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Abstract 
 
HardoxÒ is a martensitic steel characterized by high hardness and resistance to abrasive wear, increasingly used in the 
agricultural, mining, and transport industries. In some specific contexts, its application requires the fabrication of 
components through the machining processes. In addition, optimizing cutting parameters and correctly applying 
lubricooling techniques are essential to enhancing productivity while always seeking to reduce environmental damage. 
Thus, this work investigates the cutting parameters' effects on the active and passive forces and the static and dynamic 
portions of the machining force in the end milling of HardoxÒ 450 with PVD-TiAlN coated carbide inserts under different 
lubricooling conditions (dry, flood, and nanofluid-based reduced quantity lubrication "NF-RQL"), aiming to perform its 
multivariate optimization. As expected, the results showed that the depth of cut (ap) is the most significant parameter, 
followed by feed per tooth (fz) and the interaction between them. Although the force values obtained by lubricooling 
conditions were similar, NF-RQL can provide a higher material removal rate (1456 cm3/min) than dry (1116 cm3/min) and 
flood (1019 cm3/min) conditions. 
 
Keywords: Hardox® 450 end milling, Nanofluid-based reduced quantity lubrication, Machining forces, Multivariate optimization. 
 

 
1. Introduction 
 
The foundations of industrial production are based on 
reducing costs, increasing productivity, and seeking to 
guarantee the quality of the process through the dimensional 
and geometric accuracy of products. Furthermore, the 
constant search for technologies used in new materials aims 
to develop components with high mechanical resistance, low 
cost, excellent durability, etc. Thus, it is essential to evaluate 
the economic value of the material and its machinability. In 
this context, the SSAB-Oxelösund developed in the 1970s the 
HardoxÒ steel which has high hardness and resistance to 
abrasive wear [1]. Since this material also has toughness 
similar to several alloys applied in the industry, these 
properties allow its application in replacing conventional 
alloys as it promotes an increase in the component life-cycle 
or even the reduction of their specific weight. This 
replacement has been used mainly in the mining, agricultural 
and transport industries, resulting in savings related to 
durability (high resistance to mechanical abrasion) or fuel-
consumption reduction when HardoxÒ intends to decrease the 
vehicle's mass [2][3]. These steels are produced by hot 
rolling, followed by quenching and tempering heat treatment. 
This treatment results in a tempered-martensitic 
microstructure that, when combined with added alloy 
elements, generates high hardness, toughness, ductility, and 
wear resistance [3]. Classified according to its mechanical 
properties (especially hardness, which is commonly indicated 
in the material's nomenclature), Hardox® 450 has a nominal 
hardness of 450 HBW and a yield strength of 1250 MPa 
[2][4]. Therefore, Hardox® 450 presents difficulties in 

machining without an adequate cutting tool [5], cutting 
parameters [6], and lubricooling method [7]. 
 Milling is one of the machining processes used to 
manufacture Hardox® steel components [8], characterized by 
interrupted cutting. The machining force (FU) results from the 
cutting action and is intrinsically related to the workpiece 
material, tool material, tool geometry, and the presence or 
absence of a lubricoolant. The variation in chip thickness 
modifies the forces generated during tool action, which may 
increase when machining hardened materials due to higher 
shear resistance [9]. The shear zones and material strength are 
the main factors influencing FU [10]. In general, all factors 
that contribute to facilitating chip sliding over the tool rake 
face act to decrease FU. Chip formation usually occurs three-
dimensionally, and therefore, the FU has three orthogonal 
components (Fx, Fy, Fz) that act directly on the cutting edge 
and, consequently, on the structure of the machine tool [9]. 
The measurement and analysis of the machining force (FU) 
during the process are relevant factors for evaluating tool 
wear, vibrations, energy consumption, etc. High force values 
commonly derive from the wrong choice of machining 
parameters, which may result in vibrations that compromise 
the machined surface [6, 11] or cause premature failures in 
the cutting tool [5, 12, 13]. Different works about milling 
HardoxÒ do not agree with the recommended cutting tool 
material due to the material properties, such as high hardness 
and high manganese content, which increases the work-
hardening tendency. Although these material properties can 
be classified into four grades (steel, stainless steel, cast iron, 
and hardened steel) [8], the use of ISO-S grade (superalloys) 
for finishing end milling of HardoxÒ is also found in the 
literature [6]. 
 The cutting fluid in machining reduces the friction 
between the tool-chip and tool-workpiece interfaces, 
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decreases the temperature in the cutting zone, and increases 
the tool life [14]. The traditional application of cutting fluid 
in abundance (flow rates above 300 L/h) is the most common 
technique employed in end milling [15]. However, this flood 
condition represents a high environmental impact, risk to 
operators' health and increased machining costs. These costs 
denote up to 16% of the total machining cost, and the charge 
of treating and disposing of non-biodegradable fluids can be 
two to four times higher than the purchase price [16]. 
Furthermore, the flood application is not an effective method 
to form a lubricating film, especially at higher cutting speeds, 
because it can sometimes not reach the cutting zone 
efficiently [17]. Thus, the growing concern about the 
environmental impact caused by the machining process 
encouraged the research of alternative methods less 
aggressive to nature without prejudicing the previously 
established productivity requirements [18]. 
 Regarding clean machining, dry cutting is the first choice 
for milling, mainly because it avoids the thermal fatigue in the 
tool. Then, strategies based on the reduced or minimum 
quantity lubrication (RQL or MQL) applied directly to the 
cutting zone are presented as less aggressive and economical 
solutions than the flood condition [17, 19, 20]. According to 
Chinchanikar et al. [21], MQL generally produced the best 
results in the end milling of hardened steels, reducing 
machining force, tool wear rate, and surface roughness 
compared to dry and flood conditions. Recent advances in 
nanotechnology have allowed new possibilities in machining 
processes. Nanoparticles of different materials (e.g., 
molybdenum disulfide, manganese sulfide, graphene) 
constitute a nanofluid (NF) when mixed with cutting fluid 
through a specific homogenization process [22]. With this 
approach, adding multilayer graphene nanoplatelets (MLG) 
to cutting fluid may improve the effect of MQL/RQL since 
MLG has excellent thermal dissipation and lubrication 
characteristics and high resistance to oxidation and corrosion 
[14]. Finally, SSAB [4, 8] recommends flood condition for 
turning and drilling HardoxÒ 450, but there is no indication 
for milling, generating uncertainty about the best technique 
for this machining process. 
 Due to the diverse factors that influence the end milling 
of Hardox® 450, it is necessary to have a suitable design and 
analysis of the experiment aiming to define the controllable 
input variables and the response output variables. As 
mentioned above, high forces are usually the result of 
improper choice of cutting parameters, which can generate 
vibrations that compromise the machined surface finish or 
cutting tool state. Thus, the parameters' optimization can 
collaborate to reduce the machining force and increase the 
stability of the milling process under different lubricooling 
techniques. Therefore, the Box-Behnken Design (BBD) is 
recommended to be a statistical optimization method that 
works simultaneously on a set of independent input factors to 
obtain the best levels that exert influence on the response of a 
given process [5][23][24][25]. 
 In this context, the present work seeks to optimize the 
cutting parameters to reduce machining forces and evaluate 
the application of a multilayer graphene-based nanofluid in 
the end milling of Hardox® 450, comparing its performance 
with dry and flood conditions. The innovation brought by this 
study lies in applying multivariate analysis and optimization 
techniques to improve the machinability of Hardox steel and 
in the evaluation of lubrication techniques seeking to reduce 
environmental impact, including the use of nanofluids in 
decreasing quantities. This information can help develop 
better machining practices for similar materials with high 

hardness and resistance to abrasive wear for different 
industrial sectors. 
 
 
2. Materials and Methods 
 
Table 1 shows the chemical composition of the Hardox® 450 
steel used according to the SSAB manufacturer's inspection 
certificate number 850210068 (May 2019), compared to the 
values acquired by the SPECTROMAXx™ LMX06 arc/spark 
optical emission spectrometry analyzer equipment. This 
comparison shows that the measured values are similar to 
certificated values, evidencing the chemical control in its 
manufacture [3]. Furthermore, the hardness value, measured 
by the Pantec hardness tester, was (443 ± 22) HBW. 
 
Table 1. Chemical composition of Hardox® 450 steel (%wt.) 

Eleme
nt C Si M

n P S Cr Ni M
o B 

Certifi
cated 

0.1
63 

0.2
07 

1.0
83 

0.0
11 

0.0
01 

0.0
93 

0.0
96 

0.0
20 

0.0
016 

Measu
red 

0.1
66 

0.2
40 

1.1
93 

0.0
05 

<0.
001 

0.0
45 

0.0
72 

0.0
18 

0.0
029 

 
 End milling was performed in the CNC ROMI Discovery 
308 machining center with a maximum power of 5.5 kW and 
a maximum spindle of 4000 rpm. A Walter Tools end-milling 
cutter with a 20 mm nominal diameter and two positive 
rhombic TiAlN + Al2O3 PVD-coated carbide inserts with a 
0.8 mm tool-tip radius were used. Rectangular sheet (100 x 
90 x 6.35 mm) workpieces were defined for fixing on the 
Kistler piezoelectric dynamometer. Six runs (samples) with 
34 mm length were machined in each workpiece using 
different combinations of the controllable factors for each 
lubricooling condition. Fig. 1 shows the experimental setup. 
 

 
Fig. 1. Experimental setup 
 
 Three lubricooling conditions were evaluated: flood, NF-
RQL and dry. The flood condition used the oil-free bio-
lubricant BondmannÒ BD-Fluid B90 with a 1:20 dilution at a 
flow rate of 540 l/h. The nanofluid (NF) used in the 
experiment is a QuimaticÒ Jet integral water-based synthetic 
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fluid, with the addition of multilayer graphene nanoplatelets 
(MLG), dispersed at a concentration of 0.05% wt by an 
ultrasonic homogenizer. The MLG nanoplatelets, with an area 
of 1 to 10 µm² and thickness of 1 to 20 nm, were obtained by 
exfoliation of thermally expanded natural graphite with acids 
at high temperature, preceded by an ultrasonic process for 
mechanical exfoliation [26]. After homogenization of the NF, 
just simple stirring is sufficient. The NF-MLG was applied in 
reduced quantity lubrication (RQL) via the TapmaticÒ 
Nebulizer IV at a 2.0 l/h flow rate and 300 kPa pressure in the 
compressed air line. The dry condition did not employ any 
lubrication-cooling process. 
 The force signals in the three orthogonal directions (Fx, 
Fy, Fz) were acquired by a KISTLER 9129AA piezoelectric 
dynamometer and conditioned using a KISTLER 
5070A10100 charge amplifier. The Measurement 
ComputingÒ PCIM-DAS 1602/16 board performed the 
analogic data acquisition at a rate of 5 kS/s. Finally, the digital 
signals of Fx, Fy, and Fz were processed by LabVIEWÒ 9.0 
software. After that, the machining force (FU) was determined 
using Eq. 1. Similarly, the active and passive forces (Fa and 
Fp) were calculated by Eq. 2 and Eq. 3, respectively. The 
static portion of the machining force (μFU) was obtained from 
the arithmetic mean of the calculated values (Eq. 4), and the 
dynamic portion (ΔFU) was generated based on a normal 
statistical distribution for a 95% confidence interval (Eq. 5). 
The data samples of N = 20,000 points, collected in the stable 
machining region (disregarding the cutter entry and exit 
regions), were used to calculate the response variables (Eq. 2 
to Eq. 5). 
 

FU (N) = "Fx2 +	Fy2 + Fz2 = 	"Fa2 + Fp2        (1) 

 

Fa (N) = "Fx2 +	Fy2         (2) 

 
Fp (N) =	Fz          (3) 
 
μFU (N) = ∑ FUi

N
i = 1
N

         (4) 
 

∆FU (N) = ±1,96 ∙"
∑ (FUi"μFU)

2N
i = 1

N
       (5) 

 
 Response surface methodology (RSM) is a collection of 
statistical techniques useful for modeling and analyzing 
problems in which several variables influence the response of 
interest. This methodology also quantifies the relationship 
between the controllable factors (input parameters) and the 
obtained response surfaces. Box-Behnken Design (BBD) is a 
statistical optimization method that consists of a factorial 
analysis with incomplete block designs based on the RSM 
[27]. The chosen input controllable factors were cutting speed 
vc (m/min), feed per tooth fz (mm/tooth), and axial depth of 
cut ap (mm). The cutting parameters (vc, fz, ap) were 
established as continuous variables and evaluated at three 
levels, selected within the range of values recommended by 
SSAB Oxelösund [4, 8]. The experiment was combined and 
randomized using BBD via statistical software Minitab® 18, 
with one run for each combination and three runs for the 
central point (3#, 8#, 13#), totaling 15 runs for each 
lubricooling condition [23], as presented in Tab. 2. 
Moreover, one cutting-edge pair was used for each 
lubricooling condition (or 15 runs) to reduce the effect of tool 
wear on the response variables. 
 

 
Table 2. Sequence run order 

Run 1 2 3# 4 5 6 7 8# 9 10 11 12 13# 14 15 
vc 120 80 100 100 100 100 80 100 80 120 120 80 100 100 120 
ap 1.2 0.4 0.8 1.2 0.4 0.4 0.8 0.8 1.2 0.4 0.8 0.8 0.8 1.2 0.8 
fz 0.10 0.10 0.10 0.05 0.15 0.05 0.05 0.10 0.10 0.10 0.15 0.15 0.10 0.15 0.05 

 
 It should be noted that uncontrollable factors (e.g., tool 
wear) can affect the system performance and slightly change 
the measurement results. This noise is the random error 
associated with the experiment. According to Black [28], 
machining involves high strains combined with high strain 
rates, and the variety of options for controllable factors results 
in infinite combinations. However, Cica et al. [29] mentioned 
that through optimization, the ideal cutting conditions could 
meet a specific machining criterion, be it higher productivity, 
better finishing, or cost reduction. 
 
 
3. Results and Discussions 
 
Fig. 2 shows the plots of the static (μFU) and dynamic (DFU) 
portions of the machining force. The lowest force value 
(μFU ± DFU) is evidenced for the three lubricooling conditions 
in run 6 (middle vc, low ap, and low fz) and the highest in run 
14 (middle vc, high ap, and high fz). Thus, as expected, 
increasing ap and/or fz results in an almost linear increase of 
μFU and DFU values due to the growth of the cross-sectional 
area. [9][19][30]. There was no significant variation between 
the measured force values when comparing the influence of 
each lubricooling condition. However, considering the 

average of the mean values, the flood condition generated 
slightly higher force values (238.9 ± 158.4 N) compared to 
NF-RQL (230.0 ± 147.4 N) and dry cutting (231.1 ± 146.4 N) 
probably due to the increase of work hardening with the rise 
of the flood cooling capacity [1]. The growth of force in flood 
compared to the dry machining was about 3.5% for μFU and 
8.0% for DFU. 
 Fig. 3 shows the plots of the active (Fa) and passive (Fp) 
components of the machining force. The effect of the cross-
sectional area on Fa is also noted; however, the highest Fp 
value was measured in run 11 (high vc, middle ap, and high fz) 
and the lowest in run 2 (low vc, low ap, and middle fz). Runs 
11, 12 and 14 had high fz in common, which may have caused 
the growth in forces. In addition, Fp is also related to the depth 
of cut (ap) and the tool-tip radius (re): the larger the ap/re, the 
more stable the cutting will be, contributing to a lower Fp. 
Thus, ap/re = 1.5 helps maintain lower Fp values even though 
other factors, mainly high fz, contribute to an overall increase 
in machining forces [31]. Similar values of Fa and Fp were 
again observed for all lubricooling conditions. 
 A significant increase in the force values was not observed 
in Fig. 2 and Fig. 3 during the end milling of Hardox® 450 
steel using the control runs (3#, 8#, 13#), confirming the 
hypothesis of the influence of tool wear on the machining 
force. No significant visual tool wear was observed in the 
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present study, in contrast to [5], in which flank wear was 
present on the cutting edge, affecting the force values. Tool 
wear is a factor that not only affects machining forces but also 
reflects on the quality of the surface finish, as it impacts the 
cutting-edge geometry. Thus, maintaining stable average 

force values and the absence of significant tool wear indicates 
a tendency toward a steady process resulting from the correct 
machining parameters, ensuring surface finish quality 
throughout the cutting tool's lifespan [9][10]. 

 

  
(a) (b) 

Fig. 2. Machining forces for each lubricooling condition: (a) static; (b) dynamic. The orange arrows indicate the control runs 3#, 8# and 13#. 
 

 

  
(a) (b) 

Fig. 3. Machining force components for each lubricooling condition: (a) active force; (b) passive force. The orange arrows indicate the control runs 3#, 
8# and 13#. 
 
 Table 3 presents the statistical variance calculated in the 
force values generated on the control runs (3#, 8#, 13#), 
aiming to understand the stability of the process, i.e., verify 
the influence of external factors on the results. The highest 
variations were observed for DFU in NF-RQL and flood 
machining, presenting itself as the most sensitive parameter 
to the uncontrollable variables of the process. The lowest 
variations were noted for Fp in dry and flood conditions, 
proving to be the most stable. According to Anderson et al. 
[32], the machining force variations are directly linked to 
process vibrations, resulting in chip thickness variations that 
lead to new vibrations in end milling. Therefore, high 
variations in portions or components of machining force may 
indicate instabilities in the process not observed here. 
 Table 4 shows the reduced analysis of variance (ANOVA) 
performed to understand the linear, quadratic, and combined 
effects of the cutting parameters (controllable factors) on the 
analyzed forces (response variables). The reduced ANOVA 
presents only the controllable factors considered significant 

on the response variables with a p-value £ 0.05 (confidence 
interval equal to or greater than 95%) and "almost significant" 
(typed in gray) with 0.05 < p-value £ 0.10 (confidence 
interval between 90% and 95%). Significant factors indicate 
a high likelihood that the observed differences in the response 
variables are due to these factors rather than occurring by 
chance. In contrast, the almost-significant factors exhibit an 
influence close to being statistically significant but did not 
reach the usual significance level of 0.05. 
 
Table 3. Statistical variance of the force values for runs 3#, 
8# and 13#. 

Response 
variable 

Flood NF-RQL Dry 

μFU 9.6% 8.6% 10.6% 
DFU 20.7% 35.6% 9.9% 
Fa 11.4% 9.5% 12.8% 
Fp 2.0% 4.6% 1.1% 

 
 
Table 4. Reduced ANOVA of forces for the lubricooling conditions 

Input 
factor 

μFU DFU 
Flood NF-RQL Dry Flood NF-RQL Dry 
p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) 

ap < 0.001 70.2 < 0.001 71.6 < 0.001 69.9 < 0.001 55.0 < 0.001 53.4 < 0.001 54.7 

0

100

200

300

400

500

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

μF
U

 (N
)

Run Order

Static Machining Force

Flood NF-RQL Dry

0

70

140

210

280

350

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

ΔF
U

 (N
)

Run Order

Dynamic Machining Force

Flood NF-RQL Dry

0

100

200

300

400

500

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

Fa
 (N

)

Run Order

Active Force

Flood NF-RQL Dry

0

40

80

120

160

200

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

F p
(N

)

Run Order

Passive Force

Flood NF-RQL Dry



Émerson dos Santos Passari and  André João de Souza/Journal of Engineering Science and Technology Review 16 (6) (2023) 27 - 35 

 31 

fz < 0.001 24.8 < 0.001 25.9 < 0.001 26.0 0.002 29.5 0.002 23.9 < 0.001 34.6 
ap² - - - - - - - - 0.067 - 0.002 2.31 
vc × fz - - - - - - - - - - 0.029 0.65 
vc × ap - - - - - - - - - - 0.029 0.64 
ap × fz < 0.001 4.51 0.001 1.94 < 0.001 3.74 0.013 11.0 0.010 12.3 < 0.001 6.44 
R2 99.79%  99.77%  99.73%  96.19%  96.20%  99.65%  

Input 
factor 

Fa Fp 
Flood NF-RQL Dry Flood NF-RQL Dry 
p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) p-value Pr (%) 

ap < 0.001 72.2 < 0.001 72.8 < 0.001 73.0 0.021 24.8 0.017 21.3 0.002 22.7 
fz < 0.001 22.4 < 0.001 24.0 < 0.001 22.5 0.011 35.1 0.013 24.7 < 0.001 54.8 
ap² - - - - - - 0.041 18.31 0.072 10.43 0.010 10.97 
fz

2 - - - - - - - - 0.074 8.83 0.052 4.07 
ap × fz < 0.001 5.01 0.001 2.77 0.001 4.07 - - 0.026 16.82 - - 
R2 99.74%  99.65%  99.62%  88.68%  91.34%  96.95%  

 
 
 The results showed that the main factors ap, fz, and the 
interaction ap x fz were significant on the response variables 
for a confidence interval greater than 98.5% for μFU, DFU and 
Fa, independently of lubricooling condition applied. Depth of 
cut had the highest contribution, followed by feed per tooth 
and ap x fz interaction. In addition, the quadratic effect of ap 
was also significant on DFU in dry cutting and almost 
significant in the NF-RQL condition (93.3% confidence 
interval). This result may be related to the contribution of the 
depth of cut in the fluctuation of forces, this effect being more 
stable and less significant as the presence of cutting fluid 
increases. Furthermore, the interactions vc x fz and vc x ap 
presented significant effects only on DFU in dry cutting, 
collaborating with the hypothesis that these combined effects 
contribute extensively to the fluctuation of forces with the 
reduction of fluid used. 
 The effects of the factors on Fp were quite different from 
the other response variables. As mentioned above, the passive 
force is related to process vibrations associated with the 
increase in the undeformed chip width and thickness as a 
function of the depth of cut and feed per tooth [32], in addition 
to several uncontrollable factors. This effect may have 
decreased the determination coefficient (R2), mainly in flood 
and NF-RQL conditions, even at acceptable R2 levels [33]. 
Despite the effects of fz and ap being significant and 
presenting higher contributions, the greatest influence was 

produced by feed per tooth. The quadratic effect of ap was 
significant for flood and dry conditions and almost significant 
(92.8% confidence interval) for NF-RQL. In contrast, the 
quadratic effect of fz was almost significant for NF-RQL 
(92.6% confidence interval) and dry (94.8% confidence 
interval). Finally, the ap x fz interaction was significant only 
for NF-RQL. 
 The results highlight the significance of factors such as ap,  
fz, and the interaction of ap x fz on the response variables, 
irrespective of the applied lubricooling conditions, with a 
confidence interval greater than 98.5% for μFU, DFU and Fa. 
Depth of cut had the most substantial impact, followed by 
feed per tooth and the ap x fz interaction. The analysis also 
revealed the significance of the quadratic effect of ap, 
particularly in dry cutting, and the influence of factors like 
vc x fz and vc x ap on DFU in dry cutting. 
 Fig. 4 shows the contour plots of the static and dynamic 
portions of the machining force (μFU and DFU), and Fig. 5 of 
the active and passive components (Fa and Fp), aiming to 
understand better the behavior of response variables as a 
function of controllable input factors. The regions with lower 
values are highlighted to indicate the best parameters within 
the evaluated range. Since the depth of cut was the most 
significant factor on μFU, DFU and Fa, the ap was fixed at its 
low level (0.40 mm). In contrast, in the Fp analysis, the feed 
per tooth was set at its low level (0.05 mm/tooth). 

 
 μFU DFU 

Fl
oo

d 
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Fig. 4. Contour plots for μFU and DFU (ap = 0.4 mm). 
 
 The significant influence of fz on the response variables 
for the different levels of vc was observed in Fig. 4. The 
comparison between the lubricooling environments for μFU 
shows little expressive differences in the pattern of the 
variations of the contour bands. However, unlike the others, 
the lowest μFU values in the flood condition were between 
90 N and 110 N for fz = 0.07 mm/tooth at any level of vc. In 
this technique, it is observed that the speed does not affect the 
force values for the range of evaluated parameters, possibly 
due to the lubricating effects. However, the cooling effects 
may have resulted in a higher mean value of the forces in the 
optimal region than the other methods. This factor may be 
linked to the work hardening of the material at relatively low 

temperatures [34]. The lowest μFU values in dry cutting 
(below 90 N) were achieved for vc £ 90 m/min and low fz 
(0.05 mm/tooth), while in NF-RQL milling, such values were 
obtained with low fz and vc £ 90 m/min or vc ³ 110 m/min. 
The similarity in behavior between NF-RQL and dry may be 
linked to the effects of low cooling in the cutting zone. 
However, the lubricating effects of NF-RQL make it possible 
to work in higher speed ranges. The observed performance for 
cutting speed in the use of nanofluid in reduced application is 
also reported by Duc et al. [12], which obtains a reduction in 
cutting forces to values above 105 m/min.  
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Fig. 5. Contour plots for Fa (ap = 0.4 mm) and Fp (fz = 0.05 mm/tooth). 
 
 For DFU, differences in variations between different 
lubricooling strategies were evident. In flood machining, the 
lowest values obtained were between 70 N and 80 N, 
exclusively with low levels of fz and vc. Lower values were 
reached (from 50 N to 60 N) by applying NF-RQL in two 
situations: high fz (0.15 mm/tooth) with vc £ 105 m/min and 
low fz (0.05 mm/tooth) using vc ³ 95 m/min. In this case, the 
smallest DFU values were generated in dry cutting with low fz 
for any cutting speeds in the range considered in this study. 
The material softening at high temperatures may have 
influenced the optimal region for DFU. Thus, it becomes 
necessary to achieve an outstanding combination of cutting 
speed and feed per tooth so that there is less force fluctuation 
due to the difficulty in machining Hardox® 450 at low 
temperatures [34]. 
 Considering the results obtained in each contour plot, the 
flood condition did not generate μFU < 90 N, corroborating 
the hypothesis that low temperatures in the cutting zone do 
not favor the material softening conditions, helping reduce the 
forces. In flood, the DFU  values were the highest among the 
other lubricooling conditions, indicating a higher fluctuation, 
again due to the increase in work hardening with the greater 
cooling capacity [1]. Dry cutting and NF-RQL exhibit regions 
in these graphs with lower forces, whereas NF-RQL shows 
areas with lower μFU even at high speeds, which may be a 
result of the lubricating effect caused by the effective 
application of the oil droplets in the cutting zone [17]. 
However, for DFU, the work-hardening effect can have 
overridden the lubrication effect, resulting in a better result 
for dry cutting in which temperatures at the tool-chip interface 
are higher and, thus, less chip thickness variation and lower 
force fluctuation. 
 Analyzing the active component of the machining force 
(Fa), the flood condition again showed the highest force 
values among the approached lubricooling techniques. In this 
case, the smallest values (from 70 N to 80 N) were generated 
using the low fz level for any vc in the evaluated range (from 
80 m/min to 120 m/min). It is also noted that higher feeds per 
tooth can be used (up to 0.07 mm/tooth), provided the cutting 
speed decreases proportionally with increasing fz. In dry and 
NF-RQL conditions, smaller Fa values (below 70 N) were 
produced for low levels of feed per tooth (fz < 0.6 mm/tooth) 
at any vc. Except for dry milling that requires low vc 
(80 m/min), the smallest Fp values (less than 60 N) were 
obtained in flood and NF-RQL machining using lower ap (0.4 
mm) across the assumed vc range. The effect of the cross-
sectional area on the Fa results was again noted because, in all 
lubricooling conditions, the variation of fz becomes more 
significant than the change in cutting speed. A similar effect 
was observed in the passive component (Fp); however, the dry 
condition presented a tiny region in the graph (vc = 80 m/min), 
indicating lower forces. A lower tribological state than the 

other lubricooling conditions possibly contributes to the 
increase in the Fp [31]. 
 The contour plots shown in Fig. 4 and Fig. 5 aim to 
understand better the behavior of response variables 
concerning controllable input factors. They highlight regions 
with lower values, indicating the most favorable parameters 
within the assessed range. The choice of fixed parameters, 
such as ap and fz, depended on their significance and impact 
on specific force components (μFU, DFU, Fa, and Fp). These 
analyses help comprehend the relationship between 
controllable factors and response variables, shedding light on 
the best machining conditions for Hardox® 450 steel. The 
influence of fz on response variables across different cutting 
speeds (vc) was evident in Fig. 4. The results reveal variations 
in force patterns based on different lubricooling strategies and 
cutting conditions, affecting μFU and DFU differently. It's 
observed that lubricating and cooling effects have distinct 
impacts on force values, influencing the optimal regions for 
machining.  
 Aiming to obtain the lowest machining forces for all 
response variables simultaneously, Tab. 5 presents the results 
of the multivariate optimization performed via MinitabÒ 18 
for each lubricooling condition. As expected, the values 
resulting from the optimization show slight differences in the 
controllable input factors, establishing the minimum levels of 
fz and ap for all lubricooling conditions. However, vc varied 
among these conditions (low level for flood, about 10% 
higher than the low level for dry, and approximately 5% lower 
than the high level for NF-RQL). This higher cutting speed 
estimated by the model for NF-RQL is justified. Although vc 
did not significantly affect the force values according to 
ANOVA, the contour plot of NF-RQL showed regions of 
lower forces for higher levels of vc. According to 
Chinchanikar et al. [29], adding nanoparticles can explain this 
effect by improving tribological states. Thus, when 
comparing the optimized cutting parameters, the material 
removal rate with NF-RQL (1456 cm3/min) is higher than dry 
(1116 cm3/min) and flood (1019 cm3/min) conditions, 
improving productivity. 
 The discovery that using nanofluids in NF-RQL 
conditions can enhance material removal rates, boosting 
productivity and resulting in lower machining forces, is 
promising in terms of energy and environmental efficiency. 
Furthermore, it represents a significant reduction in 
environmental impact compared to the flood cutting (flow 
rate of 540 l/h to 2.0 l/h), offering an eco-friendly approach to 
machining the HardoxÒ. 
 Regarding economic aspects, other factors, such as the 
cost and consumption of NF-MLG in RQL compared to BD-
Fluid B90 in abundance, need to be evaluated. There are 
challenges to be overcome in nanofluids [21] or even cutting 
tool costs applied in dry machining in which the tool coating 
can significantly influence the process performance [15]. 
There is also a slight variation in the predicted results, 
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oscillating between the smallest and largest values of each 
portion of the machining force for each lubricooling 
condition. Run 6 (vc = 100 m/min, fz = 0.05 mm/tooth, 
ap = 0.40 mm) used low feed levels per tooth and depth of cut 
the same as the optimized values, differing only in the cutting 
speed (non-significant parameter). The experimental values 
obtained in this run were similar to those predicted through 
optimization, with the practical ones slightly higher. 
 
 
4. Conclusions 
 
This work investigates the effect of the cutting parameters and 
NF-RQL application of a multilayer graphene-based 
nanofluid on the machining forces generated during the end 
milling of HardoxÒ 450 when compared to flood and dry 
conditions. From the results obtained, the main conclusions 
are pointed out below. 
• There are low differences in the force values among the 

lubricooling conditions applied (flood, NF-RQL, and 
dry). However, forces depend mainly on the cutting 
parameters and their interactions with the lubricooling 
environment. 

• ANOVA showed that the static (μFU) and dynamic (ΔFU) 
machining force portions and the active machining force 
component (Fa) have the same behavior for all 
lubricooling conditions. The depth of cut (ap) is the most 
significant parameter, followed by feed per tooth (fz) and 
the interaction between them. The passive component 
(Fp) presented a different behavior that varied with the 
lubricooling strategy. 

• Contour plots showed regions with smaller values of μFU, 
ΔFU, Fa, and Fp for the lower levels of ap and fz, 
considering the suitable cutting speed (vc) according to 
the lubricooling technique. This variation of vc was 
proven in the multivariate optimization, in which the NF-

RQL generated the highest value (114.34 m/min) and the 
flood condition the lowest (80 m/min). 

• Experimental results and those estimated by the model did 
not highlight an optimal lubricooling condition for all the 
analyzed response variables. Despite this, a higher vc in 
NF-RQL milling improves productivity due to a higher 
material removal rate and supports the ecological aspects 
inherent to this method, significantly reducing the 
amount of fluid used compared to the flood condition.  

• Based on the results, a practical recommendation for the 
machining industry is to use cutting parameters within 
the recommended ranges, reducing the cutting forces and 
energy consumption. Implementing the NF-RQL 
technique for environmental impact reduction and 
increased productivity is also advised, as the optimal 
parameters' levels are higher than the others. 

• A more in-depth analysis of the economic aspects of 
implementing the technique is recommended for future 
work. A detailed environmental impact assessment can 
also be conducted, possibly replicating the tests using 
vegetable-based cutting fluids, which may further 
enhance the eco-friendly approach. 
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