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Abstract: The hardened tool steel AISI O1 has increased strength, hardness, and wear resistance,
which affects the complexity of the machining process. AISI O1 has also been classified as difficult to
cut material hence optimum cutting parameters are required for the sustainable machining of the
alloy. In this work, the effect of feed peer tooth (fz), cutting speed (vc), cutting of depth (ap) on surface
roughness (Ra, Rt), cutting force (Fx, Fy), cutting power (Pc), machining cost (Ci), and carbon dioxide
(Ene) were investigated during the slot milling process of AISI O1 hardened steel. A regression analysis
was carried out on the obtained experimental results and the induction of nonlinear mathematical
equations of surface roughness, cutting force, cutting power, and machining cost with a high coefficient
of determination (R2 = 90.62–98.74%) were deduced. A sustainability assessment model is obtained
for optimal and stable levels of design variables when slot milling AISI O1 tool steel. Stable indicators
to ensure personal health and safety of operation, P1 values were set to “1” at a cutting speed of
20 m/min or 43.3 m/min and “2” at a cutting speed of 66.7 m/min or 90 m/min. It is revealed that for
eco-benign machining of AISI O1, the optimum parameters of 0.01 mm/tooth, 20 m/min, and 0.1 mm
should be adopted for feed rate, cutting speed, and depth of cut respectively.

Keywords: slot milling; hardened steel; sustainability; eco-benign machining; surface roughness;
cutting force; power consumption; machining cost; carbon dioxide

1. Introduction

Hardened steel AISI O1 is widely used in the manufacturing of measuring and cutting tools,
cold forming matrix and punches, and machine-tool attachments. The presence of manganese,
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vanadium, tungsten, chromium, and carbides in its composition contributes to the increase in
strength [1,2], hardness [3], and wear resistance [4]. Due to these properties, AISI O1 steel products are
employed in different industries and its machinability has been investigated in different operations:
turning [5], milling [6], and grinding [7]. In the process of slot milling, the main indicator of the quality
of the machined surface is the roughness. However, the environmental aspect of the machining process
is of increasing importance today [8,9]. Production should not only provide accurate processing
parameters but also use more productive methods and technologies [9] to fulfil the dream of a
sustainable society [10].

Today, sustainable manufacturing is relevant, which focused on ensuring the quality of machined
surfaces with lower costs of production resources [11], thereby reducing their overall consumption
and reducing the negative impact on the environment [12]. Besides, a very important aspect is to
reduce greenhouse gases to achieve reliable and sustainable manufacturing processes [13]. Thus,
it is important to comprehensively ensure optimal conditions of machining to achieve the target
accuracy in any machining operation [14], optimal from the standpoint of saving resources [15], cutting
conditions [16], and ensuring less environmental impact [17].

Only a few studies focused on the optimisation of machining process parameters to achieve less
environmental impact and improve the surface integrity and quality aspects for slot milling operations.
Wang and Chang [18] in their article showed the relationship between the cutting parameters and
the geometry of the cutter on the induced surface roughness when the slot end milling of aluminium
alloy 2014-T6. Niknam and Songmene [19] in their study minimised burr thickness and surface
roughness during slot milling of aluminium alloy 6061-T6. Pimenov in his work [20] investigated
the influence of cutting conditions on the surface roughness obtained by milling a billet of steel 45.
Duboust et al. [21] showed a change in surface quality when using different types of cutting tools,
fibre orientation, and cutting settings for milling operations. Niknam et al. [22] determined the optimal
levels of adjustment of the milling parameters by improving the surface quality in the process of slot
milling of aluminium alloys 2024-T351 and 6061-T6. However, based on the information available in
the open access literature, especially for slot milling operations, it can be observed that the published
work did not consider the processing of hardened steel. Besides, no consideration is provided to the
environmental aspects and the costs of production resources.

In considering the research on the surface quality during slot milling in combination with other
parameters, such as cutting force, Wang et al. [23] investigated the influence of the fibre cutting
angle on milling forces, morphology of machined surface, and surface roughness when slot milling
unidirectional high strength polymer laminates reinforced with carbon fibre. Pimenov et al. [24]
demonstrated the effect of relative positions of face mill concerning the workpiece and kinematics
milling on component cutting forces, acceleration spindle during milling, and on the surface quality
obtained by milling SAE 1045 steel. Jebaraj et al. [25] investigated the surface roughness taking into
account cutting forces when milling of aluminium alloy 6082-T6. Yeganefar et al. [26] made a forecast
and optimisation of surface quality and cutting forces during slot milling of the aluminium alloy
7075-T6. Pimenov et al. [27] in their article for the face milling process of AISI 1045 steel, surface
roughness, cost of the cutting tool, power consumption, wear, and material removal rate were studied.
Balogun et al. [28] investigated tool life characteristics, tool wear parameters, surface integrity, cutting
forces, and power demand when turning Nitronic 33 steel alloy under different cutting environment.
Osman et al. [29] studied the effect of a minimal amount of lubricant with various combinations of
hexagonal boron nitride nanoparticles on surface quality, and the cutting force of slotted milling
titanium alloy using analysis of variance and response surface methodology. Considering the reviewed
literature on surface quality and cutting forces obtained by slot milling, the presented work do not
consider the processing and the environmental aspect during slot milling of hardened steel AISI O1.

A very interesting factor in addition to ensuring the surface quality of processed slot milling is to
minimise the cutting power. Among such works, one can single out studies [30] of surface quality and
analysis of energy consumption of austenitic stainless steel, crushed in a dry cutting milled. Liu et
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al.’s [31] model was used to determine the cutting force and power at the tool tip. This was obtained
analytically for slot milling operations. Liu et al. [32] presented a new model for predicting surface
quality with slot milling of aluminium alloy 7075, taking into account the analytical evaluation of the
specific power consumption of cutting and the empirical characteristic of the relationship between
surface quality and specific cutting energy consumption. Edem and Balogun [33] investigated the
influence of cutting edge radius on the specific cutting energy and surface finish during the side milling
of aluminium alloy AW6082-T6 and AISI 1018 steel under a dry cutting environment. Pimenov et al. [34]
predicted deviations of surface roughness in real-time using the artificial intelligence, which depends
on the power of the main drive and tool wear during milling of steel 45. Additionally, these works
dedicated to slot milling concerning cutting power do not consider the machining of hardened steel
AISI O1. Besides, they do not take into account the eco-aspect of production, combined with the
minimisation of the number of productive resources. Additionally, at the same time, the stability
assessment of the material was not reported.

The cost of production is a very important indicator of financial resource savings. Hence,
for eco-benign machining of hardened steel, it is important to include the cost component for
sustainable machining [35–37].

Thus, flowing from literature, it is appropriate at this time of machining science development for
eco-benign manufacturing practices to conduct comprehensive studies on the sustainability assessment
of slot milling of hardened steel AISI O1. This will take into account the parameter variability for quality
of the machined surfaces, cost component resource, and machining process parameters (i.e., cutting
force, cutting power, etc.) and most importantly, the conservation of ecology carbon oxide factor.

The purpose of this work is to conduct a sustainability assessment, investigation, and modelling
of surface roughness, cutting force, cutting power, machining cost, carbon dioxide emission of slot
milling to determine the optimum cutting conditions for cutting power, machining cost, and carbon
dioxide emission.

2. Materials and Methods

2.1. Experimental

Face milling experimental tests were carried out on a HAAS TM1 vertical machining centre
(HAAS, Oxnard, CA, USA). The workpiece material for all experiments was AISI O1 steel, which is
oil-hardened cold work tool steel, commonly used for gauges and various types of tools. As per the
manufacturer (Uddeholm, Hagfors, Sweeden), the percentage chemical composition of AISI O1 steel is
summarised in Table 1.

Table 1. Chemical composition of the workpiece material.

C (%) Si (%) Mn (%) P (%) S (%) Cr (%) W (%) V (%) Fe (%)

0.96 0.22 1.08 0.008 0.004 0.45 0.41 0.09 Balance

In order to carry out the machining experiments, two rectangular-shaped workpieces from AISI
O1 steel were employed, with dimensions of 150 mm × 30 mm × 10 mm, a hardness value of HB230.
For all the milling tests an 8 mm diameter AlTiN coated 4-flute milling cutter was employed as shown
in Figure 1. On the workpiece with a cutting length of 30 mm, 8 mm wide slots were machined.

The machine tool employed for the milling tests was a HAAS TM1 3-axis vertical milling centre.
The milling tests were designed employing the Taguchi DOE method for three factors, namely depth of
cut, cutting speed, and feed rate; for each of these factors, 4 levels were considered. The values of each
level for every factor are presented in Table 2 and the sequence of experimental runs was composed of
16 experiments in total.
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workpieces were fixed on it by using two bolts, see Figure 2b. 
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The measured signal was amplified using three Kirstler Type 5011 charge amplifiers and the 
force signals were recorded in the PC by using a National Instruments DAQ card. Finally, the 
acquired force values were processed using specially prepared software in LabView environment 
and the maximum values for the horizontal force component, Fx, and the vertical force components, 
Fy were determined in each case. 

For the measurement of surface roughness indicators Ra and Rt, a Taylor Hobson Surtronic 3+ 
profilometer (Taylor Hobson Ltd., Leicester, UK) was employed with a cut-off length value of Lc = 0.8 
mm and an evaluation length of Ln = 4.0 mm. Measurements were conducted on three positions along 
with the slots and average values were calculated. 

In order to conduct experiments under various machining conditions without increased 
experimental work and cost, the experiments of the present work were designed according to the 

Figure 1. End-mill used in the experiments.

Table 2. Experimental factors and their levels.

Cutting Parameter Level 1 Level 2 Level 3 Level 4

Depth of cut (mm) 0.1 0.233 0.367 0.5
Cutting speed (m/min) 20 43.3 66.7 90
Feed rate (mm/tooth) 0.01 0.023 0.036 0.05

During the experiments, the three components of cutting force were measured by a Kirstler Type
9257A three-axis dynamometer (triaxial force transducer; Kistler Group, Winterthur, Switzerland),
shown in Figure 2a, which was fixed firmly on the machining bed of the milling centre. The workpieces
were fixed on it by using two bolts, see Figure 2b.
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Figure 2. (a) Dynamometer Kirstler Type 9257A and (b) workpiece on the machine tool.

The measured signal was amplified using three Kirstler Type 5011 charge amplifiers and the force
signals were recorded in the PC by using a National Instruments DAQ card. Finally, the acquired force
values were processed using specially prepared software in LabView environment and the maximum
values for the horizontal force component, Fx, and the vertical force components, Fy were determined
in each case.

For the measurement of surface roughness indicators Ra and Rt, a Taylor Hobson Surtronic
3+ profilometer (Taylor Hobson Ltd., Leicester, UK) was employed with a cut-off length value of
Lc = 0.8 mm and an evaluation length of Ln = 4.0 mm. Measurements were conducted on three positions
along with the slots and average values were calculated.

In order to conduct experiments under various machining conditions without increased
experimental work and cost, the experiments of the present work were designed according to
the Taguchi Design of Experiments (DoE) method for three factors, namely depth of cut, feed per tooth,
and cutting speed, with each factor varying at four different levels. Using Minitab 17 DoE software,
the number and the sequence of experimental tests were obtained. In total, 16 experiments were
conducted using the L16 orthogonal array, as can be seen in Table 3. In every experiment, uncertainties
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can arise, e.g., due to the measurement errors or due to factors affecting the process such as mechanical
vibrations. To ensure that uncertainties of the slot milling process (in terms of cutting forces and
surface roughness measurements) do not affect the results of the present study significantly, several
preliminary machining tests were performed with the same parameters as some of the 16 experiments
presented in this work. The results indicated that the deviation of average cutting force and surface
roughness values does not change considerably during multiple replications of the machining tests and
thus, it is not required to perform multiple replications for each of the 16 machining tests. The results
of these preliminary tests along with the average values of measured quantities and the coefficient of
variation (CV) in each case are presented in Tables 4 and 5 for cutting force components and surface
roughness indicators, respectively. The preliminary tests, which were conducted were performed
according to 4 of the 16 conditions included in the manuscript, namely the experiments no. 1, 5, 8,
and 13 as presented in Table 3, they were repeated three times each and afterwards, the average Fx and
Fy forces, and Ra and Rt were calculated for each replication. The conditions for the preliminary tests
were chosen in such a way that they could take into consideration a wide range of the values of each
process parameter. The findings indicated that the variation in each case was within acceptable levels,
namely below 10% and in most cases even below 5%. Although all three components of cutting force
were measured, Fz was neglected from further processing as it is applied perpendicularly to the plane,
where cutting action was performed and thus it produced no work.

Table 3. Experimental results regarding milling parameters.
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1 0.01 20 0.1 0.43 4.93 20 25 0.008 5.89 0.00305 1
2 0.01 43.3 0.233 0.6 6.8 23 32 0.023 4.44 0.00876 1
3 0.01 66.7 0.367 0.93 7.87 43 45 0.049 4.01 0.01867 2
4 0.01 90 0.5 1.2 10.7 70 72 0.106 3.80 0.04039 2
5 0.023 20 0.233 0.85 8.2 40 52 0.017 4.37 0.00648 1
6 0.023 43.3 0.1 0.62 5.87 24 33 0.023 3.74 0.00876 1
7 0.023 66.7 0.5 1.31 12.93 83 85 0.092 3.55 0.03505 2
8 0.023 90 0.367 1.05 10.2 65 68 0.100 3.46 0.0381 2
9 0.036 20 0.367 1.22 11.43 82 92 0.030 3.95 0.01143 1

10 0.036 43.3 0.5 1.46 14.06 110 112 0.079 3.54 0.0301 1
11 0.036 66.7 0.1 0.8 7.2 27 38 0.041 3.42 0.01562 2
12 0.036 90 0.233 0.95 9.1 65 80 0.118 3.37 0.04496 2
13 0.05 20 0.5 1.73 16.17 145 155 0.051 3.73 0.01943 1
14 0.05 43.3 0.367 1.45 13.77 120 140 0.099 3.45 0.03772 1
15 0.05 66.7 0.233 1.06 10.83 90 105 0.114 3.36 0.04343 2
16 0.05 90 0.1 0.94 9.1 35 45 0.066 3.32 0.02515 2
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Table 4. Preliminary tests results regarding cutting force components.
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Table 5. Preliminary tests results regarding surface roughness indicators.
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2.1.1. Cutting Power

Regarding cutting power, the results of force measurements were at first used to calculate the
principal cutting force Fc and then cutting power values for each experiment were calculated using
Equation (1):

Pc =
Fcvc

6120
(1)

where the cutting forces unit is daN (1 daN = 10 N), vc is the cutting speed in m/min, and Pc is calculated
in kW. The results for each experiment are presented in Table 3.

2.1.2. Machining Cost

In industrial practice, the cost of machining processes is a fundamental factor to be taken into
consideration, especially when processing expensive or difficult-to-machine material, such as the
AISI O1 hardened steel. The methodology for calculating machining cost for each of the machining
experiments conducted in the present work is based on Equation (2).

Ci = (CMh·T’) + (CToolmin·T’) + Cw (2)

where,

• T’ represents machining time in face milling, T’ = (l + d)/vf, where l is the machining length in mm,
d the cutter diameter in mm, and vf the feed rate in mm/min;
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• CMh represents the cost of machining hour (SR 400) CMh = $2;
• CToolmin represents the tool cost per minute and is calculated as: [(CIn·z)/(T·k’)] + (CToolh/LTToolh);
• CToolh represents the cost of tool holder (CToolh = $50);
• LTToolh represents the tool holder life (LTToolh = 5 Year in min = 2,628,000 min);
• CIn represents the cost of Insert (CIn = $15). As the tool is a milling cutter, this cost represents the

actual cost of the milling cutter rather than the cost of an insert;
• k’ represents the setup insert (k’ = 1);
• z represents the number of cutting inserts (z = 1) z = 1 was selected as the cutting tool contains no

removable cutting inserts;
• T represents tool life (T = 60 min);
• Cw represents the unit cost of the workpiece (Cw = $3.2).

Considering all the above data, the cost for each of the machining experiments can be calculated
using Equation (2). The results are also presented in Table 3.

2.1.3. Sustainability Assessment

The sustainable development entails the collaboration between the economy, social responsibly,
and the environment [38]. These three sustainability pillars could be termed as the sustainable indicators
and their effects could be viewed from different perspectives, including the process, the product,
and at the system levels. The connections between these levels provide the intended sustainability
concept. Thus, it is necessary to find optimal and sustainable machining settings by focusing on the
sustainability aspects during machining operations. These optimal parameters can help to reduce the
environmental impacts with the aid of sustainability [39,40]. In this section, a previous assessment
model for sustainability evaluation [41] is implemented to provide the optimal and sustainable design
variables levels when machining AISI O1 tool steel. The predicted levels consider the machining
outputs (i.e., surface roughness values, and cutting force components) and the studied sustainable
metrics (i.e., environmental impact, personal health, and operational safety) with their corresponding
indicators. Besides, the sustainability assessment guideline presented by [42] is used to establish the
design matrix for the process assessment calculations. The sustainability indicator for the effects of the
environmental metric is Ene, which denotes the amount of CO2 emissions depending on the measured
power consumption for each machining test by using a standard emission intensity standard provided
in the literature [43]. The estimation of CO2 based on power consumption during machining processes
has already been used in various cases in the relevant literature [44]. To include the operational safety
and health conditions into the current assessment, the high-speed surface exposure indicator (P1) was
selected and it is based on the criteria of “lower-the-better”. P1 was considered to be “1” at a cutting
speed of 20 m/min or 43.3 m/min, and “2” at cutting speed of 66.7 m/min or 90 m/min.

Based on the above discussion, a design matrix that includes all values for the studied sustainable
indicators and machining outputs can be established as shown in Table 3. It should be stated that equal
weights are used for all studied sustainable indicators and the measured responses. The main steps
used for the current sustainability assessment are as follows:

1 Combining the effects of both machining characteristics and the sustainability metrics and
indicators (normalisation stage);

2 Assigning weighting factors for the normalised factors;
3 Determining the overall index (total weighted index).

However, the detailed steps and equations related to the assessment model are provided in [41].
An overall index is calculated for each machining run depending on all previous information and
by passing through the three main steps provided earlier. The final results for each machining run
are provided in Figure 3 (i.e., sustainability assessment results). It was obtained that the highest
performance was found at cutting test 1, which has been conducted at cutting speed of 20 m/min,
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a feed rate of 0.01 mm/tooth, and depth of cut of 0.1 mm. The applied model provides an optimal
solution that reaches a balance between the studied responses and sustainable indicators.Metals 2020, 12, x FOR PEER REVIEW 8 of 17 

 

 
Figure 3. Sustainable indicators. 

2.2. Optimisation Using the Desirability Function Approach 

To perform the multiresponse optimisation of process parameters, the desirability based 
optimisation method was used in this work. The main advantage of this method is that it converts 
the multiobjective functions into single objective function and the single dimensionless function is 
named as overall desirability function. The desirability approach works on three major principles, 
i.e., smaller is better, larger is better, and nominal is best. 

1. ‘‘Higher is better”, 













≥

<<







−
−

≤

=

,,1

,

,0

'

'
*

*
'

*

*

ii

iii

t

ii

ii

ii

yy

yyy
yy
yy

yy

di

 

 

where yi* is the minimum adequate value of yi, yi’ is the maximum value of yi and t describes the shape 
function for desirability. 

2. “Smaller is better”, 













≥

<<







−
−

≤

=

,,0

,

,1

*

*"
"*

*

"

ii

iii

r

ii

ii

ii

yy

yyy
yy
yy

yy

di

 

 

where yi” is the minimum value of yi, yi* is the highest adequate value of yi and r describes the shape 
function. 

3. “Nominal is better”, 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

To
ta

l W
ei

gh
te

d 
Su

st
ai

na
bl

e 
In

de
x (

TW
SI

)

Run no.

Figure 3. Sustainable indicators.

2.2. Optimisation Using the Desirability Function Approach

To perform the multiresponse optimisation of process parameters, the desirability based
optimisation method was used in this work. The main advantage of this method is that it converts the
multiobjective functions into single objective function and the single dimensionless function is named
as overall desirability function. The desirability approach works on three major principles, i.e., smaller
is better, larger is better, and nominal is best.

1. “Higher is better”,

di =


0, yi ≤ yi∗[

yi−yi∗

y′i −yi∗

]t

, yi∗ < yi < y′i
1, yi ≥ y′i ,

where yi* is the minimum adequate value of yi, yi
′

is the maximum value of yi and t describes the
shape function for desirability.

2. “Smaller is better”,

di =


1, yi ≤ y”

i[
y∗i−yi

y∗i−y”
i

]r
, y”

i < yi < y∗i
0, yi ≥ y∗i ,

where yi
” is the minimum value of yi, yi

* is the highest adequate value of yi and r describes the
shape function.

3. “Nominal is better”,

di =


[

yi−y∗i
Ci−y∗i

]s
, yi∗ < yi < Ci[

yi−y∗i
Ci−y∗i

]t
, Ci < yi < y∗i

0, yi > y∗i or yi∗ > yi

where Ci is the mainly adequate or objective value and s and t describe the exponential parameters,
which verify the shape of the desirability function.
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3. Results and Discussions

3.1. Modelling of Process Parameters

To validate the data generated through machining test experiments, some statistical tests like
normal probability, residual analysis, etc., were initially performed from a statistical point of view.
It can be observed from Figure 4 that in the first analysis, the residuals data was distributed normally,
except for a few data points that show some random behaviour concerning the lower and upper
end. It is quite obvious that this type of scattering is always appearing in the experimental data.
Furthermore, the shape of data along with the normal line is an “S-shape”. This also confirms that
the data generated through experimental runs were statistically validated. Additionally, to further
validate the experimental data set, it was subjected to the studentised residual method used for
statistical significance tests. In this method, the standard deviation was used for the estimation and
detection of discrepant data. From this analysis, it is noted that the values of standard deviation lay
significantly between ±3 since from the mean the significant level was below 0.005 as shown in Figure 4.
This confirms the acceptability of the model for further analysis.
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3.2. Effect of Process Parameters on Process Responses (Surface Roughness, Cutting Forces, Power, and Cost)

It is significant to find out which effect each process parameter has on the various responses of the
experimental procedure, namely the values of each cutting force component, the surface roughness
indicator values, the power consumption, and machining cost. After the statistical analysis was
performed on the experimental data, taking into consideration that the experiment work was designed
using the Taguchi method, the graphs of the main effects for the mean values of the responses were
created as depicted in Figure 5a,f.

Figure 5a,b, the relation between the components of cutting force and parameters of the slot
milling process is depicted in the form of the main effects plot. The total forces recorded during slot
milling are equal to the sum of all the interactions occurring from the engagement of the cutting tool
edges and the workpiece. These forces are proportional to the cutting area and also dependent on
the thermomechanical properties of the workpiece and cutting tool material. The cutting forces are
also a function of the resistance of the workpiece material to the imposed deformation and contact
friction during cutting processes. It can be noted that Fx force components values increased when feed
per tooth and radial depth of cut increase, whereas a slight decrease is observed when cutting speed
increased. These trends can be justified, based on the characteristics of the slot end milling process.
The cutting parameters directly affected the process kinematics and contact conditions between the
cutting tool and workpiece and subsequently physical phenomena occurring during the process.
When cutting speed increases, lower cutting forces are observed and material removal is enhanced,
as the tendency of built-up edge formation, which is more common at low and medium speeds, leading
to unstable cutting and higher cutting forces, is less significant [45–48]. Moreover, the increase of
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cutting temperature causes softening of workpiece material up to a certain degree, and thus, cutting
resistance becomes lower. Furthermore, the increase of feed and radial depth of cut values leads to more
intense cutting conditions. More specifically, when the cutting area, i.e., the uncut chip cross-section
and tool-chip contact length increase, the material removed per revolution and consequently chip load
are larger, and finally higher cutting forces are observed [45–47,49–52]. Feed per tooth and radial depth
of cut were identified as the most influential parameters regarding Fx, implying that the regulation
of cutting force could be effectively conducted mainly by adjusting these two parameters, whereas
cutting speed was shown to be considerably less important within the selected parameter values’
range. The same trends are observed also in the case of Fy force component. Hence for sustainable
machining and optimum cutting forces, it is important to ensure that the process mechanism was
dominated by shearing. Ploughing and rubbing mechanisms at the tool-workpiece contact interface
should be avoided by ensuring that the ratio of the undeformed chip thickness to the cutting-edge
radius is equal to 1 [53]. However, if this ratio is less or more than unity, the tendency of friction will
set in and increase the cutting forces.Metals 2020, 12, x FOR PEER REVIEW 10 of 17 
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Regarding Ra and Rt surface roughness indicators, the analysis of the experimental results,
displayed in Figure 5c,d, respectively, revealed that feed per tooth and radial depth of cut had a
considerable impact on Ra and Rt values, with Ra and Rt increasing with increase feed per tooth and
ap values, whereas cutting speed played a less significant role for values within the selected range.
Furthermore, it is to be noted that the results indicate that appropriate regulation of process parameters
could result in a considerably superior quality of the milled slot surface, as low feed per tooth and
radial depth of cut values led to Ra values much lower than 1 µm, with the lowest value being 0.43 µm.
These trends could again be justified due to the characteristics of the slot milling process. Due to the
specific kinematics of the slot end milling process, increased feed leads to deterioration of surface
quality, as the distance between the successive marks formed by the cutting tool increases [49,54].
These results have been confirmed by both theoretical and detailed 3D measurements in the relevant
literature [55,56]. Increased cutting speed leads to lower surface roughness, as build-up edge formation
is less possible to occur in higher cutting speeds and then, surface quality is not so severely affected by
it [46,54]. It is worth noting that, depending on the cutting speed range employed for the experiments,
surface roughness is a non-monotonic function of cutting speed, but the general trend, i.e., the decrease
of surface roughness for higher cutting speeds, remains the same [50]. It is to be noted that higher radial
depth of cut also leads to higher values of surface roughness, as it leads to an increase of vibrations,
in conjunction with cutting speed values [57].

Although maintaining surface quality at sufficiently high levels is a significant objective of the
machining process, other significant objectives should be attained to achieve high productivity at
acceptable costs and relatively low power consumption. Thus, the results regarding consumed power
and machining cost for each experiment were subsequently analysed. Regarding power consumption,
it becomes obvious from Equation (1) that an increase of cutting force and cutting speed lead to
larger power consumption. This is directly observed in Figure 5e as cutting speed is shown to be the
dominant factor that affects power consumption, with fz and ap also contributing to the increase of
power consumption as their values increase, a finding that is consistent with the trends described in
the relevant literature [58]. This behaviour can be anticipated from the results depicted in Figure 5a,b,
as higher levels of both feed per tooth and radial depth of cut values increase the values of cutting force.
The importance of each process parameter on the cost of the machining process was analysed with the
main effects plot depicted in Figure 5f. As was anticipated, higher feed per tooth and cutting speed
values led to a decrease of machining cost, because they had a direct impact on the machining time.
As feed speed vf was equal to fz·n·z, with n representing the spindle speed in rpm and z the number of
flutes of the end mill, and n was proportional to the cutting speed, an increase of these two process
parameters increased vf and so decreased machining time and machining cost. The impact that the
depth of cut had on the machining cost is not depicted in Figure 5f, as according to the methodology
employed and the experimental conditions (all experiments were carried out in single machining
passes), ap was not included in the calculations. From the aforementioned results, it is important to
underline that the influence of process parameters was not the same for each of the quantities that
were analysed; thus, a multiobjective optimisation method must be applied for the determination of
optimum process parameter values to achieve a suitable compromise between all desired goals.

After the influence of each process parameter on cutting force components, surface roughness
indicators, power consumption, and machining cost were determined, multiple regression analysis was
employed to establish appropriate equations relating the process parameters with the aforementioned
responses. Multiple regression analysis could effectively provide a quantitative representation of
the experimental results, which will be particularly useful in studying the multiparametric and
multiobjective problem. For the development of the regression equations, preliminary work was
conducted to include only the statistically important terms and the criterion for the selection of
the appropriate equation form was the coefficient of determination R2, and the adjusted-R2 values.
The general form of the regression equation could include all process parameters and their squares
and a constant term, but in some cases, a simpler equation can be sufficient. In the case of power
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consumption and machining cost, this type of equation provided less accurate results and so a general
exponential function was chosen instead. In these two cases, the mean square error (MSE) and standard
error of the regression S were chosen as criteria rather than R2. The regression equations for each
response are as follows:

Cutting force, x-component (R2 = 94.41%, R2-adjusted = 93.01%):

Fx = −23.17 + 1458·fz − 0.2036·vc + 187.0·ap (3)

Cutting force, y-component (R2 = 92.49%, R2-adjusted = 90.62%):

Fy = −15.6 + 1690·fz − 0.237·vc + 173.3·ap (4)

Surface roughness indicator Ra (R2 = 98.27%, R2-adjusted = 97.84%):

Ra = 0.1248 + 12.523·fz + 1.8593·ap (5)

Surface roughness indicator Rt (R2= 98.74%, R2-adjusted = 98.43%):

Rt = 1.808 + 119.11·fz + 16.607·ap (6)

Power consumption Pc (MSE = 0.00012, S = 0.0109):

Pc = 0.02303·fz0.602
·vc

1.015
·ap

0.686 (7)

Machining cost Ci (MSE = 0.066, S = 0.256):

Ci = 3.93523·fz−0.184
·vc
−0.185 (8)

It can be observed that each of the developed regression equations is consistent with the
characteristics of the slot end milling process. Regarding cutting force components, the regression
equations directly reflect the physics of the milling process as described in the present subsection.
More specifically, the positive sign of the fz and ap terms in both Equations (3) and (4), indicating an
increase of cutting forces with an increase of feed per tooth and depth of cut values, and the negative
effect of cutting speed, indicated by the negative sign of the respective term comply with the trends
observed in Figure 5. Similarly, according to Equations (5) and (6), it becomes obvious that both
depth of cut and feed lead to higher surface roughness, as the sign of the respective terms is positive.
Moreover, the power-law equation coefficients of Equation (7) are consistent with the described effects
of process parameters on power consumption, with an increase of each parameter leading to an increase
in the power consumption. The effect of feed per tooth and cutting speed on machining cost is reflected
in the negative power law coefficients of Equation (8), related to an inversely proportional relationship
between the two parameters and machining cost.

3.3. Optimisation

After analysing the results, the next procedure adopted in this work was the optimisation of
process parameters. The details regarding the desirability-based optimisation method were discussed
in the previous section. The optimisation model was developed based upon the evaluating criteria of
responses, i.e., smaller is better, nominal is better, and higher is better. After selecting the evaluating
criteria, the combination having the highest desirability value was considered as the optimal parameter.
As the optimum result in the slot, milling was obtained when the cutting forces, surface roughness,
power consumption, machining cost, and carbon emissions remained at relatively low levels, the goal
of the optimisation process was the minimisation of all these responses. Thus, the cutting forces,
surface roughness, cutting power, machining cost, and carbon emissions were selected under the
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criteria of smaller the better, whereas, feed rate, cutting speed, and depth of cut was selected within
the range. Table 6 reveals the results obtained after the optimisation was performed. The three sets of
combinations were derived from the desirability approach and the higher value of desirability was
selected as the optimal parameter.

Table 6. Optimum parameters.

N
o.

of
Ex

pe
ri

m
en

t

Fe
ed

pe
r

To
ot

h,
f

(m
m
/t

oo
th

)

C
ut

ti
ng

Sp
ee

d,
v c

(m
/m

in
)

C
ut

ti
ng

of
D

ep
th

,a
p

(m
m

)

R
ou

gh
ne

ss
,R

a
(µ

m
)

R
ou

gh
ne

ss
,R

t
(µ

m
)

Fo
rc

e,
Fx

(N
)

Fo
rc

e,
Fy

(N
)

C
ut

ti
ng

Po
w

er
,P

c
(k

W
)

M
ac

hi
ni

ng
C

os
t,

C
i(

$)

C
ar

bo
n

D
io

xi
de

,E
ne

D
es

ir
ab

il
it

y
V

al
ue

1 0.01 22 0.2 0.42 4.85 22 22 0.010 5.94 0.00317 0.999
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4. Conclusions

This work presented the slot milling of hardened and difficult to cut the AISI O1 steel alloy to
investigate the dominating effect of feed, cutting speed, and depth of cut on surface roughness on one
hand and the cutting force, power, and machining cost on the other. Consideration was also given to
the use of the sustainability assessment criterion to obtain the optimal and stable characteristics for the
eco-benign machining of hardened steel. The following can be inferred from this work:

• For resource efficiency, the optimum parameters for eco-benign machining of the AISI O1 steel
alloy should be set at 0.01 mm/tooth, 20 m/min, and 0.1 mm for feed rate, cutting speed, and depth
of cut respectively. This selection of parameters would reduce the trial and error process involved
in determining optimum parameters for machining that machinists undergo.

• The power consumption model and the machining cost model could be adopted as generic for
slot milling and milling operations for difficult to cut materials.

• Both linear and non-linear laws were revealed by regression analysis of the influence of feed (fz),
cutting speed (vc), cutting of depth (ap) on surface roughness (Ra, Rt), cutting force (Fx, Fy), cutting
power (Pc), machining cost (Ci), and carbon dioxide (Ene), which can be easily integrated into CNC
machines. Each of the developed regression equations was consistent with the characteristics of
the slot milling process. Cutting forces increased with increasing feed per tooth and depth of cut
and decrease with increasing cutting speed. Likewise, the depth of cut and feed will result in
higher surface roughness. Increasing feed per tooth, depth of cut, and cutting speed increases
power consumption. Increasing feed per tooth and cutting speed results in lower machining costs.

• The sustainability assessment model adopted produced the optimal and stable levels of design
variables when machining AISI O1 tool steel with the P1 values set to “1” at a cutting speed of
20 m/min or 43.3 m/min and “2” at a cutting speed of 66.7 m/min or 90 m/min.
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Nomenclature

Ra Arithmetic average value of surface roughness
Ene Carbon dioxide
Fx, Fy Components of cutting forces in the direction of the x, y axes
d Cutter diameter
Pc Cutting power (Power consumption)
vc Cutting speeds
ap Depth of cut
fz Feed per tooth
vf Feed speed
Ci Machining cost
l Machining length
T’ Machining time in face milling
k’ Represents the setup insert
CIn The cost of Insert
CMh The cost of machining hour
CToolh The cost of Tool holder
z The number of cutting inserts
CToolmin The tool cost per minute
LTToolh The tool holder life
Cw The unit cost of workpiece
T Tool life
Rt Total height of the roughness profile
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