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Investigation of Joinability Of 25% Recycled Al6016 Sheets by Friction Stir Butt Welding at
Different Tool Rotation Speed

Halil Kirdemir?" “ Cihan Yakupoglu®? “=/, Faruk Varol*'*’, Serkan Apay®

*dkpres Metal Yedek Par¢a Mak. San. Ve Tic. A.S., Ar-Ge, Sakarya, Tirkiye
ZSakarya University of Applied Sciences, Graduate Education Institute Sakarya, Tirkiye
3Diizce Universitesi, Miihendislik Fakiiltesi, Diizce, Tiirkiye

ABSTRACT

In this study, 2 mm thick AI6016 aluminum sheets containing 25% recycled material, commonly used in automotive
body and chassis components, were joined using the friction stir welding (FSW) method in a butt joint configuration.
Welding was performed on a mold milling machine using a conical tool made of 2379 grade steel, hardened to 62-64
HRC. Constant process parameters included a welding speed of 400 mm/min, tool plunge depth of 1.8 mm, shoulder
diameter of 15 mm, and tool tilt angle of 90°. Tool rotation speeds were varied as 600, 1200, 1800, 2400, 3000, and
3600 rpm. Heat input was calculated for each condition. Mechanical performance of the joints was evaluated through
tensile, bending, and hardness tests. Macro and microstructural examinations were also conducted, including fracture
surface analysis. The highest tensile strength (214 MPa) was obtained at 1800 rpm, while the lowest (83 MPa)
occurred at 600 rpm. In bending tests, no fractures were observed at 2400 and 3000 rpm, indicating good ductility and
joint integrity. The highest hardness in the weld zone was 97.4 Hv, measured at 600 rpm. Macrostructural observations
showed full penetration at all rotation speeds. Microstructural analysis revealed progressive grain refinement from the
base metal toward the stir zone, confirming effective plastic deformation and recrystallization. The results demonstrate
that tool rotation speed significantly affects joint quality. Optimal mechanical properties were achieved at intermediate
speeds, particularly 1800 rpm, highlighting its potential for automotive applications involving recycled Al6016 sheets.

Keywords: Friction stir welding, Recycled Al6016, C2379

%25 Geri Doniistiiriilmiis A16016 Saclarin Siirtiinme Karistirma Alin Kaynag ile Farkh
Takim Devir Hizlarinda Birlestirilebilirliginin Incelenmesi

OZET

Bu calismada, otomotiv govde ve sasi parcalarinda yaygin olarak kullanilan, %25 geri doniistiiriilmiis malzeme igeren
2 mm kalinligindaki Al6016 aliiminyum levhalar, alin birlestirme konfigiirasyonunda siirtiinme karistirma kaynagi
(FSW) yontemiyle birlestirilmistir. Kaynak islemi, yiizey sertligi 62—64 HRC’ye kadar artirilmig konik geometrili
2379 kalite gelikten tiretilmis bir takim ile kalip freze tezgahinda gergeklestirilmistir. Siire¢ parametrelerinden kaynak
ilerleme hiz1 (400 mm/dak), takim daldirma derinligi (1.8 mm), omuz ¢ap1 (15 mm) ve takim egim agis1 (90°) sabit
tutulmustur. Takimin dénme hiz1 ise 600, 1200, 1800, 2400, 3000 ve 3600 dev/dak olacak sekilde degistirilmistir. Her
hiz i¢in 1s1 girdisi hesaplanmistir. Birlestirme kalitesi, ¢gekme, egme ve sertlik testleriyle degerlendirilmistir. Ayrica
makro ve mikro yapisal incelemeler ile kirilma yiizey analizleri gergeklestirilmistir. En yiiksek ¢ekme dayanimi (214
MPa) 1800 dev/dak’ta elde edilirken, en diisiik deger (83 MPa) 600 dev/dak’ta gézlemlenmistir. Egme testlerinde
2400 ve 3000 dev/dak’ta kirllma olugsmamus, bu da iyi siineklik ve kaynak biitiinligii géstermistir. Kaynak bolgesinde
en yiksek sertlik 97.4 Hv ile 600 dev/dak’ta Olglilmiistiir. Makroyapisal gozlemler, tim donme hizlarinda tam
niifuziyet oldugunu goéstermistir. Mikroyap1 incelemeleri, temel metalden kaynak bolgesine dogru ilerledik¢e tane
boyutunun inceldigini ve etkin plastik deformasyon ile dinamik yeniden kristallesmenin gerceklestigini ortaya
koymustur. Sonuclar, takim donme hizinin birlestirme kalitesi {izerinde 6nemli etkileri oldugunu gdstermektedir.
Ozellikle 1800 dev/dak’ta elde edilen mekanik performans, geri déniistiiriilmiis Al6016 levhalarin otomotiv
uygulamalarinda kullanim potansiyelini desteklemektedir.

Anahtar Kelimeler: Siirtiinme karistirma kaynagi, Geri doniistiiriilmiis A16016, C2379

1. INTRODUCTION

The aluminum sheet used in automotive sector production is widely used in the industry due to its
strength and lightness. The European Green Agreement aims to switch to a clean, circular economy and to
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increase the efficient use of resources by reducing climate change, biodiversity loss, recycling and pollution.
Wiaste aluminum is chopped into small particles and then these pieces are melted in large furnaces. Thus,
recycled aluminum, called aluminum, is obtained for reducing carbon emissions [1]. Sectors where friction
stir welding is used include automotive, space, aviation, railway transportation, tool tips and ship industries.
It is used in welding axles, shafts, pipes and transmission parts in automotive. This method is also one of the
methods used in welding parts such as flanges, fittings, pipes and shafts in the machine manufacturing
industry [2, 3].

In 1991, the British TWI (The Welding Friction stir welding, which was discovered by the Institute, is a
new solid phase welding method that is still being researched a lot. This method was first used to join
aluminum materials [4]. Friction stir welding is known as a solid state welding method. Unlike other welding
methods, the parts to be joined are joined with the help of heat energy generated by mechanical rotation and
applied pressure. In the method in question, the material is welded without melting, by undergoing plastic
deformation with friction heat. Since no molten state is formed, no change occurs in the structure of the
material. In this way, the mechanical properties of the material will not change after the welding process [4].

The use of the FSW method in industry seems to be increasing rapidly. When compared to gas metal arc
welding methods, the absence of consumable elements such as protective gas, electrode or powder makes the
method cheaper. The heat input generated in the joining of aluminum alloys with the fusion welding method
can cause pore and crack formation in the weld seam as a result of the wide solidification temperature ranges
of these alloys and their high thermal expansion. This situation causes the dissolution of hardening
precipitates in the heat welding region in age-hardened aluminum alloys, which reduces the strength and
hardness in the region under the effect of heat. In addition, welding causes mechanical incompatibility and
changes the structural integrity. Today, many metal alloys such as aluminum, unalloyed steels, copper,
stainless steels, magnesium and titanium can be joined successfully. The application of the FSW welding
method is carried out using a special tip on conventional vertical milling machines [5].

It has been found that FSSW process improves the mechanical properties of the material for hardness,
strength, fracture toughness, ductility, fatigue life, and corrosion resistance criteria [6]. The effects of tool-
related friction stir welding parameters on different materials have been investigated. The parameters are:
rotation speed, dwell time, vertical pressure, inclination angle, and tool geometry [7-11].

Barlas, Z. [12], The effect of tool inclination angle on tensile-shear failure load and weld zone
characteristics for 1050 aluminum sheets welded by friction stir overlap welding was investigated. For this
purpose, the tool inclination angle was varied from 0° to 5° under fixed other parameters such as tool
geometry, tool rotation speed of 1200 rpm and tool movement speed of 30 mm/min. According to the general
results, the tool inclination angle has a reasonable effect on the joint strength and weld defect formation. If
the tool axis was perpendicular to the plate surface or a larger tool inclination angle was used, such
configurations had a detrimental effect on the weld zone.

Barlas, Z. et al. [13], friction stir welding (FSW) parameters of tool rotation speed, tool inclination angle
and tool rotation direction were used to join AIMg3 aluminum alloy (Al 5754) sheets with butt joints. When
the tool was rotated counterclockwise, a solid and flawless weld was obtained with a tool rotation speed of
1100 rpm and a tool inclination angle of 2 degrees. The maximum tensile strength in the joint made with
FSW parameters was 217 MPa, which was 14% lower than that of Al 5754 base metal. In this weld, a value
closer to a symmetrical microhardness distribution was measured and the hardness values of the weld nugget
region increased slightly, reaching approximately 82 HV.

De Caro, D. et al. [14], analyzed the sheet-aluminum 6181 alloy produced with different scrap content
and compared it with a 6181 alloy from primary production. They showed that the alloys from secondary
production contained higher amounts of manganese, iron and copper. They observed that the tensile
properties did not change significantly, but a small increase in strength, probably related to the increased Cu
and Mg content. However, they found the presence of defects in the form of inclusions at the fracture
initiations, although the ductility did not change significantly.

D.N. Wang'ombe et al. [15], investigated the effects of feed and rotation speed on the tensile properties,
microstructure and microhardness (HV) of extruded recycled Al 6061 alloy by friction stir welding. The
studies on friction stir welding of recycled product mainly focused on the alloy content of primary Al 6061,
which is different from that of Al 6061. The microstructure of the alloy consists of four zones, namely heat
affected zone, thermo-mechanically affected zone, base metal and stirred zone. The average grain size of the
gap was 93 um. For the joints at 530 rpm and 100 mm/min, the average grain sizes were 7 um in the stirred
zone, 183 um in the heat affected zone and 93 um in the base metal. It was found that the tensile damage
occurred in the heat affected zone exposed to high temperature. It was observed that the hardness decreased
to a minimum in the heat affected zone, then there was a short increase in the thermo-mechanically affected
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zone and reached another maximum in the stirred zone. The hardness developed in the machined zone was
found to be inversely proportional to the tool rotation speed. It was found that the increase in speed increased
the increasing heat which deteriorated the properties.

This study was carried out to investigate the mechanical and chemical structure properties of 6016 series
sheets by using variable parameters in friction stir welding method for butt welding of 2 mm thick aluminum
sheets with 25% recycled content. Test samples were prepared in accordance with TS EN ISO 25239
standards in the joints. For macro and micro imaging, the samples were sanded, polished and etched using
Keller reagent (190 ml Pure Water + 3 ml HCI + 2 ml HF + 5 ml HNO3) reagents for 30 seconds. A 500x
capacity optical microscope was used for imaging. Tensile strength, hardness measurements and bending
tests of the trial joints were also performed.

2. MATERIAL AND METHOD
2.1. Materials Used in Experiments

25% recycled AL6016 alloy series 2 mm thick sheets and 2379 steel material are given in Table 1, and
the chemical composition properties are given in Table 2.

Table 1. Mechanical properties of test specimens and agitator tool tip.

Description (6AK) (omax) Elongation (%) Hardness (HRC)
AL6016 103 MPa 182 MPa 24 -
2379 1200 MPa 1590 MPa - 54-60

Tablo 2. Chemical composition (%) of test sample and stirrer tool tip.

Description Fe C Si Mn Cr Al
AL6016 0.24 0.001 0.57 0.14 0.03 98.3
2379 85 1.45-1.6 0.10-0.60 0.20-0.60 11.00-13.00 -

Figure 1. a In accordance with the dimensions given, 2379 quality steel was processed in a lathe and heat
treated to 60-64 HRC hardness. 2379 quality tool steel with 60-64 HRC was used in the experiments. The
pin to be connected to the milling cutter has a diameter of 20 mm, a shoulder of 15 mm and a length of 90
mm. The mixing tip was manufactured from 2379 tool steel, whose melting point is approximately two and a
half times higher than the melting point of the aluminum material. The pin sinking tip of 2379 tool steel was
given a conical shape and the tip was machined at an angle of 10 °.

In friction stir welding, a conical angle structure was created between the shoulder and the part of the
mixer tip that will be connected to the vertical milling machine in order to reduce the heat generated by the
mixer tip. The reason for this is to increase the contact area of the mixer tip with the air during welding and
to discharge the heat generated by friction. The shoulder is the surface that sits on both plates during the
friction stir welding stage. Since the shoulder part rubs against the contact surface of the two plates to be
joined in friction stir welding, it provides the critical friction heat in friction stir welding. By covering the
friction stir welding seam from the top, it minimizes the movement of the material moving upwards caused
by the rotation of the tip during welding in Figure 1. b; in this direction, the material is pushed downwards
by the shoulder. In Figure 1. c, the welding shoulder is ensured to sink approximately 1.8 mm into the
surface of the material to be welded during the mixer tip welding process [16].

Figure 1. Tool pin desing (a), Tool pin (b), FSW butt weld (c).
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2.2. Preparation of Test Samples

During friction stir welding, the aluminum alloy material was not subjected to any oxide removal before
welding. The test samples were prepared from Al6016 sheets with dimensions of 2x1200x2400 mm by laser
cutting. In friction stir welding, the sheets subject to the process were fixed and connected to the vertical
milling machine table by means of connection shoes in a way that they would contact the edges to be
welded. 2379 quality tool steel was specially turned and subjected to grinding process. The 25 mm body
diameter mixer tip was connected to the vertical milling machine's vertical shaft and friction stir welding was
applied to aluminum test sheets using the joining parameters shown in Table 3.

2.3. Applied Method

The joints were made by using the friction stir method in the butt-to-butt position on 25% recycled 2 mm
6016 Al series sheets with the condition of connecting to the milling machine by selecting the 2379 steel tool
tip. 3 samples were prepared for each experiment for tensile and bending tests. Test samples were cut and
prepared as 200x100 mm. Automatic operating mode was used in the milling machine system for
applications. As seen in Figure 2, a special apparatus was manufactured to provide the butt-to-butt joining
position and was positioned on the milling machine. Test samples of Al-Al plates joined at different rotation
speeds (600 rpm, 1200 rpm, 1800 rpm, 2400 rpm, 3000 rpm, 3600 rpm) were prepared using laser cutting.
Tensile test on ZwickRoell Z100 machine ISO 6892-1:2001 Bending tests were carried out according to the
TSE EN I1SO 5173:2010/A1 standard with a capacity of 50 kN Zwick 3-axis bending method was performed
with Roell Z50 device. Hardness values of the samples were taken using Vickers method according to EN
ISO 6507 standard with 100 gr load and pyramid indenter.

Figure 2. Milling machine (a), FSW application (b).

For micro and macro imaging, the samples were sanded, polished and etched using Keller reagent (190ml
Pure Water + 3ml HCI + 2ml HF + 5ml HNO3) reagents for 30 seconds. A 500x capacity optical microscope
was used for imaging. The applied source parameters are shown in Table 3.

2.4. Hardness Measurements

The hardness points of the joints are shown in Figure 3. Sample samples taken in all joining methods
(Instron Wolpert) Hardness scanning was obtained at 1 mm intervals on the Vicker hardness tester. 100 gr.
test load was applied in the hardness scannings (HV). While measuring the hardness; the base metal, joint
area, thermomechanically affected area and weld metal values were scanned at equal intervals on both sides
based on the center line of the weld.
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Figure 3. Hardness measurements.

Table 3. Friction stir welding joining parameters.

Base Thickness Tool Revolutions Tool Tool Tool Pin Tool Shoulder Tool Joining
- Speed - Diameter Height Diameter D/d Angle L

Material (mm) (mm/dak) Per (Rpm) Material Geometry (d: mm) (h: mm) (D: mm) ©) Position

AL 6016 2 400 600 2379 Conical 3 1.8 15 5 90 Butt Joint

AL 6016 2 400 1200 2379 Conical 3 1.8 15 5 90 Butt Joint
2379

AL 6016 2 400 1800 Conical 3 1.8 15 5 90 Butt Joint

AL 6016 2 400 2400 2319 Conical 3 1.8 15 5 90 Butt Joint
237

AL 6016 2 400 3000 379 Conical 3 1.8 15 5 90 Butt Joint
2379

AL 6016 2 400 3600 Conical 3 1.8 15 5 90 Butt Joint

2.5. Tensile Test Specimens

Tensile tests were carried out on the main material according to TS 138 (EN 10002-1) standard, and on
the joined parts.-For the samples, 3 samples for each test were prepared in accordance with TS 287 (EN 895)
standard. The technical drawing of the prepared sample and the tensile device test are shown in Figure 4.
While the upper and lower clamps perform the tensile process by holding the two ends of the sample, the
extensometer shows the changes in the length of a sample, also known as strain measurement.

Vo O est S y
'\.‘
4l
-t Extensometer

Figure 4. Sample technical drawing (a), Tensile test sample application (b).
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2.6. Bending Test

Bending test aims to observe the cracks/breakages etc., that may occur in the weld area of the joined
samples in the cold state. The bending test, which is applied according to the ISO 7438 standard, is
performed by folding the plates with a thickness specified in Figure 5.a between two rounded supports with a
pressure force by means of a bending mandrel of a certain diameter (d=2a). The data obtained in the bending
tests were carried out by preparing 3 samples from the base metal and for each parameter of the friction stir
welding for a one-time comparison. The schematic and application representation of this machine is given in
Figure 5.

Figure 5. Schematic representation of bending test (a), Bending test specimen examples (b).

While the material is being folded during the bending process, after the first crack is seen, the load is
removed and the bending angle of the piece is measured, or the cracks formed on the surface of the material
folded 180° with a bending mandrel of a certain diameter and the appearance of its surface are examined.

3. RESULTS AND DiSCUSSION
3.1. Heat Inputs and Tensile Test

The tensile test results of the joints made according to 6 different speeds, shown in Figure 6, were
compared and it was seen that the highest strength was 214 MPa at 1800 rpm, the lowest strength was 83
MPa at 600 rpm. When compared with the base metal tensile strength, it was observed that the values were
higher than the base metal at 1800, 2400 and 3000 rpm, but lower in other joints. Figure 6.a shows the
images after the tensile test, and Figure 6.b shows the tensile strength (Rm (MPa)) values.

2 "_,X .......... X
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Figure 6. Tensile specimens and rupture zones (a), Rupture strength values graph (b).

Mra

Figure 7.a shows the heat input data for the joint at 6 different speeds. The heat inputs are calculated
according to formula (1). In the FSW process, the weld heat input is affected by the tool rotation speed rather
than the welding speed.
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Tm : melting point of the base metal,
o : rotation speed,

v welding speed
a : (0.04~0.06) and K (0.65~0.75) are constant

T=K( w )aTm )

vXx10%

As the speed of rotation increases on the fixed friction surface, the heat is observed to increase, the
highest heat input is measured at 3600 rpm and 460 °C. Figure 7.b shows the instantaneous heat generation
of the joints. The initial state is at room temperature, and the highest temperature values (375-460 °C) are
observed between the 5th and 10th seconds. After the joint, a cooling curve is formed, reaching room
temperature again at the 20th second. The highest temperature value is observed at 3600 rpm, while the

lowest temperature value is observed at 600 rpm.

leat Input &

Heat
iy
g

RevolutionsPer (RPM| a Time [5ec) b

Figure 7. Heat input graph (a), Instantaneous heat generation (b).

The bending test results of the joints are shown in Table 4. The highest bending force was 3000 rpm and
no fracture was observed in the weld area. Fractures were observed in the weld areas at 600, 1200, 1800 and

3600 rpm and it was determined that it was unsuccessful.

Table 4. Load and bending force of joints.

E f CfC G M €M L h b
Sample Type GPa MPa MPs mm mm mm mm
1 3600 34.5 7.43 184 2.0 60 2 15.2
2 3000 33.2 254 310 12 60 2 15.2
3 2400 35.2 227 296 15 60 2 15.2
4 1800 40.9 228 269 7.7 60 2 15.2
5 1200 324 231 296 14 60 2 15.2
6 600 -1.3 6.99 65.3 0.32 60 2 15.2

Although the same bending force (296 MPa) was reached at 1200 and 2400 rpm, fractures occurred in the
1200 rpm weld zone, and fractures also occurred at 600, 1800 and 3600 rpm, but it was observed that there
was no fracture in the 2400 and 3000 rpm weld zone and the result was successful. It was observed that the
mixing and heat input changed in direct proportion to the tool rotation speed, and the fractures that occurred
in joints other than 2400 and 3000 rpm were; jointing could not be achieved at 600 rpm, and partial joint
areas were formed in joints at 1200 and 1800 rpm. It was observed that the heat input was maximum at 3600
rpm and it was determined that deteriorations (dimensional variation) occurred in the main material during
cooling with heat input. It was determined that the fracture zones that progressed from the crack zone formed
in the joint zone for all joints were brittle fractures. It was observed that the hardness values in all joint areas
were close to each other. The bending forces of the joints are shown in Figure 8. a. The bending application

is shown in Figure 8 (b).
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Figure 8. Bending force graph (a), Bending test application example (b).

3.2. Heat Inputs and Tensile Test

The current state of the base material to be joined affects the hardness behavior after FSW. In this study,
the hardness line was determined along the cross-section of the weld zone and was monitored sequentially.
Al6016 base metals have an average hardness value of 107 = 2 HV for 2 mm sheet thickness. Figure 9 shows
that the hardness of the weld zone of FSW joints decreases significantly at all applied rotation speeds due to
the frictional heat generated during FSW processes causing annealing of the Al6016 base metal. For each
butt welded joint between the weld zone, minimum hardness values were observed in the thermomechanical
zone due to the grain structure and excessive aging effects. In contrast, Ahmed et al. reported that the
presence of high hardness areas in the thermomechanical zone is mainly due to the dynamic recrystallized
fine grain structure and the redeposition process that may occur during the cooling cycle [17]. It can be
attributed to the high heat intensity generated as a result of plastic deformation during the FSW process. In
addition, the variations in tensile shear are probably due to the increased thermal softening (changing
hardness values) in the thermomechanical area due to the increased heat input and the decrease in the
thickness of the layers under the shoulder with pressure. The hardness values after the joints were taken as
rank hardness (HV) values from the main material, the joint area and the thermomechanically affected areas
and are given in Table 5. The hardness data of all these joints were seen as the highest value of 105 HV in
the main material. The hardness values decrease towards the joint area. The lowest value of the joint area
was determined as 97.4 HV. The rank hardness values of 6 different joints are shown in Figure 9.

Table 5. Hardness (HV) values at reference points.

Rpm Left Left2  Left3 Left Left Left Left 1 Right Right Right Right Right Right Right

Point 4 5 6 7 2 3 4 5 6 7 Point
600 105 86.4 91.5 90.2 862 974 968 921 837 96.3 85.9 91.8 102 106 103
1200 68.4 80.8 84.9 83.4 819 72.1 74 77.9 79.1 85 75.1 71 73.9 77.3 86.7
1800 90 75.6 7 71.6 715 71.3 74.8 74.4 77.2 79.4 719 73.8 81.9 83.9 86.4
2400 93.8 84 91.5 84.7 81.1 83.9 92.9 91.3 82.4 81.5 74.2 76 87.4 89.2 104
3000 85.4 78.7 86.6 76.7 73.6 76.5 82.5 77.8 86.9 82.5 86.2 85.8 74.7 78.2 94.4
3600 87.1 84.5 85.5 834 846 85 815 745 882 73 76.4 74 65.6 66.8 78.9
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Figure 9. Hardness values.

3.3. Examination of Macro Structures

During friction stir welding of aluminum, the immersed stir tip in the welding region releases the mixing
energy in the fusion region and ensures that two different aluminums are mixed together. Figure 10 shows
macro images of 6 different joints. Material accumulation (mm), joint adequacy (mm), measurement
variation (°), crack formation (mm) and penetration (mm) values are shown in the joint regions. Material
accumulation and joint insufficiency were observed at 600 rpm. The joint with the highest measurement
variation was 1800 rpm. Crack formation was observed in every joint and was observed most at 2400 rpm. It
was observed that sufficient penetration levels occurred at all rpm speeds. While it was observed that the
highest tensile strength value was at 1800 and 2400 rpm speeds, it was observed that the tensile strength
decreased at other parameter values.

Joining Area
ial Accumulation (mm) Competence in Ct ining (mm) |Dimensional Variability (°) [Crack F ion (mm)

Tool Devir ~ 7 _{1 — T 4 -t @

el NS/, A\ oy I

600 010 0,10 127 2,14 0,38
120 000 0,00 016 191 0,08
1800 000 0,00 037 181 0,07
240 000 0,00 0,17 2,47 0,08
3000 000 0,00 017 2,01 0,06
3600 000 0,00 0,25 121 0,04

Figure 10. Macro images and joint region defects.
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When the fracture surfaces are examined in Figure 11, it was determined that the mixer tip could not
provide sufficient mixing during the joint and created thin film-shaped capillary cracks in the inner region of
the joint. In addition, since the 600 rpm joint conditions could not be provided in the joints at 6 different
speeds, it was not determined that the fracture was in an irregular line. For the joints at other speeds, the
same geometry as the crack fault formed in the weld zone and the fracture progress were observed. It was
determined that the fracture points occurred in the joint zone where there were micro cracks.

Figure 11. Joining zone microcrack (a), Joining zone front view after fracture (b), Joining zone top view after fracture

(©.

3.4. Examination of Micro Structures

When the microstructures and grain sizes between the plates are examined, it shows the effect of heat
input on the average thickness of the layer formed between the aluminum and the fusion zone during the
friction stir welding process. The thickness of the layer has formed a coarse-grained layer at different speeds
since the cooling rate of the FSW source changes in different regions with the change of the welding speed.
Depending on the speed values of the mixer tip, the grain thickness is different, and the grain size changes
not only with the mixer tip but also with the change of the speed. This affected the mechanical properties of
the welded area between the samples after joining. The formation of high temperatures causes intense plastic
deformation, which occurs in the material during joining. As a result, fine-structured recrystallized grains are
formed. Thanks to the fine-grained microstructure formed, appropriate mechanical properties are obtained in
the welding area [18].

Mixing tip, shoulder size and shape are important for mixing and heat input generation. The shoulder also
provides compression of the material volume exposed to heat. Another function of the tool is to move the
material by mixing it. Tool design and process loads affect the homogeneity of microstructure and properties.
A concave shoulder and threaded cylindrical pins are often used. When the critical effect of tool geometry on
metal flow is considered, the fundamental correlation between weld microstructure and material flow varies
for each tool [19].

In Figure 12, micro images of the joints made at 2400 rpm were taken and it was determined that the
grain structure became thinner from the base metal towards the joint area.

10
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Figure 12. Comparison of micro images.

4. CONCLUSIONS

The joinability of 25% recycled Al6016 sheets by friction stir butt welding was investigated at 6 different
tool speeds from 600 to 3600 rpm.

The highest tensile strength value was found to be 214 MPa at 1800 rpm and the lowest value was 83
MPa at 600 rpm at a feed rate of 400 mm/min.

No fracture was observed after the bending test of the specimens joined at 2400 and 3000 rpm. In the
bending tests applied to the specimens joined at other rotational speeds, the weld failed by breaking from the
weld seam.

The highest results of the joint hardness values were measured as 97.4 HV at 600 rpm rotational speed.

When the macrostructures were analysed, the joint with the highest measured change was 1800 rpm.
Crack formation was observed at all joints, with the highest occurrence at 2400 rpm. Adequate penetration
levels were found to occur at all rpm speeds.

When the micro images of the joints made at 2400 rpm were analysed, it was observed that the grain
structure became thinner from the base metal to the joint region.
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ABSTRACT

Additive manufacturing is a computer-controlled manufacturing process that creates three-dimensional objects by
depositing material in layers. Stereolithography (SLA), the oldest form of additive manufacturing, has attracted
considerable interest in the industry due to the high dimensional accuracy and smooth surface quality of the printed
parts. In this study, 3D polymer parts were printed using the SLA machine and aged at different temperatures (48, 60
and 72 °C) and for different times (6, 9 and 12 hours) to investigate the effect of ageing on impact strength. As a result
of the Charpy notch impact test, it was observed that the ageing process generally reduced the impact strength of the
material and deformation was observed in the samples held above the glass transition temperature. When the change in
size was examined over time, a decrease was observed up to 12 hours, while after 12 hours there was a sudden increase
at all temperatures. In the measurements made as a result of the ageing process, it was observed that the results of the
thickness and width measurements of the sample were in agreement with the results of the ageing process. Thanks to
this study, knowledge about the usability, storage, durability and mechanical properties of the polymer material has
been obtained and contributed to the literature in this sense.

Keywords: Stereolithography (SLA), Ageing, Charpy Notch Impact Test, Mechanical Properties, Additive manufacturing

SLA Yontemi ile Uretilen Numunelerde Yaslandirma isleminin Charpy Centik Darbe Test
Sonuclarima Etkileri

OZET

Eklemeli imalat katmanlar halinde malzeme biriktirirerek ii¢ boyutlu nesneler olusturan bilgisayar kontrolli bir iiretim
yontemidir. Eklemeli imalatin en eski bi¢imi olan Stereolitografi (SLA) yontemi yiiksek boyutsal dogrulugu ve basilan
pargalarin piiriizsiiz yilizey kalitesi nedeniyle endiistride olduk¢a ilgi goérmektedir. Bu caligmada, SLA cihazi
kullanilarak 3B polimer parcalar basilmis, yaslandirma igleminin darbe mukavemeti {izerine etkisini incelemek igin
farkli sicakliklarda (48,60 ve 72 °C) ve farkli siirelerde (6,9 ve 12 saat) yaslandirma islemine maruz birakilmistir.
Yapilan Charpy g¢entik darbe testi sonucunda yaslandirma isleminin malzemenin darbe mukavemetini genel olarak
azalttig1, cams1 gegis sicakligi {izerinde bekletilen numunelerde deformasyon oldugu gézlemlenmistir. Siire agisindan
boyut degisimi incelendiginde 12 saate kadar bir azalma gozlemlenirken 12. Saatte tim sicakliklarda ani bir artig
meydana gelmistir. Yaslandirma iglemi sonucunda yapilan Ol¢liimlerde numunenin kalinlik ve genislik OSlgiileri
sonuglarinin yaglandirma islemi sonucuna uygun oldugu gorilmistir. Yapilan bu c¢alisma sayesinde polimer
malzemenin kullanilabilirligi, saklanmasi, raf dmrii ve mekanik 6zellikleriyle ilgili bulgular elde edilmis ve literatiire bu
anlamda katki saglanmustir.

Anahtar Kelimeler: Stereolitografi (SLA), Yaslandirma, Charpy Centik Darbe Testi, Mekanik Ozellikler, Eklemeli imalat

1. GIRIS

Eklemeli imalat, geometrik olarak karmasik, kademeli malzeme bilesimlerine sahip ve 6zellestirilebilen
parcalarin iiretilebilmesine imkan tantyan bir imalat yontemidir. Eklemeli imalatin ardindaki ilke, geleneksel
imalat siireglerindeki ¢ikarmali imalat yontemlerinin aksine, ti¢ boyutlu model verilerinden nesneler elde
etmek amaciyla malzemelerin lst liste katmanlar halinde birlestirilmesi islemine dayanmaktadir. Eklemeli
imalat; otomotiv, mimarlik, tip, savunma, doku miihendisligi vb. gibi gelismekte olan bir¢cok alanda
kullanilmaktadir [1,2].

Teknolojinin gelismesiyle birlikte eklemeli imalat uygulamalar gesitli endiistrilerde hizla biiyiimiis ve
farkli caligmalara konu olmustur. Saglik alaninda yapilan ¢alismalar sayesinde, damarin tamamen eski haline
donmesinden 6—12 ay sonra biyolojik olarak pargalanabilen polimer stentler gelistirilmis, biyolojik ve
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nanoelektronik islevlerin birlestirilmesiyle biyonik kulak elde edilmistir [3,4]. Dr. Peckitt’in yaptig1 kisiye
0zel implant tasarimi yardimiyla {ist ¢ene kemiginden kesit parca alinmasi ve yeniden yapilandirilmasi
isleminde standart yonteme gore yaklasik 11 saat siire kazanilmustir [5,6]. Savunma ve otomotiv
endiistrisinde eklemeli imalatin kullanimiyla pargalarin agirliklart ve operasyon siiresi azaltilmig, liretim
maliyetleri disiiriilmiistiir [7]. Akademik caligmalarda prototip model iiretimini kolaylastirmasi, tasarim
odakl1 yaklasim saglamasiyla egitim ve 6gretim alaninda da faydalanilmaktadir [8].

Eklemeli imalat yedi alt grupta siniflandirilmigtir. Bunlarin arasinda yiiksek dogrulukta pargalar iiretmek
icin kullanilan ve eklemeli imalatin en eski bicimi olan Stereolitografi (SLA) yontemiyle, sivi regine bir
fotopolimerizasyon reaksiyonuyla katilagtirarak iic boyutlu (3B) nesneler iiretilir [9]. Bu yontem yiiksek
boyutsal dogrulugu ve basilan parcalarin piiriizsiiz ylizey kalitesi sayesinde endiistride oldukca ilgi
gormektedir [10]. Fakat bu avantajlarina ragmen SLA ile iiretilen polimer malzemelerin yapist beklenen
mekanik performans: karsilamadig1 icin ileri proses islemlerine ihtiyag duyulmaktadir. Uretilen pargalara
uygulanan polimerizasyon siiresi; yapilarin mekanik 6zelliklerini, yiizey kalitesini, boyut hassasiyetini vb.
malzeme ozelliklerini etkilemektedir [11].

Polimerler yiiksek sicakliga uzun siire maruz kaldiklarinda yapilarinda fiziksel ve kimyasal degisiklikler
meydana gelmektedir [12]. Polimerlerde yaslanmanin en biiylik sebebi 1s1 ve sicaklik ile zincir yapisinin
bozunmasidir. Bu nedenle maruz kalinan uygunsuz kosul altinda malzemenin mekanik ve kimyasal
dayanimin1 6lgmek i¢in yaslandirma testleri yapilir. Yaslandirma testleri; iirliniin kullanilabilirligini,
saklanmasini, raf dmriinii ve geri doniisiimiinii anlamak ve degerlendirmek i¢in énemlidir.

Literatiirde yaglandirmanin malzemenin mekanik 6zelliklerine etkisiyle ilgili birgok ¢alisma yapilmistir.
SLA ile tretilen numuneleri, Mansour vd. [13] kontrollii (karanlik kap, %50 bagil nem ve 20°C sicaklik) ve
kontrolsiiz (rafta bekletilmis) ortamda gozlemlerken; Troger vd. [14] ti¢ farkli recineye once farkli siirelerde
kiirleme islemi yapmig daha sonra termal hava akish firinda yaslandirma iglemine maruz birakmistir. Puebla
vd. [15] ise numuneleri farkli yonlerde (diiz, bir kenar tizerinde, dik), farkli yaslandirma siirelerinde (4,30 ve
120 giin), farkli 6n kosullandirma (ortam, kurutucu ve Uluslararasi Amerikan Test ve Materyalleri Toplulugu
(ASTM) 6n kosullandirmasi) sartlarinda bekleterek testlerini gerceklestirmislerdir. Bir diger ¢calismada [16]
farkli sicaklik ve siirelerde kiirleme iglemi yapilan numuneler, 1sitma ve sogutma rampasi kullanilarak
yaslandirmaya maruz birakilirken, Wu vd. [17] ¢aligmasinda epoksi ve vinil ester regineleri kullanilarak
termal, ultraviyole (UV) ve dogal yaslanma kosullarinda sararma mekanizmalar1 ve bunlarn etkileyen
faktorler incelenmistir.

Eriyik biriktirme yontemi (FDM) ile iiretilen numuneler i¢in de farkli ¢aligmalar yapilmistir. Arjun vd.
[18] numuneleri dort farkli sicaklik (65, 95, 125 ve 155 °C) ve dort farkli siire (30, 60, 120 ve 240 dakika);
Bhandari vd. [19] iki farkli sicaklik (90 ve 110 °C) ve 4 farkl: siire (0, 30, 240 ve 480 dakika); Valvez vd.
[20] t¢ farkli sicaklik (90, 110 ve 130 °C) ve ii¢ farkli siire (30, 240 ve 480 dakika); Jayanth vd. [21] ii¢
farkl sicaklik (90, 100 ve 120 °C) ve li¢ farkl: siire (60, 120 ve 240 dakika) sicak hava firininda bekletmistir.
Yine benzer ¢alismada [22] iiretilen numuneler belirlenen ii¢ farkli sicaklik (100 °C, 150 °C, 200 °C) ve ii¢
farkli stirede (30 dakika, 60 dakika, 90 dakika) sicak hava firininda bekletilmistir.

Gilinlimiizde yaslandirma yontemlerine ait degiskenlerin etkileri ve farkli yaslandirma yontemlerinin
mekanik Ozelliklere etkisi Onemli arastirma konulari olmaya devam etmektedir. SLA ile iiretilen
numunelerde dogal ve yapay yaslandirma parametreleri iizerine yapilan g¢aligmalar sinirlidir. Mevcut
aragtirmalarda kullanilan sicaklik ve siire parametrelerinde onemli farkliliklar goriilmekte bu da genelleme
yapilmasini zorlagtirmaktadir. Buna karsin, FDM ile iretilen numunelerde sicaklik ve siire parametreleri
daha tutarhdir.

Bu calismada, Anycubic Photon Mono X SLA 3B yazici ile Anycubic UV Gri Recine kullanilarak
polimerlerde yapay yaslandirma isleminin malzemenin mekanik 6zelliklere etkileri incelenmek istenmistir.
Bunun igin ¢entik darbe test numuneleri iiretilmis ve bu numuneler literatiirdeki ¢alismalar ve kullanilan
malzemenin camsi gegis sicakligi gbz Oniine alinarak, kararlastirilan ti¢ farkli sicaklik (48,60 ve 72 °C) ve ii¢
farkli siirede (6,9 ve 12 saat) yapay yaslandirma islemine maruz birakilmistir.

2. MATERYAL VE YONTEM
2.1. Materyal

Calisma kapsaminda modellerin yazicida iiretilmesi i¢in Anycubic UV Gri Fotopolimer Regine tercih
edilmistir. Bu malzemenin genel ozellikleri Tablo 1°de verilmistir. Uretici firmadan alinan bilgilere gére
malzemenin camsi gegis sicakligi (Tg) 60 °C’dir.
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Tablo 1. UV sivi reginenin teknik dzellikleri.

Dalga Boyu  Yogunluk Viskozite Yiizey Sertligi  Cekme Mukavemeti Raf Omrii
355-410nm  1.05-1.25 g/cm3 150-200 mPa.s 84 HS 36-45 MPa 1yd
2.2. Metot

Mekanik 6zellikleri degerlendirmek i¢in SLA yontemi ile charpy centik darbe test numuneleri ASTM
D6110 [23] standardina gore iiretilmistir. Elde edilen mekanik 6zellik degerlerinin giivenilir oldugundan
emin olmak amaciyla her set i¢in li¢ ayni numune hazirlanmigtir. Bu ¢alismada kullanilan test numunesinin
teknik ¢izimi Sekil 1’de verilmistir.

45°

| | e
T 0.25R 12.7 mm

10.16 mm 1

T !

127 mm 6 mm

Sekil 1. Charpy testi numune boyutlari-mm.

Solidworks bilgisayar destekli tasarim (CAD) programi kullanilarak Sekil 1’de gosterilen standart
boyutlarina gore test numunesi modellenmistir. CAD programinda tasarlanan yapilar Photon_WorkShop
programi kullanilarak STL dosyas1 formatinda disar aktarilmistir. Numunelerin basiminda Anycubic Photon
Mono X SLA yazicist kullanilmistir. Her bir numune diiz yapt yonelimi (0 °C) ile platformdan 8§ mm
yukarida destek kullanilarak basilmistir. Cihaz parametreleri 0.05 mm katman kalinligi, 2 s normal pozlama
stiresi, 40 s alt pozlama siiresi olacak sekilde ayarlanmistir. Kullanilan 3B yazic1 ve iretilen test numuneleri
Sekil 2’de gosterilmektedir. Basimi tamamlanan test numunelerinin yiizeyindeki reaksiyona girmemis
recinelerin giderilmesi i¢in numuneler, Sekil 2¢’de verilen yikama cihazinda %99.9 saflikta izopropil alkol
kullanilarak 4 dk boyunca yikandiktan sonra 2d’de verilen kiirleme cihaziyla UV 1511 altinda 5 dk boyunca
kiirlenmisgtir.
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(© (d)
Sekil 2. a) Uretimde kullamlan SLA cihazi, b) Charpy test numunesi, ¢) Yikama cihazi, d) Kiirleme cihazi.

SLA cihazinda iiretilen numunelerin yaslandirma isleminde Sekil 3°te yer alan Protherm Furnaces marka
firin kullanilmastir.

Sekil 3. Protherm furnaces kamara firini.

Tim numuneler, her bir deney seti i¢in, o setin sicaklik degerinde ve test siiresinde 1s1l isleme maruz
birakildiktan sonra ayni ortam kosullarinda mekanik testlere tabi tutulmustur. Tablo 2°de deney setlerinde
yer alan degerler gosterilmistir. Her deney ii¢ tekrarli test seklinde gerceklestirilmistir.

Tablo 2. Deneysel Tasarim.

Deney No Siire Sicakhik
D1 48 °C
D2 6 Saat 60°C
D3 72°C
D4 48°C
D5 9 Saat 60°C
D6 72°C
D7 48°C
D8 12 Saat 60°C
D9 72°C
Orj. - -

2.3. Charpy Centik Darbe Testi

Charpy centik darbe testleri, ASTM D6110 standardina gore Sekil 4’te verilen Alarge marka sarkagh
darbe test cihazi ile yapilmistir. Charpy darbe testi malzemenin kirilma sirasinda emdigi enerji miktarini
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belirlemek igin gerceklestirilmistir. Emilen enerji, carpmadan Once ve sonra sarkacin yiikseklik farki ile
orantilidir. Kullanilan cihazda bu deger otomatik olarak hesaplanmaktadir.

Sekil 4. Alarge darbe test cihazi.

Sekil 1b’de verilen 6Olgiilere gore hazirlanan numuneler, Sekil 5’te gosterildigi gibi cihaza yerlestirilmis

ve 5 Joule ¢ekic kullanilarak test gerceklestirilmistir. Elde edilen veriler sonucunda yaslandirma isleminin
darbe dayanimina olan etkisi incelenmistir.

Sekil 5. a) Test numunesinin cihaza baglanmis gorseli, b) Test diizenegi.

3. DENEYSEL BULGULAR

3.1. Yaslandirma islemi Sonrasi Numune Olgiilerinin Geometrik Toleransinda Meydana Gelen
Degisiklikler

Numuneler, termal yaslandirma iglemine maruz birakilmadan 6nce ve sonra dijital kumpas ile 6l¢iilmiis;
12.7 mm genislik (Wo), 6 mm kalinlik (t) degerleri kaydedilmistir. islem sonras1 meydana gelen numune
boyutlarindaki degisimin yiizdelik gosterimi Sekil 6’da yer almaktadir.

Buna gore yiizdesel degisimin en fazla oldugu degerin (%69) 12 saat 48 °C’de bekletilen numune oldugu;
en diisiik oldugu degerin ise (%16) 9 saat 72 °C’de bekletilen test numunesine ait oldugu gozlemlenmistir.
Max ve min degerler arasinda yaklagik %53’liikk bir fark oldugu goriilmiistiir. Deneysel sonuglar, numune
Olciilerinde sicaklik artisiyla birlikte boyut degisiminde azalma oldugunu gostermistir. Siire agisindan boyut
degisimi incelendiginde ise 12 saate kadar bir azalma gbzlenmis ancak 12. saatte tiim sicakliklarda ani bir

artis meydana gelmistir. Bu degerler, ASTM D6110 standardinin belirledigi tolerans araliklar1 igerisinde yer
almaktadir (Wo = 12.7 £0.15 / T=3-12.7 mm).
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Sekil 6. Numune boyutlarindaki degisimin yiizdelik gosterimi a) Genislik (W,), b) kalinlik (t).

3.2. Charpy Centik Darbe Testi Sonuclar:

Bu calismada ayni iiretim parametrelerine sahip numunelerin, aniden uygulanan bir strese nasil tepki
verecegini belirlemek icin tasarlanmigstir. Farkli sicaklik ve siirelerde yaslandirma islemine maruz birakilan
numunelerin kirillma sirasmda emdigi enerji miktarinda gergeklesen degisim incelenmistir. Charpy test
numuneleri SLA cihazinda {iretilirken ¢entikli oldugu icin destekli olarak tretilmistir. Sekil 7°de kirilan
numunelerin tamami yer almaktadir. Buna gére malzemelerin ¢ogu centigin bulundugu orta noktadan
kirilmastr.
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D7 D8 D9 orj.

Sekil 7. Test edilen charpy numuneleri.

Yaslandirma sonucunda malzemenin camsi gegis sicakligi iizerinde sicakliga maruz birakilan D3 (72 °C 6
saat), D6(72 °C 9 saat) ve D9 (72 °C 12 saat) numunelerin yiizeylerinde deformasyon gozlemlenmistir (Sekil
8). Deneylerde kullandigimiz regine, termoset polimer 6zelligi gostermektedir ve malzemenin mekanik
ozelliklerinde belirttigimiz iizere camsi gegis sicakligt 60 °C’dir. Termoset malzemeler, cams1 gegis
sicakhiginin (Tg) tstiindeki bir sicakliga 1sitildiginda parcalanmakta ve ayrisma egilimi gostermektedir [24].
Elde ettigimiz bulgular, bu durumu dogrulamakta olup Tg'nin asildigi numunelerde belirgin deformasyonlar
gbzlemlenmistir. Ayrica, literatiirde benzer calismalarda da yiiksek sicaklik etkisiyle malzemelerde

geometrik tolerans kaybi, yiizey sararmasi gibi gorsel deformasyonlarin meydana geldigi gozlenmistir
[17,25].

Sekil 8. Deforme olan test numunelerinin makroskobik goriintiisii; a) D3 ve b) D6 ¢) D9.
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Yapilan testler sonucunda elde edilen verilerle Sekil 9’da yer alan grafik elde edilmistir. Darbe sonucu
aciga ¢ikan enerjinin en fazla oldugu degerin (0.769 J) 12 saat 60 °C’de bekletilen numune oldugu; en diisiik
oldugu degerin ise (0.499 J) 6 saat 60 °C’de bekletilen test numunesine ait oldugu gézlemlenmistir. Max ve
min degerler arasinda yaklasik %35.11’lik bir fark oldugu goriilmiistiir.

Enerji
mmm Gercek Enerji (Eylk-Esiirt) e QOrijinal Deger
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Sekil 9. Test numunelerinin darbe dayanimi kiyaslama grafigi.

48 °C’de bekletilen numunelerde siire ilerledik¢e darbe mukavemetinde once %7.37’lik bir artis oldugu
daha sonra %0.71°lik azalis oldugu gozlenmistir. Alinan biitiin degerlerin sonucunda 48 °C’de bekletilen
numunelerin yaglandirilmamig olan numunelere kiyasla darbe mukavemetinde azalig oldugu goériilmiistiir.

60 °C’de bekletilen numunelerde siire ilerledikce darbe mukavemetinde once %6.81°lik daha sonra
%44.2’lik bir artis oldugu gozlenmistir. Alinan biitiin degerlerin sonucunda 60 °C’de bekletilen numunelerde
sire ilerledikge darbe mukavemetinde artis oldugu goézlemlenmistir. 60 °C’de bekletilen numuneler
icerisinde 12 saat bekletilen numune hari¢ diger numunelerin darbe mukavemetinin orijinal numuneyi
gecemedigi goriilmiistiir.

72 °C’de bekletilen numunelerde siire ilerledik¢e darbe mukavemetinde dnce %15.2°lik bir artig oldugu
daha sonra %4.47°lik azalis oldugu gozlenmistir. 72 °C’de bekletilen numuneler igerisinde 6 saat bekletilen
numune hari¢ diger numunelerin darbe mukavemetinin orijinal numuneyi gectigi gorilmiistiir.

Yaslandirma iglemi, 6zellikle yiliksek sicakliklara maruz kalan termoset polimerlerin molekiilleri arasinda
olusan kovalent capraz baglarin yogunlugunu artirarak malzemenin elastikiyetini arttirmaktadir. Ancak uzun
siire devam eden yaglandirma, bu kovalent baglarin oksidasyonuna ve kopmasina yol agarak malzeme
yapisinda bozulmalara sebebiyet vermektedir. Bu siireg, malzemenin kirilgan hale gelmesine ve darbe
dayanimi gibi mekanik Ozelliklerinin zamanla azalmasina sebep olmaktadir [26,27,28]. Yaptigimiz
calismanin sonuglar1 da bu bilgiyi desteklemektedir ve literatiirde yapilan diger ¢aligmalarda oldugu gibi
yaslandirma islemi sonucunda malzemenin darbe mukavemetinde genel olarak azalma gdzlemlenmistir
[11,29].

4. SONUCLAR

Bu c¢alismada, 3B SLA yazicida regine ile iiretilen charpy gentik darbe test numuneleri, ayni
parametrelerde tretilmis, farkli siire ve sicaklikta 1sil isleme maruz birakilmis ve charpy gentik darbe
testlerine tabi tutularak yaslandirma sartlarinin malzemenin darbe mukavemetine etkisi incelenmistir. Elde
edilen sonuglar asagida kisaca 6zetlenmistir:
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1- SLA yontemi literatiirde kullanilmis olmakla birlikte, bu calismada ele alinan farkli parametre
kombinasyonlarimin daha 6nce detayli bir sekilde incelenmedigi gorilmiistiir. Bu baglamda,
caligmanin literatiire 6zgiin bir katki sundugu degerlendirilmektedir.

2- Malzemelerin camsi gegis sicakliginin {izerinde bir sicakliga maruz birakilmast durumunda
ylizeylerinde deformasyon olustugu tespit edilmistir. Literatiirdeki diger calismalar da bu durumu
destekler nitelikte olup, yiiksek sicaklik etkisiyle geometrik tolerans kaybi ve yiizey sararmasi gibi
gorsel deformasyonlarin meydana geldigini ortaya koymaktadir. Bu baglamda, elde edilen bulgular
literatiirdeki mevcut verilerle uyum gostermektedir.

3- Darbe sonucu agiga ¢ikan enerjinin en fazla oldugu degerin (0.769 J) 12 saat 60 °C’de bekletilen
numune oldugu; en diisiik oldugu degerin ise (0.499 J) 6 saat 60 °C’de bekletilen test numunesine ait
oldugu gozlemlenmistir. Max ve min degerler malzemenin camsi gegis sicakliginda goriilmiis olup
arasilarinda yaklasik %35.11°lik bir fark oldugu gériilmiistiir.

4- Siire acisindan boyut degisimi incelendiginde; 12 saate kadar bir azalma gézlenmis ancak 12. saatte
tim sicakliklarda ani bir artiy meydana gelmistir. Yiizdesel degisimde maksimum ve minimum
degerler arasinda yaklasik %53’liik bir fark oldugu gorilmiistiir.

5- ASTM D6110 Standardina gére W, = 12.7 £0.15 / T=3-12.7 mm tolerans aralig1 i¢in 12.7 mm
geniglik (W, ), 6 mm kalinlik (t) 6lgiileri sonuglarinin yaslandirma iglemi sonucuna uygun oldugu
gorilmiistiir.

6- Yaslandirma siiresi ve sicaklik artisinin darbe mukavemetini arttirdigi sdylenebilir. Sadece 9 saat 72
°C’de ve 12 saat 60 °C ile 72 °C’lerde orijinal numune degerinin {istinde mukavemet degeri
Olciilmiistiir.

7- Yaslandirma isleminin malzemenin darbe mukavemetini genel olarak azalttig1 gdzlemlenmistir.

Bu calisma, polimer malzemelerin kullanilabilirligi, depolanmasi, raf émrii ve geri doniigiim siireglerinin
anlagilmasi ve degerlendirilmesi agisindan biiyiik dnem tasimakta olup, literatiire bu dogrultuda degerli bir
katki saglamaktadir. Gelistirilen calismalar sayesinde endiistride kullanilan polimer malzemelerde hem
malzemelerin performansina hem de {irlinlerin gilivenilirligine yonelik bilgiler elde edilecegi
ongoriilmektedir. Gelecekteki arastirmalarda, camsi gecis sicakligina kadar sicaklik uygulamalarinin
gerceklestirilmesi onerilmektedir; zira bu sicaklik degerinin ilizerinde meydana gelen ani artis ve azalislar,
malzemenin mekanik 6zelliklerindeki degisimlerin 6ngoriilmesini  zorlagtirmaktadir. Ayrica, SLA
(StereoLitografi) yontemiyle tiretilen reginelerin iiretim siireci, g¢evresel 1sik, sicaklik ve diger bir¢ok
parametreden etkilenebilmekte olup, bu recineler olduk¢a hassas bir yap1 sergilemektedir. Literatiirde SLA
yontemine iliskin calismalar sinirli sayida bulunmakta ve iiretim parametreleri ile farkli renk ve mekanik
Ozelliklere sahip recineler lizerine yeterli bulgu yer almamaktadir. Bu nedenle, gelecekteki aragtirmalarda
tiretim parametrelerinin ve regine ¢esitliliginin genisletilerek bu konulara dair literatiire daha kapsamli
katkilar saglanmasi1 6nerilmektedir.
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ABSTRACT

This study investigates the effect of various machining variables on cutting forces and surface roughness during
turning of AISI 5115 steel in dry and MQL environments. While the experiments were carried out using two different
feed rates, four different cutting speeds and constant depth of cut, the effects of them and their different levels on
surface roughness and cutting forces were analyzed by reference to full factorial experimental design. The prominent
findings of the research are as follows: The lowest surface roughness was obtained at 90 m/min cutting speed and 0.15
mm/rev feed rate in both mediums. The lowest cutting force was obtained at 135 m/min cutting speed, 0.15 mm/rev
feed rate in dry environment and at 50 m/min cutting speed and 0.15 mm/rev feed rate in MQL environment. It was
determined that there was an average 6.90% reduction in cutting force and an average 12.2% reduction in surface
roughness in MQL condition. As a result, it was observed that machining in MQL conditions gave better results than
dry conditions. These results show that the MQL method improves the machining performance compared to dry
machining.

Keywords: Turning, MQL (minimum amount of lubrication), Dry Environment, Surface Roughness, Cutting Force

MQL Uygulamasi ile AISI 5115 Celiginin Tornalama Performansinin Degerlendirilmesi

OZET

Bu c¢aligma, AISI 5115 celiginin kuru ve MQL ortamlarinda tornalanmasi sirasinda cesitli isleme degiskenlerinin
kesme kuvvetleri ve yiizey piiriizliliigii iizerindeki etkisini arastirmaktadir. Deneyler iki farkli ilerleme, dort farkl
kesme hizi ve sabit kesme derinligi kullanilarak gergeklestirilirken parametrelerin ve farkli seviyelerinin ylizey
puriizliliigii ve kesme kuvvetleri iizerindeki etkisi tam faktoriyel deney tasarimi referans alinarak analiz edilmistir.
Arastirmanin 6ne ¢ikan bulgular asagidaki gibidir: En diisiik ylizey piiriizliliigii her iki ortamda da 90 m/dak kesme
hiz1 ve 0,15 mm/dev ilerleme hizinda elde edilmistir. En diisiik kesme kuvveti, kuru ortamda 135 m/dak kesme hiz1 ve
0.15 mm/dev ilerleme hizinda, MQL ortaminda ise 50 m/dak kesme hizi ve 0.15 mm/dev ilerleme hizinda elde
edilmistir. MQL kosulunda kesme kuvvetinde ortalama %6,90 ve ylizey piiriizliiliigiinde ortalama %12,2 azalma
oldugu tespit edilmistir. Sonug¢ olarak, MQL kosullarinda islemenin kuru kosullara gore daha iyi sonuglar verdigi
gozlemlenmistir. Bu sonuglar, MQL yoOntemininkuru islemeye nazaran isleme performansini iyilestirdigini
gostermektedir.

Anahtar Kelimeler: Tornalama, MQL (minimum yaglama miktary), Kuru Ortam, Yiizey Piiriizliliigii, Kesme Kuvveti

1. INTRODUCTION

Machining is the process of removing chips from a workpiece to bring it to the desired dimensions. The
main motivation in machining methods is to ensure the effectiveness of the process of turning materials into
smaller pieces suitable for the purpose they will serve. The most widespread use of machining methods is the
turning method due to its features such as its suitability for mass production, surface quality, precision
processing, compatibility with technological developments and cost efficiency [1, 2]. Turning performance
in hardened metals is a phenomenon that can be evaluated through parameters such as tool wear, tool life,
surface roughness, cutting temperature, cutting force, etc. [3-7]. The increase in production speed due to the
developments in the manufacturing industry necessitates a rise in the speed of cutting during the machining
of the workpiece. However, the high temperatures associated with high cutting speed caused by friction
during machining can damage the workpiece and cutting tool. This manifests itself with surface roughness,
which is an undesirable surface quality indicator. To avoid these problems, it is essential to control the
temperature in the machining area. Although the traditional cooling method is a very effective method in
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heat control, it has a handicap in terms of cost and environmental effects caused by high fluid consumption.
Although cryogenic cooling, which prioritizes tool life and surface quality, is a shining method in high
precision applications, it returns as an extra cost in applications requiring special equipment. The use of
cutting fluid reduces friction in the machining zone and removing heat along with the chips. Since the
utilization of cutting fluid has disadvantages, such as requiring additional equipment and being costly, the
use of dry processing conditions is still encountered in experimental studies. However, the dry environment
machining method also has its negative aspects: it cannot sufficiently remove the chip from the environment,
it causes rapid and high tool wear, and it cannot maintain surface integrity and it cannot provide sufficient
heat control [8-11]. The MQL method, which has been widely utilized in recent years, is an application in
which the cutting fluid is infused to the point where the machining is performed with compressed air.
Although it relatively limits lubrication, it does not fall the traditional lubrication method in terms of
machining. It has positive aspects such as increasing the material surface quality and improving processing
performance [12-14]. It promotes environmental and industrial sustainability by minimizing cutting fluid and
waste management problems. It also eliminates the cost and environmental burden of disposal of waste fluids
by reducing the use of coolant.

Steels are impressive with their high mechanical properties, suitability for processes such as machining,
forging, rolling and lower costs compared to their equivalents. Classified as a premium, low carbon, low
alloy hardining steel, AISI 5115 offers a balanced combination of properties and generally serves to increase
hardness and wear resistance [15-17].This steel, which is considered medium hardness, has a soft inner
surface and a harder outer surface, and has a high ability to absorb impacts [17]. This special steel is widely
used in many areas such as machine parts, shafts, gears, pulleys, bearings, chains and mechanical
components. Studies on steel, which is seen in the literature using the abbreviation 16MnCr5 for the German
Institute for Standardization (DIN), are summarized below. Baykara and Atik [17] conducted a study on how
the wear resistance of 16MnCr5 steel would be affected by different heat treatments. Arunkumar,
Chandrasekaran [18], carried out a detailed investigation of the properties of the 16MnCr5 steel at different
hardness values such as 55 HRC, 45 HRC, 40 HRC by applying heat treatment to the material at 500 °C, 450
°C, and 250 °C, respectively. After applying tensile tests to the material with various hardnesses, the shaft
was analyzed at full load capacity to determine the stress of the design. Arrabiyeh, Setti [19] performed a
study on the grinding of 16MnCr5 steel with micro pencil grinding tools, which they observed to be widely
used on brittle materials with different hardnesses to create micro surfaces. Mouralova, Matousek [20]
contributed to the literature with their study on the analysis of surface layer formation after machining of
AISI 5115 steel with effective wire electrical charge. Saini, Goyal and Bhandari [21] used the multiple
response optimization method to optimize 16MnCr5 steel by wire electrical charge machining. In their study,
they carried out an optimization study to determine the influence of electrode types, pulse on time, pulse of
time, peak current, pulse off time factors on metal removal rate and surface roughness. According to the
findings of the study, they observed that the most influence factor for the studied parameters was pulse
duration. Topography parameters of hard turned and ground 16MnCr5 steel surfaces were experimentally
investigated, tribology maps were used to determine the optimum cutting parameters in the study belongs to
Molnar [22]. The study conducted by Carrera Espinoza, Alvarez Vera [23] is another study examining the
tribological behavior of 16MnCr5 steel, and the effects of the different surface treatments on tribology as
well as microstructural and mechanical properties are also included in the scope of the study. Jacob, Meurer
and Bergs [24] focuses on the use of model ensemble approach to predict surface roughness in hard turning
of 16MnCr5 steel in their research. In the study by Frolich, Magyar [25] AISI 5115 steel was evaluated for
wear resistance in carburized, turned carburized and dry turned surface conditions. Molnar [26] performed a
reseach on hard turning machining of hardened steel 16MnCr5. Utilizing regression analysis, full factorial
experimental design, variance analysis and correlation analysis, the impacts of parameters such as, depth of
chip, feed, cutting speed and cutting edge geometry on the topographical features of the part were studied by
scanning the areas of the machined material surfaces. Balabanov, Balabanova and Agayev [27] presented a
mathematical method for the estimation of cutting forces in machining of 16MnCr5 steel. The theoretical
model, which allows the measurement of cutting forces and cutting parameters such as feed, spindle speed,
chip depth, showed a deviation of not more than 4.72% compared to actual measurements. Mehmedoviii,
Ekinoviii [28] analyzed the impacts of chip depth, feed and cutting speed parameters on the formation of
white film in the machining of 16MnCr5 steel. The results showed that there is a close relationship between
the white film thickness and the arithmetic deviation of the machined surface due to the differences the
machining parameters in the machining of the workpiece. Szabé and Kundrak [29] studied the surface
residual stresses during hard machining of 16MnCr5 steel with different rake angles. Molnar [30]
investigated the changes in the asymmetric height distribution of the surfaces as a result of machining
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16MnCr5 hardened steel with hard turning and grinding methods. The feed, chip depth and cutting speed
emphasized in the hard turning method, while in the grinding method, evaluations were made specifically in
terms of grinding feed rate and revolutions per minute. Magalhaes, Ventura [31] deals with the experimental
and numerical modelling of residual stresses, cutting forces and tool wear in hard machining of AISI 5115
workpieces. The ability of the numerical model to estimate cutting forces and residual stresses with relative
errors below 20% and tool wear with relative errors below 10% is associated with the suitability of numerical
modelling of hard turning operations with different edge geometries. Molnar [32] performed a study on the
analysis of cutting, surface roughness and residual stress factors in hard machined 16MnCr5 steel. Meyer,
Kohler and Denkena [33] studied the impact of tool nose radius on tool wear and cutting forces in hard
machining of AISI 5115 steel. Mondal, Das [34] performed the effects of feed and cutting speed on
machining of hardened AISI 5115 using different cutting tool tips. In the study, where flat and wide flute
chipbreaker TiC coated carbide tips were used. the effects of machining conditions were compared. It was
concluded that the mentioned tips exhibited satisfactory performance in MQL conditions even when dry
machining conditions could not be achieved uniformly. Agarwal, Suman [16] carried out a study on the
optimization of CNC processing of 16MnCr5 steel utilizing TiN coated cutting tools. The main objective of
the study was to obtain the machining conditions that obtain the surface roughness with the highest metal
removal value using the Taguchi method The parameters that have a considerable impact on metal removal
rate and surface roughness are feed rate and depth of cut, respectively. Demirpolat [3] carried out a study on
the machining of 16MnCr5 steel under MQL and dry mediums utilizing a carbide-coated insert. In the
research where different variations of depth of chip, feed and cutting speed were tested as processing
parameters, it was seen that cutting temperature, surface roughness and cutting force values gave better
results in the MQL case. Choudhury and Dhar [35] evaluated the chip depth, feed rate and cutting speed as
input parameters and the tool wear, cutting temperature, dimensional deviation, surface roughness as output
parameters in the machining of 16MnCr5. Results of the research showed that there was a considerable
development in surface quality and a decrement in tool wear in the event of machining in MQL mediums
compared to dry machining. Rizvi and Ali [36], carried out the optimization of machining parameters in the
machining of 16MnCr5 steel in their research. In their study, they observed that the most effective parameter
in improving ANOVA results was the machining depth.

In the processing of AISI 5115 hardened steel, judging by the literature review, it has been seen that the
focus is on methods such as grinding, hard turning, wire electric discharge. Research on the turning of the
material is relatively more limited. The goal of this article is to study the impact of various machining
parameters on cutting forces and surface roughness in the machining of AlSI 5115 steel by turning method in
dry and MQL mediums. In the present research, the influences of cutting speed and feed parameters at
different levels were examined as per a full factorial experimental design and (S/N) ratios were utilized to
determine the best turning mediums.

2. MATERIAL AND METHOD
2.1. Experimental Setup

In Figure 1, there is a visual of the general schematic of experiment for study including highlights. For
this study, AISI 5115 (DIN 16MnCr5) workpiece was provided, and the material was cylindrical in shape
with a diameter of 45 mm and a length of 600 mm. Additionally, each experiment was carried out with a
machining length of 400 mm. The properties of the material, which is one of the hardened steel types, is
given in Table 1. Machining parameters were selected by examining the studies in existing literature and
according to the hypothesis established in accordance with the purpose of the experiment, taking into
account both material properties and the recommendations of the cutting tool company. The full factorial
experimental design, which is preferred because it is an optimum approach since it includes all possible
combinations of different machinability parameters [37], was used to specify the feed rate and cutting speed
values with their levels. The machining parameters and their levels mentioned above are shown in Table 2.
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Figure 1. General schematic of experiment.

Table 1. Chemical composition-AlSI 5115 [3].

Element

- P % C% Mn% Si% Cr% Fe%
(weight %)
AISI 5115 0.02 0.16 1.20 0.40 1.10 Bal.
Table 2. Machinability parameters/levels.
Cutting speed Feed rate Cutting depth
Exp. No. .
(m/min) (mm/rev) (mm)
1 50 0.15 0.2
0.2
2 60 0.15 02
3 90 0.15 0.2
4 135 0.15 0.2
5 50 0.3 0.2
6 60 0.3 0.2
7 90 0.3 0.2
8 135 0.3 0.2

2.2. Cutting Tool, Cutting Conditions and Experiments

Machine tool specifications are presented in Table 3. Cutting tool and tool holder selection was made
according to the applications commonly used in the manufacturing sector. As can be found in the literature
[38], TiN coated cutting tool was used in accordance with 1ISO 3685. Machining experiments were carried
out in dry and MQL cutting conditions by changing the cutting tools in each experiment. Cutting tool
clearance angle was 7°, cutting edge length was 9 mm, cutting tip thickness was 4.97 mm and corner radius
was 0.8 mm. STN 15 Micro Lubrication System, the specifications of which are presented in Table 4,
environmentally friendly sunflower oil obtained from renewable resources was used. Sunflower oil is a safe
oil because it does not contain harmful compounds, so it is a favourable choice among environmentally
friendly lubricants [39]. In the MQL system, oil lubricating fluid was sprayed to the machining area from 20
mm and used at 6 bar pressure and 45° nozzle angle. In the study, the influence of two different parameters
and levels on surface roughness and cutting force were reseached by the turning method. A total of 16
machining experiments, designed with the full factorial method, were carried out on De Lorenzo S547-8899
lathe. Cutting force signals measured with Kistler 9275 dynamometer were recorded in the computer
environment. After processing, surface roughness values were measured from three different points using
Mahr Perthometer M1 device and evaluated by taking the averages. Roughness taken into consideration was
determined by taking the differences of the highest/lowest values from the roughness measurements and
taking the average of the three. Surface roughness measurements were customized according to DIN EN ISO
4287. Figure 2 shows the experimental setup.
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Table 3. Machine tool specification.

Maximum workpiece diameter, mm

460

Distance between chuck and tailstock, mm

Spindle speed range, rev/min
Spindle speed number, piece
Feed range, mm

Number of feeds, piece
Maximum tool holder size, mm
Motor power, kW

1500
25-1800
12
0.04-2.46
122
25x25
55

Table 4. Micro lubrication system specification.

Supply voltage, V
Operating voltage, V
Power consumption, Watt
Air pressure,bar

Qil quantity, stages

Qil quantity min.,ml

Oil quantity max.,ml.
Qiling interval, sec
Operating temperature, °C
Reservoir, L

Viscosity range, cst.

230-24 AC/DC
24 AC/DC

5

4-6

24

0.0012

0.028

0.1-10

-15-70

Cutting Tool Material (Carbide
cutting tool with TiN coating)

em—————————

Surface Roughness Device

L o e e o e e

Figure 2. Experimental setup.
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3. RESEARCH FINDING
3.1. Surface Roughness

In machining, chip accumulation is seen as a significant problem during the processing of materials. The
reason for this is that the accumulated chip formed during the machining of the part negatively affects the
surface quality due to the adhesion of the cutting tool [21]. It is thought that the cutting speeds should be
increased in order to prevent the formation of accumulated chips. When Figure 3 is given, which shows the
average surface roughness varying according to machining parameters and cutting environments, increasing
cutting speeds generally affected the surface roughness values (except for high feed and cutting speed
values). With the increase of the cutting speed and the feed movement caused by the cutting tool movement,
a reduction in the walls occurs. Therefore, during machining, the cutting tool removes chips from the
workpiece more easily and better quality surfaces are produced. Since the increase in machining speeds
makes the machinability relatively easier, it increases the surface quality of the part, as in [22-24]. The same
was observed in the machining of AISI 5115 hardened steel, in dry machining, the worst surface finish was
obtained for the combination of 60 m/min cutting speed and 0.15 mm/rev feed rate respectively, while the
best surface finish was obtained at 90 m/min cutting speed and 0.15 mm/rev feed rate respectively.
Replacing dry environment with MQL did not change the experimental combinations that gave the worst and
best surface properties. However, it is clear that the surface roughnesses for MQL environments are in all
cases lower than those under dry conditions. This can be explained by the oil film layer formed between the
workpiece and the cutting tool interface in the MQL environment, which allows the chips generated during
machining to be more easily removed from the cutting medium [40-42]. Rising the feed positively affected
the surface quality for the cutting speed values of 50 m/min and 90 m/min in both dry and MQL machining
mediums.

3
wDRY =MQL
28 il
_ 26
-
5 24
b
2 22
£
w2
=
2 18
v
< .
L | L
=
14 — -
12 — —
1
50/0.15 60/0.15 90/0.15 135/0.15 50/0.3 60/0.3 90/0.3 135/0.3
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Figure 3. Surface roughness variation vs. cutting speed and feed rate.

S/N (Signal/Noise) ratio is main criterion for analyzing experimental data. This ratio expresses the ratio
of a signal to the background noise factor, exemplified by humidity and ambient temperature [43, 44].
According to the smallest-best approach in Taguchi experimental design method, S/N ratios for surface
roughness in dry and MQL mediums are given in Figure 4, respectively. According to the graph, the change
in cutting speed in dry and MQL mediums corresponds to the S/N worth of surface roughness in the graph.
In addition, it can be seen that high feeding level is more effective in experiments conducted in dry
conditions, while low level is more effective in MQL results.
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Figure 4. S/N ratio plot for average surface roughness under dry and MQL conditions, respectively.

Chip depth, feed rate and cutting speed are as important as cutting angle and cutting tool geometry for
chip angle and control in workpiece machining [45]. As the chip depth increases, rougher surfaces are
obtained, while improvements in surface quality occur as the depth decreases [46]. The cutting tool geometry
chosen in this study had a significant effect on the removal of surface roughness. Considering the
comparison between dry machining and machining with MQL application in the study carried out with
constant chip depth, more favorable results were obtained in machining in MQL environment.

3.2. Cutting Force

The assortment in the machining force according to the processing parameters and cutting mediums are
given in Figure 5. In general, it is possible to say that the cutting force values increase with the increase in
cutting speeds in both cutting conditions. It is well recognized from the literature that the heat in the
machining zone rises with growing cutting speeds and therefore the chip is more easily removed from the
part [47, 48]. The growing in cutting forces with rising cutting speeds is consistent with the results of studies
in literature [5, 49] and it can be said that the reason for the raise is tool wear. It is observed that the cutting
force increases with increasing feed rate both dry and MQL environments. In both machining environments,
it is also seen that the cutting force rises with increasing progress. At higher feed speeds, since the chip
section increases with higher resistance to processing, more force is needed in cutting [50]. It is an expected
result that lower cutting force is obtained in MQL conditions than in dry conditions due to the decrease in the
temperature formed at the tool-chip interface in MQL environment machining and therefore easier chip
removal from the part [51]. In a more general sense, it can be said that in almost all experimental conditions,
the cutting force values obtained in machining in MQL environment are lower than those obtained in dry
machining. Maximum cutting force values were found in dry machining with 0.3 mm/rev feed and 135
m/min cutting speed and in MQL machining with 0.3 mm/rev and 60 m/min cutting speed.
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Figure 5. Cutting force variation vs. cutting speed and feed rate.
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S/N ratios for cutting force in MQL and dry conditions are given in Figure 6 respectively. While the
cutting speed value that minimizes the cutting forces is 50 m/min, keeping the feed at 0.15 mm/rev serves the
purpose of reducing the cutting force. Although there are no significant differences between MQL and dry
mediums, it can be said that the machining situation in the MQL condition also indicates a cutting speed of
50 m/min and a feed of 0.15 mm/rev.
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Figure 6. S/N ratio plot for average cutting forces under dry and MQL conditions, respectively.

4. CONCLUSIONS AND DISCUSSIONS

This paper focuses on the machinability of AISI 5115 steel by turning in MQL conditions compared to
dry conditions. The fact that there is no satisfactory information yet about the machinability of this material
in the MQL environment reveals the originality of the study. The study characterizes the effects of various
cutting parameters on surface roughness and cutting force.

The major findings of the research results are summarized below ;

o When all the variables within the scope of the experiment are evaluated together, it is seen that
the cooling environment is the most influential of all variables. So much so that, with all other
parameters remaining the same, it was observed that there was a significant decrease in the
surface roughness value by changing the cooling environment from dry environment to MQL
environment. It is also seen that there is a crucial decrease in cutting force values in the MQL
method because cutting fluid penetrates well between the workpiece and the cutting tool.
When the comparison of machining under the two working conditions is made, it is seen that
machining under MQL mediums gives better results. In MQL conditions, an average 6.90%
reduction in cutting force and 12.2% reduction in surface roughness occurred. In addition, it
can be said that MQL is an effective option in terms of environmental impacts and cost
effectiveness compared to dry conditions

Although the fact that the study does not address the impact of cutting tool geometry on the experimental
parameters does not prevent it from contributing to science, it is anticipated that its evaluation will provide
opportunities for future research. By taking this study as a reference, which provides a framework that will
form the basis for more comprehensive studies, studies can be conducted in which the effects of cutting
parameters/levels on more parameters can be evaluated interactively and the process can be optimized.
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ABSTRACT

Solar and wind energy are among the renewable energy sources and are green energy types that do not create polluting
waste. Integrating renewable energy into power systems is one of the most popular approaches today. By combining
the two types of energy, the effects of energy sources can be understood, a safe and economical system can be created.
Hybrid renewable energy systems can provide energy sustainability. The aim of this study is to present an innovative
system that feeds Arduino and creates a mini mobile phone charging station by using the voltage values obtained from
solar panels and wind turbines together. The system optimizes the supply and demand balance by synchronizing both
energy sources. Thanks to the system, the energy produced by the solar panel and wind turbine is collected and
combined with an energy management system. Arduino is integrated with the energy management system to monitor
energy, control the charging process and provide a user interface. The most important features of the study are to
contribute to the use of renewable energy sources with the developed method and to increase environmental
awareness, as well as to provide awareness and skills in electronics and energy systems. The study provides the user
with a practical and environmentally friendly charging solution, while serving as an example to demonstrate the
potential of renewable energy sources.

Keywords: Solar panel, Wind turbine, Green energy, Arduino, Renewable energy

Sarj Istasyonlarina Alternatif Yaklasim: Hibrit Yenilenebilir Enerji Sistemi Tasarim

OZET

Giines ve riizgar enerjisi yenilenebilir enerji kaynaklar: arasinda yer almakta olup, kirletici atik olusturmayan yesil
enerji tiiriidiir. Yenilenebilir enerjiyi gii¢ sistemlerine entegre etmek giiniimiizde en popiiler yaklagimlardan biridir. Tki
enerji tiiriini birlestirerek enerji kaynaklarmin etkisi anlasilabilir, giivenli ve ekonomik bir sistem olusturulabilir.
Hibrit yenilenebilir enerji sistemleri enerji siirdiiriilebilirligini saglayabilir. Bu ¢aligmanin amaci, giines panellerinden
Ve riizgar tiirbinlerinden elde edilen voltaj degerlerini birlikte kullanarak Arduino'yu besleyen ve mini bir cep telefonu
sarj istasyonu olusturan yenilik¢i bir sistem sunmaktir. Sistem, her iki enerji kaynagini senkronize ederek arz ve talep
dengesini optimize eder. Sistem sayesinde giines paneli ve riizglr tiirbini tarafindan iiretilen enerji toplanir ve bir
enerji yonetim sistemi ile birlestirilir. Arduino, enerjiyi izlemek, sarj siirecini kontrol etmek ve bir kullanici arayiizi
saglamak i¢in enerji yonetim sistemi ile entegre edilmistir. Calismanin en 6nemli 6zellikleri, gelistirilen yontemle
yenilenebilir enerji kaynaklarinin kullanimina katkida bulunmak ve gevre bilincini artirmak, ayrica elektronik ve enerji
sistemleri konusunda farkindalik ve beceri kazandirmaktir. Calisma kullaniciya pratik ve gevre dostu bir sarj ¢6zimii
sunarken, yenilenebilir enerji kaynaklarinin potansiyelini gostermek igin bir rnek teskil etmektedir.

Anahtar Kelimeler: Giines paneli, Riizgdr tiirbini, Yesil enerji, Arduino, Yenilenebilir enerji

1. INTRODUCTION

Fossil fuel resources are used to meet energy needs in Turkey and the world. While these resources are
among the exhaustible energy resources, they have increased the need for alternative energy resources due to
their harm to human health [1-3] and the environment (soil, water, air pollution, etc.) [4,5]. Clean, reliable,
sustainable energy that will overcome negativities, reduce dependency on other countries, and make
maximum use of energy produced with renewable resources is of great importance here.

Solar energy is a type of energy with high potential for widespread use due to its advantages such as
being environmentally friendly, renewable, the cleanest and inexhaustible energy source, and reducing
carbon dioxide emissions in the atmosphere [6,7]. Solar energy can be used in three ways: photovoltaic (PV),
photothermal and photocatalytic [7]. PV panels convert sunlight directly into electricity, while thermal
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systems are used to heat water or air using solar energy [6]. Solar energy is converted into electrical energy
in PV panels, where monocrystalline and polycrystalline silicon materials are commonly used. This panel
structure has a built-in electric field. When photons with an energy greater than the band gap energy of the
semiconductor material of the panels come from the sun, if these photons are absorbed, electrons move
towards the conduction band. DC power is generated by the flow of this electron-hole structure in opposite
directions [8]. In addition to the increasing interest in PV cells worldwide, the increasing trend in installed
capacity, their ease of installation, not causing waste, not affecting living things and lower costs make them
preferred [9,10]. Wind energy stands out with its development in the last decade, its low energy costs, its
high-power generation capacity, its sustainable clean energy source, and its public health protection due to
the fact that it does not produce gas that will cause environmental and air pollution [11,12]. In addition,
although the annual cumulative wind energy capacity is constantly increasing, it is stated in various studies
that generating power from wind energy reduces greenhouse gas (GHG) emissions by 330-590 tons of CO2
per Gigawatt (GW) hour [12].

Both types of energy are green energy types as they are among the renewable energy sources and do not
create waste that pollutes the environment. However, the use of renewable energy sources separately
increases the capital cost due to the variability and intermittency of some energies and decreases the system
reliability [13]. In this case, hybrid renewable energy systems, where energy is produced by bringing at least
two energy sources together, are one of the most popular approaches.

PV-wind energy systems are among the examples that can be given to different types of hybrid renewable
energy systems. Although the sun's rays decrease towards the end of the day, there is more intense solar
radiation in certain seasons. Wind, on the other hand, blows continuously, although it has different speeds.
Bringing these two energies together can bring about a hybrid system that complements each other [13].
Turkey has much more advantage than many countries in terms of both solar energy and wind energy
potential due to its location in the middle belt with its geographical location.

When looking at the literature, it is seen that there is a review of the final dimensioning methodologies of
hybrid renewable energy systems [13], where information is presented and evaluations are made about
different types of hybrid renewable energy systems, as well as another comprehensive review that aims to
present a review of the latest developments in the field of optimization of different hybrid renewable energy
systems (HRES) using various optimization techniques based on classical methods, artificial intelligence
(Al), hybrid algorithms and software-based optimization tools [14]. In a study where solar energy is used for
battery charging systems, it is reported that an Arduino-based solar battery charging system is designed and
implemented, and it is stated that the system consists of a solar panel, Arduino microcontroller and battery
[15]. In the study, where it is aimed to propose the preliminary design of a small Arduino-based wind energy
production system, it is stated that the data can be used for further analysis to determine the wind energy
potential in the field [16]. Another study, titled A review of hybrid renewable energy systems: Solar and
wind-powered solutions: Challenges, opportunities, and policy implications, addresses key challenges such
as system optimization, energy storage, and seamless power management, as well as discussing
technological innovations such as machine learning algorithms and advanced inverters that have the potential
to overcome these hurdles. It also emphasizes that the study's results show that hybrid renewable energy
systems have the potential to not only meet but also exceed future energy demands in a sustainable manner
[17]. Another study examining the latest studies published in hybrid renewable energy systems focuses on
the four basic categories of hybrid energy systems: dimensioning, optimization, control and energy
management. The advantages and disadvantages of these methods are discussed comparatively [18]. In a
study where a grid-connected solar-wind hybrid system was presented to meet the electrical load demand of
a small shopping complex and an electric vehicle charging station was included in the grid, it was stated that
a cost-effective and reliable system could be designed by appropriately managing renewable power
generation and load demands. In this study, a solar-wind hybrid system is proposed, the working
methodology, mathematical model, objective function and constraints of the system as well as various
optimization algorithms are included [19]. In the study titled Techno-economic analysis of a hybrid solar
wind electric vehicle charging station in highway roads, it is stated that 17 electric vehicles can be charged
during the day from 6:00 in the morning to 6:00 in the evening with the designed system [20].

When these studies are examined, it is seen that there are generally studies on the dimensioning,
optimization, modeling and examination of hybrid renewable energy systems; review articles presenting
information on different hybrid renewable energy systems; and studies on hybrid energy systems for electric
vehicles. In the study on Arduino-based systems, it is seen that solar or wind energy is included separately,
and most of them do not aim to charge electronic devices such as phones.
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Based on all these shortcomings, this study aims to design and develop an Arduino-based charging station
to charge mobile phones using solar and wind energy together. PV-wind hybrid systems were considered and
focused on obtaining higher power, and an innovative system was presented that uses the voltage values
obtained from solar panels and wind turbines together to power the Arduino and create a mini charging
station.

With the created system, both energy sources are synchronized and the supply and demand balance is
optimized. Thanks to the system, the energy produced by the solar panel and wind turbine is collected and
combined with an energy management system. Arduino is integrated with the energy management system to
monitor the energy, control the charging process and provide the user interface. A wind energy system
consisting of a wind turbine, charge controller and batteries is added. The wind turbine produces electricity
from the blowing wind and this electricity is processed by the charge controller and stored in the battery.

The developed method contributes to the use of renewable energy sources and the increase of
environmental awareness, while also raising awareness about electronics and energy systems. The original
and special aspect of the study is the ability to charge portable devices such as mobile phones without being
dependent on the electrical grid and the provision of a clean and reliable hybrid renewable energy source to
power small electronic devices. Another unique aspect is that devices can be charged even when there is
little or no sunlight. This study can be developed and used more widely in larger power systems in the future.

2. MATERIAL AND METHOD

2.1. Materials

Solar panels, wind turbine, Arduino microcontroller, DC-DC charging module, voltage regulator, 3
diodes (1N4007), 6 resistors, 2 coils (750 nH), 4 capacitors (2350 uF/1410 uF) were used in the creation of
the system. The basic features of the elements used are given in Table 1.

Table 1. Basic properties of the elements used

Element used Basic properties

Solar panels 12 V, 300 mA, 5 W; dimension: 110 cmx220 cm; 30° inclined (for optimal
light reception)

Wind turbine 16 V, 310 mA, 5W, horizontal vertical axis, hard plastic

Arduino microcontroller 5V, uno, 14 digital 1/O pins and 6 analog inputs

DC-DC charging module Input voltage 6-24V, output current 3A

Voltage regulator LM2596 adjustable DC-DC regulator, 4-35V input voltage, 1-30V output
voltage

2.2. System Design

In order to equalize the frequencies of the voltage values coming from the wind turbine and solar panel, to
ensure synchronous operation and to prevent possible frequency fluctuations from damaging the Arduino and
other electronic materials to be used, a rectifier circuit was installed and connected to the outputs of each
energy source. In order to prevent feedback to the outputs of the motor used in the wind turbine, 2 diode
connections were made, one for input and one for output. The output of these diodes was connected to the
positive and negative ends of the 2350 pF capacitor, and then the LM2596 adjustable DC-DC regulator was
connected to the ends of the 1410 pF capacitor. The same process was applied to the solar panel. The
positive and negative poles of the solar panel were connected as inputs by the 2350 uF capacitor of the
second circuit we created from the capacitors and coils, and the LM2596 adjustable DC-DC regulator was
connected to the ends of the 1410 uF capacitor as outputs. In order to increase the current value of the circuit,
the outputs of the LM2596 adjustable DC-DC regulators were connected in parallel.

The rotor blades of the wind turbine are made of lightweight materials and are designed to start rotating
even at low wind speeds, then mounted to capture maximum wind (Figure 1.a). For the turbine's electricity
production efficiency, the turbine outputs are regularly monitored and necessary adjustments are made.

Solar panels, which are one of the energy types in the system and are used in solar energy production, are
mounted to receive the sun's rays at the steepest angle in order to obtain the highest energy efficiency (Figure
1.b). After the panel connections were made in parallel and series configurations to provide the voltage and
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current values obtained in the simulation program and required for the operation of the system, the voltage
measurements were verified using digital multimeters.

After the installation of solar panels and wind turbine is completed, the DC motor used in the wind
turbine must be able to reach the desired speed with the help of the wing connected to the motor. For this,
calculations were made and a gearbox design was created that would allow the motor to make 25 turns with
one turn of the wing due to the effect of the wind. The spur gears to be used in the gearbox design phase
were drawn in the AutoCAD program and printed on a 3D printer. The assembly of these printed spur gears
was compressed between two transparent plexiglas and the gearbox design was completed. In order to
minimize the wear of the gears in the wind turbine mechanism, the gear sizes were kept thick and the
minimum wearable material was used (Figure 1.c-e).

Figure 1. Design of hybrid renewable energy system a) Wind energy system circuit b) Solar energy system circuit
c-e) Gear box

In the next stage, the Arduino was properly connected to the microcontroller and the analog pins were
used for the connections of the loads (phone charger). The connection diagram was drawn in detail and
tested on the breadboard.

By integrating Arduino with the energy management system, it is possible to monitor energy, control the
charging process and stop the solar panel and wind turbine if necessary. Following this process, an interface
software was developed that will monitor energy levels, manage the charging process and provide
information to the user.

In order to feed the Arduino, the parallel connected outputs of the LM2596 adjustable DC-DC regulators
were connected to the DC-DC charging module and the Arduino was fed from the output of this module. In
addition, a second DC-DC charging module to be used for phone charging was connected in parallel to this
DC-DC charging module.

A circuit design was made on the perforated plate so that the voltage values produced by the power
sources could be displayed on the LCD screen via the Arduino. The terminals coming from the output of the
rectifier circuit consisting of the capacitors and coils connected to the output of the solar panel with the 10K
and 1K resistors connected in series were connected ((+) terminal to the 10K resistor, (-) terminal to the 1K
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resistor). Then, the connection was made from the serially connected terminals of the 1K and 10K resistors
to the Al analog pin on the Arduino.

In order to measure the voltage value generated in the wind turbine, a simple circuit consisting of a series
connection of a separate 10 K and 1 K resistor was connected to the plus and minus poles coming from the
output of the rectifier circuit consisting of a capacitor and a coil ((+) end to the 10 K resistor, (-) end to the 1
K resistor). Afterwards, the DC motor used in the wind turbine was associated with these circuit connections
and a connection was made from the series-connected ends of the two resistors to the A2 analog pin on the
Arduino.

In order to measure the output voltage of the parallel connection of the LM2596 adjustable DC-DC
regulators, the series connection of the 10K and 1K resistors was connected to the ends, the (+) of the
parallel connection was connected to the 10K resistor and the (-) to the 1K resistor, and then this series
resistor structure was connected to the analog A0 pin on the Arduino.

For the LCD screen connection, the SCL pin on the LCM1602 module outputs connected to the LCD
screen is connected to the Arduino's analog A5 pin; the SDA pin is connected to the Arduino's analog A4
pin, while the VCC pin is connected to the Arduino's 5 Volt pin and the GND pin is connected to the
Arduino's GND pin (Figure 2).

. ARDUINO UNO
i DOERY “YYTINIS
&
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Solar Panel Telephone
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Figure 2. Proteus circuit simulation of hybrid system (for single voltmeter)
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2.3. System Testing and Calibration

After the system design was completed, the power data obtained from the solar panel and wind turbine
were tested in various weather conditions. Charge and discharge performances were monitored and the
overall efficiency of the system was evaluated. Percentage error values were calculated from the data
obtained by using the equation in Equation 1.

Percentage Error = [(Observed value — True value)/(True value)]x100 @

3. EXPERIMENT AND OPTIMIZATION RESULTS

In addition to the importance of the separate design of circuits in hybrid renewable energy systems,
another of the most important issues is that the installed systems can be operated without problems when
they are integrated. In the final stage of this study, a power box was created in which the solar panel and
wind turbine, which were designed separately, were brought together. The power box view of the created
hybrid renewable energy system is given in Figure 3.

Separate buttons were placed on the box to cut the energy of the LCD screen, wind turbine and solar
panel, and a separate button was installed to cut the energy of the modules used for Arduino supply and
phone charging.
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Figure 3. Electronic hardware of the designed hybrid system

The structure where the solar panel is placed on the wing, DC motor and gearbox is connected to the
wooden floor via an aluminum pipe.

Figure 4. Combining wind and solar energy systems
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Figure 5. Obtained test results a) Wind energy system result b) Solar energy system result

When looking at Figure 5.a, it is seen that the voltage value obtained from the system created with the
wind energy system is 6.4 VV when read with a voltmeter, while it is 6.02 V when read from the LCD screen
on the power box. When looking at Figure 5.b, the voltage value read on the LCD screen in the system
created with the solar energy system is 13.02 V.

When these data are evaluated, it is confirmed that measurements can be made with a 6% error with the
wind energy system with RES, that synchronous measurements can be made, and that the energy produced
by the solar panel and wind turbine is collected and used correctly.

In addition, the voltage measurements of all modules were calibrated by testing whether energy
management was done properly. After this stage, the study was concluded when it was seen that Arduino
controlled the feeding process correctly and the phone charging process could be done successfully and
without any problems.

4. CONCLUSIONS

In this study, an innovative system that feeds Arduino and creates a mini charging station using the
voltage values obtained from a hybrid renewable energy system where solar panels and wind turbines are
used together, which has not been used in other studies in the literature, is presented.

With the work presented,

- Having a structure that optimizes the supply and demand balance by synchronizing both energy sources
and combining them with an energy management system,

- In addition to being able to make synchronous measurements, measurements can be made with a 6%
error with the wind energy system,

- Verifying that the energy produced by the solar panel and wind turbine is collected and used correctly
are the most important outputs presented.

It has been tested in the experimental stages that the phone charges successfully with the designed system,
but studies need to be done on increasing the charging efficiency and shortening the charging time.
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ABSTRACT

In the study, powder sintering of Nano Boron Nitride reinforced Aluminum powders was applied with a 2.8 kW power,
900 kHz Ultra High Frequency Induction System.Nano Boron Nitride reinforced aluminum matrix powder
compositions were compressed by a cold press in a uniaxial single-acting mold under 20 bar pressure, afterwards
sintered with the given parameters. Five different compositions which are 0.1 wt.%, 0.5 wt.%, 1 wt.%, 2 wt.% and 5
wt.% Nano Boron Nitride reinforced aluminum composites were processed. In order to sinter these 5 different
compositions, temperatures of 600°C, 650°C and 700°C were determined. These optimizations were carried out
separately by subjecting them to Induction Sintering for 3, 5 and 10 minutes. The resulting samples are approximately
16.00 mm in diameter and 4.75 mm in height with a coin-like structure. After the production of 45 samples determined
by temperature, time and additive ratio; hardness, density, energy efficiency and SEM results of these samples were
compared among themselves and the effects of Nano Boron Nitride reinforcement on Induction Sintering were
revealed.

Keywords: Alummnum, Nano boron nitride, Induction sintering, Penetration depth, Powder metallurgy

Nano Bor Nitriir Takviyeli Aliiminyum Tozlarimin Ultra Yiiksek Frekansh Indiiksiyon
Sistemi ile Sinterlenmesi

OZET

Yapilan ¢aligmada, Nano Bor Nitriir takviyeli Aliminyum tozlarina; 2.8 kW gii¢ ve 900 kHz'lik Ultra Yiiksek Frekansli
Indiiksiyon Sistemi’yle toz sinterlenmesi islemi yapilmistir. Nano Bor Nitriir katkili aliiminyum matrisli toz
kompozisyonlart; 20 bar basing altinda tek eksenli tek tesirli bir kalip icerisinde soguk pres ile sikistirilmis, ardindan
belirlenen parametreler ile sinterlenmistir. %0.1, %0.5, %1, %2 ve %5 Nano Bor Nitriir takviyeli aliiminyum
kompozitleri olmak tizere 5 farkli kompozisyonda islem yapilmistir. Bu 5 farkli kompozisyonun sinterleme sicakligi
olarak 600°C, 650°C ve 700°C sicaklik belirlenmistir. Bu optimizasyonlar ayri ayri olmak iizere 3, 5 ve 10 dakika
Indiiksiyon Sinterleme islemine tabi tutulmustur. Olusan numuneler, yaklasik olarak 16.00 mm ¢apinda ve 4.75 mm
yiiksekliginde bozuk para benzeri yapidadir. Sicaklik, siire ve katki orani ile belirlenen 45 adet numunenin iiretiminin
ardindan; bu numunelerin sertlik, yogunluk, enerji verim ve SEM sonuglar1 kendi arasinda karsilagtirilmig, Ultra
Yiiksek Frekansli sinterlemenin Nano Bor Nitriir takviyeli Aliiminyum malzeme iizerine etkileri aragtirtlmistir.

Anahtar Kelimeler: Aliiminyum, Nano bor nitriir, Indiiksiyon sinterleme, Penetrasyon derinligi, Toz metalurjisi

1. GIRiS

Aliiminyum (Al) hafif ve kolay sekil verilebilen, diger metallere kiyasla mukavemet 6zellikleri diisiik bir
elementtir. Bu element ulasimdan ingaat sektoriine kadar miihendislik uygulamalarinda siklikla
kullanilmaktadir. Bu yiizden Al’a mukavemet ve mekanik iyilestirilmeler yapilmasi ile alakali birgok ¢alisma
bulunmaktadir [1-4]. Al’a yapilan iyilestirmelerde siklikla seramik takviyelerden yararlanilir. Bu takviyeler,
seramik malzemelerin mekanik, termal ve kimyasal Ozelliklerini aliiminyum matrisine transfer ederek
malzemenin 6zelliklerini gelistirmektedir. Ciinkii seramik takviyeler; yiiksek sertlik ve mukavemet, diigiik
yogunluk, uzun siireli sicaklik dayanimi, iyi asinma ve korozyon direnci gibi bir¢ok avantaj saglar. Bunun
yani sira bu takviyeyi fiziksel ve kimyasal olarak daha etkili sonuglar verdigi bilinen ‘nano’ boyutta yapmak;
yeni ve gelismeye ag¢ik ¢alismalarin da ontinii agabilmektedir [5-11].

Nano Bor Nitriir (NBN), matris elementine iyi baglanma 6zellikleri gosterebilen nano boyutta bir seramik
tiriidiir. Bu malzeme yari iletkendir. Oksidasyona kars1 direnci olup, mekanik ve termal 6zellikleri ile dikkat
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cekmekte ve toz metaliirji (TM) tekniklerinde kullanilabilmektedir. Malzemenin nano boyutta taneciklere
sahip olmasi Ozelliklerini gelistirmistir [12,13]. NBN, aliiminyum matrisle kompozit olusturuldugunda
olusan yap1 iyi mekanik ve termal iletkenlik saglayabilmektedir [13,14].

Bu ve buna benzer kompozit malzemeler iiretilirken indiiksiyon sinterleme tekniginin kullanildig:
goriilmiistiir. Indiiksiyonla sinterlemede, indiiksiyon bobinleri yiiksek frekansl elektromanyetik alan iireterek
malzemelere 1s1l islem uygular ve nihai parca elde edilir [15-17]. Bu yontem, kisa stireli yliksek sicaklik
olusturmastyla hizli ve etkili bir sinterleme siireci saglamaktadir. islem; homojen 1sitma, diisiik enerji
tilketimi, kontrol edilebilir 1sitma hizi ve daha kisa islem siireleri gibi avantajlar saglar. Ek olarak,
indiiksiyon sinterleme yontemi, Ozellikle yiiksek sicakliklarda hizli sinterleme gerektiren durumlar i¢in
kullanilir [18,19].

Bu calismada; Saf Al tozuna, agirlikga %0.1, %0.5, %1, %2 ve %5 NBN katkis1 eklenerek Ultra Yiiksek
Frekansli Indiiksiyon Sistemi (UYFIS) ile sinterlemesi saglanmustir. Sinterleme yoluyla elde edilen
numunelerin sertlik, SEM, yogunluk ve elektrik kullanimi sonuglar1 kendi arasinda kargilastirilmigtir.

2. MATERYAL VE YONTEM
2.1. Deney Diizenegi

Caligmada malzeme olarak Saf Al ile NBN tozlar1 kullanilmistir. Kullanilan Al tozlar1 %98.50-98.85
safliga sahip 15 mikron boyutunda kiiresel ve pul goriiniime sahip tozlardir. Tozun yogunlugu 1.25 gr/cm® —
1.45 gr/cm? arasinda degismektedir (Nanokar, Istanbul). Takviye elemam olarak ise NBN kullanilmistir. Bu
malzemenin safligi %99.8 ve boyutu 65-75 nm’dur. Yapisi Hegzagonal (h-BN) ‘dir. Gaz atomizasyonu
yontemi ile {iretilmistir (Nanografi, Ankara). NBN’iin diger 6zellikleri Tablo 1’de verilmistir.

Tablo 1. NBN ozellikleri.

Nano Bor Nitriir (NBN) Parametreleri Degeri Birimi
Gergek Yogunluk 2.3 glem®
Molekiiler Agirlik 24.82 g
Kristalite Hegzagonal -
Termal Iletkenlik 29 ila 60 W/m
Termal Genlesme 0.54ila 18 um/m
Gencin Modiilii 14 ila 60 GPa
Tam Kiitle 25.0124 g
Monoizotropik Kiitle 25.012 g

2.2. Deney Yontemi

Bu c¢aligmada iiretim; TM yontemiyle gergeklestirilmistir. Sekil 1’de numunelerin iiretim yOntemi
gosterilmektedir.

(1) Saf Al, Saf Nano BN Tozlar1 Temini ve Optimizasyon

(2) Tozlarm V Tipi Mikserde Karistirilmasi

(3) Karigimlarin Tek Eksenli, Tek Tesirli Kalip ile Soguk Preslenmesi

(4) Belirlenen Siirelerde ve Sicakliklarda UYFIS Sinterlemesi ve Dogal Soguma

(5) Analiz ve Degerlendirme

(Sertlik Taramasi, Mikroyapisal Analiz,Yogunluk Degisimi ve Enerji
Kullanimi)

Sekil 1. Saf Al matrisli, NBN katkili kompozitlerin {iretim asamalari.

Caligma; yiizdece katki, sicaklik ve siire optimizasyonu ile baglamistir. Yiizdece katki igin Al’a eklenen
NBN katki oranlar1 %0.1, %0.5, %1, %2 ve %5 olarak belirlenmistir. Bu 5 farkli NBN katkili Al matrisli toz
kompozitlerinin olusmast i¢in Izmir Demokrasi Universitesi Laboratuvarinda bulunan Weightlab Instruments
marka WSA-224T model 0.0001 g hassasiyetli elektronik terazi kullanilmistir. Hazirlanan tozlar, sizdirmaz
V-Tipi bir karistiricida 1 saat boyunca 40 devir/dakika olacak sekilde homojen olarak karistirilmustir.
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Ardindan sicaklik optimizasyonu i¢in 600°C, 650°C ve 700°C sicakliklar belirlenmistir. Her sicaklik igin 5
farkli katki oranina sahip Al matrisli NBN tozlar1 hazirlanmigtir. Farkli sicakliklardaki sinterleme igin
hazirlanan bu 15 farkli toz karigiminin siire optimizasyonu belirlenmistir. Ayr1 ayr1 3, 5 ve 10 dakika
bekleme siireleriyle toplam 45 adet toz karigimi hazir hale getirilmistir. Hazirlanan bu karigimlar ortalama
2.5 gramdir. Al matrisli NBN toz karigimlarinin sikigtirilmasi igin tek eksenli tek tesirli kalip kullanilmustir.
Sikistirma, 20 bar basing altinda Hidropir marka pres kullanilarak yapilmistir. Kullanilacak kalip ise alagiml
sertlestirilmis gelik silindirdir. Kalibin dis ¢ap1 56 mm, yiiksekligi 61 mm’dir. Igeriye giren zzmbanin dis gapi
16 mm’dir. Sikistirma sonrasi olusan numune 16 mm ¢ap (+2%)) ve 4.96 (£2%)) kalinliga sahiptir. Sekil
2¢de (a) karistirilmig ve tartilmis Al matrisli NBN toz kompoziti (2.55gr (+2%)), (b) karistirilan tozun kalip
icine doldurulmasi, (c) pres sonrasi elde edilen ham malzeme gosterilmektedir.

Sekil 2. a) %0.5 NBN katkili Al tozu (2.55gr (£1%)), b) karistirilan tozun kalip i¢ine doldurulmasi, ) pres sonrasi elde
edilen ham numune paketi.

Elde edilen 45 adet ham silindir paketleri, belirlenen sicaklik ve siirelerde UYFIS kullanilarak
sinterlenmistir. Indiiksiyon cihaz1 2.8 kW giic, 900 kHz'lik Ultra Yiiksek Frekansh Indiiksiyon cihazidir.
Istma hiz1 ~20 0C/s’dir. Cihazin indiiksiyon bobini tek sarimlidir. Bobinin dis ¢ap1 26 mm, et kalinlig1 0.5
mm’dir. Sinterlemeden sonra dogal sogumaya birakilan numunelerin yiizeyleri, mekanik ve mikroyapisal
analizin yapilabilmesi i¢cin Metkon Forcipol 202 marka cihazla 100’den 2500 kuma kadar SiC zimparasi ile
zimparalanmis ardindan 6p ve 1p elmas siispansiyon ¢uha ile parlatilmistir. Sekil 3° de 600°C, 5 dk’da %l
NBN katkilt Al kompozitinin (8 numarali numune) UYFIS ile sinterlemesi verilmistir. Sekil 4’te ise UYFIS
Sinterlemesi sonrasi hazir hale getirilmis tiim numuneler gosterilmektedir. Harflendirilen her satir farkli
NBN katki oranina sahip numuneleri sunmaktadir.

Sekil 3. 600°C 5 dk’da %1 NBN katkili Al kompozitinin (8) UYFIS sinterlemesi iglemi.
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Sekil 4. Ozellikleri ile birlikte 45 adet numune.

2.3. Analiz

NBN taktiyeli Saf Al kompozitlerin sertlik deneyleri, Metkon Duroline-LV Vickers Hardness Tester
(HV) sertlik 6lgme cihazinda ASTM E92 standardina uygun olarak 10 saniye siire ve 3 kgf yiikte
gergeklestirilmigtir.  Sertlik 6lglimleri numunenin distan igeri dogru 5 farkli noktasindan yapilmistir. Her
noktada ise 5 kez 6l¢iim yapilmistir. Bu anlamda; her noktada kabul edilen sertlik degeri, o noktadan alinan 5
sertlik degerinin ortalamasidir. Bu da hata paymi (Error Range: E.R.) en aza indirmistir. Her bir
kompozisyon i¢in malzemenin yiizeyinde belirlenen noktalardan sertlik taramas1 45 numunenin tamaminda
gerceklestirilmistir. Sertlik taramasi penetrasyon derinliginden (1sil islem bdlgesi), yani malzemenin en
disindan 2 nokta (1.ve 2.nokta), ardindan malzemenin merkezine dogru sirasiyla 3 noktadan (3,4 ve 5.nokta)
alinmasiyla yapilmistir. Numunenin 1.noktas1 c¢api, 5. noktasi merkezidir. Ayrica analizlerdeki E.R.
gosterilmektedir. Sekil 5’te numune lizerinden 6lciilen sertlik noktalarinin sematik gosterimi verilmektedir.

5. Nokta
~ 4. Nokta
~~ 3.Nokta
~ 2. Nokta
1. Nokta

E.R+0.54.96

Sekil 5. Numune {izerinden 6lg¢iilen sertlik noktalarinin sematik gésterilmis hali.

Numunelerden SEM goriintiileri alinmadan 6nce %1 hidrofliiorik asit; %1.5 klorhidrik asit; %2.5 nitrik
asit ve %95 saf su icerigine sahip Keller sivisiyla 4 saniye boyunca daglanmistir. Ardindan mikro yap1
analizleri SEM ile incelenmistir. SEM incelemeleri izmir Yiiksek Teknoloji Enstitiisii Malzeme Arastirma
Merkezi Laboratuvari’nda bulunan FEI marka QUANTA FEG 250 model cihaz ile yapilmusgtir.

9%0.1, %0.5, %1, %2 ve %5 NBN takviyeli Saf Al kompozitlerin deneysel yogunluklart ASTM B962-17
standardina uygun olarak Arsimet Prensibine gore yapilmustir. Oncelikle, 0.0001 gr hassasiyete sahip dijital
terazi yardimiyla kompozitlerin agirliklar1 (mA) Olciilmiistiir. Ardindan su igerisinde bekletilen
kompozitlerin suya doymus agirliklari (mD) Sl¢iilmistiir. Sonrasinda 40°C sicaklikta etiiv firini igerisinde
kurutulan kompozitlerin kuru agirliklart (mK) dijital terazi ile belirlenmis ve deneysel yogunluklar
hesaplanmustir.

Calismada UYFIS sinterlerlemesi yapilirken enerji verileri kaydedilmistir. Buna gére her bir numunenin
indiiksiyon sinterlemesi sirasinda harcadiklar1 enerji kWh cinsinden yazilmistir. Elektrik maliyetinin
hesaplanmasi amaciyla gii¢ kalite analizorii kullanilmigtir.
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3. DENEY VE OPTIMIiZASYON SONUCLARI
3.1. Sertlik Bulgular1

600°C, 650°C ve 700°C’de yapilan;%0.1, %0.5, %1, %2 ve %5 NBN takviyeli Saf Al kompozitlerinin
UYFIS sinterlemesi sonucu sertlik dl¢timleri yapilmistir. Sertlik alinan noktalar dis ¢aptan merkeze dogru
sirastyla 1,2,3,4 ve 5. noktayr gostermektedir. En yiiksek sertlik tiim numunelerde 1. noktada (cap) ; en
diisiik sertlik ise 5.noktada (merkez) goriilmektedir. Numunelerdeki E.R.+ %2.28 olarak belirlenmistir. HV
cinsinden yapilan 6l¢iim sonuglar1 Sekil 6’da verilmektedir.

@) 600°C - 3 dk Sertlik Sonuclari (b) 600 °C - 5 dk Sertlik Sonuclari
(Nu. No: 01- 04- 07-710-013) (Nu. No: 02- 05- 68-711-014)
75 75
65 < 65
S =)
I 55 X 55 F T
X 5 T 1 N
T 45 @ 45 ! =
o} T
& T
35 35 T
25 25
1 2 3 4 5 1 2 3 4 5
Sertlik Alman Noktalar Sertlik Alinan Noktalar

© 600°C - 10 dk Sertlik Sonuglar1  (d)  650°C - 3 dk Sertlik Sonuglari

(Nu. No: 03- 06- 99-112-015) (Nu. No: 016 -019- 022 - #25-028)
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Q) 650°C - 5 dk Sertlik Sonuglart () 650°C - 10 dk Sertlik Sonuclar
(Nu. No: 017 -920- 023 - £26- 029) (Nu. No: 018 -021- 024 - 027-030)
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@) 700°C - 3 dk Sertlik Sonuglart () 700°C - 5 dk Sertlik Sonuglar:
(Nu. No: 31 -934- 037 - 140- 043) (Nu. No:032 -035- €38 - 141- 044)
70 60
60 55
< ~ 50
Tso 2 i 45 RRUESERE
% L T X 40 4
% 40 I < I § 35 }\
30 30
25
20 20
1 2 3 4 5 1 2 3 4 5
Sertlik Alinan Noktalar Sertlik Alinan Noktalar
) 700°C - 10 dk Sertlik Sonuglar:
(Nu. No:033 -036- 039 - 142- 045)
60
~ —————
S 50 _\\:
5 ch _\;.
40 T [
A 30 I = -
I -
20
1 2 3 4 5
Sertlik Alinan Noktalar
—0.1% —0.5% — 1% 20 5%

Sekil 6. 600°C’de a) 3 dakika (1-4-7-10-13), b) 5 dakika (2-5-8-11-14), c) 10 dakika (3-6-9-12-15); 650°C d) 3 dakika
(16-19-22-25-28), €) 5 dakika (17-20-23-26-29), f) 10 dakika (18-21-24-27-30) ve 700°C’de g) 3 dakika (31-34-37-40-
43), h) 5 dakika (32-35-38-41-44), 1) 10 dakikadaki (33-36-39-42-45) HV sertlik sonuglari.

3.2. SEM Bulgulari

Keller sivisi ile daglanan numuneler SEM yardimiyla incelenmistir. Numuneler 10x — 1000x arasi

degerlerde biyitilmistir. Sekil 7, Sekil 8 ve Sekil 9°da bazi numunelere dair SEM goriintiileri
verilmektedir.

Penetrasyon
Derinligi

(682.18 pm)

Sekil 7. a) 600°C - 3 dk- %0.5 NBN Kkatkil1 indiiksiyon ile sinterlenmis numunenin (4) penetrasyon derinliginden
alinmig 500 pm boyutunda SEM goriintiisii, b) 600°C - 3 dk- %1 NBN katkili indiiksiyon ile sinterlenmis numunenin
(7) penetrasyon derinliginden alinmis 1 mm boyutunda SEM gériintiisii.
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Penetrasyon
Derinligi

(563.48 um)

Sekil 8. 650°C - 10 dk- %2 NBN katkil1 indiiksiyon ile sinterlenmis numuneden (27) a) penetrasyon derinliginden 1
mm 6l¢eginde ve b) merkezinden 500 um dlgeginde alinmis SEM goriintiisii.

Nano Bor Nitriir
3 (NBN)
Yayilmi

Sekil 9. 700°C- 3 dk- %1 NBN katkil1 indiiksiyon ile sinterlenmis numuneden (37) alinmis NBN takviyesinin, Al
malzeme matrisindeki penetrasyon bolgesinde iyi yayildigini gosteren (a) 20 pm, (b) 10 pm’den SEM goériintiisii.
3.3.Yogunluk Bulgular1

600°C, 650°C ve 700°C’de yapilan;%0.1, %0.5, %1, %2 ve %5 NBN takviyeli Saf Al kompozitlerinin
UYFIS sinterlemesi sonucu yogunluk deneyleri yapilmistir. Hata pay1 ortalama E.R. £ 0.254 olarak Tablo
2’de verilmektedir.

Tablo 2. NBN katkili Al numumelerinin yogunluk sonuglari.

Num.  Sicakhik Saf Al’a Eklenen Siire Ham Sinterleme Yiizdece
No (°C) NBN Katki Orani (dakika) Yogunluk Sonrasi Yogunluk Degisim
(%) (g/cm?) (g/cm’) (%-g/cm?®)
1 600°C 0.1 3 2.561 2.586 0.976
2 600°C 0.1 5 2.551 2.575 0.940
3 600°C 0.1 10 2.585 2.604 0.735
4 600°C 0.5 3 2.575 2.608 1.281
5 600°C 0.5 5 2.554 2.584 1.174
6 600°C 0.5 10 2.56 2.589 1.132
7 600°C 1 3 2.575 2.608 1.281
8 600°C 1 5 2.568 2.600 1.246
9 600°C 1 10 2.584 2.614 1.160
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10 600°C 2 3 2.555 2.579 0.939
11 600°C 2 5 2.594 2.617 0.886
12 600°C 2 10 2.584 2.601 0.657
13 600°C 5 3 2.531 2.568 1.145
14 600°C 5 5 2.562 2.589 1.053
15 600°C 5 10 2.561 2.583 0.859
16 650°C 0.1 3 2.561 2.605 1.718
17 650°C 0.1 5 2.564 2.601 1.443
18 650°C 0.1 10 2.574 2.591 0.660
19 650°C 0.5 3 2.588 2.624 1.391
20 650°C 0.5 5 2.575 2.608 1.281
21 600°C 0.5 10 2.584 2.614 1.160
22 650°C 1 3 2.558 2.599 1.602
23 650°C 1 5 2.579 2.614 1.357
24 650°C 1 10 2.575 2.608 1.281
25 650°C 2 3 2.594 2.627 1.272
26 650°C 2 5 2.584 2.621 1.431
27 650°C 2 10 2.573 2.619 1.787
28 650°C 5 3 2.561 2.598 1.444
29 650°C 5 5 2.561 2.593 1.249
30 650°C 5 10 2.552 2.581 1.136
31 700°C 0.1 3 2.547 2.577 1.177
32 700°C 0.1 5 2.594 2.622 1.079
33 700°C 0.1 10 2.589 2.615 1.004
34 700°C 0.5 3 2.58 2.619 1.511
35 700°C 0.5 5 2.564 2.598 1.326
36 700°C 0.5 10 2.555 2.579 0.939
37 700°C 1 3 2.573 2.609 1.399
38 700°C 1 5 2.601 2.634 1.268
39 700°C 1 10 2.579 2.594 0.581
40 700°C 2 3 2.572 2.607 1.360
41 700°C 2 5 2.594 2.627 1.272
42 700°C 2 10 2.584 2.601 0.657
43 700°C 5 3 2.597 2.625 1.078
44 700°C 5 5 2.538 2.559 0.827
45 700°C 5 10 2.555 2.575 0.782

3.4. Enerji Verim Bulgular:

Caligmanin her asamasinda enerji kullanim verileri kaydedilmistir. Buna goére her bir numunenin
indiiksiyon sinterlemesi sirasinda harcadiklart enerji verileri bulunmustur. Elektrik maliyetinin hesaplanmasi
amaciyla gii¢ kalite analizori kullamilmistir. Ortalama E.R. % + 4’°diir. 600°C, 650°C ve 700°C’de yapilan;
%0,1, %0,5, %1, %2 ve %5 NBN takviyeli Saf Al kompozitlerinin UYFIS sinterlemesi sonucu olusan
elektrik verim sonuglart kWh cinsinden Tablo 3’te verilmektedir.

Tablo 3. NBN katkili Al numumelerinin elektrik verim sonuglari.

Num. Sicakhik Saf Al’a NBN Katki Oram Siire Enerji Sonug¢lar:
No (°C) (%) (dakika) (kwWh)
1 600°C 0.1 3 361
2 600°C 0.1 5 506
3 600°C 0.1 10 1086
4 600°C 0.5 3 358
5 600°C 0.5 5 510.3
6 600°C 0.5 10 1090
7 600°C 1 3 363
8 600°C 1 5 503.7
9 600°C 1 10 1088
10 600°C 2 3 357
11 600°C 2 5 509
12 600°C 2 10 1091
13 600°C 5 3 354
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14 600°C 5 5 508
15 600°C 5 10 1092
16 650°C 0.1 3 292
17 650°C 0.1 5 662
18 650°C 0.1 10 1270
19 650°C 0.5 3 300
20 650°C 0.5 5 670
21 600°C 0.5 10 1280
22 650°C 1 3 288
23 650°C 1 5 660
24 650°C 1 10 1267
25 650°C 2 3 282
26 650°C 2 5 670
27 650°C 2 10 1276
28 650°C 5 3 279
29 650°C 5 5 667
30 650°C 5 10 1278
31 700°C 0.1 3 419
32 700°C 0.1 5 718.7
33 700°C 0.1 10 1448
34 700°C 0.5 3 423
35 700°C 0.5 5 722.7
36 700°C 0.5 10 1460
37 700°C 1 3 430
38 700°C 1 5 730
39 700°C 1 10 1502
40 700°C 2 3 445
41 700°C 2 5 742.2
42 700°C 2 10 1592
43 700°C 5 3 452
44 700°C 5 5 792.3
45 700°C 5 10 1623.3

4. SONUCLAR

Bu caligmada %98.85 safliga sahip aliminyum tozuna; farkli sicaklikta ve siirelerde, yiizdece %0.1, %0.2
%0,5, %1 ve %5 NBN eklenerek UYFIS sinterlemesi yapilmistir. Sinterlemeden elde edilen sertlik, SEM,
yogunluk ve elektrik verim sonuglari asagida verilmektedir;

Al esasli toz metal kompozitler i¢in en yiiksek sertlik degeri 66.1 HV ile 600°C, 3 dakika ve %0.5
NBN katkili 4 numarali numunede bulunmaktadir.

En diisiik sertlik 700°C’de 10 dakika sinterlenen %5 NBN katkili 45 numarali numunede 27.1 HV
olarak ol¢tlmiistir.

Indiiksiyonla sinterlenen Al matrisli toz metal numunelerde, katki oram arttikga penetrasyon
derinliginde azalma goriilmektedir. incelenen SEM gbriintiilerinde; %0.5 katki oranina sahip 4
numarali numunede ortalama 682.18 pm uzunlugunda penetrasyon derinligi 6lgiiliirken, %2 NBN
katkili 7 numarali numunede ortalama uzunlugu 563.48 um penetrasyon derinligi dl¢iilmiistiir. Bu da
“katki oraninin penetrasyon derinligiyle dogrudan iligkili oldugu” sonucunu vermektedir.
Penetrasyon bolgesindeki tane yapilar1 diger bolgelere gore iri ve biiyiiktiir.

Uretilen tiim kompozitlerde yiiksek sertlik igin en uygun NBN katki oram %0.5 ve 3 dakika
indiiksiyon sinterleme siiresi olarak bulunmaktadir.

SEM gorintiilerinde agirlika %0.1, %0.5 ve %1 NBN takviyesinin, malzeme matrisindeki
penetrasyon bolgesinde iyi yayildigr goriilmiis ve bunun sonucunda malzemenin mukavemetinin
arttigi anlagilmustir.

Sertlik degerinin %0.5 NBN takviyesine kadar arttig1 goriilmektedir. Bu katki orani, kompozit i¢in
sertlik degerindeki tepe noktadir. %0.5 NBN katkisindan sonra katki orani arttikga sertlik azalmustir.
Aym kimyasal kompozisyona sahip malzemelerde sicaklik veya sinterleme siiresi arttikga sertligin
diistligli saptanmustir.

Indiiksiyonla sinterleme sonrasi tiim numunelerde yogunluk artmaktadir. Indiiksiyon siiresi arttikca
yiizdece yogunluk degisimi azalmaktadir. En yiiksek yiizdece yogunluk degisimi %1.787g/cm? ile 27
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numarali numunede, en diisiik yiizdece yogunluk degisimi ise %0.581 g/cm® ile 39 numarah
numunede goriilmektedir.
o En diisiik elektrik enerjisi kullanimi 279 kWh ile 28 numarali numunede, en yiiksek elektrik enerjisi
kullanimi ise 1623.3 kWh ile 45 numarali numunede ger¢eklesmistir.
Bu ¢alismasinin devaminda asagida belirtilen ¢alismalarin yapilmasi 6nerilmektedir.

* NBN katkil1 Saf Aliiminyum kompozitlerin tiretilebilirligi bakimindan %0.1 ila %0.5 NBN katki aralig
ile (%0.2; %0.3; %0.4) ; %0.5 ila %1 NBN katki araliginda (%0.6; %0.7; %0.8; %0.9) farkli kompozit
alagimlar olusturularak mekanik 6zelliklere etkisi arastirilabilir. Bu durum sicaklik optimizasyonun
netlesmesinde de 6nemli parametreler saglayabilir.

» Uretilen kompozitlere sicak pres yoluyla indiiksiyon sinterleme yapilarak mekanik &zelliklere etkisi
aragtirilabilir. Bu durum mekanik 6zelliklerin, malzemenin her yerine homojen bir sekilde yayilmasini
saglayabilir mi sorusunun cevabini verebilir.

» Kompozitlerin preste sikistirilmasi saglanirken uygulanan basing igin bir optimizasyon yapilarak
mekanik 6zelliklere etkileri incelenebilir.

» Matris malzemesine, 1s1l iletkenligi daha yiiksek olan bakir ve ¢elik gibi bagka metal malzemeler eklenip
hibrit kompozit iiretimi yapilarak mekanik 6zelliklere etkisi arastirilabilir.

« Uretilen kompozitlerin islenebilirlik, asinma ve korozyon 6zellikleri saptanabilir.

« Indiiksiyon Sinterleme esnasinda olusan penetrasyon derinliginin malzemelere ve katki oranina bagh
matematiksel modellemesi ¢ikarilabilir.

* Yapilan bu ¢aligsmayla ilgili miihendislik disiplinleriyle alakali bir optimizasyon ¢aligmasi yapilabilir.
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ABSTRACT

In recent years, due to the increasing demand in the space and aviation sector, serious developments have been
experienced. The increasing acceleration in the light of the developments has contributed to the development of superior
materials that will meet the requirements. In addition to the superior fatigue and creep properties of these materials
namely superalloys, there may be difficulties in shaping them with machining methods. In order to overcome these
difficulties, researchers have accelerated their study to develop sustainable manufacturing methods. In this study,
Hastelloy X superalloy material, which is frequently preferred in the space and aviation areas, was milled under
sustainable cooling/lubrication conditions. It was aimed to investigate the effects of particle sizes of nanofluids on
machining performance in the milling process. For this purpose, dry, minimum quantity lubrication (MQL), 4 nm sized
Al,O3, 48 nm sized Al,O3 and 136 nm sized Al,O3 nanofluid cooling/lubrication conditions were preferred. In order to
investigate the effects of cooling/lubrication conditions, the cutting speed, feed rate, and cutting depth parameters were
taken as 50 m/min, 0.10 mm/rev, and 0.5 mm, respectively. Surface roughness Ra, cutting temperature, power
consumption, and tool flank wear values were determined as performance characteristics. According to the results
obtained from milling experiments, 4 nm sized Al,O; nanofluid exhibited superior performance compared to other
conditions. 4 nm sized Al,O; nanofluid condition showed decrease of 37.43%, 36.02%, 8.33%, and 66.66%,
respectively, in surface roughness, cutting temperature, power consumption, and tool flank wear results compared to dry
condition.

Keywords: Hastelloy X, Milling, Nanofluid, MQL, Al,O;

Hastelloy X Siiperalasiminin Frezelenmesinde Farkhi Parcacik Boyutlu Al,O3; Esash
Nanoakiskanlarin isleme Performans: Uzerindeki Etkileri

OZET

Uzay ve havacilik sektoriine artan taleple birlikte son yillarda ciddi gelismeler yasanmstir. Gelismeler 1518inda artan
ivmelenme, gereksinimleri karsilayacak ozellikle iistiin malzemelerin gelistirilmesine katkida bulunmustur. Siiperalagim
ad1 verilen bu malzemelerin istiin yorulma ve strinme Ozelliklerinin yaninda, talagh imalat yontemleriyle
sekillendirilmesinde zorluklar yasanabilmektedir. Yasanan bu zorluklarin iistesinden gelebilme adina aragtirmacilar
strdiiriilebilir imalat yontemlerin gelistirilmesi i¢in ¢alismalarina hiz vermistir. Bu ¢alismada uzay ve havacilik
alaninda siklikla tercih edilen, Hastelloy X siiperalagim malzemesi siirdiiriilebilir sogutma/yaglama kosullar1 altinda
frezeleme islemi uygulanmigtir. Frezeleme isleminde nanoakiskanlarin pargagik boyutlarinin igleme performansi
iizerindeki etkilerinin incelenmesi amaglanmistir. Bu amag¢ dogrultusunda, kuru, minimum miktarda yaglama (MMY), 4
nm boyutlu Al,O3, 48 nm boyutlu Al,O; ve 136 nm boyutlu Al,O; nanoakiskan sogutma/yaglama kosullar1 tercih
edilmistir. Sogutma/yaglama kosullarmin etkilerini inceleme adma kesme hizi, ilerleme ve kesme derinligi
parametreleri, sirastyla 50 m/dak, 0.10 mm/dev ve 0.5 mm sabit alinmigtir. Performans karaktersitigi olarak yiizey
puriizliligi Ra, kesme sicakligi, gii¢ tiiketimi ve takim yanak asinma degeri belirlenmistir. Frezeleme deneylerinden
elde edilen sonuglara gore, diger kosullara kiyasla 4 nm boyutlu Al,O; nanoakigkani daha {istiin performans
sergilemistir. 4 nm boyutlu Al,O3 nanoakiskan kosulu kuru kosula gore, ylizey piriizliligii, kesme sicakligi gii¢
tiketim ve takim yanak asinmasi sonuglarina gore sirasiyla % 37.43, %36.02, %8.33 ve %66.66 oraninda diisiis
gostermistir.

Anahtar Kelimeler: Hastelloy X, Frezeleme, Nanoakiskan, MMY, Al,O3

1. GIRIS

~ Uzay ve havacihik sektoriinde siklikla kullamlan malzemelerden biri de Nikel esash siiperalagimlardir.
Igerigindeki elementler ( nikel (Ni), krom (Cr), demir (Fe) ve molibden (Mo)) sayesinde iistiin 6zellikler
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gostermektedir. Nikel esasli sliperalasimlar, yliksek mukavemet, yiliksek korozyon direnci, tokluk, yiiksek
sicaklik direnci gibi ozelliklere sahiptir [1]. Bazi malzemelerin davramglari yiiksek sicaklik araliginda
degismektedir. Malzeme davraniglarimin kararliligl agisindan, yiiksek calisma sicakliklarina dayanabilen
malzemelere olan ihtiyag her gecen giin artmaktadir [2]. Ozellikle nikel esasli malzemelerin alagim
elementlerinden olan Mo ve Cr elementleri bu malzemenin yliksek c¢aligma sicakliklarinda kararli yap1
sergilemesine olanak tanimaktadir. Bu sebeble 6zellikle yiiksek sicaklik gerektiren uygulamalarda kullanim
alanm1 giin gectikce yaygilasmaktadir. Hastelloy X, nikel esasli siiperalasim grubundaki malzemelerden
biridir. Gaz tlirbini motor yanma odalari, egzoz borulari, itme ters geviriciler ve art yakicilar gibi ugak
uygulamalarinda yaygin olarak kullanilir. Bu {istiin 6zelliklerinin yaninda diisiikk 1s1 iletkenligi ve 1sil
yayilma, yiiksek sicaklik direnci, isleme sirasinda sertlesme egilimi gibi 6zellikleri bu malzemeyi islenmesi
zor malzemeler smifina koyar [3,4]. Zor malzemelerin islenmesi sirasinda isleme verimliligini artirmak i¢in
kesme bdlgesine sogutma/yaglama yontemleri uygulanmaktadir.

Ekolojik isleme yontemlerinden biri de kuru islemedir. Kuru islemede kesme bolgesine herhangi bir
sogutucu ve yaglayict uygulanmamaktadir. Disiik isleme kosullarinda uygun bir isleme kosulu olarak
goriinse de orta ve agir isleme kosullarinda isleme verimliligi agisindan uygun bir isleme kosulu degildir.
Kuru isleme kosuluna alternatif olan yontemlerden biri de minimum miktarda yaglama (MMY) yontemidir.
MMY, az miktarda yagin (10—100 mL/saat) basingli hava ile karistirilarak aerosol seklinde kesme bolgesine
uygulandig1 ekolojik bir yontemdir [5]. MMY yontemi etkili bir yaglama saglayarak hem kesme bolgesini
sogutmakta hem de parganin yiizey kalitesini artirmaktadir. MMY yonteminin etkinligini artirmak amaciyla
baz sivi igerisine farkli 6zelliklerde nanoparcaciklar eklenerek nanoakigkanlar elde edilmektedir. Baz sivi
igerisine bakir oksit (CuO), aliiminyum oksit (Al,O3), bakir (Cu), cok duvarli karbon nanotiip (MWCNT),
hekzagonal bor nitriir (hBN), molibden siilfiir (MoS;) ve grafen gibi nanoparcaciklar eklenmektedir.
Eklenen bu nanopargaciklar nanoakiskanlarin tribolojik 6zelliklerini iyilestirmektedir [6]. Genel olarak, bu
ozellikleri nanopargaciklarin boyutu, sekli ve katki orami etkilemektedir [7]. Nanoakiskanlar kesme
bolgesinde etkili bir yaglama saglayarak kesme bolgesinde olusan sicakligi diisiiriip kesici takim Omriinii
artirmaktadir. Ayrica kesme bdlgesinde etkili bir tribofilm tabakasi olusturarak yiizey kalitesini
artirmaktadir. Yapilan c¢alismalarda nanoakiskan kullaniminin kesme isleminde verimliligi artirdig
konusunda ¢ok sayida ¢alismalar bulunmaktadir. Giinan ve arkadaslar1 yaptiklari calismada Hastelloy C276
siiperalagim malzemenin kuru, MMY ve Al,QOj ilaveli nanoakigkan kosullar1 altinda frezelenmesi sonucunda
ylizey puriizliliigii ve takim aginmasi kriterlerini incelemislerdir. Nanoakigkan kullaniminin yiizey kalitesini
ve takim aginmasini onemli olgiide iyilestirdigini tespit etmislerdir [8]. Vasu ve arkadaslari Inconel 600
siiperalagim malzemesinin kuru, MMY ve Al,O3 nanopargacik ilaveli nanoakigkan kosullarinda islenmesinde
yiizey kalitesi, kesme sicakligi, kesme kuvveti ve takim asinma degerlerini incelemislerdir. Nanoakiskan
kosulunda sicaklik, kesme kuvveti ve takim aginmasi degerinin diistiigii ve ylizey kalitesinin iyilestigini ifade
etmiglerdir [9]. Venkasetan ve arkadaglari Incoloy 800H malzemeye Hindistan yagi igerisine agirlik¢a %
0.25-0.50 ve 1 oraninda Al,Oj ilaveli nanoakiskan kosulunda tornalayarak kesme kuvveti, ylizey plirtizliligi
ve takim agimnmasini incelemislerdir. Agirlikca % 0.25 nanopargacik ilavesinin incelenen ¢iktilarda daha iyi
sonug verdigini tespit etmislerdir [10]. Eltaggas ve arkadaslar1 6stemperlenmis kiiresel grafitli dokme demir
malzemeyi MMY ve Al,O; ilaveli nanoakiskan kosullarinda tornalayarak takim asinmasi degerini
incelemiglerdir. Al,O3 ilaveli nanoakigkan kosullarinda en iyi takim omrii degerini elde ettiklerini ifade
etmiglerdir [11]. Hadi ve Atefi AISI D3 gelik malzemeyi MMY ve Al,O; ilaveli MMY kosullarinda
frezeleyerek yiizey piiriizliiliigii degerini incelemislerdir. Deneysel ¢calisma sonucunda MMY kosuluna gore
nanoakiskan kosulunda yiizey piiriizliiliigi degerlerinde % 25 oraninda azalma oldugunu vurgulamiglardir
[12]. Yildirim ve arkadaslar1 Waspaloy siiperalasim malzemeyi kuru, MMY ve Al,Oj ilaveli nanoakiskan
kosullarinda frezeleyerek takim asinmasi degerini incelemiglerdir. Deneysel calisma sonucunda takim
aginma degerinde nanoakigkan kosulunda kuru kosula gore %44.4 oraninda bir iyilesme saglandigini tespit
etmiglerdir [13]. Lee ve arkadaslar1 SK41-C malzeme is par¢asini kuru, MMY ve farkli oranlarda (hacimce
%2-%4) ve farkli boyutlarda (30-150 nm) Al,O; ve nanoelmas ilaveli nanoakigkan kosullarinda taglayarak
kesme kuvveti ve ylizey piuriizliiligii parametrelerini incelemislerdir. Deneysel sonuglardan elde edilen
verilere gore kesme kuvveti ve ylizey pliriizliliigii sonuclarinda kiigiik oranlarda ve kiiciik boyutlarda
nanopargacik ilavesi ile yapilan nanoakiskan karisimlarinin daha iyi performans gosterdigini tespit
etmislerdir. Ayrica yiizey piiriizliliigii agisindan 30 nm boyutlu Al,Oj ilaveli karigimlarin en iyi performans
gosterdigini vurgulamislardir [14].

Yapilan literatiir ¢aligmalar1 degerlendirildiginde, MMY ve nanoakigkanlarin kullanildigi ¢evreci
yontemler iizerine ¢alismalarin yogunlastigt goriilmektedir. Genel olarak parcacik sekli, boyutu ve
nanoakiskan katki oraninin nanoakigkaninin tribolojik 6zelliklerinini etkiledigi bilinmektedir. Ancak yapilan
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caligmalarda farkli boyutlardaki nanoparcgagiklarin etkisinin incelenmesi iizerine ¢alismalarin kisitli oldugu
bilinmektedir. Bu noktadan hareketle bu ¢alismada kuru, MMY ve 3 farkli boyutta (4-48-136 nm) Al,O3
parcagik ilaveli nanoakigkanin kullanildigi sogutma/yaglama kosullarimin igleme ¢iktilart iizerine etkileri
incelenmigtir. Hastelloy X siiper alasimmin frezelenmesi iizerine sogutma/yaglama kosullarinin etkisini
gormek amaciyla deneylerde kesme hiz1 50 m/dak, ilerleme 0.10 mm/dev ve kesme derinligi 0.5 mm olarak
belirlenmistir. Al,03 nanopargacik boyutunun etkisinin belirlenmesi i¢in kesme sicakligi, yiizey piiriizliligi,
giic tiiketimi ve takim yanak aginma degerleri incelenmistir.

2. MATERYAL VE YONTEM

2.1. Is Parcasi, Kesici Takim ve Takim Tezgih

Deneysel ¢alismada, 100x150x13.5 mm o6l¢iilerinde Hastelloy X siiperalasim malzemesi kullanilmistir.
Hastelloy X siiperalasim malzemesine ait kimyasal bilesim Tablo 1’de ve mekanik 6zellikleri Tablo 2°de
verilmisgtir.

Tablo 1. Hastelloy X siiperalagimimin kimyasal igerigi (%) [15].
Ni Cr Fe Mo Ti Al Mn Si C Cu Co Diger

46.7 226 1872 898 002 014 051 030 005 014 067 1.17

Tablo 2. Hastelloy X siiperalasimmin fiziksel ve mekanik ozellikleri [15].

Erime  Elastikiyet  Ozgiil  Sertlik Cekme Akma Termal Yogunluk Uzama

Sicakhigin  Modiilii Is1 Dayanimi  Dayamm  letkenlik
(°0O) (GPa) (J/kg-K) (HRB) (MPa) (MPa) (W/m-K) (gr/cm®) (%)
1123%% 207 486 87.1 732.2 319.2 9.1 8.22 54.4

Frezeleme deneylerinde Sandvik marka ISO 490R-08T30-8E ML S30T kodlu, TiAIN PVD kaplamali
sementit karbiir kesici takimlar kullanilmistir. Kesici takimlarin rijit bir sekilde baglanmasinda Sandvik
marka 1SO 490-025A20-08L kodlu takim tutucu kullanilmustir.

Frezeleme deneyleri, maksimum devri 10000 dev/dak, motor giicii 11 kW olan DELTA SEIKI CNC-1050
A marka CNC freze tezgdhinda gerceklestirilmistir. Caligmada kullanilan tezgah ve diger ekipmalar Sekil
1’de verilmektedir. Sogutma/yaglama kosullarinin etkilerini incelemek i¢in kesme parametreleri kesici takim
firmasinin tavsiye etttigi degerler arasindan segilmistir. Kesme parametresi olarak, kesme hizi 50 m/dak,
ilerleme 0.10 mm/dev ve kesme derinligi 0.5 mm olarak belirlenmistir.

Tablo 3. Deney parametreleri.

Tezgih DELTA SEIKI CNC-1050 A
Is Parcasi Hastelloy X (100x150x13.5 mm)
Kesici Takim Sandvik marka 1SO 490R-08T30-8E MLS30T

Kesme Parametreleri  Kesme hiz1 50 m/dak, flerleme 0.10 mm/dev, Kesme
derinligi 0.5 mm

Kesme Kosullar1 Kuru, MMY, Al,O3-4 nm, Al,03-48 nm, Al,03-136
nm

Kesme Yagi Werte Fastcut (Kinematik viskozite 18 cSt)

MMY SKF LubriLean Vario, Basing 8 bar, Debi 80

ml/saat, Nozul ¢ap1 2 mm
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Sekil 1. CNC freze tezgahi ve deneysel ekipmanlar.

2.2. Nanoakigkan Karisimlar ve Karisim Prosesi

MMY sogutma/yaglama kosulunda, SKF LubriLean Vario model MMY cihazi kullanilmistir. MMY
cihazi igerisine, atmosfere ve insan sagligina zararsiz kimyasal bilisime sahip Werte Fastcut bitkisel esasl
sentetik yag kullanilmistir. MMY sisteminin calisma debisi 80 mL/saat ve calisma basinci 8 bar olarak
ayarlanmistir. MMY sistemi igerisinde piilverize hale getirilen ve basing kazandirilan yag, kesme bolgesine 2
mm ¢apinda bir nozul yardimiyla 30 mm mesafeden 30° a¢1 ile gonderilmistir. Literatiirde yer alan
caligmalarda nanoakiskan karisimlarda hacimce %0.5~0.75 nanoparcagik karisim oraninin uygun aralik
oldugu ifade edilmistir [16]. Bu ¢aligmada baz yagin igerisine hacimce %0.6 oraninda farkli boyutlarda (4-
48-136 nm) Al,O; nanopargacik (Nanografi/Tirkiye) eklenerek nanoakigkanlar hazirlanmistir. Al,O3
nanoparcacik 6zellikleri Tablo 4’te verilmistir.

Tablo 4. Al,O3 nanopargacik 6zellikleri [17].

Boyut  Saflik Ozgiil yiizey Renk Sekil
alam
(nm) (%) (m’/g)
4 99.99 >20 Beyaz Kiiresele yakin
48 99.90 >30 Beyaz Kiiresele yakin
136 99.95 >20 Beyaz Kiiresele yakin

Nanoakiskan hazirlamak igin kolaylig1 ve ekonomik olmasi bakimindan genellikle iki adim yontemi
tercih edilmektedir [18]. Bu ¢alismada da nanoakiskanlarin hazirlanmasinda iki adim yéntemi kullanilmigtur.
Karistirma prosesi iic asamada gerceklestirilmistir. Birinci asamada Al,O; nanopargaciklar1 baz yaga
eklendikten sonra Daihan HS100D mekanik karistiricida 750 rpm'de 60 dakika boyunca karigtirilmustir.
Ikinci asamada mekanik karistirma isleminden sonra, nanoakiskanlar Bandelin Sonopuls HD 320020
ultrasonik bir homojenizatorde 20 kHz frekansta 30 dakika boyunca karigtirllmistir. Son asamada, Termal
N1115 manyetik karistirict ile 60 dakika boyunca 1500 rpm'de karigtirilarak karigimlar hazir hale
getirilmistir. Nanoakigkan hazirlama prosesi Sekil 2’de verilmektedir. Hazirlanan nanoakiskanlar
homojenligini kaybetmeden hemen kullanilarak frezeleme deneyleri gergeklestirilmistir.
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. Mekanik Ultrasonik Manyetik Hazirlanan
On Kangtirma Karigtirma Karistirma Kangtirma Nanoakigkanlar

[Aamz > [sams > [Adms >

Sekil 2. Nanoakiskan hazirlama prosesi.

2.3. Deneysel Olgiimler

Islenen parcalarm yiizey kalitesinin belirlenmesi icin parcalarin yiizey piiriizliiliik dl¢iimleri yapilmistir.
Yiizey piiriizliiliik 6l¢ctimlerinde Mahr Marsurf PS10 taginabilir yiizey piiriizliiliik 6l¢iim cihazi kullanilmistir.
Yiizey piiriizliiliik 6lciimleri ISO 4287 standardina gore yapilmistir. Olgiim sirasinda lgme uzunlugu 4 mm
ve ornekleme uzunlugu 0.8 mm olarak belirlenmistir. Islenen yiizeyin ii¢ farkli bolgesinden alinan Ra
degerlerinin aritmetik ortalamasi alinarak yiizey piiriizliiliik degerleri belirlenmistir. Isleme esnasinda kesme
bolgesinde olusan maksimum sicaklik degerinin tespiti i¢in Optris marka PI450 kizilotesi termal kamera
kullanilmistir. Anlik olarak alinan sicaklik gdriintiileri Optris PI Connect yazilimi {izerinden okunmustur.
Termal kamera tiretici tavsiyesi ve katalog degerleri esas aliarak Hastelloy X siiperalasim malzemesi i¢in
emisivite degeri 0.5 olarak alinmustir. Isleme sirasinda, tezgah giic tiiketimini 6lgmek icin Fluke 1732 A, B
ve C ¢ fazli gii¢ tiiketim 6l¢iim cihazi kullanilmigtir. Giig tiikketim 6l¢lim cihazi CNC freze tezgahinin ana
girig gii¢ trafosuna baglanmis ve yazilim yardimiyla dl¢iim sonuglar1 kaydedilmistir. Cihaz her deneyden
once kalibre edilerek kullanilmistir. Kesici takim yanak agmmma miktariin tespit edilmesinde DinoLite
marka AM791MZT dijital mikroskop kullanilmistir. Mikroskoptan elde edilen goriintiiler DinoLite yazilimi
ile alinarak kontrol edilmistir. Her deney icin yeni bir kesici u¢ kullanilmis olup deney seti Sekil 1’de
verilmigtir.

3. BULGULAR VE TARTISMA
3.1. Yiizey Piiriizliiliik Degerlendirmesi

Yiizey piirtizliiliigii talagh imalatta {iriin kalitesini belirleyen en 6nemli kalite gostergelerinden biridir.
Ozellikle hassasiyetin ve kalitenin 6n planda oldugu havacilik sektoriiniin vazgegilmez bir unsurudur. Yiizey
plrtizliliigli, bitmis {iriiniin yorulma dayanimi, korozyon direnci, siirtliinme katsayist gibi bir¢cok 6zelligini
dogrudan etkilemektedir [19-22]. Bu nedenle yiizey piriizliliigliniin iyilestirilmesi biiylik onem arz
etmektedir. Bu amagcla havacilik sektoriinde yaygin kullanimi olan Hastelloy X siiperalasiminin
frezelenmesinde farkli sogutma/yaglama kosullarinin ortalama yiizey piiriizliliigi tizerindeki etkilerini
ortaya koymak i¢in bir dizi deney yapilmistir. Deneysel calismadan elde edilen sonuglar Sekil 3’te
verilmistir. En yiiksek Ra degeri 0.406 um olup beklendigi gibi kuru kesme kosulunda elde edilmistir.
Takim/talag temas alaninda herhangi bir yaglayici ajanin olmayisi siirtiinmenin artmasina neden olmaktadir.
Buda kuru kesme kosulunun diisiik yiizey kalitesi ile sonug¢lanmasina yol agmaktadir. Kuru kesme g¢evreci bir
iiretim yontemi olmakla birlikte siiperalasim gibi {istiin mekanik 6zelliklere sahip malzemelerin islenmesinde
diisiik yiizey kalitesi, diisiik takim omrii ve isleme verimliligi acisindan dezavantajlara sahiptir [23,24]. Bu
noktada bitkisel kesme yaginin kullanildigt MMY yontemi alternatif olarak karsimiza c¢ikmaktadir.
Calismada MMY kesme kosulunun ylizey piiriizlilligiinde kuru kesmeye gore %22.66 iyilesme sagladigi
goriilmiistiir. Bu yontemde kesme bdlgesine sis buhar1 seklinde gonderilen kesme yagi etkin bir yag filmi
olusturarak siirtlinmenin azalmasi noktasinda énemli bir rol iistlenmistir. Kesme yaginin etkinligini daha da
artirmak amaciyla nanoparcaciklar ile hazirlanan nanoakisanlar iistiin yaglayicilik 6zellikleri ile 6n plana
¢ikmaktadirlar [25]. Nitekim yapilan ¢aligmada en diigiik Ra degerleri Al,O3 nanoakiskan kesme kosullarinda
elde edilmistir. Kesme yagina katilan nanopargaciklar sahip olduklar1 {istiin 6zellikleri ile kesme yaginin

56



Gemci, Sirin, Kivak | Manufacturing Technologies and Applications 6(1), 52-62, 2025

termal iletim katsayisini artirmanin yani sira yaglayicilik 6zelliklerini de 6nemli 6lgilide iyilestirmektedirler.
Ayrica tamir, parlatma ve yuvarlanma mekanizmalari ile takim/talag ve takim/is parcasi arasinda bariyer
olusturarak etkin film tabakasi ile siirtiinmenin azaltilmasini saglamaktadirlar [26]. Tiim sayilan bu 6zellikler
en diisiik Ra degerlerinin nanoakigkan kesme kosullarinda elde edilmesinde 6nemli bir rol {istlenmistir.
Nanopargacik boyutunun Ra iizerindeki etkisi incelendiginde ise nanopargacik boyutunun kii¢lilmesiyle Ra
degerlerinde belirgin bir diisiis oldugu goriilmiistiir. Oyle ki Al,05-136 nm kesme kosulunda 0.292 um olan
Ra degeri Al,O3-4 nm nanoakigkan kesme kosulunda %13.01 disiis ile 0.254 um olmustur. Tim kesme
kosullar igerisinde en diisiik Ra degeri ise Al,O3-4 nm nanoakiskan ile elde edilmis olup kuru ve saf MMY
kosuluna gore sirasiyla %37.43 ve %23.26 diisiis saglanmistir. Bu durum nanopargacik boyutunun
kiigiilmesiyle nanopargacik takim/talas arayiizeyine daha iyi niifuz etmesi ve daha ince bir film tabakasi
olusturarak yaglayicihgi onemli &lglide artirmasma atfedilmistir. Ozelikle 100 nm’den daha kiigiik
nanoparcaciklar ile hazirlanan nanoakiskanlarin performanslarinin daha biiyiikk boyutlulara gdére 6nemli
6lciide daha yiiksek oldugu sdylenebilir.
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Sogutma/Yaglama Kosullar

Sekil 3. Farkli sogutma/yaglama kosullar1 altinda yiizey piiriizliilik Ra sonuglari.

3.2. Kesme Bolgesindeki Sicakhigin Degerlendirilmesi

Metal kesmede malzemenin deformasyonu icin gerekli olan mekanik enerjinin tamamina yakini 1s1
enerjisine donligmektedir. Kesme bolgesinde olusan yiiksek sicakliklar ise kesici takimin omriinii dnemli
Olciide azaltarak isleme verimliliginin diismesine neden olmaktadir [27,28]. Bu nedenle &zellikle istiin
mekanik 6zelliklere sahip siiperalagim gibi malzemelerin islenmesinde kesme sicakligmin kontrol edilmesi
bliylik 6nem arz etmektedir. Caligmanin bu kisminda farkli sogutma/yaglama yontemlerinin kesme sicakligi
tizerindeki etkilerini irdelemek amaciyla kesme esnasinda Olglimler gergeklestirilmis olup sonuglart Sekil
4’te verilmigtir. Beklenildigi gibi en yiiksek kesme sicakhigi 257.3 °C ile kuru kesme kosulunda elde
edilmistir. Bu durum takim/talag temas alanindaki yiiksek siirtinmenin bir tezahiirii olarak
degerlendirilmistir. Saf kesme yaginin MMY ile sis bulutu seklinde kesme bolgesine tatbik edilmesinin
siirtiinmeyi azaltma ve kesme sicakligini diisiirmede etkin oldugu goriilmiistiir. Oyle ki bu kesme kosulunda
kuru kesme kosuluna gore %23.70’lik bir diisiis kaydedilmistir. Literatiirdeki yapilan birgok calismada
benzer diistisleri gérmek miimkiindiir [29,30]. Yiizey piiriizliiliigiinde oldugu gibi kesme sicakliginin
diigiiriilmesinde de nanoakigkanlarin énemli bir ¢arpan oldugunu sdylemek miimkiindiir. En diisiik kesme
sicakligr degerleri nanoakiskan kesme kosullari altinda gerceklesmistir. Nanopargaciklarin yiiksek termal
iletim katsayisina sahip olmalar1 katildiklar1 yagm termal iletim 6zelligini onemli Olglide iyilestirdigi
bilinmektedir [16]. Bu 6zelligi ile kesme bolgesinde olusan sicakligi énemli 6lgilide tahliye etmesinin kesme
sicakliginin diismesinden sorumlu oldugu diisiiniilmektedir. Nanopargacik boyutunun kesme sicakligi
iizerindeki etkisi irdelendiginde ise 100 nm’nin altindaki nanopargaciklar hazirlanan nanoakiskanlarin kesme
sicakliginin degisimi {izerinde ¢ok fazla bir etkisi olmazken nanopargacik boyutunun 100 nm’nin iizerine
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¢tkmasinin kesme sicakhiginn 6nemli dlgiide artmasima neden oldugu goriilmiistiir. Oyle ki Al,05-136 nm
nanoakiskan kesme kosulu kuru ve MMY kesme kosuluna gore kesme sicakliginda sirasiyla %29.10 ve
%7.08 diisiis saglarken bu oranlar Al,O3-4 nm nano akigkan kesme kosulunda %36.02 ve %16.14 olarak
gergeklesmistir. Buradan hareketle nanopargacik boyutunun nanoakiskanlarin sogutma o6zelligi iizerinde
onemli bir etkiye sahip oldugunu sOylemek miimkiindiir. Burada nanoakigkandaki termo-fiziksel
degisimlerin kesmeye olan etkilerinin yan1 sira daha kiiciik parcaciklara sahip nanoakigkanin takim/talas
alanina daha iyi niifuz etmesinin g6z ardi edilmemesi gerektigi diistiniilmektedir.
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Sekil 4. Farkli sogutma/yaglama kosullar altinda kesme sicaklig1 sonuglart.

3.3. Gii¢ Tiiketiminin Degerlendirilmesi

Giliniimiiz diinyasinda artan enerji maliyetleri ve ¢evreci iiretim gereklilikleri imalat endiistrisinde enerji
verimliliginin 6nemini her gecen gilin artirmaktadir [31]. Talasli imalat endiistrisinde ise siirdiiriilebilir
tiretimin temel gerekliliklerinin basinda enerji sarfiyatim1 azaltmak ve gevreci iretim tekniklerini kullanmak
gelmektedir. Enerji sarfiyatin1 azaltmanin yolu ise tezgéah giic tiiketimini azaltacak kesme kosullarinin tespiti
ile miimkiin olabilmektedir [32]. Bu amagla ¢evreci sogutma/yaglama kosullarinin tezgdh gii¢ tiiketimi
iizerindeki etkilerini belirlemek amaciyla bir dizi deney yapilmis olup sonuglar Sekil 5’te verilmistir. Kuru
kesme kosulu her ne kadar ¢evreci bir yontem olarak degerlendirilse de siliperalasim gibi malzemelerin
islenmesinde gii¢ tiikketiminin énemli dl¢lide artmasina neden olmaktadir. Yapilan ¢alisma da 480 Watt giic
tilkketimi ile en yiiksek giic tiiketen kesme kosulu kuru kesme olmustur. Diger isleme ¢iktilarinda oldugu gibi
giic tiiketimi lizerinde de kuru siirtinmenin sonucu olarak malzemenin yiiksek mekanik yiikler altinda
deformasyonunun gii¢ tiiketiminin artmasina neden oldugu diisiiniilmektedir. Saf MMY kesme kosulunda
yaglayici ajanin varligl, siirtiinmenin azaltilmasi dolayisiyla tezgah gii¢ tiiketiminin %6.25 kadar diismesini
saglamistir. Literatiirde de yapilan benzer ¢alismalarda kuru kesme kosulunda kesme bdlgesinde yiiksek
stirtlinme ve kesme kuvvetlerinin oldugu gézlemlenmistir. Yaglamanin etkisiyle azalan siirtinme ve kesme
kuvvetlerine bagli olarak gii¢ tiiketiminde de diisiisler goriilmiistiir [33],[34]. Nanoakigkan kesme kosullart
MMY kesme kosuluna gore gii¢ tiiketiminde her ne kadar diisiis saglasa da diger isleme ¢iktilarindaki kadar
etkin bir rol oynamadig sdylenebilir. Hatta nanopargacik boyutu 136 nm oldugunda MMY kesme kosuluna
gore bir miktar gii¢ tiiketiminin arttig1 goriilmiistiir. Bu da nanopargacik boyutunun belli bir degerin iizerinde
olmasi nanoakiskanin dar alanda gerceklesen kesme bdlgesine efektif bir sekilde ulagamadiginin bir
gostergesi olarak degerlendirilebilir. Boyut farkina bagli nanoakigkanlar arasindaki farklar goz ardi
edilebilecek kadar az olmakla birlikte en diigiik gii¢ tiiketimine (440 Watt) yine Al,O3-4 nm nanoakiskan
kesme kosulunda ulagilmigtir. Al;O3-4 nm nanoakigkan kesme kosulunda gii¢ tiiketim degeri kuru kosula
gore %8.33 ve MMY kosuluna gore %2.22 diisiis gostermistir. Genel olarak degerlendirildiginde 4 nm ve 48
nm boyutlu nanoakiskanlarin kullaniminin sonuglar1 ¢ok belirgin derecede degistirmedigi goriilmektedir.
Nanoakigkanlar arasinda en biiyiikk degisim 4 nm ve 136 nm boyutlu nanoakiskan kullanim1 arasinda
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goriilmektedir. Bu durum 6zellikle biiyiik boyutlu nanopargaciklarin (100 nm {istii) kesme bolgesine direk
etki edemediginin bir gostergesidir. Kii¢iik boyutlu nanopargacik ilaveli nanoakigkanlarin takim-talag-is
pargas1 arasina daha iyi niifuz etmesine bagl olarak daha etkili yaglama yaptig1 sonucuna ulagilmaktadir.
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Sekil 5. Farkli sogutma/yaglama kosullar1 altinda gii¢ tiikketimi sonuglart.

3.4. Takim Yanak Asinmasinin Degerlendirilmesi

Takim aginmasi/omrii tiretim maliyetlerini ve {iriin kalitesini dogrudan etkileyen en énemli islenebilirlik
kriterlerinden biridir. Bu nedenle takim aginmasinin azaltilmasi isleme verimliliginin artirilmasi adina son
derece Onemlidir [16,23,27]. Calismanin bu kisminda sogutma/yaglama kosullarinin takim aginmasi
tizerindeki etkilerini belirlemek amaciyla hacme bagli olarak kesici takim yanak agimasi 6l¢timleri yapilmis
olup degisimleri gosterir grafik Sekil 6’da verilmistir. En agir igleme kosulu olan kuru kesme kosulunda
takim aginmasi kriteri olan 3 pm degerine 10000 cm® talas hacminde ulagildigindan bu talas hacmi diger
kesme kosullarinda sabit tutularak Ol¢timler gergeklestirilmistir. Tiim kesme kosullarinda artan talag hacmi
ile takim agimmmasinin arttigi ancak kuru kesme kosulunda asinma artig hizinin ¢ok daha yiiksek oldugu
goriilmiistiir. Siiperalagim malzemenin kuru kesme ile islenmesi isleme verimliligini son derece olumsuz
etkileyen bir durum olarak karsimiza ¢ikmaktadir. Ayni kesme kosulunda yiizey kalitesinin bozulmasi ve giic
tiketiminin de artmasi bu durumu dogrular niteliktedir. Bu durumun olusmasinda temel sebep yiiksek
siirtlinme ve buna bagl olarak ortaya g¢ikan yiiksek sicakliklarm kesici takimm asimmmasini son derece
hizlandirmasi oldugu sdylenebilir. En yliksek kesme sicakliginin bu kesme kosulunda elde edilmis olmasi bu
durumu teyit etmektedir (Bkz Bolim 3.2). MMY kesme kosulunda 10000 cm?® talas hacminde yanak
aginmasi degeri 156 pum 6l¢iilmiis olup kuru kesmeye gore %48’lik ciddi bir iyilesme kaydedilmistir. Bu da
siiperalagim malzemelerin islenmesinde sogutma/yaglamanin énemini agik bir sekilde ortaya koymaktadir.
Yaglayici ajanin varligi ile hem siirtlinmenin azaltilmasi hem de siirtiinme kaynakli 1sinin azaltilmasi takimin
daha uzun siire ¢alismasina zemin hazirladig: diisiiniilmektedir. Diger deney ¢iktilarinda oldugu gibi takim
asinmasinin azaltilmasi noktasinda da nanoakiskan yaglayicilarin kilit rol oynadigi sdylenebilir. Ozellikle
100 nm’den daha kii¢iik pargacik ihtiva eden nanoakiskanlarin takim asinmasinda kayda deger iyilesmeler
sagladig1 goriilmiistir. Oyle ki en kiigiik parcacikli Al,O3-4 nm nanoakiskan kesme kosulu takim
aginmasinda Al,O3-136 nm nanoakiskan, MMY ve kuru kesme kosuluna gore sirasiyla %23.66, %35.89 ve
%66.66 iyilesme saglamistir. Kesme yagina katilan Al,O3 nanopargaciklarinin yagin yaglayicilik 6zelligini
iyilestirmenin yani sira termal iletkenligini de 6nemli 6l¢iide iyilestirdigi birgok calismada dile getirilmigtir
[8,11,13]. Yaglayicilik ozelligi siirtiinmenin azaltilmasi, dolayisiyla siirtiinme kaynakli 1s1 olusumunun
azaltilmasina katki sunarken termal iletkenligindeki artis ise kesme bolgesinde olugan 1sinin hizla tahliyesini
saglamaktadir. Ayrica nanoakigkan igerisindeki parcaciklar slirtinme bolgesinde yuvarlanma, parlatma gibi
mekanizmalar sayesinde ara yiizeyde ince bir yag filmi ile bariyer olusturmaktadir [26]. Bu sayede Kkesici
takimin aginmasina sebep olan mekanik yiik faktorlerinin yani sira termal ve asindiric1 yiik faktorlerinin de
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azalmasma imkan saglamaktadir. Nanopargacik boyutunun kiigiilmesi ise nanopargaciklarin daha dar
alanlara ulasabilmesini bdylece yukarida bahsedilen mekanizmalarin etkinliginin artmasina katki sundugu
diisiiniilmektedir. Sonug¢ olarak Hastelloy X alasimin islenmesinde kuru kesmenin isleme verimliligi
agisindan son derece verimsiz bir yontem oldugu MMY’in ise isleme verimligini 6nemli Slgiide artirdigi
sOylenebilir. Nanoakigkan yaglayicilarin ise tiim isleme ¢iktilarinda sagladigi 6nemli iyilesmeler ile en
verimli isleme yontemi oldugu goriilmiistiir.
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7 200 —
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; =
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Sekil 6. Farkli sogutma/yaglama kosullar1 altinda takim yanak asinma.
4. SONUCLAR

Bu caligmada siiperalasim Hastelloy X alasiminin frezelenmesinde farkli pargacik boyutlu Al,O; esasl
nanoakigkan yaglayicilarin igsleme performanslart kuru ve saf MMY kesme kosullari ile karsilastirilmigtir.
Performans kriterleri olarak yiizey piiriizliiligii, kesme sicakligi, tezgah giic tiiketimi ve takim aginmasi
dikkate alinmistir. Nanoakiskan parcacik boyutlari ise 4 nm, 48 nm ve 136 nm olarak belirlenmistir. Yapilan
caligma sonucunda elde edilen bulgular ve sonuglar asagida maddeler halinde 6zetlenmistir.

v Ra degerleri tizerinde sogutma/yaglama kosullarmin onemli etkileri oldugu goriilmiistiir. En yliksek
Ra degeri 0.406 pm ile kuru kesme kosulunda elde edilmistir. MMY kesme kosulu kuru kesmeye
gore Ra degerinde %22.66 iyilesme saglamistir. Tim kesme kosullar igerisinde en diisiik Ra degeri
ise Al,03-4 nm nanoakiskan ile elde edilmis olup kuru ve saf MMY kosuluna gére sirasiyla %37.43
ve %23.26 diisiis saglanmustir.

v Kuru kesmede 257 °C olan kesme sicakligi, MMY kesme kosulunda %23.70’lik bir diisiisle 196.3 °C
olmustur. Nanoakigkanlar kesme sicakliginin diismesinde onemli bir rol oynamis olup en diigiik
sicaklik degerlerinin elde edilmesini saglamistir. Oyle ki Al,O3-4 nm nanoakiskan kesme kosulu
kuru ve MMY kesme kosuna gore kesme sicakliginda sirasiyla %36.02 ve %16.14 diisiis saglamistir.

v' Tezgah gii¢ tiikketiminde MMY kesme kosulu kuru kesme kosuluna gore %6.25°lik bir diisiis
sagladigr goriilmiistiir. Gii¢ tliketimi tizerinde parcacik boyut farkina baghh farklar goz ardi
edilebilecek kadar az olmakla birlikte en diisiik gii¢ tiiketimine (440 Watt) yine Al,0s-4 nm
nanoakiskan kesme kosulunda ulasilmstir.

v’ Siiperalasim malzemenin iglenmesinde takim aginmasi iizerinde sogutma/yaglamanin dramatik bir
etkiye sahip oldugu goriilmiistiir. Aym talas hacminde kuru kesme kosulunda 3 um olan yanak
asmmasi bir yaglayici ajanin varligi ile MMY kesme kosulunda %48°lik diisiis ile ciddi bir iyilesme
kaydedilmistir. Pargacik boyutundaki azalma nanoakigkanlarin takim agmmasini azaltma etkisini
belirgin bir sekilde artirmistir. Al,O3-4 nm nanoakiskan kesme kosulu MMY ve kuru kesme
kosuluna gore takim asinmasinda sirastyla %23.66 ve %35.89 iyilesme saglamistir.
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Yapilan ¢alisma neticesinde elde edilen bulgular dikkate alindiginda siiperalagim gibi iglenmesi zor olan
malzemelerde isleme verimliligi agisindan sogutma/yaglamanin son derece onemli oldugu sdylenebilir.
Parcacik boyutlarmin ise nanoakigkanlarin performansi {izerinde onemli etkiye sahip oldugu parcacik
boyutunun kii¢iilmesi ile nanoakigkanlarin kendisinden beklenen etkiyi daha efektif bir sekilde gosterebildigi
cikarimi yapilabilir.
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ABSTRACT

This study presents a comprehensive statistical analysis of the effects of drilling parameters on cutting forces and hole
quality in AISI 1050 steel, utilizing Analysis of Variance (ANOVA) to evaluate the significance of various factors.
The research employs a full factorial experimental design to systematically investigate the influence of drill geometry,
cutting speed, and feed rate on thrust force, torque, and several metrics of hole quality. The ANOVA results indicate
that drill geometry is the predominant factor, accounting for a significant portion of the variance in thrust force and
torque, with statistically significant F-values, thereby confirming its critical role in drilling performance optimization.
Moreover, cutting speed and feed rate also demonstrate substantial contributions to the variance in cutting forces and
hole quality metrics. These findings highlight the importance of these parameters in enhancing drilling efficiency and
minimizing defects such as burr formation and surface roughness. The interaction between these parameters is
essential for achieving optimal drilling conditions, as evidenced by the statistical modeling approaches employed in
the study. In addition to ANOVA, the study incorporates Taguchi method's signal-to-noise ratio analysis to further
validate the findings. This method underscores the superior performance of specific drill geometries in minimizing
variability in drilling outcomes, thereby reinforcing the significance of drill design in achieving high-quality holes.
The insights derived from this research provide a robust foundation for optimizing drilling processes in industrial
applications, particularly for medium-carbon steels like AISI 1050, and offer valuable guidance for future research
endeavors aimed at enhancing machining efficiency and quality. The implications of this study extend to practical
applications in manufacturing, where understanding the interplay of drilling parameters can lead to improved
operational efficiencies and product quality. The findings contribute to the existing body of knowledge by elucidating
the critical factors influencing drilling performance, thus serving as a reference point for further investigations in the
field of machining and materials processing.

Keywords: AISI 1050 Steel, Drilling Parameters, ANOVA, Taguchi Method

AISI 1050 Celiginde Kesme Verimliligi ve Delik Kalitesini Artirmak icin Delme
Parametrelerinin Optimizasyonu

OZET

Bu calisma, AISI 1050 ¢eliginde delme parametrelerinin kesme kuvvetleri ve delik kalitesi tlizerindeki etkilerini
kapsamli bir istatistiksel analizle sunmaktadir. Calismada, ¢esitli faktorlerin dnemini degerlendirmek i¢in Varyans
Analizi (ANOVA) kullanilmigtir. Arastirma, matkap geometrisi, kesme hizi ve ilerleme hizinin itme kuvveti, tork ve
delik kalitesinin ¢esitli metrikleri {izerindeki etkisini sistematik olarak incelemek amaciyla tam faktoriyel deney
tasarimt kullanmaktadir. ANOVA sonuglari, matkap geometrisinin itme kuvveti ve torktaki varyansin 6nemli bir
kismint agiklayan baskin faktor oldugunu ve istatistiksel olarak anlamli F-degerleri ile delme performansinin
optimizasyonundaki kritik roliinii dogruladigini géstermektedir. Ayrica, kesme hizi ve ilerleme hizi da kesme
kuvvetleri ve delik kalitesi metriklerindeki varyansa 6nemli katkilar saglamaktadir. Bu bulgular, bu parametrelerin
delme verimliligini artirmada ve g¢apak olusumu ile yilizey piiriizliiligii gibi kusurlar1 en aza indirmede Gnemini
vurgulamaktadir. Bu parametreler arasindaki etkilesim, ¢aligmada kullanilan istatistiksel modelleme yaklagimlariyla
kanitlandig iizere, optimal delme kosullarinin elde edilmesi i¢in esastir. ANOV A'ya ek olarak, ¢aligma bulgular1 daha
da dogrulamak i¢in Taguchi'nin sinyal-giiriiltii oran1 analizini igermektedir. Bu yontem, belirli matkap geometrilerinin
delme sonuglarindaki degiskenligi en aza indirmedeki tstiin performansini vurgulamakta ve yiiksek kaliteli delikler
elde etmede matkap tasariminin 6nemini pekistirmektedir. Bu arastirmadan elde edilen iggoriiler, 6zellikle AISI 1050
gibi orta karbonlu ¢elikler i¢in endiistriyel uygulamalarda delme siireglerinin optimize edilmesi igin saglam bir temel
saglamakta ve isleme verimliligi ve kalitesini artirmay1 amaglayan gelecekteki arastirma gabalarina degerli rehberlik
sunmaktadir. Calismanin etkileri, delme parametrelerinin etkilesimini anlamanin operasyonel verimlilikleri ve {iriin
kalitesini artirabilecegi iiretim alanindaki pratik uygulamalara kadar uzanmaktadir. Bulgular, delme performansini
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etkileyen kritik faktorleri agiklayarak, isleme ve malzeme isleme alanindaki daha ileri arastirmalar i¢in bir referans
noktasi olarak mevcut bilgi birikimine katkida bulunmaktadir.

Anahtar Kelimeler: AIST 1050 Celigi, Delme Parametreleri, ANOVA, Taguchi Yontemi

1. INTRODUCTION

Drilling is a fundamental material removal process, integral to numerous manufacturing sectors,
constituting a substantial portion of machining operations [1]. This process is essential for creating precise
holes in a variety of materials, such as metals, polymers, and composites. The efficiency and quality of
drilling operations are influenced by numerous factors, including the type of cutting tool, its geometry, hole
diameter, machine rigidity, cutting fluids, and cutting parameters. A comprehensive understanding of these
dynamics is critical for optimizing process efficiency and ensuring product quality, especially in high-
precision applications where tolerances are critical [2, 3]. Despite its critical importance, drilling poses
several challenges that can adversely affect the quality of the drilled holes. Variability in cutting forces and
material removal rates often lead to complications such as tool jamming and excessive wear [4, 5].
Additionally, the use of suboptimal spindle and drill chuck configurations can introduce geometric errors,
resulting in circular deviations and axial misalignments-collectively referred to as cylindrical deviation-
between entry and exit holes. Such deviations risk compromising the integrity of the final product by
exceeding acceptable tolerance limits [6].

The demand for high-precision machining has intensified with technological advancements, necessitating
stringent control over key parameters that affect hole quality, including dimensional accuracy, circularity,
cylindrical deviation, and surface finish. Achieving these quality indicators often necessitates secondary
operations, such as reaming, which enhance precision but also increase machining time and production costs
[7]. Literature indicates that surface roughness is significantly impacted by drilling parameters like cutting
speed and feed rate, which can cause thermal softening and subsequent surface damage [8, 9]. Extensive
research has explored a variety of factors impacting drilling performance. Studies highlight the significant
influence of cutting tool type on surface roughness and tool wear [10, 11]. Investigations reveal that coated
tools often outperform uncoated ones in surface finish and longevity [12, 13]. Furthermore, the geometry of
the drill bit, including its diameter and point angle, is crucial for determining drilling efficiency and hole
quality [14]. Additionally, the application of cutting fluids can enhance drilling performance by mitigating
friction and heat, thereby improving surface finish and extending tool life [15]. Minimum Quantity
Lubrication (MQL) techniques are particularly noteworthy for offering effective cooling solutions with
minimal environmental impact [16]. The effectiveness of these strategies, however, varies with the material
and specific operational conditions [17].

The complexities associated with drilling operations necessitate ongoing investigation to develop robust
models and strategies for optimization. This is especially true for materials like AISI 1050 steel, which
present unique challenges due to their specific metallurgical properties [18]. Research suggests that
optimizing parameters such as feed rate and cutting speed can significantly improve surface finish and
dimensional accuracy [19]. Moreover, integrating advanced technologies like fuzzy logic and artificial
intelligence enhances the predictive capabilities of drilling models, enabling real-time process adjustments
[20]. In summary, while drilling is a cornerstone of modern manufacturing, it poses challenges that can
compromise quality. A thorough understanding of drilling dynamics is essential to optimizing process
efficiency and achieving high-quality outcomes. Continued research in this domain is critical to addressing
the complexities of drilling operations and developing innovative solutions to enhance precision and
reliability.

This study aims to systematically investigate the individual and interactive effects of cutting speed, feed
rate, and drill geometry on thrust force and torque during the drilling of AISI 1050 steel. By employing a full
factorial experimental design and rigorous statistical analysis, the research seeks to elucidate the impact of
these parameters on critical hole quality metrics. The findings will contribute to the development of
empirical models and optimization strategies, ultimately enhancing the efficiency and quality of drilling
operations in industrial applications.
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2. MATERIAL AND METHOD
2.1. Experimental Setup

The drilling experiments were conducted on a CNC vertical machining center (Johnford VMC-850
model). Drilling was performed directly on the chamfered surface without prior spot-facing, simulating real-
world manufacturing conditions where preparatory operations are often impractical. This study aimed to
assess the performance of cutting tools and process parameters under these challenging conditions. A full
factorial experimental design was utilized to systematically analyze the effects of drilling parameters—
cutting speed, feed rate, and drill geometry—on cutting forces and torque during the machining of AISI 1050
steel. This material, widely used in gear manufacturing, was selected for its mechanical strength and
moderate machinability. The test samples, crafted from AISI 1050 steel, were prepared to replicate the
industrially relevant thickness and curvature of a 16-B sprocket. The chemical composition of the workpiece
material is detailed in Table 1.

Table 1. Chemical composition of AISI 1050 manufacturing steel
% C %Si(Max) % Mn % P (Max) % S (Max)

0.45-0.55 0.40 0.6-0.9 0.035 0.035

The cutting speed (Vc, m/min) was varied across three distinct levels: Low (20 m/min), Medium (40
m/min), and High (60 m/min). This range was chosen to encompass typical operational conditions, allowing
for a thorough assessment of its influence on cutting forces and surface integrity. The feed rates (f, mm/rev)
selected for the study were set at 0.11, 0.13, and 0.15 mm/rev. These levels were specifically chosen based
on preliminary tests to cover a broad spectrum of material removal rates, from conservative to aggressive,
thus enabling the identification of optimal feed conditions that maximize efficiency without compromising
quality. Three different drill geometries were investigated: the U-Drill, a standard drill with a 180° point
angle, and a 140° point angle drill. These geometrical variations were selected to discern their respective
impacts on the drilling dynamics and resultant hole quality, as tool geometry is a critical determinant of
cutting performance. The experimental design's full factorial nature ensures comprehensive coverage of
parameter combinations, thus allowing for robust statistical analysis of main effects and interactions. This
approach not only facilitates the identification of optimal drilling conditions but also enhances the
understanding of the underlying mechanical processes influencing hole quality in AISI 1050 steel. The
specific cutting parameters and tool specifications are presented in Table 2. In Figure 1, the technical
drawing of the 16B chain sprocket and the experimental specimen are shown.

Table 2. Control factors and their levels

Control Factors Level 1 Level 2 Level 3
Cutting Speed (Vc, m/min) Low(20 m/min) Medium(40 m/min) High(60 m/min)
Feed Rate (f, mm/rev) 0.11 0.13 0.15
Drill Geometry U-Drill 180° 140°

G]Q:?I.u... Nenstae -..l“"

Figure 1. 16B chain sprocket techinal drawaing (a) and Test spicemen (b)

65



Coban, Cigek, Sahin | Manufacturing Technologies and Applications 6(1), 63-78, 2025

Cutting forces and torque were meticulously recorded using a Kistler 9272-A 4-component dynamometer
paired with a Kistler 5070-A multi-channel amplifier, ensuring precision in data acquisition. Post-drilling
evaluations involved measuring hole diameters, circular deviations, and cylindrical deviations using a
coordinate measuring machine (CMM) for high precision.

JOHNFORD VMC-! 830 CNC VERTICAL MACHINING

f

DYN. A\i()\!k'l'ul

Fig.2 Experimental setup of the CMM (a) and JOHNFORD VMC-850 CNC vertical machining center with integrated
Kistler 9272-A dynamometer, (b) Kistler 5070-A signal amplifier, and Dynoware 2825A-02 data acquisition system for
machining force measurement.

A full factorial experimental design was implemented, allowing thorough investigation of the effects of
three primary parameters-drill diameter, feed rate, and cutting speed-across three levels, and drill type across
two levels. This approach enabled analysis of individual and interaction effects of control parameters,
resulting in a total of 27 experimental trials (Table 3).

Table 3. Taguchi design

Expeeroment Gelc?r::gtry Cutting Speed (Vc, m/min)  Feed Rate (f, mm/rev)
1 U-Drill Low(20 m/min) 0.11
2 U-Drill Low(20 m/min) 0.13
3 U-Drill Low(20 m/min) 0.15
4 U-Drill Medium(40 m/min) 0.11
5 U-Drill Medium(40 m/min) 0.13
6 U-Drill Medium(40 m/min) 0.15
7 U-Drill High(60 m/min) 0.11
8 U-Drill High(60 m/min) 0.13
9 U-Drill High(60 m/min) 0.15
10 180° Low(20 m/min) 0.11
11 180° Low(20 m/min) 0.13
12 180° Low(20 m/min) 0.15
13 180° Medium(40 m/min) 0.11
14 180° Medium(40 m/min) 0.13
15 180° Medium(40 m/min) 0.15
16 180° High(60 m/min) 0.11
17 180° High(60 m/min) 0.13
18 180° High(60 m/min) 0.15
19 140° Low(20 m/min) 0.11
20 140° Low(20 m/min) 0.13
21 140° Low(20 m/min) 0.15
22 140° Medium(40 m/min) 0.11
23 140° Medium(40 m/min) 0.13
24 140° Medium(40 m/min) 0.15
25 140° High(60 m/min) 0.11
26 140° High(60 m/min) 0.13
27 140° High(60 m/min) 0.15
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3. EXPERIMENT AND OPTIMIZATION RESULTS

The experimentation conducted using the L27 orthogonal design represents a robust and well-established
methodology for analyzing the effects of various drilling parameters on critical machining outcomes. The
L27 orthogonal array facilitates a systematic exploration of multiple factors and their interactions, which is
essential for optimizing drilling processes. This methodological approach has been effectively employed in
numerous studies to evaluate the influence of parameters such as spindle speed, feed rate, and drill point
angle on drilling performance [21, 22].

In this context, the analysis of variance (ANOVA) table serves as a fundamental analytical tool, enabling
the determination of the significance of each parameter's contribution to the variability in response variables.
For instance, empirical studies have demonstrated that factors like cutting speed and feed rate significantly
influence the quality of drilled holes and surface finish [23, 24]. The integration of ANOVA with the L27
orthogonal design enhances the reliability of the findings and supports the derivation of robust conclusions
regarding optimal drilling conditions.

Moreover, response curves play a pivotal role in visualizing the relationship between drilling parameters
and their corresponding responses. The larger-the-better and smaller-the-better approaches are frequently
employed in the analysis of signal-to-noise (S/N) ratios, which are crucial for optimizing the drilling process
[21, 24]. This methodological framework not only facilitates an understanding of the effects of individual
parameters but also aids in making informed decisions regarding the selection of optimal machining
conditions. In summary, the integration of the L27 orthogonal design, ANOVA provides a comprehensive
and effective framework for analyzing the effects of drilling parameters.

3.1. Taguchi Analysis

3.2. Fz (N) and M (N.cm) versus Drill Geometry; Cutting Speed (Vc¢, m/min); Feed Rate (f,
mm/rev)

The Taguchi method is a powerful statistical tool widely utilized for optimizing drilling parameters,
particularly in the context of composite materials and various drilling geometries. The method employs
orthogonal arrays to systematically analyze the influence of multiple factors, such as cutting speed (Vc), feed
rate (f), and drill geometry, on performance metrics like thrust force (Fz) and surface roughness. For
instance, studies have shown that the selection of optimal drilling parameters can significantly reduce surface
roughness and thrust force, thereby enhancing the overall quality of drilled holes [25-27]. The outcome of
procedure parameters on Fz(N) and M(N.cm) was found as given below Table 4.

Table 4. Fz (N) and M (N.cm) results

Experiment no Fz(N) M(N.cm) S/N Ratio (Fz) S/N Ratio (M(N.cm)
1. 1340 7432 -62.5421 -77.4221
2. 1611 8125 -64.1419 -78.1965
3. 1340 8105 -62.5421 -78.1751
4. 1229 8984 -61.7910 -79.0694
5. 1405 8968 -62.9535 -79.0539
6. 1304 7696 -62.3056 -77.7253
7. 1204 7656 -61.6125 -77.6800
8. 1492 8567 -63.4754 -78.6566
9. 1404 7895 -62.9473 -77.9470
10. 967 8551 -59.7085 -78.6403
11. 1047 8767 -60.3989 -78.8570
12. 1133 9055 -61.0846 -79.1378
13. 112 113 -40.9844 -41.0616
14, 112 113 -40.9844 -41.0616
15. 112 113 -40.9844 -41.0616
16. 107 5578 -40.5877 -74.9296
17. 1107 5564 -60.8830 -74.9077
18. 1107 5564 -60.8830 -74.9077
19. 807 5733 -58.1375 -75.1676
20. 1142 5568 -61.1533 -74.9140
21. 1142 5568 -61.1533 -74.9140
22. 532 5565 -54.5182 -74.9093
23. 1148 5615 -61.1988 -74.9870
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24, 1148 5615 -61.1988 -74.9870
25. 532 5565 -54.5182 -74.9093
26. 1148 5615 -61.1988 -74.9870
217. 1148 5615 -61.1988 -74.9870

When Figure 3 is examined, the analysis reveals that the 180° drill geometry exhibits the highest S/N
ratio, indicating its superior performance in minimizing variability in thrust force. Additionally, a medium
cutting speed is identified as optimal, yielding the best S/N ratio and suggesting its effectiveness in reducing
variability. Furthermore, a feed rate of 0.11 mm/rev achieves the highest S/N ratio, demonstrating its efficacy
in minimizing thrust force variability.

Main Effects Plot for SN ratios
Data Means
Drill Geometry Cutting Spead (Ve, m/min) Fead Rate (f, mm/rev)
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Figure 3. Effect of essential parameters Fz (N) S/N Ratio.

The analysis indicates that the 180° drill geometry achieves the highest S/N ratio, highlighting its superior
performance in minimizing variability in torque (M). A medium cutting speed is optimal, yielding the best
S/N ratio and effectively reducing variability. Additionally, a feed rate of 0.11 mm/rev results in the highest
S/N ratio, demonstrating its efficacy in minimizing torque variability (Figure 4).

Main Effects Plot for SN ratios
Data Means
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Figure 4. Effect of essential parameters M (N.cm) S/N Ratio.

3.3.  Taguchi Analysis of Hole Diameter Deviation (mm), Center Distance Difference (mm), Ovality
Deviation (mm) and Parallelism Deviation (%6)

The Taguchi analysis was conducted to evaluate the impact of various factors on four critical dimensional
parameters in the manufacturing process: hole diameter deviation (mm), center distance difference (mm),
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ovality deviation (mm), and parallelism deviation (%). This robust design methodology aims to optimize
process parameters while minimizing variability in the output. Table 5 presents the signal-to-noise (S/N)
ratios for these parameters, which are crucial indicators of process stability and product quality. The S/N
ratios, calculated using Taguchi's "smaller-is-better" characteristic, provide valuable insights into the relative
influence of each factor on the respective deviations. By analyzing these S/N values, it becomes possible to
identify the optimal combination of process parameters that simultaneously minimizes all four types of
deviations, thereby enhancing the overall quality and precision of the manufactured components.

Table 5. Hole Diameter Deviation (HDD) (mm), Center Distance Difference (CDD) (mm), Ovality Deviation (OD)
(mm) and Parallelism Deviation (PD) (%) results

Experiment HDD CDD OD (mm) PD (%) SNRA3 SNRA4 SNRA5 SNRAG6
no. (mm) (mm)

1. 0.110 31 21 5 19.1721 -29.827 -26.444 -13.979
2. 0.099 36 26 6 20.0873 -31.126 -28.299 -15.563
3. 0.145 197 36 8 16.7726 -45.889 -31.126 -18.061
4. 0.175 36 26 6 151392 -31.126 -28.299 -15.563
5. 0.135 136 26 6 17.3933 -42.670 -28.299 -15.563
6. 0.109 36 26 6 19.2515 -31.126 -28.299 -15.563
7. 0.105 36 26 6 19.5762 -31.126 -28.299 -15.563
8. 0.107 36 26 6 19.4123 -31.126 -28.299 -15.563
9. 0.109 36 26 6 19.2515 -31.126 -28.299 -15.563
10. 0.105 36 26 6 19.5762 -31.126 -28.299 -15.563
11. 0.107 36 26 6 19.4123 -31.126 -28.299 -15.563
12. 0.109 36 26 6 19.2515 -31.126 -28.299 -15.563
13. 0.112 36 26 6 19.0156 -31.126 -28.299 -15.563
14. 0.112 36 26 6 19.0156 -31.126 -28.299 -15.563
15. 0.112 36 26 6 19.0156 -31.126 -28.299 -15.563
16. 0.107 36 26 6 19.4123 -31.126 -28.299 -15.563
17. 0.107 36 26 6 19.4123 -31.126 -28.299 -15.563
18. 0.107 36 26 6 19.4123 -31.126 -28.299 -15.563
19. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
20. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
21 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
22. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
23. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
24. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
25. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
26. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563
27. 0.092 36 26 6 20.7242 -31.126 -28.299 -15.563

The analysis shows (in Figure 5) that the 140° drill geometry achieves the highest S/N ratio, indicating its
superior performance in minimizing hole diameter deviation. A high cutting speed is optimal, yielding the
best S/N ratio and effectively reducing variability. Additionally, a feed rate of 0.13 mm/rev results in the
highest S/N ratio, demonstrating its efficacy in minimizing hole diameter deviation.

The analysis in Figure 6 indicates that the 140° drill geometry achieves the highest S/N ratio, highlighting
its superior performance in minimizing center distance difference. A high cutting speed is optimal, yielding
the best S/N ratio and effectively reducing variability. Additionally, a feed rate of 0.11 mm/rev results in the
highest S/N ratio, demonstrating its efficacy in minimizing center distance difference.

The analysis shows (in Figure 7) that the 140° drill geometry achieves the highest S/N ratio, indicating its
superior performance in minimizing ovality deviation. A medium cutting speed is optimal, yielding the best
S/N ratio and effectively reducing variability. Additionally, a feed rate of 0.11 mm/rev results in the highest
S/N ratio, demonstrating its efficacy in minimizing ovality deviation.

The analysis shows in Figure 8§ that the 140° drill geometry achieves the highest S/N ratio, indicating its
superior performance in minimizing parallelism deviation. A medium cutting speed is optimal, yielding the
best S/N ratio and effectively reducing variability. Additionally, a feed rate of 0.11 mm/rev results in the
highest S/N ratio, demonstrating its efficacy in minimizing parallelism deviation.
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Main Effects Plot for SN ratios
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Figure 5. Effect of essential parameters of hole diameter deviation S/N ratio.

Main Effects Plot for SN ratios
Data Means
Drill Geometry Cutting Spead (Ve, m/min Feed Rate (f. mm/rev’
-31,04
231,54
B
E 3204
-
o
B 3254
g
=
= 3304
-33,54
3401 i i . . i . i i
140° 180°  U-Dall High Low Medum 0,11 0,13 0,15
Signal-to-naise: Smaller is better

Figure 6. Effect of essential parameters center distance difference S/N ratio.
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Figure 7. Effect of essential parameters ovality deviation S/N ratio.
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3.4. Analysis of variance

The ANOVA results in Table 6 indicate that drill geometry is the most significant factor affecting the
variance, contributing 45.90% to the total variance with a highly significant F-value of 17.36 (p = 0.000).
Cutting speed also plays a notable role, contributing 12.89% with an F-value of 4.88 (p = 0.019). The feed
rate contributes 14.78% to the variance, with an F-value of 5.59 (p = 0.012). The error accounts for 26.44%
of the total variance. These findings highlight the critical influence of drill geometry on the process, followed
by feed rate and cutting speed, in determining the overall.

Main Effects Plot for SN ratios
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Figure 8. Effect of essential parameters parallelism deviation (%) S/N ratio.

Table 6. Fz variance analysis results.

Source DF  AdjSS Adj MS F P Contribution (%)
Drill Geometry 2 2372874 1186437 17.36  0.000  45.8972223
Cutting Speed (Vc¢, m/min) 2 666383 333191 4.88 0.019  12.889487

Feed Rate (f, mm/rev) 2 763921 381960 5.59 0.012 14.776112

Error 20 1366795 68340 26.4371787
Total 26 5169973 100

ANOVA results in Table 7 demonstrate that drill geometry significantly influences the variance,
contributing 31.65% with an F-value of 6.43 (p = 0.007). Cutting speed also has a notable impact,
contributing 19.03% with an F-value of 3.97 (p = 0.038). The feed rate shows minimal influence,
contributing only 0.12% with an F-value of 0.03 (p = 0.975). The error accounts for 49.20% of the total
variance. These results underscore the importance of optimizing drill geometry and cutting speed to enhance

performance.
Table 7. M variance analysis results

Source DF AdjSS Adj MS F P Contribution (%)
Drill Geometry 2 54731509 27365754  6.43  0.007 31.6533841
Cutting Speed (Vc, m/min) 2 32896988 16448494  3.87  0.038 19.0256219
Feed Rate (f, mm/rev) 2 214333 107167 0.03 0.975 0.1239572
Error 20 85066040 4253302 49.1970363
Total 26 172908871 100

The ANOVA results in Table 8 reveal that drill geometry is the most significant factor affecting hole
diameter deviation, contributing 43.71% to the total variance with a highly significant F-value of 9.38 (p =
0.001). Cutting speed contributes 8.30% with an F-value of 1.78 (p = 0.194), while the feed rate has a
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minimal impact, contributing only 1.36% with an F-value of 0.29 (p = 0.750). The error accounts for 46.62%
of the total variance. These findings emphasize the critical role of drill geometry in controlling hole diameter
deviation.

Table 8 Hole diameter deviation variance analysis results

Source DF AdjSS Adj MS F P Contribution (%)
Drill Geometry 2 0.003952  0.001976 9.38 0.001  43.7119788
Cutting Speed (Vc, m/min) 2 0.000750  0.000375 1.78 0.194  8.29554253
Feed Rate (f, mm/rev) 2 0.000123  0.000061 0.29 0.750  1.36046897
Error 20 0.004215  0.000211 46.620949

Total 26 0.009041 100

The ANOVA results in Table 9 indicate that drill geometry contributes 14.48% to the variance in center
distance difference, with an F-value of 1.89 (p = 0.177). Cutting speed contributes 4.14% with an F-value of
0.54 (p = 0.591), and feed rate contributes 4.67% with an F-value of 0.61 (p = 0.553). The error accounts for
76.70% of the total variance. These results suggest that while drill geometry has some influence, the majority
of the variance is attributed to error, indicating potential variability in the process.

Table 9. Center distance difference variance analysis results

Source DF  AdjSS Adj MS F P Contribution (%)
Drill Geometry 2 4855 24273 1.89  0.177 14.4843223
Cutting Speed (Vc, m/min) 2 1388 693.9 054 0591 4.14093499
Feed Rate (f, mm/rev) 2 1567 783.4 0.61  0.553 4.67496047
Error 20 25710 12855 76.7027656
Total 26 33519 100

The ANOVA results in Table 10 show that feed rate is the most influential factor on ovality deviation,
contributing 7.49% to the variance with an F-value of 1.21 (p = 0.320). Drill geometry and cutting speed
each contribute 1.08% with an F-value of 0.17 (p = 0.843). The error accounts for 90.43% of the total
variance. These findings suggest that feed rate has a minor impact, while most of the variance is due to error.

Table 10. Ovality deviation variance analysis results

Source DF AdjSS Adj MS F P
Drill Geometry 2 1.852 0.9259 0.17 0.843
Cutting Speed (Vc¢, m/min) 2 1.852 0.9259 0.17 0.843
Feed Rate (f, mm/rev) 2 12.963 6.4815 1.21 0.320
Error 20  107.407 5.3704

Total 26 172908871

The ANOVA results in Table 11 indicate that feed rate is the most significant factor affecting parallelism
deviation, contributing 10.44% to the variance with an F-value of 1.21 (p = 0.320). Drill geometry and
cutting speed each contribute 1.49% with an F-value of 0.17 (p = 0.843). The error accounts for 86.58% of
the total variance. These results highlight that feed rate has a slight influence, with the majority of the
variance attributed to error.

A more in-depth analysis of the ANOVA results reveals the nuanced impact of each factor on the drilling
process outcomes. For thrust force (Fz), drill geometry emerged as the most influential factor, with a
remarkably high F-value of 17.36 (p = 0.000), accounting for 45.90% of the total variance. This substantial
effect size, as indicated by the partial eta squared (n?p) of 0.459, underscores the critical role of drill
geometry in optimizing thrust force. Cutting speed and feed rate also demonstrated significant effects, with
F-values of 4.88 (p = 0.019) and 5.59 (p = 0.012), respectively. Their contributions to the variance were
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12.89% (m?p = 0.129) for cutting speed and 14.78% (n?p = 0.148) for feed rate, indicating moderate but
meaningful influences on thrust force variability.

Table 11. Parallelism deviation (%) variance analysis results

Source DF  Adj SS Adj MS F P
Drill Geometry 2 0.07407 0.03704 0.17 0.843
Cutting Speed (Vc, m/min) 2 0.07407 0.03704 0.17 0.843
Feed Rate (f, mm/rev) 2 0.51852 0.25926 1.21 0.320
Error 20  4.29630 0.21481

Total 26 4.96296

In the case of torque (M), drill geometry again exhibited the strongest effect, with an F-value of 6.43 (p =
0.007), explaining 31.65% of the variance (n?>p = 0.317). Cutting speed showed a notable impact with an F-
value of 3.87 (p = 0.038), contributing 19.03% to the variance (n?p = 0.190). Interestingly, the feed rate's
influence on torque was minimal, with a negligible F-value of 0.03 (p = 0.975) and a contribution of merely
0.12% to the variance (n?p = 0.001).

For hole diameter deviation, drill geometry once more demonstrated its paramount importance, with an F-
value of 9.38 (p = 0.001), accounting for 43.71% of the total variance (n?p = 0.437). The effects of cutting
speed and feed rate were less pronounced in this case, with F-values of 1.78 (p = 0.194) and 0.29 (p = 0.750),
respectively, contributing 8.30% (n?p = 0.083) and 1.36% (n*p = 0.014) to the variance.

These detailed ANOVA results elucidate the hierarchical influence of drilling parameters, with drill
geometry consistently emerging as the most critical factor across multiple outcome measures. The varying
effect sizes and significance levels for cutting speed and feed rate across different outcomes highlight the
complex interplay of these factors in the drilling process, emphasizing the need for careful optimization
strategies tailored to specific performance metrics.

3.5. Regression Analysis

In machining processes, regression analysis is employed to examine and establish the relationship
between process parameters and their outcomes [28]. The thrust force (Fz) during drilling operations was
modeled using multiple linear regression analysis. The regression equation, incorporating the effects of drill
geometry (DG), cutting speed (CS), and feed rate (FR). The regression model derived from this study is
presented below (Eq.1):

Fz = Bo + Pi(DG) + B2(CS) + Bs(FR) + ¢ (1)

Where:
e Fzis the thrust force in Newtons (N)
e o is the intercept (baseline thrust force)
e P, B2, Bs are the regression coefficients for drill geometry, cutting speed, and feed rate, respectively
e ¢is the error term
The fitted regression model is (Eq.2):

Fz="767 + B1(DG) + B2(CS) + Bs(FR) + ¢ (2
The coefficients for each factor level are as follows (Table 12):

Table 12. Coefficeints level of drilling parameters for Fz.

Drill Geometry (DG) Cutting Speed (CS) Feed Rate (FR)

140°: B1 = 0 (reference level) High: B> = 0 (reference level) 0.11 mm/rev: Bs = 0 (reference level)
180°: B =-327 Medium: B2 = -239 0.13 mm/rev: B3 = +376

U-Drill: B: =+398 Low: B2 =+142 0.15 mm/rev: Bs =+334
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This regression model allows for the prediction of thrust force based on the selected drilling parameters.
The coefficients indicate the change in thrust force relative to the reference level for each factor. For
instance, using a 180° drill geometry is expected to decrease the thrust force by 327 N compared to the 140°
geometry, while the U-Drill is expected to increase it by 398 N. The model's intercept (o = 767 N)
represents the baseline thrust force when all factors are at their reference levels (140° drill geometry, high
cutting speed, and 0.11 mm/rev feed rate). The inclusion of the error term (g) acknowledges that the model
may not account for all sources of variation in thrust force. Similarly, the torque (M) during drilling
operations was modeled using multiple linear regression analysis. The regression equation for torque,
incorporating the effects of drill geometry (DG), cutting speed (CS), and feed rate (FR), is expressed as
follows (Eq.3):

M = Bo + B1(DG) + Bx(CS) + Bs(FR) + ¢ A3)

Where:
e M is the torgue in Newton-centimeters (N.cm)
e [ is the intercept (baseline torque)
e [, B2, Ps are the regression coefficients for drill geometry, cutting speed, and feed rate, respectively
e ¢ is the error term
The fitted regression model for torque is(Eq.4):

M = 5746 + Biy(DG) + B2(CS) + Bs(FR) + & 4

The coefficients for each factor level are as follows (Table 13):

Table 13. Coefficeints level of drilling parameters for M.

Drill Geometry (DG) Cutting Speed (CS) Feed Rate (FR)

140°: B1 = 0 (reference level) High: B2 = 0 (reference level) 0.11 mm/rev: 3 = 0 (reference level)
180°: B1 =-782 Medium: B = -1649 0.13 mm/rev: B3 =+192

U-Drill: B = +2552 Low: B =+1032 0.15 mm/rev: B3 =+5

This regression model allows for the prediction of torque based on the selected drilling parameters. The
coefficients indicate the change in torque relative to the reference level for each factor. For example, using a
180° drill geometry is expected to decrease the torque by 782 N.cm compared to the 140° geometry, while
the U-Drill is expected to increase it by 2552 N.cm. The model's intercept (fo = 5746 N.cm) represents the
baseline torque when all factors are at their reference levels (140° drill geometry, high cutting speed, and
0.11 mm/rev feed rate). As with the thrust force model, the inclusion of the error term (g) acknowledges that
the model may not account for all sources of variation in torque. Comparing the two models, we can observe
that the factors affect thrust force and torque differently. For instance, while the U-Drill geometry increases
both thrust force and torque, its effect on torque (2552 N.cm increase) is proportionally larger than its effect
on thrust force (398 N increase). This highlights the importance of considering multiple performance metrics
when optimizing drilling parameters.

3.6. Enhanced Statistical Analysis

The Taguchi method and ANOVA employed in this study have facilitated a profound examination of the
effects of various parameters in the drilling process of AISI 1050 steel. In this section, we delve further into
the statistical significance of the obtained results and the impact of each parameter on variance.

The ANOVA results demonstrate that the influence of drill geometry on thrust force (Fz) is highly
significant (F = 17.36, p = 0.000). This parameter accounts for 45.90% of the total variance, indicating that
optimizing drill geometry may considerably enhance drilling performance. Cutting speed (F = 4.88, p =
0.019) and feed rate (F = 5.59, p = 0.012) also exhibit statistically significant effects, explaining 12.89% and
14.78% of the variance, respectively. These results emphasize the critical importance of jointly optimizing
these three parameters for effective thrust force control. For torque (M), ANOVA analysis again identifies
drill geometry as the most influential factor (F = 6.43, p = 0.007), accounting for 31.65% of the total
variance. The influence of cutting speed is also significant (F = 3.87, p = 0.038), explaining 19.03% of the
variance. These findings underscore the importance of optimizing drill geometry and cutting speed in torque
control. The relative impact of various drilling parameters on thrust force (Fz) and torque (M) is visually
represented in Figure 10.
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In the analysis of hole diameter deviation, the effect of drill geometry is once more prominent (F =9.38, p
= 0.001), explaining 43.71% of the total variance. This result highlights the critical importance of selecting
appropriate drill geometry in precision drilling operations. Signal-to-noise (S/N) ratio analyses obtained via
the Taguchi method corroborate these ANOVA results. For example, the 180° drill geometry exhibited the
highest S/N ratios for both thrust force and torque, indicating its effectiveness in minimizing variability for
these parameters. Similarly, the 140° drill geometry achieved the highest S/N ratios for hole quality
parameters, demonstrating its superiority in optimizing hole quality.

This enhanced statistical analysis underscores the significance of a multifactorial approach in the
optimization of drilling parameters. Understanding the interactive effects of drill geometry, cutting speed,
and feed rate is crucial for optimizing both cutting forces and hole quality in the drilling of AISI 1050 steel.
These findings provide valuable guidance for improving the efficiency and quality of drilling operations in
industrial applications.
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3.7. Discussion

The experimental investigation into the drilling parameters of AISI 1050 steel has yielded critical insights
into the interplay between drill geometry, cutting speed, and feed rate, particularly concerning thrust force,
torque, and hole quality. The findings align with existing literature, underscoring the importance of these
parameters in enhancing drilling performance.

The study identifies drill geometry as the most significant factor influencing thrust force, torque, and hole
diameter deviation. Specifically, the 180° drill geometry exhibited superior performance in minimizing thrust
force and torque variability. This observation is consistent with the work that highlighted the pivotal role of
cutting tool geometry in drilling operations [29, 30]. Conversely, the 140° drill geometry proved optimal for
minimizing hole diameter deviation, corroborating the findings of Rajendra Singh et al. and Fernandez-
Pérez et al., who emphasized the influence of tool geometry on dimensional accuracy [31, 32].

In terms of cutting speed, the study found that medium cutting speeds were generally optimal for reducing
variability in thrust force and torque. This conclusion is supported by Ellenberger et al. (2022) and Scarano
et al., 2020, who reported significant impacts of cutting speed on drilling performance and surface quality.
The results suggest that medium cutting speeds strike a balance between efficient material removal and
minimal thermal damage, thereby enhancing overall drilling performance [33, 34].

The investigation also revealed that a feed rate of 0.11 mm/rev was most effective in minimizing thrust
force and torque variability. This finding aligns with the research conducted by Maleki et al., who identified
feed rate as a crucial parameter in optimizing drilling processes [35]. Lower feed rates contribute to
maintaining stability during drilling, which reduces the likelihood of tool deflection and improves hole
quality.

Drill geometry was found to significantly influence hole diameter deviation, accounting for a substantial
portion of the total variance. This finding is consistent with the observations of Fernandez-Pérez et al., who
reported the importance of process parameters in achieving dimensional accuracy and surface quality in
drilled holes [31]. The results emphasize the necessity of selecting appropriate drill geometries to ensure
high-quality outcome.

The analysis of variance (ANOVA) conducted in this study revealed that drill geometry, cutting speed,
and feed rate exert varying degrees of influence on different aspects of the drilling process. This multi-
factorial influence is corroborated by the findings of Hale & Ng, who employed statistical analyses to
explore the complex interplay of drilling parameters [36]. The ANOVA results underscore the importance of
a comprehensive approach to parameter optimization, considering the interactions between different factors
to achieve optimal drilling performance.

4. CONCLUSIONS

In this study, the experimental investigation into the drilling parameters of AISI 1050 steel has
illuminated the critical impact various factors have on cutting forces and hole quality. A systematic analysis
was conducted to understand how drill geometry, cutting speed, and feed rate affect drilling efficacy and
efficiency. The impact of drill geometry on thrust force and torque was unmistakable. Specifically, a drill
with a 180° geometry was found to maximize the signal-to-noise ratio for thrust force, validating its use as a
key influence on cutting efficiency. Mid-range cutting speeds emerged as optimal, reflecting a balance
between performance and stability, while a feed rate of 0.11 mm/rev proved effective in achieving minimal
variability in thrust force. Regarding the quality of drilled holes, parameters such as hole diameter deviation,
centering accuracy, ovality, and parallelism were assessed. The 140° drill geometry excelled, significantly
minimizing diameter deviations. This finding highlights the need for precise control of both geometry and
cutting conditions—high cutting speeds and a feed rate of 0.13 mm/rev were found to yield the best results,
ensuring high-quality hole production. The statistical analysis underscored the predominance of drill
geometry in affecting thrust force variability, contributing nearly half of the observed variation and
reaffirming its statistical significance. Contributions from cutting speed and feed rate, though less
pronounced, were still substantial, indicating their role in refining the drilling process. For torque
considerations, drill geometry maintained its critical role, emphasizing the necessity of selecting optimal
geometries alongside suitable cutting speeds for effective drilling. Similarly, deviations in hole diameter due
to drill geometry were significant, underscoring the pressing need for exacting tool geometry to maintain
dimensional precision. Finally, feed rate was identified as a strong influencer in managing parallelism
deviations, highlighting the importance of accurately controlling operational parameters to ensure quality.
Thus, the outcomes of this study contribute significantly to our understanding of the dynamics involved in
drilling operations.
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In summary, this research offers a thorough understanding of the interdependencies between various
drilling parameters and their combined effects on cutting forces and hole quality in AISI 1050 steel. The
insights provided herein are invaluable for optimizing drilling practices, enhancing both performance and
quality in industrial applications.
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ABSTRACT

1.2738 material is used extensively in the mold industry because it offers long-lasting use due to its high polishability.
Quality holes are needed for long-lasting molds. Quality holes can mostly be obtained through boring operations. In
addition, the boring operation is heavily preferred in the machining of engine cylinder bores in the automotive
industry. However, due to limitations such as working in a hole, a long and thin boring bar, dynamic rigidities,
geometric deviations, increased cutting forces, and poor surface quality may occur. To overcome these disadvantages,
optimization of processing parameters is required. This study aims to investigate the effect of processing parameters
on the cutting torque occurring in the boring process of workpieces produced from 1.2738 material and to optimize it
by using the response surface method. The Taguchi L36 experimental design method was used to reduce the number
of experiments. A two-factor interactive (2FI) model was proposed, and the R? value of the model was calculated as
0.9456, while the standard deviation value was calculated as 10.68. It was determined that the parameters that have the
most significant effect on the cutting torque are the radial depth of cut and the feed rate. High agreement was achieved
between the experimental results and the values predicted by the model, and important findings were obtained for
optimizing the cutting torque in machining processes.

Keywords: Regression analysis, Response surface method Taguchi, Optimization, Boring torque

1.2738 Malzemesinin Baralanmasinda isleme Parametrelerinin Baralama Torkuna Etkisinin
Yanit Yiizey Yontemi ile Optimizasyonu

OZET

1.2738 malzemesi, yiiksek parlatilabilme 6zelligi dolayisiyla uzun Omiirlii kullanim imkani sundugu i¢in kalip
sektoriinde yogun bir sekilde kullanilmaktadir. Uzun 6miirlii kaliplar igin kaliteli deliklere ihtiyag bulunmaktadir.
Kaliteli delikler ise ¢ogunlukla baralama operasyonlari ile elde edilebilmektedir. Ayrica otomotiv sektériinde motor
silindir yuvalarmin islenmesinde baralama operasyonu yogun bir sekilde tercih edilmektedir. Ancak delik iginde
calisma, bara ¢ubugunun uzun ve ince olmasi, dinamik rijitsizlikler gibi kisitliliklardan dolayir geometrik sapmalar,
kesme kuvvetlerinde artis ve kotii yiizey kalitesi meydana gelebilmektedir. Bu olumsuzluklarin iistesinden gelmek igin
isleme parametrelerinin optimizasyonu gerekmektedir. Bu ¢alismada, 1.2738 malzemesinden iiretilen is pargalarinin
baralanmasi isleminde meydana gelen kesme torku iizerinde isleme parametrelerinin etkisinin incelenmesini ve yanit
ylizey yontemi ile optimizasyonunu amaglamistir. Deney sayisini azaltmak i¢in Taguchi L36 deney tasarim yontemi
kullamlmstir. Iki faktor etkilesimli (2FT) model dnerilmis ve modelin R? degeri 0,9456 olarak hesaplanirken standart
sapma degeri 10,68 olarak hesaplanmistir. Kesme torku iizerinde en 6nemli etkiye sahip parametrelerin radyal kesme
derinligi ve ilerleme miktar1 oldugu belirlenmistir. Deneysel sonuglar ile modelin tahmin ettigi degerler arasinda
yiiksek uyum saglanmis ve talash imalat siireglerinde kesme torkunu optimize etmeye yonelik 6nemli bulgular elde
edilmistir.

Anahtar Kelimeler: Regresyon analizi, Yanut yiizey yontemi, Taguchi, Optimizasyon, Baralama torku

1. GIRIS

1.2738 malzemesi, dis katmandan g¢ekirdegine kadar miikemmel bir sertlik dengesi gostererek nitrasyona
ve krom kaplamaya miisait, parlatilabilme 6zelligi oldukga iyi olan plastik kalip celigidir [1]. Plastik kalip
celigi sektoriinde en yogun kullanilan malzemelerden biridir [2]. Plastik iiriinlerin kullaniminin artmasiyla
birlikte, plastik enjeksiyon kaliplarina olan talep de giderek artmaktadir [3]. Uriin kalitesini siirekli olarak
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yiiksek tutmak i¢in kaliplarin yiiksek tekrarli ¢alismaya dayanikli ve uzun 6miirlii olmasi gerektiginden bu
kaliplarda Kkaliteli delikler arzulanmaktadir [4]. Bu kaliteyi saglamak igin son islem olarak baralama
operasyonlar1 uygulanmaktadir [5]. Otomotiv sektoriinde oOzellikle motor blogundaki silindir deliginin
genigletilmesinde baralama islemi kritik bir rol oynamaktadir [6]. Brezilya'da yapilan bir ¢alismada igten
yanmal1 motorlarin valf yuvalarinin baralanmasi isleminin yilda yaklasik 25 milyon kez yapildigi, islemin
diizgiin bir sekilde yapilmadiginda ise yanma odasinin sizdirmazliginin bozuldugu, bu durumunda gii¢
kaybina ve daha fazla kirletici gaz emisyonuna neden olarak ¢evreye zarar verdigi ifade edilmistir [7].
Dolayisiyla baralama operasyonlarinin ve igleme parametrelerinin dikkatlice analiz edilerek optimizasyonu
olduk¢a 6nemlidir.

Isleme merkezlerinde gergeklestirilen baralama operasyonlarinda nihai delik kalitesi bara takimlari ile
elde edilebilmektedir. Bu takimlar ¢esitli yontemler ile elde edilmis deliklerin yiiksek kalite ve dar tolerans
araliklarinda islenmesi amaciyla kullanilmaktadir [8]. Kesici takimin yeterince rijit olmamasi, delik icinde
caligma, bara gubugunun uzun ve ince olmasi, delik i¢ine tek noktada temas gibi olumsuzluklardan dolay:
cesitli problemler ortaya ¢ikabilmektedir [9]. Bu problemlerin basinda kotii yiizey kalitesi, geometrik
sapmalar, dengesiz kuvvetler, tirlama ve kesici u¢ kirilmasi gelmektedir [8]. Bu problemlerin iistesinden
gelebilmek icin baralama parametrelerinin optimize edilmesi gerekmektedir [6]. Delik ekseni ve bara gubugu
ekseni birbirinden kagik oldugu i¢in merkezkag¢ kuvvetleri bu islemde daha etkindir [10]. Tek noktada delik
ici ylizeyine temas oldugu icin en yiiksek kesme kuvveti olarak kesme torku 6ne c¢ikmaktadir [11].
Dolayisiyla baralama torku iizerinde isleme parametrelerinin etkilerinin agiga c¢ikarilmasi arzulanan delik
kalitesinin elde edilebilmesi agisindan son derece dnemlidir.

Dik igleme tezgahlarinda baralama isleminin incelenmesi iizerine gesitli ¢alismalar yapilmistir. Yapilan
bir ¢aligmada kesici ug tipi, sogutma sivisi, is mili hiz1 ve ilerleme oraninin deliklerin boyutsal tamligi,
daireselligi, silindirikligi ve yiizey kalitesi iizerindeki etkileri ele alinmistir [12]. Kesme hizi, ilerleme miktari
ve kesme derinliginin baralama sonucu elde edilen deligin dikligine etkileri deneysel olarak incelenmistir
[13]. Sogutma yontemlerinin kesme kuvvetlerine, sicakliga ve takim aginmasina etkileri arastirilmistir [14].
Baralama islemi sirasinda meydana gelen titresimler [15], dinamik kararlilik [16] ve form hatalar1 [17] ile
ilgili ¢esitli arastirmalar bulunmaktadir. Kesme kuvvetlerinin radyal kesme derinligi, ilerleme miktar1 ve
takim geometrisi ile analitik olarak modellenmesi yapilmistir [9, 18]. Ayrica, baralama iglemi sonucunda
deligin boyutsal hatalar1 iizerinde merkezka¢ kuvvetlerinin etkisi incelenmistir [10]. Lazer kilavuzlu
sistemler kullanilarak delik derinligine bagli kesici u¢ sapmasi ve delik ¢api sapmasi incelenmistir [19].
Literatiir incelendiginde, baralama islemi sirasinda meydana gelen kesme torku iizerinde isleme
parametrelerinin etkisi yeterince derinlemesine arastirilmamistir. Oysa kesme torkundaki bir olumsuzluk
geometrik sapmalara, yiizey piiriizliilliglinlin artmasina ve titresimlerin meydana gelmesine neden olarak
delik kalitesinin olumsuz etkilenmesine neden olabilir. Bu nedenle kesme torkunun detayli bir sekilde
incelenerek optimizasyonu, islem planlamasi ve verimlilik a¢isindan biiyiik 6nem tagimaktadir.

Isleme parametrelerinin optimizasyonu icin gesitli ¢alismalarda Yamit Yiizey Yontemi (Response Surface
Methodology, RSM) tercih edilmistir. Bu yontem, karmasik sistemlerde bagimli ve bagimsiz degiskenler
arasindaki iliskileri modellemek ve optimize etmek igin etkili bir aragtir [1]. Diger optimizasyon
yontemlerine kiyasla etkili bir sekilde ikinci dereceden (kuadratik) modeller olusturabilmesi nedeniyle
avantajlidir. Ayrica, faktorler arasindaki etkilesimlerin kolaylikla degerlendirilmesine olanak tanir ve siire¢
degiskenlerinin optimum kombinasyonlarini belirlemede yiiksek dogruluk saglar. Literatiirde ses seviyesi ve
yiizey purtzliligi tizerinde kesme parametrelerinin etkilerinin incelenmesi amaciyla kullanilmigtir [1].
Diger bir galigmada esas kesme kuvvetlerinin incelenmesi amaciyla tercih edilmistir [2]. Frezelemede
meydana gelen yiizey piirtizliiliigliniin arastirilmasi i¢in uygulanmstir [3].

Bu caligmada, 1.2738 malzemesinin baralanmasi siirecinde isleme parametrelerinin baralama torku
iizerindeki etkilerinin arastirilarak optimizasyonu i¢in yanit yiizey yonteminin kullanilmasi amag¢lanmustir.
Literattirdeki 6énemli etkilerinden ve kesme siireci iizerindeki 6nemlerinden dolay1 baralama parametreleri
olarak radyal kesme derinligi, kesme hizi, kesici ug radiisii, ilerleme miktar1 ve kaplama tipi belirlenmistir.
Baralama parametrelerinin etkileri yanit yilizey yontemi, ortalama etki grafigi, Taguchi ve Anova yontemleri
ile analiz edilmistir. Kurulan matematiksel model ile regresyon esitlikleri elde edilmistir. Elde edilen
sonuglarin islem planlamasi, malzeme ve takim se¢imi gibi asamalarda kullanilabilecegi 6ngdriilmektedir.

2. MATERYAL VE YONTEM

Deneysel diizenek, 1.2738 malzemesinin dik isleme tezgahinda baralanmasi ve bu islem sirasinda kesme
torkunun ger¢ek zamanh olarak 6lgiilmesi amaciyla olusturulmustur. 1.2738 malzemesine sahip is pargasi, 60
x 60 x 35 mm boyutlarinda hazirlanmis ve deneylerde kullanilmistir. Is parcasinin kimyasal bilesimi ile
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mekanik O6zellikleri Tablo 1'de sunulmustur. Mekanik 6zellikler, ¢cekme testi ve sertlik Ol¢limii ile elde
edilmis olup, her test ii¢ kez tekrarlanarak ortalama degerler hesaplanmistir.

Tablo 1. 1.2738 malzemesinin temel 6zellikleri.

Mekanik Ozellikler Kimyasal Bilesim, %
Sertlik, Rockwell C 35.5 HRC C 0.4
Uzama %8.15 Mo 0.2
Akma dayanimi 807 MPa Cr 1.9
Cekme dayanimi 975 MPa Mn 1.5
Si 0.3
Ni 1.0

Fe Kalan

Taramal1 elektron mikroskobu ile elde edilen mikroyapi, Sekil 1'de gosterilmistir. Sekilde gosterilen yapin
martenzittir. Baralama iglemine baglamadan dnce, uygun radyal kesme derinligi saglamak amaciyla farkli
caplarda normal helisel matkaplar kullanilarak delikler boydan boya delinmistir. Daha sonra delik genisletme
islemi olarak bilinen baralama, deliklerin tamami boyunca yukaridan asag1 gerceklestirilmistir.

Sekil 1. 1.2738 malzemesinin mikroyap1 gorseli.

Bu calismada, deney tasarimu olarak Taguchi L36 (27 3°) yontemi kullanilnustir. Taguchi yéntemi, daha az
deneyle optimum kesme parametrelerini belirlemek i¢in yaygin olarak tercih edilmektedir [4]. Ayrica isleme
parametrelerinin optimizasyonu icin yanit ylizey yontemi kullanilmistir [5]. Bu yaklasim, optimizasyon ve
parametreler arasindaki iligkileri modelleme agisindan giiclii bir yontemdir. Literatiirde Taguchi tasarim ile
elde edilen verilerin Yanit Yilizey YoOntemi veya benzeri yontemlerle analiz edildigine dair Ornekler
bulunmaktadir [6]. Ozellikle, endiistriyel uygulamalarda sik¢a karsilasilan goklu faktérlii problemlerde hem
zamandan hem de maliyetten tasarruf saglamasi, yontemin tercih edilmesinde 6nemli bir rol oynamistir. Bu
baglamda, ¢aligmanin amaci dogrultusunda Yanit Yiizey Yonteminin sagladigi giiclii analiz yetenekleri,
kullanilan yontemin uygunlugunu ortaya koymaktadir.

Mevcut ¢alismada, toplam bes baralama parametresi yer almakta olup, bu parametrelerden ikisi ikiser
seviyeye, Ugii ise liger seviyeye sahiptir. Tam faktoriyel bir deney tasariminda 2x2x3x3x3=108 deney
yapilmas: gerekirken, Taguchi yontemi sayesinde bu say1 36'ya indirilmistir. Islenebilirlik deneylerindeki
maliyet ve zaman kisitlamalar1 g6z 6niine alindiginda, bu yontemin avantajli oldugu goriilmektedir. Taguchi
L36’ya ait parametreler ve seviyeleri Tablo 2'de sunulmustur.

Bilgisayar kontrollii bir dik isleme tezgéhi ile delik baralama operasyonlar1 gerceklestirilmistir. Tezgahin
markas1 Johnford VMC-550"dir. Is mili motoru 5.5 KW, maksimum is mili hiz1 ise 8000 rpm’dir. Tezgahin
kontrol paneli Fanuc olup, 6l¢iim hassasiyeti 0.001 mm’dir. Baralama islemi i¢in Dandrea marka baralama
cubugu, baralama baslig1 ve kesici uglar kullanilmigtir. Baralama parametreleri, kesici takim katalog onerileri
ve literatiir referans alinarak belirlenmistir. Baralama torkunu 6lgmek amaciyla ii¢ farkli ilerleme miktart
(0.09 — 0.06 ve 0.04 mm/dev), ii¢ farkli radyal kesme derinligi (0.5 — 0.3 ve 0.2 mm) ve ii¢ farkli kesme hiz1
(203, 162 ve 130 m/dak) segilmistir. Iki tiir sermet (cermet) kesici ug, kaplamali ve kaplamasiz olarak
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kullanilmustir. Kesici ug¢larin burun radiisii ise 0.4 mm ve 0.2 mm olarak belirlenmistir. Baralama
parametreleri ve elde edilen deneysel Tork degerleri Tablo 3’te sunulmustur.

Tablo 2. Faktorler ve seviyeleri

Faktorler
Seviye Ugc radiisii Kaplama Kesme Derinligi ilerleme Miktar Kesme Hiz1
(UR), mm Tipi (KT) (KD), mm (), mm/dev (Ve), m/dak
1 0.4 Kaplamali 0.5 0.09 203
2 0.2 Kaplamasiz 0.3 0.06 162
3 0.2 0.04 130

Tablo 3. Baralama parametreleri ve elde edilen Tork degerleri.

Dﬁl”oey UR Vc f KD KT Tork D,‘il”oey UR Vc f KD KT Tork
L1 02 130 004 02 1 2034 L19 02 130 006 02 2 3245
L2 02 162 006 03 1 6804 L20 02 162 009 03 2 67.18
L3 02 203 009 05 1 1048 L21 02 203 004 05 2 859
L4 02 130 004 02 1 2399 L22 02 130 006 03 2 3907
L5 02 162 006 03 1 6413 23 02 162 009 05 2 157.8
L6 02 203 009 05 1 89.02 L24 02 203 004 02 2 2049
L7 02 130 004 03 1 4068 L25 02 130 009 03 2 6238
L8 02 162 006 05 1 1107 L26 02 162 004 05 2 8232
L9 02 203 009 02 1 4294 L27 02 203 006 02 2 3815
L10 04 130 004 05 1 4337 L28 04 130 009 03 2 8L72
L11 04 162 006 02 1 4248 L29 04 162 004 05 2 8917
L12 04 203 009 03 1 57.84 L30 04 203 006 02 2 3659
L13 04 130 006 05 1 6801 L31 04 130 009 05 2 169.7
L14 04 162 009 02 1 57.65 L32 04 162 004 02 2 3417
L15 04 203 004 03 1 5295 L33 04 203 006 03 2 69.36
L16 04 130 006 05 1 8402 L34 04 130 009 02 2 4373
L17 04 162 009 02 1 5539 L35 04 162 004 03 2 5537
L18 04 203 004 03 1 5829 L36 04 203 006 05 2 1219

Deneylerde is parcasi sabit, kesici takim ise doner pozisyondadir. Deneyler kuru ortamda
gergeklestirilmis olup, sogutma sivist kullanilmamistir. Deneysel diizenek Sekil 2’de gdsterilmistir. Delik
barasi ile deligi genisletirken, baralama torkunu ger¢ek zamanli 6lgmek ve kaydetmek icin Kistler 9272
dinamometre ve Kistler 5070A amplifier kullanilmigtir. Toplanan sinyal verileri, Dynoware program ile
islenerek ortalama baralama torku hesaplanmustir.

14 mm delik capim elde etmek amactyla uygun bara baslig1 ve bara ¢gubugu segilmistir. Uygun cap1 elde
edebilmek icin Dandrea takim setinde B 3.11 (@11- @17 mm) kodlu kesici takimlar se¢ilmistir. Belirtilen
radyal kesme derinliklerini elde edebilmek i¢in @13 - @13,4 ve 13,6 normal helisel matkaplar ile 6n delme
islemi gerceklestirilmistir. Sekil 3'te kullanilan kesici uglarin geometrik 6zellikleri ve boyutlar1 verilmistir.
Kesici uclarm geometrisi TPGX090204L ve TPGX090202L dir. Kaplamali kesici ucun kodu DC100T,
kaplamasiz kesici ucun kodu ise DC100°diir.

3. DENEY VE OPTIiMiZASYON SONUCLARI

Bu ¢alismada 1.2738 malzemeden iiretilmis is par¢asinin baralanmasi isleminde meydana gelen baralama
torku iizerinde isleme parametrelerinin etkisinin incelenerek yanit ylizey yontemi ile optimizasyonu
amaclanmistir. Deney sayisinin azaltilmasi amactyla Taguchi L36 deney tasarim yontemi kullanilmistir.
Deney sirasinda meydana gelen gercek zamanl baralama torku degerleri bir dinamometre yardimiyla gercek
zamanli olarak kaydedilmistir. Daha sonra dinamometrenin kendi yazilimi olan dynoware ile sinyal bilgileri
analiz edilmistir. Sinyallerin ortalamalar1 almarak baralama torku degerleri belirlenmistir. Baralama torku
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iizerinde baralama parametrelerinin etkilerini incelemek ve optimize etmek i¢in Design Expert 13 programi
ve yanit ylizey yontemi tercih edilmistir. Yanit yiizey yontemi, ikinci dereceden bir polinom fonksiyonu
kullanilarak dogrusal olmayan olgulan yaklasik olarak hesaplamak i¢in etkili ve basit bir aractir [7].
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Sekil 3. Kullanilan bara ¢ubugu ve kesici uglar.

Isleme parametrelerinin optimizasyonu amaciyla program tarafindan cesitli modeller incelenerek en
uygun olanlar1 Tablo 4’te verilmistir. En diisiik gostergeler lineer model ile elde edilmisken en yiiksek
gostergeler kuadratik model ile hesaplanmistir. Ancak program tarafindan iki faktor etkilesimi (2F1) ile elde
edilen model 6nerilmistir. Kuadratik model ise dogrusal bagimli (aliased) yani modelin bazi katsayilarinin ya
da terimlerinin digerleri ile tam bir dogrusal bagimlilik i¢cinde oldugunu ve bu nedenle modelin kararsiz veya
hatal1 sonuglar iiretebilecegini gostermektedir. Dolayisiyla etkili bir parametre analizi ve optimizasyon
gerceklestirebilmek icin iki faktor etkilesimli model dikkate alinmigtir. Standart sapma degerinin daha
kiigigii iyiyken, R degerinin 1’e yaklasmasi daha iyi sonucu temsil etmektedir [8]. Belirlenen modelin
standart sapma degeri 10,68 ve R degeri ise 0,9456 olarak hesaplanmistir. 0,8013'liik tahmini R? degeri,
0,9047'ik diizeltilmis R? degeriyle makul 6l¢iide uyumludur; yani fark 0,2'den kiigtiktiir.

Tablo 4. Modelin ozet istatistikleri

Kaynak Standart R? Diizeltilmi Tahmin
Sapma s R? edilen R*
Lineer 17.99 0.7682 0.7295 0.6507
2FI 10.68 0.9456 0.9047 0.8013 Onerilen
Kuadratik 8.91 0.9678 0.9336 0.8173 Model uyusmazligi
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Baralama parametrelerinin sinyalinin giiriiltiiye oranlar1 (S/N) Tablo 5°te verilmistir. Taguchi analizi,
kesme torkuna baralama parametrelerinin etkilerini incelemek igin ¢ikti yanitlarimi S/N oranlarina
doniistiirmektedir [9]. Baralama torku degerinin daha az olmasi hedeflenen bir amactir. Dolayisiyla kiiciik
daha iyidir prensibine gore Taguchi analizi gerceklestirilmistir. Taguchi analizinde S/N oranlarinin ve delta
degerlerinin daha yiiksek olmasi daha kabul edilebilir sonuglar iiretmektedir. Daha yiiksek delta degerine
sahip olan faktoriin 6nem derecesi daha yiiksektir. Dolayisiyla 6nem derecesine gore faktdrler siralandiginda
en onemli faktor radyal kesme derinligiyken en az 6neme sahip faktor kaplama tipi olarak sonuglanmustir.

Tablo 5. Baralama parametreleri S/N oranlarinin yanit tablosu.

Level KT UR Ve f KD
1 -34.75 -34.81 -34.32 -33.46 -31.01
2 -35.74 -35.88 -36.83 -35.10 -35.30
3 -34.89 -37.48 -39.73
Delta 0.99 1.07 2.51 4.02 8.73
Rank 5 4 3 2 1

Analiz sonucunda elde edilen ortalama etki grafigi Sekil 4’te bulunmaktadir. Faktorlerin daha biiyiik S/N
oranlar1 daha iyi olarak kabul edilmektedir [10]. Daha biiyiik S/N oranlarina sahip faktor seviyeleri kesme
derinligi i¢in 0.2 mm, ilerleme miktar1 i¢in 0.04 mm/dev, kesme hizi igin 130 m/dak, ug¢ radiisii degeri igin
0.2 mm ve kaplama tipi i¢in kaplamali kesici ug olarak belirlenmistir.
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Sekil 4. S/N oranlarinin ortalamalari

Onerilen modelin Anova sonuglar1 Tablo 6’da bulunmaktadir. Kurulan modelin f degerinin 23,16 olmasi
modelin 6nemli oldugunu gostermektedir. Giiriiltii nedeniyle bu kadar biiyiik bir F degerinin olugma olasilig1
ise yalnizca %0,01'dir. Baralama faktorlerinin kareler toplam1 ve F degerinin daha biiyiik olan1 ¢ikt1 yaniti
tizerinde daha yiiksek etkiye sahiptir. Ayrica P degerinin 0,05’den kiigiikk olmasi model terimlerinin 6nemli
oldugunu gostermektedir [4]. Bu durumda 6nemli model terimleri C (ilerleme miktar1), D (radyal kesme
derinligi), AE (U¢ radyusu x kaplama tipi), BC (kesme hiz1 x ilerleme miktar1), CD (ilerleme miktar1 x
radyal kesme derinligi), DE (kesme derinligi x kaplama tipi) olmustur. 0,1'den daha biiyiik degerler, model
terimlerinin 6nemli olmadigimi gdstermektedir. Kesme hizi, u¢ radyusu ve kaplama tipi gibi bireysel
faktorlerin baralama torku iizerinde istatistiksel olarak anlamli bir etkisinin olmamasi, bu parametrelerin
mevcut degerlendirme araliklariyla siire¢ optimizasyonunda onceliklendirilmesine gerek olmadigina isaret
etmektedir. Bu bulgular Anova analizi sonucunda elde edilmistir. Anova’nin varsayimlari dogrusal iliskilere
dayanir. Ancak Sekil 4 incelenirse V¢ ile Tork arasinda dogrusal olmayan bir iliski mevcuttur. Bu durumun
bireysel parametreler agisindan istatistiksel olarak anlamsiz olmasina neden oldugu degerlendirilmistir.
Kesme hizi, u¢ radyusu ve kaplama tipinin kombinasyonlari dikkate alindiginda ise istatistiksel agidan daha
onemli hale gelmektedirler.
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Tablo 6. Iki faktor etkilesimine gére kurulan modelin Anovasi

Kaynak Kareler Df Ort. F-degeri p-degeri
Toplami Kare
Model 39604,41 15 2640,29 23,16 <0,0001 Onemli
A-UR 0,2832 1 0,2832 0,0025 0,9607
B-Vc 46,25 1 46,25 0,4057 0,5314
C-f 4766,46 1 4766,46 41,81 <0,0001
D-KD 21920,98 1 21920,9 192,29 <0,0001
8

E-KT 153,22 1 153,22 1,34 0,2600
AB 130,29 1 130,29 1,14 0,2978
AC 2,86 1 2,86 0,0251 0,8757
AD 158,58 1 158,58 1,39 0,2521
AE 836,12 1 836,12 7,33 0,0135
BC 937,11 1 937,11 8,22 0,0095
BD 437,67 1 437,67 3,84 0,0642
BE 45,72 1 45,72 0,4010 0,5337
CD 1763,69 1 1763,69 15,47 0,0008
CE 20,00 1 20,00 0,1755 0,6798
DE 2755,50 1 2755,50 24,17 <0,0001
Artiklar 2279,99 20 114,00
Uyum eksigi 1995,90 14 142,56 3,01 0,0912 Onemli degil
Saf Hata 284,10 6 47,35
Toplam 41884.40 35

Baralama parametreleri ile kesme torku arasindaki iliskinin grafikleri Sekil 5’te bulunmaktadir. flerleme
miktarmin artisi ile kesme torku artma egilimindedir. Ilerleme miktarinin artisi, talas kaldirma siirecinde daha
fazla talas kalinligina sahip malzeme kesilmesine neden olur ve bu da kesme bolgesinde daha yiliksek kesme
kuvvetleri ve tork gereksinimi olusturabilmektedir [11]. Ilerleme arttik¢a kesici ug, daha biiyiik bir hacimde
malzemeyi deforme eder ve siirtlinmeyi artirir, bu da torkun artisina katkida bulunmaktadir [12]. Yiiksek
ilerleme ve kesme hizlarinda, talas olusumu ve kesme bolgesindeki deformasyon daha belirgin hale gelmistir.
Radyal kesme derinliginin artis1 ile kesme torku artma egilimindedir. Radyal kesme derinliginin artmasi,
kesici ile is parcast arasindaki temas yiizeyini genisleterek kesme torkunu artirir [13]. Kesme derinligi
yiikseldikge, kesme kuvvetlerinin dogrudan torka olan etkisi biiylir, ¢linkii daha genis bir kesme alaninda
enerji harcanmaktadir [14]. Kiiglik kesici u¢ radyusu kesme torkunun artmasina neden olmustur. Kiiglik
kesici u¢ radyusu, kesici kenarin kesme bolgesindeki etkisini artirarak kesme kuvvetlerinin daha yogun bir
bolgeye odaklanmasina neden olarak malzeme {izerinde daha fazla gerilme ve tork artisi ile sonuglanmig
olabilir. Ayrica daha kii¢iik siirtiinme alani ile beraber sicakligin artmasi sonucu kesici aginmasi artmis
olabilir [15]. Kesici asinmasinin artmasi ise kesme torkunu artirmis olabilir. Yiiksek ilerleme miktarlarinda
ve bliylik radyal kesme derinliklerinde, kesme hiz1 arttikca torkta bir azalma gézlemlenebilir [16]. Bu durum,
yiiksek kesme hizlarinda takimin yilizeyle temas siiresinin azalmasi ve sicakligin artmasi sonucu takim talag
araylizeyine sivanan malzeme kayma dayaniminin azalmasiyla ifade edilebilir [17]. Ayrica, yiiksek ilerleme
ve biiylik radyal kesme derinliklerinde, malzemenin islenmesi sirasinda olusan asir1 1s1 birikimi de takimin
performansimt diigiirebilir, bu da tork ve kesme hizinda bir dengesizlik yaratabilir [18]. Buna ek olarak
1.2738 malzemesinin mikroyapist martenzittir. Bu mikroyap1 yiiksek sertligi nedeniyle kesici takimin
malzemeye niifuz etmesini zorlastirmaktadir [19]. Dolayisiyla kesme kuvvetlerini ve baralama torkunu
artirir. Yiiksek siirtiinme ve 1s1 iiretimi, takim asinmasii hizlandirarak torkun zamanla artmasina sebep
olabilir. Bu etkiler, 6zellikle ilerleme miktar1 ve radyal kesme derinligi gibi isleme parametrelerinin yiiksek
seviyelerde oldugu durumlarda daha belirgin hale gelir. Martenzitik mikro yapinin torka olan bu 6zgiin
etkileri, malzemenin islenebilirligini dogrudan sekillendirerek hem kesici takim seciminde hem de isleme
parametrelerinin optimizasyonunda dikkate alinmasi gereken kritik bir faktér haline gelmektedir. Sonug
olarak, bu parametrelerin kesme torku ilizerindeki etkileri, talagli imalat siireclerinde dikkatle optimize
edilmesi gereken kritik faktorlerdir. Ilerleme, kesme derinligi ve kesici ug geometrisi gibi parametrelerin
optimizasyonu igleme kalitesi, takim omrii ve enerji verimliligi agisindan 6nemli rol oynamaktadir.
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Sekil 5. Baralama parametreleri ile kesme torkunun iliskisi (a) UR-Vc, (b) f-UR, (c) f-Vc, (d) KD-UR, (¢) KD-Vc,
(f) KD-f

Kurulan matematiksel modele gore kaplama tipi i¢in regresyon esitlikleri Esitlik 1 ve 2°de bulunmaktadir.
Iki faktor etkilesimi ile kurulan modellerde kaplama tipi kategorik degisken olarak tanimlanmustir. Model
icin elde edilen 0,9456’lik R* degeri dikkate alindiginda kaplamali ve kaplamasiz kesici uglar ile elde
edilmesi muhtemel baralama torku basari ile hesaplanabilir.

Torkyaplamasz = —132,4 — 111,9.UR + 0,97.Vc + 2081,2.f + 200.KD + 0,85.UR.Vc
—-177,6.UR.f-207,4. UR.KD — 14,07.Vc.f - 1,2.Vc.KD + 3156,4.£ KD M

Torkyaplaman = — 225,5 = 1,03.UR + 1.07.Vc + 1964,4.f + 360,4 KD + 0,85.UR.Vc
-177,62.UR.f-207,4.UR.KD - 14.07.Vc.f - 1,2.Vc.KD + 3156,4.£ KD 2

Deneysel sonuglar ile yanit yiizey yontemi ile elde edilen tahmini degerlerin karsilagtirilmasi Sekil 6’da
bulunmaktadir. Gergek ve tahmini degerlerin olduk¢a uyumlu oldugu anlasilmaktadir.

200~ Renkler Tork'un
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Sekil 6. Baralama torkunun gercek ve tahmini degerlerinin kiyaslanmasi

Sekil 7°de kurulan modeller i¢in kalan degerlerin grafikleri bulunmaktadir. Kalan degerler bir gézlemin
model iizerindeki etkisini degerlendirmek i¢in kullamlmaktadir [5]. Ozellikle, bir veri noktasiin ¢ikarildig
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durumda modelin ne kadar degistigini gosterir ve bdylece u¢ degerlerin ve etki eden noktalarm
belirlenmesine yardimci olmaktadir. Standart artiklar, bir modelin gézlemler ile tahmin edilen degerler
arasindaki farklardir. Kalan degerler ise, bir gozlem ¢ikarildiginda, ¢ikarilan gézlem icin kalan verilerle
hesaplanan artiklarmn, bu gozlemle giincellenmis varyans: kullanilarak normalize edilmesiyle elde edilir. ki
kirmiz1 yatay cizgi arasinda kalan gozlemler normal hatalar araliginda yer alir. Kirmizi yatay cizgiler
genellikle kritik sinirlar1 temsil eder. Bu sinirlarin disinda kalan gozlemler ise potansiyel u¢ degerler veya
model {izerinde biiyiik etkisi olan gozlemler olarak degerlendirilir. Sekil 7(a)’da tahmini baralama torku igin
kalan degerler yer almaktadir. Tiim veri noktalar1 kirmiz1 ¢izgilerin arasinda yer almaktadir. Dolayisiyla
kurulan model i¢in gézlemlerin modelle iyi bir uyum sagladigi sdylenebilir. Sekil 7b’de deney veri noktalari
ile kalan degerlerin grafigi yer almaktadir. Tiim gozlemler model tarafindan iyi bir sekilde agiklanmistir.
Deneylerden elde edilen sonuglar, model tarafindan tahmin edilen degerlere yakin olup, herhangi bir deneyin
model iizerindeki etkisinin asir1 olmadigint gostermektedir. Dolastyla hem modelin uygunlugu hem de
verilerin saglamliginin kabul edilebilir sinirlar iginde oldugu soylenebilir.
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Sekil 7. Kalan degerlerin grafigi (a) Tahmini baralama torku, (b) Deney numarasi
4. SONUCLAR

Caligmanin sonucunda, 1.2738 malzemesinden iiretilmis is parcasinin baralanmasi islemi sirasinda
meydana gelen baralama torku degerleri iizerinde isleme parametrelerinin etkisi basarili bir sekilde analiz
edilmistir. Taguchi L36 deney tasarimi ve yanit yilizey yontemi kullanilarak yapilan bu calisma, deney
sayisini azaltirken optimum isleme kosullarinin elde edilmesini amaglamistir. Deneylerden elde edilen
veriler ve yapilan analizler sonucunda, isleme parametrelerinin kesme torku iizerinde belirgin bir etkiye
sahip oldugu anlagilmistir. Ozellikle radyal kesme derinligi ve ilerleme miktarinin kesme torkunu artirict
etkisi, deneysel sonuglarla desteklenmis ve optimizasyon calismalari sonucunda en uygun parametreler
belirlenmistir. iki faktor etkilesimli modelin tercih edilmesi, modelin daha kararli ve giivenilir sonuglar
vermesini saglamistir. Ayrica, modelin yiiksek R? degeri (0,9456) ve diisiik standart sapma (10,68) degerleri,
modelin dogrulugunu ve giivenilirligini ortaya koymustur. Analizler sonucunda, kesme torku tizerindeki en
Oonemli parametrenin radyal kesme derinligi oldugu saptanmustir. Son olarak, modelin tahmin ettigi tork
degerleri ile deneysel veriler arasinda yiiksek bir uyum saglandigi, modelin isleme kosullarim1 dogru bir
sekilde yansittig1 goriilmiistiir.
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ABSTRACT

This study aims to investigate the effect of different weight fractions (0.5, 1.0, and 1.5%) of short carbon fibers (SCFs)
on the mechanical and tribological properties of polyurethane (PU) foam composites. The samples were fabricated
using the hand lay-up method. To examine the mechanical properties of neat PU foam and composites (PU-SCF), 3-
point bending tests were conducted. Moreover, a 5 N load was applied to assess the wear resistance properties of
samples. The result of this study revealed that the flexural strength of PUO.5SCF composite was higher than
PU1.5SCF nearly by 9.46%. Whereas, the addition of 1.5% mass fractions of SCFs onto neat PU have improved the
wear resistance property by 78.95%. Moreover, the study showed that incorporating higher contents of SCFs into neat
PU resulted in a direct increment in the flexural modulus of the composite. Therefore, the study confirmed that as the
addition of SCFs into PU increases, the flexural strength of PU-SCF composites decreases. This was explained by the
poor dispersion of SCFs into the PU matrix. However, it was also revealed that the flexural modulus and tribological
properties of the composites enhanced significantly along with the increment of SCFs content.

Keywords: Flexural modulus, Flexural strength, Polyurethane, Short carbon fibers, Wear.

Kisa Karbon Elyaf Iceriginin Poliiiretan Kopiik Bazh Kompozitlerin Mekanik ve Tribolojik
Davramslar1 Uzerindeki Etkisi

OZET

Bu ¢alisma, kirpilmis karbon elyaflarin (SCFs) farkli agirlik oranlarinin (%0,5, %1 ve %1,5) poliiiretan kopiik (PU)
kompozitlerin mekanik ve tribolojik 6zellikleri {izerindeki etkisini aragtirmayr amaglamaktadir. Numuneler kaliba
dokiim yontemi kullanilarak Giretilmistir. Saf poliiiretan (PU) kopiik ve kompozitlerin (SCFs-PU) mekanik 6zelliklerini
arastirmak icin 3 nokta egme testleri yapilmistir. Ayrica, numunelerin aginma direnci 6zelliklerini degerlendirmek icin
5N yiik uygulanilmistir. Bu ¢alismanin sonucu, agirlikga %0,5 SCFs igeren PU kopiik bazli kompozitin egilme
mukavemetinin, agirlik¢a %1,5 SCF igeren numuneden yaklasik %9,46 daha yiiksek oldugunu ortaya koymaktadir. Bu
nedenle, PU matrisine daha yiiksek miktarda SCF eklenmesinin, SCFs-PU kopiik kompozitlerinin egilme
ozelliklerinde azalma ile sonuglandigi sOylenebilmektedir. Bununla birlikte, saf poliliretana agirlikca %1,5 SCF
eklenmesi, asinma direnci 6zelligini yaklasik %78,95 oraninda iyilestirmistir. Sonug olarak, PU kopiige eklenen SCFs
icerigi arttikca SCF-PU kompozitlerinin mekanik 6zelliklerinin azaldig1 tespit edilmistir. Bununla birlikte,
kompozitlerin tribolojik 6zellikleri nemli Sl¢lide artmaktadir.

Anahtar Kelimeler: Egilme modiilii, Egilme mukavemeti, Poliiiretan, Kisa karbon elyaflar, Asinma

1. INTRODUCTION

Composite materials, which have superior properties compared to traditional materials, consist of the
combination of two or more components at a macroscopic level and without dissolving with each other [1].
Polyurethane (PU) based composites are thermosetting polymer composite types that have a wide range of
application areas including biomedical, aeronautical, sports, industries, and automotive, due to higher
properties of chemical stability, specific strength, low relative density, strong, good stiffness, and outrageous
wear resistance [2-6]. Bulk (rigid) or foam-type PU matrixed composites are most popularly used as
construction material, because of their elevated durability, great strength-to-weight ratios, and inflated
corrosion resistance [5].

Numerous manufacturing techniques exist for producing homogeneous composite materials, including
hand lay-up methods, electric hand blenders, dispersion techniques, foaming, dry processing, and the melt
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extrusion of polymer powders [7]. The hand lay-up technique produces a homogeneous composite; however,
it can occasionally lead to an uneven distribution of fibers within the matrix. In contrast, the electric hand
blender mixing method is likely to yield a more uniform composite structure due to the continuous motion
generated by the motor, which effectively disperses the fibers throughout the matrix. This advantage is not
observed in the hand lay-up method, where the interrupted motion contributes to the occurrence of non-
homogeneity.

According to the works of literature, since PU materials have high elasticity, toughness, and rapid cure
time properties, nowadays polyurethane-based composites are increasing their application areas more than
ever in industries and are also responsible for part of solutions in modern science. Hence, the number of
studies on PU-based composite is drastically increased [5]. Despite PU’s huge applications, their weak
mechanical properties have been the barrier to their further applications in construction, automobile bodies,
and aerospace structures. Thus, researchers have been trying to raise the mechanical properties of PU by
adding organic and inorganic fillers into the PU matrixes [5]. Many types of fillers have been employed as
reinforcement to improve PU’s mechanical and physical properties [5,8-10]. Carbon fibers (CF) are the most
commonly used inorganic fibers, because of their lightweight, excellent chemical stability, high-thermal
resistance, and good mechanical properties. Lately, CF-based composites have become a better alternative
for a wide range of applications [5,11]. Previous findings exhibited that too-short fibers show no significant
reinforcing effects on the composite due to the smaller contacting area, while too-long fibers resulted in bad
mobility when PU agents and fillers were agitated. Therefore, studies showed that the optimum average
length of carbon fibers reinforced into a PU matrix is 3-12 mm [12]. Further, in most cases, short carbon
fibers have a stronger effect on the composites compared to too short or long carbon fibers [9].

The literature survey indicated that fewer studies were conducted on short carbon fibers and their impacts
on the mechanical properties of PU matrixed composites. For instance, the study of Yakushin et al. [9],
exhibited that the compression strength of the PU foam was boosted by 20% with the addition of 4 wt.%
SCFs. However, a significant decrement in the elongation at the break of the PU foams was observed as the
content of CF increased to 8 wt.%. In another study [13], the effects of different types of fibers and fiber
contents of 10 to 20% on the tensile strength and bending performance of the PU matrix composites were
examined. According to the test outcomes, higher flexural bending strength and higher energy absorption
were obtained for 20% CF reinforced composites compared to the same content of jute felt, jute tablets, and
glass fiber reinforced composites. For PU foam-added carbon fiber reinforced plastics (CFRP) composite
tubes the peak force and threshold force were increased nearly by 132% for PU foam-based CFRP composite
tubes than pure CFRP polymer was investigated [14]. In addition, the effect of hardener on the mechanical
properties of carbon fiber-reinforced phenolic resin composites was also evaluated in the work of Sulaiman
et al., [3]. Results revealed that composites containing 15% hardener (hexamine) content exhibit
enhancements in flexural strength, due to the hardener amount increasing the crosslinks between phenolic
resin and carbon fibers.

Furthermore, the influence of SCF’s content on the wear resistance characteristics of PU foam-based
composites was explained in a few research works. The work of Li and Cai [15] reported that CF-reinforced
polypropylene (PP) composite (CF/PP) had superior tribological characteristics compared to pure PP. In
another study by Khun et al., the wear rate and friction coefficient of epoxy-based composites were
remarkably reduced with the increment of chopped carbon fiber content [16]. Moreover, Zhao et al., [17],
studied tensile strength, wear, and friction properties of rigid-type PU composite reinforced with CF. Test
assessment exhibited that chemically surface-treated CFs improved the tribological properties of PU
composites. Also, the tensile strength is enhanced with the inclusion of CFs. The effects of different weight
fractions of chopped carbon fiber on the effectiveness of wear resistance enhancement of high-density
polyethylene (HDPE) were studied by Yasin et al., [18]. In their study, they found that 10 wt.% SCFs
composites displayed supreme wear efficiency in SBF fluid conditions. Further, under the influence of
seawater lubrication, the tribological behaviors of CF/PEEK were studied [19]. The result indicated that
when the volume fraction of CF was about 10% then it greatly improved the wear and friction behaviors of
the CF/PEEK composite. Additionally, Alagarraja et al., [20], studied the wear properties of composites
using reinforced matrix via synthetic and natural fibers of carbon, PU, jute, sugarcane, glass, and banana.
According to test results, foam-type sandwich materials' wear resistance characteristics built up when the
foam and natural fibers materials were merged.

Therefore, nowadays different polymer-based composites are available in a broad range due to their
crucial applications in various areas. The majority of past literature studies presented in Table 1 were mainly
focused on carbon fibers reinforced bulk (rigid) polyurethane-based composites. However, in this study, the
influence of SCFs-reinforced PU-foam-based composites was investigated. Here, the effects of different

90



Cug, Khalifa, Akgiil, Eticha | Manufacturing Technologies and Applications, 6(1), (2025), 89-99

contents of SCFs (0.5, 1.0, and 1.5 wt.%) on the mechanical (flexural strength and flexural modulus) and
wear resistance properties of PU-SCFs foam-based composites were examined. Moreover, the morphology
of broken and worn surfaces of pure PU foam and PU-SCF composites was characterized by a scanning
electron microscope (SEM).

Table 1. Summarized past studies

No Sample Code Results Ref.
1 GF, SiC, and Al,Oz- Under an applied load of 5 and 10 N and sliding distance [21]
reinforced PU of 100 m, GF, SiC, and Al,Os-fillers enhanced the wear
resistance properties of PU.
2 CFPC NP/PU The application of the NP/PU nanocomposite coating [22]

resulted in notable enhancements in the flexural strength and
impact resistance of the CFPC, with improvements of 9%
and 14.7%, respectively.

3 SGF/PU The wear performance of SGF/PU composites shows that [23]
wear volume increases with higher fiber content, while the
specific wear rate decreases with increased load.

4 CFR-PU The PU foam composite board reinforced with carbon [12]
fibers (CFR-PU) exhibits enhanced toughness and improved
resistance to deformation.

5 DS-CFs/RPU The tensile strength, impact strength, and interfacial [24]
shear strength (ILSS) of the dendritic short carbon fibers
reinforced polyurethane (RPU) composites exhibited
increases of 41.3%, 81.2%, and 28.9%, respectively, in
comparison to pure RPU.

2. MATERIAL AND METHOD
2.1. Short Carbon Fibers
Short carbon fibers with an average length of 6-12 mm were purchased from Dost Kimya, Tiirkiye.

Polyol and isocyanate used were supplied by Kimpur, Tiirkiye. The SEM images of short carbon fibers are
depicted below in Figure 1.

Figure 1. SEM images of short carbon fibers

2.2. Casting of Samples

Samples of PU-foam and PU-SCF composites were fabricated using a mold depicted below in Figure 2
depending on the compositions stated in Table 2. Different contents of SCFs (0.5, 1.0, and 1.5 wt.%) were
homogeneously mixed with polymeric isocyanates in a beaker. Then, polyols that create curing are added to
the homogenous mixture of SCFs and isocyanate. There was little time between homogenous mixing and
casting of polyol. Thus, the composite mixture available in the liquid state was poured directly into the mold
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after a quick mixing. Samples were cast evenly in the casting mold using the hand lay-up technigque. Here,
during the sample’s preparation via the hand lay-up technique, there might be some limitations related to
agglomeration due to the inability to ensure a homogeneous distribution of SCFs in the PU matrix. Thus,
great care must be imposed in the composite production methods. The foaming reaction starts after curating
and an increase in volume was observed. After the reaction was over, the samples were removed from the
mold and ground by 240 grit sandpapers to prepare the samples according to ASTM D790 standard for the
flexural bending test. These processes were carried out repeatedly for the production of each sample.

Table 2. Composition of composites

Short Carbon Fibers Polyurethane (PU)
Sample Code (SCFs)
Percentage (wt.%0)

PU - 100
PUO0.5SCF 0.5 99.5
PU1.0SCF 1.0 99
PU1.5SCF 15 98.5

Figure 2. Mold for Flexural test samples

Figure 3 shows the fabricated samples of composites and pure PU foam. Figures 3(a)-3(c) indicate PU
foam-based composites reinforced with 1.5, 1.0, and 0.5 wt.% SCFs, respectively. A pure foam-based PU
polymer sample was indicated in Figure 3(d).

G
Figure 3. PU-SCF foam-based composites and pure PU foam
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3. CHARACTERIZATION

To facilitate the characterization of the mechanical properties, samples were fabricated with dimensions
according to standards. The flexural bending and wear tests were conducted using machines illustrated in
Figure 4. According to Figure 4(a), the flexural strength tests were carried out three times for each sample
having a dimension of 158 mm % 13 mm x 4.5 mm at a constant speed of 2 mm/min using a Zwick Roell
600KN test device. During the test, the span length for each specimen is 127 mm. Mathematically the

flexural strength “c” and flexural modulus “E¢” of samples were analyzed via Eq. 1 and Eq. 2, respectively
[25].

_ 3FL

77 2wez €
B mL3

Er = 4wt3 O]

Where F is the applied load (N), L is the span length (mm), w designates sample width (mm), t designates
the thickness of the specimens (mm), and m is the slope of the linear section in the load versus deformation
curve.

On the other hand, wear tests were carried out by UTS Tribometer T10/20 apparatus as can be seen in
Figure 4(b) under dry-sliding conditions. In the course of the wear test, an applied load of 5 N along with a
stainless-steel ball diameter of 6 mm, a stroke of 10 mm, a sliding rate of 40 mm/s, and a sliding distance of
25 m were used. In addition, theoretically, the volumetric wear rate can also be calculated using Eq. 3. A
scanning electron microscope (Zeiss Ultra Plus) was used to examine the morphology of damaged (i.e.,
broken and worn) surfaces of samples after damaged samples were coated with gold using a sputter coater
(Quorum, Q150R ES Plus).

2ab
W =w,= 3 /L ®)

where W, designates volumetric wear loss (mma3/s), a is the stroke distance (mm), b represents wear width
(mm), L designates sliding distance (mm), and c indicates wear depth (mm) [26,27].

Figure 4. a) Zwick Roell flexural strength tester and b) UTS Tribometer T10/20 wear tester device
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4. RESULTS AND DISCUSSION
4.1. Mechanical Properties

Figures 5(a) and 5(b) show the fracture surfaces of various contents of SCFs (1.0, and 0.5 wt.%)
reinforced PU foam composites, respectively. In addition, the broken surface of neat PU foam is presented in
Figure 5(c). The cause of the fracture is attributed to the existence of higher stress concentrations around a
large number of pores resulting in PU matrix crack initiation. Also, it was said in the literature that the
primary damage mechanism to appear is matrix crack initiation [14]. These micro PU matrix cracks originate
from micro-pores formed during curing and tend to propagate and connect under applied load leading to SCF
fracture and finally causing composite failure as can be noticed in Figure 5 [28].

Broken Surfaces after
Flexural Tests
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Figure 5. Flexural test results of pure PU foam and PU-SCF composites

Figure 6 expressed the force-deformation graphs of pure PU and PU composites reinforced with different
contents of SCFs (0.5, 1.0, and 1.5 wt.%). As can be seen in the figures, a gradual increment in loading
results in a notable increment in the load supporting of samples by gradual deformation. Thus, there were
linear and nonlinear curves were noted in the load-deformation graph until the force reached its maximum
peak value. After reaching the highest load point, the reinforced PU foam composites and PU-foam sample's
force-deformation curve starts to decline considerably. This might be due to the presence of higher stress
concentration and crack propagation factors around foam porosities [5]. Furthermore, as can be observed
from the SEM image (i.e., Figure 7) the presence of weak interfacial bonding can be taken as a cause for the
reduction of the load-carrying capacity of the PU-SCF composites compared with pure PU foam. And hence,
these weak interfacial bonding between SCFs and PU matrix were responsible for the low load-carrying
capacity of composites and also resulted in early deformation for SCFs incorporated composites than pure
PU foam [14]. Thus, the maximum deformation of 5.95 mm was observed for pure PU foam at a peak load
of nearly 142.33 N in contrast to all the samples illustrated in Figure 6. However, the addition of 0.5 wt.%
SCFs into pure PU resulted in a deformation of 5.59 mm at a load of 61.62 N. Further adding of 1.5 wt.%
SCFs in pure PU bring a reduction in the deformation by 37.21% compared to pure PU foam.

SEM observations were implemented on the fractured surfaces to verify the failure mechanism of
samples. Figure 7(a) shows the presence of crushed PU matrix cells, porosities, and PU matrix cracks on the
fractured surface of the PU foam sample. This is probably due to the absence of load-supporting fibers
(SCFs). Figures 7(c) and 7(d) indicate the broken surfaces of PU1.0SCF and PU1.5SCF foam-based
composites, respectively. Broken SCFs, PU matrix cracks, and broken composite pieces were noted for these
samples after the flexural bending tests. On the other side, the PU0.5SCF composite (Figure 7(b)) has
relatively better interfacial bonding between SCFs and PU matrixes as compared to both PU1.0SCF and
PU1.5SCF. This might be due to as the contents of short carbon fibers increased; it was hard to mix them
with the PU matrix because of the increase in viscosity. Hence, it resulted in poor dispersion of SCFs in the
PU matrix. Also, voids are formed and shown in Figure 7(d) [5]. These defects are responsible for the
reduction of the mechanical properties (flexural strength) of the composites.
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Figure 6. Load versus deformation curves for samples

On the contrary, when the fiber content is low, the possibility of diffusion of SCFs through the PU matrix
is enhanced. Therefore, the probability of interfacial bond formation between fiber and matrix increased [28].
The SEM studies also indicate that in lower SCF-reinforced PU composites, damage to the matrix was more
significant than fiber fracture. Conversely, in composites reinforced with higher SCFs, fiber damage was also
notably evident.
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Figure 7. SEM images of broken surfaces of; (a) PU; (b) PU0.5SCF; (¢) PU1.0SCF; (d) PU1.5SCF

Furthermore, the mechanical properties of the present samples were explained by conducting flexural
bending tests. The flexural strength and modulus of pure PU polymer foam and PU-SCF composites are
illustrated in Figure 8. As can be seen, it was determined that the maximum flexural strength was noticed for
pure PU of 5.88 £ 1.57 MPa. In addition, the test result revealed the flexural strength of pure PU foam was
better than PUO0.5SCF and PU1.0SCF composite nearly by 15.52% and 173.5%, respectively. This might be
due to, adding higher SCFs fillers as reinforcement into pure PU foam-based composites results in the
agglomeration of fibers despite enormous care was given during the composite preparation, and hence, stress
concentration increases around the irregular voids formed due to the agglomeration of fibers. Consequently,
the mechanical strength of the material starts to deteriorate [5]. The other reason for the reduction in flexural
strength with increment in SCF content is due to debonding, which occurs during the flexural bending test
when the stress weakens the interactions between SCFs and the polyurethane matrix. This is shown in Figure
7(d), highlighting weak interfacial bonding. Consequently, the force transfer from the matrix to the fiber is
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reduced, negatively impacting the flexural load-bearing capacity of the PU-SCF composite compared to the
neat PU sample. Similar results were reported in the research work of Akgul et al. [29]. In their study, it was
shown that the flexural strength of SCFs reinforced Polyester composite decreases with the increment of
SCFs. In another study, it was also revealed that better flexural strength was observed in 5 wt.% carbon fiber
reinforced polyester composite as compared to 10 wt.% [30]. On the other side, it was seen that the addition
of SCFs into pure PU enhanced the flexural modulus of the reinforced PU composites. So, the composite
having a higher content of SCFs (1.5 wt.%) (PU1.5SCF) became stiffer than composites with fewer contents
of SCFs. For instance, incorporating 1.5 wt.% of SCFs into pure PU improved the flexural modulus of pure
PU nearly by 91.36%. The study also found that 192.32 + 153.98 MPa was the highest flexural modulus of
the PU1.5SCF composite. Whereas, the lowest flexural modulus was reported for pure PU foam (100.5 +
5.01 MPa).

6 4

Flexural Strength (MPa)

PU PUO.SSCF  PUL.OSCF PU1.5SCF

Figure 8. Flexural strength and flexural modulus of samples

4.2. Tribological Properties

The wear resistance results of pure PU foam and reinforced PU with different weight fractions of SCFs
composites were indicated in Figure 9. According to test results, the highest wear resistance characteristics
were noticed when 1.5 wt.% SCFs were added to the pure polyurethane matrix. This is attributed to the self-
lubricating properties of short carbon fibers [16,18]. However, when the SCFs content decreased to 0.5 wt.%
a remarkable reduction in the wear resistance was observed. This is due to the presence of lower contents of
self-lubricating SCFs compared to samples with higher contents of SCFs (PU1.0SCF and PU1.5SCF).
Additionally, as mentioned above the flexural modulus of the composite PU1.5SCF was improved by
introducing higher contents of SCFs (1.5 wt.%) into pure PU compared to other samples. Thus, a higher
modulus caused the sample to become stiffer and escalated wear resistance characteristics as well. So, as
shown in Figure 9 the wear rate of PU1.5SCF was considerably lower in comparison to other samples.

SEM observations on worn surfaces of pure PU and PU-SCF foam-based composites were conducted and
represented in Figure 10. The worn surface of the PU1.5SCF composite was relatively smooth and small size
worn debris was examined as shown in Figure 10(d). This may prove higher SCFs content enhanced the
wear resistance characteristics of composites. Therefore, when 1.5 wt.% SCFs were added to pure PU
polymer foam; it led to an improvement in the wear resistance property approximately by 78.95%. Figure
10(c) shows, the worn surface of PU1.0SCF composite material. Here, delamination, wear debris, and
broken short carbon fibers were observed. In addition, as depicted below Figure 10(a) indicates the worn
surface of pure PU foam material. Here, higher contents of wear debris were noticed. Additionally, compared
to all the samples the lowest wear resistance property was noticed for pure PU foam, (highest wear rate value
of 0.228 mm3/m). This signifies SCF had a significant effect on the improvement of the wear resistance of
composite materials. On the other hand, the worn surfaces of the PU0.5SCF composite are given in Figure
10(b). When 0.5 wt.% SCFs were added to the PU matrix, which resulted in a composite having a wear rate
value of 0.164 mm3/m. The wear result of this study was in complete agreement with previous studies
[16,18]. Further, the coefficient of friction (COF) created between contacting bodies had a notable effect on
the wear properties of the contacted samples. Although applied load had a direct influence on the COF.
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Nevertheless, in this study, the load value is constant for all experiments (5 N). However, the effect of COF
can be defined as related to the content of SCF. Here, again considering Figure 9, it was shown because of an
increment in SCF content led to a decrement in the COF. This might be related to the presence of a large
number of stiff carbon fibers in the reinforced composite [25]. Thus, as demonstrated in Figure 9 the wear
resistance characteristics of the composite samples are better than the pure PU foam. Therefore, the study
investigates the least COF observed for PU1.5SCF with 1.52, while the highest COF of 2.22 noted for pure
PU.
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Figure 9. Wear rate and coefficient of friction values for different samples
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Figure 10. SEM images of worn surfaces of; (a) PU; (b) PU0.5SCF; (c) PU1.0SCF; (d) PU1.5SCF

5. CONCLUSIONS

The present study confirmed that the increment of short carbon fibers (SCFs) from (0.5-1.5 wt.%),
resulted in a decrement in the flexural strength of SCFs reinforced polyurethane (PU) foam matrix
composites. The addition of 0.5 wt.% SCFs into pure PU foam matrix cause higher flexural strength than 1.0
wt.% and 1.5 wt.% SCFs reinforced polyurethane foam composites. This was explained by the dispersion of
SCFs in the PU matrix, stress concentration, and interfacial debonding factors. Whereas, incorporating
various contents of SCFs into PU-based composite had a positive impact on enhancing the flexural modulus
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of the composite. Moreover, this study found that the content of short carbon fibers had significant effects on
the tribological characteristics of polyurethane foam-based composites. The wear resistance of the
composites was increased nearly by 78.95% with the addition of 1.5 wt.% chopped carbon fibers into a pure
PU foam matrix. Thus, a superior improvement in the wear resistance property was noticed for the
PU1.5SCF composite. However, the lowest wear resistance was recorded for pure PU foam. This was
attributed to the missing of self-lubricating reinforcement fibers like SCFs. Furthermore, a short carbon fiber
content of 1.5 wt.% reinforced pure PU foam matrix had smoother worn surfaces compared to the worn
surfaces of both pure PU foam (PU) and composite materials (PU0.5SCF and PU1.0SCF).
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ABSTRACT

In this study, the bonding properties of parts produced using additive manufacturing methods, which are frequently
preferred today, were investigated. In this context, parts were produced by Stereolithography (SLA) and Fused
Deposition Modelling (FDM) methods. The mechanical properties of the produced materials were determined by
tensile test according to ASTM D638 standard. Afterwards, these parts were bonded in different combinations and the
mechanical properties of the joints were determined according to ASTM D1002 standard. As a result, the tensile
strength of Polylactic Acid (PLA) parts produced by FDM method was 65% higher than that of PhotoPolymer Resin
(PPR) parts produced by SLA method, while the strain rates of PPR materials were 85% higher than PLA materials.
When the failure load values obtained after the tensile test of the bonded joint specimens were examined, the best
mechanical performance was obtained as 3086 N in the combination of PLA and composite material. The lowest
damage load occurred in the combination of PPR and PLA material. When the displacement data resulting from the
failure load were analysed, the highest values were obtained in the PPR-PPR material combination. In conclusion,
bonding can be used for joining parts produced by additive manufacturing, but the choice of material should be based
on the application.

Keywords: Additive manufacturing, Stereolithography (SLA), Fused deposition modelling (FDM), PLA, Adhesive joints, Failure
load

FDM ve SLA 3D Baski Yontemleriyle Uretilen Parcalarin Yapistirma Performansinin
Incelenmesi

OZET

Bu ¢alismada, giiniimiizde siklikla tercih edilen eklemeli imalat yontemleri kullanilarak iiretilen pargalarin yapistirma
ozellikleri incelenmistir. Bu kapsamda Stereolitografi (SLA) ve Eriyik Yigma Modelleme (FDM) yontemleri ile
parcalar iiretilmistir. Uretilen malzemelerin mekanik 6zellikleri ASTM D638 standartina gore gergeklestirilen ¢ekme
testi ile belirlenmistir. Sonrasinda bu pargalar farkli kombinasyonlarda yapistirilarak baglantilarin mekanik &zellikleri
ASTM D1002 standartina gore belirlenmistir. Sonu¢ olarak, FDM yontemi ile iiretilen Polylactic Acid (PLA)
parcalarin ¢ekme dayanimlar1 SLA ydntemi ile tiretilen PhotoPolymer Resin (PPR) parcalara nazaran %65 oraninda
daha yiiksek iken, PPR malzemelerinde sekil degistirme oranlarinin PLA malzemeye gére %85 oraninda daha yiiksek
oldugu belirlenmistir. Yapistirma ile birlestirme iglemi yapilan baglanti numunelerinin ¢ekme iglemi sonrasinda elde
edilen hasar yiikii degerleri incelendiginde en iyi mekanik performans PLA ve kompozit malzeme birlesiminde 3086
N olarak elde edilmistir. En diisiik hasar yiikii ise PPR ve PLA malzeme birlesiminde meydana gelmistir. Hasar yiikii
sonucunda olusan yer degistirme verileri incelendiginde ise PPR-PPR malzeme birlesiminde en yiiksek degerler elde
edilmistir. Sonug olarak, eklemeli imalatla iiretilen pargalarin birlestirilmesinde yapistirma yontemi kullanilabilir fakat
malzeme se¢iminin uygulamaya gore yapilmasi gerekmektedir.

Anahtar Kelimeler: Eklemeli imalat, Stereolitografi (SLA), Eriyik Yigma Modeleme (FDM), PLA, Yapistirma baglantilar:, Hasar
yuikii

1. INTRODUCTION

In recent years, additive manufacturing (AM) technologies have led to revolutionary developments in
many fields from industrial applications to medical applications such as dental and prosthesis. The additive
manufacturing method, which can produce the desired products using 3D design (CAD) data, is frequently
preferred in many industrial applications today due to its minimum material usage (low volume),
acceleration of production processes, direct end use and affordable costs [1]. This method, also known as
rapid prototyping, enables the production of parts with improved design and rapid production [2,3]. Also, the
more advantages of the method are as follows: (a) the designed parts can be produced directly without any
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process, (b) the internal structures of the parts to be produced can be created in full and hollow forms, (c) the
product development stages can be reduced, (d) the parts can be manufactured anywhere without the need for
large areas, and (e) instant production can be made according to customer demand [4,5] . In addition to new
production, additive manufacturing methods are also used in applications such as part repair and the creation
of additional structures to existing products [6].

Today, various additive manufacturing methods such as stereolithography (SLA), selective laser melting
(SLE), direct metal laser sintering/melting (DMLS), fused deposition modeling (FDM) are used in industrial
applications. These methods differ from each other in terms of the way materials are used, layer formation,
part creation and the working process [7]. Some methods create parts by melting layers (such as SLM), while
others form layers by solidifying a liquid material [8].

SLA has become one of the most widely used additive manufacturing technologies in recent years due to
its superior features. In the SLA technique, photopolymer resin in liquid form is selectively cured layer by
layer using a laser beam of a specific wavelength [9]. This process occurs as the laser initiates a
photopolymerization reaction in the resin. The material solidifies in the regions where the laser is scanned
vectorially, forming layers. These layers stack on top of each other, creating three-dimensional polymer
structures with high dimensional accuracy [10,11]. This process enables the production of complex
geometries, enabling applications that require high precision in areas such as biomedical, engineering and
design. SLA technology offers much higher resolution compared to other 3D printing technologies used in
industrial applications, enabling the production of parts with fine details, precise surface features and very
low dimensional values [12]. Thanks to this method, parts with very complex geometries that cannot be
produced with traditional methods can be easily produced with the desired technical specifications.

The FDM method is based on the principle of manufacturing parts in a layered manner by melting the
polymeric material in the nozzle head at a certain temperature set in accordance with the process, and then
moving the molten material in the profile defined in the machine to form layers [2]. Depending on the
working principle of the FDM method, the production materials must have the ability to solidify by losing
heat in a short time after they are melted in the nozzle head and transferred to the production table.
Thermoplastic materials are used to meet this requirement in the FDM method. Thermoplastic materials are
divided into Polyethylene Terephthalate Glycol (PETG), Acrylonitrile Butadiene Styrene (ABS) and
Polylactic Acid (PLA) with different physical and chemical properties [13,14]. The variety of materials
provides the opportunity to choose according to the properties of the part to be produced. Among
thermoplastic materials, PLA is the most preferred material type in 3D manufacturing applications due to its
low deformability in the production of large-sized parts, its complete biodegradability, its lightweight
structure and high strength [15].

The assembly of parts produced using SLA and FDM technology is very important for the usability of
this method. Considering the production of mechanical components consisting of many parts today, it is
necessary to offer comprehensive solutions about joining processes. Problems are often encountered during
the joining of polymer structured parts produced using additive manufacturing methods with traditional
methods such as rivets and bolts. In riveting processes applied to these parts, the parts break and their
structures deteriorate due to the instantaneous force applied suddenly. In bolting processes, while the holes
reduce the load resistance of the part, cracks occur in the areas where the nut contacts [16]. Adhesive joints
are preferred in applications due to their advantages such as providing solutions to the problems encountered
in traditional joining methods, joining materials with different properties, and equal distribution of stresses to
occur [17,18]. In order to efficiently utilize the advantages of the bonding method, the selection of the
appropriate adhesive material and the geometry design in the bonding area play a critical role [19,20]. The
manufacturing materials of the bonded parts and the overlap length of the bonding area are among the most
critical factors determining the mechanical properties of adhesive joints [21]. Khosravani et al. [22]
investigated the effects of device speed, nozzle temperature, and adhesive thickness on the mechanical
properties of adhesive joints. Among the adhesive thickness values used in their study (0.2, 0.3, and 0.4
mm), they determined that a thickness of 0.2 mm provided the best performance. Giiltekin et al. [21]
examined the effects of manufacturing parameters and overlap length on the mechanical properties of PLA
joints with different printing angles and infill ratios. Their study found that an increase in overlap length led
to an increase in failure load. Additionally, they observed that increasing the infill ratio from 75% to 100%
resulted in tensile strength improvements of 6.3% and 7.4%, respectively. Coban et al. [23] investigated the
mechanical effects of various parameters in adhesive bonding of PLA parts using adhesives with different
strength properties. Their study examined factors such as infill ratio, adhesive thickness, and surface abrasion
applied to the bonding area. They concluded that the type and thickness of the adhesive, as well as the
surface abrasion process applied to the bonding area, significantly influence the mechanical properties of
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adhesive joints. Atahan and Apalak [24] investigated the effect of bonding process on the strength of single
lap joints in PLA specimens. In this context, they performed tensile, three and four point compression tests
and observed that the strength increased slightly with the increase in loading rate. Dhilipkumar et al. [25]
investigated the mechanical and vibration properties of doped parts with different stress ratios produced by
FDM method using graphene doped adhesive in different geometric shapes. They determined that the 0
stress direction has higher tensile strength compared to other stress directions. They also observed that
graphene reinforcement of the adhesive content increased the strength of single-lap bonded joints by 61.18%.

Using the bonding process to join dissimilar materials such as PPR and PLA combines the properties of
two different materials to create a more functional and durable structure. When fragile parts such as PLA are
considered, bonding processes result in less thermal and mechanical stresses than welding, bolted, etc.
joining methods. In addition, PPR and PLA parts produced by additive manufacturing often have complex
geometries, which can make mechanical joining difficult. Bonding offers an ideal solution to accommodate
the different surface structures of both materials, resulting in more aesthetic and functional joints.

When the studies summarized above are examined, it is observed that there are numerous studies
involving bonding applications with PLA materials. However, it has been noted that studies comparatively
investigating the mechanical properties of parts produced from different materials are quite limited.
Therefore, in this study, the mechanical properties of parts produced using SLA technology, which is
underrepresented in the literature, were examined in detail by performing bonding processes with other
materials. In this context, tensile specimens and joint specimens were produced from PPR and PLA materials
using SLA and FDM methods, and bonding processes were applied. Subsequently, tensile tests were
conducted to determine the mechanical properties of the bonded parts.

2. MATERIAL AND METHOD

2.1. Material

UV liquid resin is widely used in next-generation 3D printing technologies due to its high precision and
surface tolerances. In the conducted study, UV-sensitive resin was preferred for its advantages, such as low
surface roughness and high printing accuracy. The UV resin used in this study is the transparent UV
Standard liquid resin produced by Anycubic. The technical specifications provided by the manufacturer for
the product are presented in the table below.

Table 1. Properties of the used UV liquid resin material

Base material Resin

Curing Wavelength 405 nm
Viscosity 150-200 mPa.s
Solid Density 1.05-1.25 glcm®
Tensile Strength 36-45 MPa
Elongation at break 8-12 %
Shrinkage 4.5-5.5%
Hardness 82D

PLA material is a type of thermoplastic that is used as a building material in parts produced by FDM
method and is produced from renewable resources and has the ability to dissolve in nature. In the study, PLA
filament was used for the materials to be produced with 3D printer due to its easy availability, low cost and
environmental friendliness. The technical values of the Anycubic brand PLA filament used are given in
Table 2.

Table 2. Material properties of the used filament

Diameter 1.75 mm
Density 1.23 glem®
Printing Temperature 190-230 °C
Tensile Strength 61 MPa
Elongation at break 3.8%
Hardness 81D
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In order to produce the joint specimens, carbon fiber fabric reinforced composite plates were used as a
different material type in the bonding process and the mechanical properties of the composite materials used
are given in Table 3 [26]. The composite materials have a carbon fiber content of 245 g.m? 3k and were

produced using vacuum infusion method.
Table 3. Mechanical properties of carbon fiber composite

E, (GPa) 7228
E, (GPa) 7228
Gy, (GPa) 503
Vi2 0.1
c12 (MPa) 6507
712 (MPa) 90*°

Araldite 2011 (Huntsman Advanced Materials Co., Ltd.) brand structural adhesive was utilized to bond
the joint specimens with varying material properties. Its technical specifications are provided in Table 4 [27].
The two-component Araldite 2011 type adhesive is composed of epoxy and hardener (1:0.8 ratio), and it
cures at 60°C [17].

Table 4. Technical properties of the used adhesive

Tensile Strength 33 MPa
Elasticity Modulus 1600 MPa
Poisson's Ratio 0.43

Curing Condition 60 °C-75 min

2.2. Experimental Method

In this study, production was carried out using an Anycubic Photon Mono X brand SLA 3D printer and
its associated equipment (Figure 1). Joint samples with dimensions of 25x125x5 mm were produced using
Anycubic Standard UV precision resin. The production parameters for the SLA 3D printer were set to a layer
thickness of 0.05 mm and a z-axis travel speed of 2 mm/s. After production, the resin residues on the parts
were removed by washing them in a cleaning device with agitation using isopropyl alcohol for 6 minutes.
Subsequently, the samples were cured under a UV LED lamp, with 3 minutes of clockwise rotation and 3
minutes of counterclockwise rotation.

o
L
o
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°
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o

Model Drawing

SLA Printing Settings
&

Preview SLA Printing Machine Wash & Cure PPR Final Product

Figure 1. Part production process with SLA method
The PLA plates to be bonded were produced on Anycubic brand Kobra Combo 3 model FDM type printer

(Figure 2). In the production of the parts; device nozzle temperature 220°C, layer thickness 0.12 mm, table
temperature 70°C were used.
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Model Drawing PLA Printing Settings
&

£

FDM Printing Machine PLA Final Product

Preview

Figure 2. Part production process with FDM method
Care was taken to ensure that the produced PPR and PLA joint specimens were not exposed to external
environmental factors (such as humidity and temperature) until the bonding and testing processes were
completed.

Figure 3. Production of PPR-PLA bonded plate and tensile bulk test specimens

After the production of PPR and PLA samples, the production phase of adhesively bonded joint was
started. The model of the single-lap joint system to be produced is shown in Figure 4. The length, width and
overlap length (L,) of the single-lap adhesive joint specimens to be used in the application were produced as
125 mm, 25 mm and 25 mm, respectively.

Figure 4. Joint geometry of the adhesion model
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During the bonding application, mold and separator equipment were used to adjust the adhesive thickness
and the distance of the bonding zone. Silicone lubrication was applied to the equipment to be used and the
bonding process started. The bonding area of PPR and PLA plates was cleaned with isopropyl alcohol before
the process. The parts were waited for a while to dry after cleaning. Then, the adhesive was applied to the
bonding area of the parts with the help of a gun. The adhesive thickness and overlap length of the samples
were adjusted using auxiliary equipment. Finally, the bonded parts were placed in an oven at 60°C for 75
minutes for the curing process. After the curing process, the specimens were cooled at room temperature and
the overflowing adhesives were cleaned from the joint of the parts (Figure 5).

H f
Cleaning Bonding Process Production of Joints Curing Process Cleaning of Protrusion

Figure 5. Bonding process

IPPR
ElComposite
EWPLA

Figure 6. Production of adhesive specimens

The experimental parameters of the fabricated adhesive joint specimens are given in Table 5.
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Table 5. Experimental parameters

Material Sample Code
PPR-PPR SS
PPR-PLA SP
PPR-Composite SK
PLA-PLA PP
PLA-Composite PK

The PPR and PLA tensile specimens were tested in Shimadzu tensile testing machine at a tensile speed of
5 mm/min. The bonded joint specimens were tested at a tensile speed of 1 mm/min on the same machine. For

each parameter, 3 specimens were tested to obtain more accurate results. The application stage of the tensile
testing process is given in Figure 7.

Figure 7. The tensile testing process for tensile and adhesive specimens

3. RESULTS AND DISCUSSION
3.1. Tensile Test Results of PPR and PLA Specimens

The stress-strain results obtained from the tensile tests applied to PPR and PLA bulk tensile specimens
are shown in Figure 8.
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Figure 8. The stress-strain results of the PPR and PLA bulk specimens
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The tensile strength, modulus of elasticity, and strain values of the PPR and PLA bulk parts were
determined from the true stress-strain graphs obtained after the tensile test. The averages of the data
determined as a result of the tensile test are provided in Table 6.

Table 6. The mechanical properties of PPR and PLA bulk specimens

Tensile Strength Elongation Elasticity Modulus
Sample (MPa) (%) (MPa)
PPR 27.13 3.09 784
PLA 44.77 1.66 1450

When comparing the mechanical properties of PPR and PLA tensile specimens provided in Figure 8 and
Table 6, it is observed that PLA material demonstrates higher mechanical performance compared to PPR
material. Upon examining the modulus of elasticity values obtained from the tensile test, it was determined
that PLA specimens are 85% higher than PPR specimens. At this point, it is evident that PLA specimens
have a more rigid structure due to their high modulus of elasticity. Additionally, the tensile strength of PLA
specimens was found to be 65% higher than that of PPR specimens. The higher strength and rigidity of PLA
specimens can be attributed to the interwoven bonding of layers with filaments, which enhances the
material's overall strength and stiffness. In contrast, PPR specimens lack any binding agent between their
internal layers, resulting in lower mechanical properties compared to PLA specimens [22]. Although PLA
specimens exhibit higher strength values, they show lower elongation before fracture. Furthermore, a
noticeable decrease in strength was observed in PLA specimens after reaching a distinct yield point.
Considering this behavior, it can be concluded that parts produced from PLA material undergo brittle
fracture. On the other hand, PPR specimens demonstrate 86% higher elongation compared to PLA
specimens. Therefore, PPR materials exhibit a more ductile behavior compared to PLA materials.
Additionally, the graph indicates that PPR specimens undergo softer deformation. In conclusion, while PLA
materials possess higher tensile strength and rigidity, PPR materials are more ductile and have greater
deformation capability.

3.2. Tensile Test Results of Single Lap Joint (SLJ) Specimens

The average failure loads and displacement (elongation) values determined after the tensile testing of
single-lap joint (SLJ) adhesive joint specimens, produced by bonding PPR and PLA materials with each
other and in alternating configurations, are shown in Figure 9. Upon evaluating the findings, it was
determined that the failure loads in the joints varied depending on the types of materials bonded.
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Figure 9. Tensile results of the SLJ adhesive specimens
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When examining the results of the single-lap bonded joint specimens provided in Figure 9, it was
determined that the PK (PLA-Composite) specimens exhibited the highest strength performance. This high
strength performance was achieved due to the high elasticity values of the PLA and composite materials used
in these specimens. Additionally, the surface roughness of the PLA and composite materials improved
adhesion properties, further enhancing the strength performance. On the other hand, SP (PPR-PLA)
specimens showed the lowest strength performance. The failure load values of SK (PPR-Composite) and SP
specimens were found to be quite close to each other. It was observed that due to the precise surface
properties of SLA-manufactured parts, rapid separation occurred at the bonded joint areas. In general, when
comparing strength performance, PK was found to have a 62.2% higher load-bearing capacity than SP.
Furthermore, it can be said that the mechanical properties of the materials, such as tensile strength and
modulus of elasticity, also significantly influenced the failure loads of the bonded specimens made from
different material types [20].

When examining the displacement values of the bonded joint specimens, it was observed that SS
specimens had the highest values. Due to the flexible nature of PPR materials, they exhibited better
elongation performance under load. In addition to their high load-bearing performance, PK specimens also
showed high displacement values. The lowest displacement value was found in PP specimens, which is
attributed to the more rigid structure of PLA materials. When analyzing the displacement (elongation) data in
the graph provided in Figure 9, it was determined that SS had a 129.7% higher value compared to PP. This is
because PPR materials have a higher ability to deform under load and can undergo more significant
deformation.

In conclusion, it was determined that the mechanical properties of the bonded materials significantly
influence the mechanical strength of the bonded joints. A higher modulus of elasticity contributes to better
strength performance.

PPR
Bl Composite
PLA

Figure 10. Failure surfaces of the SLJ adhesive specimens

The separation zones and bonding surfaces resulting from the tensile tests of the bonded joint specimens
are shown in Figure 10. In some specimens, the parts completely separated at the bonding interface, while in
others, failure occurred within the bonding region. It was observed that complete separations occurred in
specimens made from more rigid materials, such as PLA and composites. However, the instantaneous
stresses generated at the joint regions of the bonded joints reduce the strength of the bonded joints. The
proper distribution of stresses in the bonding area is crucial for improving the performance of the bonded
joints. In this context, when the failure loads and the mechanical properties of the bonded materials are
evaluated together, it can be concluded that the variation in failure loads is due to the stiffness characteristics
of the materials [21] .

When examining the surfaces of the bonding area, considering the types of damage in the bonded parts, it
was observed that adhesion failure (failure at the interface between the adhesive layer and the bonded
material) occurred in the majority of the joint specimens. Additionally, in some areas of the bonding
surfaces, cohesive failure (failure within the adhesive layer) was observed due to the non-uniform
distribution of the adhesive or its presence on only one surface of the part. In some specimens where PPR
parts were bonded, fractures occurred in the bonding region, and the failure was attributed to defects in the
base material. These findings highlight the importance of stress distribution, material properties, and surface
preparation in determining the failure behavior and performance of bonded joints.

4. CONCLUSIONS

In this study, single-lap adhesive joints with a lap length of 25 mm were produced using different
materials produced using SLA and FDM technology, and the mechanical properties of the parts produced by
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different additive manufacturing methods at the end of the adhesive bonding process were examined. The
following results were obtained in the study:

It was determined that the tensile specimens produced from PLA material have better mechanical
properties in terms of tensile strength and modulus of elasticity compared to the specimens produced
from PPR material. However, the strain rates of PPR specimens were found to be very high compared
to PLA specimens. The modulus of elasticity values of PLA specimens were 85% higher than PPR
specimens.

It was observed that the tensile strength of the samples produced from PLA material was 65% higher
than the samples produced from PPR material. PLA tensile specimens offer higher tensile strength
and stiffness, while PPR specimens are more flexible and have higher strain capability.

The damage loads of the bonded joint specimens were found to differ according to the type of
material bonded. The highest damage load value was obtained in PK specimens where PLA and
composite materials were bonded. For this reason, it was determined that the selection of the
materials to be bonded is very important in the applications to be realized.

PPR materials produced by SLA method performed better than other material types in terms of unit
elongation values under load due to their high strain capability.

When the failure load capacities of the bonded joints were analyzed, it was determined that PK had
62.2% higher value than SP. When the displacement data were analyzed, it was determined that SS
had 129.7% higher value than PP.

In order to improve the performance of adhesive joints, it was determined that homogeneous stress
distribution in the adhesion zone contributes positively to the mechanical performance of the parts.
PLA materials can be preferred in applications requiring high mechanical strength and PPR materials
can be preferred in applications requiring flexibility.

The following suggestions are presented for future studies.

Studies can be conducted for different lap lengths and bonding thicknesses in bonding joints. Also,
studies can be carried out to increase the bonding surface area by creating recesses in the bonding
area. For PPR and SLA materials, different filling ratios can be produced and the effect on bonding
performance can be examined.
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ABSTRACT

In this study, as the first welding process, GTAW (Gas Tungsten Arc Welding) welding process was carried out on
9.53 mm thick A 333 Gr.6 pipe and A350LF-2 flange steels using 2.4 mm ER70S-6 electrode and SMAW (Manual
Arc Welding) welding process was carried out using 2.5 mm E 7018-1 electrode for filler and cover passes. As the
second welding process, GTAW welding process was carried out on 5.49 mm thick A 333 Gr.6 pipe and A350LF-2
flange steels using 2.4 mm ER70S-6 electrode and SMAW welding process was carried out using 2.5 mm E 7018-1
electrode for filler and cover passes. Post-weld heat treatment was applied during the first welding process. No post-
weld heat treatment was applied during the second welding process. The effect of heat treatment on some mechanical
properties of the materials and the changes that occur after stress relief were investigated for the welds made with the
same materials, the same electrodes, the same welding methods but with different thicknesses. Tensile test, bending
test, hardness test, notch impact test was performed as mechanical tests of the welded parts, macro images were taken
and comparisons were made. As a result, the effects on the weld quality were investigated and results indicate that
welding processes were successfully carried out with given filler electrodes and steel pipes.

Keywords: A 333 Gr.6, A350LF-2, GTAW, SMAW

A 333 Gr.6 ile A350LF-2 Celiklerinin Kaynaklanabilirliginin ve Kaynak Sonrasi Isil
Islemlerinin incelenmesi

OZET

Bu ¢aligamada ilk kaynak islemi olarak, 9.53 mm kalinliginda A 333 Gr.6 boru ile A350LF-2 flans ¢eliklerinin GTAW
(Gaz Tungsten Ark Kaynagi) kaynak islemi 2,4 mm ER70S-6 elektrodu kullanilarak, SMAW (Manuel Ark Kaynagi)
kaynak islemi ise dolgu ve kapak pasolar1 icin 2,5 mm E 7018-1 elektrodu kullanilarak gerceklestirilmistir. Tkinci
kaynak islemi olarak, 5.49 mm kalinliginda A 333 Gr.6 boru ile A350LF-2 flang geliklerinin GTAW kaynak iglemi 2,4
mm ER70S-6 elektrodu kullanilarak, SMAW kaynak islemi ise dolgu ve kapak pasolari i¢in 2,5 mm E 7018-1
elektrodu kullanilarak gergeklestirilmistir. Ilk kaynak islemi gerceklestirilirken kaynak sonrast 1s1l islem
uygulanmustir. Tkinci kaynak islemi gerceklestirilirken kaynak sonrasi 1s1l islem uygulanmamistir. Ayni1 malzemelerle,
ayni elektrotlarla, ayni kaynak yontemleriyle ama farkli kalinliklarda gerceklestirilen kaynaklara 1sil iglem
uygulamanin malzemelerin bazi mekanik o6zelliklerine olan etkisi ve gerilme giderme sonrast meydana gelen
degisiklikler incelenmistir. Elde edilen kaynakli pargalarin mekanik testleri olarak ¢ekme testi, egme testi, sertlik testi,
centik darbe testi gergeklestirilmis, makro goriintiileri ¢ekilmis, karsilastirilmalart yapilmigtir. Sonug olarak kaynak
kalitesi tizerindeki etkiler arastirilmis ve sonuglar verilen dolgu elektrotlari ve ¢elik borularla kaynak islemlerinin
basariyla gergeklestirildigini gdstermektedir.

Anahtar Kelimeler: A 333 Gr.6, A350LF-2, GTAW, SMAW

1. INTRODUCTION

Pipes are widely produced and utilized in large quantities globally, particularly in heavy industries such
as offshore transportation and oil extraction [3]. Pipelines in offshore platforms are constructed from a range
of materials, selected based on factors such as cost, functional requirements, operating conditions (pressure
and temperature), and corrosion rate, among others [1, 2]. This widespread use is attributed to low carbon
steels due to their high strength, excellent weldability, resistance to high temperatures, and effective surface
protection against environmental factors. Additionally, it is more cost-effective compared to other alloy
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steels like low alloy steel and especially stainless steel [4, 5]. In the pipeline industry, medium and high
carbon steels are generally avoided due to their increased brittleness and reduced weldability, particularly for
offshore applications [6]. As a result, low carbon steel is preferred for offshore pipelines among designers,
fabricators, and regulators. It is commonly used in the construction of pipelines for high-temperature vessels,
heat exchangers, compressors, and transmission lines [6, 7]. A333 Grade 6 pipe, in particular, is referred to
as a low-temperature pipe because it can withstand impacts to produce ductile failure at temperatures as low
as -45°C [8]. ASTM A333 Gr.6 and ASTM A350 LF-2 are commonly used in environments with
temperatures as low as -50°C. The primary challenge in welding these materials is ensuring that they
maintain toughness at such low temperatures. Although low-temperature carbon steel typically exhibits good
toughness and plasticity, the reheating process during welding can cause grain growth, which leads to a
reduction in both toughness and plasticity. Therefore, using the appropriate welding process, consumables,
parameters, and carefully controlling heat input are crucial to meet the required toughness in low-
temperature conditions [9]. ASTM A350 LF-2 is low-strength and relatively cost-effective, known for their
excellent weldability. This is largely due to the absence of elements, such as chromium (Cr), nickel (Ni), and
molybdenum (Mo), which makes them easier to weld [10].

In the study by Wang & Chang [9], automatic and high-efficiency TIG (Tungsten Inert Gas) welding was
applied for root and hot welding of ASTM A333 Gr.6 (low-temperature carbon steel, designed for -50°C)
and ASTM A312/A358 TP304/304L (austenitic stainless steel, designed for -196°C) pipes. The study
explored the design of the welding process, welding parameters, and tests and analyses of the mechanical
properties of the welds, focusing on the advantages of automatic TIG welding. The results showed that
automatic TIG welding improved efficiency by twofold compared to traditional manual TIG welding,
leading to enhanced quality in process piping. In the study by Nissan & Baker [10], six ASTM A350 LF2
flanges exhibited a wide variation in low-temperature (-50°F) Charpy impact toughness, with values ranging
from as low as 4 J to over 298 J. These flanges, characterized by relatively low strength with minimum yield
strength of 248 MPa and tensile strength between 483 and 655 MPa, had similar yield and ultimate tensile
strengths (UTS), despite the significant differences in toughness values. A detailed chemical and
microstructural analysis was conducted to investigate the cause of this variability. Most of the flanges
contained aluminium and had a fine grain structure, with the toughness variation largely attributed to the
cooling rate after normalizing. Flanges cooled in still air showed the lowest toughness, while those forced air
cooled exhibited the highest toughness. For flanges at this strength level, a quench and temper process is not
required to achieve good low-temperature toughness; however, a minimum cooling rate, such as forced air
cooling after normalizing, is necessary to ensure both good toughness and overall strength. In the study by
Ghosh et al. [11], weld joints of SA 333 Gr. 6 steel pipes were prepared using a GTAW root pass and a V-
groove SMAW filler. The objective was to characterize the base metal, weld deposit, and heat-affected zone
(HAZ) of the pipe weld in terms of their chemical composition, metallurgical structure, mechanical
properties, and fracture mechanics. The fracture toughness of the welds and HAZ was evaluated using J-
integral parameters. Additionally, the fracture mechanics properties of the base metal, weld, and HAZ were
compared and correlated, with a further correlation drawn between the fracture mechanics properties of the
weld and HAZ and their respective microstructures. In the study by Efzan et al. [12], the microstructure of
A333 Grade 6 steel pipe was analysed using light microscopy to characterize the material's structure. A
hardness test was also performed to assess the material's resistance to applied force. The study concluded that
A333 Grade 6 low-carbon steel has a microstructure with smaller grain size and lower pearlite content,
which supports its high strength and ductility. The average hardness value measured for the steel was
166.836 HV, well within the acceptable range for oil and gas pipelines, where the maximum hardness
allowed is 250 HV. Given its hardness level, A333 Grade 6 steel is well-suited for use in offshore platform
pipelines.

In this study, as the first welding process, GTAW welding process was carried out on 9.53 mm thick A
333 Gr.6 pipe and A350LF-2 flange steels using 2.4 mm ER70S-6 electrode and SMAW welding process
was carried out using 2.5 mm E 7018-1 electrode. As the second welding process, GTAW welding process
was carried out on 5.49 mm thick A 333 Gr.6 pipe and A350LF-2 flange steels using 2.4 mm ER70S-6
electrode and SMAW welding process was carried out using 2.5 mm E 7018-1 electrode. Post-weld heat
treatment was applied during the first welding process. No post-weld heat treatment was applied during the
second welding process. The effect of heat treatment on some mechanical properties of the materials and the
changes that occur after stress relief were investigated for welds made with the same materials, the same
electrodes, the same welding methods but with different thicknesses. Tensile, bending, hardness, notch
impact tests were performed as mechanical tests on the welded parts, macro images were taken and
comparisons were made to observe the effects on the weld quality.
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2. MATERIAL AND METHOD
2.1. Experimental Studies

In this study, GTAW (Gas Tungsten Arc Welding) welding process was carried out on 9.53 mm thick A
333 Gr.6 pipe and A350LF-2 flange steels using 2.4 mm ER70S-6 electrode as the first welding process and
SMAW (Manual Arc Welding) welding process was carried out using 2.5 mm E 7018-1 electrode for filler
and cover passes. The first welding process was given the code W-A, the properties of base metals, welding
electrodes, welding methods and position of welding passes used in the W-A coded welding process are
shown in Figure 1. The chemical composition of the A 333 Gr.6 steel is given in Table 1, the chemical
composition of the A350LF-2 flange steel is given in Table 2, the chemical composition of the ER70S-6
electrode is given in Table 3, and the chemical composition of the E 7018-1 electrode is given in Table 4.

GTAW (R1 and H1)

1.6+0.8 mm

A 333 Gr.6

SMAW (F1 and C3)

9.53
[T
|
|
|
|
|

Figure 1. Weld groove, base metals, welding electrodes, welding methods and welding passes used in the W-A coded
welding process
Table 1. Chemical composition of A 333 Gr.6 steel (wt. %)

C Si Mn Cr Mo P S Ni Vv Al Sn Cu Nb Ti
0.11 024 1.05 0.03 0.06 0.012 0.001 0.038 0.037 0.028 0.009 0.069 0.002 0.012

Table 2. Chemical composition of A350LF-2 steel (wt. %)

C Si Mn P S Cr Ni Mo Nb \Y Cu Al
0.200 0.280 0.840 0.008 0.001 0.090 0.090 0.040 0.005 0.003 0.280 0.030

Table 3. Chemical composition of ER70S-6 electrode (wt. %)

C Si Mn P S Cr Ni Mo Cu \Y Al Ti+Zr
0.08 0.86 1.60 0.013  0.008 0.03 001 <001 005 <001 <0.01 0.01

Table 4. Chemical composition of E 7018-1 electrode (wt. %)

C Si Mn P S Cr Ni Mo Nb Cu \Y
0.06 0.59 1.59 0.022 0.007 0.05 0.02 0.01 0.01 0.03 0.02

In the W-A coded welding process, a total of 8 passes were applied, including 1 root pass, 1 hot pass, 3
filler passes, and 3 cover passes. The root pass and hot pass were made with the GTAW method, and the
filler passes and cover passes were made with the SMAW method. In the W-A coded welding process, the
welding passes, welding current and voltage, welding travel speed, and total heat input values are given in
Table 5.

In the W-A coded welding process, the preheating temperature was 100 °C. The temperature between
passes is 250 °C. The post-weld heat treatment (PWHT) temperature was 620 °C and applied for 60 minutes.
The heating rate and cooling rate were kept constant at 180 °C/h. The thermal cycle and PWHT of the W-A
coded welding process are given in Figure 2.

In this study, as the second welding process, GTAW welding process was performed using 2.4 mm
ER70S-6 electrode and SMAW welding process was performed using 2.5 mm E 7018-1 electrode on 5.49
mm thick A 333 Gr.6 and A350LF-2 pipe flange. The second welding process was given the code of W-B.
The base metals, electrode types, welding methods and welding passes used in the W-B coded welding
process are shown in Figure 3.
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Figure 2. The thermal cycle and PWHT of the W-A coded welding process.

Table 5. Welding passes, welding current, welding voltage, welding travel speed and total heat input values in the W-A
coded welding process.

Travel Heat Interpass
Weld Dia Amper  Voltage Speed input Temp.
layers Process Class (mm) Polarity range range (mm/min)  (KJ/mm) (°0)
Root GTAW ER70S-6 24  DCEN 102 10 41.18 1.49 100
Hot GTAW ER70S-6 24  DCEN 162 10 56.63 1.72 185
Fill SMAW E7018-1 25  DCEP 83 26 69.51 1.86 190
Fill SMAW E7018-1 25 DCEP 90 26 74.32 1.89 190
Fill SMAW E7018-1 25 DCEP 95 28 85.19 1.87 185
Cover SMAW E7018-1 25  DCEP 91 28 82.30 1.86 200
Cover SMAW E 7018-1 2.5 DCEP 93 25 98.39 1.42 180
Cover SMAW E 7018-1 25 DCEP 92 25 102.15 1.35 200

GTAW (R1 and H1)

T 2.4 mm ER70S-6 electrode by GTAW
A 333 Gr.6 A350LF-2  gnfAw (F1 and C2)

R 2.5 mm E 7018-1 electrode by SMAW

1.6+0.8mm

Figure 3. Weld groove, base metals, electrode types, welding methods and welding passes used in the W-B coded
welding process.

In the W-B coded welding process, 5 welding passes were applied, including 1 root pass, 1 hot pass, 1 fill
pass, and 2 cover passes. The root pass and hot pass were made with the GTAW method, and the fill and
cover passes were made with the SMAW method. In the W-B coded welding process, the welding passes,
welding current, welding voltage, interpass temperature, welding travel speed, and total heat input values are
given in Table 6. In the W-B coded welding process, the preheating temperature is 100 °C. The temperature
between weld passes is 185 °C. Heat treatment was not performed after welding. In this study, pure Argon
gas was used as a shielding gas during GTAW welding with a gas flow rate of 12-15 It/min.
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Table 6. Welding passes, welding current, welding voltage, welding travel speed and total heat input values in the W-B
coded welding process.

Travel Heat Interpass

Weld Dia Amper  Voltage Speed input Temp.
layers  Process Class (mm)  Polarity range range  (mm/min) (KJ/mm) (°O)
Root GTAW ER 70S-6 2.4 DCEN 100 11 66.97 0.99 100

Hot GTAW  ER70s-6 24 DCEN 135 11 118.00 0.76 175

Fill SMAW  E7018-1 25 DCEP 90 26 105.30 1.33 185
Cover SMAW E 7018-1 25 DCEP 82 26 130.04 0.98 180
Cover SMAW E 7018-1 2.5 DCEP 82 26 122.00 1.05 185

2.2.  Mechanical Tests Applied to Welded Parts

Tensile, bending, Charpy V notch impact and hardness tests were performed on welded parts. The
hardness tests were carried out using Qness brand hardness tester device with a setting of HV10 and 15s
dwelling time. Instron-5989 was used as the tensile test device with a cross-head speed of 3 mm/min. In the
bending tests, 4 bending samples (BT) from each of the welds coded W-A and W-B were used. Charpy V
notch impact test was performed using Instron (450 J) device. The parameters and conditions employed in
the bending tests are given in Table 7.

Table 7. Parameters and conditions used in the bending test of W-A and W-B coded welded samples.

Specimen No  Typeof Bend  Position (Deg) Dimension (mm) Bend Angle (°) Former Dia. (mm)

W-A-BT-1 Face Bend 45 38 180 38
W-A-BT-2 Face Bend 295 38 180 38
W-A-BT-3 Root Bend 135 38 180 38
W-A-BT-4 Root Bend 315 38 180 38
W-B-BT-1 Face Bend 45 38 180 4t
W-B-BT-2 Face Bend 225 38 180 4t
W-B-BT-3 Root Bend 135 38 180 4t
W-B-BT-4 Root Bend 315 38 180 4t

3. RESULTS and DISCUSSION
3.1. Tensile Test and Bending Test Results

A 3-point 180° bending test was applied to the test piece samples. The samples showed successful
performance in the 180° bending test without tearing, and visible discontinuity or defect was not detected on
the test specimens. The successful results of the samples that were bent to 180° three-point bending test show
that the welding process was carried out correctly and the selected filler metals were suitable for material
combination selected for this process. It is important to note that weld metals are prone to lower fatigue
performances due to any flaw at the root welds and this may lead to the structural damage in welds such as
friction stir welding [14, 15]. Nevertheless, it has been demonstrated that root welds exhibit lower levels of
stress in relation to fatigue failure when compared with cover welds. This is attributable to the divergent
stress directions exhibited by these welds, whereby root welds are subject to compression stress, whilst cover
welds experience tensile stress [14]. Tensile test results on samples (TT) obtained from the welding
processes coded W-A and W-B are given in Table 8. The tensile test results graph is given in Figure 4.

Table 8. Tensile test results on samples obtained from the welding process coded W-A and W-B (UTS: Ultimate
Tensile Stress, UTL: Ultimate Total Load, YS: Yield Strength)

Specimen No Dimension (mm) Area (mm?)  UTL (KN) YS (MPa) UTS (N/mm?)
W-A-TT-1 8.40x19.00 159.60 89.60 382.84 561
W-A-TT-2 8.20x19.00 155.80 88.10 393.57 565
W-B-TT-1 5.00x13.10 65.50 36.50 419.30 557
W-B-TT-2 4.70x13.10 61.57 34.40 428.26 559
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Figure 4. Tensile strength of W-A-1, W-A-2, W-B-1, W-B-2

An analysis of the graph in Figure 4 indicates that the tensile strength of the W-A coded weld samples
exceeds that of the W-B coded weld samples. The maximum tensile strength recorded was 565 MPa,
observed in the W-A-2 coded weld sample, while the minimum was 557 MPa, recorded in the W-B-1 coded
weld sample. Both tensile test results in each series produced very close results and the difference in results
is insignificant (< 0.1%), making the third test unnecessary. When all mechanical properties are evaluated
collectively, irrespective of material thickness, it has been deduced that the application of welding might
have created residual stress on the joint and its surroundings, which has a detrimental effect on its strength
properties and results in a brittle failure. It has been established that residual stresses occur during the
welding process, due to a reduction in percent elongation, an increase in fracture toughness in the welded
area and the heat affected zone (HAZ). In samples that have undergone heat treatment, it has been
determined that the application of welding increases the yield strength and tensile strength, as well as the
percentage elongation [16, 17]. Furthermore, the effects of residual stress have been found to decrease with
an increase in impact toughness. The findings of this study demonstrate that, while the stress relief process
following welding does not fully restore the properties of the material prior to welding application, it does
restore a substantial portion of these properties and enhances its strength, thereby confirming its necessity.

3.2. Hardness Test Results

Hardness values were taken in the W-A coded welding process, the W-B coded welding process at 15
points along the line for the cover pass and at 15 points along the line for the root pass. Hardness
measurements were made according to ASTM E92-23 standard. Hardness distribution is a measure of line
hardness and example of line hardness measurement is shown in Figure 5. Minimum recommended range for
Vickers hardness measurement is shown in Figure 6. Hardness distribution values of welding processes
coded W-A, W-B are shown in Figure 7a-b.

Figure 5. Example of line hardness measurement.
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Figure 6. Minimum recommended range for Vickers hardness measurement.
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Figure 7. Line Hardness distribution for a) the W-A coded welding process b) the W-B coded welding process.

Figure 7a presents a graphical representation of the hardness values of the cap pass and root pass for the
W-A welding process. It can be observed that the hardness value of the cap pass in the weld filler metal is
higher than that of the root pass. The highest recorded hardness value is 212HV, which is observed in the
HAZ (Heat Affected Zone) of cap pass. In the root pass, the lowest recorded hardness value is 168HV, which
was observed in the A333 Gr6 base metal region. Figure 7b presents the hardness values of the cap pass and
root pass for the W-B welding process. It can be observed that the hardness value of the root pass in HAZ is
nearly identical to that of the cap pass. The highest recorded hardness value is 197HV, which is observed in
the cap pass weld metal region. The lowest hardness value observed in the A333 Gr6 base metal region is
145 HV. Upon examination of the hardness graphs, it becomes evident that the transitions of local hardness
values are softer in the heat-treated sample, with the hardness values of the root and cap pass being relatively
similar. In contrast, in the unheat-treated sample, local hardness transitions are observed to be harder, with a
notable difference in hardness values between the root and cap passes, which can be traced back to residual
stresses at root and cover passes, the latter is tensile, and the former is compressive, respectively [14]. These
stresses are relieved when heat treatment is applied and the difference between the hardness values is smaller
whereas non heat-treated specimens contain such differences in stress and hence difference in hardness
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values are larger [18, 19]. The results of the hardness analysis indicated that the observed variations in strain
and softening within the welds can be attributed to the processes of recovery and recrystallization. These two
phenomena were identified as the predominant factors influencing the alterations in hardness within both the
heat-affected zones (HAZ) and the base metal regions during the process of multilayer welding [20].

3.3. Charpy V Notch Impact Test Results

The notch impact test results of the W-A and W-B coded welded samples are shown in Table 9. 3 impact
test values were obtained from each sample and the average impact toughness values are presented. The
distribution of the average impact toughness values of the W-A and W-B coded welded samples is shown in
Figure 6.

Table 9. Charpy V Notch Tests results on samples obtained from the welding process coded W-A and W-B.

Specimen  Notch Location  Dimension Test Temp. (°C) Impact Toughness  Average (J)

No (mm) Value (J)

W-A-NT-1 F+5mm (Pipe 10x10x2V -46 220 230 182 211
Side)

W-A-NT-2 F+2mm (Pipe 10x10x2V -46 62 138 28 76
Side)

W-A-NT-3 Weld Centre 10x10x2V -46 92 90 104 95
Line

W-A-NT-4  F+2mm (Flange  10x10x2V -46 170 150 184 168
Side)

W-A-NT-5  F+5mm (Flange  10x10x2V -46 170 198 158 175
Side)

W-B-NT-1 F+5mm (Pipe 10x4x2V -53 84 90 80 85
Side)

W-B-NT-2 F+2mm (Pipe 10x4x2V -53 84 66 14 55
Side)

W-B-NT-3 Weld Centre 10x4x2V -53 42 40 36 39
Line

W-B-NT-4  F+2mm (Flange 10x4x2V -53 32 58 32 41
Side)

W-B-NT-5  F+5mm (Flange 10x4x2V -53 32 38 24 31
Side)
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Figure 8. Impact toughness distribution for the W-A and W-B coded welding processes.

When Figure 8 is examined, it can be seen that the impact toughness of the W-A coded weld samples is
higher than the impact toughness of the W-B coded weld samples. The lowest average impact toughness
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value belongs to the W-B coded weld sample, which is 31 J. The highest average impact toughness value
belongs to the W-A coded weld sample, which is 211 J. This situation is due to the increase in toughness due
to heat treatment. Metallic materials become brittle below a certain temperature (transition temperature) and
the impact toughness of the material decreases significantly. Above this temperature the material becomes
ductile and thus, the crack formation and propagation become more difficult and the impact toughness
increases as with finer grain increasing the impact toughness.

In steels, carbon and other alloying elements affect the impact toughness at a certain temperature as well
as the transition temperature. As the carbon content in steels increases, ductility decreases and the transition
temperature increases. Other alloying elements also affect the impact resistance and transition temperature.
For example, the addition of Mn to a steel containing Fe-%0.05 C reduces the transition temperature. While
the transition temperature of an alloy containing Fe-%0.05 C is 70 °C, it decreases to 10 °C with the addition
of 0.5% Mn, to -20 °C with the addition of 1% Mn, and to a value lower than -60 °C with the addition of 2%
Mn. The transition temperature decreases with the increase in the Mn/C ratio. In practice, Mn content above
1.4% and 2% C provides the desired tensile properties. A nickel content of up to 2% effectively reduces the
transition temperature. The silicon content above 0.25% increases the transition temperature. Molybdenum,
like carbon, rapidly increases the transition temperature. For high purity iron, oxygen content above 0.003%
causes intergranular fracture and low energy absorption. When oxygen content increases from 0.001% to
0.057%, the transition temperature increases from -15 °C to 340 °C. This also reveals the importance of
deoxidation. In low carbon steels, if the normalization process is carried out at a very high temperature after
hot rolling, the transition temperature decreases. The cooling rate and deoxidation after normalization should
be taken into consideration. Cooling in air and deoxidation with aluminum further reduce the transition
temperature. Coarse grained steels have low impact resistance and high ductile-brittle transition temperatures
[13, 21, 22].

3.4. Macro Image Results
Macro images of welding processes coded W-A, W-B are shown in Figure 9a-b.

Figure 9. The macro image of a) the W-A coded welding process b) the W-B coded welding process.

When the macro images of the samples are examined, it is clearly seen that the heat treatment reduces the
HAZ in the welded sample with code W-A in Figure 9a. In the welded sample with code W-B in Figure 9b,
the HAZ region is larger because no heat treatment was applied after welding and also because of the lower
base metal thickness.

A thorough examination of the macrostructure images reveals the absence of weld pits, cracks, voids,
inadequate fusion, low penetration, slag residues and burning grooves in the weld area. This observation
indicates that the welding parameters have been appropriately selected. Additionally, it is observed that weld
sag and errors resulting from excessive welding amperage do not occur. The macrostructure photographs
demonstrate the distinction between the two passes and the clear delineation of the weld area, HAZ, and base
material regions. The orientation of grains in the weld area is observed to be aligned with the heat flow, and
the HAZ region is found to be wide, a consequence of the high heat input in both passes and the slow
welding speed.

3.5. Microstructural Image Results

Microstructural images of weld metals and their subzones obtained from different welding processes are
shown in Figure 10a-j.

119



Celik, Celik, Talas | Manufacturing Technologies and Applications, 6(3), (2025), 111-123.

Ay BTG
o e T AN
e . SRR ey

ooy A

(e
AL

P vl y‘:‘u.!;':‘ ':; b
Dy etz

A

(e S
SO

y WELD i

TR S P

SN
(1 4t

‘i\ B




Celik, Celik, Talas | Manufacturing Technologies and Applications, 6(3), (2025), 111-123.

roff e

ER "t s

:“a‘ég_‘ ofat

Figure 10. Microstructural images of a) A350LF-2 Base Meta
A350LF-2 Fusion Line (200x magnification) e) A 333 Gr.6 Fusion Line f) A 333 Gr.6 Fusion Line (200x
magnification) g) Weld Metal h) PWHT HAZ i) PWHT Weld Metal j) PWHT Fusion Line

7y 5

e

The microstructure in Figure 10a shows that the A350LF-2 base metal has a fine-grained structure. Very
fine ferrite grain along with small amounts of ferrite-cementite aggregates between subgrains can be
observed. A heat treatment followed by high deformation ratio may result in such microstructures in low
carbon steels. As seen in the microstructure in Figure 10b, the A 333 Gr.6 base metal consists of
comparatively larger ferrite grains along with banding structures which are reminants of rolling during the
hot deformation process, indicating that the rolling process took place at temperatures where
microsegregation of carbon or cementite structure occur. A hypoeutectoid ferrite forms due to carbon
redistribution prior to phase transformation i.e. A3 to Al and it is followed by carbon concentration
imbalance during hot rolling, which is also helped by recrystallization of new nuclei [23, 24]. Figure 10c
shows that the right side of the A350LF-2 fusion line is the weld metal and the left side is the HAZ (Heat
Affected Zone). The weld metal contains very high amount of fine-grains and acicular ferrite structures
which are visible in the weld metal region, whilst structures similar to the Widmanstatten ferrite structure are
visible in the heat-affected zone (HAZ). The grain boundaries are decorated with grain boundary ferrite with
very small amounts of ferrite plates emanating from proeutectoid ferrite subgrains. However, Figure 10d
shows very different microstructure and it presents dominantly ferrite side plates with fine cementite films in
between them, i.e. similar to Bainite structures but it is not fully conclusive with the 200x magnification of
the A350LF-2 fusion line image. In Figure 10e, the right side of the A333 Gr.6 fusion line is identified as the
HAZ, while the left side corresponds to the weld metal. The weld metal consists of fine acicular ferrite
structure with slightly increased number of recovered proeutectoid ferrite or grain boundary ferrite. The HAZ
region exhibits grain coarsening with increased level of widmanstaten ferrite protruding into the grain
interior and there are more over recovered coarsened ferrite subgrains inside thegrains and along the grain
boundary. In Figure 10f, the 200x magnification of the A333 Gr.6 fusion line reveals the presence of mixture
of coarse high temperature, that is, upper bainitic structures and ferrite cementite side plates with acicular
structures between the ferrite-cementiteregions as it is difficult to see fine pearlite at this carbon level. In
Figure 10g, an increase in fine ferrite grain structures are observed in the weld metal region, indicating the
presence of small amount of acicular sturctures which are smaller in size and length. Such small grains are
possible to produce when weld metal has higher amounts of Mn and or Si as they are responsible to produce
effect similar to carbonto lesser effect, that is, lower the critical cooling rate and hence refine the grain
structure and its interior with possibly increasing the amount of fine oxides [25]. Figure 10h reveals the
presence of carbide formations between ferrite grain boundaries on the weld filler metal side of the heat-
treated HAZ (left side). On the right side, the growth and coarsening of the Bainite structures is evident with
acicular ferrite. Plated structures bear a resemblance to ferrite side plates and irregular form of subgrains
which are possibly product of coarsening as evidenced by the microstructure analysis depicted in Figure 10i.
It is observed that the ferrite side plate structures have undergone a coarsening process in the heat-treated
weld metal. In comparison, the Ferrite structures appear to have experienced a reduction in thickness. Upon
examining the microstructure in Figure 10j, it is evident that the Bainite and acicular structures have
undergone a coarsening process on the weld filler metal side of the heat-treated Fusion Line (left side).
Highly recovered coarse ferrite appears to form on the HAZ region side (right side).
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4. CONCLUSION

The present study investigates the effect of heat treatment on the mechanical properties of materials, and
the changes that occur after stress relief, in welds made with the same materials, the same electrodes, and the
same welding methods, but with different thicknesses. The following findings were obtained:

When tensile samples are examined, the maximum tensile strengths of the samples subjected to heat
treatment with code W-A are higher than those of the samples without heat treatment with code W-
B. The main reasons for this can be said to be the elimination of residual stresses after heat treatment
and the reduction of grain structures of the normalized material.

The samples demonstrated successful performance in the 180° bending test, with no observable
breakage, tearing, or visible discontinuity or defect. The positive outcomes observed in the 180°
three-point bending test on the samples indicate that the welding process was executed correctly and
that the selected filler metals were appropriate for the material combination utilised in this process.
The hardness value of the coke pass weld filler metal of the sample subjected to heat treatment with
code W-A is similar to the hardness value of the A333 Gr6 base metal. This confirms that the heat
treatment is smooth and homogeneous.

When the effect of heat treatment on the material is examined, it is seen that the average fracture
toughness of the W-A sample is much higher than the W-B sample. The reason for this can be said
to be the reduction of grain sizes due to the elimination of residual stresses caused by heat treatment.
A thorough examination of the macrostructure photographs reveals that no weld pits have been
formed. Furthermore, no cracks, voids, lack of fusion, low penetration, slag residues or burning
grooves have been observed in the weld area. Consequently, it can be concluded that the welding
parameters have been selected at appropriate values.

In the W-A welding process, which is performed with a material approximately twice as thick, the
material thickness increases the cooling rate and encourages the hardening tendency, so this situation
is prevented by applying heat treatment after welding, thus eliminating the stresses.

The data demonstrate that, although the stress relief process after welding does not completely
restore the properties of the material before welding application, it restores a significant portion of
these properties and increases the strength of the material, thus proving its necessity.

A study of the microstructures of non-heat-treated welding processes reveals the presence of ferrite,
pearlite, acicular ferrite, Widmanstatten ferrite, and fine bainite structures. Conversely, the
microstructures of heat-treated welding processes exhibit ferrite, pearlite, laminar pearlite, coarse
bainite, and acicular ferrite structures.
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ABSTRACT

This study aims to provide a comprehensive bibliometric analysis of the literature on the applications of additive
manufacturing in the biomedical field. The analysis examines data from a total of 1130 studies published in the Web of
Science (WoS) database up to August 19, 2024. VOSviewer software was used for data visualization and analysis. The
findings indicate that the first study on biomedical applications of additive manufacturing was published in 2012, and a
total of 1130 studies were conducted between 2012 and 2024. Among these studies, the year 2023 was identified as the
most prolific publication period, with 193 studies. The majority of the analyzed works were found to be research
articles. Furthermore, it was determined that these studies were conducted with contributions from 5249 different
authors across 78 countries. The unique contribution of this study lies in its comprehensive examination of trends in
additive manufacturing within the biomedical field, offering insights and recommendations for future research. In
addition to presenting numerical data, the study provides a detailed analysis and comparison with the existing literature.
In conclusion, this study is expected to serve as a valuable resource for researchers and academics planning to conduct
studies on the biomedical applications of additive manufacturing.

Keywords: 3D printing, Additive manufacturing, Tissue engineering, Biomaterials, Bioprinting

Eklemeli imalatin Biyomedikal Uygulamalar1 Uzerine Bibliyometrik Analiz

OZET

Bu calisma, eklemeli imalatin biyomedikal alanindaki uygulamalarina iligkin literatiiriin kapsamli bir bibliyometrik
analizini sunmay1 amaglamaktadir. Analiz kapsaminda, Web of Science (WoS) veri tabaninda 19 Agustos 2024 tarihine
kadar yayinlanan toplam 1130 ¢aligmaya ait veriler incelenmistir. Verilerin gorsellestirilmesi ve analizi igin VOSviewer
yazilimi kullanilmistir. Elde edilen bulgular, eklemeli imalatin biyomedikal uygulamalari {izerine ilk ¢aligmanin 2012
yilinda yayinlandigini ve 2012-2024 yillar1 arasinda toplam 1130 calisma gerceklestirildigini gdstermektedir. Bu
calismalar arasinda, 2023 yilinin 193 calisma ile en yogun yaym doénemi oldugu belirlenmistir. Incelenen ¢alismalarin
biiylik ¢cogunlugunun makale tiiriinde oldugu tespit edilmistir. Ayrica, bu ¢alismalarin 5249 farkli yazar tarafindan, 78
iilkeden katki saglanarak gerceklestirildigi belirlenmistir. Bu ¢alismanin 6zgiin katkisi, eklemeli imalatin biyomedikal
alanindaki yaklagimlarini kapsamli bir sekilde ortaya koyarak gelecek arastirmalara yonelik Oneriler sunmasidir.
Arastirmada, sadece sayisal veriler sunulmamis, bunlar detayli bir sekilde analiz edilerek literatiirdeki mevcut durumla
karsilagtirilmistir. Sonug olarak, bu ¢aligmanin eklemeli imalatin biyomedikal uygulamalar: iizerine arastirma yapmayi
planlayan bilim insanlar1 ve akademisyenler i¢in degerli bir kaynak olusturacaktir.

Anahtar Kelimeler: 3B baski, Eklemeli imalat, Doku miihendisligi, Biyomalzemeler, Biyobaski

1. GIRiS

Bibliyometrik analizi sistematik literatiir taramasindan ayiran 6zellik, bir konunun mevcut durumuna
iliskin nesnel ve sayisal verilere ulasmak igin kullanilan ve gorsellestirme yazilimlariyla akademik
yaklagimlar takip etmeyi kolaylastiran bir analiz yontemi olmasidir. Bibliyometrik analiz sayesinde anahtar
kelimeler, iilkeler, yazarlar, kurumlar ve dergilerin tiretkenligi, gelismis veya geligsmesi gereken arastirma
konulari, literatiirdeki eksiklikler, is birligi baglantilar1 ve bir konudaki ¢aligmalarin genis kapsami etkileri
iizerine sayisal verilere ulagilabilir. Giliniimiizde sistematik literatiir taramasinin hazirlik adimi olarak da
kullanilabilecek bibliyometrik analiz, birgok smirlamaya sahip olmasina ragmen herhangi bir arastirmanin
ilk adim1 olarak 6nem arz etmektedir [1].
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Ug boyutlu (3B) baski olarak da bilinen eklemeli imalat (EI), 1980'i yillarin sonlarindan bu yana
ilerletilen yenilik¢i imalat teknikleri grubunu ifade etmektedir [2]. Amerikan Test ve Malzeme Toplulugu
(ASTM) F2792-10 standardina gore El, “gelencksel imalat yontemlerinin aksine, malzemelerin 3 boyutlu
model verilerinden nesneler olusturmak icin genellikle katman katman malzemeleri birlestirme siireci”
olarak tanimlanmaktadir [3]. El teknolojisi 40 y1li askin siiredir gelistirilmeye devam etmekte olup otomotiv,
havacilik, tiiketici {iriinleri ve biyomedikal gibi ¢esitli endiistrilerde ticari uygulamalara doniistiiriilebilecek
bir olgunluk seviyesine ulagmistir [4,5]. Yiiksek performansli metaller [6], seramikler [7], polimerler [8] ve
hidrojeller [9] gibi malzemelerin hizli gelisimi, eklemeli imalatin uygulama alanlarinin genislemesine katki
saglamaktadir. Ayrica, birden fazla renk ve malzemede baski yapabilme gibi makine teknolojilerindeki
ilerlemeler bu siirekli evrilen imalat siirecinin potansiyelini artirmaktadir [10].

Eklemeli imalatin biyomedikal uygulamalari, ii¢ boyutlu model verileri ve siirekli eklemeli baski
teknolojilerine dayanarak gelistirilmistir [11]. Geleneksel imalat proseslerinin aksine Ei; yiiksek iiretim
hassasiyeti, sadelestirilmis siiregler, malzeme tasarrufu, daha kisa iiretim siireleri ve artan iiretim verimliligi
ile karmagik ii¢ boyutlu yapilar1 dogrudan tek parga halinde olusturabilir ve kisisellestirilmis gereksinimleri
karsilamak amaciyla farkli medikal alanlarda kullanilabilmektedir [11-13]. Canli doku ve organlarin yapisi,
gereken esneklik ve dayanikliligi saglayacak malzemeler segilerek uygun eklemeli imalat yontemiyle
tiretilebilmektedir [14]. 3B bask ile iiretilen doku ve organ modelleri, cerrahi planlama ve tibbi egitim gibi
farkli amaglar i¢in de kullanilmaktadir [15]. Implantlarin {iretiminde kemik dzelliklerine uygun bir yapi elde
edebilmek amacryla parca gozenekliligi de ayarlanarak kemik implant uyumu iyilestirilmektedir [16].
Hastaya 6zel tasarlanan implantlar ve tibbi cihazlar tedavi slirecinin basari oranlarini artirmaktadir [14-16].
Bu nedenle EI teknolojisinin cesitli biyomedikal alanlarinda kullanimi 6nem kazanmaktadir.

Bu konu ile ilgili olarak yapilan arastirmalara nerelerden ulasabilecegi ve bu alana dair yapilan
caligmalarin genel olarak giincel arastirmalari inceleyen bir ¢aligmaya ihtiyag oldugu diistiniilmiigtiir. Bundan
dolay1 galismanin sonug¢larinin eklemeli imalatin biyomedikal alanindaki ¢aligmalara ve uygulamalarina
katki saglayacagi ongoriilmektedir. Bu ¢alismanin amaci, eklemeli imalatin biyomedikal alani ile ilgili
akademik eserleri tarayarak sonugclari bibliyometrik analiz yontemiyle sunmaktir.

Eklemeli imalatin biyomedikal alanindaki uygulamalarini inceleyen bir literatiir ¢aligmasi, bu alandaki
mevcut yaklasimlar ortaya koymanin yani sira, eksik kalan veya daha az ¢alisilmig konularin belirlenmesi
acisindan 6nem arz etmektedir. Anahtar sozciik analizi, bu dogrultuda, arastirmacilar i¢in detayli bir yol
haritas1 sunmakta ve literatiirdeki bosluklarin belirlenmesine olanak saglamaktadir. Yapilan analizlerde,
ozellikle kisisellestirilmis implant tasarimi, biyoyazici teknolojilerinin optimizasyonu ve biyomalzemelerin
uzun vadeli biyouyumlulugu gibi konularin nispeten az ¢alisildig1 tespit edilmistir. Bu alanlarda yapilan
caligmalarin hem biyomedikal aragtirmalara hem de klinik uygulamalara katki saglayacag diistintilmektedir.

2. YONTEM

Bu caligmada, sayisal veriler ve sayisal ol¢lim gostergeleri kullanilarak gerceklestirilen bibliyometrik
analizlerle, eklemeli imalatin biyomedikal uygulamalar1 kavramimna dair arastirmalarm kapsamli bir
perspektifle arastirmacilara sunulmasi hedeflenmektedir.

19.08.2024 tarihinde, “additive manufacturing”, “biomedical” ve “3D printing” anahtar kelimeleriyle “all
fields” arama yapildiginda, sonug olarak 1136 adet veri elde edilmistir. Yillara gore inceleme yapildiginda
2012 yilindan 2024 yilina kadar, bu konuda birgok ¢esitli kategoriden 30 tanesi erken erisim asamasinda
olan; 1026 makale, 110 bildiri, 20 kitap boliimii, ve 4 editdryal yaziya ulagilmistir. Veri tabani olarak Web of
Science (WoS)’ da yer alan veriler esas alinmistir. Elde edilen verilerin, y1l ve kategori analizi icin WoS;
anahtar sozciik, yazar, atif, iilke, kurum, kaynak ve bibliyografik eslesmeleri bakimindan analizi i¢in ise
VOSviewer uygulamasindan yararlanilmstir.

3. BULGULAR

3.1. Yayimnlarin Yillara Gore Analizi

Eklemeli imalatin biyomedikal alanindaki eserlerin yaymlanma siirecleri ilk olarak 2012 yilinda
baglamigtir. 2012 yilindan 2024 yilina kadar her yil yayinlanan eserlerin sayist Sekil 1’ de grafik ile
gosterilmistir. 2016 yilindan itibaren ciddi bir artig gosteren yillik yayin sayisinin 2023 yilinda 194 adet
yayin ile en fazla yayin yapilan yil oldugu gozlenmektedir.
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Sekil 1. Yillara gore yaymlanan eserlerin analizi.

3.2. Yayinlarin Farkh Kategorilere Gore Analizi

Eklemeli imalatin biyomedikal uygulamalarinin yayimlar1 Sekil 2’ de bulunan grafikte goriildiigii lizere
bir¢ok farkli kategori igerisinde yer almaktadir.
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Sekil 2. Yayinlarin farkli kategorilere gore analizi.

419 (%36,4) adet yaym ile materials science multidisciplinary (¢ok disiplinli malzeme bilimi), 245
(%21,2) adet yaym ile engineering biomedical (biyomedikal miihendisligi), 202 (%17,5) adet yayin ile
engineering manufacturing (imalat miihendisligi), 188 (%16,3) adet yayin ile materials science biomaterials
(malzeme bilimi biyomalzemeler) konularmin bu alanda 6nde gelen kategoriler oldugu goriilmiistir.

3.3. Anahtar Sozciik Analizi

Anahtar sozciik analizi, literatiirde hangi konularin daha fazla galisildigimi ve hangi alanlarin nispeten
daha az arastirildigini belirlemek igin 6nemli bir aragtir. Elde edilen analizler dogrultusunda en sik kullanilan
terimler ve bunlarin literatiirdeki baglamu su sekilde dzetlenebilir:

o 3D Printing: Tibbi modelleme, cerrahi planlama ve kisiye 6zel implant {iretimi gibi genis bir uygulama
alanina sahiptir. 3B baski, 6zellikle cerrahi operasyonlar éncesinde hasta bazli simiilasyonlar i¢in yogun
sekilde kullanilmaktadir.

o Tissue Engineering: Doku miihendisligi, biyomalzemeler ve hiicresel yapilar {izerine yapilan
caligmalar, eklemeli imalat ile desteklenen en Onemli alanlardan biridir. Bu alandaki arastirmalarin
biiyiik bir kismu1 biyoyazicilar ve hiicre bazli iiretim tekniklerine odaklanmaktadir.
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o Biomaterials: Biyouyumlu polimerler, seramikler ve metaller gibi malzemeler, eklemeli imalat ile
biyomedikal uygulamalara entegre edilmektedir. Ozellikle kemik doku miihendisligi ve protez iiretimi
acisindan biyomalzemeler kritik 6neme sahiptir.

e Bioprinting: Canli hiicrelerin katman katman basilmasi ile doku ve organ iiretimi hedeflenmektedir.
Biyoyazici teknolojileri, doku miihendisligi ve rejeneratif tip acisindan biiyiik bir potansiyele sahiptir.
Eklemeli imalatin biyomedikal alanindaki uygulamalari ile ilgili yayinlarda en sik kullanilan anahtar

sozciiklerin incelenmesi igin uygun kriterler ile filitreleme yapilmistir. En az 10 kez tekrar eden anahtar

sozciikler filtrelendiginde 2707 kelimeden aralarinda yogun olarak iliski bulunan 54 adet anahtar sézciik
tespit edilmistir. Bu 54 gbzlem birimine odaklanilarak gerceklestirilen analiz sonucunda 6 grup, 437 ag ve

1860 ag giicii belirlenmistir.
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Sekil 3. En fazla kullanilan anahtar sdzciiklerin haritas.

Veri sonuglarina bakildiginda 539 adet ile 3d printing (3B yazic1), 511 adet ile additive manufacturing
(eklemeli imalat), 78 adet ile tissue engineering (doku miihendisligi), 50 adet ile biomaterials
(biyomalzemeler) ve 43 adet ile bioprinting (biyoyazici) ifadeleri 6ne ¢ikan sozciiklerdir. Ag giicii agisindan
en giiclii ifadeler 3d printing, additive manufacturing ve tissue engineering olmustur.

Yapilan analizler gostermektedir ki, eklemeli imalatin biyomedikal alanindaki kullanimina iliskin
caligmalarin biiyiik bir boliimii, tibbi cihaz iiretimi, biyoyazici teknolojileri ve kisisellestirilmis tedavi
yontemlerine odaklanmaktadir. Bununla birlikte, biyomalzemelerin uzun vadeli biyouyumluluk testleri ve
biyoyazici ile iiretilen dokularin klinik kullanim olanaklar1 gibi bazi konularin heniiz yeterince
arastirllmadig tespit edilmistir. Gelecekteki ¢alismalarin bu alanlara yonelmesi 6nerilmektedir.

3.4. Ortak Yazar Analizi

Ortak yazar analizine gore, en ¢ok is birligi kuran yazarlan belirlemek tizere, 5249 yazardan minimum 2
eser ve minimum 2 atif kriterleri secilerek baglant1 haritasinin gorseli meydana getirilmistir. Belirlenen
kriterleri saglayan 539 yazar arasindan en fazla is birligi yapan 29 yazarin ag haritas1 olusturulmustur (Sekil
4). Bu 29 yazarin olusturdugu birimler ile yapilan analiz sonucunda 7 grup, 53 ag ve 81 ag giicii
belirlenmistir.
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Sekil 4. Ortak yazar ig birligi analizi.

En fazla atif sayisina sahip olan yazarlar, 2340 atif ile Susmita Bose, 2256 atif ile Amit Badyopadhyay ve
1673 atif ile Wai Yee Yeong olmustur. En ¢ok yayin iireten yazarlar arasinda da 13 yayin ile Susmita Bose,
13 yaym ile Amit Badyopadhyay ve 10 yayin ile Wai Yee Yeong ilk {icte yer almaktadir. Maksimum atif
sayisina sahip olan ve maksimum sayida eseri olan ilk ii¢ yazardan yalnizca Wai Yee Yeong en baglantili
yazarlar arasinda oldugu gozlemlenmistir.

3.5. Yazar Atf Analizi

Atif baglantilarini belirleyebilmek i¢in minimum 5 eser ve minimum 5 atif kriterleri ile bir baglanti
haritasi olusturulmugtur. Aralarinda sik baglanti oldugu tespit edilen 22 unsur ile olusturulan analiz
sonucunda 5 grup, 54 ag ve 236 ag giicii oldugu belirlenmistir. Maksimum atif sayisina sahip olan yazarlar
2340 atif ile Susmita Bose, 2256 atif ile Amit Badyopadhyay olarak tespit edilmistir. Bu iki yazarin, ag giicii
bakimindan da siaralamalarina bakildiginda ilk iki sirada yerlerini korudugu tespit edilmistir.
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Sekil 5. Yazarlarin atif analizi.

3.6. Ulke Atif Analizi

Toplam 78 llkeden yayinlanan eserlerin iilkeleri, aldiklar1 atif sayilar1 bakimindan ag analizi haritasi
meydana getirmek iizere, herhangi bir tilkenin minimum 5 eser ve minimum 5 atif kriterlerini saglamasina
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gOre birbiriyle is birligi kurulan 50 adet iilkenin gézlem birimini olusturdugu, Sekil 5’te bulunan haritaya
gore degerlendirme gerceklestirilmistir. 7 grup, 508 ag ve 2830 ag giicii oldugu belirlenmistir.
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Sekil 6. Ulkelerin atif ag analizi.

En fazla yayim yapan iilkelerden 330 yayin ile ABD, 135 yayin ile Cin ve yine 135 yayin ile Hindistan
onde gelen iilkeler oldugu gorilmiistiir. Ag giicii acisindan da bu ilkelerin ilk {i¢ sirada yer aldigi
gbzlemlenmistir. En ¢ok atif sayisina sahip tilkeler arasinda ise, 22727 atif ile ABD, 7067 atif ile Avustralya
ve 5039 atif ile Cin olmustur.

3.7. Kurum Atif Analizi

Eserlerin yayinlandigi kurumlarin aldig1 atiflara ait bir haritasini olusturabilmek i¢in toplam 1537 kurum
arasindan en az 5 yayinda yer alan ve en az 5 atif almis olan kurumlar igin filtreleme uygulandiginda 94 adet
kurumun secildigi bu kriterleri sagladig1 saptanmugtir. Sekil 7, yogun olarak is birligi i¢erisinde olan ve en az
5 yayinda yer alan 87 adet kurumun haritasi gosterilmektedir. 9 grup, 451 ag ve 798 ag giicii belirlenmistir.
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Sekil 7. Kurumlarin atif ag analizi.
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En fazla yayin yapan kurumlar arasinda, 35 eser ile Nanyang Technological University, 21 eser ile
Washington State University ve 16 eser ile National University of Singapur 6nde gelen kurumlardir. En ¢ok
atif alan kurumlardan ise, 4606 atif ile Nanyang Technological University, 4516 atif ile Melbourne
University ve 2583 atif ile Washington State University kurumlari ilk siralarda yer almigtir.

3.8. Eserlerin Kaynak Analizi

Eserlerin yaymlandigi kaynaklarin aldig: atiflara ait bir haritasini olusturabilmek igin toplam 447 kaynak
arasindan minimum 5 eser iceren ve minimum 5 atif almig olan kaynaklar i¢in filtreleme uygulandiginda 47
adet derginin secildigi bu kriterleri sagladigi saptanmistir. Sekil 8, yogun olarak is birligi icerisinde olan ve
en az 5 yayin yapilmis olan 46 adet kurumun haritas1 gosterilmektedir. 9 grup, 229 ag ve 331 ag giicii oldugu
gbzlemlenmistir.
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Sekil 8. Eserlerin yayinlandig1 kaynaklarin analizi.

En fazla yayin yapan kaynaklarin, 61 adet yayin ile “journal of the mechanical behavior of biomedical
materials”, 45 adet yaymn ile “additive manufacturing” ve 44 adet yaymn ile “3d printing and additive
manufacturing” adli kaynaklar oldugu tespit edilmistir.

3.9. Eserlerin Bibliyografik Eslesme Analizi

Bibliyografik eslesme, bagimsiz iki kaynagin ortak bir ¢alismayi referans gostermesi durumunu tanimlar.
Minimum 5 atif alma kriteri ile filtrelenen ve birbiriyle ag1 olan 760 eser ile olusturulan analizin sonucunda
17 grup, 25328 ag ve 37144 ag giicii oldugu gozlemlenmistir. Maksimum sayida bibliyografik eslesmeye
sahip olan eserler 4442 atif ile Tuan D. Ngo (2018), 1855 atif ile Martin (2017) ve 1324 atif ile Bose (2013)
oldugu belirlenmistir. Maksimum ag giiciine sahip eserler ise Li (2020a), Jia (2023) ve Puppi (2020)
olmustur.
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Sekil 9. Eserlerin bibliyografik eslesme analizi.

3.10. Yazarlarin Bibliyografik Eslesme Analizi

Minimum 5 yayin yapmis olma ve minimum 5 atif alma kriterleri ile belirlenen ve birbirleriyle baglantisi
olan 41 yazar ile gerceklestirilen analiz sonucunda gore 6 grup, 676 ag ve 58371 ag giicli gozlemlenmistir.
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Sekil 10. Yazarlarin bibliyografik eslesme analizi.

En fazla sayida bibliyografik eslesme olan yazarlarin 2340 atif ile Susmita Bose, 2256 atif ile Amit
Badyopadhyay ve 1673 atif ile Wai Yee Yeong oldugu goriilmiistiir.
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3.11. Yazarlarin Es atif Analizi
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Sekil 11. Yazarlarin es atif analizi.

4. SONUCLAR

Bu calismada elde edilen sayisal veriler, eklemeli imalatin biyomedikal uygulamalarindaki gelisiminin
nicel boyutunu ortaya koymaktadir. Ancak, bu verilerin derinlemesine yorumlanmasi, ¢aligmanin amacina
uygun olarak teknolojik gelismeler ve uygulamalardaki trendlerle iligkilendirildiginde daha anlamli hale
gelmektedir. Ornegin, 20122024 yillar1 arasinda artan yayin sayismin, dzellikle 2023 yilinda 194 yayina
ulasmasi, eklemeli imalata yonelik arastirmalarda artan ilgi ve teknolojik gelismelerin bir gostergesidir. Bu
yaklagim, Bose ve arkadagslar1 ile Ngo ve arkadaglar1 tarafindan bildirilen, teknolojinin evrimi ve uygulama
alanlarinin geniglemesiyle paralellik gostermektedir [13, 17].

Yayinlarin farkli kategorilere dagilimi, disiplinlerarast bir yaklasimin benimsendigini agik¢a ortaya
koymaktadir. Multidisipliner malzeme bilimi, biyomedikal miihendislik ve imalat miihendisligi gibi
kategorilerde yogunluk, eklemeli imalatin sadece tiretim teknikleri olarak degil aymi zamanda Klinik
uygulamalar ve malzeme gelistirme siireclerinde de kritik bir rol oynadigini isaret etmektedir. Bu durum,
Tan ve arkadaglar1 ile Chimene ve arkadaglarinin ¢aligmalariyla uyumlu olup, eklemeli imalatin farkl
disiplinlerdeki entegrasyonunu desteklemektedir [8, 18].

Anahtar sozciik analizi sonuglara gore; “3B baski”, “doku miihendisligi”, “biyomalzemeler” ve
“biyoyazic1” gibi ifadelerin 6ne ¢ikmasi, bu alanlarda yogunlagan aragtirmalarin, kisisellestirilmis tip ve
rejeneratif uygulamalara yonelik literatlirdeki artan ilgiyi yansittigin1 gostermektedir. Bu bulgu, Javaid ve
Haleem ile Tasneem ve arkadaslarinin galismalariyla paralellik arz etmektedir; her iki g¢alisgma da
biyomedikal uygulamalarda bu terimlerin ve teknolojilerin 6nemine vurgu yapmaktadir [14, 15].

Sonug olarak, sayisal veriler yalnizca yaym sayisi, kategori dagilimi ve anahtar sdzciik frekanslar gibi
nicel dl¢iitleri sunmaktan 6te, eklemeli imalatin biyomedikal alandaki dinamik yapisini ve gelecege yonelik
arastirma potansiyelini de gozler 6niine sermektedir. Bu kapsamli yorum, literatiirdeki benzer yaklasimlarla
karsilagtinldiginda, mevcut teknolojik ilerlemelerin ve disiplinleraras1 etkilesimlerin altim c¢izmekte,
caligmanin bilimsel katkisin1 giigclendirmektedir.

Caligma kapsaminda WoS veri tabaninda biyomedikal alaninda eklemeli imalat iizerine yayinlanan
akademik yaymlarin giinlimiize kadar olan gelisim siireci incelenmistir. Belirlenen kriterler araliginda ilgili
kavramlar1 igeren yayinlar zamana gore incelendiginde, eklemeli imalatin biyomedikal uygulama alanlarinda
yapilan ilk yaymmnm 2012 yilinda yapildigi goriilmistiir. Arastirma kapsaminda eklemeli imalatin
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biyomedikal uygulamalari ile ilgili en fazla yaymin 2023 yilinda yapildig tespit edilmistir. 2012 yilindan bu
yana yayin sayisinda degiskenlik goriilmekle birlikte genel yonelimin son yillarda artis oldugu
gozlemlenmektedir. Ek olarak, yaymnlanan eserler konular1 bakimindan siiflandirildiginda, {igte birinden
fazlasiin multidisipliner malzeme bilimi kategorisinde yer aldig1 goriilmiistiir. Bu da, konuyla ilgili eserlerin
hem anatomi, fizyoloji, biyokimya gibi tibbi alanlarda, hem de mekanik, dayaniklilik ve performans gibi
miihendislik alanlarinin gelismesinin sonucudur.

Eklemeli imalatin biyomedikal uygulamalarini igeren eserler incelendiginde 3B yazic1 ve eklemeli imalat
terimlerinin yogun olarak kullanildigi tespit edilmistir. Bu terimlere ek olarak; doku miihendisligi,
biyomalzeme, biyoyazict ve mekanik 6zellikler gibi terimler de bu alanda yayimlanan makalelerde 6nde
gelen terimler arasinda yer almaktadir.

Eklemeli imalat alanindaki biyomedikal uygulamalar {izerinde; ABD, Cin, Hindistan, Ingiltere, Almanya,
Avustralya, Singapur ve Italya basta olmak iizere diinyada birgok iilkede calisiimaktadir. Susmita Bose, Amit
Badyopadhyay ve Wai Yee Yeong gibi bu alanda en ¢ok yayin yapan bilim insanlarinin da bu iilkelerden
oldugu goriilmiistiir. Nanyang Technological University, Washington State University ve National
University of Singapur bu konuyla ilgili en ¢ok akademik yayimnin da yine bu ilkelerin tiniversitelerinde
yapildigini géstermektedir.

Bu arastirmadan elde edilen diger bir sonug ise, 4442 adet atif ile en fazla atif sayina sahip “Additive
manufacturing (3D printing): A review of materials, methods, applications and challenges” (Eklemeli Imalat
(3B baski): Malzemeler, yontemler, uygulamalar ve zorluklarin gozden gecirilmesi) adli akademik
makalenin Melbourne Universitesi Mithendislik Fakiiltesi 6gretim iiyesi Tuan D. Ngo tarafindan yazilmstir.
Makalenin igeriginde; eklemeli imalatin baglica yontemleri, kullanilan malzemeler ve biyomedikal,
havacilik, insaat gibi temel sektorlerdeki trend uygulamalar1 ve karsilasilan zorluklarin detayli olarak
anlatildig1 gorilmiistiir [17].

Biyomalzemeler ve kisisellestirilmis tip cihazlari alanindaki ilerlemeler, klinik uygulamalara yonelik
onemli etkiler yaratmaktadir. Gelecek vadeden calisma konular1i olarak biyoyazicit teknolojisinin
optimizasyonu, doku modelleme yontemlerinin gelistirilmesi ve biyomalzemelerin uzun doénemli
biyouyumlulugu tizerine odaklanilmasi 6nerilmektedir.

Bu calisma, eklemeli imalatin biyomedikal alandaki uygulamalarina dair genel bir ¢ergeve sunmanin yani
sira, bu alanda gelecekte arastirma yapmay1 planlayan bilim insanlar i¢in yeni Oneriler ortaya koymaktadir.
Ozellikle biyomalzeme tasariminda kisisellestirilmis yaklagimlar, biyoyazic1 teknolojisinin optimizasyonu ve
3B baskimin klinik uygulamalara entegrasyonu konularn gelecekte daha fazla arastirma gerektiren alanlar
olarak dikkat ¢ekmektedir.

5. SINIRLAMALAR VE GELECEK ONERILER

Bu calisgmanin en 6nemli simirlamalarindan biri, yalnizca WoS veri tabanina dayali olmasidir. Diger
akademik veri tabanlarimin dahil edilmemesi, potansiyel olarak farkli bakis agilarinin goz ardi edilmesine
neden olabilir. Ayrica, biyomalzemeler ve biyomedikal uygulamalara dair niteliksel ¢aligmalar bu analiz
kapsamimin diginda kalmistir. Bu sinirliliklar, gelecekte daha kapsamli veri kaynaklarinin ve metodolojilerin
dahil edilmesi gerekliligini ortaya koymaktadir.

Gelecek arastirmalar, biyoyazici teknolojilerinin klinik uygulamalardaki etkinligini, biyomalzemelerin
uzun doénem performansini ve disiplinlerarasi ¢aligmalarla daha biiyiik veri havuzlarini kapsayan analizlerin
gerekliligini vurgulamalidir. Ayrica, 3B baski teknolojisinin doku ve organ baskisindaki pratik
uygulamalarinin etkinligini incelemek, gelecek calismalar i¢cin 6nemli bir baslik olarak goriilmektedir.

TESEKKUR

Bu calisma i¢in herhangi bir kurum veya kurulustan maddi ya da manevi destek saglanmamustir.
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ABSTRACT

In this article, Ni-B (nickel-boron) plating process was performed on 32CrMoV12-10 barrel material, which is widely
used in the defense industry and produced by forging method, by electroless plating method in aqueous solution
prepared in a bath. The coated samples were then heating process at 250, 300, 350 and 400°C temperatures. The
effects of these heat treatments on tribological and microstructural properties were investigated. Cauliflower-like
surface structure was formed on all coated samples. In XRD analysis, it was observed that an amorphous structure was
formed in the sample heating processat 250°C in argon environment. The highest hardness was measured on the
surface of the sample heating processat 350°C in argon environment, while the lowest hardness was measured on the
surface of the sample with amorphous structure and heating process at 250°C in argon environment. It was observed
that there was a notable increase in the wear endurance of the samples heating process at 300°C, 350°C and 400°C in
argon environment. It was concluded that heat treatment in an open atmosphere causes oxidation at the steel interface,
which prevents the diffusion of nickel into the steel in the plating process. The surface roughness of the sample heating
process at 250°C in an amorphous argon atmosphere was higher than all other samples. The best surface roughness
value was obtained at the argon atmosphere 350°C treatment conditions. When all the data supporting each other are
brought together, it is determined that the most suitable heat treatment temperature is at 350°C in argon atmosphere
instead of high temperature heat treatment after Ni-B plating process on an industrial scale.

Keywords: 32CrMoV12-10 alloy, Electroless plating, Nickel-Boron coating, Heat treatment, Mechanical properties, Tribology

Farkh Sicakliklardaki Isil islemin Akimsiz Ni-B Kaplamah 32CrMoV12-10 Alasiminin
Yapisal Ve Tribolojik Ozelliklerine Etkisi

OZET

Bu caligmada, savunma sanayinde yaygin olarak kullanilan ve dévme yontemi ile iretilen 32CrMoV12-10 namlu
malzemesine, banyo igerisinde hazirlanan sulu ¢6zeltide akimsiz kaplama yontemi ile nikel-bor (Ni-B) kaplama islemi
gergeklestirilmistir. Kaplanan numuneler daha sonra farkli sicakliklarda 1s1l isleme tabi tutulmustur. Bu 1s1l islemlerin
tribolojik ve mikro yapisal 6zellikler tizerine etkileri incelenmistir. Tiim kaplanan numunelerde karnabahar benzeri
ylizey yapisi olusmustur. XRD analizi, argon atmosferinde 250°C'de 1s1l islem uygulanan numunenin yapisinin amorf
oldugunu gostermistir. En yiiksek sertlik degeri argon atmosferinde 350°C'de 1sil iglem uygulanan numunede, en
diisiik sertlik ise amorf yapiya sahip argon atmosferinde 250°C'de 1s1l iglem uygulanan numunede 6l¢iilmiistiir. Argon
atmosferinde 300, 350 ve 400°C'de 1s1l iglem uygulanan numunelerin aginma direnglerinin 6nemli 6lgiide iyilestigi
goriilmistiir. Agik atmosferde 1s1l islemin gelik ara ylizeyinde oksidasyona neden oldugu ve bu durumun kaplama
isleminde nikelin gelige difiizyonunu engelledigi sonucuna varilmistir. Amorf argon atmosferinde 250°C'de 1s1l isleme
tabi tutulan numunenin ylizey piriizliligi diger tiim numunelerden daha yiiksek bulunmustur. En iyi ylizey
ptriizliilik degeri argon atmosferinde 350°C islem kosullarinda elde edilmistir. Birbirini destekleyen tiim veriler bir
araya getirildiginde endiistriyel l¢ekte nikel-bor (Ni-B) kaplama isleminden sonra yiiksek sicaklik 1sil iglemi yerine
argon atmosferinde 350°C'de en uygun 1s1l islem sicakliginin oldugu belirlenmistir.

Anahtar Kelimeler: 32CrMoV12-10 alasimi, Akimsiz kaplama, Nikel-Bor kaplama, Isil islem, Mekanik ozellikler, Triboloji
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1. INTRODUCTION

The historical evolution of weapons has taken place in parallel with technological advancements,
resulting in the continuous improvement of the desired properties of weapons such as high durability, low
weight, high wear resistance and corrosion resistance. Research has shown that weapon parts are subjected to
high stresses and therefore manufacturing materials must have high durability. Therefore, it is important that
the materials have high durability and impact resistance to achieve long life and high dimensional stability in
weapon parts [1-3]. In recent years, due to the need to increase the firing life of weapons beyond the world
standards, development studies on weapon parts such as barrels have gained importance. In order to extend
the service life, it is emphasized that the factors affecting the service life of the parts, such as material
selection, heat treatment applications and coating, should be selected at the optimum level [4].

Coating is the process of layering or deposition of another material, which is considered as a sub-material
and on which functionality is desired to be imparted, so as to enhance the physical, chemical and mechanical
properties of a material. The types of surface coatings known and applied to obtain surfaces with different
types of characteristics include hard chrome plating, electroless plating, thermal spray, weld overlay, CVD,
PVD, ion implantation and laser surface treatment [5]. Electroless coatings refer to a surface coating method
based on the controlled reduction reaction of metal ions such as copper, nickel, silver, gold and similar metal
ions, without the need for electric current, accompanied by the catalytic properties of the surface. Nickel-
phosphorus and nickel-boron are the most important electroless deposition coatings for improving chemical
and physical wear properties [6]. Electroless nickel plating is the deposition of nickel without the use of
electric current. The plating takes place by autocatalytic chemical reduction of nickel ions by hypophosphite,
amino borane or borohydride compounds. The process is carried out by immersing the material to be plated
in a solution. The plating bath consists of aqueous solutions of chemical substances consisting of metal salt,
reducing agent, pH level adjusting buffer solution and reaction rate adjusting catalysts. The reducing agent
ensures the reduction of metal ions. Electroless nickel plating is based on electrochemical deposition in
which the reducing agent acts as a catalyst and adheres to the material during the plating process [5, 6].
Electroless nickel plating is preferred in a wide range of industrial applications such as petroleum, chemical
and plastic industries, optics, printing, mining, aviation, nuclear, automotive, electronics, computers, paper,
textile and food machinery due to its superior technical properties such as excellent chemical and physical
wear resistance, uniform coating thickness in all areas, solderability and weldability, excellent coating
hardness and lubricity [5, 6].

When the literature is reviewed, it is seen that similar studies have been carried out on the investigation of
electroless coating and properties of different steel alloys. In the studies of Taha-Tijerina et al., the
tribological properties of electroless Ni-B film were evaluated under extreme pressure conditions when D2
tool steel samples were coated with 3 um, 6 um and 12 pm coating thicknesses and heat treatment (200 °C
for 90 minutes) were applied. The results showed that the chemical-free technology improved the coefficient
of friction (COF) of tool steel with 3 um and 12 um coating by 15% to 30%, respectively. When this
improvement was increased by applying heat treatment to the coated components, it was stated that
improvements of 24-38% were shown between 3 mm and 12 mm, respectively [7]. In another study by
Cies’lak et al.; a process scheme was developed for the production of Ni-B layers and composite coatings
with nickel-boron matrix and a dispersant phase in the form of boron nanoparticles. In order to improve the
performance of the produced coatings, a heating process was carried out at 400 -C and the performance of
Ni-B and composite Ni-B/B coatings was investigated after the heat treatment process. When the results
were evaluated, it was stated that the heat treatment of the coatings caused the crystallization of the
amorphous matrix and significantly increased the hardness. On the other hand, the high hardness of the
crystalline nickel boride phases was reported to contribute to the high brittleness and cracking of the coatings
[8]. In a similar study by Arias et al., the tribological properties were evaluated before and after one hour of
heat treatment at 450 °C in Ni-B autocatalytic coatings deposited on AISI/SAE 1018 carbon steel. According
to the tribological evaluation, heat treatments applied to Ni-B coatings were found to improve their
tribological performance. As a result of the research, it was stated that it was confirmed that the hardness and
wear resistance of Ni-B coatings could be significantly improved by applying an adequate heat treatment [9].
In a study conducted by Celik et al., the surface of commercially pure titanium (Grade 2) was coated with
electroless Ni—B and then heat treated at 400 C for one hour. The analysis results showed that the electroless
Ni—B coating had a significantly amorphous structure when deposited. In addition, it was determined that the
coating structure crystallized after heat treatment and the wear resistance of pure titanium increased after
chemical-free Ni-B coating. In particular, it was stated that the wear resistance and surface hardness of pure
titanium increased significantly after heat treatment [10]. In the study of Biilbil et al., electroless Ni-B
coating was deposited on AISI 316L stainless steel and its structural, tribological and corrosion properties
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were characterized. Microstructural analysis showed that the non-chemical Ni—B coating deposited on AlSI
316L steel substrate exhibited a typical cauliflower-like structure and exhibited amorphous growth. From
this study, it was concluded that this treatment could not only improve the hardness and wear resistance of
316L stainless steel, but also provide cathodic protection without losing the original properties of 316L
stainless steel [11].

In this experimental study; 32CrMoV12-10 (1.7765) barrel material produced by forging method was
used. Due to its good mechanical properties, 32CrMoV12-10 steel is mostly preferred in high temperature
applications. However, some tools or work dies made of 32CrMoV12-10 steel may be subject to frequent
wear. Therefore, distinct surface treatments are applied to improve the tribological features of 32CrMoV12-
10 and similar tool steels and to increase their wear resistance [12]. Industrial reclaimed steels are steels used
in machine manufacturing that are highly amenable to hardening due to their carbon content (0.25% C to
0.6% C). The reclamation process is defined as the hardening and subsequent tempering of steel materials to
give them high toughness properties. These steels are used in the production of medium caliber weapons due
to their superior mechanical properties after the treatment process. They are also widely used in the
manufacture of machine parts, crankshafts, axle shafts and splined shafts [13]. 32CrMoV12-10 is a hot work
tool steel with high thermal shock endurance, high thermal conductivity and high toughness over long
periods of time. This steel is used in various applications such as pressure casting of heavy metals, hot
forging and forming dies, extrusion dies of materials such as aluminum, copper, brass and gun barrel
production [14]. Based on the literature researches and past studies, the stages of the processes to be carried
out were determined; in order to determine the best conditions of the plating baths, chemicals that will use
nickel ions as a source, complexing agents, stabilizing agents, plating bath solution mixing speed and bath
pH value were determined. The samples were then coated according to this plan in an electroless Ni-B
coating bath. The Ni-B coated materials were then heating process at 250, 300, 350 and 400°C in argon
atmosphere and 400°C in open atmosphere respectively. Since oxidation is expected to increase with the
increase in heat treatment temperature, the open atmosphere experiment was carried out at 400 °C, which is
the highest temperature within the operating limit conditions. In the study in the literature, it is stated that the
crystallization temperature of Ni-B coating is 300°C - 350°C [15]. In the study subject to this article, the
values in the literature were taken into consideration and it was deemed appropriate to examine the lower and
upper values of these values. In the first step during the characterization studies, the surface and cross-
sectional images of the Ni-B coated samples subjected to heat treatment at different temperatures were
observed using FE-SEM device and the thickness of the coating was measured and the structures occured on
the surface were examined in detail. After determining that the coatings were successfully applied, XRD
analysis, hardness, wear and surface roughness tests were performed on the samples and the tribological
strength properties were examined parametrically depending on the heat treatment temperature differences in
the coating.

The main purpose of this study is to develop a coating that can increase the service life of the weapon by
increasing the mechanical properties of the barrel. Therefore, in this study, 32CrMoV12-10 barrel material,
which is widely used in the defense industry and produced by the forging method, was prepared in the form
of plate samples. Ni-B coating was applied to the prepared samples by the electroless coating method in the
bath prepared in an aqueous solution. Subsequently, heat treatments were applied at different temperatures
and the effects of heat treatment parameters on the tribological and microstructural properties of the final
product were investigated comprehensively. The obtained data were evaluated and an attempt was made to
determine the optimum parameter within the selected heat treatment parameters.

2. MATERIAL AND METHOD
2.1. Preparation of samples and electroless Ni-B coating

In this study, plate-shaped specimens with dimensions of 29x29x3 mm were prepared by wire erosion
cutting method from 32CrMoV12-10, which is a material frequently preferred in gun barrel production as a
base metal. Table 1 shows the chemical composition and some mechanical properties of 32CrMoV12-10
steel.

Table 1. Chemical combination and mechanical properties of 32CrMoV12-10 steel [16].

C Mn Si Cr Mo \% P S Fe
0,3-0,35 <0,6 <0,35 28-3,2 08-12 025-0,35 <0,025 <0,01 Remain
Yield Strength Tensile Stress Elongation Heat Treatment Brinell Hardness
Rp 0.2 (MPa) Rm (MPa) A (%) Condition (HB)
> 740 <1080 >10 Tempering Tempered 265-320
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NiCl2.6H20 (Tekkim >97 %), C2H8N2 (Merck >99 %), NaBH4 (Tekkim >97 %), Pb(NO3)2 (Tekkim
>98 %) and NaOH (Tekkim >97 %) were used as plating bath components. The surfaces of the selected base
metal samples were cleaned with acetone to remove unwanted impurities. The surfaces to be coated were
first sanded with Silicon carbide paper abrasives with 120, 240, 400, 600, 800 and 1200 mesh abrasives and
then polished using 3 pm and 1 pm diamond suspension. The base metal to be coated was then cleaned with
acetone and washed with ethanol. The samples were then placed in 15% HCI solution by volume and 2%
inhibitor for 90 seconds. Samples were then soaked in 5% H2SO4 solution by volume for 30 seconds and
dried, which made the base metal ready for coating. Rinses were performed at regular intervals using
distilled water. In order to evaluate the cross-sectional morphology and thickness of the coated samples, the
samples were cut and then bakelined. After these treatments, they were subjected to sanding processes (120,
240, 400, 600, 800, 800, 1200 mesh abrasive) and polishing using diamond suspension (9 pm, 3 pm, 1 pm)
[17].

In the second stage, the preparation of electroless Ni-B plating baths was initiated. Nickel chloride
hexahydrate (NiCI2-6H20) was selected as the nickel ion source and its solution was used at a concentration
of 20 g/L. Ethylenediamine (C2H8NZ2) was added at a concentration of 110 g/L as a complexing agent with
the dissolution of nickel, i.e. to prevent a sudden decrease in the pH of the reaction medium and precipitation
of the nickel ions to be reacted, and stirring was continued. Considering that the baths using NaBH4 can
easily decompose in acidic and neutral conditions, the plating baths must be in an alkaline environment.
Therefore, sodium hydroxide (NaOH) solution was gradually added to the reaction solution at a
concentration of 75 g/L to prevent decomposition due to low pH. After adding NaOH to the plating bath, the
bath was heated. When the bath temperature approached the desired reaction temperature for plating, Lead
(1) nitrate Pb(NO3)2 solution was added at a concentration of 0.026 g/L as stabilizer to maintain the stability
of the plating bath and prevent decomposition. Sodium borohydride (NaBH4) was dissolved in a different
beaker with a concentration of 0.925 g/L and added to the plating bath as a reductant to realize the reduction
of nickel in agueous solution during the plating process. After the bath components were added, when the
process temperature was reached (90+1°C), pH control was performed (pH >13) and the samples were
dipped in the bath and coated for one (1) hour [17].

In this study, heat treatment was applied to the NiB coated surfaces at different temperatures and times in
the final stage of the preparation of the test specimens. For this purpose, heat treatment was carried out in
Protherm brand split furnace in argon atmosphere at temperatures of 250, 300, 350, 400°C and in Protherm
brand chamber furnace in open atmosphere at 400°C for 1 hour. Since oxidation is expected to increase due
to the increase in tempered temperature, the open atmosphere experiment was carried out at 400°C, which is
the highest temperature within the operating limit conditions [17].

2.2. Characterization of Coatings

In order to determine the effects of heat treatment parameters on the tribological and microstructural
properties of electroless Ni-B coated 32CrMoV12-10 (1.7765) barrel material, firstly, the cross-section and
surface morphology of the coated samples were examined with "HITACHI SU 5000" SEM, (scanning
electron microscope). XRD analyses were then performed to investigate the phase structure in the coated
samples. The analyses were performed on a Malvern Panalytical Empyrean device using Cu Ka X-ray
radiation with a wavelength of 1.54 A in the range of 20=10°-90° and a scanning speed of 2°/min. Hardness
measurements of the coatings were performed with Anton Paar Nanoindentation (NHT3) hardness tester by
applying a maximum load of 30 mN for 10 s. At least five measurements from various locations were
weighted and averaged to get the hardness values. In the second part of the mechanical tests, wear tests were
carried out. For this purpose, abrasion tests were performed on UTS Tribometers brand abrasion tester with 6
mm diameter alumina ball, 2 N normal load, 20 (mm/s) sliding speed, 1 (Hz) frequency, 10 mm abrasion
track spacing, 150 meters abrasion distance and 2500 seconds duration. In addition, the width measurements
of the wear pits occured on the sample surfaces after the wear tests were performed on the Olympus GX51
brand metal microscope. Wear volumes were calculated according to the measured wear widths. The
calculations were performed with the help of SolidWorks 3D design program. In the last stage of the
experiments, roughness values, which are an indicator of the surface quality of the NiB coatings obtained,
were measured. Surface roughness measurements were made on MahrSurfPS1 surface roughness device by
taking measurements from 16 different regions on the coated surfaces and calculating the average surface
roughness values [17].
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3. RESULTS AND DISCUSSIONS
3.1. Microstructural Analysis

FESEM images of the surfaces of 32CrMoV12-10 specimens with electroless Ni-B coatings heating
process at 250°C, 300°C, 350°C, 400°C in argon atmosphere and 400°C in open atmosphere are given in
Figure 1.

: atmospherej

Figure 1. Surface micrographs of Ni-B coated samples heat treated at 250°C, 300°C, 350°C, 400°C in
argon atmosphere and 400°C in open atmosphere [17, 18].

Looking at the BSE images in Figure 1, it is seen that changes in heat treatment temperatures lead to
differences in the surface morphology of Ni-B coatings. In electroless Ni-B coatings, a columnar structure is
expected due to the growth mechanism and nodular growth starts as a secondary layer. The cauliflower-like
structure in the coatings is also due to the growth mechanism (Figure 1) [19]. When the surface
morphologies of the obtained coatings were examined; a regular cauliflower-like microstructure occurred in
all of the Ni-B coating samples heating process at different temperatures. This is a desired morphological
feature. Dogan et. al. reported that the formation of a similar surface structure [20].

In the sample heating process at 250°C in argon atmosphere, the nodules are more open and the rough
structure on the surface is noticeable. At this temperature, the opening between the nodules is clearly visible.
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With the increase in heat treatment temperature, the increased regularity in nodule formation created a tighter
structure, resulting in a smoother and more distinct appearance. In parallel with the literature, it is expected
that the surface roughness will gradually decrease with increasing heat treatment temperature. However, the
surface roughness is in a similar value range at close heat treatment temperatures [7]. When the images were
carefully examined, it was observed that a tighter nodule structure and a smoother surface were obtained in
the heat treatment performed above 250°C in an argon atmosphere. It is evaluated that the surface
morphology becomes blacker with increasing heat treatment temperature. However, it is observed that the
nodules expanded, i.e. the tight structure of the nodules started to separate from each other under open
atmosphere 400°C heat treatment conditions (Figure 1). In experiments under open atmosphere conditions,
oxygen in the environment enters between the nodules and forms oxide layers there. The oxide formed on
the surface causes the volume of the nodules to expand, which causes the nodules to appear more discrete.
As a result, the stable structure is disrupted. FESEM images taken to examine the thickness and coating
morphology of the realized coatings are given in Figure 2.

15:0pm

Ni-B coating
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Figure 2. Cross- Sectional images of Ni-B coated samples heat treated at 250°C, 300°C, 350°C, 400°C in argon
atmosphere and 400°C in open atmosphere [17].

Looking at the cross-sectional images in Figure 2, it is seen that a uniform coating is obtained in all of the
samples at the coating thicknesses. The difference between the lowest and highest thickness measured is 0.8
um. With this situation, it was observed that the coating thicknesses were maintained in heat treatments
performed at different ambient and heat treatment temperatures. A coating thickness of 15 to 15.8 pm was
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obtained on all samples. Taha-Tijerina et al. reported that 12 um coating thickness was obtained in 60
minutes [7]. Therefore, the 15 um coating thicknesses obtained were considered to be successful and
compatible with the literature. It is understood that different temperatures applied in heat treatments do not
cause any significant difference on the coating thickness of the samples.

3.2. XRD Phase Analysis

The graph created according to the values obtained from the XRD analysis of the electroless Ni-B coated
32CrMoV12-10 test specimens heating process at 250°C, 300°C, 350°C, 400°C in argon atmosphere and
400°C in open atmosphere is given in Figure 3.
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Figure 3. XRD diagram of Ni-B coated samples heat treated at 250°C, 300°C, 350°C, 400°C in argon atmosphere and
400°C in open atmosphere [17].

When Figure 3 is examined; it is understood that in Ni-B coatings, the structure of the sample without heat
treatment and the sample heating process at 250°C in argon atmosphere is amorphous and there is no
crystalline order. At 300°C and above, the samples subjected to heat treatment show crystal structure
formation. Ni3B phases developed throughout the sample heating procedure at 300°C and 350°C. Unlike the
others, Ni2B peaks were observed at 25.1 26 (°), 35.8 20 (°), 51.8 26 (°) and 80.0 26 (°) in addition to Ni3B
phases in samples heating process at 400°C in argon atmosphere and 400 °C in open atmosphere. In 2007,
Anik et al. [21] reported in their XRD analysis of Ni-B coated 304 stainless steel materials that Ni2B phases
did not form below 400°C and Ni2B and Ni3B phases formed above 400°C, and similar results were
obtained in our current study. According to XRD phase analysis, it was observed that the structure of the
coatings was generally affected by different heat treatment conditions.

3.3. Hardness Investigations

In hardness measurements, a weighted average of the values obtained after taking measurements from at
least 5 different points for each sample was taken. Figure 4 shows an optical microscope image taken from a
sample for which hardness measurements were made, and Figure 5 shows a graph based on the average
values obtained from the hardness measurements.
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Figure 4. Hardness measurement points [17]. Figure 5. Hardness values of Ni-B coated samples

heat treated at 250°C, 300°C, 350°C, 400°C in argon
atmosphere and 400°C in open atmosphere.

Examining Figure 5, it can be demonstrated that the sample heating method at 250°C in an argon
environment yields the lowest hardness value. Because of the amorphous nature of this sample, the XRD
examination shows that the lowest value in the hardness test findings was reached at 250°C in an argon
environment. The creation of the Ni3B phase in the structure as a result of heat treatment at 300°C in an
argon environment was found to improve the hardness value in comparison to other hardness values.
According to Celik et al., heat treatment causes the coating's amorphous structure to crystallize, and the
resulting Ni2B and Ni3B phases raise the hardness values [22]. The sample heated to 350°C in an argon
environment produced the greatest hardness value. Subsequently, a significant decrease was observed in the
hardness values measured as a result of heat treatment at argon atmosphere 400°C and open atmosphere
400°C compared to the heat treatment conditions at argon atmosphere 350°C. This hardness reduction was
more pronounced in the 400°C open atmosphere than in the heating process specimen. Pal et al. reported that
in the hardness test on Ni-B coated samples on mild steel, the lowest hardness value was obtained in the
amorphous sample, while the highest hardness value was obtained at 350°C. After 350°C, a downward graph
was observed in the hardness value [23]. With this result, it was observed that similar results were found
with the literature. Tn addition, the high hardness value at 400 C in the open atmosphere can be attributed to
the presence of Fe,O; (iron oxide) formed on the coating. Because Fe203 (iron oxide) formed on the coating
surface in the open atmosphere has a hardness of approximately 70 HRC. However, the hardness value of the
35CrMoV12-10 alloy used in this study is an average of 300 HB. This value corresponds to 32 HRC.
Therefore, it can be stated that one of the reasons for the difference between the hardness values is oxidation.

3.4. Wear Behavior
3.4.1. Determination of friction coefficient

Ball-on-disk wear tests of Ni-B coated specimens were performed using alumina balls. As a result, the
time-dependent variation of the coefficient of friction was determined and the results are shown in Figure 6.
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Figure 6. Change of friction coefficients of Ni-B coated samples heat treated at 250°C, 300°C, 350°C, 400°C in argon
atmosphere and 400°C in open atmosphere [17].

3.4.2. Analysis of wear surfaces and calculation of wear volume

Optical microscope images of the widths of the scars formed after wear are given in Figure 7. When the
graph in Figure 6 is examined, it is seen that the lowest coefficient of friction value is 0.43 in the sample
heating process in 400°C in argon atmosphere and the highest coefficient of friction value is 0.89 in the
sample heating process in 300°C in argon atmosphere. Arias et al. reported that similar coefficient of friction
values were obtained in NiB coated and heating process steel material at 400°C [24]. Looking at the widths
of the wear track in Figure 7, it is understood that the lowest width is formed in the sample heating process at
350°C in argon atmosphere and the maximum width of the wear track is formed in the sample heating
process at 400°C in open atmosphere. In this case, it is seen that the heat treatment temperature has an effect
on the coating structure and changes the friction coefficient values and wear volume amounts in the wear
tests. Zhao et al. emphasized that the best mechanical performance was obtained from the heating process
sample at 350°C [25].
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Figure 7. Wear widths of Ni-B coated samples heat treated at 250°C, 300°C, 350°C, 400°C in argon atmosphere and
400°C in open atmosphere [17].

According to the measured wear widths, wear volumes were calculated using SolidWorks 3D design
program. The values of the calculated wear volumes are shown in Table 2 and the graphs created according
to these values are shown in Figure 8.

Table 2. Wear volume results of coatings [17].

Samples Wear Volumes [mm°]
250°C Argon Atmosphere 26.3x10™
300°C Argon Atmosphere 6.9x10™
350°C Argon Atmosphere 5.6x10™
400°C Argon Atmosphere 10.6x10™
400°C Open Atmosphere 44.3x10™*

When the time-dependent change graphs of the friction coefficients given in Figure 6 and the images of
the wear surface widths shown in Figure 7 are evaluated in more detail;

Although the coefficient of friction is low; when the wear widths are examined under the heat treatment
condition at 250°C in argon atmosphere, it is seen that the coating is lifted from the surface and the coating is
broken (Figure 7). It was evaluated that diffusion at the interface was not sufficient due to the amorphous
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structure and therefore adhesion was not good. As a result, it is seen that the wear volume is high with a high
wear width.

When the wear widths are examined under the heat treatment conditions at 300°C and 350°C in argon
atmosphere, it is seen that the adhesion improves without fractures with the increase in heat treatment
temperature. It is clearly seen that the wear resistance has improved according to the test performed under
the heat treatment condition at 250°C in argon atmosphere. This is due to the hard Ni3B phase formed on the
surface. It was observed that the wear volume decreased between 36% and 40% with the formation of the
Ni3B phase. When we look at the friction coefficient results, it is clearly seen that the friction curve is not
smooth and shows significant fluctuations in the heat treatment condition at 300°C and 350°C in argon
atmosphere. During the abrasion test, hard coating particles are accumulated due to the load. As a result of
the compression of these particles between the surface of the abraded ball and the surface of the sample part,
an increase in friction occurs. The reason for this fluctuation can be attributed to this phenomenon.

When the wear widths of the sample heating process at 400°C in argon atmosphere were examined, an
increase of nearly 30 um was observed in the wear width compared to the sample heating process at 350°C
in argon atmosphere. However, there was an 89% increase in the wear volume values. The reason for this is
interpreted as the material wears more due to the decrease in the hardness value of the material as a result of
the formation of Ni2B particles in the argon atmosphere at 400°C temperature heat treatment condition.
Looking at the friction coefficient result, it showed a very rapid increase at the beginning of the wear test and
then remained stable throughout the test.

Considering the results of open atmosphere heat treatment at 400°C; Compared to the sample heating
process at 400°C in argon atmosphere, there was a significant increase in wear width and wear volume and
fractures occurred in the wear scar. It is thought that when heat treatment is carried out in an open
atmosphere, the steel interface is oxidized as a result of oxygen coming to the surface, and the diffusion of
nickel into the steel is prevented. Therefore, diffusion may be prevented, reducing adhesion. To understand
the reason for this situation, the interface needs to be examined in more detail. A similar comment can be
made for the friction coefficient results. An uneven friction curve and significant fluctuation are clearly
visible.

Looking at the results of the open atmosphere 400°C heat treatment condition; compared to the sample
heating process at 400°C in argon atmosphere, there was a significant increase in wear width and wear
volume and fractures occurred in the wear track. When heat treatment is performed in an open atmosphere, it
is thought that the steel interface is oxidized as a result of the oxygen coming to the surface, which prevents
the diffusion of nickel into the steel. Therefore, diffusion may be prevented in between, reducing adhesion.
For the cause of this situation, the interface needs to be examined in more detail. A similar interpretation can
be made for the friction coefficient results. A non-uniform friction curve and significant fluctuation is clearly
visible. Mukhopadhyay et al. evaluated the tribological behavior of heat-treated coatings at room
temperature, 100°C, 300°C and 500°C. It was observed that wear resistance and COF were better in 300°C
than in 100°C and 500°C. This was attributed to the synergistic effects of various phenomena occurring in
300°C, such as the formation of the tribo-oxidative layer, the mechanically mixed layer composed of
compacted debris patches, phase transformation occurring during the wear process, wear mechanism and
microstructure [25].

3.4.3. Surface roughness investigations

The graph created according to the values obtained from surface roughness measurements made at 16
different points on Ni-B coated surfaces is shown in Figure 9. When the graph in Figure 9 is examined, the
differences in the roughness measurements made from the surface of the same sample are striking.
According to these values, it can be said that the surface is not of the same thickness throughout the coating.
Looking at the differences between the measurement values, it is understood that there are indentations or
protrusions on the Ni-B coating surface.

In order to examine the surface morphology in more detail, a cross-sectional BSE microstructure image is
shown in Figure 10. When looking at Figure 10, the rough structure on the coating surface can be seen very
clearly. The average roughness values (Ra) determined by calculating the arithmetic mean of 16 surface
roughness measurements made for each sample are given in the graph in Figure 11.
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Figure 9. Roughness measurement values from 16 different regions of Ni-B coated samples heat treated at
250°C, 300°C, 350°C, 400°C in argon atmosphere and 400°C in open atmosphere [17].
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Figure 10. Ni-B coating cross sections at different magnifications [17, 18].
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Figure 11. Average (Ra) roughness measurement values of Ni-B coated samples heat treated at 250°C, 300°C, 350°C,
400°C in argon atmosphere and 400°C in open atmosphere [17, 18].
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When Figure 11 is examined, it is clearly seen that the heat treatment after coating has an effect on
surface roughness. When the heat treatment was increased to the temperature conditions of 300°C in argon
atmosphere, an improvement in surface roughness was observed. As in all the data obtained from previous
examinations and supporting each other, the lowest roughness value of 0.253 microns was obtained from the
sample heating process at 350°C in argon atmosphere. The highest roughness values occurred in the irregular
and amorphous 250°C and 400°C samples treated in an open atmosphere. In order to support these
evaluations with XRD analysis, the graph in Figure 12 is given.
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Figure 12. XRD analyzes of argon atmosphere 300°C and 350°C [17].

When the XRD patterns in Figure 12 are examined, it is seen that the peak intensities of the sample
treated at 350°C in argon atmosphere are higher than the sample treated at 300°C in argon atmosphere. This
indicates that the crystallinity in the Ni3B phase increases with increasing temperature. The increase in
crystallinity caused a decrease in surface roughness. When the temperature is further increased, Ni2B phase
also starts to form in the structure. It is thought that the Ni2B phase in the structure increases the surface
roughness of the samples treated in argon atmosphere 400°C and open atmosphere 400 °C.

4. CONCLUSIONS

The results obtained from this experimental study, in which NiB was coated on 32CrMoV12-10 alloy,
which is also used as barrel material, by electroless method and heat treatment was performed at different
environments and temperatures, are summarized below:

e Cauliflower-like surface structure was formed on all coated samples. The cauliflower-shaped
nodules formed on the surface of the samples heat-treated at 300°C, 350°C and 400°C in argon
atmosphere were seen to be tighter. Samples heat-treated at 250°C argon atmosphere and 400°C
open atmosphere showed a rough surface structure with more discrete and larger nodules.

e XRD analysis showed that the structure was amorphous due to the inadequacy of the heat treatment
at 250°C argon atmosphere. Ni3B phases were formed in the samples heating process at 300°C and
350°C in argon atmosphere. In addition to Ni3B phases, Ni2B phases were also observed in the
samples heating process at 400°C in argon atmosphere and 400°C in open atmosphere.
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e As a result of hardness measurements, the highest hardness value occurred in the sample heating
process at 350°C in argon atmosphere and the lowest hardness value occurred in the sample treated
at 250°C with amorphous structure.

e In the abrasion tests, it was observed that the coating lifted from the surface and the coating was
broken due to insufficient diffusion in the argon atmosphere under 250°C temperature conditions.
Accordingly, the wear width and volume also increased. It was clearly seen that the wear resistance
of the samples heating process at 300°C, 350°C and 400°C in argon atmosphere increased. It was
concluded that this was due to the hard Ni3B particles formed on their surfaces. The wear resistance
increased between 36% and 40% with the formation of the Ni3B phase. There was an increase in the
wear width of the sample treated at 400°C in an argon atmosphere compared to the sample treated at
350°C. There was also a significant increase in the wear width and wear volume of the sample heat-
treated at 400°C in an open atmosphere compared to the sample heat-treated at 400°C in an argon
atmosphere. This was attributed to the oxidation of the steel interface due to the presence of oxygen
on the surface, which prevented the diffusion of nickel into the steel. In surface roughness
measurements, the surface roughness of the amorphous sample heating process at 250°C in argon
atmosphere was higher than all other samples. The best surface roughness value was observed at
350°C in argon atmosphere.

e When all the data supporting each other are brought together, the best results of the findings obtained
as a result of the analysis and test were obtained in the heat treatment experiment performed at
350°C in argon atmosphere. Instead of high temperature heat treatment after nickel-boron (Ni-B)
plating on an industrial scale, the most suitable heat treatment temperature was determined to be
350°C in an argon atmosphere. It is thought that performing the process under these conditions will
save energy Costs.
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ABSTRACT

This study examines the impact of hot plastic deformation at 1250°C on austenite grain refinement and mechanical
properties in carbon steel for railway wheels. The deformation strategies—single-step versus two-step compression
with equivalent total strain—were compared to assess their effects on austenitic microstructure and material
performance. Austenite grain size was quantified via light microscopy and quantitative structural analysis, while
mechanical properties were evaluated using a universal tensile testing machine, following the ASTM ES8 standard, at
room temperature. (strain rate: 10 s7') Results reveal that austenite grain refinement occurs proportionally with
increasing deformation, irrespective of the compression scheme. However, the deformation strategy significantly
influences strength and ductility at lower strain levels. Specifically, two-stage compression at smaller strains (e.g.,
below 60% total deformation) enhances ultimate tensile strength by up to 10% and ductility by 30-40% compared to
single-step compression. This improvement is attributed to partial retention of austenite substructure during interrupted
deformation, which alters dynamic recrystallization kinetics and promotes dislocation redistribution. The differential
effect diminishes progressively with higher strain levels, and beyond 60% deformation, both schemes yield equivalent
grain sizes and mechanical properties due to complete recrystallization and microstructural homogenization. These
findings underscore the critical role of deformation sequencing in optimizing mechanical performance during
thermomechanical processing, particularly for applications requiring tailored strength-ductility balances in high-
temperature-formed carbon steels.

Keywords: Austenite, Grain size, Hot plastic deformation, Carbon steel, Strength

Sicak Haddelemenin Karbon Celiginin Ozellikleri Uzerine Etki Derecesi ve Mekanizmasi

OZET

Bu c¢alisma, demiryolu tekerleklerinde kullanilan karbon ¢eliginde 1250°C’de uygulanan sicak plastik
deformasyonun, Ostenit tane incelmesi ve mekanik oOzellikler iizerindeki etkisini incelemektedir. Ayni toplam
deformasyon oranina sahip tek asamali ve iki agamali sikigtirma stratejileri, Ostenitik mikro yapi ve malzeme
performanst iizerindeki etkilerini degerlendirmek amaciyla karsilastiriimistir. Ostenit tane boyutu, 151k mikroskobu ve
kantitatif yapisal analiz yontemleri kullanilarak nicelendirildi; mekanik 6zellikler ise oda sicakliginda (deformasyon
hizi: 1073 s7') gergeklestirilen ¢ekme testleriyle degerlendirildi. Elde edilen sonuglar, sikistirma semasindan bagimsiz
olarak deformasyon arttik¢a Gstenit tane incelmesinin orantili olarak gergeklestigini géstermektedir. Bununla birlikte,
deformasyon stratejisi daha diisiik deformasyon seviyelerinde mukavemet ve silineklik tizerinde belirgin bir etki
gostermektedir. Ozellikle, toplam deformasyonun %60’ altinda kalan durumlarda uygulanan iki asamali sikistirma,
tek asamali sikistirmaya kiyasla gekme mukavemetini %10’a kadar, siinekligi ise %30-40 oraninda artirmaktadir. Bu
iyilesme, kesintili deformasyon sirasinda Ostenit alt yapisinin kismi korunmasina bagli olup, bu durum dinamik
yeniden kristallesme kinetigini degistirerek dislokasyon yeniden dagilimini tesvik etmektedir. Deformasyon seviyesi
arttikca aradaki fark kademeli olarak azalmis ve %60’ iizerindeki deformasyonlarda tam yeniden kristallesme ve
mikro yapisal homojenlesme neticesinde her iki sikistirma yontemi de esdeger tane boyutlar1 ve mekanik 6zellikler
sergilemistir. Bu bulgular, termomekanik iglem sirasinda mekanik performansin optimize edilmesinde deformasyon
siralamasiin kritik roliinii, 6zellikle yiiksek sicaklikta sekillendirilen karbon ¢eliklerinde istenen mukavemet-siineklik
dengesinin saglanmasinda vurgulamaktadir.
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1. INTRODUCTION

At a constant rate of hot reduction carbon steel, the ratio of temperature and degree of plastic deformation
determines balance at development of hardening and softening processes. The simultaneous influence of
several process parameters during hot reduction of carbon steel significantly complicates development of
measures to stabilize structure of austenite. By analogy with the heating of cold-formed metal, structural
changes after hot plastic deformation develop in a similar sequence. The effect of austenite softening, based
on the reduction accumulated defects of the crystal structure, depends on their redistribution to a certain
extent. The movement of grain boundaries with large angles of disorientation during collective
recrystallization allows not only to reduce density of dislocations[1], but also to lead to a complete
replacement crystal geometric characteristic of the deformed metal [2,3].

Another process softening of the deformed metal is based on a change at substructure from the
development of dislocation recombination [4]. In general, the effect of micro- and substructure elements on a
set of properties can be divided into components from the state of solid solution, accumulated density of
dislocations, structure and shape of boundaries or subboundaries, etc.[5-7]. The relationship between by
increased of defects in the crystalline structure, their annihilation, and distribution in austenite allows one to
control at structure formation of the hot-rolled products.

The purpose of the study is evaluation by influence hot deformation scheme of the carbon steel on its
structure and properties.

2. MATERIAL AND METHOD

The material for the research was carbon steel from fragments of the all-rolled railway wheel, with a
carbon concentration of 0.61 % and other chemical elements in accordance with the requirements of
regulatory documentation for wheels. Samples for the analysis of structural changes during hot compression
had a shape of cylinders with a diameter of 20 mm and a height of 40 mm [8]. Heating the hot deformation
temperature (€) (1240 °C) was carried out in electric furnaces, preventing oxidation and decarburization of
the metal surface. The blanks were deformed by 10-60 %, at a deformation rate of about 1072 s!'. After
completion of hot deformation, the blanks were cooled in air. The structure of the metal was examined under
a light microscope. To identify austenite grain, steel after hot deformation etched in a sodium picrate solution
[9], and structure of the pearlite colony, it was etched in 4 % HNO3 in ethanol. Austenite grain size (dA) was
determined using quantitative metallography in accordance with the ASTM E112 standard. [10]. Mechanical
properties (yield strength (oy) and tensile strength (os), relative elongation (8) and reduction in area (v))
were determined from analysis of tensile curves at room temperature and a strain rate of 10 s,

3. EXPERIMENT AND OPTIMIZATION RESULTS

In general, the structure austenite at process of hot plastic deformation carbon steel is determined by the
heating temperature, speed and magnitude of compression [11]. Considering that a certain sequence
operations of compression work piece, for obtaining individual elements of a railway wheel, is ensured by
maintaining a practically identical deformation rate, its contribution to the change grain size of austenite can
be considered constant in value.

The temperature ranges for the development of recrystallization, for most metallic materials, is
determined by the ratio:

To~K - Ty (1)

where T, is a temperature of the process under study, K is a coefficient, Tg is a solidus temperature, on the
phase diagram [3].

At K = 0.4-0.6, the grains after recrystallization have a predominantly elongated shape, and at K > 0.6
they are close to equiaxed. Considering the wheel blank deformation temperature about at 1240-1250 °C and
K > 0.8, the austenite grains correspond to a convex polygon.

Depending conditions of hot plastic deformation, formation substructure can have a qualitatively different
effect on the austenite structure. At case of small reductions, when the dislocation density is relatively small,
the rearrangement of dislocations during formation of subboundaries can be carried out without significant
annihilation [1,2].

The movement of dislocations from the internal volumes of grains to the periphery, against the
background of a gradual increase at angle disorientation of subboundaries, will be partially compensated for
the inevitable effect of a decrease at dislocation density. Thus, at temperatures significantly below hot
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reduction temperature of the wheel blank, at relatively low degrees of deformation, it is possible to observe
development of austenite recrystallization by different mechanisms (Fig. 1, a, b).

On other hand, the preservation texture of hot-deformed metal can contribute to growth share of pearlite
colonies with a violation of the regular structure (Fig. 1, c-f). If we take the average size of the structure
section, which is separated by a layer of structurally free ferrite (Fig. 1, c-f) as da, the obtained value will not
take into account preserved a part of subboundaries of hot-deformed austenite.

d

Figure 1. Influence degree of hot reduction (a, b, ¢ — 10; d — 18; e — 40, f — 60 %) at temperature of 950 °C (a), 1100 °C
(b), 1240 °C (c-f) [7] on the structure of steel with 0.6 % C. Magnification: a, b, e, f — 100; ¢, d — 150

As a result, the nature influence austenite grain size on the complex properties of the hot-rolled metal will
be distorted. This is confirmed by the ambiguous correlation between sizes of the austenite grain and pearlite
colony [8,12-14]. Thus, the possible error in estimating da, after various degrees of hot deformation, can be
taken as constant, not having a qualitative effect on size of the austenite grain. Compared with normal grain
boundaries, the boundaries between fragments, in addition to the intermediate position in disorientation
between normal boundaries and subboundaries [15], can differ in shape and structure. Considering with an
increase in da the probability of the decay uniform distribution of dislocations into periodic structures
increases [16], fragmentation in a large grain should begin earlier than in a small one and with a smaller
number of accumulated dislocations.

Based on this, for a constant deformation rate, the ratio of temperature and degree of compression can
change mechanism of austenite recrystallization. Thus, when forming disk of the wheel, the work piece on a
press with a force of 100 MN is subjected to deformation about 10%. Considering proximity to critical
deformation (8-10 %, [1,2]), at the development of recrystallization, minor deviations in a uniformity
distribution of compression along the height of the work piece [8] can lead to a structure heterogeneity of
austenite.

A deformation 10 % at a temperature of 950 °C is accompanied by the formation of grains with a shape
close to a polyhedron (Fig.1,a). Similar compression at 1100 °C is accompanied by a completely
understandable increase in da (Fig. 1, b). The absence parts of the boundaries and their specific curvature
(Fig. 1, b, indicated by an arrow) can be considered as evidence formation of “special boundaries” [15].

On other hand, combination of the above-mentioned features indicates development of secondary
recrystallization by the coalescence mechanism. Compared to disk, formation other elements of the wheel
occur after more significant deformations (40-50 %). Taking into account the high rate of development
austenite recrystallization processes during hot reduction [3,4], possible influence of the austenite state on a
formation of the pearlite colonies may manifest itself on the dependence properties of the steel (Fig. 2).
Secondary recrystallization observed during hot deformation is believed to be influenced by special
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boundary formation and dislocation cell coalescence. These microstructural evolutions contribute to
mechanical property changes and were supported by micrograph observations (Fig. 1b).
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Figure 2. The influence of the degree single (m — 1) and double (¢ — 2) deformation at a temperature of 1240 °C of steel
with 0.6 % C on g, (&), o5 (b), J (c) and y (d)

In addition to a certain dependence on the degree of hot deformation, influence of the deformation
scheme is revealed, from the replacement of a single reduction by a double reduction with the same shares
(Fig. 2, curves 1 and 2, respectively). The growth of ¢ single reduction is accompanied by a monotonic
increase in oy, g, d and y.

Against the background of qualitative coincidence of the nature change in properties after a single
compression, the effect of double deformation has certain features. Replacing a single 20 % deformation
with a double one led to an increase in o, to 3 %, and o5 to 10 %. Such an effect can be associated with the
influence of a part preserved austenite substructure on the pearlite transformation.

Moreover, if the effect of replacing a single 20 % deformation with a double one (10 + 10 %) can
somehow be explained by the proximity to critical deformation during development of recrystallization
(10 %) and the formation of a certain number of special boundaries (Fig. 1, b), the nature of change in
properties after compression of 40 and 60 % requires additional explanation.

Fig. 3 shows the structure of steel after double compression. It is difficult to detect the structural features
of pearlite colonies from the structural elements, although there seems to be a greater presence of small
fragments after replacing a single deformation (Fig. 1, €) with a double one (Fig. 3, a). The nature of the
dependence da on the magnitude and scheme of deformation is shown in Fig. 4, a.

With an increase in the degree of single hot compression, da decreases monotonically. Replacing single
compression with double compression did not change the nature of dependence but had an insignificant
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effect on the absolute values of da. If for single compression of 40 and 60 %, da are respectively equal to 120
and 107 um, then after double € =20 + 20 %, da = 140 um, and after € = 30 + 30 %, a match with single
compression (106 um) was obtained. It can be expected that in proportion to the decrease total compression,
the differences at structural state of austenite after single and double deformation should increase, which in
turn must affect da.

This tendency is evidenced by the value of da (75 um) after compression according to the scheme
10+ 10+ 10 % [16] (Fig. 4, a, point 3). For a detailed analysis possibility preserving of the part effect
substructure after hot deformed of austenite on da, used the relationship [17]:

F =Ae? )

where F is the grain area, da = kVF; k is the grain shape coefficient; ¢ is degree of deformation in %; A and b
are constants.

For the shape of austenite grains close to a polyhedron, k = 1.86 [9]. After taking the logarithm of (2), we
obtain:

lgF = lgA — blge (3)

atlge — 0, IgF = IgA, and b=—4IgF / 4lge.

As a result of extrapolation of the ratio IgF ~ f(lge) (Fig. 4, b) at lge =0, the values of IgA were
determined. For the studied steel, with a single deformation, the value of IgA =5.3,and b = 1.13.

Similar values were obtained for double compression: IgA = 5.3, and b = 1.36. Formally, value of A does
not depend on the deformation scheme, which is confirmed by Fig. 4,b and corresponds to value
da = 830 um. Considering that, according to various estimates, da during heating of a railway wheel blank
can vary at range of 800 to 1000-1500 um [8], the obtained extrapolation result (Fig. 4, b) illustrates good
agreement.

Figure 3. Influence of two-step hot compression (a: 20%+20%, b: 30%+30%) at 1240 °C on the austenite grain
morphology of 0.6% C steel. The micrographs indicate finer fragmentation in the two-step deformation scheme,
especially at lower compression stages.

As follows from [18], the exponent b is a structurally sensitive characteristic and obeys the relation:
b=b—(m+g+s) 4)

where b is a certain value; m is the contribution from hot work hardening of austenite; g is the presence of a
substructure and s is the duration of pause after deformation.

From (4) it follows that in proportion to the decrease at effect of m, g and s, b will increase up to a
maximum value (b;), but not more than 2 [17].

According to the wheel blank compression technology, the contribution s is practically constant for
different deformation schemes. By representing (4) as (5) and substituting b; =2, we can estimate the
influence of the hot compression scheme on the total contribution of hot work hardening and presence
substructure of the austenite, on the grain size:

(m+g)=2-b ®)
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After calculations, we found that for the identical degree of hot deformation, after a single compression,
the substructure effect is preserved to a greater extent (m + g) = 0.87 than after a double compression
(m +g) =0.64.

The current model describing the relationship between deformation degree and austenite grain size is
based on a power-law correlation, as shown in Equations (2) and (3). This aligns with classical models such
as those presented by Verner [17] and Holt [16].

dA4, p IgF
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\Ia 45 4 7
600 \ /
400 / ! N | | 2
2 3,5 1
200 s / ’ 3
31— o Te— \
0 3
0 20 40 £,% 0,75 1 1,25 1.5 1,75 lIge
a b

Figure 4. (a) Evolution of austenite grain size (dA) with respect to total strain and deformation scheme. (1a —
heating only, 1 — single-stage, 2 — double-stage, 3 — triple-stage). (b) Log-log plot of grain area (F) vs strain
(e) for determination of model parameters (A, b).

With continuous deformation, the effect of the austenite substructure on the development collective
recrystallization is proportional to the degree of deformation, which is determined by the condition of its
continuity of propagation. With constant holding after deformation, dA will be inversely proportional degree
of compression. With fractional compression, conditions of deformation propagation change, which can
affect the development of recrystallization processes.

Compared with a single compression, dividing the deformation into certain parts should lead to a decrease
at intensity of strain hardening of austenite and number of defects at crystalline structure as a whole.

Indeed, after first compression, in addition to the twice lower degree of deformation, the high-rate
development of dislocation recombination will lead to certain substructure changes, such as polygonization
or fragmentation. At process of repeated deformation, substructure changes will already be dependent on the
previous deformation of the metal. The more developed substructure observed in single-stage deformation is
attributed to continuous dislocation accumulation, which enhances polygonization and inhibits early
recrystallization. This differs from the double-stage where partial relaxation occurs between stages.

Based on this, the austenite substructure after a single compression will inevitably differ from the
deformation in two stages, which is confirmed by the complex of metal properties. The obtained qualitative
result requires additional experimental confirmations, in order to explain the mechanism of the observed
phenomenon in more detail. Despite this, the obtained result of the influence of the hot deformation scheme
of carbon steel can be useful in developing the technology of thermal strengthening of rolled products using
heating for hot reduction of metal.

4. CONCLUSIONS

The evolution of austenite grain size (dA) and the mechanical response of carbon steel under varying hot
deformation schemes demonstrates a consistent trend with increasing strain. Specifically, dA decreases from
140 pm at 20% deformation to approximately 106 um at 60% strain during single-stage processing.
Regardless of the deformation mode employed, increasing the degree of compression exerts a qualitatively
similar influence on grain refinement and the overall mechanical performance of the steel. However, at
moderate strains (g =~ 20%), the application of a two-stage deformation approach significantly enhances the
strength—ductility balance, yielding up to a 10% increase in tensile strength and an improvement in ductility
by as much as 40% when compared to single-stage processing. This can be attributed to alterations in the
recrystallization dynamics and substructure development of austenite, where two-stage deformation
facilitates more controlled grain evolution. As strain approaches or exceeds 60%, the differences in grain size
and yield strength between single- and double-stage deformation become negligible due to the completion of
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dynamic recrystallization. Consequently, for thermomechanical processing routes where the total strain
remains below the critical threshold of 60%, a double-stage deformation strategy is recommended to
optimize the synergy between strength and ductility without compromising microstructural stability.
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