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Abstract  
Original scientific paper 

Cutting tool costs are an important component of machining. For this reason, improving machining methods in machining affects the life 

of the cutting tool. Recently, various machining methods have been used to extend tool life by reducing cutting tool wear. One of these 

methods is electrophoresis-assisted processing. Electrophoresis-assisted machining is a non-traditional machining method created by the 

impact of abrasive nanoparticles on the machining area with the help of the generated electric field. Electrophoresis-assisted machining 

increases the machinability of difficult-to-machine materials with high strength and hardness properties compared to traditional machining 

methods. In this study, the impacts of various cutting parameters on the drilling performance of AISI 316 L stainless steel material were 

searched using electrophoresis-assisted drilling (EAD) and conventional drilling (CD) methods. In the study, SiC powder was used as 

nanoparticles in the solution obtained to create the electric field. Within the scope of the experiments, the effects of different machining 

methods, cutting speeds and feed rates on thrust forces and cutting tool wear values were experimentally examined. As a result of the 

investigations, the cutting tool wear and thrust cutting force obtained with EAD are better than CM. Increasing feed rate and cutting speed 

increased cutting tool wear in both machining methods. It has been determined that the thrust force decreases as the cutting speed increases, 

while it increases as the feed rate increases. 
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AISI 316 ÖSTENİTİK PASLANMAZ ÇELİĞİN ELEKTROFOREZ YÖNTEMİYLE 
DELİNMESİNDE TAKIM AŞINMASI VE İTME KUVVETİNİN İNCELENMESİ 
 
Özet 

Orijinal bilimsel makale  

Kesici takım maliyetleri talaşlı imalat için önemli bir bileşendir. Bu nedenle talaşlı imalatta işleme yöntemlerinin iyileştirilmesi kesici 

takım ömrüne etki etmektedir. Kesici takım aşınmasını azaltarak takım ömrünün uzatılması için son zamanlarda farklı işleme yöntemleri 

kullanılmaktadır. Bu yöntemlerden biri de elektroforez destekli işlemedir. Elektroforez destekli işleme oluşturulan elektrik alan yardımıyla 

aşındırıcı nano partiküllerin  işleme alanına etki etmesiyle oluşturulan geleneksel olmayan işleme yöntemidir. Elektroforez destekli işleme, 

geleneksel işleme yöntemlerine kıyasla yüksek mukavemet ve sertlik özelliklerine sahip, işlenmesi zor malzemelerin işlenebilirliğini artırır. 

Bu çalışmada AISI 304 paslanmaz çelik malzemesinin elektroforez destekli delme (EDD) ve geleneksel delme (GD) yöntemleri 

kullanılarak farklı kesme parametrelerinin delik delme performansı üzerine etkileri araştırılmıştır. Çalışmada elektrik alanını oluşturmak 

elde edilen çözeltide nano partikül olarak SiC toz kullanılmıştır.  Deneyler kapsamında farklı işleme yöntemleri, kesme hızları ve ilerleme 

hızlarının itme kuvvetleri ve kesici takım aşınma değerleri üzerindeki etkileri deneysel olarak incelenmiştir. İncelemeler sonucunda kesici 

takım aşınması ve itme kuvveti için en iyi sonuçlar EDD ile elde edilmiştir. Kesme hızının ve ilerleme hızının artması her iki işleme 

yönteminde kesici takım aşınmasını artırmıştır. İtme kuvveti kesme hızı arttıkça azalırken ilerleme hızı arttıkça arttığı tespit edilmiştir. 

 

Anahtar Kelimeler: Elektroforez, delme, kesme kuvveti, takım aşınması, AISI 316. 

 

 

1 Introduction  
 

Cutting force and cutting tool wear are important 

criteria in drilling. It is difficult to control and improve 

these two performance characteristics with traditional 

machining methods. Cooling methods are an effective 

method on machinability. However, the rotational 

movement of the cutting tool removes the fluid from the 

cutting area and results in an increased wear of the tool 

although it is also dependent on the material being cut. 

Stainless steels are preferred in the transportation via 

aerospace and also in marine due to their outstanding 

mechanical strength and corrosion resistance. Austenitic 

stainless steel alloys are in the group of materials that are 
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difficult to cut. These steels contain high Cr and Ni. These 

properties make machinability difficult due to low thermal 

conductivity and hardening properties during machining 

[1], [2]. Therefore, it creates high cutting forces and cutting 

temperatures during machining [3]. This situation 

increases tool wear by increasing friction in the cutting area 

and causes chip accumulation on the tool tip [4], [5]. AISI 

316 austenitic stainless steel is a challenging material to cut 

due to its distinctive machining characteristics. Its 

mechanical properties contribute to the difficulty of 

drilling this material. The workpiece undergoes hardening 

during the machining process, which results in increased 

wear on the cutting tool and a reduction in the quality of 

the machined surface. Furthermore, the material's inherent 

difficulty in undergoing deformation results in the 

generation of prolonged, elongated chips. These challenges 

have significantly constrained the utilization of AISI 316 

steel, necessitating the urgent resolution of these issues 

within the industry. Extensive research has been conducted 

on the machinability of austenitic stainless steel alloys, 

with ongoing efforts to ascertain the optimal machining 

conditions. In this regard, it is crucial to investigate the 

most suitable machining conditions for the processing of 

these materials. 

In machining, obtaining a quality surface, long tool life 

and increasing the metal removal rate are of great 

importance [6]. Drilling is a machining method that uses a 

cutting tool to remove materials from the drilling area to 

create a hole [7]. Tool wear, burr formation, surface 

quality, thrust forces and tool life are important parameters 

in drilling. In machining, the friction occurring in the 

cutting zone creates high cutting temperature and cutting 

pressure. Drilling becomes difficult because heat is 

concentrated in the cutting area [8]. Accelerated wear 

creates various mechanisms on the cutting tool. The 

various wear mechanisms depend on the cutting 

parameters and cooling methods in the cutting zone [9]. 

Tool wear influences surface quality and cutting 

performances [10], [11]. During the machining process, 

changes occur in the cutting tool geometry due to tool 

wear. Jawahir et al. [12] concluded in their study that the 

wear resistance and corrosion of the cutting tool have an 

effect on the surface quality. Kummel et al. [13] 

investigated the effect of cutting tool wear on machining 

quality and tool life. They found that increasing chip 

accumulation on the surface reduces wear and roughness. 

Considering the findings presented in the existing 

literature, the selection of appropriate additional 

techniques or process parameters during drilling and 

machining can enhance the machinability of the material. 

Consequently, the precision and efficiency of the 

machining process can be improved by employing 

alternative machining methods in conjunction with 

drilling. 

The use of existing conventional machining methods 

in machining materials that are difficult to remove causes 

cutting tool wear and reduces machinability [14]. To 

increase the machining efficiency of austenitic stainless 

steel, researchers have proposed different cooling methods. 

In order to reduce wear in the cutting area, cutting 

temperature and cutting force must be reduced. For this 

reason, various cooling methods and cutting fluids are 

applied to the cutting area [15], [16]. Khan et al. [17] 

studied the cutting performance of AISI 9310 under dry 

and MQL conditions. They found that MQL increased tool 

life and surface finish by reducing the cutting temperature. 

However, the use of cooling methods has negative effects 

on the environment and human health due to their harmful 

chemical substance content [18], [19].  These negative 

effects have led to the use of alternative methods in 

machining. Due to the problems mentioned above, studies 

on harmless cooling methods that will decrease wear have 

become inevitable. With the electrophoresis-assisted 

processing method, which is one of these methods, 

negativities can be eliminated by creating an electric field 

in the processing area. This method is a non-traditional 

process used to cut metals that are generally hard or 

difficult to cut, where a conventional process is not 

suitable. Electrophoresis is the movement of charged 

nanoparticles in solution within the electric field created in 

the shear zone. In electrophoresis-assisted machining, 

abrasive particles penetrate the machining area thanks to 

an electric field, increasing machining efficiency [20]. He 

et al. [21] investigated the surface roughness of AL6061 

workpiece with electrophoresis-assisted ultrasonic 

machining. As a result of the experiments, they found that 

electrophoresis-assisted ultrasonic machining increased 

the surface quality compared to other machining methods. 

In this study, the positive/negative aspects of the 

performance characteristics were investigated in the 

machining of AISI 316 L austenitic stainless steel using the 

electrophoresis method, which is new and rare in 

machining, and the best solution methods that will create 

an alternative to traditional machining methods were 

determined. In the study, tool wear and thrust force were 

determined as performance characteristics. By applying the 

EAD method, it was aimed to increase the tool life as a 

result of minimizing the thrust force and cutting tool wear. 

It was seen in the obtained results that the EAD method 

was not used in drilling and this method increased the 

machinability compared to other machining methods. 

According to the results obtained, this study will make 

serious contributions to minimizing the current problems 

in the machining of engineering materials with similar 

mechanical properties to AISI 316 L austenitic stainless 

steel. 

 

2 Materials and Methods 
 

2.1 Experimental Setup 
 

This study was established to investigate the impacts 

of different machining methods and different cutting 

parameters on cutting tool wear and thrust force in drilling 

experiments of AISI 316 L austenitic stainless steel. 

Workpieces with dimensions of 90x45x5 mm were used in 

the drilling experiments. The chemical composition and 

physical properties of AISI 316 L austenitic stainless steel 

are given in Table 1. 

In the electrophoresis method, the voltage (V) applied 

between two electrodes using a direct current (DC) source 

and the distance (d) between the electrodes lead to the 

formation of an electric field (E=V/d). To create an electric 

field between two electrodes, charged abrasive particles are 

suspended in the working fluid tank and move towards the 

oppositely charged electrode [22]. Direct current (DC) is 
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used as the electrical source. To create an electric field, the 

cutting tool is positively charged by being connected to the 

anode end, and the solution containing the working fluid is 

negatively charged by being connected to the cathode end. 

Thus, an electric field is created between the working fluid 

and cutting tool. Thanks to the electric field created, the 

nanoparticles move to the worn areas of the cutting tool 

and affect these areas. 

 
Table 1. Mechanical properties and chemical composition of AISI 316 

austenic steel. 

Parameter Value 

Density (lbs/cm3) 0,29 

Brinell hardness (HB) 149 

Tensile stress (MPa) 205 

Elastic modulus (GPa) 193 

Chemical composition (%) 

C: 0,035 

Mn: 2,0 

P: 0,040 

S: 0,03 

Si: 0,75 

Cr: 16-18 

Ni: 10-15 

 

Within the scope of the experimental studies carried 

out, CD and EAD processes were carried out. Experimental 

parameters are given in Table 2. During the EAD process, 

the workpieces were placed in sample holders in 

electrophoresis solution. 10 mm diameter, 30o helix angle, 

118o tip angle, N type DIN 345 uncoated HSS tools were 

used as cutting tools. The geometric parameters of the 

cutting tool are given in Figure 1. The cutting tool was 

renewed in each experiment to clearly observe the wear 

that occurred. In the EAD process, SiC powder with a size 

of 0.5 nm was used as nanoparticles in solution. The 

solution used was 1/100 SiC and 99/100 pure water by 

weight. To create the electric field, the solution was 

connected to the cathode to make it negatively charged, and 

the cutting tool was connected to the anode tip to make it 

positively charged. A direct current power supply with 0-3 

A and 0-30 V characteristics was used to create the coating 

medium. The solution parameters for which EAD will be 

used are given in Table 3. During the experiments, a CNC 

milling machine (Jetco 3 axis CNC-Chinese) was used to 

perform the drilling and a dynamometer (ME-SYSTEME-

K3D160; Germany) was used to measure the thrust force. 

The data acquisition frequency for thrust force 

measurement was 1 kHz. In tool wear studies, the amount 

of wear was measured with an optical microscope 

(NIKON-ECLIPSE MA100; Japan). In addition, the 

impacts of machining methods and parameters on wear 

were analyzed in scanning electron microscopy (SEM) and 

their effects were examined in detail. To investigate the 

change of tool wear during drilling process, tool wear was 

measured by looking at the amount of wear at the end of 25 

holes to analyze the effect of cutting speed, feed rate and 

machining methods on tool wear. The number of holes was 

selected as 25 because it was the optimum value for wear 

in the preliminary experiments. Each drill was measured 

twice to obtain accurate results. The experimental setup is 

given in Figure 2. 

 

 
Figure 1. Geometric parameters of cutting tool. 

 

 
(a)                 (b) 

Figure 2. a) Experimental setup b) Cutting area. 

 
Table 2. Experimental parameters. 

Parameter 
Conventional 

drilling 

Electrophoresis 

assisted drilling 

Spindle speed 

(m/min) 
20-30-40 20-30-40 

Feed rate 

(mm/dev) 
0,09-0,12-0,15 0,09-0,12-0,15 

Drilling 

diameter (mm) 
10 10 

Drilling cutting 

edge angle 

(degrees) 

35 35 

 
Table 3. Electrophoresis solution parameters. 

Parameter Value 

Particle size (nm) 0,5 

Particle type Silicon carbide (SiC) 

Applied voltage (DC)(V) 10 

Working fluid Pure water 

 

3 Results and Discussion 
 

3.1 Tool Wear Results 
 

Predicting tool wear is a difficult process because it is 

a parameter that changes over time in every manufacturing 

process. Workpieces produced with worn tools cause 

negative effects such as dimensional differences and poor 

surface quality [23]. Therefore, reducing tool wear has an 

important place in machining. Figure 3a shows the impacts 

of machining methods on wear and their changes 

depending on cutting speed. With increasing cutting speeds 

at fixed feed rate (0.12 mm/rev), cutting tool wear 

increased rapidly in both CD and EAD. As the number of 

revolutions increases, it causes more friction. As a result, it 

increases the temperature, creates corrosion mechanisms 

and increases wear [24]. When the cutting speed in CD 

increased from 20 m/min to 40 m/min, tool wear increased 

by 65%. Similarly, this rate was found to be 50% in EAD. 

Figure 3b shows the impacts of machining methods on 

wear and their changes depending on the feed rate. At fixed 

cutting speed (30 m/min), cutting tool wear increased in 

both machining methods as the feed rate increased from 



A. Mahmat 

International Journal of Innovative Engineering Applications 8, 2(2024), 82-88                                                                                                                                                   85 

0.09 mm/rev to 0.15 mm/rev. Tool wear increased as the 

amount of chip removed increased as the feed rate 

increased [23]. When the feed rate in CD increased from 

0.09 mm/rev to 0.15 mm/min, tool wear increased by 41%. 

Similarly, in EAD this rate is 42%. 

 

 

 
(a)      (b) 

Figure 3. Flank wear values a) According to cutting speed, b) According to feed rate. 

 

During the machining process, nanoparticles are 

attracted to the cutting tool due to the electromagnetic field 

generated by the chemical interactions of the nanoparticles 

in pure water. This phenomenon enables the coating of the 

cutting tool with SiC nanoparticles. Wear is reduced by 

attracting nanoparticles to the wear areas on the cutting tool 

while drilling and penetrating the worn areas. Additionally, 

the temperature decreased because the drilling process took 

place in the electrophoretic solution. The decrease in 

temperature minimized thermal softening and reduced 

wear compared to CD. 

Figure 4a and 4b show SEM analysis images showing 

tool wear types at a cutting speed of 30 m/min and a feed 

rate of 0.15 mm/rev. Side wear was observed as a result of 

abrasive wear during processing with CD. In addition, 

notch wear and occasional tip fractures were observed in 

CD due to the adhesive wear mechanism caused by high 

pressure and temperature. Reduced side wear was observed 

due to EAD reducing the cutting temperature compared to 

CD. In addition, nanoparticles prevent wear mechanisms 

by penetrating the wear zones in the cutting tool. 

The types of wear and tool damage that occurred on 

the cutting tools used in the experiments carried out at 40 

m/min (max) cutting speed and 0.12 mm/rev feed rate by 

applying CD are shown in Figure 4c. Small fractures and 

flank wear occurred on the cutting tool at maximum cutting 

speed. Due to the increasing speed values, the effect of 

friction increases and an increase in flank wear occurs [25]. 

The types of cutting tool damage that occurred in the 

cutting tools used in the experiments carried out with CD 

at 30 m/min cutting speed and 0.15 mm/rev (max) feed rate 

are seen in Figure 4d. Flank wear, notch wear and fracture 

occurred at the maximum feed rates. The high cutting 

forces formed by the increase in feed rate create thermal 

and mechanical stresses in the cutting zone and thus 

fracture and flank wear occur [26]. 

 

 
Figure 4. Wear on cutting tools a) Electrophoresis assisted drilling b) Conventional drilling c) Maximum cutting speed d) Maximum feed rate. 

 
 

Figure 5a and Figure 5b show the EDS analysis of the 

cutting edge where the wear is the most at 30 m/min 

cutting speed and 0.12 mm/rev feed rate under EAD and 

CD machining conditions. The presence of elements such 

as Ni and Cr shown on the cutting edge in CD confirms 

that these elements move from the workpiece to the 

cutting tool. Thus, the workpiece sticks to the cutting tool 

[27]. In EAD machining, the presence of elements 



Investigation of Tool Wear and Thrust Force in Drilling AISI 316 Austenitic Stainless Steel Using Electrophoresis Method 

International Journal of Innovative Engineering Applications 8, 2(2024), 82-88                                                                                                                                                     86 

belonging to the workpiece is seen in small amounts on 

the cutting tool. In EAD machining, the high amount of Si 

in the cutting area of the cutting tool proves that the 

abrasive particles move to the wear area of the cutting 

tool. During drilling, nano particles move to the worn 

areas with the help of the electric field and provide 

coverage of the area. This coating reduces wear on the 

cutting tool in EAD machining and causes flank wear.

 

 
Figure 5. EDS results of cutting tool surface in a) EAD b)CD. 

 

3.2 Thrust Force Results 
 

Determination of thrust force is important to 

determine the power to be used in machining. Thrust 

forces (Fz) measured with the help of a dynamometer 

were taken as cutting forces. In Figure 5 and Figure 7, 

thrust forces (Fz) measured with the help of a 

dynamometer were taken as cutting forces; force signals 

and the change of thrust force values depending on cutting 

speed and feed rate are given in the processing of AISI 

316 austenitic stainless steel with EAD and CD. Figure 6 

shows real-time thrust force signals and thrust force 

values according to the change of cutting speed at a fixed 

feed rate of 0.12 mm/rev. According to experimental 

studies, both CD and EAD thrust decreased with 

increasing speed. Increasing the cutting speed in the 

cutting zone provides thermal softening. This reduces 

unwanted friction. Additionally, increased thermal 

softening has the effect of reducing workpiece hardness. 

For these reasons, increasing the cutting speed reduces the 

thrust force. When the thrust forces are examined 

according to the processing methods, the thrust force 

values obtained with EAD at all cutting speeds are lower 

than those with CD. The rationale behind this 

phenomenon is that in the EAD method, nanoparticles are 

able to penetrate the cutting tool due to the 

electromagnetic field, thereby preventing wear.  Reducing 

tool wear reduces the force exerted when removing 

material from the workpiece [28].  At 30 m/min, the thrust 

force values obtained with EAD decreased by 18.51% 

compared to CD. While the maximum thrust force 

measured at CD was 73.5 N at 20 m/min, it was measured 

as 61.5 N at EAD. 

 

  
(a)                                                                          (b 

Figure 6. a) Effect of cutting speed on thrust force b) Thrust force signal.
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In Figure 7, thrust force signals and thrust force values 

at variable feed rates at a fixed cutting speed of 30 m/min 

are given. In the two machining methods, the thrust force 

values are at their lowest at a feed rate of 0.09 mm/rev. As 

the feed rate increases, the amount of chip removed 

increases. Therefore, increasing the feed rate causes the 

thrust force to increase in both machining methods. 

Increasing the feed rate increases the amount of chip and 

increases the load on the tool. This causes more chip 

removal, thus increasing the thrust force [29]. When the 

thrust forces obtained at a feed rate of 0.15 mm/rev were 

examined, the thrust force measured by EAD decreased 

by approximately 12.62% compared to CD. While the 

maximum cutting force measured in CD was 71.3 N at a 

feed rate of 0.15 mm/rev, it was measured as 62.3 N at a 

feed rate of 0.15 mm/rev in EAD. 

 

 
(a)                                                                                      (b) 

Figure 7. a) Effect of feed rate on thrust force b) Thrust force signal. 

 

4 Conclusion 
 

As a result of experimental studies on CD and EAD 

of AISI 316L austenitic stainless steel with HSS cutting 

tools, the following conclusions can be drawn: 

 

 When the cutting tool wear values are examined, tool 

wear values increased for both machining methods 

with the increase of cutting speed and feed rate. Tool 

wear values obtained with EAD were lower than those 

with CD. While side edge wear and notch wear were 

observed as wear types in CD, only side edge wear 

was observed in EAD. Tip breakage occurred in some 

places in the CD. 

 Thrust force decreased for both machining methods 

due to increasing cutting speed at constant feed rate. 

In experiments conducted at variable cutting speeds, 

the maximum thrust force was measured as 73.5 N at 

CD at a cutting speed of 20 m/min. The lowest thrust 

force was measured as 48.2 N in EAD at a cutting 

speed of 40 m/min. At a cutting speed of 30 m/min, 

EAD reduced the thrust force by 18.51% compared to 

CD. 

 Thrust force increased for both machining methods 

due to increasing feed rate at fixed cutting speed. At a 

fixed cutting speed of 30 m/min and varying feed 

rates, the highest thrust force was measured as 71.3 N 

at CD at a feed rate of 0.15 mm/rev. The lowest thrust 

force was measured as 46.8 N in EAD at a feed rate 

of 0.09 mm/rev. At a feed rate of 0.15 mm/rev, EAD 

reduced the thrust force by 12.62% compared to CD. 
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