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Abstract
From the point of view of production and manufacturing processes, issues related to surface
quality and machining efficiency are very important. This paper presents the results of a study
investigating selected problems of quality and efficiency in dry rough milling. Roughness
parameters 2D and 3D were analysed. Additionally, 3D surface topography maps and Abbott–
Firestone curves were generated. Carbide end mills with different helix angles were used in the
study. Experiments were conducted on AZ91D magnesium alloy specimens. The machining
process was conducted using high-speed machining parameters. The results showed that the
surface roughness of the AZ91D alloy depended to a great extent on the tool geometry and
applied machining parameters. Moreover, ANOVA statistical analysis and post-hoc tests
(Tukey) were performed to assess the differences between individual groups of the specimens.
Additionally, an artificial neural network (ANN) model was developed to predict the Ra
parameter, and the results demonstrated its high predictive accuracy (R = 0.966).
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Introduction

Magnesium alloys are now widely used in many in-
dustries such as automotive, aerospace and aviation.
This is primarily due to their low density, which makes
them even lighter than aluminium alloys. The main
machining method for light metal alloys is milling
(Biruk-Urban et al., 2022). This results from a wide
spectrum of possibilities and freedom in shaping the
geometry and dimensions of components made from
such alloys. The current development in machining
techniques makes it possible to conduct subtractive ma-
chining processes with both high speed and efficiency
(Kuczmaszewski et al., 2016). The main and most vis-
ible effect of a machining process is the machined sur-
face condition. Not only does this condition affect the
visual aspect of a given component, but it also exerts
impact on the operating properties of this component,
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e.g. friction coefficient, wear rate (El-Shenawy & Fara-
hat, 2023; Krzyzak et al., 2020; Niemczewska-Wójcik
& Madej, 2023). It is therefore necessary to ensure
that the obtained surface has the most favourable
structure, which is usually evaluated based on sur-
face roughness. In many cases, it is possible to predict
post-machining surface roughness, but this requires
conducting experiments (Savkovic et al., 2020).

The primary way of affecting surface roughness is
by changing machining conditions. Varatharajulu et
al. (2023) conducted a study on the AZ31 alloy in
this regard. The machining process was conducted
with variable parameters, demonstrating that the opti-
mum surface roughness was obtained with low cutting
parameters. This effect was linked to the low tempera-
ture of the cutting tool. Another study related to AZ31
alloy machining (Adhikari et al., 2023) investigated
making holes by milling. However, the results showed
a completely opposite trend, as the surface roughness
decreased with increasing the cutting parameters. For
this case, however, surface roughness measurements
were made on the lateral surfaces, which might have
been the reason for the differences. The authors of the
study also attributed the changes in surface texture to
a decreased cutting force. The significance of cutting
parameters was also described in a study Kumar et
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al. (2023) devoted to magnesium alloy ZE41A. Here,
increasing the spindle speed also caused a significant re-
duction in surface roughness, while increasing the feed
rate and depth of cut caused an increase in roughness
due to higher built-up on the cutting edges. Wang et al.
(2023) conducted tests on the ZK61M magnesium alloy.
For this material, the use of a higher feed speed also
caused surface deterioration due to the formation of
troughs and ridges on the surface. Increasing the spin-
dle speed, on the other hand, resulted in smaller and
more regular surface irregularities. Similar correlations
were also observed in the micro milling of magnesium
alloy Mg13Sn (Ercetin et al., 2023). The Sa parameter
decreased with decreasing the feed and increasing the
cutting speed. This trend was also reflected in changes
in the cutting force. The shaping of surface roughness
by changing machining conditions is widely used not
only in milling, but also in other machining methods
such as turning, shot peening or brushing (Kramar
& Cica, 2021; Matuszak, 2023; Tomov et al., 2022;
Matuszak et al., 2019).

The cutting tool is also a key aspect of the machin-
ing process. Tool geometry is of vital importance here,
as it significantly affects surface quality (Vukelic et
al., 2022), process stability (Bari et al., 2023), chip
formation (Ahmed et al., 2023), and post-machining
deformation (Zawada-Michałowska et al., 2020, 2022).
Hu et al. (2022) investigated the effect of helix angle
on the surface roughness of machined titanium alloy
TC4. In the study, end mills with different helix angles
were used. It was shown that lower surface roughness
was obtained by using the end mill with a larger helix
angle of 35◦/38◦ , while the surfaces milled using the
tool with the smallest helix angle of 30◦/32◦ had the
worst quality. In addition, the tools had a variable
helix – each flute was tilted at a different angle. A
similar relationship was established in a work (Sur et
al., 2022) which investigated the milling process for
titanium alloy Ti6Al4V. For this case, too, the low-
est roughness was obtained when using the tool with
a variable helix angle of 35◦/38◦. The use of tools with
fixed helix angles of 35◦ and 38◦, on the other hand,
resulted in the deterioration of surface condition. A
more comprehensive analysis was conducted by Xue
et al. (2023), who investigated helix, rake and relief
angles. The study showed that the most favourable
surface structure was obtained when using tools with
intermediate values of the angles. In terms of chip
formation, it is recommended that the milling pro-
cess of the AZ91D alloy be conducted using the tool
with a smaller helix angle (Zagórski, 2023). The use
of tools with the helix angles of 20◦ and 50◦ led to
the formation of dust, which is the most undesirable
chip fraction. However, a greater propensity for the

formation of such chips was observed for the tool with
an angle of 50◦. In addition to geometry, the material
from which the tool is made is also of vital significance.
A study Zawada-Michałowska et al. (2023) compared
the CFRP composite surface after a milling process
that was conducted with polycrystalline diamond and
PCD-coated carbide end mills. The use of the coated
tool resulted in the roughness parameters being even
half lower. The use of protective coatings, however,
does not always bring the desired effect, as shown in
a study Marakini et al. (2022) on the machining of
magnesium alloy AZ91D. The use of both uncoated
and TiN-coated carbide tools produced almost similar
surface roughness.

Regarding other factors affecting surface quality,
one must also mention the way in which the cutting
zone is cooled. This is related to the heat generated
by the cutting tool. It also affects the cutting forces or
strength of the material (Khawaja et al., 2020; Lisowicz
et al., 2022). A study Zhang et al. (2023) conducted
on the AZ31B magnesium alloy specimens showed
that, in contrast to dry machining, the use of fluid
could reduce roughness. In some cases, an even better
effect could be obtained by using minimum quantity
lubrication (MQL). A study Karmiris-Obratański et al.
(2022) confirmed that the use of MQL when milling the
Incoloy 800 alloy yielded better results than the use of
dry milling or flood cooling. The benefits of using the
MQL method were also confirmed for the AZ31 alloy
(Kanan et al., 2023). The use of a mixture of MQL
and biodegradable oils reduced surface roughness and
at the same time decreased carbon emissions. More
recent developments in this area include cryogenic
cooling. Hoverver, Jouini et al. (2023) showed in their
study that the use of dry machining and cryogenic
cooling produced comparable surface roughness in the
machining of the AZ91D alloy.

In recent years, the application of Artificial Neu-
ral Networks (ANNs) in modelling surface roughness
parameters post-machining has garnered considerable
interest (Sangwan et al., 2015; Zagórski et al., 2022).
ANNs are highly effective in approximating complex,
nonlinear relationships, which offers a critical advan-
tage in materials processing where numerous variables
impact the final outcome. This modelling capability
is particularly beneficial in the context of machining,
where precise surface quality predictions can enhance
process optimization, thus reducing the need for exten-
sive, time-consuming experimental trials (Dijmărescu
et al., 2021; Kaviarasan et al., 2019).

Previous studies on milling conducted with tools of
different geometries have included: dry rough milling
of AZ91D/HP by the end mill with different rake
angles combined with an analysis of 2D roughness
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parameters (lateral and end face) (Gziut et al., 2015)
and 3D roughness parameters, A-F curves and 3D
maps (end face) (Zagórski, 2024a), dry rough milling
of AZ31B by the end mill with different rake and
helix angles (end face) together with an analysis of 3D
roughness parameters (Zagórski, 2024b). The analyses
showed gaps in previous studies, e.g. those related to
the milling of the AZ91D alloy using the end mill with
variable helix angles.

The existing studies show that ANN models for pre-
dicting post-milling surface roughness typically incor-
porate such input parameters as the cutting speed (vc),
feed per tooth (fz), and the depth of cut (ap) (Chen
et al., 2017; Kulisz et al., 2022b). However, adding the
tool helix angle (λs) as a variable could enhance pre-
diction accuracy by accounting for the effect on chip
shape, cutting forces and process stability. Notably,
the helix angles of 20◦ and 50◦ generate different forces
and heat conditions, thus impacting surface structure.
To date, models have been developed for specific tool
angles (Zagórski et al., 2022, 2024), yet none of them
integrated λ directly in the input variables.

The main objective of this study is to evaluate sur-
face quality depending on the applied end mill helix
angle and cutting parameters by the ANOVA analy-
sis of variance and post-hoc tests (Tukey), in order
to assess the differences between individual groups
of specimens. An important novelty of this study is
that it undertakes a comprehensive analysis based on
a wide range of roughness parameters (both 2D and
3D), surface topography maps and Abbott–Firestone
curves. Also, the assessment is made on both lateral
and end faces of the samples. Previous scientific publi-
cations lack the analysis of the effect of using variable
rake or helix angles on machinability indicators such
as surface roughness parameters. The commonly avail-
able so-called catalog tools are most frequently used to
that end. The proposed geometry is the result of work
conducted by the authors at their research center. An
additional objective of this study was to develop an
ANN model to predict the surface roughness parame-
ter Ra on the end face, based on key input parameters
of the cutting process (vc, fz, ap and λs). The ANN
model enables accurate prediction of the Ra value,
which helps to better understand the influence of in-
dividual cutting parameters on surface quality and to
optimise the machining process in order to achieve the
expected results. The ANOVA variance analysis made
it possible to demonstrate whether cutting speed and
feed per tooth would significantly affect the Rz rough-
ness parameter. The post-hoc test (Tukey-test) was
employed to show whether there would statistically
significant differences in the value of the Rz parameter
after changing the variables vc and fz.

Materials & Methods

The study investigated the rough milling process
of magnesium alloy AZ91D that was conducted ac-
cording to the scheme shown in Fig. 1. Dry machining
tests were performed on the Avia VMC800HS milling
centre. The study was conducted using cutting tools
with a variable helix angle λs of 20◦ and 50◦. They
were three-flute end mills with a diameter of 16 mm,
made of sintered carbide. These tools are not commer-
cially available but were custom made. For maximum
stability, the cutter was mounted in the HSK-A63 tool
holder (16×120 mm holder) and balanced to ISO G2.5
grade with the CIMAT RT 610 balancing machine in
accordance with the ISO 21940–11: 2016 standard.

Surface texture examination involved analysing 2D
and 3D surface roughness parameters. Also, surface
topography maps and Abbott–Firestone curves were
generated. All measurements were made with the Hom-
mel Etamic T8000 contact profilometer. The scanning
area of sample surface was 4.8× 4.8 mm, with a 100
scanning step. The 2D parameters were measured five
times per each surface, i.e. the end and lateral faces
of the samples. The 2D roughness measurements were
conducted with the Hommel Tester T1000 contact pro-
filometer. The measurements were made on the end
and lateral faces of the specimens. In addition to the
impact of the cutting tool, the relationship between
technological parameters and surface roughness was
also investigated. The following were made variable:
the cutting speed vc (400–1200 m/min), the feed per
tooth fz (0.05–0.30 mm/tooth) and the axial depth
of cut ap (0.5–6 mm). The radial depth of cut ae was
maintained constant at 14 mm.

The surface roughness parameters, specifically the
arithmetical mean roughness parameter (Ra), were
modeled using the results of previous experimental
investigations. The simulations described in this work
were conducted using the Matlab 2023b environment
and its Neural Network Application. The artificial neu-
ral networks (ANN) were designed with a focus on
minimalistic architecture, yielding a single hidden layer
in all networks. The number of neurons in this layer
ranged from 2 to 15. The architecture comprised one
input layer with four neurons that represented the cut-
ting speed vc, feed per tooth fz, the axial depth of cut
ap, and helix angle λs, as well as one output layer with
a single neuron that indicated the surface roughness
parameter (Ra on the end surface of the sample).
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Three distinct algorithms were assessed for the train-
ing mechanisms: Scaled Conjugate Gradient, Bayesian
Regularization and Levenberg–Marquardt. To prevent
overfitting during model training, an “early stopping”
technique was implemented. This technique stopped
the training process after six consecutive increases in
the validation error or if there was no reduction in the

error, thereby ensuring that the model would remain
effective for future data.

A total of 170 observations of the surface rough-
ness parameters and machining parameters were made
during the training procedure. The ratio of data allo-
cation for training, validation and testing was 70:15:15.
A single network was chosen for each parameter, and

Fig. 1. Research scheme: a) schematic diagram of the measuring equipment, b) visualization of the milling process with
a roughness measurement model for the lateral and end face of the workpiece and c) schematics of the artificial neural

network
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numerous networks were modeled. The qualitative met-
rics detailed in Table 1 were employed to evaluate the
reliability and performance of the networks.

Table 1
Quality metrics

Quality
Indicator

Formula

Regression value
R

R(y′, y∗) =
cov(y′, y∗)

σy′ , σy∗
, R ∈ ⟨0, 1⟩

Mean Squared
Error (MSE) MSE =

1

n

n∑
n=1

(ŷi − yi)
2

Root Mean
Square Error

(RMSE)
RMSE =

√√√√√ n∑
n=1

(yi − ŷi)
2

n

Mean Absolute
Error (MAE) MAE =

1

N

N∑
i=1

(yi − ŷi)
2

Meaning of Symbols:
σy′ – standard deviation of the measured Ra parameter,
σy∗ – standard deviation of the predicted Ra parameter,
yi – the measured Ra parameter,
ŷi – the value of the Ra parameter for the i-th observation
obtained from the model

Results

Helix angle λs versus 2D roughness parameters

The effect of cutting speed and helix angle on 2D
surface roughness parameters is presented in Figs. 2–4.

Lower values of the parameters Rv, Rp and Rt
(Fig. 2) were obtained on the lateral surfaces. These
surfaces were also characterised by a more symmet-
rical distribution of peaks and valleys. On the end
face of the sample, the distribution of peaks and val-
leys changed with the cutting speed. For most cases,
lower parameters were obtained on both the end face
and lateral surface when the machining process was
conducted with a larger helix angle tool. A change in
the cutting speed had no clear effect on the obtained
values of surface roughness parameters.

Similar relationships were also observed for the pa-
rameters Ra and Rq (Fig. 3), where a change in the
cutting speed had no clear effect on the values of the
analysed parameters. Again, however, the parameters
were several times lower when the machining process

was conducted on the lateral surfaces. For both machin-
ing cases, lower roughness values were mostly obtained
for the tool angle of λs = 50◦, and the difference was
particularly pronounced on the end face of the samples.

A different trend could be observed for the RSm
parameter (Fig. 4), which reached lower values on
the end face of the samples. The end faces of the
samples were also characterised by a smaller scatter of
the RSm values. Lower roughness values were again
obtained on the end face of the samples for the tool
with a larger helix angle, while the results obtained
for the lateral surfaces were similar irrespective of the
tool used. Again, a change in the cutting speed had
no significant effect on the RSm parameter values.

Feed per tooth had a much greater impact on
surface roughness. The parameters Rv, Rp and Rt
(Fig. 5) increased over the entire range of the tested
feed per tooth values. This change was observed for
the end and lateral surfaces alike, but on the lateral
surfaces of the samples the values of the roughness
parameters were considerably lower, especially
when higher feeds per tooth were used. On the end
face of the samples, lower roughness values were
predominantly obtained using the tool with a smaller
λs angle, which is a different trend compared to that
observed for the cutting speed. On the lateral surfaces,
however, lower values of the roughness parameters
at low feed rates (fz = 0.05 − 0.15 mm/tooth) were
obtained for the tool with a smaller λs angle, while
at higher feed rates (fz = 0.20− 0.30 mm/tooth) for
the tool with a greater λs angle.

Similar relationships were observed for the parame-
ters Ra and Rq (Fig. 6). The values of these parameters
again increased over the entire tested range of feed per
tooth, while lower values were measured on the lateral
surfaces. Similarly to the Rv, Rp and Rt parameters,
the effect of the helix angle on Ra and Rq depended
on the feed per tooth. At low feed rates, the obtained
values of the Ra and Rq parameters were lower when
the machining process was conducted using the tool
with a greater helix angle. In contrast, at higher feed
rates, the Ra and Rq values were lower for the tool
with a smaller angle, and the decrease in their val-
ues was more pronounced. Regarding the end face of
the samples, it is impossible to determine which tool
produced more favourable results since the machining
result depended on the feed per tooth.

The use of a higher feed per tooth value also re-
sulted in an increase in the RSm parameter (Fig. 7).
However, similarly to the impact of the cutting speed,
the obtained RSm parameter values were lower on
the end faces of the samples. The results for both
tools varied with feed per tooth. Regarding the lat-
eral surface, on the other hand, the RSm values were
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Fig. 2. Cutting speed versus roughness parameters Rv, Rp and Rt on the surface of a sample: a) end face, b) lateral face

Fig. 3. Cutting speed versus roughness parameters Ra and Rq on the surface of a sample: a) end face, b) lateral face
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Fig. 4. Cutting speed versus RSm parameter on the surface of a sample: a) end face, b) lateral face

Fig. 5. Feed per tooth versus roughness parameters Rv, Rp and Rt on the surface of a sample: a) end face, b) lateral face

lower for the tool with a smaller helix angle, and
the differences in the results were most pronounced
when the machining process was conducted with
high feeds (fz = 0.20 − 0.30 mm/tooth).

When the axial depth of cut was changed, the surface
roughness parameters were only measured on the end
face of the sample. This was due to the insufficient height
of the lateral surfaces, which made the measurements
impossible. The values of the parameters Rv, Rp and
Rt (Fig. 8) remained at similar levels, regardless of the
applied value of the axial depth of cut. For most cases,

these parameters were lower for the tool with a smaller
helix angle, but the differences between the tools were rel-
atively small. Despite changing the values of the Rv and
Rp parameters, the machined surfaces had a fairly uni-
form structure, with no dominant high peaks or valleys.

Considering the roughness parameters Ra and Rq
(Fig. 9), a more favourable effect was obtained by
using the tool with a smaller helix angle. This, how-
ever, only applied to smaller depths of cut ranging
1–3 mm, because at larger axial depths of cut, the
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Fig. 6. Feed per tooth versus roughness parameters Ra and Rq on the surface of a sample: a) end face, b) lateral face

Fig. 7. Feed per tooth versus roughness parameter RSm on the surface of a sample: a) end face, b) lateral face

values of these parameters were comparable, regard-
less of the tool used. A change in the axial depth of
cut value had no evident effect on the Ra and Rq pa-
rameters when the machining process was conducted
with the helix angle λs = 50◦, since their values re-
mained similar over the entire tested axial depth of
cut range.

A similar effect was observed for the RSm parameter
(Fig. 10). Its values were also very similar regardless
of the applied depth of cut value, when the machining

process was carried out using the tool with a greater
helix angle. The most pronounced change occurred
when the machining process was conducted with the
highest depth of cut, i.e. ap = 6 mm, which led to
a marked increase in the RSm parameter. The same
was also observed for the surfaces machined with the
other tool. However, for this tool, the values of RSm
gradually increased as a result of using the higher
depth of cut value.
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Fig. 8. Axial depth of cut versus roughness parameters Rv, Rp and Rt on the end face of a sample

Fig. 9. Axial depth of cut versus roughness parameters Ra and Rq on the end face of a sample

Fig. 10. Axial depth of cut versus roughness parameter
RSm on the end face of a sample

ANOVA analysis

A one-way analysis of variance ANOVA (significance
level α = 0.05) was employed to assess the significance
of the impact of the technological parameters of milling
(cutting speed vc and feed per tooth fz) on the Rz
roughness parameter. The analyzed variable had a nor-
mal distribution, which was confirmed by the Shapiro-
Wilk test, and the variances were homogeneous, as
verified with the Levene test.

An analysis of the ANOVA results (Table 2) demon-
strates that the use of the 20◦ helix angle produced
statistically significant differences in the mean value
of the Rz parameter for the variable cutting speed
(Fig. 11) and feed per tooth (Fig. 12). As for the 50◦
helix angle, the ANOVA analysis results showed sta-
tistically significant differences in the Rz parameter
value with varying the feed per tooth (Fig. 12).

Table 2
ANOVA analysis of variance for the surface roughness
parameter Rz over the applied cutting speed and feed per

tooth ranges, considering the helix angle

Rz – helix angle 20◦

DF SS MS F p

vc 4 9.3023 2.2356 20.588 0.0000

f z 5 11.1723 2.2345 26.577 0.0000

Rz – helix angle 50◦

vc 4 0.7968 0.1992 2.346 0.1016

f z 5 112.0123 22.4025 167.226 0.0000

where: DF – number of the degrees of freedom, SS –
sum of squares between groups, MS – mean sum of
squares between groups, F – value of the test statistic,
p – probability level
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Fig. 11. Effect of the cutting speed on the surface roughness
parameter Rz

Fig. 12. Effect of the feed per tooth on the surface roughness
parameter Rz

In the milling process conducted with both variable
feed per tooth and cutting speed using the 20◦ he-
lix angle and in the milling process conducted with
a variable fz using the 50◦ helix angle, the probability
level p was lower than the adopted significance level
(α = 0.05), whereas the values of the test statistics
F(5;18) and F(4;15) were higher than the adopted Fα.

The results of the ANOVA analysis of variance
demonstrated statistically significant differences in the
mean values of the roughness parameter Rz between
the analysed groups. The post-hoc test (Tukey test)
was employed to verify which of the compared groups
differed statistically significantly.

In Table 3 are listed the results of the Tukey test for
the dependent variable Rz. The red color indicates the
level of probability for which there are no statistically
significant differences. An analysis of the data shows

that changing the cutting speed from 400 m/min to
1200 m/min and from 600 m/min to 1000 m/min, as
well as from 800 m/min to 1000 m/min and from 800
m/min to 1000 m/min does not statistically signifi-
cantly affect the value of the surface roughness param-
eter Rz for the milling process conducted with the 20◦
helix angle tool. Regarding the effect of feed per tooth
on the dependent variable Rz, statistically significant
differences were only observed when the feed per tooth
was varied from 0.05 mm/tooth to 0.15; 0.20; 0.25 and
0.30 mm/tooth and from 0.10 mm/tooth to 0.15; 0.20;
0.25 and 0.30 mm/tooth.

The statistical analysis results of the roughness pa-
rameter Rz after milling conducted with the 50◦ he-
lix angle tool revealed that changing the feed per
tooth from 0.05 mm/tooth to 0.10 mm/tooth and from
0.25 mm/tooth to 0.30 mm/tooth did not significantly
affect the analysed dependent variable (Table 4).

Table 3
Comparative analysis of the significance of differences (post-
hoc Tukey test) between the mean values of the Rz rough-
ness parameter after a milling process conducted with
a 20◦ helix angle tool and different technological parame-

ters (variable cutting speed and feed per tooth)

Rz – helix angle 20◦

Cutting speed [m/min]

vc 400 600 800 1000 1200

400 0.0001 0.0033 0.0005 0.1692

600 0.0001 0.0092 0.0703 0.0003

800 0.0033 0.0092 0.8173 0.2685

1000 0.0005 0.0703 0.8173 0.0424

1200 0.1692 0.0003 0.2685 0.0424

Feed per tooth [mm/tooth]

f z 0.05 0.10 0.15 0.20 0.25 0.30

0.05 0.8993 0.0001 0.0001 0.0001 0.0001

0.10 0.8993 0.0003 0.0003 0.0002 0.0001

0.15 0.0001 0.0003 1.0000 0.9997 0.2980

0.20 0.0001 0.0003 1.0000 0.9994 0.2769

0.25 0.0001 0.0002 0.9997 0.9994 0.4389

0.30 0.0001 0.0001 0.2980 0.2769 0.4389
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Table 4
Comparative analysis of the significance of differences (post-
hoc Tukey test) between the mean values of the Rz rough-
ness parameter after a milling process conducted with a 50◦

helix angle tool and variable feed per tooth

Rz – helix angle 50◦

Feed per tooth [mm/tooth]

f z 0.05 0.10 0.15 0.20 0.25 0.30

0.05 0.9983 0.0006 0.0001 0.0001 0.0001

0.10 0.9983 0.0013 0.0001 0.0001 0.0001

0.15 0.0006 0.0013 0.0001 0.0001 0.0001

0.20 0.0001 0.0001 0.0001 0.0001 0.0001

0.25 0.0001 0.0001 0.0001 0.0001 0.2300

0.30 0.0001 0.0001 0.0001 0.0001 0.2300

Helix angle λs versus 3D roughness parameters

Figure 13 shows the effect of cutting speed and helix
angle on 3D surface roughness parameters.

Considering the tools with different helix angles,
higher values of the analysed 3D roughness pa-rameters
(Sa, Sq) were obtained for the tool with a helix angle
of 50◦. This situation changes for the Sp, Sv, Sz and
Sku parameters with varying the cutting speed. In
addition, an increase in the cutting speed does not
reveal a clear trend related to an increase or decrease in
all surface roughness parameters. These results should
be discussed separately. An increase in the cutting
speed causes an increase in the values of Sa and Sq,
regardless of the tool used. A similar relationship can
be observed for the parameters Sp and Sv, but only for
the 50◦ helix angle tool. On the other hand, a different
situation can be observed for the parameters Sv and Sp
when the helix angle is set equal to 20◦ and the cutting
speed is variable. For this particular case, an increase
in the cutting speed causes a decrease in the values

Fig. 13. Cutting speed and helix angle versus roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Sku, e) Ssk

Volume 16 • Number 3 • September 2025 11



I. Zagórski: Selected Problems of Effectiveness and Quality in the Dry Rough Milling of Magnesium Alloy AZ91D . . .

of both analysed 3D surface roughness parameters.
It is also difficult to observe a clear trend for the Sz
parameter. An analysis of the functional parameters
of the surface, namely skewness and kurtosis, reveals
that the Sku values are below 3; hence, it can be
concluded that the peaks and grooves are rounded.
In general, it can be assumed that for both tools,
the Sku parameter takes similar values. On the other
hand, an analysis of the Ssk parameter reveals two
separate trends. For a lower cutting speed, the Ssk
parameter takes negative values, which may indicate
a higher frequency of deep valleys (defined as a plateau,
which is considered optimal). On the other hand, with
a higher cutting speed, Ssk assumes negative values
for the 50◦ helix angle and a positive value for the
20◦ helix angle. In general, the values of the roughness
parameters in question range as follows: approx. 3.20–
5.11 µm for Sa and Sq, approx. 8.62–11.10 µm for Sp
and Sv, and approx. 18–21 µm for Sz.

Figure 14 shows the effect of feed per tooth and
helix angle on 3D surface roughness parameters. It
can easily be observed that an increase in the feed
per tooth usually causes an increase in the 3D surface
roughness. This relationship can be observed for the
parameters Sa, Sq and Sz and the 20◦ helix angle
tool. This can be explained by an increased cross sec-
tion of the removed layer, which is even more evident
when the machining process is conducted using the
extreme values of the machining parameters. For most
cases, higher roughness parameters were obtained on
the surfaces that were machined using the 50◦ helix
angle tool. One exception is the case when the ma-
chining process was conducted with the feed per tooth
value set equal to 0.05 mm/tooth (Sp, Sv and Sz pa-
rameters). Regarding the functional parameters, i.e.
skewness and kurtosis, the following can be observed:
for most cases, the Sku parameter takes values below
3, which may prove that the peaks and grooves are

Fig. 14. Feed per tooth and helix angle versus roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Sku, e) Ssk
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rounded. The exception to this trend was the case
when the feed per tooth was 0.05 mm/tooth and the
helix angle was 50◦ (the skewness was 3.79). The kur-
tosis takes positive values (for the feed per tooth equal
0.05 mm/tooth) as well as negative values (for the
feed per tooth equal 0.30 mm/tooth). The negative
values may indicate a higher frequency of deep valleys
(defined as a plateau, which is considered optimal).
The positive values (surfaces with positive skewness
values) show good adhesion resistance. The values of
the roughness parameters ranged as follows: from 0.86
to 10.4 µm for Sa and Sq (which is a relatively wide
range for these parameters), from 3.18 to 27.50 µm for
Sp and Sv, and from approx. 10 to 45 µm for Sz.

Figure 15 shows the effect of cutting speed and helix
angle on 3D surface roughness parameters. It can be
observed that an increase in both the axial depth of

cut and the helix angle led to higher values of the Sa
and Sq parameters. The values of these parameters
ranged from 2.41 to 5.07 µm. The only exception was
the Sq parameter for the machining process conducted
with the 50◦ helix angle tool. A similar situation was
also observed for the Sv parameter, where an increase
in ap resulted in a higher value of Sv. The values of
this parameter ranged between 7.84 and 11.30 µm. On
the other hand, a different situation occurred for the
Sp parameter, where its value decreased. The values
of this parameter ranged between 6.79 and 13.20 µm.
As for the Sz parameter, its value descreased with
increasing the axial depth of cut. The Sz parameter
value ranged from approx. 16 to approx. 25 µm. The
skewness parameter took values below 3, which may
indicate that the peaks and grooves are rounded. Simi-
larly, the kurtosis parameter took positive values when

Fig. 15. Axial depth of cut and helix angle versus roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Sku, e) Ssk
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the axial depth of cut was 0.5 mm. However, an oppo-
site situation could be observed when using a higher
value of the axial depth of cut. Here, the parameter
Ssk took negative values, which may indicate a higher
frequency of deep valleys (defined as a plateau, which
is considered optimal).

Helix angle λs versus selected surface
topography maps and Abbott–Firestone curves

Table 5 also shows examples of surface topography
maps obtained for both tools and extreme values of
the technological parameters. Both types of end mills
produced surfaces with clearly visible machining marks
left by the tool, which is mainly due to the use of high
values of the technological parameters. The primary
difference to be observed is the overlapping of the ma-
chining marks left by the tool with a smaller helix angle.
As a result of using this tool, the peaks and valleys on
the surface had a more uniform shape, while the sur-
faces machined using the tool with a helix angle of 50◦
showed numerous irregularities in the form of grooves.

Table 6 shows examples of Abbott–Firestone curves
obtained for the tools with different helix angles
(similarly to the surface topography maps, they were
plotted for extreme values of the technological machin-
ing parameters). These curves may provide important
data in terms of surface performance. In general, the
curves of a progressive or a progressive-digressive
shape are considered favourable. Based on Abbott–
Firestone curves, one may draw inferences about the

resistance of a given surface to e.g. tribological wear
(a curve of progressive shape means that the analysed
surface has rounded peaks of micro irregularities and
is thus more resistant to wear).

An analysis of the curves plotted for the tested
cutting speeds and axial depths of cut reveals that
these curves have approximately a proportional shape.
The shape of the curves obtained for the tested feed
per tooth is approximately degressive-progressive (for
a helix angle of 20◦) or progressive (for a helix angle of
50◦). As for the tested axial depth of cut, the shape of
the curves is progressive (for a helix angle of 20◦) and
approximately proportional (for a helix angle of 50◦).

Modeling the Ra roughness parameter (on the
end face of the specimen)

Optimal outcomes were achieved by applying the
Levenberg–Marquardt training method, regardless of
the variations in complexity and precision. The Ra
model, with 9 neurons in its hidden layer, concluded
its training after 123 epochs, attaining the optimal val-
idation performance at epoch 123 (0.089). The specific
results of this neural network model and the network
quality metrics are presented in Table 7.

The quality metrics of the ANN model developed
for predicting the surface roughness parameter Ra
demonstrates solid performance. With a high correla-
tion coefficient R of 0.966, the model shows a strong fit
across the entire dataset. Regression plots for the train-
ing, validation and overall datasets are presented below

Table 5
3D images of the surfaces obtained using tools with different helix angles

λs vc = 1200 m/min f z = 0.30 mm/tooth ap = 6 mm

20◦

50◦
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Table 6
Abbott–Firestone curves obtained using tools with different helix angles

λs vc = 1200 m/min f z = 0.30 mm/tooth ap = 6 mm

20◦

50◦

Table 7
Network parameters and results of network quality indica-
tors for the Ra roughness parameter for end face modeling

Modeled Surface
Roughness Parameter Ra

Neurons in hidden layer 9

Epoch 123

Best validation performance 0.089 at epoch 123

Gradient 4.19 · 10−8

R (all data set) 0.966

MSE 0.096

RMSE 0.3098

MAE 0.2193

(Fig. 16), supporting these findings. The obtained val-
ues of the error indicators: MSE of 0.096, RMSE of
0.3098, and MAE of 0.2193, support the model’s ac-
curacy in predicting Ra values. These results confirm
the model’s reliability and suggest its strong potential
for practical use in predicting surface roughness.

Numerical results of the surface roughness parame-
ter Ra on the end face of the specimen for the variable
cutting speed vc and feed per tooth fz are presented in
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Fig. 16. Regression statistics for individual sets and the
total set for the Ra roughness parameter on the end face

Figure 17a. In Figure 17b, the Ra parameter is plotted
as a function of the cutting speed vc and the axial
depth of cut ap, while in Figure 17c – it is plotted in
relation to the cutting speed vc and the helix angle λs.

Volume 16 • Number 3 • September 2025 15



I. Zagórski: Selected Problems of Effectiveness and Quality in the Dry Rough Milling of Magnesium Alloy AZ91D . . .

Fig. 17. Regression statistics for individual sets and the total set for the Ra roughness parameter on the end face

Discussion

The results obtained from this study on the rough
milling of the AZ91D alloy are partially consistent
with the findings of previous studies reported for the
machining of light alloys, particularly AZ91D/HP and
AZ31B. Similar trends were observed regarding the
influence of technological parameters on surface rough-
ness. As demonstrated in earlier studies, e.g. (Gziut
et al., 2015), an increase in feed per tooth produced
higher values of roughness parameters, while the in-
fluence of cutting speed was less direct and depended
on other interacting variables, including tool geometry.
This correlation was confirmed by the present study,
where the use of a higher feed per tooth resulted in
higher values of Ra, Rq, Rz (ANOVA results), and
RSm, regardless of the tool used. It was also confirmed
that the lateral surfaces would typically achieve lower
roughness values than the end faces, which falls in line
with earlier findings and can be attributed to the differ-
ences in effective contact zones and material removal
mechanisms. A comparative analysis with the results
of studies on finish milling, such as that presented
in (Zagórski et al., 2022, 2024), reveals fundamental
differences both in the level of roughness and in the
distribution of surface features. While finish milling

typically results in significantly lower surface rough-
ness values (often below 1 µm for Ra and Sa), rough
milling produces heterogeneous surface structures with
sharper peaks and deeper valleys, which is due to its
inherently more efficient material removal mechanism.
This is clearly visible in the resulting 3D surface to-
pography maps, which are characterized by distinct
machining marks. Nevertheless, some parameters show
similar trends, such as reduced roughness with in-
creasing the cutting speed and higher roughness with
increasing the feed per tooth. In addition, both finish
and rough milling confirm that tool geometry, particu-
larly the helix angle, plays a critical role in the surface
finish treatment. In (Zagórski, 2024), the best results
were obtained using tools with a rake angle of 5◦ and
a helix angle of 50◦, which is partially supported by the
present results, where the 50◦ helix angle produced
favorable results for the selected parameter ranges,
particularly on the lateral face and at low fz values
(e.g., at low feed values, the tool with a larger helix
angle yielded better Ra results,).

According to generally available knowledge, the use
of carbide tools has its advantages over, for example,
HSS tools and PCD insert tools. Compared to HSS
tools, carbide tools have a significantly higher quality
of workmanship (and, therefore, a sharper geometry
and smaller cutting edge radius). In comparison to
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PCD insert tools (whether brazed or replaceable), car-
bide tools are many times cheaper. To give an example,
the surface roughness parameters after machining with
an HSS tool can have the following values: Ra from
approx. 1.5 µm to 16.125 µm (with the average value
of approx. 7 µm), Rz from approx. 8 µm to even ap-
prox. 80 µm (Kulisz et al., 2022a), while Sa can range
from approx. 1.5 µm and does not exceed 8 µm for
most cases, while Sz can range from approx. 25 µm
and does not exceed 150 µm (Kulisz et al., 2022b).
While the use of a PCD tool often allows for quality
comparable to or even better than that achieved after
finish grinding, the Ra parameter can be as low as
0.12 µm (with its average values ranging 0.2–0.4 µm),
while the Sa parameter is usually from 0.2 to 0.8 µm
(Zagórski & Korpysa, 2020). An important contribu-
tion of this study is the integration of the helix angle
as an input variable in the artificial neural network
model developed for Ra prediction. This approach
represents a novel approach to the state of the art
in this field, as most previous models, such as those
reported in (Chen et al., 2017), excluded geometric
tool parameters from the modeling process. The ANN
model developed in this work demonstrated a high
predictive ability, which was confirmed by the regres-
sion coefficient R = 0.966 and a low value of the mean
absolute error (MAE = 0.2193 µm). This proves the
suitability of data-driven models for surface roughness
prediction and highlights the practical potential of
ANN implementation in manufacturing environments.
Unlike conventional modeling approaches, ANN allows
for fast and accurate prediction of machining results
based on experimentally validated input combinations,
thus providing a decision support tool for process en-
gineers and technologists.

From a theoretical point of view, this study provides
deep insight into the interaction between technological
parameters and cutting tool geometry. The statistical
analysis via ANOVA and post-hoc Tukey tests revealed
that both cutting speed and feed per tooth have a sig-
nificant effect on the Rz parameter. In particular, for
λs = 20◦, significant variations were observed in re-
sponse to the variations in both vc and fz, whereas
for λs = 50◦, the dominant influence was associated
with varying feed per tooth. These results contribute
to the body of knowledge by demonstrating that ge-
ometric features not only influence the distribution
of roughness values, but also determine the statistical
sensitivity of surface to machining parameters.

The practical implications of the results from
this study are equally important. They suggest that
with a careful selection of tool geometry and cutting
parameters, it is possible to achieve surface roughness
values that eliminate the need for finish grinding in

certain industrial applications. This is particularly
relevant in industries such as aerospace and automo-
tive, where magnesium alloys are increasingly used
due to their low density and favorable mechanical
properties. The results also show that dry machining
with optimized tools can deliver surface quality
within acceptable tolerances and thus support the
implementation of more sustainable manufacturing
practices by reducing the need for lubrication and by
minimizing environmental impact.

Despite the promising results, the study has cer-
tain limitations. The research was conducted using
only two discrete helix angles, and further research is
needed to investigate a wider range of tool geometries,
including variable helix and rake angle combinations.
In addition, although both lateral and end faces were
examined for the 2D parameters, the 3D surface anal-
ysis was limited to the end faces of the samples due
to sample constraints. Also, the present study did not
include “functional” parameters such as Rpk, Rk and
Rvk, which could be useful for assessing wear resis-
tance and adhesion behavior. Therefore, future studies
should expand the scope of analysis by including addi-
tional surface functional parameters and applying the
proposed methodology to ultra-light alloys, including
magnesium-lithium and aluminum-lithium alloys. In
addition, precision and finish milling processes merit
further investigation with the use of the modeling and
evaluation developed in this study.

Conclusions

The results of this research lead to the following
conclusions:

• The lateral surfaces of rough-milled AZ91D magne-
sium alloy samples show significantly higher quality,
as confirmed by several times lower values of the
surface roughness parameters; for many cases, the
Ra and Rq values on the lateral faces of the sam-
ples were up to 3–5 times lower than those on the
end faces, which can be attributed to more favor-
able material flow and tool engagement conditions
during lateral machining.

• The surface roughness of the samples primarily de-
pends on the feed per tooth, an increase in its value
leads to higher values of the tested roughness pa-
rameters, while the impact of the cutting speed and
axial depth of cut is considerably less significant;
this is particularly evident for Ra, Rz and RSm,
the values of which showed a monotonic increase
with increasing fz from 0.05 to 0.30 mm/tooth.

• The obtained surface topography maps confirm
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that the use of the tool with a smaller helix angle
produces surfaces with a more uniform texture; the
machining marks were more regular, with fewer
distortions, which probably indicated better chip
evacuation and higher thermal stability in machin-
ing with λs = 20◦ under higher loads.

• It is difficult to clearly indicate which helix angle
value produced better surface quality because the
machining effect varied greatly depending on the
technological parameters; for example, at low feed
values, the tool with a larger helix angle yielded
better Ra results, while at higher feeds – this trend
was reversed, which indicates complex interactions
between tool geometry and process kinematics.

• The kurtosis parameter (Sku) took values below
3 and they were only positive (which may prove
that the peaks and grooves are rounded); the value
exceeding 3 was only observed when the machining
process was conducted using fz of 0.05 mm/tooth
and λs of 50◦, which suggests localized peak concen-
tration for low material removal rates with a higher
helix angle.

• It is difficult to establish a clear trend for skewness
(Ssk), as this parameter took both positive and
negative values; the use of higher values of the ma-
chining parameters often resulted in the negative
values of Ssk, the exception being the case when
the machining process was conducted with vc of
1200 m/min and λs of 20◦, which indicates a shift
from the peak-dominated to the valley-dominated
profiles under more severe cutting conditions.

• The machining marks visible on the 3D surface
roughness maps are typical of rough milling, and
they reflect a standard heterogeneous structure
with sharp peaks or deep valleys.

• The shape of the obtained Abbott–Firestone curves
for the tested cutting speed was proportional. For
the tested feed per tooth, it was approximately
degressive-progressive (for a helix angle of 20◦) or
progressive (for a helix angle of 50◦), and for the
axial depth of cut it was progressive (for a helix
angle of 20◦) and approximately proportional (for
a helix angle of 50◦). This behavior pattern of the
curves reflects the redistribution of material on the
surface and the changes in peak/valley geometry
due to plastic flow and chip dynamics.

• The ANOVA analysis showed statistically signif-
icant differences for the roughness parameter Rz.
These differences were observed for the 20◦ helix
angle combined with the variable cutting speed
and feed per tooth and for the 50◦ helix angle and
the variable feed per tooth, which confirms that
the feed was the most dominant factor across both
geometries, while the cutting speed had a signifi-

cant impact only with lower helix angles, which is
possibly due to a different chip removal dynamics.

• The results of the ANOVA analysis of variance
demonstrated statistically significant differences
between the mean values of the roughness parame-
ter Rz for the analyzed groups, the post-hoc test
(Tukey test, marked in red) showed the level of
probability for which there were no statistically
significant differences.

• The created network had a good predictive capa-
bility, as indicated by the obtained R-correlation
value (R = 0.966); this shows that artificial neural
networks have the potential to become an effective
tool for predicting surface roughness parameters.
The obtained error values, such as MSE = 0.096
and MAE = 0.2193 µm, confirm the model’s relia-
bility in practical applications.

• The trained networks serve as a helpful tool for
technologists in establishing machining parameters
to attain the precise surface roughness; they can
reduce the number of trial experiments, shorten
machining time and help ensure reproducibility of
the desired surface quality even in dry conditions.
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