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 Abstract 

The 1.4306 austenite stainless steel has been prominently utilized as a material in the automotive and 

aerospace industry. Considerable interest has been garnered in the machinability of stainless steel ow-

ing to its high strength and poor thermal conductivity. The aim of this study is to ascertain the influ-

ential cutting parameters, specifically the cutting speed and feed rate, on cut-ting forces, cutting tem-

perature, and chip evaluation. Thus, austenite stainless steel was subjected to free-cutting using 

a carbide recessing tool under dry conditions. The principle of measuring cutting temperature, a com-

plex procedure due to varying thermal homogeneity, was elucidated. For the turning experiments in 

question, the standard Taguchi orthogonal array L9 (32), featuring two factors and three levels, was 

employed. The experimental results were analyzed using MiniTab 17 software. The findings reveal 

a substantial effect of feed rate on cutting force, cutting temperature, and chip evaluation. The highest 

cutting force and cutting temperature were observed at a feed rate of 0.15 mm/rev. Conversely, the 

cutting force was minimized at a cutting speed of 100 m/min, indicating potential for increasing the 

cutting speed. The augmentation of feed rate led to chip compression and discoloration, attributed to 

elevated cutting force and a larger chip cross-section that efficiently dissipates heat from the cutting 

zone. 
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1. Introduction 

Stainless steels are extensively utilized in diverse industries, 

including automotive and aerospace (Szczotkarz et al., 2021), 

medical equipment (Acayaba and de Escalona, 2015), food in-

dustry (Kulkarni et al., 2014) and nuclear applications (Bhar-

asi et al., 2019) owing to their outstanding mechanical charac-

teristics, elevated corrosion resistance, durability, and 

aesthetic appeal. These materials are classified as a difficult-

to-machine materials due to their high toughness, low thermal 

conductivity, and pronounced work hardening. Consequently, 

these properties contribute to rapid tool wear during machin-

ing operations. Researchers are currently engaged in exploring 

and analyzing the machinability aspects of various types of 

stainless steels. This investigative focus encompasses differ-

ent stainless steel variants such as 304 (Kulkarni et al., 2014), 

316L (Saketi et al., 2016), and duplex stainless steel (Krolczyk 

et al., 2015). Understanding and improving the machinability 

of stainless steels is a crucial goal for researchers.  By explor-

ing the complexities of machining these materials, such as op-

timizing cutting parameters, tool materials, and cooling strat-

egies, their objective is to reduce tool wear and increase 

productivity. 

Smith stated the machinability is the sum of all properties of 

the workpiece material that affect the cutting process and the 

relative ease with which a satisfactory product can be pro-

duced by the machining process (Smith, 1989). The machina-

bility of a material is closely tied to the lifespan of the cutting 

tool. Tool life is the duration, measured in minutes, during 

which a cutting edge affected by the cutting process, retains 

its cutting capabilities until the need for sharpening arises. The 

cutting edge remains functional until a specific level of wear 
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takes place (Tschätsch and Reichelt, 2009). Tool life and ma-

chinability in the turning process is determined by numerous 

factors, such as tool data, cutting data, the cooling-lubricating 

or heating methods, the microstructure, and the mechanical 

and physical properties of machined the workpiece. These fac-

tors are illustrated in the Ishikawa diagram in Fig. 1. The ri-

gidity of the lathe significantly impacts tool life as a result of 

vibration.  When a lathe lacks adequate rigidity, it tends to ex-

perience vibrations during machining processes. These vibra-

tions have detrimental effects on the efficiency and lifespan of 

cutting tools. Excessive vibration contributes to heightened 

tool wear, decreased cutting accuracy, and diminished surface 

finish quality on the workpiece. Moreover, it can create fluc-

tuations in cutting forces, intensifying tool deterioration and 

potentially causing premature tool failure (Gökkaya and Hal-

bant, 2007). 

 

Fig. 1. Ishikawa diagram of the factors influencing tool life 

The characteristics of cutting tool, such as tool geometry, 

tool material composition, and coatings have a huge impact on 

tool life and applicable process parameters, through which 

productivity is also greatly affected. For the productive ma-

chining of these materials, ceramic, PCBN, and carbide tools 

with various coatings, such as ZrO2, SiC, TiC, TiCN, and 

TiAlN, are commonly used (Radek, 2023). 

Tool life is also influenced by the parameters of the process, 

such as cutting speed, depth of cut, and feed rate (Kun et al., 

2019; Sonawane et al., 2021). Kun et al, when milling diffi-

cult-to-machine nickel-base superalloys with GTD-111 

grades, found that these materials benefit from lower cutting 

speeds, higher feed rates and more robust tool geometries. The 

longest tool life was achieved at a cutting speed of 10 m/min 

and a feed per tooth of 0.03 mm/tooth (Kun et al., 2019). Sona-

wane et al investigated the effects of cutting speed, feed rate 

and depth of cut on surface roughness, vibration and tool wear 

during the turning of Incoloy 600. The results show that feed 

rate has the largest effect on surface roughness, followed by 

cutting speed, and depth of cut has no effect on surface rough-

ness. The vibration increased the most with increasing depth 

of cut, followed by feed rate, in which case it is observed that 

above a certain parameter, the vibration does not increase 

significantly. However, as the cutting speed was increased, the 

vibration decreased, but above a certain parameter, the de-

crease was smaller. The most common tool failure was due to 

fracture, which was attributed to high work hardening (Sona-

wane et al., 2021). In addition, the optimization of technolog-

ical parameters nowadays includes the quality of the machined 

surface, material removal performance, and energy consump-

tion, keeping sustainability in consideration (Móricz and Vi-

haros, 2022; Kovács et al., 2022). Krolczyk et al. have turned 

1.4462 duplex stainless steel using MM 2025 and CTC 1135 

inserts in dry and emulsion cooling under different process 

setting. The result was that dry machining achieved a 65 % 

longer life than emulsion cooling. The effects of cutting speed 

and feed rate on tool life were investigated and it was found 

that, in principle, tool life increases at low cutting speeds, but 

at higher cutting speeds of 0.2 mm/rev feed rate, almost the 

same tool life was achieved as at low values (Krolczyk et al., 

2015). In a study conducted by Kulkarni et al, the focus was 

on examining how variations in cutting speed and feed rate 

impact the cutting force and temperature in the process of turn-

ing AISI 304 stainless steel. The study's results demonstrated 

that as cutting speeds increased, there was a decrease in cut-

ting force, contrasting with the consistent rise in cutting force 

associated with higher feed rates. Moreover, there was a clear 

connection observed between increased cutting speeds or feed 

rates and an escalation in cutting temperature (Kulkarni et al., 

2014).  

The choice of cooling-lubricating methods is a significant 

factor in tool life (Buranská et al., 2019). Stainless steels are 

machined using several cooling and heating methods, the most 

common of which are wet, Minimum Quantity Lubrication 

(MQL), cryogenic cooling with liquid carbon dioxide or nitro-

gen, a combination of cryogenic and MQL, and Laser Assisted 

Machining (LAM) (Leksycki et al., 2023; Venkatesan, 2017; 

Kónya and Kovács, 2023). Leksycki et al. conducted a com-

prehensive investigation focusing on the ramifications of em-

ploying different cooling methods, namely dry, emulsion, and 

flood cooling, during the turning process of Ti6Al4V alloy. 

Their study aimed to analyze and compare how these cooling 

techniques affect various crucial factors such as chip for-

mation, cutting force dynamics, and the extent of tool wear in 

the machining of this specific alloy. The study revealed that 

the least amount of wear was observed with MQL cooling, 

followed by flood cooling, while the highest wear occurred 

with dry machining. (Leksycki et al, 2023). Venkatesan turned 

Inconel 718 in a conventional and laser-assisted environment 

using a carbide cutting insert. The results showed that in laser-

assisted turning, the cutting force applied was halved, surface 

roughness was almost halved and tool life increased by 60%. 

This was due to the preheating of the machined surface, which 

largely prevented work hardening during machining. The ef-

fect is also noticeable on the resulting chips, as the serration 

due to the high shear stress is greatly reduced (Venkatesan, 

2017). Kónya and Kovács milled a GTD-111 Ni-based super-

alloy using a carbide tool with flood cooling and cryogenic 

cooling with liquid carbon dioxide (LCO2). They did not ob-

serve a large difference in cutting force, but tool wear and pit-

ting were significant with liquid carbon dioxide cooling, and 
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surface roughness was also impaired. The only improvement 

was in chip breakage as the material has become brittle, but 

overall lubrication is more important than cooling in the ma-

chining of these difficult-to-machine materials (Kónya and 

Kovács, 2023). 

The material properties, particularly hardness, have a signif-

icant impact on the tool life during turning. Hardness is closely 

related to the material’s strength, and it affects the cutting 

force and temperature. Higher hardness values result in in-

creased cutting forces and temperatures, which increase the 

mechanical and thermophysical load on the tool edge. The 

heat generated during the cutting process can cause thermal 

damage to the tool edge, leading to premature tool failure. This 

effect is even more significant for these materials because the 

heat cannot escape as efficiently in the separated chip due to 

poor thermal conductivity (Kónya et al., 2022). Hard phases, 

such as carbides in the workpiece can also increase abrasive 

wear on the cutting tool. Furthermore, the presence of some 

alloy materials, such as Cr and Ni, in the workpiece can cause 

self-hardening during machining. When the allowance is re-

moved through successive cuts, the hardness of the already 

machined upper layers increases, leading to further tool wear 

(Sipos, 2018). Another wear phenomenon is chemical wear 

due to high cutting temperatures. Chemical wear occurs when 

the tool reacts with the workpiece material, such as in the case 

of high temperature oxidation. These wear mechanisms are 

more significant for hard-to-cut materials, such as Ni- and Ti-

based superalloys and stainless steels (Gerth et al., 2014; 

Ezugwu and Wang, 1997). 

The objective of this paper is to explore and analyze the im-

pacts of two key machining parameters, namely cutting speed 

and feed rate, which are highlighted in red within the Ishikawa 

diagram on the resulting cutting forces and temperatures in the 

context of orthogonal turning. This turning process has been 

chosen because in this case the separated chips do not cover 

the cutting zone, thus the thermal camera is able to see the tool 

edge accurately, giving an accurate temperature value. 

2. Methodology 

2.1. Experimental environment 

The schematic diagram of orthogonal turning with operating 

forces and the experimental setup is depicted in Fig. 2. The 

thermal camera is assembled so that its optical axis coincides 

with the extension of the cutting edge, which is important to 

ensure that the exact cutting temperature can be measured. 

A holder is made to hold the thermal camera, which can be 

adjusted to face perpendicular to the machining plane by hold-

ing it in the tailstock. 

 

Fig. 2. The principle of force measurement for orthogonal turning 

The cutting experiment was conducted on a CNC machine, 

model NCT BNC-446, ensuring a constant cutting speed 

throughout the machining process. The KISTLER 9257B type 

3 component dynamometer was utilized to measure the cutting 

forces. To capture the analogue data, sampling was performed 

at different speeds. The sampling frequency was set so that 

a signal was recorded for every 3 degrees of workpiece rota-

tion, which is not constant during orthogonal turning because 

as the diameter decreases, the spindle speed increases. Conse-

quently, the sampling frequency was set to the lowest spindle 

speed, guaranteeing a sampling interval of every 3 degrees of 

workpiece rotation at all speeds. This is important because it 

ensures that for each cutting speed value, a signal is measured 

at least every 3 degrees, making the results comparable. This 

was determined using Eq. 1., the calculated and rounded val-

ues as a function of applied cutting speed are shown in 
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Table 1. To process and record the output data, an A/D con-

verter was employed, and the Dynoware software was utilized. 

 𝒇 =
𝒏∙𝟏𝟐𝟎

𝟔𝟎
 (𝑯𝒛)  (1) 

Table 1. The calculated and applied sampling (s.) frequency as a 

function of cutting speed 

Cutting speed,  

(m/min) 

Calculated s. freq.,  

(Hz) 

Applied s. freq., 

(Hz) 

60 1273.885 1274 

80 1698.514 1699 

100 2123.142 2124 

 

In the realm of determining cutting force, the conventional 

approaches often involve calculations based on a singular 

static force, overlooking the dynamic fluctuations that occur 

during the cutting process as illustrated in Fig. 3. It can be ob-

served that there is also a minimal fluctuating in the force sig-

nal at the start of machining, due to the fact that the insert was 

not supported on both sides by the workpiece, so the tool was 

oscillating. At the end of the cutting operation, however, the 

degree of deflection is even greater in the force signal, which 

is the result of the tool being stopped while still in the machin-

ing, and while the speed and feed rate are decreasing, the tool 

is working under unfavorable machining conditions. This con-

dition is capable of subjecting the tool to greater stresses than 

longer periods of machining in a single path. 

Recognizing the significance of capturing the dynamic na-

ture of cutting force, it becomes imperative to measure it com-

prehensively over time. To achieve this, a modern piezoelec-

tric dynamometer with three components was utilized. This 

dynamometer cell can measure the Fx, Fy, and Fz constituents 

of the cutting force. By obtaining the values of these force 

components over machining time, it becomes possible to ex-

press and plot the main cutting force in relation to machining 

time, as described by Eq. (2). 

 

Fig. 3. Main cutting force as a function of machining time in case of 

0.05 mm/rev. feed rate and 60 m/min cutting speed 

F(𝑡) = √𝐹𝑐
2 + 𝐹𝑓

2 + 𝐹𝑝
2 (N) (2) 

For the orthogonal turning, a PVD TiALN-TiN double 

coated TDC TT9080 (TaeguTec, 2023a) type double ended 

insert with lead angle and chip breaker was used in a TTER 

3232-4T25 tool holder (TaeguTec, 2023b). This blade is spe-

cifically recommended by the manufacturer for cutting diffi-

cult-to-machine materials at medium feed rates. The point of 

the 4 mm insert is that this way the two tips are not involved 

in the machining (RƐ=0.3 mm), so that free machining is 

achieved, which is useful for the machining temperature be-

cause it can be measured on a perpendicular surface. 

In a thermal imaging measurement, the thermal camera cre-

ates an image based on the temperature difference, so the hot-

test element in a thermal image is white and the coldest ele-

ment is black, with everything in between being placed on a 

shade of grey, as illustrated in Fig. 4. However, the determi-

nation of the temperature difference is not based on the actual 

temperature measurement, but on measuring the effect of the 

radiated heat, performing the mathematical calculations asso-

ciated with the calibration procedure and then reporting a tem-

perature value. 

 

Fig. 4. Cutting temperature measurement during one test machining 

The objects to be measured in real life are usually not black 

bodies, so their emission coefficient will be between 0.1 and 

1, so the total radiation reaching the infrared camera may be a 

combination of emitted, transmitted and reflected radiation, 

which will affect the accuracy of the measurement. Since this 

value is different for each surface, it is advisable to achieve 

thermal homogeneity, so that the emission factor only needs 

to be well adjusted for one surface.  

In order to achieve the same thermal homogeneity during 

the temperature measurement, and thus an accurate tempera-

ture measurement, graphite spray was applied on both the 

workpieces and the inserts as illustrated in Fig. 5.  
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Fig. 5. The prepared workpieces and inserts for the experiment 

This is important because the emissivity of both the insert 

and the workpiece surface is different, which would affect the 

measurement result. By using the graphite spray, the emissiv-

ity of the insert and the workpiece will be the same. The accu-

racy of the thermal imaging camera (FLIR T366) was verified 

using a VOLTCRAFT DETIR type tactile thermometer, 

which showed that the thermal imaging camera measures 

+10 °C more than the actual temperature. This was deducted 

from the subsequent results. The idea for the basis of the meas-

urement came from the work of Dömötör et. al. (Dömötör, 

2013), but the thermal homogeneity in their work was difficult 

to ensure due to the hybrid material pairing. 

2.2. Material 

The experimental material utilized in this study was austen-

ite stainless steel categorized under the material grade 

X2CrNi19-11 (1.4306), the microstructure of which is illus-

trated in Fig. 6 and the detailed information regarding the 

chemical composition is provided in Table 2. The chemical 

composition was measured by a FOUNDRY-MASTER PRO 

type spectrometer in 6.0 pure argon gas to ensure precise re-

sult. Additionally, the visual documentation of the microstruc-

ture was acquired through imaging with a Zeiss STEREO Dis-

covery V8 optical microscope. 

 

Fig. 6. Microstructure of X2CrNi19-11 

Table 2. The chemical composition of X2CrNi19-11 

Fe C Si Mn Cr Ni Co Cu 

71.2 0.03 0.12 1.38 17.9 8.00 0.11 0.48 

2.3. Design of experiment 

The machining parameters used during the experiments are 

the conventional parameters recommended by the tool manu-

facturer. Taguchi’s method has the capability to decrease the 

quantity of experiments by narrowing the extensive set of in-

put parameters and their analysed levels to give necessary and 

evaluable data, therefore this method was applied under the 

design of the experiment (Freddi, 2019; Nalbant el at., 2007). 

The determined two cutting parameters and their three levels 

are shown in Table 2. and the experimental trials were carried 

out using Taguchi-method. The generated 32 (L9) DoE matrix 

is shown in Table 3. Each machining operation was carried out 

under dry conditions, due to the measurement of the cutting 

temperature. The workpiece had a diameter of 50 mm, which 

was then machined to 30 mm. The insertion width was 3 mm. 

Table 2. The input parameters and their levels 

Input parameters Levels 

Cutting speed, vc (m/min) 60 80 100 

Feed rate, f (mm/rev.) 0.05 0.1 0.15 

Table 3. Experimental trials 

E. No. vc (m/min) f (mm/rev.) 

1. 60 0.05 

2. 60 0.1 

3. 60 0.15 

4. 80 0.05 

5. 80 0.1 

6. 80 0.15 

7. 100 0.05 

8. 100 0.1 

9. 100 0.15 

3. Results 

3.1. Cutting force 

The relationship between the cutting force (F) and the feed 

rate (f) is depicted in Fig. 7 for each cutting speed (vc). Addi-

tionally, Fig. 8 illustrates the correlation between the cutting 

force and cutting speed for each feed rate. As it can be seen on 

the figures, the cutting force increases with an increase in the 

feed rate. For all three cutting speeds, it can be stated that in-

creasing the feed rate from 0.05 mm/rev to 0.15 mm/rev in-

creases the cutting force by a factor of almost two. At a feed 

rate of 0.05 mm/rev, the cutting forces are almost identical for 

different cutting speeds. The cutting force is the smallest for a 

cutting speed of 100 m/min and the largest for 60 m/min. This 

also means that the optimum has not been found when it 

comes to cutting speed, so it can be concluded that the cutting 

speed, and thus productivity as well, can be further increased. 

The smallest cutting forces were attained when machining 

with a feed rate of 0.05 mm/rev.  
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Fig. 7. Cutting force as a function of feed rate for cutting speeds of 

60; 80; 100 m/min, where x representing the feed rate and y repre-

senting the cutting force 

 

Fig. 8. Cutting force as a function of cutting speed for feed rates of 

0.01; 0.1; 0.15 mm/rev, where x representing the cutting speed and 

y representing the cutting force 

3.2. Cutting temperature 

The evaluation of cutting temperature as a function of ma-

chining time in the case of 60 m/min cutting speed and 0.05 

feed rate is illustrated in Fig. 9. The observed signal fluctua-

tions can be attributed to the inherent dynamics of the turning 

process. To facilitate a clearer analysis of the outcomes, par-

ticular emphasis is placed on the maximum cutting tempera-

ture. In order to analyze the results more clearly, special em-

phasis is placed on the maximum cutting temperature. The 

maximum temperature data was isolated and graphed to illus-

trate its correlation with various cutting parameters. 

 

Fig. 9. Cutting temperature plotted against machining time for a 

cutting speed of 60 m/min and a feed rate of 0.05 mm/rev  

The variation of cutting temperature (T) concerning the feed 

rate is presented in Fig. 10., delineating the alterations in tem-

perature changes at different cutting speeds. Additionally, 

Fig. 11. depicts the relationship between cutting temperature 

and cutting speed for each feed rate. As the feed rate increases 

during machining, there is a proportional decrease in the cut-

ting temperature. This phenomenon occurs because a larger 

chip cross-section is produced, thereby enhancing the heat re-

moval from the cutting zone. However, at a specific cutting 

speed of 60 m/min coupled with a feed rate of 0.1 mm/rev, an 

abrupt and notable decrease in cutting temperature is ob-

served, deviating from the anticipated trend. This anomaly 

could potentially be attributed to measurement inaccuracies or 

errors in the data collection process. The maximum cutting 

temperature was recorded at a cutting speed of 100 m/min, 

marking the peak temperature observed in the study, and at the 

lowest measured at cutting speed of 60 m/min. 

 

Fig. 10. Cutting temperature as a function of feed rate for cutting 

speeds of 60; 80; 100 m/min, where x is the feed rate and y is cut-

ting temperature 

 

Fig. 11. Cutting temperature as a function of cutting speed for feed 

rates of 0.01; 0.1; 0.15 mm/rev, where x is the cutting speed and y is 

cutting temperature 

3.3. Chip morphology 

The evaluation of chip characteristics based on cutting 

speed and feed rate is shown in Fig. 12. Optimum chip for-

mation was observed at a cutting speed of 80 m/min and a feed 

rate of 0.05 mm/rev, with the most favorable chip breaking 

achieved by this specific parameter setting. This configuration 

presents an ideal balance for efficient chip breaking and good 

handling. As the feed rate increases, a gradual decrease in chip 
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diameter can be seen. This reduction is accompanied by a re-

duction in chip breakage due to the larger chip cross-section, 

resulting in longer chips less suitable for efficient handling 

and disposal. As the cutting speed increases, a proportional 

change in chip color can be observed, especially an increase 

in discoloration and yellowish tint. This discoloration is con-

sistent with the maximum recorded cutting temperature, indi-

cating a relationship between the thermal conditions of the 

cutting process and chip properties. Furthermore, an interest-

ing observation is noted concerning the effect of increased 

feed rates on chip shearing. As the feed rate rises, the chips 

undergo greater levels of shearing, likely linked to the height-

ened cutting force exerted during machining operations. 

 

Fig. 12. Chip evaluation as a function of cutting speed and feed rate 

4. Conclusion 

The objective of this research paper was to examine how 

variations in cutting speed and feed rate influence crucial pa-

rameters such as cutting forces, cutting temperature and chip 

evaluation. The effects of cutting speed and feed rate on cut-

ting force are illustrated in Fig. 13 and cutting temperature in 

Fig. 14. The ultimate goal of this investigation was to mini-

mize cutting forces and cutting temperature, crucial factors for 

efficient machining and tool failure. 

To evaluate the optimal technological parameter settings, 

the Signal-to-noise (SN) ratio was used, utilizing the “Smaller 

is better” approach via Eq. (3), where Y signifies the responses 

for the specified combination of factor levels and n denotes 

the number of responses in the factor level combination. The 

results from these analyses consistently indicated that the feed 

rate exerted the most significant influence on both cutting 

force and cutting temperature. This finding was clearly illus-

trated in the diagrams, emphasizing the critical role of feed 

rate adjustments in controlling and optimizing cutting forces 

and cutting temperatures during machining processes. 

 
𝑆

𝑁
= −10 ∙ log (

∑(1/𝑌2)

𝑛
) (3) 

The authors state the following conclusions: 

• The findings emphasize that among the cutting speed and 

feed rate studied, the feed rate stands out as exerting the 

most significant influence on crucial aspects of the ma-

chining process. This impact is notably evident in the be-

haviours of cutting force, cutting temperature, and chip 

evaluation, as explicitly depicted and detailed in  

Fig. 13-14. 

• The biggest cutting force has been measured when ma-

chined with a 0.15 mm/rev feed rate.  

• The smallest cutting force has been measured when ma-

chined with a 100 m/min cutting speed, which means that 

it can be increased, therefore the productivity can be in-

creased as well. 

• The chips became more compressed, discoloured and the 

chip breakage was worse when increasing the feed rate.  

• The rate of discoloration change is often directly related 

to the feed rate. This phenomenon occurs because the 

chips generated during the machining process have a 

larger cross-sectional area and have the ability to absorb 

more heat from the cutting zone. Therefore, increased 

feed rate contributes to greater heat dissipation, resulting 

in greater discoloration of the processed material. 

 

Fig. 13. The influence of cutting speed and feed rate on cutting 

force 

 

Fig. 14. The influence of cutting speed and feed rate on cutting tem-

perature 
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