aligmada 6rnek olmasi agisindan {iriin olarak kullanilan yumurta i¢in esik deger
deneme yanilma yontemiyle 630 olarak belirlenmistir. Konveyor {izerindeki 6 adet yumurtaya ait
veriler Sekil 5’te verilmistir. Goriildiigli lizere yumurtalarin boyut ve yiizey sekli vb. fiziksel
ozellikleri degiskenlik gostermektedir. Algilama modiilii ve yazilim sayesinde yumurta sayisi tam
olarak tespit edilmistir.

Algilayici kanal degeri

20

Algilayici kanal sirasi

Algilayicidan okunan veri sayisi

Sekil 5. Algilayicidan alinmis 6 adet yumurta verisi
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Bant iizerinde boyut aralig1 daha genis ve birbirine daha yakin olan 18 adet yumurtanin verisi
algilayict yardimiyla alinmis olup Sekil 6’da verilmistir.

1000
800
600
400

200

Algilayici kanal degeri

200

Algilayici kanal sirasi

Algilayicidan okunan veri sayisi

Sekil 6. Algilayicidan alinmig 18 adet yumurta verisi

Algilama modiil ve yazilimi ile 18 adet yumurta tam olarak sayilmistir. Yapilan denemeler
sonucunda esik degerin belirlenmesinde sayimi yapilacak iiriinlerden boyu kiiciik olana gore esik
degerin belirlenmesi sayma isleminin dogru yapilmasini saglamaktadir. Kullanilan Arduino Mega
kartinda 16 adet analog giris oldugundan iki adet IR modiil kullanilarak eni daha genis olan
bantlardaki sayma iglemi test edilmistir. 2 adet IR modiili ile 16 adet algilayici durumunda da
kullanilan yazilimla yumurta sayim islemi hatasiz olarak gerceklestirilmistir. Modiil sayisi
arttirllarak daha genis bantlarda ayn1 anda gegen kiiciik boyutlu ¢ok sayidaki {irliniin sayimi da
hassas bir sekilde gerceklestirilebilecektir.

Matlab/GUI ile olusturulan bir arayiiz {izerinden sayma islemi baslatilip durdurulabilmekte ve
sayicinin degeri sifirlanabilmektedir. Esik deger hassas bir sekilde ayarlanabilmektedir. Sayma
islemi siiresince anlik yumurta sayis1 ve IR algilayici modiiliinden gelen bilgiler arayiiz ekraninda
kullaniciya gosterilmektedir. Olusturulan araytiz Sekil 7°de verilmistir.
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Sekil 7. Yumurta sayici arayiizii

4. SONUC

Endiistride {riinlerin iiretim ve paketleme asamasinda sayimi biiylik 6nem arz etmektedir.
Bant {izerinde hareket halindeyken iiriinlerin sayim islemi gerceklesmektedir. Uriinlerinin sekilleri
dikdortgen prizma, kare prizma vb. standart olabilecegi gibi standart bir sekli olmayan fiziksel
ozellikleri aym tiir igerisinde bile farklilik gdsteren iiriinler mevcuttur. Uriinlerin saymm icin farkli
tekniklerle calisan sayicilar kullanilmaktadir. Bu g¢alismada gelistirilen IR tabanli algilayic ile
veriler iirlinden alinip Matlab ortamina aktirilmakta burada yazilim ile islenerek iirlin sayma islemi
gerceklestirilmektedir. Uriin sayma isleminde &rnek olarak geometrik sekli degiskenlik gosteren
yumurta iizerinde calisilmistir. Oncelikli olarak 8 kanalli IR modiil ile yumurta verileri almip
Matlab ortamina aktarilmigtir. Algilama modiil kanallarindan gelen veriler esik degerden gecirilmis
esigin lizerinde ise “1” ve altinda ise “0” olarak etiketlenmistir. Algilayict kanal bilgilerinden en az
birinin “1” olmasi durumunda kanal verileri bir degiskene tiim kanal verileri “0” olana kadar
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sirastyla atanmaktadir. Degisken igerisindeki veriler siyah/beyaz bir resim verisine doniistiiriiliir.
Siyah/beyaz gegis noktalarindan nesne kenarlar tespit edilip ilgili veri icerisindeki {irlin sayisi
bulunup saya¢ degiskenine eklenmektedir. Matlab programina gelen veriler sinyal islemeden
gorlintli islemeye gecise dayali gelistirilen yazilim ile islenmektedir. Algilayict kanallarindan gelen
verileri gdzlemlemek, yumurta sayici sistemini kontrol etmek ve anlik yumurta sayisini gérmek igin
Matlab/GUI ile bir arayiiz tasarlanmis ve gelistirilen yazilim igerisine gdmiilmiistiir. Bir ve iki adet
algilayict modiilii kullanilarak yapilan ¢alismalarda bant lizerinde hareketli durumdaki yumurtalarin
sayimi1 hatasiz olarak gerceklestirilmistir. Algilayict modiil sayis1 arttirilarak gelistirilen yazilim ile
daha genis bantlardaki kiiglik ftriinlerin sayimi da hassas bir sekilde disiik maliyetle
gergeklestirilebilecektir.

5. CIKAR CATISMASI

Yazarlar, bilinen herhangi bir ¢ikar ¢atismasi veya herhangi bir kurum/kurulus ya da kisi ile
ortak ¢ikar bulunmadigini onaylamaktadirlar.
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