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ABSTRACT

This study investigates the effect of cutting parameters and nanoparticle size on surface
roughness (Ra) in CNC milling under nano-minimum quantity lubrication (Nano-MQL) conditions.
A series of experiments were conducted using a factorial design to evaluate the individual influence
of cutting speed, feed per tooth, depth of cut, and average nanoparticle diameter. Main effects plots
and regression modeling were employed to identify the most influential parameters. The results
indicate that feed per tooth is the dominant factor affecting surface roughness, while nanoparticle
size also contributes to improving surface finish. The developed regression model demonstrates
good predictive capability and provides valuable insights for selecting optimal cutting conditions
in sustainable machining.

Keywords: Surface roughness;, CNC milling, Nano-MQL,; Main effects plot; Regression
modeling; Cutting parameters.

TOM TAT

Nghién civu nay khdo sdt anh hwong ciia cdc théng sé cdt va kich thuée hat nano dén dé
nhdam bé mdt (Ra) trong qud trinh phay CNC sir dung phwong phdp béi tron t6i thiéu cé pha bot
nano (Nano-MQL). Mt loat thi nghiém dwoc thuc hién theo thiét ké thiva sé dé danh gid anh huéng
riéng lé ciia toc dé cat, lwong chay dao trén moi rdng, chiéu sdu cdt va dwong kinh trung binh ciia
hat nano. Biéu do hiéu iing chinh va mé hinh héi quy dwoc sir dung dé xdc dinh cdc théng sé cé
anh huéng 16n nhat. Két qud cho thdy leong chay dao trén méi rang la yéu té chi phoi chinh dén
dé nham bé mat, trong khi kich thuéc hat nano ciing gép phan cdi thién chat lirong bé mat. Mé hinh
héi quy xdy dung cho thay kha ndang dir dodn t6t va cung cdp thong tin hitu ich cho viée lya chon
ché do cdt téi wu trong gia céng bén viing.

Tur khéa: DG nham bé mat; Phay CNC; Nano-MOL; Biéu do hiéu iing chinh; M6 hinh hoéi
quy; Théng sé cat.
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1. INTRODUCTION

Surface roughness (Ra) is one of the
most critical indicators of surface quality in
precision milling operations, particularly in
the context of hard-to-machine materials.
Numerous researchers have investigated the
relationship between cutting parameters and
surface integrity to enhance performance and
sustainability. Gutnichenko et al. [1] analyzed
tool damage and coating failure during hard
milling of Vanadis 4E, highlighting how surface
degradation is linked to coating delamination
under TiAIN-coated PcBN tools. Similarly,
Hassanpour et al. [2] demonstrated that ball
nose flank wear significantly deteriorates the
surface quality of AISI 4340 steel even under
MQL conditions.

Beyond tool wear effects, Kaltenbrunner
et al. [3] conducted combined experimental
and numerical analyses to identify critical load
conditions in titanium milling, which directly
affect tool deflection and surface finish. Vovk et
al. [4] and Zhang et al. [5] employed numerical
and FEM-based techniques to investigate
material behavior and cutting temperature,
respectively-both factors known to correlate
with Ra evolution.

Energy and surface integrity are
inseparable in sustainable machining. Liu et al.
[8]and Liuetal. [14] studied energy consumption
in hard milling and found a strong connection
between process efficiency, tool wear, and
surface roughness, thus emphasizing the need
for process optimization. In parallel, researchers
have explored coating technologies to maintain
surface finish over tool life. Beake et al. [10] and
Teppernegg et al. [15], [16] reported how PVD
coatings and residual stress accumulation impact
Ra throughout the tool lifespan.

As surface roughness is not only
influenced by tool materials but also by
lubrication, several studies investigated the use
of MQL and nano-enhanced cooling/lubrication
methods. Hassanpour et al. [11] and An et al.
[12] demonstrated that MQL substantially
reduces white layer thickness and improves
Ra, particularly with appropriate tool coatings.
Denkena et al. [13] also showed that optimizing
cutting edge geometry improves surface quality
and wear resistance.

Recent work has emphasized hybrid
techniques. Bian et al. [17] explored meso-
scale hard milling with diamond-coated tools
on ceramics, achieving improved Ra through
precise control of forces. Jayakumar and
Rahman [18] found that optimizing feed rate
and cutting speed enhanced Ra when milling
AA7075. Fuzzy logic and regression methods
were applied by Tamilarasan et al. [19] for
surface roughness prediction in hard milling.
Meanwhile, Jenarthanan and Neeli [20] and
Khare et al. [21] focused on force and Ra
optimization through cutting speed variation
and grey relational analysis (GRA). Particularly
relevant to this study is the application of
nanoparticles in MQL to reduce Ra. Nguyen and
Do [23] introduce SiO, nanoparticles into MQL
systems during hard milling of SKDI11 steel
and reported significant improvement in Ra and
tool life. This aligns with other GFRP milling
studies such as those by MP et al. [22], which
combined GRA with experimental optimization
techniques.

Despite these advancements, few
studies have systematically modeled and
quantified the influence of cutting parameters
and nanoparticle size on Ra under Nano-MQL
conditions. Moreover, the lack of integrated
analysis combining both regression modeling
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and main effects plots motivates the present
work. Therefore, this study aims to investigate
and model the surface roughness in CNC
milling using Nano-MQL, analyzing the effects
of cutting speed, feed per tooth, depth of cut, and
nanoparticle size. A combination of experimental
data, main effects analysis, and regression
modeling is used to identify dominant factors
and guide process optimization for improved
surface integrity in sustainable machining.

2. EXPERIMENTAL WORK
2.1. Experimental Design

This study employed a Box—Behnken
Design (BBD) to systematically investigate the
effects of key machining parameters on surface
roughness (Ra) during CNC milling under
nano-minimum quantity lubrication (Nano-
MQL) conditions. The BBD approach was
selected due to its efficiency in requiring fewer
runs than a full factorial design while still
allowing second-order model development.

The study considered four independent
variables: cutting speed (v, ), feed per tooth (f),
depth of cut (@), and average nanoparticle size
(D, Each factor was tested at three levels, as
listed in Table 1.

Table 1. Input factors and their levels

Factor Symbol | Unit Levels
Cutting speed v, m/min 100, 125, 150
Feed per tooth f mm/tooth | 0.04, 0.06, 0.08

Depth of cut a mm 0.10, 0.15,0.20
Nanoparticle size D, nm 20, 50, 100

A total of 45 experimental runs were
generated using the Box—Behnken matrix. The
detailed experimental plan and corresponding
responses for surface roughness (Ra) are
presented in Table 2. The experimental matrix
was randomized to minimize the effect of
uncontrolled variables.

Table 2. Experimental plan and output results

A f
Trial., (m/ | (mm/ | % | P | Ra
min.) tooth) (mm) | (nm)

1 150 | 006 | 02 | 20 | 032
2 150 | 0.04 | 0.15 100 | 0.215
3 125 | 006 | 0.15 | 100 | 0.28
4 150 | 006 | 0.15 50 | 027
5 150 | 008 | 02 | 50 | 0.38
6 100 | 006 | 025| 20 | 043
7 125 | 006 | 02 | 100 | 031
8 100 | 004 | 0.15]| 100 | 03
9 150 | 0.06 | 0.15| 100 | 0.26
10 | 150 | 006 | 025 | 100 | 0.31
1| 125 | 008 | 015 | 50 | 037
12 | 100 | 006 | 02 | 20 | 036
13 | 150 | 004 | 0.15| 50 | 0.23
14 | 125 | 006 | 0.15 | 100 | 0.28
15 | 125 | 006 | 025| 20 | 035
16 | 125 | 008 | 02 | 50 | 04
17 | 100 | 004 |015] 20 | 033
18 | 150 | 006 | 02 | 20 | 034
19 | 125 | 008 | 025 100 | 045
20 | 100 | 0.08 | 0.15 | 100 | 0.43
21 | 125 | 006 | 0.15 | 50 | 0.29
22 | 150 | 008 | 025 20 | 04
23 | 125 | 008 | 02 | 20 | 042
24 | 100 | 006 | 025 | 50 | 0.44
25 | 125 | 008 | 015 20 | 038
26 | 125 | 004 | 02 | 100 | 0.29
27 | 125 | 004 | 025 100 | 032
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28 100 0.04 0.2 50 | 0.34
29 125 0.04 | 0.15 | 20 | 0.29
30 125 0.04 | 025 | 50 | 0.33
31 100 0.06 | 0.15 | 100 | 0.34
32 100 0.06 0.2 | 100 | 0.38
33 150 0.06 | 025 | 50 | 0.32
34 125 0.06 0.2 50 | 0.33
35 125 0.06 | 0.15 | 20 0.3

36 150 0.08 0.15 | 100 | 0.35
37 125 0.08 0.15 | 100 | 0.37
38 100 0.06 | 0.15 | 50 | 0.35
39 100 0.08 0.2 50 | 0.47
40 100 0.08 025 | 20 | 048
41 125 0.04 0.2 20 | 0.32
42 125 0.06 | 0.15 | 20 0.3

43 150 0.04 | 015 | 20 | 0.24
44 100 0.04 | 0.15 | 50 | 0.32
45 100 0.08 0.25 | 50 |0.485

2.2. Workpiece Material and Cutting Tools

The workpiece material used in this
study was 90CrSi tool steel, a high-carbon,
high-chromium alloy commonly employed in
cold work die applications. The material was
subjected to quenching and tempering heat
treatment, achieving a final hardness of 56-60
HRC, classifying it as a hard-to-machine steel.

All experiments were performed using a
single solid carbide end mill, model CEPR6120-
TH with a diameter of @12 mm. The tool
features 6 flutes (cutting edges) and is coated
with a nano-composite coating specifically
designed for hard milling operations. The
nano-composite coating provides superior
thermal stability and wear resistance, making
it suitable for high-speed machining under
minimal lubrication conditions.

Figure 1. Experimental setup

2.3. Nano-MQL System and Lubricant
Preparation

In this study, a Nano-MQL lubrication
system was employed to enhance cooling
and lubrication during hard milling. The
lubricant was a mixture of canola oil (as base
fluid) and copper oxide (CuO) nanoparticles,
prepared at a concentration of 2 wt.%. To
ensure uniform dispersion of nanoparticles and
prevent agglomeration, the CuO particles were
ultrasonically agitated in the base oil for 30
minutes before each experiment. The resulting
nano-lubricant was delivered to the cutting zone
through a standard MQL nozzle system. The
flow rate of the nano-lubricant was maintained
at 100 mL/h, and the compressed air pressure
used to atomize and transport the fluid was set
to 4 atm. The nozzle was positioned to direct
the aerosol precisely at the tool-workpiece
interface, ensuring efficient coverage of the
cutting zone. The experimental setup was
shown in Figure 1.

2.4. Response Measurement

For each experiment, the surface
roughness (Ra) was measured using a
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Mitutoyo SJ-410 surface profilometer. Three
measurements were taken along the machined
surface for each trial, and the average value
was used.

3. RESULTS AND DISCUSSION
3.1. Regression Model for Surface Roughness

A second-order polynomial regression
model was developed to predict surface
roughness (Ra) as a function of cutting speed
(v,), feed per tooth (f), depth of cut (ap), and
nanoparticle size (D, ). The model, based on
coded variables and fitted using least squares,
is presented below:

Ra = 1.869 a, — 0.0006122 D,y — 5.487 f.
— 0.006687 v + 0.001962 Doy - ap {
— 0.005254 a, - v, + 0.007075 £, - v, + 2.315 x 10°° D2, (1)

— 117602 + 62.17 f2 + 2.396 x 10°v? + 0.7018

This model explains the experimental
behavior of Ra with high accuracy, achieving
a coefficient of determination R? = 0.968.
The predicted values closely follow the
experimental measurements, confirming the
model's reliability.

oz 025 ak) 315 2d D.&5 05
DEserved Ra

Figure 2. Regression plot

The regression plot (Figure 2)
comparing observed and predicted Ra values
shows a strong linear correlation, indicating
high model accuracy. The tight clustering of
points around the 45-degree reference line
supports the model’s predictive robustness for

the range of conditions studied.
3.2. Influence of Process Parameters

The relative influence of each factor and
their quadratic terms was evaluated through the
standardized regression coefficients (Figure 3).
The results show that:

- Feed per tooth (f) is the most
influential parameter, exhibiting a strong
positive quadratic effect, indicating that Ra

increases rapidly as f increases.

- Cutting speed (v,) and depth of cut
(ap) also have notable effects, but less dominant
than f .

- The influence of nanoparticle size
(D,,,) is relatively minor, though its interaction
with f and apis statistically significant.

This agrees well with the main
effects plot shown in Figure 4, where surface
roughness tends to increase sharply with feed
per tooth and depth of cut, while it decreases
with increasing cutting speed. Interestingly,
surface roughness decreases when increasing
nanoparticle size from 50 to 100 nm, suggesting
improved tribological behavior at higher nano-
concentrations.
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Figure 3. The standardized regression coefficients
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Figure 4. Main effects plot for Ra

3.3. Visual Analysis through Surface and
Contour Plots

To visualize the combined effects of two
key variables, the contour plot (Figure 5) and
the surface plot (Figure 6) were constructed for
Ra as a function of f and D, while keeping v_
and a_ constant at their mid-levels.

- Both plots reveal that Ra increases with
feed per tooth regardless of nanoparticle size.

- However, increasing D, tends to
reduce Ra slightly, particularly at lower f values.

- The surface plot confirms a relatively
smooth and predictable surface behavior,
validating the applicability of the regression
model for optimization purposes.
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Figure 5. Contour plot for Ra
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Figure 6. Surface plot for Ra
4. CONCLUSION

This study investigated the influence
of cutting parameters and CuO nanoparticle
size on surface roughness (Ra) during hard
milling of 90CrSi tool steel using a Nano-MQL
lubrication strategy. A Box—Behnken Design
comprising 45 experiments was employed to
model and analyze the behavior of Ra under
varying conditions.
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A second-order regression model was
developed and validated, showing a strong
correlation between predicted and observed
values with an R? of 0.968. The main findings
can be summarized as follows:

- Feed per tooth (f) was identified as
the most influential parameter affecting surface
roughness, with a strong quadratic relationship
indicating that small increases in f significantly
worsen surface finish.

- Cutting speed (v,) showed a negative
correlation with Ra, suggesting improved
surface finish at higher speeds.

- Depth of cut (ap) also affected Ra,
particularly through its interaction with other
variables.

- The effect of CuO nanoparticle size
(D,,) was relatively moderate but became
more apparent when interacting with other
parameters.

- Increasing the nanoparticle size from
20 to 100 nm slightly improved surface finish,
possibly due to enhanced lubrication and
reduced friction at the cutting interface.

Main effects plots and contour
surfaces provided clear visual support for the
regression findings, and the developed model
offers a reliable tool for optimizing machining
parameters to improve surface quality in
sustainable milling processes.

This work contributes to the
understanding of hybrid Nano-MQL techniques
and supports their application in precision
machining of hard materials, enabling
manufacturers to enhance surface integrity

while maintaining eco-friendly practices.
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