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Dear UTIS Commun ty, 

 

Th s book presents a collect on of papers from the 13th Internat onal Conference on Mach n ng (UTIS 2025), 

held from 30 October to 02 November 2025 at the Juju Prem er Palace Hotel, Kemer, Antalya, T¿rk ye. 

 

The UTIS conference ser es prov des an establ shed nternat onal forum for researchers and pract t oners 

from academ a and ndustry to exchange knowledge and d scuss recent developments n mach n ng sc ence 

and technology. S nce ts ncept on, UTIS has promoted nterd sc pl nary nteract on and collaborat on, 

contr but ng to the format on of research networks, focused d scuss on groups, and jo nt R&D n t at ves. The 

13th ed t on of the conference cont nued th s trad t on by foster ng construct ve d alogue and encourag ng 

nnovat ve approaches to current and emerg ng challenges n the f eld. 

 

The contr but ons ncluded n th s book were presented at UTIS 2025 and are publ shed e ther as abstracts or 

full-length papers, accord ng to the authorsô preferences. All papers reflect the sc ent f c scope and techn cal 

d vers ty of the conference. 

 

It s ant c pated that th s book w ll serve as a useful reference for researchers, eng neers, and pract t oners, 

and support further advances n mach n ng research and appl cat ons. The UTIS Steer ng Comm ttee looks 

forward to the cont nued development of the UTIS conference ser es n the years to come. 

 

On behalf of UTIS Steer ng Comm ttee  

Prof. Dr. I. Etem Saklakoĵlu 

Cha r of UTIS 2025  
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Towards Advanced Control of Manufacturing Cells 

Friedrich Bleicher a, Bernhard Wallner a, *, Christoph Habersohn a, Osman Bodur a, Lukas Kügerl a, 

Julian-Amon Greitler a, Florian Wurm a, Tanmay Badhan a, Thomas Trautner a 

a TU Wien, Institute of Production Engineering and Photonic Technologies, Getreidemarkt 9/311, 1060 Wien, Austria  

  

* Corresponding author. Tel.: +43-1-58801-31120; E-mail address: wallner@ift.at  

Abstract 

Recent research n manufactur ng ncreas ngly focuses on energy eff c ency, susta nable product on, automat on, and d g tal zat on, 

dr ven by econom c and env ronmental pressures. Th s progress s underp nned by d g tal technolog es, advanced opt m zat on 

methods, and smart manufactur ng concepts, wh ch collect vely redef ne the capab l t es of modern product on systems. 

Global zat on and product nd v dual zat on mpose ntens f ed compet t on, shortened l fecycles, and greater var ab l ty of 

workp eces. Convent onal product on systems cannot adequately respond to such dynam cs. W th n th s context, autonomous 

mach ne tools const tute a key enabler, capable of ndependently plann ng, mon tor ng, and opt m z ng mach n ng operat ons based 

on d g tal models and real-t me data. Th s contr but on proposes a conceptual structur ng of an autonomous manufactur ng cell and 

ts subsystems, outl nes essent al funct onal components, and d scusses h erarch cal control loops. Integrat ng ndustr al robots and 

mob le man pulators further enhances flex b l ty by automat ng mater al handl ng, thereby establ sh ng mach n ng cells w th 

m n mal human ntervent on.  

Keywords: Adapt ve Control, D g tal tw n, D g tal manufactur ng system  
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Machining Transformation and Green Transformation 

Dr. Kotaro Mora* 

 
aDMG-Mor , Japan 

 
This presentation will present the progress of machining transformation with some examples. ñMachining transformation (MX)ò 

represents our proposal to improve productivity of manufacturing system by process integration, automation, and digital 

transformation. Another outcome of Machining transformation (MX), Green transformation (GX) will be also shown in the 

presentation. 
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Sustainable Solutions for Critical Raw Materials supply in Hard Metals 

Industry 

Kenan Boza* 
 

aEPMA, France 

Abstract: 

The value chain of hard metals is a long path from product design to end-user. Raw material supply is critical because it is mainly 

extracted in specific countries or regions, and the production processes are extremely energy dependent with a high level of carbon 

footprint. Certain recycling paths are available, but the usual way is using the end-of-life products as an alloying element in tool 

steel production, or hardfacing which is the method of deposition of crushed and milled HM scrap on a worn or new component 

surface that is subject to wear in service. Both paths are downcycling where the recycled material is of lower quality and 

functionality than the original material. 

A significant recovery of W and Co from manufacturing by-products and scraps is already a good practice in the hard metal industry 

(42% for W and 22% for Co in 2023). However, there is still a lot to do to meet the technical-economic-environmental sustainability 

in materials and energy enhancement for pursuing a green economy model. The challenge to overcome by the European Hard 

Metal industry is sustainable re-use of CRM (especially W and Co) due to their Supply Risk and their Economic Importance, as 

declared by the European Commission. 

This presentation will be an overlook on the current status of Raw Material supply chain for Hard Metals industry in Euro zone, 

particularly for W and Co, together with emerging solutions in terms of alternative materials and recycling. 
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Trends in the Use and Reuse of Cutting Tools 

 
Berend Denkenaa*, M rko Schapera 

 
aLe bn z Un vers ty, Germany 

  
Abstact 

The first part of the presentation will showcase the latest research findings from IFW Hannover on machining in an oxygen-free 

environment and with volume flow control of cooling lubricant. Both approaches promote sustainability and reduce energy 

consumption during machining. The second part of the presentation takes up these criteria for tool grinding. The approaches 

presented deal with condition-based regrinding of tools in a tool grinding machine with and without innovative grinding spindle 

technology, as well as regrinding in a conventional mill-turn machine. The latter approach is particularly interesting for users of 

such machines. 
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Cutt ng Tools-Ķmportant Factor Affect ng Carbon Footpr nt n Mach n ng 

Prof. N ng Hea* 

aCollege of Mechan cal and Electr cal Eng neer ng 

Nanj ng Un vers ty of Aeronaut cs and Astronaut cs 

NUAA Nanj ng, Ch na 

 

The presentat on w ll f rstly ntroduce the development and Susta nab l ty Challenges of Energy, Carbon Em ss ons and 

Env ronmental. Then, the susta nable manufactur ng for equ pment manufactur ng w ll be d scussed. The three scopes of carbon 

em ss on n equ pment manufactur ng accord ng to Green House Gas Protocol w ll be d scussed and analys s. It s found that the 

cutt ng tools are most mportant factor affect ng carbon footpr nt n mach n ng and s an effect ve technolog cal approach to 

s gn f cantly reduce carbon em ss ons. Meanwh le, the cutt ng tools also greatly affect mach n ng performance. Therefore, to 

ach eve h gh performance manufactur ng and carbon neutral ty n Manufactur ng, much efforts should be devoted to the 

nvest gat on of carbon footpr nt assessment, carbon reduct on technology, mach n ng performance and the comprehens ve 

opt m zat on technology around cutt ng tools.  
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Mach n ng Research Landscape: From Mater als Sc ence to D g tal 

Intell gence 

 
Prof. Dr. Peter Krajn ka* 

 
aChalmers Un vers ty of Technology Sweden 

  

 
Abstract 

The talk explores the mult faceted nature of mach n ng research by focus ng on three nterrelated themes: mater al-process 

nteract ons, advanced model ng approaches, and the d g tal zat on of product on systems.  

 

Beg nn ng w th the foundat onal role of mater als sc ence, t exam nes how m crostructures and nclus ons n work mater als affect 

mach nab l ty. Th s ncludes the mpl cat ons n post-process ng of add t vely manufactured components and batch-to-batch 

varat ons.  

 

Next, recent advances n phys cs-based est mat on of tool wear are presented, followed by key challenges n model ng gr nd ng 

processes.  

 

The f nal part focuses on d g tal zat on n manufactur ng, h ghl ght ng process mon tor ng and scalable edge comput ng as enablers 

of AI-dr ven mach ne tools and ntell gent product on systems. Examples from the Swed sh ndustry llustrate how these concepts 

are be ng appl ed n real manufactur ng env ronments. 
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Efficient Use of Metal Working Fluids in Machining 

 

 Hans-Christian Möhringa*, Johannes Rammea, André Jaquemoda, Tobias Tandlera  

aInstitute for Machine Tools, University of Stuttgart, Holzgartenstraße 17, 70174 Stuttgart, Germany 
* Corresponding author. Tel.: +49 0711 685 83773; E-mail address: hans-christian.moehring@ifw.uni-stuttgart.de 

Abstract 

In machining processes, metal working fluids or coolant lubricants are required in order to fulfill the tasks of cooling the tool and 

workpiece material, lubricating and lower the frictional forces between tool and material, and transportation of chips out of the 

cutting zone. Especially in machining processes with narrow cutting slots, such as circular sawing, complex interactions of 

coolant lubricant application and cutting physics occur. This publication presents detailed insights into these interactions based 

on experimental investigations and simulation approaches. The potential of an internal coolant supply in circular sawing is shown 

and latest findings are discussed. Furthermore, the technology of minimum quantity lubrication (MQL) is analyzed in terms of 

fundamental experimental studies and simulations. 

Keywords: Metal work ng flu ds; CFD s mulat on; Eff c ency 
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AI vs. Human Understand ng of Phys cs: How Can the Sk ll Gap n 

Manufactur ng Be Solved? 

Dr. Yavuz Murtezaoĵlua* 
 

aModuleWorks Germany 
 

Abstract 

A br ef compar son of Art f c al Intell gence and Cutt ng Phys cs as two d fferent tools to solve CNC mach n ng n metal cutt ng. 

A m ng a h gher level of Automat on and address ng Sk lls gap n part programm ng are two object ves that w ll be presented at 

the context of new developments of CAM algor thms n colloborat on w th cutt ng tool manufacturers. Th s presentat on g ves 

ns ghts about the journey of d g t al zat on n manufactur ng, n context of ex st ng and new technolog es, and how partnersh ps 

between major stakeholders can help to accelerate th s. 
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Mach ne Tool Innovat on at DMG MORI Dr ven by Mach n ng 

Transformat on 

Dr. Ir no Naruh roa* 

 
aDMG-Mor Japan 

 

Abstract 

DMG MORIôs Mach n ng Transformat on (MX) cons sts of four p llars: process ntegrat on, automat on, 

d g tal transformat on (DX), and green transformat on (GX). In mach ne tools, ach ev ng h gh prec s on and 

h gh product v ty are the most essent al KPIs. Th s presentat on ntroduces the latest des gn eng neer ng and 

d g tal tw n technolog es, along w th the r pract cal appl cat ons, to real ze Mach n ng Transformat on and 

del ver h ghly accurate and eff c ent mach ne tools. 
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Modeling and Analysis of High-Speed Spindle-Bearing Systems 
 

Prof. Dr. Seongwook Honga* 
 

aKumoh Nat onal Inst tute of Technology, South Korea 

Abstract 

Sp ndle dynam cs have become ncreas ngly mportant w th the grow ng demand for h gh-speed, h gh-prec s on mach ne tools. 

Th s presentat on traces the evolut on of sp ndle dynam c model ng, from class cal approaches to modern-day challenges. Sp ndle-

bear ng systems demand a mult d sc pl nary perspect ve, w th part cular emphas s on the tr bolog cal behav or of bear ngs and the 

cruc al rotor-bear ng nteract ons. Thermo-mechan cal effects are espec ally s gn f cant n prec s on sp ndles, where heat generat on 

can lead to thermal deformat on, alter ng the system's dynam c performance. Th s presentat on w ll explore these contemporary 

ssues to prov de a deeper understand ng of analys s and des gn techn ques for h gh-speed, h gh-prec s on sp ndle-bear ng systems. 
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Real-T me Anomaly Detect on and Surface Qual ty Pred ct on n Gr nd ng 

w th Industr al Edge Intell gence 

Prof. Dr.-Ing. Bahman Azarhoushanga* 
 

aFurtwangen Un vers ty,Germany 

Grinding represents the final and most critical stage of precision machining, where even nanometer-scale deviations in surface 

roughness can compromise functionality, shorten component lifetime, or trigger costly rework. Traditional offline quality control 

methods fail to provide real-time insight, making them inadequate for todayôs high-value production sectors such as aerospace, 

automotive, and medical technology. To address this challenge, we propose an intelligent, edge-computing-based monitoring 

framework capable of both online anomaly detection and immediate surface roughness prediction.  

 

Dual Edge-Computing Framework  

The proposed system integrates two synchronized industrial edge platforms connected to a CNC grinding machine:  

1. Siemens Industrial EdgeBox operating at a 1 kHz sampling frequency, continuously collecting high-frequency machine signals.  

2. An additional real-time edge device developed in parallel, recording process data at a higher rate of 5 kHz.  

 

Together, these devices capture a comprehensive and redundant view of the process dynamics, including spindle current, axis 

loads, and torque signatures.  

 

Online Anomaly Detection  

Using advanced AI-driven anomaly detection models, the system continuously monitors incoming data streams during grinding. 

Process signatures are analyzed in real time to identify deviations from normal operational patterns. This enables online 

identification of anomalies simultaneously with part production, ensuring that any defective process state is flagged before the 

part leaves the machine.  

 

Real-Time Surface Roughness Prediction  

In parallel, statistical and spectral features are extracted from the spindle current signals. Artificial intelligence models, trained and 

validated on reference measurements, achieved a prediction accuracy above 95%. These models can predict surface roughness 

immediately after the grinding operation, eliminating the need for secondary measurements.  

The comb nat on of anomaly detect on and surface qual ty pred ct onðboth embedded d rectly on ndustr al edge dev cesð

demonstrates the feas b l ty of self-opt m z ng, autonomous product on systems. By sh ft ng from react ve nspect on to 

pred ct ve assurance, manufacturers can mplement 100% real-t me qual ty control, reduce the r sk of scrap, and accelerate the 

trans t on toward zero-defect manufactur ng. 
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A Novel Tool Runout Model Considering Actual Pitch Angle in Milling 

Processes 

Shao-Cong Linghua* , Min Wana* 

a State IJR Center of Aerospace Design and Additive Manufacturing, School of Mechanical Engineering, Northwestern Polytechnical University, Xiôan, Shaanxi 

710072, China 

* Corresponding author. E-mail address: linghushaocong@mail.nwpu.edu.cn, m.wan@nwpu.edu.cn  

Abstract 

Tool runout is a prevalent issue in milling processes, as it alters the tool's rotational radius, leading to uneven cutting forces and machining 

inaccuracies [1-3]. Accurate modeling of tool runout is crucial for understanding its impact on machining performance [4-5]. Beyond affecting 

the rotational radius, tool runout also influences another critical geometric parameter: the pitch angle, as illustrated in Fig. 1. Previous models 

have overlooked the dynamic changes in actual pitch angles, thereby limiting their accuracy and applicability. To address this limitation, this 

study introduces a novel theoretical framework that incorporates the effects of actual pitch angles in tool runout analysis. The proposed model 

begins with establishing the practical kinematic geometry for the milling process. Subsequently, a calculation methodology is developed to 

determine the actual pitch angles, as demonstrated in Fig. 2. This theoretical approach effectively links tool runout parameters to both the actual 

tool rotation radius and the instantaneous pitch angle variations. Furthermore, an identification method for quantifying runout parameters has 

been established. To validate the proposed model's effectiveness, a series of milling experiments are carried out. The experimental results, as 

compared with the predicted values, demonstrate the model's accuracy and reliability in practical applications.  

Keywords: Tool runout; p tch angle; m ll ng process; cutt ng force. 
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Comparison of Nature-Inspired Algorithms in Milling of Thin-Walled 

AZ31B Magnesium Alloy under Various Conditions 

 Necip Alkana*, Yusuf Furkan Yapana, Alper Uysala  

aYildiz  Technical University, Department of Mechanical Engineering, Istanbul, 34349, Türkiye 

 

* Corresponding author. Tel.: +90-552-865-16-88; E-mail address: necip.alkan@std.yildiz.edu.tr 

Abstract 

The ncreas ng demand for l ghtwe ght and h gh-strength mater als n aerospace and automot ve ndustr es has led to a grow ng nterest n 

magnes um alloys, part cularly n th n-walled forms due to the r excellent strength-to-we ght rat o and good mach nabl ty. However, mach n ng 

th n-walled magnes um components presents notable challenges, mak ng t cruc al to opt m ze mach n ng parameters to ma nta n process stab l ty 

and product qual ty. In th s study, opt m zed m ll ng strateg es were developed for AZ31B magnes um alloy to m n m ze cutt ng force, power 

consumpt on, cutt ng temperature, and surface roughness s multaneously. M ll ng operat ons were conducted us ng three feeds and cutt ng speeds 

across four env ronments: dry, Ranque-H lsch vortex tube (RHVT), m n mum quant ty lubr cat on (MQL), and nanoflu d-ass sted MQL (NMQL). 

After the exper ments, s x nature- nsp red mult-object ve opt m zat on models were appl ed to evaluate mprovements n mach nab l ty. The 

results nd cated that d fferent mach n ng parameters and lubr cat on strateg es prov ded advantages depend ng on the performance cr ter a, such 

as mproved cutt ng force, cutt ng temperature, power consumpt on and better surface qual ty. Consequently, the opt m zat on models 

recommended d fferent mach n ng parameters and cool ng env ronments based on the r spec f c performance outcomes under vary ng cond t ons. 

Keywords: Th n wall; AZ31B magnes um alloy; Nature- nsp red opt m zat on; Ranque-H lsch vortex tube. 
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Ultrasonic Vibration-Assisted Sustainable Turning of Additively Friction 

Stir Deposited AA6061-T6 Alloy 
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bYildiz Technical University, Department of Mechatronics Engineering, Istanbul, 34349, Türkiye 
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Abstract 

The application of the additive friction stir deposition (AFSD) process has been most advanced in the AA6061 alloy, which luckily has significant 

usage in the aerospace industry. However, since AFSD alone does not provide the geometric accuracy or surface finish required for functional 

components, machining is needed to provide the desired final geometry, surface finish, and tolerance specifications. In the presented study, 

AA6061 alloy was fabricated by the AFSD method, and for the first time, the conventional (CT) and ultrasonic vibration-assisted turning (UVAT) 

of AFSDed and T6 aged AA6061 alloy was performed using three different feed values (0.05, 0.1, and 0.15 mm/rev) under three cutting 

environments, including dry, Ranque-Hilsch vortex tube (RHVT), and minimum quantity lubrication (MQL) methods, and the cutting 

performance was evaluated in terms of cutting force, cutting temperature, and surface roughness. The results showed that significant 

improvements were achieved in cutting force, cutting temperature and surface roughness due to the synergistic effect of the combined use of 

UVAT and MQL methods. 

Keywords: Add t ve fr ct on st r depos t on; Susta nable mach n ng; Ultrason c v brat on-ass sted turn ng 
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Milling of AA5083 Alloy using Surface Quality-Oriented MCDM Methods 
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Abstract 

This study presents a comprehensive experimental investigation into the effects of various micro-texture designs (non-textured, parallel-textured, 

cross-textured, and dimple-textured) on the performance of cutting tools during the milling of AA5083 aluminum alloy. Milling experiments were 

conducted under varying cutting speeds and feed rates, and the resulting machining outputs were assessed in terms of surface roughness (base 

and side-wall) and geometric accuracy (linearity and slot width errors). The obtained data were analyzed using three distinct multi-criteria 

decision-making (MCDM) methods (TOPSIS, COBRA, and FUCA) with surface quality as the primary evaluation criterion. The results indicate 

that textured tools, particularly the cross-textured variant, significantly improved surface quality. While TOPSIS and FUCA consistently favored 

cross-textured tools, the COBRA method highlighted a parallel-textured tool under low-speed conditions as optimal. These findings demonstrate 

the performance-enhancing potential of micro-textured tools and offer practical guidance for their selection and application in precision machining 

practices. 

Keywords: Textured cutt ng tool; Mult-cr ter a dec s on mak ng; M ll ng 

1. Introduct on 

In modern manufacturing, the demand for high-performance 

precision components has driven significant advancements in 

cutting tool design. Among these, micro-textured cutting inserts 

have emerged as a promising innovation for improving the 

machinability of aerospace materials, such as titanium and 

aluminum alloys [1,2]. Micro-textures, engineered patterns in 

the form of grooves, dimples, or hybrid structures on the rake 

or flank faces of cutting tools, are designed to alter the 

tribological interactions at the toolïchip and toolïworkpiece 

interfaces. These surface modifications can lead to reductions 

in friction, heat generation, and toolïchip adhesion, thereby 

enhancing tool life and cutting performance [3]. In milling 

operations, which are characterized by intermittent cutting and 

complex chip formation mechanisms, the use of micro-textured 

inserts is particularly advantageous. Numerous studies have 

shown that these inserts can significantly reduce cutting forces 

and cutting temperatures, improve chip flow, and enhance 

surface quality [4]. Moreover, by promoting stable cutting 

conditions and minimizing tool wear, micro-textured tools 

contribute to improved geometric accuracy and dimensional 

control of the machined components [5]. Despite their growing 

adoption, the performance of micro-textured inserts is highly 

dependent on the texture geometry (e.g., shape, orientation, 

depth) and its interaction with the work material and cutting 

conditions. Therefore, a comprehensive understanding of how 

micro-textured inserts influence key machining outputs, such as 

surface finish and geometric accuracy, is essential for their 

effective implementation in industrial milling processes. 

 

 

2. Mater als and Methods 

In this section, the experimentally applied method and the 

statistically applied multi-criteria decision-making methods are 

explained. 

 

2.1. Exper mental study 

This study employs a full-factorial experimental approach 

that compares four cutting tool insert configurations as 

conventional non-textured insert, parallel-textured insert, 

cross-textured insert, and dimple-textured (dotted) insert. The 

textures are shown in Figure 1. Each texture design was 

developed using CAD-based software integrated with the laser 

system, allowing precise control over line spacing, orientation, 

and dimple distribution. The parallel-textured insert featured 

linear grooves aligned with the cutting edge, while the cross-

textured insert comprised intersecting grooves forming a grid-

like pattern. The dimple-textured insert included uniformly 

distributed micro-dimples across the rake face. The 

conventional insert was left untreated to serve as a baseline. 

All surface textures were generated on commercially 

available uncoated carbide inserts using a Ytterbium (Yb)-

doped fiber laser marking system (VizyonJet Laser Marking 
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Machine). The Yb-fiber laser operates in the near-infrared 

spectrum (typically ~1064 nm), providing high beam quality 

and pulse control suitable for micro-texturing applications on 

hard materials. The laser texturing process was performed in an 

air-cooled environment at room temperature with the following 

parameters: loop count of 25, scanning speed of 175 mm/s, 

laser power of 100%, and pulse repetition frequency of 30 kHz. 

These conditions were selected based on preliminary trials to 

ensure stable ablation and reproducibility of surface textures. 

The experimental setup is shown in Figure 1. A Dijet brand 

cutting tool featuring five effective peripheral cutting edges 

and a diameter of 35 mm was utilized. Each tool type is tested 

under varying cutting speeds (1100, 1300, and 1500 rev/min) 

and feed rates (4000, 4500, and 5000 mm/min) in milling 

operations of AA5083 aluminum alloys using Deckel Maho 

DMC1035V 2008 milling machine. A cutting depth approach 

of 4+4+4+1 mm was implemented, resulting in a 13 mm 

cumulative depth of cut. Cutting operations were carried out 

using cutting fluid containing 2% Belgin boron oil and 98% 

water emulsion. The machining performance is evaluated in 

terms of base surface roughness, side-wall surface roughness, 

geometric accuracy, including linearity error and slot width 

error. Surface roughness values were measured using Mitutoyo 

Surftest SJ-210 surface roughness tester device, and 

dimensional accuracies were measured using Zeiss VAST 

XXT model coordinate measurement machine (CMM). 

 

Fig. 1. Experimental setup 

2.2. Mult-cr ter a dec s on mak ng 

Experimentally obtained results were used to determine 

surface qualityïweighted optimal parameter sets using three 

different multi-criteria decision-making (MCDM) methods, 

namely TOPSIS (Technique for Order of Preference by 

Similarity to Ideal Solution), COBRA (Comprehensive 

Distance Based Ranking), and FUCA (Faire Un Choi 

Adéquat). The use of multiple algorithms was intended to 

strengthen the reliability of decision-making, since each 

method has a distinct mathematical structure and sensitivity to 

local variations. For example, while TOPSIS and FUCA 

primarily rely on relative distances and ranking logic to assess 

closeness to the ideal solution, COBRA incorporates correction 

factors that make it more responsive to localized deviations in 

specific criteria, such as linearity error. In this evaluation, 

higher importance (0.35 each) was assigned to base and side-

wall surface roughness, as they directly represent the functional 

surface quality of the machined slot. Slot width error (0.20) and 

linearity error (0.10) were given relatively lower weights, 

considering that such geometric deviations can generally be 

tolerated within machining allowances compared to surface 

finish. This weighting strategy reflects an industry-relevant 

prioritization in which surface integrity plays a dominant role 

in evaluating cutting tool performance. 

The method applied for the TOPSIS approach is given 

below [6]. 

Step 1. Constructing the decision matrix (Eq.1). ὼ  is the 

performance rating of alternative i with respect to criterion j. 

ὼ

ὼ Ễ ὼ
ể Ệ ể
ὼ Ễ ὼ

 (1) 

Step 2: The calculation of a decision matrix that is 

normalized (ὶ). In this step, the relation shown in Eq. 2 was 

used. 

ὶ  
ὼ

В ὼ

 
(2) 

Step 3: The process of determining the weighted normalized 

decision matrix (ὺ ) involves multiplying the normalized 

decision matrix (ὶ) with the weights as shown in Eq. 3. The 

variable ύ represents the weight assigned to the j th criterion. 

ὺ ύ³  ὶ (3) 

Step 4: Determining the negative and positive optimal 

solution. Within this context, the positive ideal solution is 

denoted by ὃ  (Equation 4), while the ideal solution that is 

negative is denoted by ὃ  (Eq. 5).  

ὃ ÍÁØὺ Êɴ " ȠάὭὲὺ Êɴ # (4) 

ὃ ÍÉÎὺ Êɴ " Ƞάὥὼὺ Êɴ # 
(5) 

Here, B refers to the set of benefit criteria (where higher 

values are preferable). C refers to the set of cost criteria (where 

lower values are preferable). This means that for benefit-type 

criteria (Ὦɴ ὄ), the positive ideal value is the maximum. For 

cost-type criteria (Ὦɴ ὅ), the positive ideal value is the 

minimum. 

Step 5: Determining the distance between each alternate 

solution and the positive ideal solution (PIS) and negative ideal 

solution (NIS). The distance between the ideal solution and the 

alternative solution that is positive is represented by the symbol 

Ὓ  (Eq. 6), while the distance between the ideal solution and 

the alternative solution that is negative is represented by the 

symbol Ὓ  (Eq. 7).  
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Ὓ ὺ ὃ  (6) 

Ὓ ὺ ὃ  
(7) 

Step 6: Determination of the closeness coefficient (ὅ) to the 

optimal solution In this step, the relation shown in Eq. 8 was 

used. 

ὅ
Ὓ

Ὓ Ὓ
 (8) 

Step 7: Ranking ὅ potential solutions in descending order 

based on their values. 

The method applied for the COBRA approach is given 

below [7]. 

Step 1. Form the decision matrix A by establishing the 

assessments aij of the alternatives i (i = 1,..., n) in respect to 

criteria j (j = 1,..., m) following Eq. 9. Where m is the total 

number of alternatives considered and n is the total number of 

criteria. 

ὃ

ὥ Ễ ὥ
ể Ệ ể
ὥ ȣ ὥ

 (9) 

Step 2. Construct the decision matrix that has been 

normalized (ȹ) using Eq. 10 and Eq. 11. 

ῳ ‌  (10) 

‌
‌

ÍÁØ‌
 

(11) 

Step 3. The weighted normalized decision matrix, denoted 

by Ў , can be constructed in the following Eq. 12. ύ 

represents the relative weight of criterion j in this context. 

Ў ύ ‌  (12) 

Step 4. For each criterion function, the positive ideal (PISj), 

negative ideal (NISj) and average solution (ASj) were 

determined using Equations 13-15. The equations here were 

taken as cost functions since it was desired to minimize the 

criteria. 

ὖὍὛÍÉÎύ ‌ ȟ Ὦᶅ ρȟȣȟά (13) 

ὔὍὛÍÁØύ ‌ ȟ Ὦᶅ ρȟȣȟά 
(14) 

ὃὛ
В ύ ‌

ὲ
ȟ Ὦᶅ ρȟȣȟά 

(15) 

Step 5. The following equations can be used to calculate the 

distances for each option from the average solution, the 

positive (d(ASj
+)) and negative (d(ASj

-)) distances from the 

positive ideal (d(PISj)) and negative ideal (d(NISj)) solutions: 

ὨὛ ὨὉὛ „ ὨὉὛ ὨὝὛ  (16) 

where ů is the correction coefficient that can be found in the 

manner described below, and Sj stands for any solution (PISj, 

NISj or ASj). 

„ ÍÁØὨὉὛ ÍÉÎὨὉὛ  (17) 

The Euclidian and Taxicab distances, represented by the 

symbols ὨὉὛ  and ὨὝὛ , respectively, are for the positive 

ideal solution that was found as follows: 

ὨὉὖὍὛ ὖὍὛύ ‌  (18) 

ὨὝὖὍὛ ὖὍὛύ ‌  (19) 

As a result of the following equations, the negative ideal 

solution was obtained: 

ὨὉὔὍὛ ὔὍὛύ ‌  (20) 

ὨὝὔὍὛ ὔὍὛύ ‌  (21) 

In order to calculate the positive distance from the average 

solution, the following Equations 22-24 is used: 

ὨὉὃὛ † ὃὛ ύ ‌  (22) 

ὨὝὃὛ † ὔὍὛύ ‌  (23) 

†
ρ ὭὪ ὃὛ ύ ‌

π ὭὪ ὃὛ ύ ‌
 (24) 

In order to calculate the negative distance from the average 

solution, the following Equations 25-27 is used: 

ὨὉὃὛ † ὃὛ ύ ‌  (25) 
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ὨὝὃὛ † ὔὍὛύ ‌   (26) 

†
π ὭὪ ὃὛ ύ ‌

ρ ὭὪ ὃὛ ύ ‌
 (27) 

Step 6. The following Equation 28 used to determine the 

rank of the alternatives based on the increasing values of the 

comprehensive distances (dCi): 

 Ὠὅ  (28) 

The method applied for the FUCA approach is given below 

[8]. 

Step 1. Creating the decision matrix: The decision matrix X, 

consisting of alternatives and criteria, is defined as follows. 

ὢ ὼ  (29) 

Here m: number of alternatives, n: number of criteria, ὼ : 

value of the i-th alternative in the j-th criterion.  

Step 2. Ranking of solutions for each criterion: For each 

criterion, the best value is assigned to 1 and the worst value is 

assigned to row m. If the criterion direction is maximization, 

the best value is the largest value in the column, otherwise the 

best value is the smallest value in the column. 

Step 3. A weighted sum is calculated for each optimum 

solution. A weighted sum (i) is calculated for each alternative 

solution. Here, ὶὭὮ is the solution degree i for target j. The 

solution with the smallest ὺὭ is the recommended optimum 

solution. 

ὺ ὶ ύ  (30) 

 

3. Results and D scuss on 

Table 1 presents the top three ranked cutting conditions as 

determined by three distinct surface quality-weighted MCDM 

techniques: TOPSIS, COBRA, and FUCA. The evaluation 

criteria considered in the MCDM models include slot width 

error, linearity error, base surface roughness, and side-wall 

surface roughness. The cutting tool texture, cutting speed, and 

feed rate served as the decision variables. As shown in Table 1, 

all three MCDM methods yielded consistent trends in favoring 

textured tools, particularly cross-textured and parallel-textured 

variants, in achieving higher surface quality.  

Table 1. Ranked and selected MCDM results 

MCDM Rank Cutting Tool Cutting Speed 

(rev/min) 

Feed Rate 

(mm/min) 

TOPSIS 1 

2 

Cross-textured 

Cross-textured 

1300 

1300 

4000 

4500 

3 Cross-textured 1500 4000 

COBRA 1 

2 

3 

Parallel-textured 

Cross-textured 

Cross-textured 

1100 

1500 

1300 

4000 

4000 

4500 

FUCA 1 

2 

3 

Cross-textured 

Parallel-textured 

Cross-textured 

1100 

1000 

1300 

4000 

4000 

4500 

 

The fact that Table 1 shows slight discrepancies between the 

algorithms is not unexpected. Such variations occur because 

each method uses different normalization and aggregation 

principles. While TOPSIS and FUCA converged toward cross-

textured tools as optimal, COBRA ranked parallel-textured 

tools higher under low-speed conditions. This indicates that 

COBRA was more influenced by specific improvements in 

geometric accuracy at lower speeds, whereas TOPSIS and 

FUCA emphasized overall consistency across all performance 

metrics. These differences highlight the importance of applying 

multiple algorithms, as convergence strengthens the reliability 

of conclusions, and divergence reveals subtle sensitivities that 

a single method could overlook. 

According to the TOPSIS method, the top three optimal 

parameter sets were exclusively associated with the cross-

textured tool, indicating its consistent performance across 

different feed and speed combinations. This suggests that 

cross-texturing may have contributed to reductions in friction 

and toolïchip adhesion, thereby enhancing surface finish and 

dimensional accuracy [3]. 

Similarly, FUCA also ranked the cross-textured tool as the 

most optimal (Rank 1), although it also recognized the 

effectiveness of the parallel-textured tool in its second-best 

solution. This supports the notion that both cross- and parallel-

textured tools exhibit enhanced tribological behavior, possibly 

due to improved lubrication retention and friction reduction. 

 On the other hand, the COBRA method ranked a parallel-

textured tool with a cutting speed of 1100 rev/min and feed rate 

of 4000 mm/min as the most favorable combination. This 

divergence from the TOPSIS and FUCA results suggests that 

the COBRA method may be more sensitive to local variations 

in specific performance metrics, such as linearity error or side-

wall roughness, where the parallel-textured tool may 

outperform under lower cutting speeds. 

Notably, the cross-textured tool appeared in the top three 

ranks across all MCDM methods, underscoring its overall 

robustness and versatility in delivering quality surface 

outcomes. The repeated appearance of cutting speeds between 

1100ï1500 rev/min and feed rates at or below 4500 mm/min 

among the optimal sets suggests that moderate to low cutting 

conditions are more favorable for achieving high-quality 

surfaces with textured tools. 

Figure 2 illustrates a radar chart comparing the best and 

worst cutting conditions identified by the MCDM methods in 

terms of four critical machining response parameters: slot 

width error (%), linearity error (%), base surface roughness 

(Ra, µm), and side-wall surface roughness (Ra, µm). These 
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metrics collectively reflect both dimensional accuracy and 

surface integrity, which are essential performance indicators in 

precision slot milling operations.  

Among the best-performing conditions, the configuration 

labeled Cross-textured, 1300 rev/min, 4000 mm/min (red line) 

exhibits near-low values in all four quality indicators. This 

suggests superior control over both geometric accuracy (low 

slot width and linearity errors) and surface finish (low Ra 

values). The effectiveness of this configuration can be 

attributed to the tribological and thermal mechanisms, such as 

improved lubrication retention, reduction in frictional contact 

and thermal regulation [9]. The texture simultaneously slashes 

tool-chip friction by minimizing contact area and introducing 

micro-pooling of lubricants (even if just airborne), resulting in 

lower cutting forces and temperatures. This cooler, low friction 

cutting environment means less built-up edge and adhesive 

wear, preserving a sharp cutting edge. Consequently, the tool 

maintains its integrity and cutting geometry far longer, 

avoiding catastrophic failures and producing consistent cuts. 

These mechanisms synergistically lead to smoother surface 

finishes on both the slot base and side walls, as well as superior 

slot geometry accuracy. The walls are cut straight and true, and 

the slot width remains close to nominal due to reduced tool 

deflection and wear. Scientific studies and machining 

experiments confirm these benefits: textured tools (especially 

cross-hatched designs) show measurable reductions in surface 

roughness (over 20% improvement in Ra) and significant drops 

in cutting forces and tool wear compared to untextured tools 

[10]. In practical terms, using a cross-textured cutting tool for 

aluminum slot milling means achieving high-quality, smooth 

surfaces and precision dimensions with greater ease and 

reliability. This makes cross-texturing a promising strategy for 

improving machining outcomes in industries that demand both 

surface integrity and accuracy, all while potentially extending 

tool life and enabling sustainability. 

 

Fig. 2. Radar chart comparison of machining performance indicators 

Similarly, the parallel texture, 1100 rpm, 4000 mm/min 

(blue line), is also competitive, particularly with minimal slot 

width error. Although it lags slightly in base surface roughness 

and slot width error compared to the cross-textured tool, it 

remains a quality cutting condition in linearity and side-wall 

surface roughness, where linear chip flow paths are beneficial. 

In contrast, the worst-performing configurations such as 

non-textured, 1500 rev/min, 5000 mm/min (purple line) and 

Dimple-textured, 1300-1500 rev/min, 4500-5000 mm/min 

(cyan and yellow lines) show significant deviations in all 

response metrics. Dimple-textured cutting tools can fail to 

deliver benefits ï or even perform worse than conventional 

tools ï if certain factors are not properly accounted for. An 

inappropriate dimple geometry or placement can introduce 

derivative cutting of the chip, causing increased friction, 

cutting forces, heat generation, and accelerated tool wear [10]. 

Dimples placed too near the cutting edge may weaken the tool, 

while those too far away have little effect, leading to 

suboptimal results [11]. Cutting fluid interactions play a vital 

role: without lubrication, dimples often become craters of chip 

adhesion, resulting in higher friction and poor surface finish 

[12]. Adequate lubrication (or specialized coolant delivery) is 

needed to realize the anti-friction potential of textures, and in 

cases of high-pressure coolant, textures may add no advantage 
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[13]. Finally, workpiece material compatibility must be 

considered. Textures that help for one material might harm 

performance for another ï e.g. promoting BUE in soft alloys if 

improperly used or failing to reduce wear in hard composites if 

not optimally designed [11, 12]. In essence, poor machining 

performance with dimple-textured tools usually traces back to 

one or more of these factors. By understanding and addressing 

these issues (optimizing dimple design, matching the texture to 

the material and lubrication conditions), researchers have 

shown it is possible to turn poor outcomes into improvements 

[10]. Conversely, neglecting these considerations risks the 

downsides discussed: faster tool wear, rougher finishes, higher 

forces, loss of dimensional accuracy, and overheating. Each of 

these performance metrics is interconnected, and dimple-

texturing must be engineered as part of the whole machining 

system to avoid the noted pitfalls and achieve the desired 

benefits. 

 

4. Conclus ons 

This study successfully demonstrated that the application of 

micro-textured cutting tools can significantly enhance surface 

quality and geometric accuracy during the milling of AA5083 

aluminum alloy. Among the tested configurations, the cross-

textured insert consistently achieved superior performance 

across all MCDM methods, particularly in terms of base and 

side-wall surface roughness. The FUCA and TOPSIS methods 

showed strong agreement in ranking the cross-textured tool as 

the most effective, while COBRA favored a parallel-textured 

tool under lower cutting speeds. These results suggest that both 

cross- and parallel-textured designs are beneficial, with 

performance influenced by the specific machining parameters. 

Overall, this study provides valuable insights into the 

optimization of cutting tool textures and operating conditions, 

supporting the advancement of high-precision and sustainable 

machining applications. 
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Abstract 

In the machining industry, cutting tools constitute a significant portion of production costs. Therefore, to extend the total usage of carbide cutting 

tools, regrinding is commonly applied. The regrinding process restores the toolôs cutting geometry by grinding its worn surfaces, allowing the 

tool to be reused multiple times. In conventional practices, the material removal amount (grinding allowance) and the total number of allowable 

regrinds are either determined during the initial setup phase as a fixed value or based on manual inspection of each toolôs wear condition during 

the process. These approaches limit the efficiency of the regrinding process, prevent the full utilization of the toolôs potential lifespan, and increase 

dependency on human judgment, which may lead to errors and time losses. 

The object ve of th s project s to ntegrate mage process ng technolog esðspec f cally Wh te L ght Interferometry (WLI)ðto measure tool 

wear and determ ne the opt mal gr nd ng allowance for each tool n a very short nspect on durat on. Th s data-dr ven approach enables more 

eff c ent and custom zed regr nd ng, ncreas ng tool l fe wh le reduc ng costs. Leverag ng WLIôs h gh-resolut on, non-contact 3D measurement 

ensures prec se and repeatable wear detect on w thout damag ng the tool, support ng d g tal zat on n tool management. 

Keywords: Cutt ng tools, Regr nd ng, Tool wear, Image process ng, Cost opt m sat on, WLI (wh te l ght nterferometry), Susta nab l ty 

¥zet 

Talaĸlē malat sektºr¿nde kes c  takēmlar, toplam ¿ret m mal yetler n n ºneml  b r bºl¿m¿n¿ oluĸturmaktadēr. Karb¿r esaslē takēmlarēn ekonom k 

ºmr¿n¿ uzatmak amacēyla uygulanan b leme ĸlem , takēm geometr s n n yen den kazanēlmasēnē saĵlayarak takēmēn tekrar tekrar kullanēlmasēna 

olanak tanēr. Mevcut uygulamalarda, b leme sērasēnda alēnacak paso m ktarē ya takēmēn b leme proses dºng¿s¿ tanēmlandēĵē anda sab t b r deĵer 

olarak bel rlenmekte ya da proses esnasēnda her takēmēn aĸēnma durumu manuel olarak ºl­¿lerek kararlaĸtērēlmaktadēr. Bu yaklaĸēmlar, b leme 

s¿rec n n ver ml l ĵ n  sēnērlandērmakta, takēm ºmr¿n¿n potans yel olarak tam deĵerlend r lmes n  engellemekte ve aynē zamanda nsana baĵlē 

hatalarē artērmaktadēr. 

Bu proje, aĸēnma m ktarēnē ºl­mek ve her takēm ­ n opt mal b leme payēnē bel rlemek amacēyla gºr¿nt¿ ĸleme teknoloj ler nden, ºzell kle Beyaz 

Iĸēk Enterferometr s  (WLI) yºntem nden faydalanmayē ama­lamaktadēr. Bu ver  odaklē yaklaĸēm, daha doĵru ve verml  b r yen den b leme 

s¿rec  saĵlayarak takēm ºmr¿n¿ uzatēr ve mal yetler  d¿ĸ¿r¿r. WLIôn n y¿ksek ­ºz¿n¿rl¿kl¿, temassēz 3D ºl­¿m yeteneĵ ; takēm aĸēnmasēnē 

hassas ve tekrarlanab l r ĸek lde, takēma zarar vermeden tesp t etmey  m¿mk¿n kēlarak takēm yºnetm nde d j talleĸmey  destekler. 

Anahtar kel meler: Kes c  takēm, B leme ĸlem , Gºr¿nt¿ ĸleme, Takēm aĸēnmasē, WLI- Beyaz Iĸēk Enterferometr s, S¿rd¿r¿leb l rl k 
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Abstract 

In this study, MWCNT (mult  walled carbon nanotube) enhanced nanofluid-assisted MQL (N-MQL) and Vortex tube cutting 

methods were employed for side milling of Ti6Al7Nb alloy under different cutting parameters including cutting speeds (Vc = 30 

and 60 m/min) and feed values (f= 0.08, 0.10, and 0.12 mm/rev). The performance of the machining process was assessed in terms 

of cutting force, cutting temperature, surface roughness, and chip morphology. When compared to conventional dry milling, the 

N-MQL method demonstrated notable improvements resulting in reductions in cutting forces between approximately 7% and 28%, 

and enhancements in surface roughness values of about 10% to 20%. Additionally, N-MQL generated smaller chip. Conversely, 

Vortex tube method showed the greatest effectiveness in thermal management, achieving a reduction in cutting temperature of 

nearly 25% to 36%. Both the MARCOS and Taguchi S/N methods were employed for ranking of optimal cutting parameters and 

conditions. MARCOS and Taguchi S/N indicated that vortex cooling at lower cutting speeds significantly enhanced overall 

machining performance, while N-MQL resulted in superior performance with respect to force reduction and surface finish. 

Keywords: S de m ll ng; Vortex tube; Nanoflu d; MQL; T 6Al7Nb; MARCOS  
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Abstract 

Surface roughness s a v tal mach n ng output when mater al s shaped. Electr cal d scharge mach n ng (EDM) s well-known non-trad t onal 

mach n ng method and w dely used for prec se part manufactur ng operat ons. A study was conducted on AISI 1050 steel by perform ng EDM 

by selected mach n ng parameters such as current (8A, 16A), pulse on t me (200, 300 and 400Õs) and t me nterval (200, 300 and 400Õs) and the 

mach ned surface qual ty was exam ned. It was nvest gated that how selected process parameters effect on two d fferent surface roughness 

outputs (Ra, Rz). It was observed that the current generally ncreases the surface roughness. Wh le t s observed that the surface roughness 

decreases very sl ghtly as the pulse on t me value ncreases, t s observed that there s a very small decrease or ncrease as the t me nterval value 

ncreases. 

Keywords: EDM; Surface roughness; Mach n ng parameters 

 

1. Introduct on 

     The constraints of traditional manufacturing methods have 

been exposed in today's industrial landscape by the growing 

complexity of product geometries, the need for dimensional 

accuracy, and the extensive use of modern engineering 

materials. Conventional methods of removing material, such 

turning, milling, drilling, and grinding, rely on mechanical 

energy and need direct contact between the workpiece and the 

cutting tool. However, when working with materials that have 

unique features, high hardness, brittleness, or temperature 

sensitivity, these techniques frequently fall short. These 

constraints have led to the development of unconventional 

manufacturing techniques, a class of technologies that remove 

material without the need for mechanical contact by using 

electrical, thermal, chemical, or photonic energy sources [1], 

[2]. 

     Regardless of the mechanical strength or hardness of 

electrically conductive materials, they can be precisely 

machined using Electrical Discharge Machining (EDM), a 

well-known non-traditional manufacturing technique. Joseph 

Priestley initially proposed EDM in 1770 after he realized that 

electrical discharges had an erosive impact on materials. 

However, it wasn't until 1943 that Soviet scientists B.R. and 

N.I. Lazarenko created the first industrial EDM system, which 

marked the practical implementation of EDM [3]. Since then, 

EDM has developed into a key method utilized in a variety of 

sectors, including die and mold manufacture, biomedical 

applications, automotive, and aerospace [4]. 

     By eliminating material through controlled thermal erosion, 

EDM is mainly used to produce electrically conductive 

materials with great precision. Rapid, high-frequency electrical 

discharges between a tool electrode and the workpiece, both of 

which are immersed in a dielectric fluid, constitute the basic 

mechanism of EDM. tiny amounts of the workpiece material 

melt and evaporate as a result of the intense temperatures (up 

to 20,000 ÁC) produced by each discharge, which creates a 

localized plasma channel [5]. Fig. 1. [6] shows the cyclic 

sequence of the process, which includes electrode approach, 

electric field production, plasma channel construction, spark 

breakup, and debris evacuation by the dielectric fluid. The 

capacity of EDM to perfectly create complicated shapes 

without mechanical connection is due to these transient heat 

occurrences. 

Fig 1. EDM Process Material Removal [6] 
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     As a measure of surface ntegr ty and mach n ng qual ty, 

surface roughness (Ra) s a cruc al factor that determ nes the 

success of EDM. In EDM, d scharge parameters nclud ng peak 

current (Ip), pulse-on t me (Ton), and pulse-off t me (Toff) have 

a s gn f cant mpact on surface qual ty. The mater al removal 

rate (MRR) s often mproved by h gher d scharge energy, but 

surface qual ty s degraded by ncreased crater s ze and 

th ckness of the recast layer [5]. 

     Apart from studies centered on EDM, materials like AISI 

1050 steel have garnered interest because of their advantageous 

qualities for engineering uses. Medium-carbon steel with about 

0.50% carbon, AISI 1050 offers excellent strength, toughness, 

and resistance to wear, especially when heat-treated. In 

addition to ordinary mechanical components that are subjected 

to moderate stress, it is extensively utilized in automotive parts 

like shafts and gears. Its microstructure, which is usually made 

up of ferrite and pearlite, offers a good mix of hardness and 

ductility, which makes it a good choice for machining research 

that looks at both traditional and non-conventional techniques 

[7]. 

     All things considered, EDM remains a flexible and essential 

procedure in contemporary precision manufacturing. To 

maximize productivity and surface quality, a thorough 

understanding of the interactions between machining 

parameters and surface responses is necessary. With an 

emphasis on surface roughness results in different EDM 

configurations and complementing comparisons with other 

engineering materials, this research attempts to investigate 

these correlations in greater detail. 

 

2. Exper mental Study 

This experiment was conducted on the HCM HC1060 CNC 

EDM machine. Hattek's EDM ULTRA was used as the cutting 

fluid. This cutting fluid is produced to be suitable for graphite 

and copper electrodes. It is a low viscosity electroerosion fluid 

with superior oxidation stability and flash point.  

Various studies have been conducted on EDM parameters 

that affect surface roughness and quality. It has been 

determined that it is not easy to adjust these EDM parameters 

in possible varieties and values for better surface quality. When 

literature research and various articles are examined, it is seen 

that the most effective parameters are current, pulse on time 

(Ton), time interval (Toff) and material. Considering the 

previous studies conducted in this experiment and the 

automatic parameter assignments of the machine on which the 

experiment was performed, EDM parameters current (8A, 

16A), pulse on time (200µs,300µs,400µs), time interval 

(200µs,300µs,400µs) were selected [8,9]. A total of 2 different 

current, 3 pulse on time and time interval values were selected 

in the experiment and 18 experiments were conducted. As a 

result of the experiments, it was examined how the parameters 

affected the surface roughness. Fig. 2 shows the EDM machine 

used in the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. HCM HC1060 CNC EDM Machine 

 

In this study, AISI 1050 steel was used as the workpiece 

material. Prior to the EDM process, the workpiece was 

subjected to a grinding operation to prepare it for the 

experiment. Fig. 3. Shows the AISI 1050 steel workpiece. 

 

Fig. 3. AISI 1050 Steel Workpiece 

 

     Copper sheet conta n ng 99.9% pure copper accord ng to TS 

435 and TS EN 1652 standards was used as the electrode. The 

electrode area was m lled to be 10x20mm for use n the 

exper ment. Dur ng the exper ment, the electrode was m lled n 

the m ll ng mach ne after each exper ment was completed n 

order to el m nate electrode wear and get better results from the 

exper ment. S nce a total of 18 exper ments were performed, 

the sharpen ng process was carr ed out 18 t mes n the m ll ng 

mach ne. Mastertech MT 5 mach ne was used as the m ll ng 

mach ne. The sharpen ng process s shown n F g. 4.  
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Fig. 4. Electrode Milling Process 

     F g. 5. shows the EDM process of a workp ece made of AISI 

1050 steel on an HCM HC1060 CNC EDM mach ne. The 

cutt ng depth for each exper ment was selected as 1 mm. 

 

 

 

F g. 5. Electr cal D scharge Mach n ng Process 

 

     The surface roughness of our workp ece was measured w th 

the M tutoyo 'Surftest SJ-210' Portable Surface Roughness 

Measur ng Dev ce. Ra and Rz values were exam ned n the 

measurement. For each exper ment, the surface roughness was 

measured 8 t mes, and the average value was taken. Wh le 

mak ng the measurements, ɚc= 0.8mm and ɚs= 2.5Õm were 

taken for the cut off length values n the dev ce sett ngs. F g. 6. 

shows the values be ng measured w th the surface roughness 

measur ng dev ce. 

 

 

 

F g. 6. Surface Roughness Measurement 

3. Exper mental Results and D scuss on 

     In the exper ment, f rstly the electrode and the workp ece 

were processed n surface f n sh qual ty. A total of 18 

exper ments were performed n the study. In these exper ments, 

d fferent current, pulse on t me and t me nterval values were 

selected. Other mach n ng parameters were kept constant by 

tak ng the values g ven automat cally by the mach ne. The 

constant parameters are taken as H gh Voltage (HV)= 1 Volt, 

Work ng T me (WT)=1 ms, Jump D stance (Jump)=3 mm, 

Servo Polar ty (SP)=70, Servo Voltage (SV)=60, Spark Gap 

(GAP)=60mm. F g. 7. shows the values from the control panel 

of the EDM mach ne. 

 

 

 

F g. 7. EDM Mach ne Control Panel 

 

     As can be seen n Table 1, workp ece surface roughness was 

found n the exper ment. Accord ng to the results, t was 

observed that the Ra value var ed between 7.939-12.888 ɛm 

and the Rz value var ed between 37.826-60.226 ɛm. As the 

value for surface roughness ncreases, a poor surface roughness 

occurs. 
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Table 1. The experimental results of the experiments. 

Experiment 

No. 

Current (A) Ton (µs)  Toff 

(µs) 

Ra (ɛm) Rz (ɛm) 

1 16 300 300 11.488 49.506 

2 16 200 200 11.957 52.842 

3 16 300 200 11.742 52.300 

4 16 200 300 11.510 51.380 

5 8 300 300 8.578 40.649 

6 8 200 200 8.657 41.203 

7 8 300 200 8.358 38.919 

8 8 200 300 8.826 41.267 

9 16 400 400 12.888 60.226 

10 16 400 300 11.793 55.045 

11 16 300 400 12.297 57.607 

12 16 200 400 11.751 53.225 

13 16 400 200 12.031 55.358 

14 8 400 400 8.232 38.464 

15 8 400 300 8.214 38.924 

16 8 300 400 8.383 38.889 

17 8 200 400 7.986 38.476 

18 8 400 200 7.939 37.826 

 

     When the Table. 1. s exam ned, t s clear that ncreas ng 

the current value def n t vely ncreases the surface roughness 

value.  

     Exam n ng the parameters current (A), pulse on t me (Ton), 

and tme nterval (Toff), t s clear that current has the greatest 

mpact on surface roughness. 

     F g. 8. and F g. 9. shows the result graphs for workp ece 

surface roughness values n d fferent pulse on t me (Ton) and 

t me nterval (Toff).  

 

 

 

F g. 8. Workp ece Surface Roughness Values n D fferent Pulse on T me 

 

 

 

F g. 9. Workp ece Surface Roughness Values n D fferent T me Interval 
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    The effect of the current on surface roughness was observed 

when the Pulse on T me and t me nterval values were kept 

constant. In each graph, t s seen that the surface roughness 

ncreases when the current ncreases from 8 ampere to 16 

ampere. 

     The effect of Pulse on t me on surface roughness was 

exam ned when the Current and t me nterval values were kept 

constant. An exam nat on of F g. 8. reveals a sl ght overall 

decrease on surface roughness as the pulse on t me value 

ncreases from 200 ɛm to 300 ɛm. When the pulse on t me 

value ncreases from 300 ɛm to 400 ɛm, a sl ght decrease 

pers sts n the F g. 8. where the current value s held constant 

at 8 amperes. However, a ns gn f cant ncrease on surface 

roughness s observed when the current value s held constant 

at 16 amperes. 

     The effect of T me nterval on surface roughness was 

exam ned when the Current and Pulse on t me values were kept 

constant. When s exam ned, t s poss ble to exam ne two 

separate evaluat ons for the t me nterval value: one for the 

s tuat on when the current value s f xed at 8 amperes and one 

for the s tuat on when the current value s f xed at 16 amperes.  

     It s observed that when the current value s 8 amperes and 

the t me nterval value ncreases from 200 ɛm to 300 ɛm, the 

surface roughness ncreases ns gn f cantly, wh le when the 

t me nterval value ncreases from 300 ɛm to 400 ɛm, the 

surface roughness decreases sl ghtly.  

     When we exam ne the graphs where the current value s held 

constant at 16 amperes, we see that when the t me nterval value 

ncreases from 200 ɛm to 300 ɛm, the surface roughness 

decreases sl ghtly, wh le when the t me nterval value ncreases 

from 300 ɛm to 400 ɛm, the surface roughness ncreases 

ns gn f cantly. 

Wh le the h ghest surface roughness s seen n exper ment 

number 9, the exper ment number 18 g ves the lowest, .e. the 

smoothest, surface roughness.    

4. Conclusion 

     Electr cal D scharge Mach n ng (EDM) s one of the most 

mportant non-trad t onal manufactur ng methods. EDM s 

preferred n many ndustr es, nclud ng b omed cal 

appl cat ons, automot ve, aerospace and mold manufactur ng, 

due to ts usab l ty n complex geometr es and ease of 

mach n ng hard mater als. Th s exper mental study exam nes 

how EDM parameters affect the surface roughness of AISI 

1050 carbon steel. The results of th s study are as follows. 

¶ As the current ncreases, the surface roughness of the 

workp ece ncreases s gn f cantly. When the pulse-on 

t me and t me nterval values are var ed, only m nor 

ncreases or decreases n surface roughness are 

observed. 

¶ It s seen that a better surface qual ty s obta ned as the 

current s reduced. When a better f nal process ng s 

des red, the current should be reduced. However, 

when adjust ng the current on the EDM mach ne, the 

process ng t me and mater al removal rate should also 

be taken nto cons derat on. 

¶ It s seen that the pulse on t me and t me nterval 

parameters have less effect. For ach ev ng better 

surface qual ty, the magn tude of the current should be 

taken nto cons derat on when determ n ng the t me 

nterval and pulse-on t me. 
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Abstract 

This study presents a data-driven framework for optimizing surface roughness of cold forming punch depending on CNC turning process. A full 

factorial experimental design with three levels for each parameter was implemented, resulting in 27 combinations. The collected data were 

modeled using distinct functional types by multiple nonlinear neuro-regression approach to achieve a robust model. The Ra values of different 

regions of cold forming punch were prioritized as objective function, while responses of Rz and Rmax were considered to define physical 

constraints during optimization. Modified version of Simulated Annealing, Nelder-Mead, Differential Evolution, and Random Search algorithms 

were used to solve optimization problem. Robustness of models and optimization results were validated experimentally by conducting CNC 

machining of cold forming punch. Results revealed that modeling and experimental outcomes are in good agreement with over 75% success rate. 

The suggested method shows great promise for adoption across various production domains and is especially beneficial for high-precision 

industries.  

Keywords: CNC turn ng; surface roughness; modell ng; opt m zat on; mach ne learn ng.
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Abstract 

Y¿ksek mukavemetli havacēlēk alaĸēmlarēnēn talaĸlē imalatēnda karĸēlaĸēlan en kritik sorunlardan biri takēm aĸēnmasēdēr. 

Bu aĸēnma, y¿zey kalitesinde d¿ĸ¿ĸ, boyutsal sapmalar, ¿retim s¿resinin uzamasē ve maliyet artēĸlarē gibi ciddi sonu­lara 

yol açabilmektedir. Geleneksel takēm durumu izleme (TCM) sistemleri ­oĵunlukla operatºr deneyimine dayanmakta ve 

ger­ek zamanlē analiz kapasitesinden yoksundur. Bu durum, daha otonom ve kestirimci yaklaĸēmlara olan ihtiyacē a­ēk­a 

ortaya koymaktadēr.Bu ­alēĸmada, ºzellikle havacēlēk imalat s¿re­lerinin gereksinimlerine cevap verecek ĸekilde, CNC 

tezg©hlarēna entegre edilebilecek yapay zek© tabanlē bir takēm aĸēnmasē izleme sistemi geliĸtirilmiĸtir. End¿striyel 

uygulama kolaylēĵē nedeniyle doĵrudan ºl­¿mler yerine dolaylē algēlama tekniklerine odaklanēlmēĸtēr. Bu kapsamda; iĸ 

mili ve tabla ¿zerine yerleĸtirilen titreĸim sensºrleri, akustik emisyon sensºrleri, akēm ve gerilim ºl­¿m cihazlarē gibi ­ok 

­eĸitli sensºrlerle ­ok kanallē veri toplanmēĸtēr.Elde edilen bu veriler, doĵrudan gºzlemlenemeyen takēm aĸēnmasēnēn 

ger­ek zamanlē tahmini i­in yapay sinir aĵē (YSA) modelleriyle iĸlenmiĸtir. Modelleme s¿recinde NASA Ames Milling 

veri seti kullanēlarak ¿­ farklē veri alt k¿mesi oluĸturulmuĸ; her bir veri seti ¿­ farklē YSA algoritmasē (Levenberg-

Marquardt, Bayesian Regularization ve Scaled Conjugate Gradient) ile ve ¿­ farklē gizli katman yapēsē altēnda eĵitilerek 

toplamda 27 farklē senaryo analiz edilmiĸtir.Sonu­lar, Mill3 veri seti ¿zerinde 10 gizli katmanla eĵitilen Levenberg-

Marquardt algoritmasēnēn en y¿ksek tahmin baĸarēsēnē gºsterdiĵini ortaya koymuĸtur. Bu model, d¿ĸ¿k hata oranē ve 

y¿ksek korelasyon katsayēsē ile takēm aĸēnmasēnē y¿ksek doĵrulukla tahmin edebilmiĸtir. Geliĸtirilen bu sistem, kestirimci 

bakēm stratejilerine ºnemli katkēlar sunmakta; plansēz duruĸlarē azaltmakta, takēm deĵiĸim s¿relerini optimize etmekte ve 

nihai ¿r¿n kalitesini artērmaktadēr.Bu ­alēĸma, akēllē ¿retim uygulamalarē i­in saĵlam bir temel sunmakta ve karmaĸēk 

imalat ortamlarēnda yapay zek© destekli tanē sistemlerinin entegrasyonu a­ēsēndan ºnemli bir yol haritasē sunmaktadēr.
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EBM Ve SLM Yöntemi ile ¦retilmiĸ Ti6Al4V Malzemesinin Delik Delme 

¥zelliklerinin Deneysel Araĸtērēlmasē 
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Özet 

Bu ­alēĸma, katmanlē ¿ret m teknoloj s yle (SLM ve EBM) ¿ret lm ĸ T 6Al4V alaĸēmēnēn del k delme ĸlem  sērasēndak  ĸleneb lrl k ºzell kler n  

ncelemekted r. Eklemel  malat yºntemler yle ¿ret len par­alar, y¿ksek geometr k karmaĸēklēk avantajē sunsa da y¿zey kal tes  ve yapēsal 

ger lmeler neden yle genell kle geleneksel f n ĸ ĸlemler ne ht ya­ duyar. L terat¿rde bu t¿r par­alarēn talaĸlē ĸleneb l rl ĵ ne da r ­alēĸmalar 

bulunsa farklē yºntemler ve farklē ¿ret m parametreler  le ¿ret lm ĸ T 6AL4V malzemes n n ĸleneb l rl ĵ ne ve bu parametreler n s¿re­ ­ēktēlarē 

¿zer ne etk ler ne da r ­alēĸmalar sēnērlēdēr. Bu ­alēĸmada, EBM ve SLM yºntemler yle farklē hac msel enerj  yoĵunluklarē (VED) kullanēlarak 

¿ret len T 6Al4V par­alar ¿zer nde ­eĸ tl  delme ĸlemler  ger­ekleĸt r lm ĸt r. Ķĸ m l  hēzē, lerleme hēzē g b  parametreler n kesme kuvvet , y¿zey 

p¿r¿zl¿l¿ĵ¿, ve yuvarlaklēk ¿zer ndek  etk ler  ncelenm ĸt r. Sonu­ olarak gerek farlē ¿ret m yºntemler n n, gerek farklē ¿ret m parametreler n n 

(farklē VED), gerekse de farklē del k delme parametreler n n (kesme hēzē ve lerleme) talaĸlē ĸleneb l rl ĵe olan etk s  ortaya konulmuĸtur. 

Anahtar Kel meler: T 6Al4V; SLM; EBM; del k delme; eklemel  malat 

Abstract 

Th s study nvest gates the mach nab l ty character st cs of T 6Al4V alloy dur ng the dr ll ng process, where the mater al s produced us ng 

add t ve manufactur ng technolog es (SLM and EBM). Although parts manufactured by add t ve methods offer the advantage of h gh geometr c 

complex ty, they often requ re convent onal f n sh ng operat ons due to surface qual ty ssues and res dual stresses. Wh le there are stud es n the 

l terature on the mach nab l ty of such parts, research focus ng on the mach nab l ty of T 6Al4V produced us ng d fferent add t ve methods and 

process parameters, as well as the r effects on mach n ng outcomes, rema ns l m ted. In th s study, var ous dr ll ng operat ons were performed on 

T 6Al4V samples produced by EBM and SLM us ng d fferent volumetr c energy dens t es (VEDs). The effects of process parameters such as 

sp ndle speed and feed rate on cutt ng forces, surface roughness, and roundness were exam ned. As a result, the nfluence of d fferent 

manufactur ng methods (EBM and SLM), vary ng product on parameters (d fferent VEDS), and d fferent dr ll ng parameters (cutt ng speed and 

feed rate) on the mach nab l ty of T 6Al4V was revealed. 

Keywords: T 6Al4V; SLM; EBM; dr ll ng; add t ve manufactur ng  

1. G r ĸ 

Eklemel  malat (EĶ) teknoloj s , n speten y¿ksek geometr k 

karmaĸēklēĵa sah p 3B par­alarēn kolayca ¿ret lmes ndek  

¿st¿n avantajē neden yle b r­ok end¿str de yaygēn olarak 

kullanēlmaktadēr. Bununla b rl kte, EĶ par­alarē genell kle 

prat k gereks n mler  karĸēlamak ­ n delme g b  geleneksel 

f n ĸ ĸlemeye ht ya­ duyar ve bu da geleneksel dºvme 

ĸlemler yle ¿ret lenlere kēyasla farklē ĸleneb l rl k gºster r 

[2,3]. Bu farkē yapēlan ­alēĸmalarda dºvme le ¿ret len 

T 6Al4V ve EĶ le ¿ret len T 6Al4Vôn n SEM le 

ncelenmes yle ortaya koymuĸlardēr. Bu ­alēĸmalara gºre EĶ 

yºntem n n y¿ksek aĸērē soĵuma formu, t p k olarak ĵne 

benzer  ĸekle sah p ana Ŭ fazēndan oluĸan t p k b r martens t k 

yapēnēn oluĸturulmasēna ve m¿teak p artēk ger lmelere 

sebeb yet vermekted r [2,3]. Dºvme yºntem nde se genell kle 

sēcak ĸleme ve ardēndan tavlama le ¿ret l rken, tane 

sēnērlarēnda bulunan alfa ve beta fazēnē ­eren eĸ eksenl  

yen den kr stal ze b r yapē ¿ret l r [2,3]. Geleneksel olarak 

dºv¿lm¿ĸ t tanyum alaĸēmē le karĸēlaĸtērēldēĵēnda EĶ le 

¿ret len malzemelerde daha y¿ksek akma mukavemet  ve daha 

d¿ĸ¿k uzama gºr¿lm¿ĸt¿r. EĶ s¿re­ler nden kaynaklanan 

y¿ksek artēk ger l m  azaltmak ­ n, genell kle HIP teknoloj s  

kullanēlēr [2]. ¢alēĸmalarda elde ed len kesme kuvvetler , 

p ezoelektr k d namometre le elde ed lm ĸt r. Kesme 

bºlges ndek  sēcaklēklar da matkabēn gºvdes ne yerleĸt r len 

termokupllar le ºl­¿lm¿ĸt¿r. ¢alēĸmalarda ĸ m l  hēzē, lerleme 

hēzē, delme der nl ĵ  parametreler  kullanēlmēĸtēr. Bu 

parametreler n deĵ ĸm ne gºre alēnan kuvvetler, sēcaklēklar, 

y¿zey p¿r¿zl¿l¿kler  graf kler le karĸēlaĸtērēlmēĸtēr. Bunun 
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dēĸēnda kullanēlan kes c  takēmlar da SEM ve EDS le 

ncelend ĵ nde talaĸlarēn takēmlarēn kaplamalarēnē kolayca 

soyduĵunu ve talaĸ yapēĸmasē olduĵu gºzlemlenm ĸt r [3]. 

Ortaya ­ēkan talaĸlar parametrelere gºre ncelen p 

karĸēlaĸtērēldēĵēnda, y¿ksek ĸ m l ve lerleme hēzlarēnēn 

talaĸlarēn reng n  ortaya ­ēkan s¿rt¿nme dolayēsēyla oluĸacak 

sēcaklēk sebeb yle deĵ ĸt rd ĵ  gºr¿lm¿ĸt¿r [4]. Bu durumun 

takēma zarar vermes  ve ºmr¿n¿ azaltmasēndan dolayē y¿ksek 

ĸ m l  ve lerleme hēzlarē terc h ed lmemekted r [4,5]. Bunun 

dēĸēnda talaĸlarēn morfoloj s n n ncelenmes  sonucu 

parametreler n kayma a­ēsēnēn, lerleme hēzē arttēk­a neredeyse 

doĵrusal b r ĸek lde azaldēĵē gºr¿lm¿ĸt¿r [4].  

 

L terat¿rde eklemel  malat le ¿ret lm ĸ T 6Al4V par­alarēn 

talaĸlē malatē le lg l  k m  ­alēĸmalar bulunsa da hem SLM 

hem de EBM le ¿ret lm ĸ T 6Al4V par­alarēn del k delmes  

sērasēnda kesme kuvvetler  ve del k kal tes  ¿zer ne 

karĸēlaĸtērēlmalē b r ­alēĸma bulunmamaktadēr. Bu ­alēĸma le 

eklemel  malatēn b r sonucu olarak ortaya ­ēkan an zotrop k 

ºzell kler n, T 6Al4V par­alarēn talaĸlē ĸleneb l rl ĵ ne olan 

etk s  bel rlenecekt r. L terat¿rde k m  eklemel  malat s¿re­ 

parametreler n n (ºrneĵ n lazer tarama a­ēsē) kesme 

kuvvetler ne etk s  ncelenm ĸt r ancak hem SLM hem de EBM 

s¿re­ parametreler n n (bu ­alēĸmada VED) T 6Al4V 

alaĸēmēnēn talaĸlē malatē sērasēnda ortaya ­ēkan kesme 

kuvvetler ne ve del k kal tes ne etk s ne l ĸk n b r ­alēĸmaya 

rastlanmamēĸtēr. G¿n¿m¿zde h br t ¿ret m (eklemel  malat 

sonrasē talaĸlē malat) g derek yaygēnlaĸmakta hatta buna ºzel 

takēm tezgahlarē ¿ret lmekted r (DMG MORI-LASERTEC 125 

DED hybr d) ve buna paralel olarak konuya akadem k lg  de 

artmaktadēr. Buradan hareketle bu ­alēĸmanēn bu konuda 

ºneml  b r boĸluĵa katkē yapacaĵē planlanmaktadēr. 

 

Bu ­alēĸmada ºneml  b r m¿hend sl k malzemes  olan T 6Al4V 

alaĸēmēnēn del k delme ĸlem  ncelenm ĸt r. EBM ve SLM 

yºntemler  le farklē VED deĵerler  kullanēlarak ¿ret len 

par­alar ¿zer nde y ne farklē kesme koĸullarēnda (kesme hēzē ve 

lerleme) del k delme ĸlemler  yapēlmēĸtēr. Del k delme ĸlem  

sērasēnda kesme kuvvet ve tork ºl­¿lm¿ĸt¿r. Daha sonra 

del nen del klerde se p¿r¿zl¿l¿k ve yuvarlaklēk anal zler  

yapēlarak, farklē ¿ret m ve kesme koĸullarēnēn del k kal tes ne 

olan etk s  araĸtērēlmēĸtēr. 

2. Malzeme ve Metot 

Bu ­alēĸmada SLM ve EBM yºntemleri ile ¿retilmiĸ Ti6Al4V 

numuneler kullanēlmēĸtēr. Bu iki farklē ¿retim yºnteminde ise 

farklē ¿retim parametreleri ile numuneler ¿retilmiĸtir. Tablo 

1ôde kullanēlan ¿retim parametreleri bir ºzet halinde 

sunulmuĸtur, buna gºre her bir ¿retim metodu i­in farklē VED 

kullanēlarak ¿­ farklē durum oluĸturulmuĸtur. Bºylelikle, farklē 

VED deĵerlerinin ve farklē ¿retim yºntemlerinin delik delme 

iĸlemine olan etkisinin araĸtērēlmasē hedeflenmiĸtir.  

 

Tablo 1. T 6Al4V malzemen n EBM ve SLM le ¿ret m 

parametreler . 

E
B
M 

# 

¦ret

m 

Yºn¿ 

Ger l

m (kV) 

Taram

a Hēzē 

(mm/s

) 

Katman 

Kalēnlēĵ

ē (mm) 

VED 

(J/mm3

) 

Akēm 

(mA) 

1 0 60 kV 4000 0,05 12,5 5 

2 0 60 kV 4000 0,05 25,0 10 

3 0 60 kV 4000 0,05 37,5 15 

S
L
M 

# 

¦ret

m 

Yºn¿ 

Lazer 

G¿c¿ 

(W) 

Taram

a Hēzē 

(mm/s

) 

Katman 

Kalēnlēĵ

ē (mm) 

VED 

(J/mm3

) 

Ver ml l

k (%) 

1 0 150 W 1200 0.06 20.8 60 

2 0 300 W 1200 0.06 41.7 60 

3 0 360 W 1200 0.06 50.0 60 

Delik delme iĸlemi i­in 138Á u­ a­ēsēna ve 6.8 mm ­apa sahip 

sahip Karcan marka K3DF068079 matkap tercih edilmiĸtir. Bu 

takēmlar ºzellikle iĸlenmesi zor malzemelerde tercih 

edilmektedir. Matkap her sekiz testten sonra deĵiĸtirilmiĸtir. 

Matkabēn aĸēnmasē kontrol edilmiĸ, eĵer takēmda bir kērēlma 

yoksa ve aĸēnma deĵeri tolerans aralēĵēnda ise, keskinliĵi 

yeniden ayarlanmēĸtēr. ¦retilen numuneler, kalēnlēĵē yºn¿nde 

u­tan uca 10 mm delinmiĸtir. Delme iĸlemi sērasēnda deliklerin 

birbirini etkilememesi için, deliklerin merkezlerinden 

baĸlayarak her bir delik arasēnda 10.8 mm mesafe bērakēlmēĸtēr. 

ķekil 1ôde delik delme deneylerinde kullanēlan deney d¿zeneĵi 

gºsterilmiĸtir. SPINNER VC650 dik iĸlem merkezinde 

ger­ekleĸtirilen deneylerde Kistler marka dinamometre ile 

kuvvet ve tork ºl­¿mleri ger­ekleĸtirilmiĸtir. Delik delme 

deneylerinden sonra ise delikler ¿zerinde yuvarlaklēk ve 

matkap giriĸ ve ­ēkēĸ bºlgelerindeki y¿zey p¿r¿zl¿l¿ĵ¿ 

ºl­¿mleri yapēlmēĸtēr.  Tablo 2ôde ise delik delme deneylerinde 

kullanēlan parametreleri verilmiĸtir.  
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ķek l 1. Del k delme deney d¿zeneĵ . 

 

 

Tablo 2. Kesme koĸullarē. 

Kesme Hēzē (m/dk) Ķlerleme (mm/dev) 

40, 50, 60 0.10, 0.15, 0.20 

 

3. Deneysel ¢alēĸma 

3.1. Kesme kuvvet  ve tork  

ķek l 2ôde 50 m/dk ve 60 m/dk le yapēlan del k delme 

s¿res nce kesme kuvvet  ve tork sonu­larē her k  ¿ret m 

yºntem  le ¿ret lm ĸ T 6Al4V malzeme ­ n ver lm ĸt r. 

Ķlerleme le kesme kuvvetler  her k  yºntemle ¿ret len 

numuneler ­ n de artmaktadēr (ķek l 2.a) ve EBM ve SLM le 

¿ret lm ĸ numuneler ­ n kuvvet deĵerler  sērasēyla ~450-600 

N/mm2 ve ~600-900 N/mm2 arasēnda deĵ ĸmekted r. Bu 

sonu­lara gºre EBM le ¿ret len par­alarēn ĸleneb l rl ĵ n n 

daha kolay olduĵu sºyleneb l r. SLM le ¿ret len numuneler 

ncelend ĵ nde kuvvet artēĸē daha bel rg nd r. Bu durum SLM 

yºntem ndek  enerj  yoĵunluĵunun numune ­ yapē ve y¿zey 

kal tes  ¿zer ndek  etk s yle a­ēklanab l r. Beklend ĵ  ¿zere 

kuvvet trend ne benzer olarak lerleme le tork deĵerler n n 

arttēĵē (ķekl 2.b) her k  yºntem ­ n de gºzlemleneb l r. EBM 

numunes n n 50 m/dk le del k delmes ndek  torkun d¿ĸ¿ĸ¿n¿n 

takēm aĸēnmasē le b r ken talaĸlarēn takēma yapēĸmasēndan 

dolayē takēmē zorladēĵēndan kaynaklandēĵē d¿ĸ¿n¿lmekted r. 

 

(a) 

(b) 

ķek l 2. (a) Kesme kuvvet  ve (b) tork sonu­larē. 

 

3.2. Y¿zey p¿r¿zl¿l¿ĵ¿ 

Ķlerleme arttēk­a y¿zey p¿r¿zl¿l¿k deĵerler ndek  artēĸ, takēm 

aĸēnmasē ve s¿rt¿nmeden dolayē kesme sēcaklēĵēnēn y¿kselmes  

le l ĸk lend r leb l r. T 6Al-4V malzemen n d¿ĸ¿k termal 

ºzell ĵe sah p olmasē, kes c  takēmlarēn daha fazla ēsēnmasēna 

neden olmuĸtur. 

 

EBM ve SLM le ¿ret len farklē VED deĵerler ne sah p 

numuneler n del k delme sonrasēnda del k g r ĸ ve 

­ēkēĸlarēndak  y¿zey p¿r¿zl¿l¿k deĵerler  ºl­¿lm¿ĸt¿r. 

Ķlerlemeye gºre deĵ ĸen del k y¿zey p¿r¿zl¿l¿kler  ķek l 3ôte 

ver lm ĸt r. Tablo 3 ve 4ôte sērasēyla EBM ve SLM numuneler  

­ n deĵerler daha detaylē nceleneb l r. Genel olarak 

bakēldēĵēnda, her k  metot ­ n g r ĸ bºlgeler ndek  y¿zey 

p¿r¿zl¿l¿ĵ¿, artan del k delme hēzē le azalmēĸtēr. Bu durum 

takēm-talaĸ temas uzunluĵunun azalmasē ve daha y¿ksek kesme 

hēzēnda BUE oluĸumunun azalmasē le a­ēklanab l r.  
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(a) 

(b) 

ķek l 3. (a) EBM ve (b) SLM numuneler ndek  g r ĸ ve ­ēkēĸ 

del kler n n y¿zey p¿r¿zl¿l¿kler   

Tablo 3. EBM numuneler n n del k g r ĸ ve ­ēkēĸlarēndak  

y¿zey p¿r¿zl¿l¿k deĵerler . 

EBM 

Numune 

# 

Ķlerleme 

(mm/dev) 

Delik Delme Hēzē (m/dk) 

50 60 

Giriĸ ¢ēkēĸ Giriĸ ¢ēkēĸ 

1 

0,10 0,99 1,14 1,06 0,86 

0,15 1,31 1,09 1,43 1,09 

0,20 1,50 1,43 1,15 1,17 

2 

0,10 1,24 1,73 1,64 1,80 

0,15 1,42 1,62 1,66 1,49 

0,20 1,71 1,66 1,81 1,88 

3 

0,10 1,54 1,67 1,24 1,75 

0,15 1,57 1,62 1,55 1,80 

0,20 1,18 1,47 1,46 1,54 

 

 

Tablo 4. SLM numuneler n n del k g r ĸ ve ­ēkēĸlarēndak  

y¿zey p¿r¿zl¿l¿k deĵerler . 

SLM 

Numune 

# 

Ķlerleme 

(mm/dev) 

Delik Delme Hēzē (m/dk) 

50 60 

Giriĸ ¢ēkēĸ Giriĸ ¢ēkēĸ 

1 

0,10 1,75 1,59 1,21 1,86 

0,15 2,17 1,35 2,05 1,67 

0,20 2,18 2,54 1,95 2,24 

2 

0,10 1,29 1,39 1,26 1,37 

0,15 1,59 1,75 1,38 1,73 

0,20 1,77 2,07 1,65 1,95 

3 
0,10 1,70 1,83 1,68 1,36 

0,15 1,48 1,42 1,64 1,45 

0,20 1,46 1,64 1,20 1,55 

 

3.3. Del k ­aplarē 

Numuneler n g r ĸ ve ­ēkēĸ bºlgeler ndek  del k ­aplarē 10 

farklē del k ­ n opt k m kroskopla ºl­¿lm¿ĸ ve ortalama ­ap 

deĵerler  Tablo 5ôte paylaĸēlmēĸtēr. Ķlerlemen n artmasēyla ­ap 

sapmasē g tt k­e artarken kesme hēzēnēn artmasēyla ­ap sapmasē 

azalmēĸtēr. 

 

Tablo 5. 10 farklē del ĵ n g r ĸ ve ­ēkēĸ ­ap boyutlarē. 

Numune 

# 

EBM SLM 

Giriĸ 

(mm) 

¢ēkēĸ 

(mm) 

Giriĸ 

(mm) 

¢ēkēĸ 

(mm) 

1 6,796 6,804 6,824 6,825 

2 6,805 6,802 6,816 6,792 

3 6,810 6,813 6,809 6,809 

 

 

4. Sonu­lar 

EBM ve SLM le farklē enerj  yoĵunluklarēyla ¿ret len 

numuneler n del k delme ĸlem  yapēlmēĸ ve benzer olarak, 

lerleme le kesme kuvvet  ve tork deĵerler n n arttēĵē 

gºzlemlenm ĸt r. B r karĸēlaĸtērma yapēldēĵēnda, bu 

parametreler SLM (~600-900 N/mm2 ve ~5-9 Nm) le ¿ret len 

numuneler ­ n EBM (~450-600 N/mm2 ve ~2-3 Nm) 

numuneler ne gºre daha y¿ksekt r. Bu durum, SLM 

numuneler n n y¿ksek enerj  yoĵunluklarēyla ¿ret lmes  le 

a­ēklanab l r. 
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Abstract  

GTD450 alloy is extensively used in aerospace and turbine manufacturing due to its superior mechanical 

properties and corrosion resistance. However, its poor machinability remains a major concern, compounded by 

the limited research on optimal cutting and lubrication conditions in the open literature, which necessitates further 

investigations into the machinability of this material. With growing environmental awareness, sustainable 

machining techniques such as minimum quantity lubrication (MQL) have emerged; however, no prior studies 

have investigated the effectiveness of MQL for the GTD450. This study addresses this gap by 

conducting precision machining experiments under MQL conditions, evaluating machinability and optimizing 

multiple responses. An L25 Taguchi orthogonal array was employed to test parameters such as oil concentration 

(C), cutting speed (Vc), feed rate (f), depth of cut (Ap), and fluid pressure. Key performance indicatorsðmaterial 

removal rate (MRR), flank wear, and average surface roughness (Ra)ðwere analyzed and optimized 

using Taguchi-based gray relational analysis (GRA). The optimal combinationð15% concentration, 900 mm/min 

feed rate, 180 m/min cutting speed, 1.5 mm depth of cut, and 10 bar pressureðyielded a 38.8% improvement in 

gray relational grade (GRG), significantly enhancing surface finish and tool life. Additionally, response surface 

regression models were developed to predict machining performance. This research is the first to explore MQL-

assisted machining of GTD450, providing valuable insights for industry applications. The findings are already 

being implemented in manufacturing, demonstrating their practical relevance. 

 

Keywords: GTD450; m n mum quant ty lubr cat on (MQL); surface roughness; Flank wear, grey relational 

analysis

 

1. Introduct on 

GTD450 s a martens t c prec p tat on-harden ng 

sta nless steel [1] w th except onal character st cs, 

nclud ng good corros on res stance, h gh strength at 

temperatures below 500 ÁC, and h gh toughness [1]. 

It s w dely used n var ous ndustr es due to ts 

excellent mechan cal and thermal propert es, 

part cularly n the product on of jet eng nes and gas 

turb ne parts [2].   Th s alloy s su table for harsh 

cond t ons due to ts h gh temperature and corros on 

res stance. The un que character st cs of th s 

mater al nclude h gh heat res stance, corros on 

res stance, and mechan cal propert es [3, 4]. Desp te 

the mechan cal and thermal propert es of th s 

superalloy, mach n ng th s mater al presents 

challenges. Desp te the extens ve research on the 

mach n ng of superalloys [5-7], l m ted stud es have 

been reported on the mach n ng of GTD450 

superalloys. Th s nd cates the mportance of 

research n GTD450 mach n ng. In the current era, 

when environmental issues are of critical 

importance, process optimization in industry is 

particularly significant. New methods have been 

increasingly considered to reduce resource 

consumption, enhance operator health, and protect 

the environment. One of these methods is the MQL 

mailto:saniknam@iust.ac.ir
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method, which is primarily used in machining. In 

MQL machining, tiny amounts of lubricants are used 

during the machining process, and it is injected into 

the cutting area at very low pressure, which helps 

reduce the temperature in the cutting area and 

provides lubrication properties [8, 9]. This technique 

has been specifically developed to minimize 

industrial oil consumption and improve machining 

efficiency [10, 11]. Given that a large volume of 

cutting oils is wasted in machining processes, 

leading to environmental pollution, using optimized 

methods such as MQL is considered a sustainable 

and effective solution [12-14]. Since high friction in 

the cutting zone generates a significant amount of 

heat, it accelerates the wear rate, reduces tool life, 

limits cutting conditions, and necessitates the use of 

high-quality cutting inserts [15]. MQL can reduce or 

even eliminate heat and temperature in the cutting 

zone[16]. Reported research studies show that, this 

method can increase tool life, reduce wear, and 

improve the surface quality of parts. Reported 

studies indicate that combining vegetable oils with 

the MQL technique optimizes machining 

performance, ultimately reducing negative 

environmental impacts [17, 18].  

 

Overview of MQL systems 

A commercial MQL system typically consists of 

five main components: an air compressor, a cutting 

fluid reservoir, pipes, a flow control system, and a 

spray nozzle[19]. The types and classification of 

MQL systems are shown in  

 

 

Figure . Zeilmann and Weingaertner [20] 

investigated the machining performance of external 

and internal MQL drilling on Ti-6Al-4V titanium 

alloy by measuring the drilling temperature. They 

reported that internal MQL drilling resulted in a 50% 

lower maximum temperature rise compared to 

external MQL. This is due to the lack of aerosol 

penetration into the hole during the machining 

process. On the other hand, the short aerosol travel 

distance of a dual-channel internal MQL gives it an 

advantage because the oil and pressurized air are 

mixed close to the cutting tool, causing the mixture 

to be affected by the spindle rotation for only a short 

time. As a result, this reduces the dispersion and 

fallout of the discharged aerosol, and the mist 

produced contains larger droplets than droplets from 

external MQL [21]. The researchers concluded that 

the dual-channel internal MQL system is the most 

effective method among the aforementioned 

methods [22]. 

 

 

 

 

 

 

 

Figure 1:  Classification of MQL system types 

Sarma et al. [23] optimized the machining of 

Ti6Al4V when using MQL. Parametric analysis 

showed that feed has the most significant effect on 

Ra, followed by cutting speed and depth of cut. 

Jouini [13]optimized the machining of turning using 

MQL. Multi -objective optimization using gray 

relational analysis (GRA) identified the optimal 

machining parameters for AISI 4340 alloy steel hard 

turning as V = 300 m/min, f = 0.05 mm/rev, and doc 

= 0.1 mm. Subsequently, the Cryo+MQL technique 

was applied to these parameters. It yielded 

significant improvements, with a 48% reduction in 

surface roughness and a 184.5% increase in tool life, 

which was attributed to improved lubrication and 

cooling efficiency. However, a slight increase of 

4.6% in cutting force was observed, probably due to 

the surface hardening caused by the low-temperature 

LN2 cooling. Furthermore, reducing tool sticking 

and breakage at the main cutting edge under 

Cryo+MQL conditions justifies the superior surface 

quality and increased tool life. This research 

highlights the industrial importance of hybrid 

lubrication in addressing the challenges associated 

with hard-turning processes. Liu et al [24]. The 

results suggest that, using MQL, the contributions of 

cutting speed and air pressure to the dust particle 

diameter were 54.62% and 25.34%, respectively. 

Increasing air pressure increased the overall 

proportion of dust particles with diameters in the 

2.5ï10 ɛm range, from 88 to 96%. Increasing the 

cutting speed helped convert dust particles with 

MQL
System
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Channel
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channel
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MQL

Canventio
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diameters of 2.5ï10 ɛm to particles with diameters 

of 2.5 ɛm, accounting for approximately 16ï27% of 

the 2.5ï10 ɛm particles. 

Modern technological advances have led to 

innovations in incorporating nanoparticles into base 

fluids, enhancing the properties and performance of 

cutting fluids. This technology is called nanofluids. 

Nanoparticle-based fluids are defined as new fluids 

resulting from the dispersion of nanoparticles with a 

size of less than 100 nm in the base fluid of the 

cutting fluid. The nanoparticles used typically vary 

depending on the application requirements and 

exhibit good stability, as well as high thermal 

conductivity. In the scientific community, 

nanofluids are recognized for improving cutting 

efficiency when they serve as the lubricant, unlike 

other lubrication techniques. These nanoparticles 

include metal oxides (Al2O3, TiO2, CuO, SiO, 

Fe2O3, ZnO), various metal nitrides (SiN, AlN, 

hBN), various metal carbides (SiC), carbon 

(graphite, CNT, MWCNT)[25]. Gajrani et al. [42] 

used calcium disulfide and molybdenum disulfide 

for machining hardened steel with tungsten tools. 

The result showed a 11.01% reduction in friction 

between the workpiece and the tool. Zaman et 

al[26]. optimized the parameters in machining Ti-

6Al-4V using Al2O3-MWCNT nanoparticles. 

Kumar et al [27]. found that using MQL can be a 

suitable alternative to flood lubrication, facilitating 

environmentally friendly machining. To achieve 

better results, optimization of MQL parameters is 

needed in future research. MQL requires further 

optimization to create ideal conditions, such as 

nozzle location in relation to the cutting tool, coolant 

flow rate, nozzle distance from the tool, and pressure 

range [28]. Non-toxic and environmentally friendly 

cutting fluids, MQL-assisted machining methods, 

and other sustainable machining methods will be the 

options for future machining technology.  

There are still many gaps in our understanding of 

many aspects of MQL machining that require further 

study [29]. A review of the research conducted, as 

mentioned, highlights the importance of the MQL 

method, which warrants further study and the 

overcoming of existing challenges. One of the 

challenges is selecting the optimal parameters. Most 

of the research has focused on the three parameters 

of cutting speed, feed, and depth of cut, as well as 

the effects of oil and nanoparticles. In contrast, the 

study and investigation of MQL parameters have 

been relatively less, so this research has 

simultaneously investigated the cutting parameters 

and the concentration and pressure parameters of the 

MQL nozzle. In addition to the reasons mentioned, 

there is very little literature on GTD450 machining, 

and, given its numerous and specialized 

applications, further research is warranted. 

1. Exper mental works 

 

Experimental design 

The workpiece was a nickel-based superalloy, GTD-

450, with dimensions of 65 × 85 × 320 mm.  

Additional information about the material and its 

constituent elements in GTD450 is presented in 

Table 1.The cutting speed, feed, depth of cut, 

lubricant concentration, pressure, and MQL spray 

flow rate were evaluated at 5 levels (Hata! Baĸvuru k

aynaĵē bulunamadē.). The Taguchi L25 method 

was used in the experimental design (Hata! B

aĸvuru kaynaĵē bulunamadē.)

Table 1: Mechanical properties of GTD450 

Melting temperature Density Elongation Hardness Yield 

Strength 

Tensile strength 

CÁ 1400-1450   3g/cm 7.78    16% 363-302 BHN 910 Mpa 1010-1250 Mpa      

 

Table 1 : Chemical composition of GTD450 

%weight 

C Mg Ni Cr Mo P S S Cu Nb V Sn Al  Pb Ag N Fe 

0.035 1 6.5 15 0.75 0.025 0.005 1 15 0.55 0.1 0.005 0.05 0.1 0.005 0.03 Balance 
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Table 2: The experimental milling conditions 

Run order C 

(%) 

Vc 

(m/s) 

Fm 

(mm/min) 

Ap 

(mm) 

P 

(bar) 

1 5 180 900 0.5 6 

2 5 190 950 0.75 7 

3 5 200 1000 1 8 

4 5 210 1050 1.25 9 

5 5 220 1100 1.5 10 

6 10 180 950 1 9 

7 10 190 1000 1.25 10 

8 10 200 1050 1.5 6 

9 10 210 1100 0.5 7 

10 10 220 900 0.75 8 

11 15 180 1000 1.5 7 

12 15 190 1050 0.5 8 

13 15 200 1100 0.75 9 

14 15 210 900 1 10 

15 15 220 950 1.25 6 

16 20 180 1050 0.75 10 

17 20 190 1100 1 6 

18 20 200 900 1.25 7 

19 20 210 950 1.5 8 

20 20 220 1000 0.5 9 

21 25 180 1100 1.25 8 

22 25 190 900 1.5 9 

23 25 200 950 0.5 10 

24 25 210 1000 0.75 6 

25 25 220 1050 1 7 

 

¶ Exper mental tools/apparatus  

 

The milling experiment was performed on a 5-axis 

CNC machine. The tool used is a 63 mm diameter 

insert tool with a coated insert, featuring a rake angle 

of 16° and a clearance angle of 11°. The setup 

procedure is illustrated in Fig. 2. This current study 

thoroughly analyzed surface roughness, a pivotal 

parameter in evaluating surface quality. After 

conducting each test, we measured the average 

surface roughness (Ra) values. We utilized the 

MarSurf PS 10 profilometer on the workpiece 

immediately following each test to facilitate these 

measurements. Throughout all evaluations, we 

assessed surface roughness at various locations on 

the workpiece to reduce variability, ultimately 

calculating the average surface roughness value.  A 

significant challenge encountered during machining 

is the rapid wear of tools, especially when working 

with materials that are difficult to cut. Tool wear has 

a significant impact on machining efficiency and 

enhances the workpiece's surface quality. 

Consequently, we recorded tool wear values based 

on the experimental conditions outlined in Table 

4.  We considered the average flank wear width 

(VBavg) as a critical metric to gauge tool longevity 

during machining. This study also employed this 

measurement to compare and analyze the tool wear 

rate. After each machining operation, we detached 

the inserts from their holders, captured images using 

an SEM microscope, and computed the average 

wear.  The metal removal rate also emerged as a 

crucial parameter affecting production rate and 
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machining efficiency. It indicates the volume of 

metal extracted from the workpiece within a specific 

timeframe. In milling operations, this rate is 

determined as shown in Equation 1. 

MRR=   (1) 

 

Fm= Feed rate (mm/m n) ; Ap = depth of cut (mm) ; Ae= w dth of cut (mm) 

 

Table 4: Milling machine parameter 

 Item 

Coated carbide, RPHT1204M0T-6-M08-MS2500 Cutting insert 

HSK, R220.29I-0063-06.6A Tool Holder Working tool geometry 

clearance angle: 11° 

rake angle:16° 

Working tool geometry 

 

180,190,200,210,220 m/s 

900,950,1000,1050,1100 mm/min 

0.5,0.75,1,1.25,1.5 mm 

5 ,10,15,20,25 % 

6,7,8,9,10 bar 

Process parameters: 

Cutting speed (Vc) 

Feed rate (Fm) 

Depth of cut(ap) 

Concentration 

Pressure 

 

 

 

 

 
Holder 

 
 

Insert 

 

Figure 2:  Experimental setup 

 

2. Results and d scuss on 

In this section, the results obtained from machining 

tests conducted under various lubrication conditions 

are analyzed, and statistical analyses of these 

experimental models are presented in each section. 

A multivariate regression model fitted between the 

responses and factors obtained by the experimental 

method is considered a perfect square to estimate the 

Workp ece 

Nozzle 

Tool 
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effects of the main parameters, the squares of each 

factor, and the binary interactions. The confidence 

level in the experimental design of this research is 

set at 95%. 

¶ Stat st cal analys s of flank wear s ze  

Tool wear is a critical machinability attribute in the 

machining process. It is particularly important in 

challenging materials, as it affects surface quality, 

machining forces, and tool life. Therefore, 

concentration and pressure (MQL-related 

parameters) and cutting speed, feed, and depth of cut 

(cutting parameters) are considered input 

parameters. After conducting tests to investigate the 

wear and wear mechanisms that occurred during 

machining, the GTD450 inserts were examined 

using an electron microscope following testing. 

Flank and rake wear were observed on both chip and 

tool surfaces. The wear mechanisms also include 

abrasive wear, which is composed of edge and layer 

build-up. VBavg was measured and compared to 

measure the amount of wear (Fig). 

 

 

 

 

 

 

 

 

 

Hata! Baĸvuru kaynaĵē bulunamadē. displays a 3

D surface chart illustrating the effects of various 

parameters on tool life. Cutting speed has a direct 

relationship with tool wear: as cutting speed 

increases, wear also increases, leading to a reduction 

in tool life. According to research and studies, 

cutting speed has the most significant impact on 

wear and tool lifespan  [30, 31]. Increasing the 

cutting speed raises the temperature in the cutting 

zone, which reduces the shear edge strength and 

accelerates tool wear. Tool wear in machining 

processes is unavoidable; however, by adjusting 

input parameters appropriately and utilizing 

effective cooling and lubrication methods, its 

progression can be slowed down. Increasing the 

concentration at a fixed cutting speed decreases 

wear (up to 20%), but at 25%, wear increases 

again.(Hata! Baĸvuru kaynaĵē bulunamadē.(a )) S

ince the oil and water mixture serves as a lubricant 

and a coolant, increasing the oil concentration 

initially improves lubrication and reduces friction. 

However, the water content decreases beyond a 

specific concentration (15%), reducing the cooling 

effectiveness, which in turn increases wear. Hata! B

aĸvuru kaynaĵē bulunamadē.(b) shows that 

increasing concentration reduces tool wear at lower 

feed rates; however, it causes surface roughness to 

increase at higher feed rates. This is because the 

fluid spray has less of an opportunity to penetrate the 

cutting zone at higher feed rates. According to 

Hata! Baĸvuru kaynaĵē bulunamadē.(c) at shallow d

epths of cut, increasing concentration reduces wear. 

However, at greater depths of cut, since the 

engagement between the tool edge and the 

workpiece is higher, increased concentration leads 

to higher viscosity, which reduces the chances of 

fluid penetration and, consequently, wear increases. 

The chart in Hata! Baĸvuru kaynaĵē b

ulunamadē.(d) shows that increasing pressure (with 

the flow rate remaining stable) causes flank wear to 

increase at a constant concentration. However, at a 

fixed pressure, increasing concentration initially 

leads to a slight improvement in wear, but then wear 

increases again. In sections 4(e), 4(f), and 4(h), the 

data demonstrate that, overall, cutting speed, feed 

rate, and depth of cut have a direct relationship with 

tool wear. Keeping each parameter constant while 

increasing another results in increased wear, 

precisely consistent with Taylorôs relation and 

extended form. In Hata! Baĸvuru kaynaĵē 

Abras o

n 

BUE 

Abras o

n 

BUE 

Figure 3: SEM image of cutting tool in test 1. 
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bulunamadē.(g,( at a constant cutting speed, 

increasing pressure results in greater tool wear. This 

can be explained by the fact that, with increasing 

pressure (and a constant fluid flow rate), higher 

pressure results in less lubricant reaching the cutting 

zone at any given moment, thereby increasing wear. 

The same reasoning applies to s. 4(i) and 4(j), where 

the depth of cut and feed rate are held constant. 

 

  
(b) (a) 

 
  

(d) (c) 

  

(f) (e) 
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(h) (g) 

 
 

(j) (i) 

Figure 4: D diagram of input parameters and flank wear 

 

¶ Stat st cal analys s of average surface 

roughness (Ra)  

   

Surface roughness s another v tal mach nab l ty 

attr bute that s gn f cantly mpacts the performance 

of the manufactured part. It s one of the essent al 

requ rements for part al product on. Therefore, by 

understand ng the factors affect ng th s output, we 

can help reduce manufactur ng costs and mprove 

the qual ty of the parts. S nce mach n ng parameters 

nfluence surface roughness, th s study focuses on 

nvest gat ng and analyz ng the effects of these 

parameters on the f n shed surface roughness. Fig. 

7(a) shows that increasing the concentration reduces 

surface roughness at low cutting speeds because 

lubr cat on s more effect ve. However, due to 

ncreased temperature n the cutt ng zone, the effect 

of concentrat on on roughness becomes less 

s gn f cant at h gher cutt ng speeds. F g (b), 

nd cates that feed rate and surface roughness have a 

d rect relat onsh p. Increas ng concentrat on at all 

feed rates results n h gher surface roughness 

because the tool covers a greater d stance per 

revolut on, thereby ncreas ng the contact area 

between the tool and the workp ece. F g (c), shows 

the nteract on effect of concentrat on and depth of 

cut on surface roughness. In th s chart, ncreas ng the 

depth of cut at lower concentrat ons leads to h gher 

roughness. Th s s because the longer contact length 

of the tool edge w th the workp ece, comb ned w th 

lower concentrat on, results n less effect ve 

lubr cat on. Conversely, at h gher depths of cut and 

h gher concentrat ons, the surface roughness s 

lower.    F g. 4(d) shows that ncreas ng pressure 

mproves surface roughness, as better lubr cant 

penetrat on n the cutt ng zone reduces roughness. 

Surface roughness has a direct relationship with feed 

rate and an inverse relationship with cutting speed, 

with the key difference that feed rate has a greater 

influence on roughness. (Fig(e)) At a constant 

cutting speed, increasing the depth of the cut has 

little to no significant effect on surface roughness. 

This point is evident in Fig (f). In Fig(g), increasing 

the cutting speed at a fixed pressure decreases 

surface roughness. Furthermore, at higher cutting 

speeds, increasing pressure results in reduced 

roughness because, with a constant flow rate, less 

lubricant is injected into the cutting zone per unit 

time. According to  (Fig (h)) , at a constant depth of 

cut, increasing feed rate causes higher roughness due 

to the tool covering a longer distance per revolution, 

creating taller peaks that increase the roughness 

number. Conversely, changing the depth of cut at a 

constant feed rate does not significantly affect these 

peaks; hence, it has no impact on roughness. Fig(i) 

illustrates that surface roughness is directly related 

to the feed rate at a constant pressure. In contrast, in 

a fixed feed rate scenario, changes in pressure have 

a negligible effect on roughness. Finally, the chart in 

Fig (j) shows that each depth of cut has an optimal 

pressure at which the roughness index is maximized. 

Initially, increasing pressure increases roughness, 

but it decreases again after reaching its maximum 

point. This pattern holds across different fixed 

depths of cut. 
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(i) (j) 

Figure 4:  3D diagram of input parameters and surface roughness 

The Pareto diagram shows the effect of each 

parameter on the output. By viewing this diagram, 

the parameters can be examined in order of 

importance, and the effect of each parameter can be 

compared. F g (a) shows the beam diagram related 

to surface roughness. According to this diagram, the 

feed has the most significant effect on surface 

roughness, followed by cutting speed and 

concentration in that order. The cutting speed has 

shown the most impact on the life of the cutting tool 

(F g(b)). 
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3. Conclus on 

 

Due to the limited available data regarding the 

machining of the widely used superalloy GTD45, 

this research focused on defining the optimal cutting 

parameters for machining GTD45.Using Taguchi 

experimental design, the machinability attributes, 

such as material removal rate (MRR), flank wear, 

and surface roughness, were evaluated under various 

MQL conditions. The gray relation analysis (GRA) 

alongside the Taguchi signal-to-noise ratio were 

employed for multi-objective optimization. 

Additionally,  analysis of variance (ANOVA) was 

applied to analyze the influence of factors on the 

gray relational grade (GRG). Response surface 

models, incorporating interactions, were developed 

to characterize the responses. The key findings are 

summarized below: 

¶ GTD450 exhibits low machinability due to 

its elevated toughness. However, applying 

Figure 5:  Tool wear and surface roughness pareto diagram after removing ineffective parameters 
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optimal machining parameters can 

significantly alleviate this issue. 

¶ Several variables, including oil 

concentration, feed rate, cutting speed, 

depth of cut, and machining pressure, 

notably influenced the experimental 

outcomes. Thus, optimizing and carefully 

selecting parameters for milling GTD450 is 

critical. 

¶ In the milling process of GTD450, the feed 

rate, cutting speed, and the percentage of 

MQL oil concentration considerably 

affected surface roughness and cutting 

speed. Among these, the feed rate exerted 

the most substantial influence on flank 

wear and the overall life of the cutting tool. 

¶ The depth of cut had a less significant 

influence on surface wear and roughness 

compared to the other parameters 

mentioned. Therefore, to maximize the 

MRR, operating at the highest feasible 

depth of cut proportional to the CNC 

machineôs power is advisable. 

¶ Scanning Electron Microscopy (SEM) 

images revealed wear patterns on the chip 

surface and tool flank, identified as built-up 

edge (BUE), built-up lip (BUL), and 

abrasion wear. 

¶ Analysis of Variance (ANOVA) revealed 

that the input parameters influencing GRG 

performance are cutting fluid, fluid flow 

rate, and cutting speed. Consequently, 

cutting fluid is the most crucial factor in 

minimizing responses during turning 

operations under MQL conditions. 

¶ Mixing oil with water during the machining 

of GTD450 has proven effective in 

improving output metrics. The optimal oil 

concentration is determined to be 15%, 

where wear diminishes as the concentration 

increases from 5% to 15%. Beyond this 

point, wear rates plateau and may even 

increase. Additionally, the relationship 

between oil concentration and surface 

roughness is inverse; as the concentration 

rises, surface roughness decreases. 

¶ At a consistent cutting speed and feed rate, 

increasing MQL fluid pressure reduced 

surface roughness and flank wear. This 

indicates that applying pressure in MQL 

significantly enhances tool life and reduces 

roughness. 
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Abstract  

A literature review indicates that under MQL conditions, limited information is available on the effects of mineral 

and bio-lubricants and various flow rate levels on machining attributes, specifically average surface roughness (Ra) 

and chip thickness (hc). The effects of cutting conditions and various flow rates on Ra and hc in MQL turning of 

aluminum alloy 6061-T6 are presented to address the existing knowledge gap. Three experimental models were 

employed to achieve this: multiplicative models, 2-factor interactions (2FI), and linear models. According to 

experimental observations, both Ra and hc are statistically significant responses, and a strong relationship exists 

between both responses and the experimental parameters used. Although negligible, biodegradable fluids with higher 

viscosity were denoted as having a better capability to improve Ra. A higher flow rate also improved the surface finish 

(up to 50%). It was observed that both flow rate and cutting fluid have insignificant effects on hc.  

 

Keywords: Turning, aluminum alloy, average surface roughness, chip thickness, MQL.  

 

1. Introduct on  

MQL is the abbreviation for minimum quantity 

lubrication, also known as micro lubrication, which is 

used in near-dry machining to reduce hazardous 

environmental and health conditions during 

machining operations. However, there is no exact and 

standardized definition of MQL. Using an average of 

not more than 50 ml/hr of lubricant is the definition of 

minimum quantity lubrication [1]. Regarding the high 

machining expenses associated with cutting fluids and 

their detrimental effects on the operator's health and 

environmental pollution, alternative methods have 

always been a source of attention. To remedy the 

difficulties mentioned, the MQL was proposed, and it 

has become an exciting and popular method in the 

machining industry. As a result of MQL machining, 

the thermal shock of the cutting tool is reduced; 

therefore, the tool's life and performance are improved 

[2]. This implies that the operated nozzles must be 

2.5-5 mm from the tool. Therefore, the nozzle 

mounting and location must be selected with 

precision. The high-pressure lubricant jet into the 

chip-tool interface may decrease the cutting 

temperature and lead to prolonged tool life [3].  

However, the main drawbacks of MQL are the 

inability to complete heat transfer and chip 

evacuations, which are the primary reasons for 

workpiece corrosion.  

 

As noted earlier, among the surface quality attributes, 

the average surface roughness (Ra) is considered the 

main parameter representing the random and 

repetitive deviations of a surface profile from the 

nominal surface [4]. It is agreed that adequate surface 

roughness can be achieved with reduced friction, 

wear, and noise, as well as improved corrosion 

resistance.  

 

Surface roughness is generally determined by 

Equation 1 as follows:  

 

 

2  ÆσςÒ      (1) 

 

Where "f" is the feed rate and "r" denotes the nose 

radius.   

 

The presented model is inaccurate since the effects of 

tool geometry, machine tool rigidity, lubrication 

modes, cutting parameters, and vibration are not yet 
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incorporated in Eq.(1) [5]. Considering the research 

by  ¥zel et al. [6] on AISI H13, the different 

parameters, such as cutting edge geometry, workpiece 

hardness, cutting speed, and feed rate, affect the 

surface finish. They demonstrated that a lower edge 

radius and a small workpiece hardness can increase 

surface roughness. Davim and Figueira [7] studied the 

surface roughness using the cold-work tool steel. 

Their experimental research confirmed that cutting 

time and feed rate are the most significant parameters 

of surface finish. The experimental analysis on 

hardened AISI 4140 carried out by Aslan et al. [8], and 

the optimization performed on the experimental data 

showed an increase in cutting speed and feed rate, 

decreases, and increases in surface roughness, 

respectively. The other machinability attribute is tool 

wear, which appears to be significantly affected by the 

normal force between the workpiece and the tool. The 

use of cutting fluid produces cooling effects during the 

cutting operation, reducing tool wear and corrosion, 

and facilitating chip evacuation from the cutting zone. 

To achieve an appropriate surface quality, the critical 

cutting parameters, such as cutting speed and feed 

rate, must be selected and controlled adequately. To 

achieve an acceptable MQL performance, several 

other factors such as lubricant and flow rate must be 

selected and operated adequately. In general, within 

the most reported research works on MQL, vegetable 

oil is the choice of lubricant. Few works considered 

the effects of various flow rates and fluids on the 

machining responses. To that end and to remedy the 

lack of knowledge above-mentioned, a parametric 

design of experiment based on multilevel full factorial 

was used to determine the influence of cutting 

parameters, lubricant and flow rate on the Ra and hc 

when turning aluminum alloy 6061-T6 under micro-

lubricated condition (MQL). Statistical tools 

including ANOVA, was also used for this purpose.  

 

2 Exper mental procedure  

In this article, the turning tests were conducted on a 

long rod aluminum alloy 6061-T6 (Ï150Ĭ450mm) 

using different levels of cutting speeds and feed rates 

under minimum quantity lubrication (MQL). Figure 1 

depicts the experimental set-up with the micro 

lubrication system and the Mitutoyo surface 

profilometer. In the first phase of the experimental 

study, to determine the effects of feed rate, cutting 

speed, and lubricants on the machining responses, a 

multilevel full factorial design of experiments 

(6Ĭ5Ĭ2) was used at a fixed flow rate of 1.715 ml/min 

(Table 1). The experimental tests were repeated twice, 

and the average values of responses were used for the 

following analysis.  

 

Table 1: Experimental process parameters and tools 

 

Machine tools : Lathe machine (Darbert Machinery Co. Ltd. Canada) 

: Micro lubrication system (Microlub) 

: Mitutoyo machine (surface roughness measurement tool) 

Work part specification   

      Material : Aluminum alloy 6061-T6 

      Size : Ø150 X 450 mm 

      Insert Ref. : KC5410 

Cutting parameters  

¶ Cutting Speed (m/min) : 79,116,163,206,442,660 

¶ Feed Rate (mm/Rev) 

¶ Depth of cut (mm) 

: 0.0508,0.1016, 0.1524,0.2032,0.254 

2mm 

Lubricant  : Mecagreen 550 & Microkut 400 

Lubrication mode : Minimum quantity lubrication (MQL) 
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a) Microlub system set-up 

  
b) The MQL Nozzles arrangement c) Mitutoyo Surface profilometer 

 

Figure 1: Experimental set-up 

 

The operated micro lubrication system (developed by 

Tecnolub Inc.), as depicted in Figures1-2, consisted of 

a volumetric micro pump that injects a low volume of 

lubricant through a capillary tube to an outlet nozzle 

(Fig 1(b)). Simultaneously, a low-pressure 

pulverization air was injected into the cutting zone 

using a second capillary tube. The lubricant source is 

installed at the top of this machine, and the flow rate 

can be adjusted by setting the micropumps, which are 

pulsed by a pneumatic sequencer that allows settings 

from 1 to 180 strokes per minute [9]. The adjustments 

of the micro lubrication system are shown in Table 2. 

The specifications of two lubricants proposed by 

Systeme Tecnolub Inc. are shown in Table 9 (Annex). 

 

 

Table 2:  Specifications of the Microlub system 

 

Micropump 34.3 mm3   (Click 1) 

Pulse generator 20, 50, and 90 strokes/min 

Air spray pressure 1.4 bar 

Micropump air control pressure 6 bar 

 

3   Results and D scuss on   

Method of analysis  

 

It is believed that the adequate selection of cutting 

fluid and the appropriate flow rate lead to a significant 

improvement in lubrication performance and 

machining expenses. As mentioned earlier, to 

determine the effects of cutting parameters, including 

feed rate, cutting speed, flow rate, and lubricant, on 

both Ra and hc, various statistical methods were 

employed, such as Pareto analysis, main effect plot, 

and analysis of variance (ANOVA). In addition, the 

results were presented in various design models, 

primarily linear, 2-factor interactions, and 

multiplicative models. As noted earlier, the Ra, one of 

the critical surface quality attributes, is affected by 

different cutting parameters, including work material, 

tool geometry, cutting conditions, and lubrication 
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strategy [10].  A complete overview of the statistical 

parameters used is presented in [10]. 

The effect of lubricant  

 

According to statistical analysis, the correlation of 

determination R2 and R2Adj of Ra and hc (Table 3) 

denote that despite the design model used, both 

investigated responses are statistically significant 

(R2>0.8 and P-value <0.05) concerning the variation 

of process parameters. The negligible difference 

between R2 and R2Adj in linear and quadratic models in 

both responses denotes a non-significant influence of 

interaction effects between cutting process 

parameters. Therefore, the linear design model was 

used in the following analysis as the primary 

statistically significant model.  

Table 3: ANOVA table of average surface roughness and chip thickness  

 

Response Design Model R2  R2
Adj.   F-Ratio P-Value Remark 

Ra 

Linear 0.82 0.81 0.78 0 Significant 

2-Factor 

Interactions 
0.84 0.82 0.74 0 

Significant 

Quadratic 0.93 0.92 0.57 0 Significant 

hc 

Linear 0.93 0.93 0.3 0.0016 Significant 

2-Factor 

Interactions 
0.96 0.95 0.27 0.0032 

Significant 

Quadratic 0.97 0.97 0.04 0.13 Significant 

 

Figures 2(a) and 2(b) show that feed rate (B) has the 

most significant effect on the Ra, while cutting speed 

(A) and lubricant (C) have a negligible effect on the 

Ra. According to Figure 2(b), an increased feed rate 

results in a more deteriorated surface quality. This 

could be attributed to the direct influence of feed rate 

on the hc and directional cutting forces, which cause 

severe deviations in the surface texture and profile 

[10, 11]. When the cutting parameters listed in Table 

1 are used, the model, as fitted, can control the 

variability of Ra up to 82.08%. Figures 3(a) and 4(b) 

denote that feed rate (B) and cutting speed (A) have 

the most significant effects on the hc. Increased cutting 

speed leads to decreased hc; inversely, increased feed 

rate leads to thicker chips. The correlation of 

determination R2 indicates that under similar 

experimental conditions as presented in Table 1, the hc 

can be controlled up to 93.58% when using a linear 

design model.  It can be observed that the lubricant 

has an insignificant effect on Ra and hc.  
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(b) 

Figure 2: (a) Pareto chart of Ra in linear design model, (b) Main effect plot of Ra  

 

 

 

 

 
 

(a) 

 
(b)  

Figure 3 : (a) Pareto chart for hc in the linear design model, (b) Main effect plot of hc  
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The regression models between the Ra and hc in linear, 

exponential, and multiplicative models are shown in 

Table 4. A statistically significant relationship exists 

between Ra and hc at the 95.0% confidence level 

(Fig.4). A negligible difference can be observed 

between the correlation coefficients of both linear and 

multiplicative models. According to Table 4, despite 

the regression models presented, the Ra and hc are 

strongly correlated with each other. According to Eq. 

(1), an increase in chip thickness and feed rate leads 

to a higher chip thickness ratio, which may increase 

the shear angle and decrease the friction angle, as 

shown in Eqs. (2-3-4), respectively [12].  The friction 

force is primarily influenced by the friction angle [13]. 

Therefore, as shown in Eq.(5), the friction force will 

be decreased when the feed rate increases. 

Consequently, a good surface finish can result.  

c

c
h

h
r =  

(1) 

rc

rc
c

r

r

a

a
f

sin1

cos
tan 1

-
= -

 

(2) 

)(
4

rc ab
p

f a-=  
(3) 

aa bm tan=  (4) 

v

u

F

F
=am  

(5) 

Table 4: Regression models 

Regression analysis models R2  r  P-Value 

Linear 0.7970 0.893 0 

Exponential 0.799 0.894 0.0001 

Multiplicative 0.798 0.893 0 

 

 

Figure 4:  Linear regression model of average surface roughness and chip thickness  

1) The effect of Flow Rate  

 

The main aim of this section is to present the effects 

of flow rate on the Ra and hc during the MQL turning 

of aluminum alloys 6061-T6. To that end, a multilevel 

full factorial design of the experiment (6 Ĭ 5 Ĭ 3) was 

employed, and Mecagreen 550 was selected as the 

lubricant of choice (see Table 5).   
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Table 5: Experimental process parameters 

Experimental Parameters  1 2 3 4 5 6 

Cutting speed  (m/min) 79 116 163 206 442 660 

Feed Rate (mm/Rev) 00508 0.1016 0.1524 0.203 0.254  

Flow Rate (ml/min) 0.686 1.715 3.087    

 

According to ANOVA results, the correlation of 

determination R2 and R2Adj of Ra and hc in linear, 2-

factor interactions and quadratic models denote that 

both responses are statistically significant despite the 

model used (Table 6). The difference between R2 and 

R2Adj in linear and quadratic models of Ra and hc is 

about 10%. Moreover, the P-value of 0 in linear and 

2-factor interaction models of both Ra and hc indicates 

a negligible contribution of interactive effects on the 

presented results. Therefore, as in the first part of this 

experimental study, the linear design model is used for 

further analysis. 

 

Table 6: ANOVA table for surface roughness and chip thickness  

Response Design Model R2 R2
Adj  F-Ratio P-Value 

Ra 

Linear 0.77 0.76. 0.38 0 

2-Factor Interactions 0.79 0.77 0.43 0 

Quadratic 0.89 0.87 0.046 0.031 

hc 

Linear 0.94 0.94 0.36 0 

2-Factor Interactions 0.96 0.96 0.39 0 

Quadratic 0.98 0.97 0.2 0.0032 

 

Figures 5(a) and 5(b) show that feed rate (B) and flow 

rate (C) have the most significant effects on the Ra. A 

higher feed rate tends to increase the Ra, while it 

decreases at a high flow rate. This can be attributed to 

the intense effects of flow rate on the generated 

temperature in the cutting zone and friction, both of 

which tend to decrease at higher flow rate levels. The 

correlation of determination R2 indicates that the 

model as fitted explains 77.37% of the variability of 

Ra. Figures 6(a) and 6(b) show that feed rate (B) and 

cutting speed (A) have the most significant effects on 

the hc. It can be stated that a higher cutting speed 

decreases the hc, and inversely, a higher feed rate leads 

to increased hc. Similarly, the correlation of 

determination R2 indicates that the model as fitted 

explains 94.57% of the variability in hc.  
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(b) 

 

Figure 5: (a) Pareto chart for Ra in linear design model, (b) Direct effect plot for Ra 

 

The regression models between Ra and hc in linear, 

exponential, and multiplicative models are shown in 

Table 7 and Figure 7. It is demonstrated that, despite 

the regression model used, a negligible difference is 

observed between the correlation coefficients. The 

resulting values of correlation coefficients (>0.85) 

under different regression models denote that, similar 

to the observation made in Figure 5, a strong 

relationship exists between the resulting values of Ra 

and hc at the 95.0% confidence level.  
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(b) 

 

Figure 6: (a) Pareto chart for hc in the linear design model, (b) Direct effect plot for hc 

Table 8: Regression models 

Regression analysis models R2  r  P-Value 

Linear 0.725 0.8515 0 

Exponential 0.741 0.8610 0.0002 

Multiplicative 0.725 0.8518 0 

 

 
Figure 7:  Linear regression model between Ra and hc 
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4 Conclus on  

Following experimental studies and statistical 

analysis presented, the following conclusion can be 

drawn: 

¶ Feed rate significantly affects Ra and hc, while 

cutting speed has only a significant effect on hc. 

The effects of feed rate can be attributed to the 

intense impacts on friction and chip thickness, 

which may lead to increased temperatures in the 

cutting zone and fluctuating forces, all of which 

contribute to diminished surface quality.  

¶ Despite the design model used, the use of 

lubricants with higher viscosity and higher flow 

rates resulted in a reduced Ra. Furthermore, a 

decrease in friction force due to the effects of 

feed rate and cutting speed on chip thickness 

leads to a good surface finish. 

¶ Significant correlations were found between Ra 

and hc in linear, multiplicative, and exponential 

models under different levels of flow rate,   
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ANNEX I 

Table 9: specifications of Mecagreen 550 and Microkut 400  

 

Lubricant Specification 

 

MECAGREEN 550 

 

MICROKUT 400 

Aspect Limpid Clear (Light) 

Color White Blond 

Odor Low Odorless 

Viscosity 21 mm2/s 37 mm2/s 

Solubility Water 10 - 15 % - 

Biodegradability Not Information After 21 days 

Application 

Machining very hard chipping 

Aluminum, aluminum alloy, Stainless 

steel 

Sawing, Machining 

Metal forming 

(blanking, drawing & stamping ) 

Maximum storage 1 year 2 years 

Presentatēon: 

MECAGREEN 550 is a water based coolant made 

from renewable resources. 

MECAGREEN 550 is a coolant concentrate 

designed for difficult machining. 

 

Applēcatēons: 

Both difficult metal removal and forming 

applications. 

Multi metal friendly - Aerospace aluminium alloys, 

standard aluminium, stainless steel, titanium and 

titanium alloys. 

 

Advantages: 

Economical: MECAGREEN 550 25-35% percent 

tooling improvement in most difficult applications 

due to exceptional lubrication. 

Performance: MECAGREEN 550 is recommended 

for aluminium and stainless steel. Does not stain 

aluminium, especially aeronautic alloys 

Environment: MECAGREEN 550 is formulated 

with a unique blend of vegetable esters, these esters 

provide a polar reaction at the point of cut that has 

been optimized for various machining applications. 

Foaming: High resistant to foaming even in soft 

water. No mechanical foaming due to high 

pressure. 

Cleaning: Easily washed with alkaline cleaner or 

solvent. 

Approvals: 

MECAGREEN 550 is approved : 

EADS, specification ASN 42302 

SNECMA, specification n° 455-201-0-00 Rev B 

excepted Nickel alloyed 

ME 

http://www.bzlub.com/en/sh_product.asp?id=29SSI

ER-DOWTY, Specification IFC 30-850-02MD ï 

Rev3. 

BOEING, Specification BAC 5008 

BOMBARDIER, S 
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M ll ng A520-10% S C Under Var ous Lubr cat on Modes  
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Abstract 

Mult ple technolog es are employed n the manufactur ng and mach n ng of Metal matr x compos tes (MMCs), 

and numerous stud es are focused on th s doma n through academ c and ndustr al projects. One aspect that 

rece ves less attent on s understand ng the comb ned effects of cutt ng parameters, lubr cat on cond t ons, and 

re nforc ng elements on the mach nab l ty of such mater als. Amongst MMC, l m ted attent on has been pa d to 

A520 alloys re nforced w th S C part cles. Therefore, th s work nvest gated the tool wear morphology n m ll ng 

A520-10%S C under var ous lubr cat on and cutt ng cond t ons. It was observed that cutt ng cond t ons 

s gn f cantly affect the tool l fe and wear morphology when mach n ng A520-10%S C. The ma n wear modes 

observed were abras on and adhes on, ma nly presented as the bu lt-up edge (BUE) and Bu lt-up layer (BUL). It 

was also observed that better tool l fe was ach eved under the wet mode compared to the MQL and dry modes. 

The outcomes could generate a pract cal w ndow for the opt mum select on of cutt ng parameters when mach n ng 

re nforced Al-MMCs, n pr nc ple, A520-10%S C. 

 

Keywords Al-MMC, Tool wear, M ll ng 

 

1. Introduct on 

A notable type of MMC is the aluminum-alloy 

matrix composite (AlMMC), which incorporates 

ceramic reinforcements, such as silicon carbide 

(SiC) [1, 2]. The exceptional characteristics of 

MMCs, including elevated strength-to-weight 

ratios, rigidity, hardness, resistance to corrosion and 

wear, and minimal thermal expansion, have made 

them a widely used material in various fields, 

especially in the automotive and aerospace 

industries. Aluminum-based metal matrix 

composites reinforced with different additives have 

become preferred due to their high wear resistance, 

low thermal expansion, lightweight, and improved 

mechanical properties. Therefore, numerous 

research stud es focused on ncreas ng strength 

wh le ma nta n ng or reduc ng we ght and mprov ng 

flex b l ty [3-9]. Although the product on of 

compos tes has successfully enhanced the 

mechan cal propert es, n pr nc ple, the strength-to-

we ght rat o of mach n ng re nforced MMCs 

rema ns assoc ated w th several h nder ng problems. 

Numerous nvest gat ons have been conducted to 

address or mprove these ssues [10-13]. 

 

Re nforc ng part cles n such compos tes are 

abras ve and typ cally have h gh hardness, wh ch 

can cause severe damage and fa lures to cutt ng 

tools, negat vely mpact ng surface qual ty attr butes 

[14]. Several stud es assessed the performance of 

mult ple cutt ng tools n mach n ng MMCs [12, 15]. 

D fferent types of tools were evaluated when used n 

mach n ng MMCs  [16-18]. Chaudhar  nvest gated 

the nteract on effects of cutt ng tools dur ng 

mach n ng MMCs and emphas zed the mportance 

of cutt ng cond t ons and the type and s ze of the 

cutt ng tools used [19]. The use of cutt ng flu d and 

surface texture on the l fe and wear of the cutt ng 

tool s another nterest ng sc ent f c top c that has 

rece ved part cular attent on n recent years [20-23]. 

For nstance, Kar m not ced that us ng surface 

texture on the cutt ng tool may mprove the cutt ng 

tool's l fe and reduce the nc dence of tool wear [24]. 

Research on creat ng texture on tools reveals that the 

texture's depth and shape s gn f cantly mpact 

mach n ng performance, and that comb n ng t w th 

mailto:saniknam@iust.ac.ir
mailto:seyed-ali.niknam@polymtl.ca
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dry lubr cant enhances lubr cat on performance [20]. 

Gururaja et al[25] stud ed tool l fe, tool wear, 

mach n ng and ch p format on dur ng MMC 

mach n ng. Cutt ng flu d reduces the temperature 

and fr ct on of the cutt ng area, prov d ng 

lubr cat on. Desp te these advantages, the presence 

of l qu d causes env ronmental pollut on, operator 

damage, and an ncrease n product on costs [26]. 

Researchers have explored var ous methods to 

reduce or el m nate flu d use to overcome the 

aforement oned challenges. Mach n ng w th the 

MQL method us ng vegetable o ls s one approach 

that researchers are explor ng to replace trad t onal 

cool ng methods [27]. MQL s def ned as a m xture 

of compressed a r and a small amount of o l n the 

form of very f ne droplets that form a pulver zed 

spray on the cutt ng area n the range of 10-150 

ml/h[28] In h gh-speed m ll ng, MQL penetrates the 

cutt ng zone and performs three d fferent tasks: 

cool ng the tool and workp ece, lubr cat on, and 

effect ve ch p removal. MQL s gn f cantly affects 

the cutt ng temperature over a w de range of speeds 

and reduces the wear rate of the cutt ng tool 

compared to completely dry mach n ng [29]. 

Accord ng to the conducted research stud es, the 

eff c ency of the MQL method requ res further 

nvest gat on, and t s necessary to compare th s 

method under equal cond t ons w th other common 

methods. 

 

Umesh et al. [30]  have opt m zed turn ng n three 

modes: dry, wet and MQL. The study nd cated that 

the feed rate had a pronounced mpact on both 

surface roughness (Ra) and cutt ng force (Fc) across 

var ous mach n ng scenar os. Opt mal results for Ra 

were ach eved w th dry mach n ng, wh le MQL was 

most effect ve n reduc ng Fc, thanks to ts cool ng 

and lubr cat on propertes. A feed rate of 0.03 

mm/rev emerged as the most advantageous across all 

mach n ng contexts, contr but ng to reduced Ra and 

Fc. Wh le cont nuous research efforts are d rected 

toward enhanc ng the mach n ng processes for 

MMCs, numerous challenges and quest ons rema n 

unanswered or nsuff c ently appeal ng for scholarly 

nqu ry. Ex st ng stud es have nd cated that the 

propert es and outcomes of mach n ng MMCs d ffer 

from those encountered when process ng trad t onal 

mater als. Consequently, t s cr t cal to exam ne the 

mpact of cutt ng parameters on the mach nab l ty of 

MMCs, w th part cular emphas s on tool wear, the 

s ze and morphology of wear under var ous cutt ng 

cond t ons, re nforc ng elements, and lubr cat on 

strateg es. 

 

In academic exploration, there is a notable scarcity 

of focus on evaluating the machining and 

machinability of novel MMC varieties, especially 

under various lubrication modes, which is essential 

to bridge the existing knowledge gap. Specifically, 

among MMCs, the A520 alloy reinforced with SiC 

particles has not received sufficient academic 

attention, and limited works have been reported in 

this context. This study aims to evaluate the 

machinability of A520+10%SiC under different 

cutting conditions and three lubrication modes: dry, 

MQL, and wet. Primary machinability 

characteristics of interest include surface roughness, 

flank wear in size and morphology, and cutting 

forces. The findings are expected to contribute to 

establishing a practical guideline for optimizing 

cutting parameters when machining AlMMCs, 

particularly A520+10%SiC.  

 

2. Exper mental procedure 

The cub c blocks of A520, w th a volume 

fract on of 10% S C part cles (d ameter 40 ɛm), 

were used as the workp ece n th s study, 

des gnated as A520-10%S C. The quantometry 

of the tested parts s presented n Table 1. To 

fabr cate re nforced Al-MMC, the S C part cles, 

w th an average d ameter of 40Õm, underwent heat 

treatment at 1000ÁC for 2 hr to fac l tate the break ng 

of the aggregates and prevent them from st ck ng 

together. The alum n um alloy was also used as the 

base or matr x of the compos te. In the next step, S C 

part cles were preheated at 400ÁC for 60 m nutes, 

thereby mprov ng the r wettab l ty. The cast ng 

operat on used an nduct on furnace, as shown n 

F gure 1. In the f rst step, 90% of the alum n um 

alloy volume was placed n the plant. After the alloy 

had melted ent rely, S C part cles were added 

gradually to the m xture at 750ÁC.  From the 

beg nn ng up to the st rr ng stage, SF6 sh eld ng gas 

was njected nto the m xture to prevent ox dat on 

format on.  A steel st rrer w th the follow ng deta ls 

was used to st r the melt: 28.6 cm long, w th four 

blades measur ng 2 cm n length and 1 cm n w dth, 

and an angle of 30Ü to the d rect on of the st rrer 

handle. The st rrer was covered w th z rcon slurry to 

prevent nteract ons w th the melt. Before the melt 

was poured nto the mold, t was preheated to avo d 
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any poss ble st cks between the mold and the melt. 

After the st rr ng t me was completed, the st rrer was 

removed from the melt, and the melt was poured nto 

the mould.  

 

Figure 1: Schematic of the furnace 

Table 1:  Quantometry of Al-MMC and A520-10%S C 

Materials  Al  Si  Fe  Cu  Mn  Mg  Zn  Cr  Ti  

Al520  89.32  0.0830  0.0527  0.0225  0.0218  10.4  0.0025  0.0024  0.0025  

Al520-10%Sic  84.11  4.44  0.133  0.0063  0.0239  9.70  0.0042  0.0115  0.0044  

  

Mach n ng Tests 

 

The end m ll ng operat on was performed w th a 3-

ax s CNC mach ne tool (Power: 50kW, Speed: 

28000 rpm; torque: 50 Nm) under d fferent 

lubr cat on cond t ons: dry, MQL, and wet (F g.2). 

To perform the cutt ng tests, the Iscar Cutt ng tool: 

HP E90AN-D.50-2-C.50-7C CUTTER and Iscar 

nsert HM90 APKT 1003 PDR; IC 908 were used. 

Table 2 presents the cutt ng parameters used, wh ch 

were selected n accordance w th the 

recommendat ons prov ded by the cutt ng tool 

manufacturer. Each cutt ng test was performed n 

three passes, result ng n a total length of cut of 33 

cm (F g. 3). The b o-lubr cant MecGreen was also 

used n the MQL and wet tests. The flow rates were 

150 mL/hr and 5 L/hr for MQL and wet modes, 

respect vely.  

Table 2:  Machining parameters used 

Level 3 Level 2 Level 1 Cutting parameters 

240 180 120 Cutting speed (Vc) (m/min) 

Wet MQL dry Lubrication mode 

- - 0.1 Feed rate (fz) (mm/tooth) 

1 Depth of cut ( ap) (mm) 
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(a) Lubricated machining set-up (b) MQL machining set-up 
 

Figure 2: The experimental set-up  

 

 
 

F gure 3: The d mens ons of the tested work parts (un t s mm) 

 

3. Results and d scuss on 

Figure 4 confirms that abrasive wear is 

prevalent across all cutting speeds, primarily 

resulting from direct mechanical interaction 

between the hard silicon carbide (SiC) 

reinforcing particles and the tool coating, 

leading to accelerated coating loss. 

Simultaneously, the formation of a built-up 

edge (BUE) is consistently observed, which is 

attributable to the adhesion and transfer of the 

aluminum matrix onto the toolôs rake face. This 

adhesion is facilitated by thermal softening of 

the aluminum at elevated machining 

temperatures, which enhances its propensity to 

adhere to the tool surface under high contact 

stresses. Notably, while BUE formation 

remains stable between 120 and 180 m/min, a 

significant increase is observed at 240 m/min 

[23]. This suggests that this cutting speed 

approaches a critical thermal-mechanical 

threshold, exacerbating aluminum adhesion and 

growth of the built-up layer (BUL). Elemental 

mapping and EDS analysis at 240 m/min 

(Figure 5) substantiate these mechanisms, 

showing pronounced accumulation of Al and 

Mgðkey constituents of the workpieceðon 

the cutting edge, accompanied by a marked 

reduction in Ti signal, indicating coating 

degradation. 

 

Furthermore, flank wear analysis (Figure 6) 

reveals that abrasion and BUL are present under 

all conditions, with BUL thickness increasing 

substantially at the highest speed. This 

progression highlights the interplay between 

thermally assisted adhesion and abrasive 

mechanisms: higher speeds increase friction 

and temperature, further softening the 

aluminum and promoting more significant 

material transfer, while simultaneously 

enabling reinforced particles to abrade the 

coating more aggressively. Consequently, 
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machining at 240 m/min under dry conditions 

is not recommended, as it accelerates both 

adhesive and abrasive tool damage, reducing 

tool life and impairing surface integrity. 
 

 
 

(a) Vc =120m/m n (b) Vc =180m/m n 

 

(c) Vc = 240 m/m n 

Figure 4: SEM image of the chip surface of the cutting tool in the dry mode  

+  

 

 
 

(a) Before m ll ng (b) After m ll ng (c) C 
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F gure 5: SEM mage and map analys s of cutt ng tool ch p surface at a speed of 240 m/m n n the dry mode  

 
  

(a) Vc =120m/m n (b) Vc =180m/m n (c) Vc =240m/m n 

F gure 6: SEM mage of the flank surface of the cutt ng tool n the dry mode 

 

MQL mode 

MQL mach n ng was assoc ated w th a s gn f cant 

reduct on n BUE n all three cutt ng speeds 

compared to observat ons made n dry mode (F gs 7-

8). Cool ng down the workp ece and the cutt ng zone 

s expected to decrease fr ct on and temperature n 

the cutt ng zone. The reduct on of these two factors 

s necessary for BUE format on, wh le less BUL was 

observed under the same cond t ons. Dur ng wet 

mach n ng, part cles adhere to the tool's surface, and 

due to the thermal shock result ng from the coll s on 

of the cutt ng flu d, a BUL s generated. Lower BUL 

and BUE were observed at h gher cutt ng speeds. It 

could be nferred that BUL and BUE format ons are 

assoc ated w th cr t cal cutt ng speed levels, wh ch 

vary accord ng to lubr cat on, cutt ng cond t ons, 

and mater al propert es.  The EDS analys s (F gure 

7) reveals the presence of a large percentage of 

tungsten, nd cat ng wear and loss of the coat ng 

layer on the surface, wh ch appears l ghter n color. 

Because tungsten s toolôs ma n element, ts 

appearance nd cates the destruct on of the coat ng 

layer by the abras on phenomenon. However, t s 

noteworthy that the abras on phenomenon d d not 

change cons derably compared to observat ons 

made under dry mode.  One reason for th s 

phenomenon s that the cutt ng flu d has almost no 

effect on the amount and percentage of contact 

between the S C re nforc ng part cles and the surface 

of the cutt ng tool. Sm lar to observat ons made n 

dry mode, coat ng removal was observed. As shown 

n F gure 9, the BUL area has ncreased n th ckness 

at h gher cutt ng speeds. Th s could be due to 

thermal effects at h gher cutt ng speeds, wh ch could 

strengthen the adhes on phenomenon desp te the use 

of lubr cat on n the ent re process.  

   
 

(d) T (e) Al (f) Mg 
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(a) Vc= 120 m/min (b) Vc= 180 m/min 

 

 
(c) Vc= 240 m/min 

Figure 7: SEM image of rake face wear in MQL mode 

   

(a) Vc =120m/m n (b) Vc =180m/m n (c) Vc =240m/m n 

F gure 8: SEM mage of the flank surface of the cutt ng tool n MQL mode  
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Wet mode  

Accord ng to F gure 9, several facts are ev dent. 

F rstly, t can be observed that desp te the cutt ng 

speed used, the coat ng removal n the wet mode s 

very apparent. In other words, the cutt ng flu d n the 

cutt ng zone d d not effect vely control wear, and 

th s can be attr buted to a s m lar phenomenon 

observed n other lubr cat on modes; abras on 

rema ns the dom nant wear mode, even n wet mode, 

regardless of the cutt ng speed used. Metal s the 

result of the contact and stretch ng of the 

re nforcement part cles w th the coat ng layer of the 

tool, wh ch occurs due to the h gh hardness of these 

part cles, wh ch are ma nly ceram c. The cutt ng 

flu d does not help reduce th s contact, and even by 

creat ng a thermal shock on these part cles, t may 

cause the part cles to work harder and become more 

br ttle, accelerat ng the abras on mechan sm. 

Add t onally, remov ng re nforc ng S C part cles and 

comb n ng them w th cutt ng flu d can lead to the 

format on of an abras ve slurry that accelerates wear 

when t comes nto contact w th the surface. 

 

 

Figure 9:  SEM image of the rake surface of the cutting tool in wet mode 

Analys s of the tool wear under wet mach n ng 

cond t ons, as dep cted n F gures 10 and 11, reveals 

a complex nterplay of mechan sms. A pr mary 

observat on s the pervas ve and severe abras ve 

wear across all cutt ng speeds (F gure 10), nd cat ng 

that the flood coolant was neffect ve n m t gat ng 

the fundamental wear mechan sm. The hard, 

ceram c S C re nforcement part cles cont nually 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

(a) Vc =120m/m n 

 

(b) Vc =180m/m n 

 

 

 

 

 

 

 

 

(c) Vc = 240 m/m n 

Abras on 

BUL 

Abras on 

BUE 

Abras on 

BUL 
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abrade the tool coat ng, and the cutt ng flu d appears 

to exacerbate th s process. It s postulated that the 

flu d nduces thermal shock n the part cles, 

potent ally ncreas ng the r br ttleness and hardness, 

thereby ntens fy ng the r abras ve act on. 

Furthermore, the flu d fac l tates the creat on of an 

abras ve slurry compr s ng d slodged S C part cles, 

wh ch accelerates wear when transported across the 

tool-workp ece nterface. 

 
In contrast to ts fa lure aga nst abras on, the flood 

coolant proved h ghly effect ve n suppress ng 

adhes ve wear phenomena. F gure 11 demonstrates 

a substant al reduct on n both BUE and BUL 

compared to dry mach n ng. Th s s d rectly 

attr butable to the coolant's super or cool ng 

capac ty, wh ch s gn f cantly reduces the cutt ng 

zone temperature, thereby prevent ng the thermal 

soften ng of the alum num matr x that s a 

prerequ s te for adhes on. The mproved lubr cat on 

also lowers the coeff c ent of frct on, further 

d scourag ng mater al transfer. The progress on of 

adhes on w th speedðfrom v rtually none at 120 

m/m n to a small BUE at 240 m/m nðunderscores 

the compet t on between the coolant's cool ng effect 

and the heat generat on nherent to h gher speeds. 

Th s suggests that wh le effect ve, the wet mode's 

ab l ty to control adhes on has a f n te threshold 

before thermal energy once aga n promotes mater al 

transfer. 

 

   

(a) Vc =120m/m n (b) Vc =180m/m n (c) Vc =240m/m n 

Figure 10:  SEM image of the flank wear modes under wet mode 

4. Conclus ons 

This study investigated the wear mechanisms and 

progression of flank wear during the milling of an 

Al520 MMC reinforced with 10% SiC particles, 

evaluating the influence of cutting speed and 

lubrication strategy. The key findings and their 

implications are discussed below. 

The primary and most persistent wear mechanism 

observed across all lubrication conditions was 

abrasive wear, directly attributable to the 

mechanical interaction between the tool's coating 

and the hard, heterogeneous SiC reinforcements. 

This abrasion was notably resistant to mitigation by 

both MQL and flood coolant, underscoring a 

fundamental limitation of fluid-based strategies in 

preventing direct particle-tool contact. In some 

instances, the introduction of coolant may have even 

exacerbated abrasion by facilitating the formation of 

a particle-laden abrasive slurry or inducing thermal 

shock in the ceramic particles. 

Conversely, lubrication modes have a profound 

influence on adhesive wear mechanisms. The 

formation of a BUE and BUL, driven by the transfer 

of the thermally softened aluminum matrix, was 

significantly controlled by effective cooling. Wet 

machining demonstrated the greatest efficacy in 

reducing BUE/BUL, followed by MQL, with dry 

conditions exhibiting the most severe adhesion. This 

hierarchy directly correlates with the cooling 

capacity of each method; the superior heat 

dissipation of flood coolant most effectively 

suppresses the thermal softening required for 

material transfer. The observation that BUE severity 

increased with cutting speed across all modes further 

confirms the critical role of thermal management, as 

higher speeds generate more frictional heat. 

The non-linear performance of lubrication strategies 

highlights the complexity of tool wear in MMC 

machining. The finding that dry machining 

occasionally outperformed MQL in specific 

contexts reveals an intricate trade-off between 

reducing adhesion and potentially accelerating 

abrasion. This necessitates a holistic approach to 

process optimization, where parameters are selected 

not only to manage heat but also to minimize the 

mechanical engagement with abrasive particles. 

 

Future Research D rect ons 

To advance this field, future work should prioritize 

the development of in-situ monitoring techniques, 
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such as quantitative imaging analysis, for real-time 

assessment of tool wear. Furthermore, investigations 

into the health and safety implications of machining 

MMCs, particularly the aerosolization of 

reinforcement particles during dry and MQL 

operations, present a critical and underexplored 

research avenue. Finally, a comprehensive analysis 

of cutting forces across time, frequency, and wavelet 

domains, as will be presented in a subsequent 

publication, is essential for correlating dynamic 

process signals with the dominant wear mechanisms 

identified herein. 
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Abstract 

The Carbon Fiber Reinforced Polymer (CFRP) composites are widely used especially in the aerospace sector due to its excellent 

material properties such as lightweight with high strength and resistance to corrosion. However, the machinability of the CFRP 

composites is low since the layered structure of the material contains significant challenges such as delamination and fiber pull-

outs. In order to overcome these challenges, Ultrasonic Assisted Drilling (UAD), which is a hybrid machining method that 

implements high frequency and low amplitude ultrasonic vibrations to the cutting tool was applied for CFRP composites in this 

study. The results showed that UAD reduced the cutting forces and the hole roughness, improved the geometrical features of the 

holes such as cylindricity and roundness of the holes compared to conventional drilling process. 

Keywords: Ultrasonic assisted drilling; CFRP Composites; Hole quality 

 

  



 

 

Proceed ngs of 13th Internat onal Congress on Mach n ng                                                                                   Page 81 / 288 

 

Optimization of Drill Point Angle and Cutting Parameters in Drilling 

CF/PEEK Thermoplastic Composite Using Bio-Inspired Grey Wolf 

Algorithm 

Onur Tosuna, Mevl¿t Aydēnb*, Yusuf Furkan Yapana, Alper Uysala 

aYildiz Technical University, Department of Mechanical Engineering, Istanbul, 34349, Türkiye 
bKonya Technical University, Department of Mechanical Engineering, Konya, 42250, Türkiye 

 

* Corresponding author. Tel.: +90 541 292 49 33; E-mail address: maydin@ktun.edu.tr 

Abstract 

Carbon fiber-reinforced thermoplastic composites are expanding in aerospace applications due to their superior impact strength, 

recyclability, and rapid processing capabilities. However, the materialôs high ductility and low thermal conductivity pose 

significant challenges during machining, especially under dry drilling conditions. In this study, the drilling performance of carbon 

fiber reinforced polyetheretherketone (CF/PEEK) laminates was investigated by varying drill point angles (80Á, 80/120Á, and 

120Á), spindle speeds (1000, 1500, 2000 rpm), and feed rates (100, 200, 300 mm/min). Cutting performance was evaluated 

regarding thrust force, cutting temperature, and surface roughness. Results showed that increasing feed rate markedly worsens 

all performance indicators, while using a 120Á drill point angle under optimized conditions significantly reduced drilling loads 

and improved hole quality. A Grey Wolf Optimization (GWO) algorithm was employed to identify the optimal drilling parameter 

levels. The best performance was obtained at a feed rate of 100 mm/min, a spindle speed of 1444 rpm, and a 120Á drill point 

angle, resulting in a thrust force of 302 N, a cutting temperature of 148 ÁC, and a surface roughness of 0.639 Õm. 

Keywords: CF/PEEK; Cutting temperature; Dry drilling; Surface roughness; Thrust force 
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Investigation into the Effects of Flank Face Chamfer Modifications on 

Surface Integrity in Micromilling AISI H11 
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Abstract 

The manufacturing of miniaturized components requires high-performance dies and molds with load-adapted surface integrity 

to enhance fatigue resistance and tool life. Micromilling, known for its precision and fine surface finishes, significantly influences 

surface and subsurface properties. The cutting tool microgeometry affects cutting edge engagement, process forces, and surface 

integrity. This study investigates micromilling of hardened AISI H11 tool steel using tools with modified minor cutting edge 

microgeometries. Results reveal a significant correlation between flank face contact area, microhardness, and compressive 

residual stresses. However, excessive modifications lead to white etching layers, highlighting the need for optimized tool design. 

 

Keywords: Surface ntegr ty; M cro mach n ng; Flank face chamfer 
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 Yunus Emre Kēnacēa*, Yusuf Alptekin Türkkanb, Mahmut Berkan Alisinoĵlua, ķekip Esat Hayberc 

aBekamak Ar-Ge merkezi, Bursa, 16110, Türkiye 
bBursa uludaĵ ¿niversitesi, Orhangazi yenikºy asil ­elik meslek y¿ksek okulu, Bursa, 16800, T¿rkiye 

cBursa uludag üniversitesi, Elektrik-elektronik m¿hendisliĵi, Bursa, 16059, T¿rkiye 

 

* Corresponding author. Tel.: +90 541 376 41 24; E-mail address: 1kinaciyunus@gmail.com 

Özet 

Talaĸlē imalat yºntemi ile ¿retilecek ¿r¿nlerin ilk prosesi genellikle testere ile kesme iĸlemidir. Bu iĸlem i­in end¿stride uzun yēllardēr testere 

tezg©hlarē kullanēlēr. S¿rd¿r¿lebilir ¿retimin ºnem kazandēĵē g¿n¿m¿zde, bu tezg©hlarda ger­ekleĸtirilen kesme iĸlemlerinde ikincil imalat iĸlem 

oranēnēn azaltēlabilmesi i­in y¿zey kalitesi ve enerji t¿ketiminin incelenmesi kritik bir araĸtērma konusudur. Bu ­alēĸmada AISI 1045 çelik 

malzemesi daire testere tezg©hēnda konvansiyonel soĵutma ve minimum miktar yaĵlama (MQL) koĸullarē altēnda, Taguchi L9 deney tasarēmē 

oluĸturularak ¿­ farklē seviye soĵutma debisi, kesme hēzē ve ilerleme oranē kesme parametreleri ile kesilmiĸtir. Kesilen malzemelerin yüzey 

kalitesi aritmetik ortalama y¿zey p¿r¿zl¿l¿ĵ¿ (Ra) ve maksimum y¿zey p¿r¿zl¿l¿ĵ¿ (Rz) ile karakterize edilmiĸtir. Enerji t¿ketimi, tezg©h 

panosuna baĵlanan enerji analizºr¿ ile ºl­¿lm¿ĸt¿r. Y¿zey p¿r¿zl¿l¿ĵ¿ ve enerji t¿ketimi a­ēsēndan optimum kesme parametreleri ana etki 

grafikleri ile, bu sonuçlar üzerindeki en etkili parametreler ise varyans (ANOVA) analizleri ile belirlenmiĸtir. Sonu­ olarak her iki soĵutma 

koĸulunda da hem enerji t¿ketimi hem de y¿zey kalitesinde en etkili kesme parametresinin ilerleme oranē olduĵu tespit edilmiĸtir. Ķlerleme oranēn 

artēĸē ile enerji t¿ketiminde azalma meydana gelirken y¿zey kalitesinde iyileĸme saĵlanmēĸtēr. 

Anahtar Kel meler: Kesme performansē; enerj  t¿ket m ; y¿zey p¿r¿zl¿l¿ĵ¿; testere le kesme 
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3D Numerical Modelling of Residual Stresses Induced in Surface Milling 
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Abstract 

The relationship between surface integrity, particularly residual stresses, and fatigue life is well-established. A model known as 
the "3D hybrid multi-pass model" has been previously developed to predict the 3D residual stress fields generated by longitudinal 
turning over multiple revolutions until a steady state is reached. This model simulates the generation of residual stresses by 
accounting for equivalent 3D thermo-mechanical loads, which are calibrated using cutting force measurements, as they move over 
the machined surface. The aim of this paper is to adapt this methodology for surface milling, where multiple cutting edges generate 
the surface at a much higher frequency. A case study on the surface milling of 15-5PH martensitic stainless steel is presented 
 

Keywords: M ll ng, res dual stresses, numer cal model ng 
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Abstract 

The AA7075-T6 alum num alloy, w dely used n aerospace appl cat ons, presents s gn f cant mach n ng challenges due to ts 
tendency to form bu lt-up edges (BUE) and cause rap d tool wear. Wh le m cro-textur ng on the rake face of cutt ng tools has been 
explored to address these ssues, flank face textur ng rema ns under- nvest gated. Th s study ntroduces a conceptual des gn strategy 
that appl es laser- nduced m cro-textures, grooves, d mples, and hybr d patterns on both rake and flank faces of carb de nserts. 
The goal s to enhance tool performance by mprov ng ch p evacuat on, reduc ng fr ct on, and m n m z ng flank wear. A l terature-
based framework s presented alongs de a proposed exper mental setup des gned for coolant-ass sted turn ng cond t ons. The dual-
surface textur ng approach s expected to mprove surface qual ty, reduce cutt ng forces, and extend tool l fe. Th s work lays the 
groundwork for future val dat on stud es and contr butes to the development of advanced cutt ng tools for h gh-performance 
alum num mach n ng. 

Keywords: M cro-texture, Dual-surface Textur ng, AA7075-T6, Tool Wear, Flank Face Des gn 

 

1. Introduct on 

Aluminum and its alloys are widely utilized in the aerospace 

and automotive industries due to their high strength-to-weight 

ratio and corrosion resistance. Among them, T6 heat-treated 

aluminum alloys, such as AA7075-T6, exhibit exceptional 

hardness and strength. However, during machining, these alloys 

have a strong tendency to adhere to the cutting tool, leading to 

built-up edge (BUE) formation. This phenomenon increases 

cutting forces, accelerates tool wear, and deteriorates surface 

quality. Traditionally, cutting fluids have been employed to 

mitigate these challenges; however, environmental and health 

concerns have encouraged the search for more sustainable 

alternatives, such as dry machining or minimum quantity 

lubrication (MQL). Under dry cutting conditions, innovative 

strategies are required to minimize tool wear and friction. One 

promising approach is the application of micro-textures on the 

cutting tool surface. These micro-texturesðtypically fabricated 

using techniques such as laser surface texturingðcan reduce 

the effective contact area between the tool and the chip, thereby 

lowering the coefficient of friction and promoting improved 

chip evacuation and heat dissipation [1]. 

S Several studies have confirmed that appropriately 

designed micro-textures can significantly enhance cutting 

performance. Micro-textures applied to the rake face have been 

shown to lower cutting temperatures, reduce toolïchip friction, 

and improve both surface finish and tool life [2, 3]. However, 

if the texture geometry or positioning is not properly optimized, 

the opposite effect may occur: chips can become trapped within 

the textures, resulting in derivative cutting as well as increased 

cutting forces and temperatures [4]. 

Research has investigated the performance of micro-

textured tools across a variety of materials and machining 

conditions. For instance, laser-textured tools used in the turning 

of titanium alloys (Ti-6Al-4V) exhibited improved 

performance due to reduced friction and slower tool wear [5]. 

Similarly, tools textured with ultra-short pulse lasers 

outperformed conventional tools in stainless steel turning under 

both dry and lubricated conditions [6]. In the dry machining of 

Ti-6Al-4V alloys, properly optimized micro-textures further 

contributed to reduced cutting temperatures and enhanced tool 

performance [7]. 

The geometry and placement of micro-textures play a critical 

role in determining tool performance. For example, cross-

pattern textures have demonstrated superior results in titanium 

alloy machining compared to circular patterns, primarily due to 

improved chip flow and reduced friction [8]. Similarly, 

comparative studies on texture morphology in Inconel 718 

revealed that micro-dimples mitigated tool wear more 

effectively than micro-grooves [9]. 

Aluminum alloys, particularly AA7075-T6, have also been 

the focus of micro-texturing research. Micro-grooved and 

dimpled tools have demonstrated improvements in reducing 
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cutting forces, enhancing chip segmentation, and improving 

surface quality during the orthogonal turning of AA7075-T6 

[10]. Building on this, [11] extended the concept to rotary tools 

and found that micro-textures lowered cutting temperatures and 

improved surface integrity during the turning of aluminum 

alloys. More recently, Agari et al. (2024) provided evidence 

that micro-texturing can enhance machining performance even 

under minimal lubrication conditions, while [12] reported that 

tailored laser-structured tungsten carbide tools improved 

tribological behavior and wear resistance in aluminum alloy 

turning operations. 

The synergistic integration of micro-textures with 

lubrication techniques has also been investigated. For example, 

CNT-enriched nanofluids applied in combination with micro-

grooved tools achieved significant reductions in cutting forces 

and surface roughness during the machining of AA7075-T6 

[13]. Likewise, the incorporation of solid lubricants into micro-

holes or grooves was found to extend tool life and improve 

machining accuracy [4]. 

Most studies in the literature have primarily focused on 

texturing the rake face of cutting tools. In contrast, the present 

study adopts an innovative, design-oriented approach by 

exploring the implementation of micro-textures not only on the 

rake face but also on the flank face. This multidirectional 

surface modification strategy is expected to significantly 

influence chip flow behavior, tool wear mechanisms, friction 

management, and thermal dissipation during cutting. Instead of 

performing an experimental investigation, this research 

emphasizes the design potential of flank-face texturing and 

evaluates its feasibility based on prior findings. The overall 

objective is to contribute to the design framework for next-

generation cutting tools by critically discussing the benefits and 

challenges associated with multi-surface texturing strategies. 

 

2. Exper mental Des gn  

2.1. L terature-Based Comparat ve Summary 

In recent years, numerous studies have demonstrated that 

applying micro-textures to the surface of cutting tools can 

significantly enhance tool performanceðparticularly by 

reducing friction and heat generation at the toolïchip interface. 

Micro-features such as dimples, linear grooves, and hybrid 

textures are most commonly applied to the rake face, where 

they have been shown to lower cutting forces, delay tool wear, 

and improve surface finish [2, 3, 10]. However, the texturing 

of the flank face remains relatively underexplored, despite its 

potential role in mitigating flank wear and contact friction 

during machining. As illustrated in Figure 3, microscopic 

examinations of cutting tools during turning operations reveal 

that wear occurs not only on the rake (top) surface but also on 

the flank surfaces. Prior experimental findings further suggest 

that built-up edge (BUE) forms not only on the rake face but 

also along the flank face. Therefore, incorporating flank-face 

texturing into the design framework is expected to provide a 

more innovative and comprehensive perspective. 

To identify the research gaps and build the conceptual basis 

of this study, Table 1 presents examples from selected literature 

studies, summarizing the texture type, textured surface, 

workpiece material, machining operation, and primary 

outcomes of each case. This comparative synthesis aims to 

serve as a reference framework for the proposed design 

innovation developed in this study. 

 

 

Table 1. Summary of tool textures, materials, and results from selected studies. 

Author(

s) 

Texture 

Type 

Tool 

Surface 

Material  Machini

ng Type 

Key 

Outcomes 

Mazzone

tto et al. 
(2024) 

Circular & 

Linear 

Rake 

Face 

Cemente

d Carbide 

Turning Reduced 

tool wear 
and cutting 

forces 

Machado 

et al. 
(2021) 

Various Rake 

Face 

Various Turning Comprehens

ive review 
of texture 

benefits 

Kishawy 
et al. 

(2021) 

Micro-
dimples 

Rake 
Face 

Various Turning Friction and 
temperature 

reduction 

Fouathiy
a et al. 

(2021) 

Cross-
shaped 

Rake 
Face 

Ti6Al4V Turning Best chip 
flow and 

lowest wear 

Bharath 

& 

Venkates

an 

(2025) 

Honeyco

mb & 

Rectangul

ar 

Rake 

Face 

Inconel 

713C 

MQL 

Turning 

Improved 

tribological 

performance 

Garcia-

Fernande

z et al. 
(2024) 

Multiple Rake 

Face 

Ti6Al4V Review Summary of 

enhanced 

cutting 
performance 

Santana 

et al. 

(2023) 

Ultra-

short laser 

Rake 

Face 

Stainless 

Steel 

Dry/Lub

ricated 

Turning 

Lower 

temperature 

and wear 

Wu et al. 

(2021) 

Micro-

channels 

Rake 

Face 

Ti6Al4V Milling  Temperature 

reduction 

Musavi 

et al. 
(2022) 

Grooves 

& 
Dimples 

Rake 

Face 

AA7075-

T6 

Turning Reduced 

forces and 
improved 

surface 

finish 

Khani 

(2023) 

Grooved + 

CNT fluid 

Rake 

Face 

AA7075-

T6 

Turning -32% force, 

better 

lubrication 

Khani et 

al. 

(2021a) 

Solid 

lubricant 

Rake 

Face 

Steel 

Alloy 

Threadin

g 

Improved 

accuracy 

Khani et 
al. 

(2021b) 

Micro-
holes 

Rake 
Face 

Steel 
Alloy 

Threadin
g 

Extended 
tool life 

Yousefv
and et al. 

(2025) 

Linear Rotary 
Tool 

(Rake) 

AA7075 Rotary 
Turning 

Better 
temperature 

and surface 

integrity 

Agari et 
al. 

(2024) 

Micro-
textures 

Rake 
Face 

Steel 
Alloy 

Turning General 
performance 

increase 

Bauman
n et al. 

(2023) 

Tailored 
laser 

structurin

g 

Rake 
Face 

Al6061-
T6 

Turning Enhanced 
tribological 

behavior 
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2.2. Conceptual Exper mental Framework 

Workpiece Material; 

The selected workpiece for this study is the widely used 

aerospace-grade AA7075-T6 aluminum alloy, known for its 

high strength-to-weight ratio and mechanical reliability. 

However, due to its ductile nature, it tends to form built-up 

edges (BUE) on the tool surface, which can adversely affect 

cutting performance, tool life, and surface integrity [10,11]. 

 

 

Cutting Tool and Texture Design 

The proposed cutting tool geometry is based on CCGT-type 

uncoated carbide inserts, which are commonly used in 

aluminum turning. Unlike previous studies that focused solely 

on the rake face, this study proposes applying micro-textures to 

both the rake and flank faces using laser surface texturing 

technology. In facing and surface turning operations, wear 

occurs not only on the rake (top) surface but also on the flank 

surface. BUE formation is not limited to the rake surface; it also 

develops along the flank face during flank wear. This is 

illustrated in Figure 3, which presents a microscopic 

examination of the rake and flank surfaces of a worn turning 

tool. It is expected that incorporating flank-surface wear 

behavior in addition to rake-surface observations will yield 

more accurate insights. This dual-surface approach is intended 

to influence both chip flow and flank wear dynamics. 

The geometrical design and strategic positioning of micro-

textures play a pivotal role in defining the tribological 

performance of cutting tools. Pit-type textures can act as micro-

reservoirs for cutting fluids, thereby reducing friction and 

material adhesion by decreasing the real contact area between 

the tool and the workpiece. 

 

Figure 1. Micro-texture structure with cutting fluid [16] 

 In contrast, groove-type textures facilitate directional coolant 

flow and assist in chip evacuation. A combined texture 

arrangement, alternating pits and grooves, can provide 

synergistic advantages by integrating both functionalities. 

These mechanisms highlight the critical role of texture 

geometry and its application to both the rake and flank faces in 

improving chip control, minimizing tool wear, and extending 

tool life under coolant-assisted cutting conditions [16]. 

In Figure 1, the working system of micro-texturing with 

cooling liquid was depicted to express micro-texturing more 

clearly.  
F gure 2. Cutt ng nserts w th d fferent surface textures: no texture, p tt ng, 

l near groove, and comb ned 

Figure 3. Flank and rake wear on a 

WNMG 080408 insert after a turning operation 

 

 

Selected texture configurations: 

¶ Non-textured tool (reference) 

¶ Linear groove micro-texture 

¶ Pitting groove micro-texture 

¶ Combined (pitting +  linear ) 

Figure 2 illustrates the conceptual design of the textured and 

non-textured cutting tools.  

In support of the dual-surface texturing approach proposed 

in this study. Practical observations from previous turning 

operations have indicated significant wear not only on the rake 

face but also on the flank face of the cutting insert. As 

illustrated in Figure 3, which shows flank and rake wear on a  

WNMG 080408 MR2 (Boehlerit)  insert after a turning 

operation, both surfaces are subjected to intense contact and 

thermal stress. 

Based on this field experience, incorporating micro-textures on 

the flank face in addition to the rake face has been considered 
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a strategic design decision to potentially reduce flank wear, 

improve thermal management, and extend tool life. 

 

Cutting Parameters and Cooling Conditions 

Cutting speed, feed rate, and depth of cut were kept constant 

across all trials. As the cooling method, standard emulsion-

based coolant was used to reflect conventional industrial 

conditions. This setup would allow for the isolated examination 

of the impact of texture design on tool behavior. 

 

Experimental  Setup; 

 

¶ Machine tool: CNC lathe (Takēsawa NEX-108) 

¶ Tool holder: Standard ISO tool holder compatible with 

CCGT 09T304 BAL ( Boehlerit) inserts  

¶ Workpiece geometry: Round bar of AA7075-T6 

aluminum alloy 

 

Measurement and Evaluation Plan; 

 

Each texture configuration underwent repeated trials, during 

which the following parameters were  monitored: 

¶ Surface roughness (Ra): Measured every three passes 

using a profilometer 

¶ Tool wear (VB): Inspected using optical microscopy 

¶ Chip morphology: Analyzed visually and, if necessary, 

via imaging systems 

Repeated measurements ensured statistical validity and 

offered a reliable comparison of tool performance under each 

condition. 

 

2.2. Scope and Contr but on of the Study 

Although this is not an experimental study in practice, the 

objective is to propose a conceptually innovative and 

implementable design of micro-textured cutting tools, unlike 

most literature studies that focus exclusively on the rake face: 

¶ This study introduces a dual-face texture concept 

applied to both rake and flank faces, 

¶ Compares three distinct micro-patterns (circular, 

linear, and combined), 

¶ Bases the design on widely used materials and tool 

geometries (AA7075-T6 and CCGT), 

¶ And, ultimately, establishes a feasible predictive 

framework for future experimental validation. 

This conceptual study aims to bring an innovative 

perspective to cutting tool design and proposes a predictive 

plan for machining operations conducted under coolant-

assisted conditions, rather than dry or semi-dry environments. 

 

3. D scuss on and Conclus ons 

The theoretical rationale for applying micro-textures to both 

the rake and flank faces of cutting tools lies in their potential to 

improve tribological behavior and cutting efficiency. Micro-

pits on the rake face act as micro-reservoirs that trap coolant or 

lubricant and reduce the effective contact area, thereby 

minimizing friction and material adhesion. Similarly, literature 

and experimental studies have shown that micro-grooves 

facilitate chip flow and fluid guidance, enhancing cooling and 

evacuation. Moreover, when combined, alternating pit and 

groove structures create a synergistic effect that improves chip 

control and reduces thermal load. Applying such textures to the 

flank face is particularly relevant for mitigating friction and 

wear at the toolïworkpiece interface during flank engagement. 

This dual-surface texture design introduces a novel approach to 

tool optimization, aiming to reduce cutting forces, extend tool 

life, and improve surface finish [16]. 

Theoretically, micro-pits and grooves on the rake face are 

expected to limit BUE formation and minimize heat buildup by 

reducing the contact area at the toolïchip interface. On the 

flank face, textures can delay wear caused by friction and 

cutting forces acting on the relief surface. This effect becomes 

particularly significant when machining high-strength 

aluminum alloys such as AA7075-T6, which are widely 

employed in the defense, aerospace, and aviation industries due 

to their high strength-to-weight ratio and excellent mechanical 

performance. These alloys are commonly used in aircraft 

fuselages, structural components, and UAV frames. However, 

their high ductility and strong adhesion tendency pose 

machining challenges, including accelerated tool wear, built-

up edge formation, and poor surface quality. Consequently, the 

application of micro-textures to both tool surfaces offers 

promising benefits by mitigating these issues and making the 

process more efficient and suitable for industries requiring high 

precision and surface integrity. 

Despite its conceptual advantages, implementing this dual-

surface texture design in real-world experimental setups 

presents several challenges. For example, accurately aligning 

and controlling the laser texturing process on both surfaces of 

small inserts such as CCGT requires advanced positioning 

systems and specialized tooling. In addition, ensuring 

repeatability and uniformity of texture features across a batch 

of inserts can limit large-scale production. Moreover, tool 

performance is highly sensitive to the geometry, orientation, 

and density of the textures, making optimization a complex and 

time-intensive task. Finally, isolating the individual effects of 

rake versus flank textures in empirical studies would 

necessitate carefully controlled experiments with sufficiently 

large sample sizes. 

Nevertheless, the conceptual study presented here 

emphasizes a significant design innovation: the application of 

dual-surface micro-textures specifically tailored for the 

machining of difficult-to-cut alloys. In contrast to previous 

works that primarily focused on single-surface texturing, this 

approach introduces a more comprehensive strategy that could 

potentially be extended to other tool geometries and workpiece 

materials. The key innovations and takeaways from this study 

include: 

¶ Introduction of a novel design strategy involving rake 

and flank face textures 

¶ Evaluation of three micro-texture patterns (pitting, 

groove, and combined) 
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¶ Application focused on AA7075-T6 aluminum alloy 

using standard CCGT inserts 

¶ Experimental framework built around coolant-assisted 

turning rather than dry or semi-dry conditions 

 

This study establishes a theoretical foundation that can be 

further validated through future experimental investigations. In 

particular, the proposed dual-surface texture design could be 

adapted to other cutting tools such as deep-hole drills, end 

mills, and threading taps, thereby enabling broader applications 

in precision manufacturing and contributing to enhanced 

sustainability, extended tool life, and improved product quality. 
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Abstract 

This study introduces a sustainable, structured approach for reconditioning heavy-duty turning inserts such as YNUX and LNUX commonly used 

in pipeline fabrication, wind turbine manufacturing, and pressure vessel industries. By extending tool life through a five-step cycle (collection, 

inspection, CNC regrinding, PVD/CVD recoating, and quality validation), the process significantly reduces material consumption, procurement 

costs, and waste. Studies and feasibility studies have shown that the cost of regrinding and coating used cutting tools is approximately one-third 

of the cost of a cutting tool with zero regrinding. Furthermore, wear-controlled inserts can be reconditioned a second, and sometimes even a third 

time. Evidence in the literature suggests that reconditioning can reduce tool costs by at least 30-50% and reduce CO  emissions through the 

recycling of critical raw materials such as tungsten and cobalt. Literature evidence indicates that reconditioning can reduce tooling costs by 30ï

50% and slash CO  emissions through recycling of critical raw materials like tungsten and cobalt. Large-format, symmetric inserts can typically 

undergo up to two regrinding cycles without compromising performance, provided post-process quality control is ensured. Moreover, the 

methodology is designed for scalabilityðlocal reconditioning hubs align with circular manufacturing and product-service system strategies, and 

support future experimental validation and industrial implementation. 

 

Keywords: Heavy-duty Mach n ng, Tool Recond t on ng, C rcular Manufactur ng, Susta nable Mach n ng 

 

1. Introduct on 

Sustainable manufacturing has emerged as a vital paradigm 

in modern metal cutting industries, particularly as the demand 

for energy efficiency, material conservation, and environmental 

responsibility has grown exponentially. In high-volume and 

heavy-duty machining operations, the replacement of worn-out 

cutting toolsðespecially carbide insertsðrepresents a major 

cost factor and a significant source of industrial waste. This 

issue is particularly critical in pipe and tubular component 

machining, which is essential to industries such as natural gas 

pipeline construction, wind turbine tower manufacturing, 

pressure vessel production, and petrochemical equipment 

processing. 

 

In these sectors, large-format turning inserts are heavily used 

to perform roughing and finishing operations on thick-walled, 

difficult -to-machine workpieces. Such inserts often experience 

localized edge wear, fracture, or surface degradationðyet a 

significant portion of their carbide mass remains intact and 

potentially reusable. 

 

Recent research efforts have increasingly focused on the 

concept of tool reconditioning, which includes the regrinding, 

edge preparation, and recoating of cutting inserts as a way to 

extend tool life and reduce environmental impact [1ï3]. These 

methods not only contribute to circular economy strategies but 

also align with Industry 5.0 goals by enabling resource-efficient 

and intelligent manufacturing practices [4]. 

 

Several studies have demonstrated the feasibility and 

benefits of reconditioning processes. For example, Pacella et al. 

[2] proposed a laser-based repair technique to restore cutting 

edge geometry, while Soldatov et al. [3] evaluated the 

performance of recoated diamond tools in composite 

machining, reporting comparable results to new tools under 

specific conditions. In a study by Konya and Kovács [5], 

reconditioned inserts used in milling of nickel-based alloys 

exhibited competitive surface roughness and wear 

characteristics relative to brand new tools, indicating the 

reliability of such approaches under heavy-duty conditions. 

 

In addition to direct tool performance, the sustainability of 

reconditioning also encompasses material recovery. The 

recovery of tungsten and cobalt from scrap carbide tools has 

gained traction through both chemical and physical recycling 

methods [6, 7]. Aromaa et al. [9] compared various recycling 

routes in terms of energy consumption and environmental 

footprint, suggesting that optimized chemical recovery offers 

promising sustainability benefits. 
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Tool reconditioning also plays a pivotal role in reducing the 

carbon footprint associated with new tool production. Arrazola 

et al. [1] emphasized that extending tool life directly reduces 

the frequency of energy-intensive manufacturing cycles and 

mining activities required for new carbide production. 

Similarly, tool-product-service systems (PSS) evaluated by 

Lanzilotti et al. [12] highlighted how integrated reconditioning 

programs can reduce annual tool costs while minimizing 

landfill contribution. 

 

However, despite the technological viability, reconditioning 

remains underutilized in certain sectors particularly in 

operations involving heavy-duty turning inserts due to 

uncertainties regarding geometry restoration limits, coating 

adhesion, and post-treatment performance predictability. There 

is, therefore, a pressing need for well-structured frameworks 

that identify which insert geometries are re-grindable, under 

what conditions coatings can be successfully re-applied, and 

how the refurbished tools behave in real-world machining 

environments [10ï11]. 

 

In addition to environmental gains, the reusability of cutting 

tools presents strategic cost optimization potential. Rather than 

focusing solely on procurement reduction, the value lies in 

minimizing tool change frequency, stabilizing production 

quality, and reducing unplanned downtime factors that have a 

cumulative financial impact in high-volume manufacturing. By 

aligning insert design, regrinding feasibility, and coating 

compatibility, manufacturers can achieve substantial 

operational efficiency. As such, an industry-tailored 

reconditioning model does not merely complement 

sustainability efforts but actively enhances overall process 

economics. 

 

2. Conceptual Framework and Recond t on ng Process 

The reconditioning of heavy-duty turning inserts presents a 

technically viable and environmentally beneficial alternative to 

full tool replacement, particularly in sectors with high tool 

consumption such as natural gas pipeline fabrication, wind 

turbine tower manufacturing, pressure vessel production, and 

petrochemical equipment machining. In these industries, large-

format carbide inserts are exposed to extreme mechanical 

loads, thermal gradients, and abrasive wear yet they often retain 

a substantial volume of reusable carbide material after initial 

edge failure or localized wear. 

 

Prominent insert types used in such applications include 

YNUX, LNUX, and other square or rectangular-format, 

double-sided turning inserts. These geometriesðcommonly 

produced by manufacturers like Boehlerit are designed for 

high-load roughing operations on thick-walled pipes, forged 

rings, and heavy hollow shafts. Their robust construction 

makes them suitable for multiple reconditioning cycles, 

provided the geometry is preserved within ISO tolerances. 

 

This paper proposes a conceptual framework for industrial 

reconditioning of such tools, outlining a four-stage cycle that 

can be standardized and regionally scaled.     

 

 

 

 

 

Figure 1. Heavy-duty turning inserts used in pipe and pressure vessel 

machining (YNUX and LNUX types). 

                         

2.1. Collect on and Prel m nary Inspect on 

Used inserts are collected from production areas and undergo 

visual and dimensional evaluation. Common wear and failure 

types include flank wear, notching, minor chipping, and rake 

face abrasion. Inserts that exhibit localized damage but retain 

structural integrity are classified as regrindable, whereas those 

with macro-fractures, thermal cracks, or major deformation are 

excluded from further processing [5, 6]. 

 

2.2. Regr nd ng and Geometry Restorat on 

Regrindable inserts are processed via CNC profile grinding, 

restoring ISO-compliant geometry including the nose radius, 

clearance angles, and if applicable, chipbreaker forms. In 

heavy-duty applications, uniform edge quality and symmetry 

are essential for consistent performance. Based on the original 

wear pattern and insert dimensions, 1 to 2 regrinding cycles are 

generally feasible before the insert becomes undersized [2, 5]. 

 

Key grinding targets include: 

¶ Symmetrical edge formation 

¶ Adequate chipbreaker clearance 

¶ Controlled edge rounding for coating compatibility 
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2.3. Surface Preparation and Coating Reapplication 

After grinding, inserts are subjected to surface cleaning and 

pre-treatment to ensure proper coating adhesion. Common 

techniques include: 

¶ Micro-abrasive blasting 

¶ Chemical degreasing or etching 

¶ Plasma or ion bombardment 

 

Reconditioned inserts are then coated using appropriate 

techniques such as PVD (e.g., AlTiN, AlCrN) or CVD (e.g., 

TiCN/Al O ) depending on the machining conditions [1, 4]. 

PVD coatings are typically preferred for finishing operations 

and medium loads, while CVD provides higher thermal and 

abrasion resistance for roughing and interrupted cuts. 

 

 

2.4. Qual ty Control and Return to Product on 

Following recoating, inserts undergo a set of quality checks 

to verify performance readiness: 

¶ Measurement of cutting edge radius 

¶ Surface finish inspection 

¶ Coating thickness validation 

¶ Visual examination under magnification 

 

Accepted inserts are cataloged and stored for reuse. Their 

performance may then be validated through controlled cutting 

trials in operations such as pipe end facing, weld preparation, 

or beveling of thick-walled components [3, 7, 12]. 

Figure 2. Weld-prepped pipe 

 

This visual highlights a direct industrial use case for 

reconditioned inserts weld prep machining, a critical operation 

where precise edge quality and consistent insert geometry are 

essential for downstream weld integrity. Reground and 

recoated inserts can meet such demands with proper process 

control. A simplified diagram summarizing the proposed 

renewal cycle is illustrated in Figure 3. 

Figure 3. Heavy duty inserts renewal cycle 

 

This reconditioning framework is fully aligned with circular 

economy models and is suitable for regional implementation in 

industrial hubs such as Bursa. By establishing localized 

grinding and coating centers, companies can reduce logistics 

costs, decrease turnaround time, and standardize reuse 

protocols across multiple plants. This approach can yield up to 

50% savings in tooling costs while significantly lowering 

material waste and CO  emissions [8, 10]. 

Contributions to Sustainability and Industrial Impact  

The reconditioning of heavy-duty turning inserts aligns directly 

with the goals of sustainable manufacturing and the transition 

to a circular economy. As global industries increasingly 

emphasize carbon neutrality, waste reduction, and material 

efficiency, the reuse of carbide inserts emerges as a practical 

strategy with measurable impact. 

Table 1 Summary of key performance outcomes from recent stud es that 

support our conceptual model. 

 
Study 

(Author, 

Year) 

Performance/Benefit Contribution to Our 

Paper 

1 Arrazola 

et al., 
2024 [1] 

Demonstrated ~30% 

extension in tool life with 
sustainable machining 

improvements 

Supports economic and 

sustainability impact 
claims 

2 Iqbal et 
al., 2022 

[2] 

Linked tool life to work 
surface quality, enabling 

process optimization 

Reinforces importance 
of quality checks in our 

reconditioning cycle 

3 Pacella & 

Hazzan, 
2022 [3] 

Laser-based re-shaping 

restored insert geometry 
with performance 

comparable to new tools 

Justifies technical 

feasibility of edge 
restoration in our model 

4 Soldatov 
et al., 

2022 [4] 

Recoated diamond tools 
showed similar cutting 

performance to new ones 

Validates recoating step 
for difficult materials in 

our process 

5 Kónya & 

Kovács, 
2023 [5] 

Reconditioned inserts 

maintained surface 
roughness within 

acceptable limits 

Supports reliability of 

regrinding for heavy-
duty applications 

6 Pacini et 
al., 2023 

[6] 

Efficient recycling of 
WCïCo chips, reducing 

raw material waste by 

~35% 

Connects to 
sustainability/material 

recovery aspects of our 

framework 
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7 Kumar et 
al., 2023 

[7] 

Showed benefits of tool 
recycling in Industry 5.0 

contexts 

Aligns with circular 
economy aspects and 

local center concept 

8 Korkmaz 
et al., 

2023 [8] 

Green cooling increased 
tool performance and life 

in metal cutting 

Complements our 
surface and coating 

preparation strategies 

9 Laghari et 

al., 2023 
[9] 

Review of green 

lubrication techniques 
with 20ï40% reduction in 

wear and energy 

consumption 

Supports 

environmentally driven 
cutting conditions in our 

approach 

10 Aromaa 

et al., 

2022 [10] 

Optimized recycling 

routes reduced CO  

footprint by 40ï60% 

Strengthens material 

recovery and CO  

reduction claims in our 
argument 

2.1. Environmental Benefits 

Cemented carbide inserts typically contain tungsten (W) and 

cobalt (Co) both of which are classified as critical raw materials 

by the European Commission due to their strategic importance 

and limited availability. Mining and processing these materials 

are highly energy-intensive and have significant environmental 

footprints [9]. Reconditioning helps reduce the demand for 

virgin raw materials and diverts used inserts from landfills, 

extending their life cycle by 1ï2 re-use loops [7]. 

In comparative life-cycle assessments, refurbished inserts can 

lower the carbon footprint by up to 40ï60% compared to 

manufacturing a new insert from scratch [9]. This includes 

savings in mining, powder metallurgy, sintering, and coating 

processes all of which are bypassed or minimized during 

reconditioning [6]. 

2.2. Economic and Industrial Impact 

From an industrial standpoint, the financial savings associated 

with reconditioning are substantial. Cutting tools account for 

approximately 5ï10% of total production costs in heavy-duty 

machining, yet they have a disproportionate effect on machine 

downtime, process stability, and part quality [1, 12]. 

Reconditioning can lead to cost reductions of 30ï50%, 

depending on insert geometry, wear condition, and coating type 

[8, 10]. 

Moreover, the establishment of local reconditioning hubsð

especially in industrial regions like Bursa, Ķstanbul, Turkey 

offers opportunities to: 

¶ Shorten tool delivery times 

¶ Localize value-added services 

¶ Strengthen regional supply chains 

¶ Reduce dependency on international tool suppliers 

 

These benefits are particularly relevant in the energy, defense, 

and petrochemical sectors, where large volumes of turning 

inserts are consumed for pipe machining, flange facing, and 

bevel preparation.  

In a typ cal h gh-volume heavy mach n ng operat on, a 

manufacturer consum ng 10,000 LNUX nserts per year ncurs 

a total cost of approx mately ú500,000, assum ng a un t cost of 

ú50 for new nserts. 

Implement ng a structured recond t on ng strategyðwhere 

each nsert s reused tw ceðwould reduce the requ rement to 

3,400 new nserts and 6,600 recond t on ng cycles. W th 

average regr nd ng and coat ng costs of ú4.5 and ú12.5, 

respect vely, each recond t on ng cycle totals ú17. The rev sed 

cost structure becomes: 

 

¶ Cost of new nserts: 3,400 Ĭ ú50 = ú170,000 

¶ Cost of recond t on ng: 6,600 Ĭ ú17 = ú112,200 

¶ Total annual cost = ú282,200 

 

Th s results n an approx mate annual sav ng of ú217,800, or 

about 43% compared to full replacement w th new tools. 

In add t on to cost sav ngs, th s model reduces tool changeover 

frequency, m n m zes nventory burden, and s gn f cantly 

lowers carb de waste. As such, the proposed reusab l ty 

framework del vers not only env ronmental susta nab l ty, but 

also tang ble operat onal and f nanc al ga ns for ndustr al 

manufacturers. 

2.3. Al gnment w th C rcular Manufactur ng Models 

The proposed reconditioning framework fits seamlessly within 

modern product-service systems (PSS), where tools are no 

longer sold as disposable components but are instead managed 

across their life cycle [12]. In this model, manufacturers, tool 

suppliers, and service providers collaborate to optimize: 

¶ Insert recovery 

¶ Refurbishment cycles 

¶ Predictive wear tracking 

¶ Sustainable disposal at end-of-life 

 

Such circular strategies are already gaining traction in leading 

manufacturing economies and are encouraged under Industry 

5.0 directives [4]. 

3. Conclus ons and Recommendat ons 

This paper presents a scalable and sustainable approach to 

reconditioning heavy-duty carbide inserts used in pipeline, 

wind turbine, and pressure vessel machining. By integrating a 

five-stage processðcollection, inspection, CNC regrinding, 

PVD/CVD recoating, and quality validation the model extends 

tool life, reduces costs by up to 50%, and lowers CO  

emissions. The concept aligns with circular economy principles 
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and addresses Industry 5.0 goals. Based on literature data and 

industrial examples, symmetric insert geometries (YNUX, 

LNUX) can undergo multiple reuse cycles without 

compromising performance. The proposed framework supports 

localized reconditioning hubs, enabling operational savings 

and advancing environmentally responsible machining in high-

volume industries. 

 

Key conclusions from this study include: 

 

¶ Reconditioning reduces tooling cost up to 50%, 

depending on insert condition, coating method, and 

regrindability [10]. 

¶ A high-volume user consuming 10,000 inserts per 

year could lower annual tooling expenditure from 

ú500,000 to ú282,200 through strategic reuse, 

yielding savings of over ú217,800 (~43%). 

¶ This cost reduction is accompanied by significant 

operational benefits, including less downtime, 

optimized inventory management, and extended 

machine uptime. 

¶ CO  emissions decrease by 40ï60% per insert reused. 

[7, 9]. 

¶ Suitable for symmetric, large-format inserts (YNUX, 

LNUX). 

¶ Reliable quality control and appropriate surface 

preparation are critical to ensure consistent tool 

performance post-reconditioning [2, 5]. 

¶ The adoption of circular manufacturing models 

incorporating tool lifecycle management enhances 

both economic resilience and sustainability outcomes 

[12]. 

¶  

        3.1. Recommendat ons for Future Work 

¶ Conduct experimental trials to validate tool life and 

surface integrity of reconditioned inserts on 

commonly used materials (e.g., P355, A106, stainless 

steels). 

¶ Develop digital tracking systems for real-time 

monitoring of insert usage and timely scheduling of 

regrinding cycles. 

¶ Expand the methodology to include other tool 

families, such as modular milling cutters or indexable 

drill inserts, to further generalize the proposed 

reusability framework [15]. 

In conclusion, the integration of structured reconditioning 

strategies into heavy-duty machining workflows provides a 

scalable, cost-effective, and environmentally responsible path 

forward. As manufacturing continues to align with circular 

economy principles, reusability models such as the one 

proposed here will be vital for achieving both sustainability and 

profitability. 
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Abstract 

In this study, the surface characteristics, chip morphology, and tool wear behavior of Ti-6Al-4V material produced by Electron Beam Melting 

(EBM) were analyzed and interpreted after milling operations. The EBM-fabricated specimens were subjected to milling under various cutting 

parameters, and surface roughness, chip morphology, and tool wear were evaluated. It was observed that surface roughness increased with higher 

spindle speed and axial depth of cut. At lower cutting speeds, chips exhibited a lamellar structure, whereas at higher speeds, they were oxidized 

and deformed. Additionally, the formation of segmented chips was found to emphasize the layered structure of the material. Tool breakage and 

chip adhesion were observed. Types of wear such as cutting-edge rounding, built-up edge (BUE), and microcracks were identified on the tool. It 

was suggested that these adverse effects could be mitigated by employing appropriate tool geometries, coatings, and cooling/lubrication strategies. 

 

Keywords: Electron Beam Melt ng (EBM); T-6Al-4V M ll ng; Surface Roughness; Ch p Morphology; Tool Wear Mechan sms 

 

1. Introduction  

Titanium alloys produced by additive manufacturing 

technologies differ from those manufactured by conventional 

methods due to their microstructural variations and anisotropic 

mechanical properties. Among the prominent methods in this 

context, Electron Beam Melting (EBM) enables the layer-by-

layer melting and shaping of metal powders in a vacuum 

environment using a high-energy electron beam. It offers 

advantages such as high density, low porosity, and controlled 

microstructure, especially for alloys like Ti-6Al-4V. However, 

metal parts produced by additive manufacturing often exhibit 

higher surface roughness and geometric deviations compared to 

those produced by conventional techniques. Therefore, post-

processing steps are necessary to achieve the desired 

dimensional tolerances and improve surface quality [1]. 

Subtractive manufacturing processes such as milling not only 

enhance surface finish but also contribute positively to the 

mechanical performance of the workpiece [2]. Machining 

parameters such as cutting speed, feed rate, and depth of cut 

have a significant influence on surface roughness. Particularly 

for Ti-6Al-4V, which is categorized as a difficult-to-machine 

material, the proper selection of machining parameters can 

substantially improve surface quality [3]. Experimental 

research to date has shown that Ti-6Al-4V components 

produced via electron beam melting can be successfully 

machined to high-quality outcomes, though certain nuances 

distinguish their machinability from conventional material. A 

consistent theme is the influence of the EBM build 

microstructure and geometry on machining performance. The 

layered anisotropy of EBM parts means that machining results 

(surface roughness, chip flow, tool wear) depend on how the 

cutting path intersects the layers. Cutting perpendicular to layer 

planes tends to be beneficial, yielding smoother surfaces and 

lower tool wear, whereas cutting parallel to layers can 

exacerbate surface defects and wear. This insight is valuable for 

planning the orientation of parts both in printing (to favor a 

machinable orientation for critical surfaces) and in fixturing for 

machining [4-5]. 

A review of the literature reveals that subtractive machining 

studies on titanium alloys are relatively limited. In this study, 

the surface roughness, chip morphology, and tool wear of Ti-

6Al-4V alloy produced by the Electron Beam Melting (EBM) 

method were investigated after milling operations. Deformation 

marks, surface defects, and chip characteristics formed during 

machining were analyzed and classified. Additionally, the 

cutting tool used in the milling process was examined in detail, 

and the types of tool wear were identified. 

2. Experimental method 

Ti6Al4V specimens produced by the Electron Beam 

Melting (EBM) method were prepared in rectangular prism 

form with approximate dimensions of 20 mm × 20 mm × 50 

mm (Figure 1a). The layer thickness was 70 microns, beam 

power was 3 kW, preheating temperature was 900°C, and 

powder particle size ranged between 45ï106 microns. No post-

processing was applied after fabrication; the specimens were 

directly subjected to machining operations. The experimental 

study was carried out using a vertical milling machine (Figure 

1b). A carbide end mill (Boehlerit BTCK30M Ø8 mm, 4-flute, 

solid carbide) was employed for the cutting operations (Figure 

1b). The cutting parameters included two spindle speeds (1000 

rpm and 3000 rpm) and two axial depths of cut (0.5 mm and 1  
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mm). The feed rate was kept constant at 0.8 mm/tooth, 

resulting in four different cutting conditions. Radial depth of 

cut is 10 mm. All milling operations were performed under dry 

cutting conditions. The surface quality of the machined 

surfaces was measured using a Mitutoyo SJ-400 surface 

roughness tester. For each surface, measurements were taken at 

three different points, and the average value was recorded. The 

chips generated after each cutting condition were carefully 

collected and examined under a Nikon Eclipse L150 optical 

microscope at 50× magnification. The used carbide end mills 

were also inspected under the same optical microscope 

following the cutting operations.  

 
a) Prepared Ti-6Al-4V specimen 

 
b) Vertical milling machine and 

Boehlerit BTCK30M Ø8 mm, 4-
flute, solid carbide tool 

 

F g. 1. The spec men, mach ne, and cutt ng tool used 

3. Results and discussions 

The results related to surface roughness, chip morphology, 

and tool wear resulting from the milling of Ti-6Al-4V material 

produced by the Electron Beam Melting (EBM) method under 

different cutting parameters are presented. It was observed that 

high spindle speeds increase the risk of tool wear and thermal 

damage on the machined surface (Figure 2). The increase in 

surface roughness with higher axial depth of cut is primarily 

attributed to the rise in cutting forces required to remove more 

material, which in turn intensifies vibrations in the workpiece. 

Moreover, at higher axial depths of cut, the chip formation 

process deviates from continuous flow and transforms into 

undesirable modes such as tearing and smearing, thereby 

negatively affecting surface quality. 

 

F g. 2. Graph of the relat onsh p between surface roughness and sp ndle speed 

 

In Figure 3, corner fractures, microcracks, and wear marks 

observed on the cutting tool are attributed to the low thermal 

conductivity of the Ti-6Al-4V alloy, dry machining conditions, 

and unsuitable cutting parameters. Elevated temperatures and  

 

 

 

thermal shocks generated thermal stresses in the tool, 

leading to softening, cracking, and material loss at the cutting 

edge. The presence of microporosity and hard particles in the 

EBM-produced material accelerated the formation of 

microcracks on the tool. Additionally, typical wear 

mechanisms such as built-up edge (BUE) formation and crater 

wear were observed, adversely affecting both cutting 

performance and surface quality. 

 

F g.3 Tool wear at 1 mm ax al depth of cut and 3000 rpm (x20) 

Figure 4 presents the chip morphology formed at 1000 rpm 

under different axial depths of cut. At a cutting depth of 0.5 

mm, the chips are shiny, torn, and lamellar in structure, 

showing continuous but irregular fracture. This morphology is 

attributed to the layered structure resulting from the EBM 

process. At a 1 mm axial depth of cut, the formation of serrated 

(segmented) chips becomes more pronounced, and the EBM-

induced layers are more clearly visible. The segmented 

morphology is associated with the formation of adiabatic shear 

bands, due to the inability to dissipate heat from the cutting 

zone caused by the low thermal conductivity of titanium. 

 

a) 0.5 mm ax al depth of cut (x50) 

 

      b) 1 mm ax al depth of cut (x50) 

F g. 4. Ch p format on at 1000 rpm 

 

In Figure 5, the chips formed at a spindle speed of 3000 rpm 

appear blue in color, indicating high temperatures and 

oxidation in the cutting zone. Linear marks on the chip 

surfaces, indicative of plastic deformation, are clearly visible. 

With increasing depth of cut, the chips exhibit increased 

roughness, a more pronounced layered structure, and a distinct 

serrated form. Additionally, droplet-like adhesions were 

observed along the lower edges of the chips, attributed to the 

layered manufacturing process and the presence of molten 

titanium oxide. 
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a)0.5 mm ax al depth of cut (x50     b) 1 mm ax al depth of cut (x50) 

 

F g. 5. Ch p format on at 3000 rpm 

4. Conclusions 

This study examined how cutting conditions affect surface 

roughness, chip morphology, and tool wear when milling 

EBM-produced Ti-6Al-4V. Higher axial depths and spindle 

speeds increased roughness, highlighted the alloyôs layered  

 

 

 

 

 

structure, and produced serrated chips. Observed wear 

modes included edge rounding, built-up edge, microcracks, and 

corner fractures. To combat these issues, use coated tools with 

positive rake angles, apply MQL or cryogenic cooling, favor 

low cutting speeds with high feed rates, and consider post-

process heat treatments (e.g., annealing) to enhance tool life 

and surface finish. 
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Extended Abstract 

Titanium is frequently preferred in different industries, especially in 

heavy conditions requiring high strength due to its lightweight and 

high strength properties. Ti6Al4V Grade 5 is a titanium based alloy 

with Ŭ+ɓ phase and is widely preferred in aerospace, biomedical 

and defense industry applications due to its high strength, low 

density, superior corrosion resistance and biocompatibility 

properties. Due to its superior properties; Ti6Al4V materials use in 

high performance requiring applications such as aircraft structural 

parts, turbine components, automotive equipment, weapons and 

armor systems is increasing day by day. However, titanium alloys 

use is limited due to its high production costs and difficult 

machinability. In this study, commercial Ti6Al4V titanium alloy 

(diameter of 50 mm and a length of 170 mm) was applied to the 

turning process under sustainable conditions in order to improve the 

machinability performance. The chemical composition and 

mechanical properties of the Ti6Al4V alloy used in this study are 

given in Table 1 and Table 2, respectively.  

   Table 1. Chemical contents of Ti6Al4V.                                             Table 2. Mechanical properties of Ti6Al4V. 

 

Elements Content (%) 

C 0.01 

N 0.01 

O 0.14 

H 0.002 

V 4.00 

Fe 0.08 

Al  5.90 

Ti 89.86 

TaeguTec CNMG 120404 EA TT3010 ISO S05-S20 PVD 

AlTiN/TiN coated cutting tools were used as cutting tools in turning 

experiments. A new cutting tool corner was used in each 

experimental parameter. The workpiece was rigidly mounted 

between the chuck and the tailstock. The cutting tools were rigidly 

mounted to the body with the TBurst PCLNR 2020 M12-TB 

toolholder. Turning experiments were carried out on the Accuway 

JT 150 turning center. Before the experimental study, the device was 

maintained and checked and ready for the experimental study. The 

experimental setup is shown in Figure 1

Properties Value 

Tensile strength 1000 MPa 

Yield strength 830 MPa 

Elongation  10 (%) 

Hardness  340 HV 
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F gure 1. Exper mentals 

In this study where the performance evaluation of environmentally 

friendly cooling/lubrication conditions was utilized, the cutting 

speed, feed and cutting depth parameters were determined with the 

data obtained from the preliminary experiments. Cutting speed, 

feedrate and cutting depth were taken as constant for each 

experiment as 100 m/min, 0.22 mm/rev, and 0.5 mm, respectively. 

An Optris PI 450 infrared (IR) thermal camera was used to 

determine the maximum temperature values in the cutting area. In 

order not to be affected by negative and disadvantageous situations 

(burr and part splash, etc.), it was positioned at 280 mm from the 

IR camera area. After the experiments, a portable Mahr Marsurf 

PS10 surface roughness measuring device was used to measure the 

average roughness values of the processed surfaces. Surface 

roughness measurements were carried out based on the ISO 

21920-2:2021 standard. hBN and MgO nanoparticles were 

provided in the preparation of nanofluid mixtures before the 

experiments. Nanofluids were prepared by mixing Werte brand 

vegetablebased oil with 0.7% by volume. The mixture consists of 

three different stages. First stage: Daihan HD3200 mechanical 

mixer, second stage: Bandelin Sonopuls HD3200 ultrasonic 

homogenizer and third stage: magnetic thermal mixer. Prepared 

plant-based oil and nanofluids were applied to the cutting zone 

with SKF Vario MQL device. A 2 mm diameter nozzle was used 

in the cutting zone and in all experiments, the nozzle was 

positioned 20 mm from the cutting tool front surface. MQL system 

was set as 8 bar, 70 mL/h flow rate. VimaxX Ranque-Hilsch vortex 

tube cooling system was used for hybrid cooling. Cooling and air 

supply to the MQL system was provided by a compressor and the 

line pressure was set as 8 bar. A digital microscope DinoLite 

AM73915MZT4 was used to determine the amount of cutting tool 

side surface wear. A Fluke power analyzer with 3-phase 

measurement capacity and connected to the CNC lathe main 

transformer was used to determine the device power consumption. 

As sustainable cooling/lubrication conditions, 8 different 

conditions were preferred: (1) dry, (2) Vortex, (3) minimum 

quantity lubrication MQL, (4) MQL+Vortex, (5) hegzagonal boron 

nitride nanofluid hBN, (6) hBN+Vortex, (7) magnesium oxide 

nanofluid MgO, and (8) MgO+Vortex. Sustainable turning 

performance indicator: maximum cutting temperature, power 

consumption, average surface roughness (Ra) and cutting tool 

wear were used. When the results obtained from the experimental 

study were examined; (1) the highest cutting temperature (Figure 

2) was obtained under dry condition (419 ÁC), while the lowest 

was obtained under MgO+Vortex condition (320 ÁC). (2) the 

highest power consumption (Figure 3) was measured with 550 

Watt/hour under dry condition, while the lowest consumption was 

measured with 420 Watt/hour under MgO+Vortex condition. (3) 

according to the surface roughness Ra results (Figure 4), the 

highest value (2.065 Õm) was observed under dry condition, and 

the lowest value (1.619 Õm) was observed under MgO+Vortex 

hybrid condition. (4) flank wear results (Figure 5) followed the 

same trend as the other results; the highest flank wear value (0.306 

mm) was measured under dry condition, and the lowest flank wear 

value (0.104 mm) was measured under MgO+Vortex condition as 

expected. At the end of the experimental study, the MgO+Vortex 

hybrid cooling/lubrication condition showed superior performance 

compared to other conditions. The general trend is that the 

combination of vortex cooling and nanofluid lubrication showed 

superior performance under all conditions.  

 
Figure 2. Cutting temperature 

results 

 
Figure 3. Power consumption 

results 

 

  

 
Figure 4. Surface roughness 

results 

 
Figure 5. Flank wear results 

 

Keywords: Ti6Al4V; Sustainable machining; turning; 
nanofluid; vortex 
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Abstract 

This study examines the surface and residual stresses that are created in C350 stainless steel using both traditional and 
unconventional manufacturing techniques. The aerospace, defense, and automotive industries make extensive use of C350 because 
of its high strength, heat-treatable hardness, and resistance to corrosion. The study emphasizes how production procedures affect 
residual stress profiles, which in turn affect structural integrity and fatigue life. The specimens' stress responses were assessed using 
XRD, contact stylus method, and microhardness tests. The findings guide process selection to maximize stress control in 
sophisticated applications by shedding light on the effects of contact mechanics, energy input, and processing processes on material 
behavior. 

Keywords: Residual stress; Surface stress; C350 stainless steel; Manufacturing processes; Stress analysis 

 

1. Introduct on 

Nomenclature  

ů res    Residual stress [MPa] 

ů surf  Surface stress [MPa] 

Ů           Strain 

E          Young Modules 

HV       Vickers hardness [kgf/mm²] 

Sa         Arithmetic Mean Height [µm] 

Sq         Root Mean Square Height [µm] 

Sp         Maximum Peak Height [µm] 

XRD    X-ray Diffraction 

EDM   Electrical Discharge Machining 

 

Specifications due to its great strength, heat-treatable 

hardness, and corrosion resistance, C350 stainless steel has 

emerged as a material of choice in sectors including aerospace, 

defense, automotive, and energy that require a high level of 

dependability. Because C350 is used to produce high-

performance springs, which are essential to landing gear 

systems, actuation mechanisms, and vital engine components, 

the aerospace industry gives it special attention among them. 

The surface integrity of the material used to make springs has 

a significant impact on their fatigue performance, resistance to 

fracture initiation, and corrosion behavior since springs used in 

aerospace applications are subjected to repeated cyclic loads 

throughout long service lifetimes. As such, the machining of 

C350 stainless steel is not only a matter of achieving geometric 

accuracy, but also of ensuring optimal surface quality and 

controlling the distribution of residual stresses within the 

microstructure. 

 

The service life of crucial components is significantly 

influenced by residual pressures. Compressive residual stresses 

have been demonstrated to increase fatigue strength and 

prevent the spread of surface cracks, but tensile residual 

stresses are frequently harmful, encouraging crack initiation 

and hastening fatigue failure. Diffraction-based techniques 

offer accurate residual stress quantification, as Noyan and 

Cohen (1987) showed. [1] The intricate relationship between 

manufacturing procedures and mechanical performance is 

further complicated by the fact that surface stresses resulting 

from atomic-scale energy and geometric imperfections also 

affect micro-deformation behavior. Such pressures directly 

affect an aerospace spring's capacity to withstand failure under 

extreme service conditions and retain long-term dimensional 

stability. 

 

The challenge lies in the fact that machining-induced strains 

may manifest either at the macroscale, in the form of 

measurable distortions, or at the microscale, through localized 

structural transformations. Conventional machining methods 

such as milling, grinding, and turning, as well as non-

conventional processes like electrical discharge machining 
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(EDM), laser discharge machining, special processes each 

impart unique thermal and mechanical loads on the surface and 

subsurface layers of C350. These, in turn, lead to distinct 

residual stress profiles and variations in surface roughness. 

Process parameters such as cutting speed, feed rate, depth of 

cut, and tool geometryðas well as the use of cutting fluids and 

advanced lubrication strategies like Minimum Quantity 

Lubrication (MQL)ðfurther affect the surface integrity and 

stress state of the material Kēlē­, E., ķeker, U., Osman, K. A., 

& Yēlmaz, V. (2022). [2] 

 

Since this study focused on a mechanical torsional spring 

with a complex geometry, the results were obtained by 

measuring the shaped surfaces. The goal was to obtain an 

indication of how the defect structures left by different 

manufacturing methods affect the material against torsional 

stress. Shaped surfaces of the spring, cut by machining it into a 

helical structure, were specifically chosen. Although research 

on torsional springs has been conducted in the literature, the 

most similar study on this topic is Sudano et al. (2013), which 

examined the scalability of magnetic springs and the effects of 

different geometric parameters on torque density. 

 

Consequently, a deeper understanding of the causal 

relationship between machining parameters, surface integrity, 

and residual stress evolution is essential for process 

optimization when dealing with high-performance alloys such 

as C350. Although prior studies have explored thermo-

mechanical modeling approaches for predicting residual stress 

distributions (e.g., in CNC grinding) and have investigated 

strategies for strain minimization, the literature still lacks a 

comprehensive comparative analysis of modern machining 

techniques and their long-term effects on surface integrity (Li, 

Liu, & Liu, 2016). Given the safety-critical nature of aerospace 

springs and similar components, bridging this knowledge gap 

is vital to ensure both reliability and extended service life in 

demanding operational environments. [3] 

 

2. Mater al Method 

High mechanical interaction, heat gradients, and plastic 

deformation are some of the ways that conventional 

manufacturing processes such as milling, grinding, and casting 

can cause significant residual stress buildup. Consequently, the 

internal structure of the workpiece experiences a heterogeneous 

stress distribution, which can ultimately promote structural 

failure. Alternatively, if the compressive stress generated by 

these manufacturing operations remains at acceptable levels 

and is uniformly distributed, it can contribute to positive 

surface residual strength, extending fatigue life. On the other 

hand, stress generation mechanisms are expected to be 

modified by unconventional manufacturing techniques such as 

laser machining, electrical discharge machining (EDM), and 

ultrasonic-assisted machining, which utilize non-contact or 

minimal contact, localized energy input, and microscale-

controlled machining capabilities. These techniques utilize 

microhardness, intercrystallite deformation, and subsurface 

structures to add new dimensions to material behavior. 

Consequently, unconventional manufacturing techniques can 

reduce the generation of hazardous residual stress. The 

consistency of the results will be examined with experimental 

data. 

Comprehensive comparative studies on C350 processed 

using conventional and unconventional techniques are rare, 

despite the abundant literature on residual stress formation in 

stainless steels during conventional and additive manufacturing 

processes (Prime and Hill, 2004; Zhang et al., 2020) [4]. 

Therefore, C350 samples were subjected to both manufacturing 

processes in this study under carefully monitored experimental 

conditions. X-ray diffraction (XRD) and strain gage techniques 

were used to quantitatively characterize residual stresses in the 

bulk and surface, while optical measurements were performed 

using the contact stylus method to compare surface properties 

and surface roughness and to monitor the manufacturing 

quality. This comprehensive method provides an in-depth 

analysis of how contact mechanics, heat input, and processing 

parameters affect the final stress distributions. The mechanical 

properties for heat-treated and unheated C350 stainless steel 

parts sent to the XRD device are as shown in the table below 

Davis, J. R. (2000).[5] 

 
Table 3 Mechanic Properties of C350 stainless steel on the 

Experiments 

Property Solution 

Annealed 

Aged to 350 

ksi 

Yield Strength 

(0.2% YS) 

900ï1,100 MPa 2,350ï2,450 

MPa 

Ultimate 

Tensile Strength 

(UTS) 

1,100ï1,250 

MPa 

2,550ï2,600 

MPa 

Elongation 

(A5) 

12ï18 % 4ï8 % 

Hardness 

(HRC) 

30 HRC 55 HRC 

Elastic 

Modulus (E) 

190 GPa 190 GPa 

Poisson's Ratio 

(ɜ) 

0.30 0.30 

Density 8.0 g/cm³ 8.0 g/cm³ 

 

In order to evaluate the manufacturing results and determine 

more optimum conditions, it was decided that it would be 

appropriate to perform optical surface topology measurement, 

another non-destructive inspection method, in addition to XRD 

results and analysis. In this way, the indentations and 

protrusions on the surface, how the grain structure is oriented 

and whether the surface has a homogeneous structure as a result 

of manufacturing were observed on the shaped surface. 

 

3. Exper ment Setup 
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        The process was developed by following the steps below 

during the experiment supporting the study. To determine the 

most accurate method for optimizing and producing a helical 

spring, samples were taken from the helical part. The spring 

structure from which the samples were extracted is shown in 

trimetric and front view angles in Figure 1. Different samples 

were taken from samples produced using traditional and non-

traditional methods.  

The samples to be examined were divided into three groups. 

The first of these was the part obtained using the non-traditional 

method, while the other parts were essentially machined to the 

desired shape. These two parts obtained using traditional 

methods were further divided into two groups: heat-treated and 

non-heat treated. From these three main groups, 

10mmx10mmx10mm cubic pieces were cut and numbered. 

Surface tension and residual stress formations on these parts 

were taken to laboratories where measurements were 

performed using XRD and optical surface topology monitoring 

devices. To assess the effects of the parameters used in these 

methods and the two different methods, and to demonstrate 

consistency throughout the production process, both sides of 

the formed surfaces were examined. Thus, the experimental 

group consisted of two surfaces from three different samples. 

The treatments applied to each sample were recorded, along 

with their numerical values, and the results were tabulated. 

XRD measurement will be applied to the material sample as 

follows. To determine elastic strain in polycrystalline and 

single-crystalline samples, a diffractometer is used to measure 

lattice spacings in various directions. These strain values are 

converted to the sample's coordinate system to calculate the 

strain tensor, and the stresses are obtained using Hooke's law.  

 

 

 

 

In single-crystalline samples, local and global curvatures are 

determined by monitoring the crystal orientation with a 

goniometer equipped with a translation stage. When producing 

torsional springs using the traditional manufacturing method, 

the cutting parameters are as shown in the table below. The 

same parameters were processed in both cases with an end mill 

tool of 0.6 mm diameter.  

Table 4 Cutting parameters implemented to specimens 

Exp 

Nu. 

Feed Rate 

(mmpm) 

Cutt ng Depth 

(mm) 

Sp ndle Speed  

(m/m n) 

1 100 0.03 45000 

2 100 0.03 45000 

In the Exp. Nu. column, the first set represents the part that was 

only machined, the second represents the part that was heat 

treated with aging after machining. In non-conventional 

manufacturing, a precise speed parameter cannot be expressed 

due to the varying angles of cut. Optimum operating conditions 

for the machine were determined through experimentation. 

4. Results and D scuss on 

       Assessments of surface topology and residual stress were 

carried out in order to determine how different manufacturing 

methods affected the integrity of C350 stainless steel torsion 

springs. Given that residual stresses influence long-term 

durability under cyclic loading and surface roughness directly 

affects stress concentration and fatigue crack initiation, both 

parameters offer crucial insights into the samples' functional 

performance (Noyan & Cohen, 1987; Prime & Hill, 2004).[1] 

The experimental data from XRD and profilometry 

investigations are presented in this part, emphasizing how 

manufacturing technique shapes the surface properties and 

stress states. 

      The C350 stainless steel torsional spring specimens' XRD 

residual stress analysis showed significant variations across the 

production processes. The findings, which are compiled in 

Table 3, show that the components' residual stress state, surface 

integrity, and possible fatigue performance were significantly 

Figure 3 Trimetric and Top view of Specimens 

Figure 2  Helical Pring view   



 Author name / Proceed ngs of UTIS2025  103 

Proceed ngs of 13th Internat onal Congress on Mach n ng                                                                                  Page 103 / 288 

impacted by the machining path and temperature history 

(Zhang et al., 2020). [6] 

Table 5 Residual stress summary of C350 specimens 

 

Specimen Surface Residual 

Stress State 

Stress Level 

X-MT-1 A & B Compressive Low (ī30 to 

ī60 MPa) 

X-M-1 A & B Compressive High (ī350 to 

ī410 MPa) 

X-W-1 A Mixed, slight 

tensile/compr

essive 

Low 

X-W-1 B Anisotropic 

(tensile ź 

compressive) 

Moderate 

 

      The X-MT specimens that were machined and then 

thermally treated showed minimal directional anisotropy and 

comparatively low compressive residual stresses (-30 to -60 

MPa). Given how comparable the surfaces of A and B are, it is 

likely that the heat treatment successfully reduced the majority 

of the stresses caused by the machining, creating a stable and 

even stress field. Although this condition is better for 

dimensional stability, it might not provide as much fatigue 

strengthening as greater compressive stress states (Noyan & 

Cohen, 1987). [1]. 

 

 In contrast, the X-M specimens displayed very high 

compressive residual stresses (ī350 to ī410 MPa). Because 

compressive forces at the surface inhibit crack start and 

postpone propagation under cyclic torsional loading, such 

stress magnitudes are especially advantageous for torsional 

springs. The compressive stress field is consistently distributed, 

improving fatigue performance and resistance to stress 

corrosion cracking, as seen by the lack of substantial anisotropy 

throughout the observed orientations. 

 

     The X-W specimens, produced by non-conventional 

processing, revealed the most complex behavior. On the A 

surface, residual stresses were relatively low and fluctuated 

between slight tensile and compressive states, suggesting 

localized thermal effects and uneven stress relaxation. On the 

B surface, however, a highly anisotropic distribution was 

observed, with tensile-to-compressive transitions depending on 

orientation. The elevated FWHM values (5.4ï5.7°) further 

suggest microstructural heterogeneity, possibly linked to recast 

layers, thermal gradients, or oxide formation during the 

process. Such tensile or anisotropic stress states may 

compromise fatigue resistance, making the non-conventional 

process less favorable for critical spring applications unless 

post-processing stress relief treatments are applied (Zhang et 

al., 2020). [6] 

The correlation between surface topology and residual stress 

indicates that smoother, uniformly compressive surfaces (as in 

X-M specimens) are more advantageous for torsional spring 

performance, while surfaces exhibiting high roughness and 

heterogeneous tensile stresses (as in X-W specimens) are more 

susceptible to fatigue damage. These findings highlight the 

necessity of tailoring manufacturing and post-treatment 

strategies to control residual stress, ensuring reliable long-term 

performance of C350 stainless steel components in aerospace 

and defense applications (Noyan & Cohen, 1987; Prime & Hill, 

2004). [4] 

        Surface topology images of different sample groups are 

shown in figures below. 

F gure 5 Surface Topology of Spec men X-W-1 A 

       Although profile-oriented results such as Ra, Rq are 

obtained in the x and y planes with optical surface 

measurements, it would be more accurate to have a formed 

surface and to take Sa, Sq values as a basis. Surface roughness 

analysis of the studied samples revealed marked differences 

among the applied machining methods. Non-conventional 

method produced the smoothest surfaces, as indicated by the 

lowest S , Sq, and S  values on both examined sides. The 

average S  of surfaces was approximately 4.15 Õm, attributable 

to the processôs thermal material removal mechanism, which 

melts and removes material in small particles rather than 

mechanically tearing it. Additionally, Non-conventional 

method achieved the lowest maximum peak height (S ), 

indicating minimal sharp protrusions and ensuring enhanced 

wear resistance, fatigue performance, and uniform contact 

mechanics. In contrast, milling surfaces exhibited significant 

variability, with the Milling-Back surface moderately smooth 

(S  å 5.54 Õm) and the Milling-Front surface considerably 

rougher (S  å 14.23 Õm). This discrepancy may arise from tool 

entry effects, vibrations, or inefficient chip evacuation, which 

exacerbate surface irregularities. Heat treatment demonstrated 

a dual effect on milled surfaces: it degraded the initially smooth 

Milling -Back surface (S increased from 5.54 µm to 14.76 µm), 

Figure 4 Surface Topology of Specimen X-M-1 B 
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likely due to oxide layer formation, while improving the rough 

Milling -Front surface (S  decreased from 14.23 Õm to 6.47 Õm) 

through residual stress relief that flattened sharp peaks. Peak 

height analysis further underscored practical implications, 

revealing that Milling + T-Back (S  å 46.86 Õm) and Milling-

Front (S  å 44.04 Õm) surfaces are prone to initial wear and 

local stress concentration, whereas Non-conventional method 

surfaces exhibited the lowest S  values, promoting uniform 

load distribution and extended wear life Withers, P. J., & 

Bhadeshia, H. K. D. H. (2001). [7] 

 

      Overall, non-conventional method provides superior 

surface integrity in terms of smoothness, consistency, and 

durability, whereas milling requires careful process control to 

mitigate variability, and heat treatment effects must be 

considered in relation to the initial surface state to avoid 

unintended degradation (Kēlē­ et al., 2022). [2] 

 
Table 6 Surface Roughness Values of C350 Specimens 

Machining Side Sa (Õm) 
Sq 

(Õm) 
Sp (Õm) 

Milling Back 5.702 7.514 22.534 

Milling Back 4.926 7.119 24.198 

Milling Back 5.78 7.631 43.655 

Milling Front 14.232 18.451 54.381 

Milling Front 12.584 16.488 42.825 

Milling Front 15.879 19.949 34.919 

Milling + HT Back 14.193 17.847 32.498 

Milling + HT Back 14.335 17.938 51.151 

Milling + HT Back 15.742 19.357 56.934 

Milling + HT Front 6.279 8.043 26.886 

Milling + HT Front 6.42 8.209 26.899 

Milling + HT Front 6.705 8.789 60.406 

Non-Conv. Back 4.102 5.173 21.966 

Non-Conv. Back 4.159 5.304 25.11 

Non-Conv. Back 4.898 6.217 28.854 

Non-Conv. Front 3.747 4.801 28.603 

Non-Conv. Front 3.936 4.936 17.228 

Non-Conv. Front 4.084 5.14 21.737 

 

      To accurately assess all of the collected data and provide 

consistent conclusions, an ANOVA analysis was conducted. 

The statistical technique known as ANOVA (Analysis of 

Variance) is used to ascertain whether the means of three or 

more groups differ significantly from one another 

(Montgomery, 2017). [8] To determine if the group factor has 

a significant impact, it contrasts the variability within each 

group with the variability between groups. The ANOVA 

analysis's findings show that surface topological characteristics 

are statistically significantly impacted by various milling 

techniques.  

 

       Specifically, Sa, Sq, and Sp values show significant 

differences between milling, milling combined with heat 

treatment, and non-conventional processes (p < 0.05). These 

values are given Table 5 below. 
Table 7 ANOVA Analysis Results 

0ÁÒÁÍÅÔÅÒ 3ÕÍ ÏÆ 

3ÑÕÁÒÅÓ 

ɉ"ÅÔ×ÅÅÎɊ 

ÄÆ &Ȥ

ÖÁÌÕÅ 

ÐȤ

ÖÁÌÕÅ 

3Á ρτωȢτφ ς τȢωυ πȢπςςσ 

3Ñ ςτχȢςς ς υȢτω πȢπρφς 

3Ð ρπωςȢυψ ς σȢωω πȢπτπφ 

 

This implies that the material's surface properties are 

significantly influenced by the type of machining. While the 

notable changes in Sq point to changes in the general height 

distribution and surface variance, the variation in Sa represents 

variations in average surface roughness. Additionally, 

variations in Sp show that the machining process affects the 

maximum peak heights on the surfaces, which could have an 

impact on wear, friction behavior, and contact performance 

(Prime & Hill, 2004; Zhang et al., 2020). [5] All things 

considered, our results show that the choice of machining 

method is essential for establishing topological characteristics 

and surface integrity, highlighting its significance in 

engineering applications where surface quality is crucial. 

 

5. Conclus on 

      The stress-based reactions of C350 stainless steel to various 

manufacturing processes are investigated in a multi-scale 

analytical framework in this study, which compares the 

thermomechanical impacts of conventional and non-

conventional methods with regard to stress formation. The 

primary objective is to make clear how different processing 

parameters, cutting and deformation techniques, and heat 

inputs affect residual and surface stresses. The study intends to 

provide a scientific foundation for developing manufacturing 

processes that maximize material strength and integrity for 
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advanced engineering applications. Wan, Y., and Guo, N. 

(2019). [9] This study also examines the limitations of 

traditional methodologies and the promise of contemporary 

manufacturing technologies from a stress engineering 

perspective, using an interdisciplinary approach to the 

manufacturing-process-material interaction. 

In summary of the experimental data reveals that, compared 

to literature studies, the stresses and orientations generated 

during manufacturing using conventional methods can have a 

positive impact on fatigue life. Furthermore, it is anticipated 

that a new manufacturing process using non-conventional 

processes can yield higher quality surface topology and 

consistent roughness values. The approach to this study, 

focusing on a specific surface shape, can hinder subsequent 

surface finishing. Therefore, when manufacturing C350 steel 

and achieving a formed surface, careful attention should be 

paid to the criteria and priorities. 
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Özet 

Bu ­alēĸmada, talaĸlē malatta s¿rd¿r¿leb l r soĵutmaïyaĵlama uygulamalarēna yºnel k olarak dºrt farklē nozul tasarēmēnēn soĵutma 
performansē ncelenm ĸt r. Karbon ­el k plaka 90 ÁCôye ēsētēlmēĸ ve ¿­ farklē ortamda (MQL, basēn­lē hava, CO ) soĵutulmuĸtur. 
Sēcaklēk ver ler , plaka ¿zer nde ¿­ noktaya yerleĸt r len K t p  termokupllarla kayded lm ĸ ve 90 ÁCôden 50 ÁCôye d¿ĸ¿ĸ s¿res  
performans kr ter  olarak kullanēlmēĸtēr. Bulgular, MQLôde dar ­ēkēĸ ­aplē nozullarēn merkez bºlgelerde, hava ve CO ôde se genĸ 
­ēkēĸ ­aplē nozullarēn daha y¿ksek soĵutma etk nl ĵ  saĵladēĵēnē gºsterm ĸt r. En kēsa soĵuma s¿reler  CO  le elde ed lm ĸ, MQL 
se sēnērlē soĵutma kapas tes yle en uzun s¿reler  verm ĸt r. Sonu­ olarak, nozul geometr s n n ve akēĸkan t¿r¿n¿n soĵutma 
performansēnē bel rleyen kr t k faktºrler olduĵu ortaya konmuĸtur.  

Anahtar Kel meler: S¿rd¿r¿leb l r talaĸlē malat, Soĵutmaïyaĵlama, M n mum m ktarda yaĵlama (MQL), Kr yojen k soĵutma, 
Karbond oks t (CO ), Basēn­lē hava, Nozul tasarēmē 

 

1. Giriĸ 

 

G¿n¿m¿z imalat sektºr¿nde talaĸlē iĸleme s¿re­lerinin 

sürdürülebilir hale getirilmesi giderek daha kritik bir 

gereklilik haline gelmiĸtir. Talaĸlē imalat, ¿retim 

maliyetlerinin ºnemli bir bºl¿m¿n¿ oluĸturmasēnēn yanē sēra 

y¿ksek enerji t¿ketimi, atēk ¿retimi ve çevresel etkileriyle de 

dikkat ­ekmektedir [1]. Bu s¿re­lerde ortaya ­ēkan ēsē ve 

takēm aĸēnmasēnēn kontrol altēna alēnmasē i­in kullanēlan 

soĵutmaïyaĵlama sistemleri tarihsel olarak verimliliĵin 

anahtarē olmuĸtur. Ancak geleneksel kesme sēvēlarēnēn 

i­erdiĵi kimyasallarēn ­evre ve insan saĵlēĵē ¿zerindeki 

olumsuz etkileri, sürdürülebilir üretim hedefleri 

doĵrultusunda yeni soĵutmaïyaĵlama yaklaĸēmlarēnēn 

geliĸtirilmesini zorunlu kēlmaktadēr [2,3]. 

Geleneksel kesme sēvēlarēnēn petrokimyasal i­erikleri, 

toksik atēk oluĸumu ve su kirliliĵi gibi olumsuzluklarē 

nedeniyle kuru ve yarē-kuru iĸleme yºntemleri giderek daha 

fazla araĸtērēlmaktadēr [4]. Kuru iĸleme en ­evre dostu 

yöntemlerden biri olmakla birlikte, özellikle titanyum ve 

s¿peralaĸēmlar gibi zor iĸlenen malzemelerde y¿ksek sēcaklēk 

ve aĸēnma problemleri nedeniyle sēnērlē uygulama alanēna 

sahiptir [5]. Bu baĵlamda, mineral yaĵlar yerine biyobozunur 

yaĵlar, y¿ksek basēn­lē hava, kriyojenik akēĸkanlar ve 

minimum miktarda yaĵlama (MQL) sistemleri gibi alternatif 

yºntemler geliĸtirilmiĸ ve talaĸlē imalat s¿re­lerinde 

uygulanmaya baĸlanmēĸtēr [6,7]. 

Bu alternatifler arasēnda MQL, karbondioksit (CO ) ve 

sēvē azot (LN ) gibi kriyojenik yºntemler ºne ­ēkmaktadēr. 

MQL, kesme bºlgesine d¿ĸ¿k miktarda yaĵïhava karēĸēmē 

p¿sk¿rt¿lerek hem yaĵlama hem de sēnērlē soĵutma 

saĵlamaktadēr [8]. Bu yºntem, kuru kesmeye kēyasla kesme 

kuvvetini, y¿zey p¿r¿zl¿l¿ĵ¿n¿ ve takēm aĸēnmasēnē 

azaltabilmektedir [9]. Kriyojenik soĵutma ise LN  veya CO  

gibi akēĸkanlarla kesme bºlgesindeki ēsēyē hēzla 

uzaklaĸtērmakta, bºylece y¿zey p¿r¿zl¿l¿ĵ¿nde iyileĸme ve 

takēm ºmr¿nde artēĸ saĵlamaktadēr [10,11]. Bununla birlikte, 

MQL sistemlerinde sēnērlē soĵutma kapasitesi, kriyojenik 

uygulamalarda ise ek ekipman ihtiyacē ve yaĵlama eksikliĵi 

dezavantaj olarak ºne ­ēkmaktadēr [12]. Bu nedenle, hibrit 

­ºz¿mler (ºr. MQL+CO , MQL+LN ) literat¿rde giderek 

daha fazla ilgi görmektedir [13]. 

Soĵutma performansēnēn yalnēzca kullanēlan akēĸkan 

t¿r¿ne deĵil, aynē zamanda bu akēĸkanēn kesme bºlgesine 

nasēl iletildiĵine de baĵlē olduĵu bilinmektedir. Bu noktada 

nozul tasarēmē kritik bir rol oynamaktadēr [14]. Nozulun ­ēkēĸ 

­apē, uzunluĵu, a­ēsē ve kesme bºlgesine mesafesi akēĸēn 

etkinliĵini ve soĵutma/yaĵlama performansēnē doĵrudan 

etkilemektedir. Bu baĵlamda, farklē nozul geometrilerinin 

alternatif soĵutmaïyaĵlama yºntemleri ile birlikte 

incelenmesi, talaĸlē imalat s¿re­lerinin hem s¿rd¿r¿lebilirlik 

hem de verimlilik hedeflerine ulaĸmasē a­ēsēndan ºnem 

taĸēmaktadēr.  

 

2. Gereç ve Yöntem 

 

Deneylerde, y¿zey soĵutma performansēnē deĵerlend rmek 

amacēyla 100 mm Ĭ 100 mm boyutlarēnda ve 10 mm 

kalēnlēĵēnda karbon ­el kten mal ed lm ĸ d¿z b r test plakasē 

kullanēlmēĸtēr. Plaka, alt y¿zey ne doĵrudan temas ett r len 

sēcaklēk kontroll¿ b r hot plate yardēmēyla ēsētēlmēĸ ve her 

deney baĸlangēcēnda plaka sēcaklēĵē 90 ÁCôye ulaĸēncaya 
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kadar kontrol ed lm ĸt r. Hedef sēcaklēĵa ulaĸēldēĵēnda, 

se­ len nozulïakēĸkan komb nasyonu devreye alēnarak 

soĵutma ĸlem  baĸlatēlmēĸtēr. 

 

Deney d¿zeneĵ  ķek l 1ôde gºster lm ĸt r. S stem n ana 

b leĸenler  test plakasē ve ¿zer ne yerleĸt r lm ĸ termokupllar, 

plaka ¿zer ne akēĸ saĵlayan nozullar, MQL c hazē, 

kompresºr, PID kontrol c hazē, g¿­ kaynaĵē ve ver  kayded c  

s stemden oluĸmaktadēr. Plaka sēcaklēĵē PID kontrol c hazē 

tarafēndan sab t tutulmuĸ, t¿m elektr ksel besleme g¿­ 

kaynaĵē ¿zer nden saĵlanmēĸtēr. Basēn­lē hava, kompresºr 

aracēlēĵēyla 6 bar basēn­la s steme let lm ĸ, yalnēzca hava 

kullanēlan deneylerde doĵrudan nozul g r ĸ ne verlm ĸ, 

MQL uygulamasēnda se MQL c hazē ¿zer nden ge­erek 

sentet k kesme yaĵē le karēĸtērēlmēĸtēr. Nozullar, plaka 

y¿zey ne 150 mm mesafeden d k doĵrultuda 

konumlandērēlmēĸtēr. Termokupllardan elde ed len sēcaklēk 

ver ler  ver  kayded c  aracēlēĵēyla b lgsayara aktarēlmēĸ ve 1 

kHz ºrnekleme frekansēnda kayded lm ĸt r. 

 

 

ķekil 1: Deney D¿zeneĵi 

Termokupllarēn plaka ¿zer ndek  yerleĸ m  ķek l 2ôde 

gºster lmekted r. Termokupl 1 p¿sk¿rtme merkez ne karĸēlēk 

gelen plakanēn ortasēna, Termokupl 2 merkezden yaklaĸēk 25 

mm uzaklēktak  ara bºlgeye ve Termokupl 3 kºĸeye yakēn, 

kenardan yaklaĸēk 10ï15 mm ­er dek  noktaya 

sab tlenm ĸt r. Bu d¿zen sayes nde hem merkezdek  yoĵun 

soĵutma etk s  hem de ­evresel bºlgelerdek  yayēlma etk s  

zlenm ĸt r. 

 

 

ķekil 2: Plaka ve Termokupl Konumlarē 

¢alēĸmada kullanēlan nozul tasarēmlarē Tablo 1ôde 

sunulmuĸtur. T¿m nozul tasarēmlarēnda yaĵēn doĵrudan 

kesme bºlgesine iletilmesini saĵlamak ¿zere eksenel bir i­ 

par­a bulunmakta ve bu par­anēn etrafēndan ge­irilen 

basēn­lē hava ile yaĵ karēĸtērēlarak ­ēkēĸ ucundan pulverize 

edilmiĸ ince damlacēklar h©linde püskürtülmektedir. Nozul 1, 

28 mm uzunluĵa ve 1.2 mm ­ēkēĸ ­apēna sahiptir. Nozul 2, 

yine 28 mm uzunluĵa ve 1.2 mm ­ēkēĸ ­apēna sahip olmakla 

birlikte farklē bir i­ kanal profili ile akēĸē yºnlendirmektedir. 

Nozul 3, 28 mm uzunlukta ve 2.0 mm ­ēkēĸ ­apēna sahip olup 

helisel kanal yapēsē sayesinde akēĸa dºnel hareket 

kazandērmaktadēr. Nozul 4 ise 15 mm uzunluĵa ve 2.3 mm 

­ēkēĸ ­apēna sahip olup daha kēsa ve geniĸ kesitli bir ­ēkēĸ 

geometrisine sahiptir. 

 

Tablo 1. Deneysel ­alēĸmada kullanēlan nozullarēn 

geometrik özellikleri 

 

Nozul 

No. 

Nozul Kesit Alanē Nozul 

Uzunluĵu 

(mm) 

Nozul 

¢ēkēĸ 

¢apē 

(mm) 

1 

 

28 1.2 

2 

 

28 1.2 

3 

 

28 2 

4 

 

15 2.3 

 

Soĵutmaïyaĵlama sisteminde üç farklē akēĸkan ortamē 

test edilmiĸtir. Bunlar basēn­lē hava, basēn­lē karbondioksit 

ve hava ve yaĵ karēĸēmēdēr. MQL uygulamasēnda, taĸēyēcē 

hava i­erisine yaklaĸēk 50 Ñ 5 mL/h oranēnda sentetik kesme 

yaĵē enjekte edilmiĸ ve oluĸan yaĵ sisi nozullar aracēlēĵēyla 
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plaka y¿zeyine p¿sk¿rt¿lm¿ĸt¿r. Her iki durumda da 

p¿sk¿rtme iĸlemi dik doĵrultuda ve 150 mm sabit mesafeden 

ger­ekleĸtirilmiĸtir. 

 

Deney prosed¿r¿nde, soĵutma performansē plaka y¿zey 

sēcaklēĵēnēn 90 ÁCôden 50 ÁCôye d¿ĸmesi i­in ge­en s¿reye 

gºre deĵerlendirilmiĸtir. Her bir konfig¿rasyon i­in, ­elik 

plaka y¿zeyindeki ¿­ farklē noktadan elde edilen sēcaklēkï

zaman verileri analiz edilmiĸ; 90 ÁCôden 50 ÁCôye d¿ĸ¿ĸ 

s¿releri karĸēlaĸtērmalē olarak deĵerlendirilmiĸtir. Ayrēca, her 

bir nozulun oluĸturduĵu soĵutma etkisinin y¿zeydeki 

yayēlēm karakteristiĵi, boya i­eren p¿sk¿rtme yºntemi ile 

gºrsel olarak belirlenmiĸ ve ilgili ­aplar ºl­¿lm¿ĸt¿r. Bu 

kapsamda, hem zamana baĵlē soĵuma eĵrileri hem de alan 

etkisine dayalē karĸēlaĸtērmalar yapēlarak, nozul 

geometrisinin ve akēĸkan t¿r¿n¿n soĵutma etkinliĵi 

¿zerindeki bireysel ve birleĸik etkileri detaylē bi­imde ortaya 

konmuĸtur. 

 

3. Bulgular  

 

Bu bºl¿mde, farklē nozul geometrileri ve uygulanan ¿­ 

ayrē akēĸkan ortamēnēn (yalnēzca hava, MQL ve CO ) y¿zey 

soĵutma performansē ¿zerindeki etkilerine ait deneysel 

bulgular sunulmaktadēr.  

 

 

3.1 Nozullarēn Soĵutma Etki Alanē Karĸēlaĸtērmasē 

 

Tablo 2ôde farklē nozul tasarēmlarēnēn y¿zey ¿zerinde 

oluĸturduĵu p¿sk¿rtme yayēlēmē ve buna karĸēlēk gelen 

ēslaklēk ­aplarē sunulmaktadēr. Bulgulara gºre, Nozul 2 en 

k¿­¿k ­apē (55 mm) ¿retmiĸ ve dar bir etki alanēnda yoĵun 

soĵutma saĵlamēĸtēr. Buna karĸēn, Nozul 4 en geniĸ yayēlēmē 

(90 mm) gºstermiĸ, kēsa ve geniĸ ­ēkēĸ geometrisi nedeniyle 

akēĸē y¿zey ¿zerinde daha geniĸ bir alana daĵētmēĸ ancak 

merkezdeki yoĵunluĵu azaltmēĸtēr. Nozul 1 (70 mm) ve 

Nozul 3 (80 mm) orta seviyede geniĸ alanlar oluĸturmuĸ 

olup, ºzellikle helisel kanal yapēsēna sahip Nozul 3ô¿n akēĸa 

dºnel hareket kazandērmasē sayesinde daha homojen bir 

daĵēlēm elde edilmiĸtir. Bu sonu­lar, nozul geometrisinin 

yalnēzca soĵutma s¿resini deĵil, aynē zamanda y¿zeydeki 

yayēlēm karakteristiĵini de doĵrudan etkileyen belirleyici bir 

faktºr olduĵunu ortaya koymaktadēr. 

 

 

 

 

 

 

 

 

 

 

 

 

Tablo 2. Farklē nozul geometr ler n n ­ēkēĸ ­apē ve 

oluĸturduĵu ēslaklēk ­aplarē 

 

Nozul 

No. 

Islaklēk 

¢apē 

(mm) 

Bulgularēn 

Görüntüsü 

1 70 

 

2 55 

 

3 80 

 

4 90 

 
 

3.2 Farklē Akēĸkan Uygulamalarēnda Nozullarēn Soĵutma 

Performanslarē 

 

MQL koĸullarēnda ger­ekleĸtirilen deneylerde, nozullarēn 

soĵutma performanslarē plaka y¿zeyine yerleĸtirilen ¿­ farklē 

termokupldan elde edilen sēcaklēkïzaman verileriyle 

deĵerlendirilmiĸtir. ķekil 3ôte sunulan eĵriler ve Tablo 3ôdeki 

soĵuma s¿releri incelendiĵinde, Nozul 2ônin Termokupl 1 ve 

Termokupl 2 bºlgelerinde en iyi soĵutma performansēnē 

gºsterdiĵi, Termokupl 3 konumunda ise Nozul 1ôin daha 

etkin sonu­lar verdiĵi gºr¿lmektedir. Bu durum, benzer ­ēkēĸ 

­apēna sahip olmalarēna raĵmen Nozul 2ônin helisel i­ yapēsē 

sayesinde akēĸē daha odaklē yºnlendirmesi, Nozul 1ôin ise 

daha geniĸ p¿sk¿rtme alanē saĵlamasēyla a­ēklanabilir. 

Dolayēsēyla, MQL sisteminde dar ­ēkēĸ ­aplē nozullar merkez 

bºlgelerde daha avantajlē, geniĸ yayēlēmlē nozullar ise 

çevresel bölgelerde daha etkilidir. 
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a) 

 

b)  

 

c) 

 

  
ķekil 3: MQL ile Yapēlan Testlerde sēcaklēk daĵēlēmlarē 

a)TC1, b)TC2 ve c)TC3 

Tablo 3. MQL ile yapēlan testlerde termokupllarēn 
soĵuma s¿releri  

Nozul  TC1 

(saniye) 

TC2 

(saniye) 

TC3 

(saniye) 

1 132 109 107 

2 128 100 110 

3 140 109 121 

4 145 127 127 

 

Yalnēzca basēn­lē hava ile yapēlan testlerde elde edilen 

sēcaklēkïzaman eĵrileri ķekil 4ôde, soĵuma s¿releri ise Tablo 

4ôte sunulmaktadēr. Bulgulara gºre, Nozul 4 t¿m termokupl 

konumlarēnda en kēsa soĵuma s¿resini saĵlayarak en y¿ksek 

performansē gºstermiĸtir. ¥zellikle Termokupl 3 bºlgesinde 

49 s ile en hēzlē d¿ĸ¿ĸ elde edilmiĸtir. Nozul 3 de merkezden 

uzak noktalarda (Termokupl 2 ve 3) y¿ksek soĵutma 

etkinliĵi saĵlamēĸ, buna karĸēlēk Nozul 1 ve Nozul 2 daha 

d¿ĸ¿k performans gºstermiĸtir. Bu sonu­, hava 

uygulamalarēnda geniĸ ­ēkēĸ ­apēna sahip nozullarēn daha 

y¿ksek debi ile daha geniĸ alanē etkileyerek ēsē transferini 

hēzlandērdēĵēna iĸaret etmektedir. Ayrēca genel 

karĸēlaĸtērmada, hava ile yapēlan soĵutmanēn MQLôye 

kēyasla daha kēsa s¿rede ger­ekleĸtiĵi gºr¿lm¿ĸt¿r. 

 

a) 

 

b) 

 

c) 

 
ķekil 4: Hava ile Yapēlan Testlerde sēcaklēk daĵēlēmlarē 

a)TC1, b)TC2 ve c)TC3 

 

Tablo 4. Hava ile yapēlan testlerde termokupllarēn 
soĵuma s¿releri  

Nozul  TC1 

(saniye) 

TC2 

(saniye) 

TC3 

(saniye) 

1 98 82 80 

2 94 87 88 

3 93 70 63 

4 85 59 49 
 

CO  kullanēlan deneylerde ise soĵutma performansēnēn 

diĵer iki ortama kēyasla belirgin ĸekilde daha y¿ksek olduĵu 
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tespit edilmiĸtir. ķekil 5 ve Tablo 5 incelendiĵinde, Nozul 

4ô¿n t¿m termokupl konumlarēnda en kēsa s¿rede (55 s, 41 s 

ve 47 s) 90 ÁCôden 50 ÁCôye d¿ĸ¿ĸ¿ saĵladēĵē, dolayēsēyla en 

y¿ksek soĵutma kapasitesini sunduĵu belirlenmiĸtir. Nozul 3 

de benzer ĸekilde y¿ksek performans gºstermiĸ, ancak Nozul 

1 ve 2 daha uzun soĵuma s¿releri ile sēnērlē etki saĵlamēĸtēr. 

CO  testlerinde elde edilen sēralamanēn hava deneyleri ile 

büyük ölçüde benzerlik gºstermesi, akēĸkan tipinden 

baĵēmsēz olarak nozul geometrisinin performans üzerinde 

belirleyici olduĵunu ortaya koymaktadēr. Bununla birlikte, 

CO ônin hava ve diĵer akēĸkanlara gºre daha iyi soĵutma 

saĵlamasēnēn temel nedenlerinden biri JouleïThomson 

etkisidir. Y¿ksek basēn­lē t¿pte bulunan CO , nozul ­ēkēĸēnda 

6 bar seviyelerine d¿ĸt¿ĵ¿nde genleĸme sonucu sēcaklēĵē 

ºnemli ºl­¿de azalēr. Bu ek soĵuma etkisi, deneylerde 

CO ônin ¿st¿n soĵutma performansē sergilemesinde kritik rol 

oynamaktadēr. 

 

a) 

 

b) 

 

c) 

 
ķekil 5: CO2 ile Yapēlan Testlerde sēcaklēk daĵēlēmlarē 

a)TC1, b)TC2 ve c)TC3 

Tablo 5. CO2 ile yapēlan testlerde termokupllarēn soĵuma 
süreleri  

Nozul  TC1 (saniye) TC2 

(saniye) 

TC3 

(saniye) 

1 86 61 68 

2 78 65 68 

3 70 51 58 

4 55 41 47 

 

Genel olarak deĵerlendirildiĵinde, MQL deneylerinde dar 

­ēkēĸ ­aplē nozullar (Nozul 1 ve 2) merkez bºlgelerde daha 

y¿ksek etkinlik gºstermiĸ, hava ve CO  deneylerinde ise 

geniĸ ­ēkēĸ ­apēna sahip nozullar (Nozul 3 ve 4) daha hēzlē 

soĵutma saĵlamēĸtēr. Ayrēca ¿­ akēĸkan ortamē 

kēyaslandēĵēnda, en kēsa soĵuma s¿relerinin CO , ardēndan 

hava ve en uzun s¿relerin MQL koĸullarēnda elde edildiĵi 

sonucuna ulaĸēlmēĸtēr. Bu bulgular, soĵutma performansēnēn 

hem akēĸkan t¿r¿ne hem de nozul geometrisine baĵlē olarak 

deĵiĸtiĵini ve uygulama koĸullarēna gºre en uygun nozulï

akēĸkan kombinasyonunun se­ilmesinin kritik ºnem 

taĸēdēĵēnē gºstermektedir 
Tablo 6: Nozullarēn maximum hēz deĵerleri 

Nozzle No. Hava (m/s) CO2(m/s) 

1 877 709 

2 896 733 

3 993 821 

4 1018 843 

 

Tablo 6ôda verilen maksimum hēz deĵerleri, dºrt farklē 

nozul tasarēmē i­in hem hava hem de CO  akēĸkanlarē 

kullanēlarak yapēlan sayēsal analizlerin sonu­larēnē 

gºstermektedir. ANSYS Fluent ortamēnda y¿r¿t¿len bu 

analizlerde, akēĸ alanēndaki t¿rb¿lanslē davranēĸē en doĵru 

ĸekilde yansētmak amacēyla kïŮ modeli tercih edilmiĸtir. 

Elde edilen sonu­lar, nozullarēn ­ēkēĸ geometrisine baĵlē 

olarak hēzlarēn belirgin ĸekilde deĵiĸtiĵini ortaya 

koymaktadēr. ¥rneĵin, hava akēĸēnda en y¿ksek hēz Nozul 4 

ile 1018 m/sôye ulaĸērken, en d¿ĸ¿k hēz Nozul 1ôde 877 m/s 

olarak hesaplanmēĸtēr. Benzer eĵilim CO  i­in de ge­erli 

olup, hēz deĵerleri 709 m/s ile 843 m/s arasēnda 

deĵiĸmektedir. Bu farklēlēk, dar ­ēkēĸ ­apēna sahip nozullarēn 

akēĸē daha odaklē ancak nispeten d¿ĸ¿k hēzlarda 

yºnlendirdiĵini, geniĸ ­ēkēĸ ­apēna sahip nozullarēn ise daha 

y¿ksek hēzlara ulaĸarak ­ēkēĸ kesitinde daha fazla momentum 

transferi saĵladēĵēnē gºstermektedir. Dolayēsēyla, sayēsal 

modellemeler hem akēĸkan tipine hem de nozul geometrisine 

baĵlē olarak ­ēkēĸ hēzlarēnēn farklēlēk gºsterdiĵini, bu 

parametrelerin soĵutma etkinliĵi ¿zerinde kritik rol 

oynadēĵēnē doĵrulamaktadēr. 

 

4. Sonuçlar 

Bu ­alēĸmada, farklē geometrilere sahip dºrt nozulun 

soĵutma performansē ¿­ ayrē akēĸkan ortamēnda (MQL, 

yalnēzca hava ve yalnēzca CO ) deneysel olarak incelenmiĸ, 
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bulgular sayēsal analizlerle desteklenmiĸtir. Elde edilen 

sonu­lar, soĵutma performansēnēn hem kullanēlan akēĸkan 

t¿r¿ne hem de nozul geometrisine baĵlē olarak ºnemli ºl­¿de 

deĵiĸtiĵini gºstermektedir.. 

MQL uygulamalarēnda, dar ­ēkēĸ ­apēna sahip nozullar 

(Nozul 1 ve 2) merkez bölgelerde daha etkin sonuçlar 

¿retmiĸ, buna karĸēlēk daha geniĸ p¿sk¿rtme a­ēsēna sahip 

Nozul 1 çevresel bºlgelerde ¿st¿nl¿k saĵlamēĸtēr. Yalnēzca 

hava kullanēlan deneylerde, geniĸ ­ēkēĸ ­apēna sahip nozullar 

(Nozul 3 ve ºzellikle Nozul 4) daha kēsa soĵuma s¿releriyle 

ºne ­ēkmēĸ ve konvektif soĵutma mekanizmasēyla y¿ksek 

performans sergilemiĸtir. CO  ile yapēlan deneylerde ise, tüm 

akēĸkan ortamlarē arasēnda en hēzlē soĵuma s¿releri elde 

edilmiĸ, ºzellikle Nozul 4 t¿m ºl­¿m noktalarēnda en y¿ksek 

soĵutma kapasitesini gºstermiĸtir. 

Ayrēca, ANSYS Fluent ile ger­ekleĸtirilen analizlerden 

elde edilen maksimum hēz deĵerleri de bu bulgularē 

desteklemektedir. Sayēsal sonu­lar, nozul ­ēkēĸ hēzlarēnēn 

hem akēĸkan tipine hem de nozul geometrisine baĵlē olarak 

deĵiĸtiĵini ve geniĸ ­ēkēĸ ­aplē nozullarēn daha y¿ksek hēzlara 

ulaĸtēĵēnē ortaya koymuĸtur. 

Genel olarak, bu ­alēĸma nozul geometrisinin, akēĸkan 

tipinin ve p¿sk¿rtme ºzelliklerinin y¿zey soĵutma 

performansē ¿zerinde kritik rol oynadēĵēnē gºstermektedir. 

Sonu­lar, s¿rd¿r¿lebilir ¿retim uygulamalarēnda, enerji 

t¿ketimini azaltērken etkili ēsēl yºnetim saĵlayacak uygun 

nozulïakēĸkan kombinasyonlarēnēn se­ilmesine yºnelik 

deĵerli bir yol haritasē sunmaktadēr. 
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Abstract 

This study investigates the milling performance of DIN 1.2738 plastic mold steel under dry and Minimum Quantity Lubrication 
(MQL) conditions, focusing on key performance indicators such as surface roughness, cutting temperature, and cutting force. A 
series of 18 controlled experiments were conducted using a TiAlN-coated end mill on a CNC milling machine, with varying cutting 
speeds and feed rates. The results revealed that MQL significantly improved surface finish while reducing thermal and mechanical 
loads compared to dry machining. To identify the most effective parameter combinations, the VIKOR multi-criteria decision-
making method was applied, leading to three distinct optimization scenarios based on production priorities: surface quality, material 
removal rate, and overall balance. Beyond technical gains, the study demonstrates that integrating MQL with optimal parameters 
enhances energy efficiency, prolongs tool life, and reduces environmental impact by minimizing the carbon footprint. These 
findings offer a sustainable and practical machining strategy for industrial applications where surface integrity, productivity, and 
ecological responsibility must be jointly considered. 

Keywords: DIN 1.2738; MQL; dry milling; VIKOR; surface roughness; optimization 

 

1. Introduct on 

Plastic mold steels are widely used in manufacturing 

industries where high dimensional accuracy, surface quality, 

and tool durability are required. DIN 1.2738 steel is one of the 

most preferred mold steels due to its good machinability, 

toughness, and suitability for large plastic injection molds. 

However, its alloyed structure makes the optimization of 

machining parameters critical in order to achieve acceptable 

surface integrity and process efficiency. 

 

Milling performance is strongly affected by cutting 

parameters and lubrication conditions, which directly influence 

surface roughness, cutting force, cutting temperature, 

machining time, and energy consumption. While conventional 

flood cooling has been effective at controlling heat and friction, 

environmental concerns and high operating costs have led to 

the adoption of alternative machining strategies. Dry 

machining reduces fluid consumption but often increases 

thermal and mechanical loads. Minimum Quantity Lubrication 

(MQL) has emerged as a sustainable solution by providing 

effective lubrication with minimal fluid consumption. 

 

Due to the presence of multiple and conflicting performance 

criteria in machining processes, selecting optimal cutting 

conditions requires systematic decision-making approaches. In 

this study, the milling of DIN 1.2738 steel under dry and MQL 

conditions is experimentally investigated. The effects of 

cutting speed and feed rate on key performance indicators are 

analyzed, and optimal machining parameters are determined 

using the VIKOR multi-criteria decision-making method for 

different production objectives. 

 

2. Methodology and Exper mental Study 

In this study, the performance criteria of surface roughness, 

cutting temperature, and cutting force during the milling of DIN 

1.2738 plastic mold steel [1] were experimentally investigated 

under dry and Minimum Quantity Lubrication (MQL) 

conditions. The VIKOR multi-criteria decision-making method 

was used to optimize the machining process. 

The experimental setup included a First MCV-300 CNC 

milling machine, EraOil KT/2000 vegetable-based MQL fluid, 

Werte STN 15 MQL system, Kistler 9257BA dynamometer, 

Optris CTlaser LT infrared temperature sensor, and Mitutoyo 

SJ210 surface roughness measurement device. 

¶ Depth of cut (ap): Constant at 1 mm 

¶ Cutting speeds (Vc): 80, 100, 120 m/min 

¶ Feed rates (f): 0.08, 0.16, 0.24 mm/rev 

¶ Lubrication conditions: Dry and MQL 

¶ Cutting tool: Ø8 mm, 4-flute, TiAlN-coated end mill 

with 45 HRC hardness [2] 
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Table 1. Workpiece material chemical composition 

C (%) Si (%) Mn (%) Cr (%) Ni (%) Mo (%) 

0,4 0,3 1,5 1,9 1,1 0,2 

 

A total of 18 experiments were performed under each 

condition, and measurements of temperature, force, and surface 

roughness were taken and evaluated for each experiment. 

 

Table 2. Machining parameters  

Exper ment 

Number 

Cutt ng 

Cond t on 

Depth of Cut, 

ap, (mm) 

Cutt ng Speed 

Vc,  (m/m n) 

Feed 

(mm/rev) 

1 MQL 0,5 80 0,08 

2 MQL 0,5 80 0,16 

3 MQL 0,5 80 0,24 

4 MQL 0,5 100 0,08 

5 MQL 0,5 100 0,16 

6 MQL 0,5 100 0,24 

7 MQL 0,5 120 0,08 

8 MQL 0,5 120 0,16 

9 MQL 0,5 120 0,24 

10 Dry 0,5 80 0,08 

11 Dry 0,5 80 0,16 

12 Dry 0,5 80 0,24 

13 Dry 0,5 100 0,08 

14 Dry 0,5 100 0,16 

15 Dry 0,5 100 0,24 

16 Dry 0,5 120 0,08 

17 Dry 0,5 120 0,16 

18 Dry 0,5 120 0,24 

 

The results demonstrated that the MQL technique improved 

surface quality and reduced both cutting temperature and force 

compared to dry machining. [3] [4] Based on the VIKOR 

analysis, the optimal parameter combinations were determined 

according to three different priority sets: 

¶ Parameters optimized for surface quality 

¶ Parameters prioritized for material removal rate 

¶ Overall optimal parameters balancing all criteria 

 

The analyses conducted with this method contribute to the 

sustainable machining of DIN 1.2738 steel in terms of energy 

efficiency, tool life, and surface quality. [5] 

 

3. F nd ngs and D scuss on 

The experimental results revealed that the use of Minimum 

Quantity Lubrication (MQL) significantly enhanced the 

machining performance of DIN 1.2738 plastic mold steel 

compared to dry milling. The findings can be summarized as 

follows: 

 

3.1. Surface Roughness 

Surface quality is a fundamental criterion that directly 

affects product performance in mold and part production, as 

well as the necessity for post-machining finishing operations. 

The experiments revealed that surface roughness values 

obtained under MQL conditions were significantly lower than 

those obtained under dry machining. [8]  (Fig. 1) 

 

Fig. 1. Comparison of surface roughness at identical cutting parameters 

 

For instance, at a feed rate of 0.08 mm/rev and a cutting 

speed of 80 m/min, the average Ra value achieved using MQL 

was 0.319 µm, whereas this value increased to 0.651 µm under 

dry cutting. This improvement can be attributed to the ability of 

the oil-mist mixture to reduce friction between the tool and the 

workpiece, stabilize chip formation, and delay tool wear. The 

thin lubricating film formed by the MQL [9] application 

prevented the formation of Built-Up Edge (BUE) on the toolï

chip interface, thereby preserving surface integrity. 

Surface roughness is not only influenced by feed rate but 

also by cutting speed and lubrication conditions. It was 

observed that under low feed rates and moderate cutting speeds, 

surface roughness values below 0.4 µm could be achieved with 

MQL. This level of surface finish may eliminate the need for 

further polishing operations. [7] 

 

3.2. Cutt ng Temperature 

The temperature generated in the cutting zone is critically 

important for tool life, surface quality, and dimensional 

accuracy. Measurements indicated that temperatures under 

MQL conditions were on average 15ï20% lower than those 

observed during dry machining. (Fig. 2) 
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Fig. 2. Comparison of cutting temperatures at identical cutting parameters 

 

For example, at a feed rate of 0.24 mm/rev and a cutting 

speed of 100 m/min, the temperature reached 131.1 ÁC in dry 

cutting, whereas it decreased to 110.1 ÁC with MQL. This 

difference is attributed to the dual function of MQL [9], which 

provides both lubrication and cooling. The thin oil-mist layer 

reduces friction in the cutting zone, thereby minimizing heat 

generation, while simultaneously facilitating effective heat 

dissipation. 

Furthermore, an increase in feed rate was found to lead to 

higher temperatures due to greater plastic deformation and 

increased material removal volume. However, the MQL [9]  

system effectively limited this temperature rise even at high 

feed rates, thereby minimizing tool wear and thermal damage. 

 

3.3. Cutt ng Force 

Cutting force directly reflects the mechanical load acting on 

the tool and plays a crucial role in determining both energy 

consumption and tool durability. In this study, it was found that 

MQL consistently reduced cutting forces under all 

experimental conditions. (Fig. 3) 

 

Fig. 3. Comparison of cutting forces at identical cutting parameters 

 

For example, at a feed rate of 0.24 mm/rev and a cutting 

speed of 100 m/min, the cutting force under MQL conditions 

was measured as 61.57 N, while the corresponding value under 

dry machining reached 82.23 N. This outcome indicates that 

MQL lowers the coefficient of friction, enabling a smoother 

interaction between the cutting tool and the workpiece. 

It was also observed that increasing the feed rate 

significantly raised the cutting force. At 0.24 mm/rev, tool load 

increased markedly, leading to a tendency for higher energy 

consumption and accelerated tool wear. However, MQL 

partially mitigated this increase by reducing mechanical stress 

on the tool and contributing to a more stable cutting process. 

 

4. Mult-Cr ter a Dec s on-Mak ng Approach Us ng 

VIKOR Opt m zat on 

In this study, the effects of various cutting parameters on 

performance criteria such as surface roughness (Ra), cutting 

temperature, cutting force, machining time, and energy 

consumption were experimentally evaluated, and the VIKOR 

method was employed to achieve an optimal balance among 

these multiple criteria. 

 

4.1. Def n t on and Procedure of the VIKOR Method 

VIKOR (VlseKriterijumska Optimizacija I Kompromisno 

Resenje) is one of the Multi-Criteria Decision-Making 

(MCDM) methods and was developed by S. Opricovic. This 

method is designed to identify a compromise solution in 

situations where multiple criteria need to be optimized 

simultaneously. Its primary objective is to determine the 

alternative that is closest to the ideal solution. 

The VIKOR method consists of the following steps: 

¶ Definition of criteria and alternatives, and 

construction of the decision matrix. 

¶ Identification of the best (f*) and worst (fï) values for 

each criterion. 

¶ Normalization of the benefit values for each 

alternative. 

¶ Calculation of the utility (Si) and regret (Ri) 

measures for each alternative: The utility measure 

(Si) represents the overall deviation across all criteria. 

The regret measure (Ri) represents the maximum 

individual deviation among the criteria. 

¶ Computation of the VIKOR index (Q) for each 

alternative and ranking based on Q values. 

A lower Q value indicates that the corresponding alternative is 

closer to the ideal solution. In this study, the VIKOR analysis 

was conducted using performance data obtained from 18 

experimental trials, and optimization was performed under 

three different scenarios. 

 

4.2. Opt m zat on Results 

In the first scenario, surface roughness (Ra) was prioritized, 

relevant for applications demanding high surface integrity such 

as mold manufacturing. The VIKOR analysis identified 

Experiment 1-cutting speed 80 m/min, feed rate 0.08 mm/rev, 

with MQL-as optimal, achieving the lowest Ra (~0.32 µm) 

supported by reduced temperature and cutting force. However, 

this resulted in longer machining times and lower productivity. 




























































































































































































































































































































































