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Surface Roughness Evaluation of AZ31B Magnesium Alloy After 
Rough Milling Using Tools with Different Geometries
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Faculty of Mechanical Engineering, Lublin University of Technology, Poland

This paper presents the experimental results of a study investigating the impact of machining parameters on 3D surface roughness after 
rough, dry milling. The following 3D roughness parameters were analysed: Sa (arithmetic mean height), Sq (root mean square height), Sz 
(maximum height), Sku (kurtosis), Ssk (skewness), Sp (maximum peak height), and Sv (maximum pit height). Roughness measurements were 
made on the end face of the specimens. Additionally, 3D surface topography maps and Abbot-Firestone material ratio curves were 
generated. Carbide end mills with variable rake and helix angles were used in the study. Experiments were conducted on AZ31B magnesium 
alloy specimens using a contact-type profilometer. The machining process was conducted using the parameters of so-called high-speed 
machining. Three variable technological parameters were analysed: cutting speed vc, feed per tooth fz, and axial depth of cut ap. The results 
showed that the surface roughness of the rough-milled specimens depended to a great extent on the tool geometry and applied machining 
parameters. Feed per tooth was found to have the greatest impact on surface roughness parameters. Lower values of the analysed 
surface roughness parameters (and therefore higher surface quality) were obtained (in most cases) for the tools with a 
rake angle γ of 5° and a helix angle λs of 50°. The results provided both theoretical and practical knowledge about the achievable 
surface roughness after rough milling using tools with different tool blade geometry. It was shown that rough milling is an effective and 
efficient type of machining for the AZ31B alloy. 
Keywords: rough milling, 3D surface roughness, Abbott-Firestone curve, rake angle, helix angle, magnesium alloy

Highlights
• Rough milling of magnesium alloy AZ31B is an effective and efficient type of machining. 
• Machined surface roughness depends to a large extent on the geometry of a machining tool.
• The change of selected technological parameters (in particular feed per tooth) significantly influences the surface roughness 

parameters.
• Texture and shape of machining marks are typical of rough milling (heterogeneous structure). 
• Abbott-Firestone curves have a proportional or a degressive-progressive shape.

0  INTRODUCTION

Among modern construction materials, one can 
distinguish a group of promising yet insufficiently 
studied light alloys [1], including aluminium and 
magnesium alloys. Magnesium alloys are construction 
materials characterized by low density yet quite high 
strength. Everyday devices and elements made of 
AZ91D/HP or AZ31B alloy are widely used in the 
automotive, aircraft, medical, and sports industries. 
Machinery and equipment components made of these 
alloys must meet stringent quality requirements, 
especially in terms of surface roughness [2]. Regarding 
surface roughness parameters, the best-explored 
and most widely studied is the two-dimensional 
(2D) surface roughness parameter Ra (arithmetical 
mean deviation) [3]. Nevertheless, analyses based 
on only one roughness parameter seem far from 
being exhaustive; therefore, other surface roughness 
parameters must be taken into consideration [4]. In 
addition to the widely studied 2D parameters, 3D 
surface roughness parameters can also be investigated 

in combination with surface topography maps [5] and 
[6]. 

Surface roughness is the main machinability 
indicator of its quality in rough and finish machining 
[7] and [8], as well as in other new methods and types 
of machining, including precision machining [9]. 

Studies have also been conducted on the 
machinability of different grades of magnesium alloys 
(e.g., AM60) using carbide tools with different types 
of tool coatings, e.g. made of TiN [10], where the 
surface roughness was estimated to be approx. Ra ≈ 
0.3 μm. A study conducted with TiAlN-coated end 
mills [11] investigated a substantially greater number 
of surface roughness parameters such as Rv, Rp, Rt, 
Ra, Rku, Rsk, RSm, as well as Sv, Sp, St, Sa, Ssk, and 
Sku on the lateral and the end face of the specimen. 
The machinability of AZ61 was investigated, and the 
obtained Ra parameter was in the range of 0.1 μm 
to 0.4 μm [12]. Another study [13] examined the Sa 
parameter in machining AZ61 alloy for the reversed 
and direct feed. The obtained Sa values ranged from 
approximately 0.2 μm to 0.8 μm. 
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The most widely used alloy in practice and 
investigated in research studies is AZ91D. In a study 
[14] on high-speed machining, the obtained Ra value 
was from about 0.06 μm to 0.13 μm. Another study 
[15] showed that the Ra parameter increased with 
vc and fz, ranging from 0.4 μm to 1.2 μm. Other 
studies [16] and [17] investigated the optimization of 
machining parameters (vc, fz, ap) and the obtained Ra 
value ranged from approximately 0.07 μm to 0.21 
μm. A more comprehensive analysis and, thus, the 
results for a greater number of roughness parameters 
were reported in [11], which considered both 2D and 
3D surface roughness parameters, as well as surface 
topography maps. Although the AZ91D alloy is 
usually processed under dry machining conditions, 
studies have been conducted with the use of MQL or 
cryogenic conditions [18] and [19]. 

Another widely used albeit less popular alloy 
(probably due to its cost) is AZ31B. Components of 
this alloy grade are often produced from solid material; 
therefore, the finish allowance is quite substantial, 
posing the need for machining and machining 
process analysis [20]. For example, in a study [21], 
the variation in vc and fz yielded a Ra value below 0.2 
μm. The machining process was conducted by dry 
cutting with an air coolant. A study [22] compared wet 
and cryogenic machining. The obtained Ra parameter 
was lower than 1 μm, with approx. 20 % lower Ra for 
cryogenic conditions. 

Alloys with alloying elements such as zirconium, 
rare earths, zinc (e.g., ZE41) or lithium are only used 
in exceptional cases. These alloys are very expensive 
and are only used to produce aircraft components, 
if not primarily for the aerospace industry. For 
example, a study [23] investigating the milling of 
ZE41 magnesium alloy showed that Ra ranged from 
approximately 1.4 μm to 4.1 μm, and that increase in 
vc and fz caused the Ra parameter to increase too. A 
similar study [24] demonstrated that the Ra parameter 
value could range from approx. 0.3 μm to 0.7 μm (for 
variable fz and ap). 

An interesting group of materials includes alloys 
containing Ca used in medical applications [25] to 
[29]. The Mg-Ca0.8 alloy was investigated, among 
others, in [25] to [27], where the obtained Ra value 
ranged from 0.2 μm to 0.8 µm. For this case, however, 
the machining process was conducted using a tool 
with a polycrystalline diamond (PCD) edge. In a study 
[28], depending on the machining strategy employed, 
the Ra values ranged from 0.9 μm to 1.4 μm (normal 
milling) and 0.09 μm to 0.8 μm (inverse milling). The 
machining of a similar alloy, Mg-Ca1.0, yielded the 
Ra parameter ranging from 0.10 μm to 0.16 μm [29]. 

In addition to using 2D and 3D parameters, 
surface quality can also be evaluated using the 
Abbott-Firestone curve [11] and parameters describing 
it. As a result, a different approach to surface quality 
and texture evaluation can be adopted, particularly in 
terms of assessing the quality of a surface machined by 
different methods [30]. Depending on the roughness 
profile shape, one can distinguish the following curve 
patterns: progressive, proportional, degressive, and 
combined (e.g., degressive-progressive, progressive-
degressive, proportional-degressive, etc.). Based on 
the curve shape and selected parameters (Rpk, Rvk, 
Rk), one can make inferences about the tribological 
resistance of a material [31]. For example, a 
progressive shape means that the surface is more 
wear-resistant (rounded peaks of the surface) [32]. 

As mentioned, previous studies investigating 
the problem of surface quality usually focus on one 
2D surface roughness parameter, i.e. Ra. However, 
this approach is far from being exhaustive due to 
the many 2D and 3D roughness parameters that can 
be used to describe machined surface roughness. 
Moreover, it seems interesting to raise the issue 
related to the roughness of the machined surface 
obtained in the milling process for both practical and 
cognitive reasons. The quality and roughness of the 
final surface obtained are very important during the 
production of various types of machine and device 
elements. The aim is to ensure that the milling process 
allows for achieving high-quality surfaces without 
the need, for example, for finish grinding. In turn, 
the Abbott-Firestone curve analysis complements 
and extends research related to the quality of the 
machined surface. This analysis may be important due 
to the maintenance characteristics of the surface. A 
progressive shape (the surface is more wear-resistant) 
is considered favourable for the A-F curves. The 
primary objective of this study is to gain insight into a 
machining process for AZ31B alloy and to determine 
the effect of machining parameters and tool geometry 
on 3D Surface roughness. In the study, 3D surface 
roughness parameters such as Sa, Sz, Sq, Sku, Ssk, Sp, 
and Sv are investigated. In addition, examples of both 
Abbott-Firestone material ratio curves and 3D surface 
topography maps are given.  

The novelty of the study lies in a comprehensive 
approach to examining the influence of tool geometry, 
in particular the rake and helix angle, on 3D roughness 
parameters in dry milling of magnesium alloys. This 
study provides new information on key aspects of the 
cutting process, offering practical tips for selecting 
the machining parameters for increased machining 
efficiency. The presented research is an extension of 
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the analyses conducted so far, including the analysis 
of 2D roughness parameters and selected surface 
roughness profiles. The novelty of the research is the 
use of tools with different toll edge geometry, which 
is the result of many scientific studies conducted at 
the author’s research centre. These studies consider 
not only technical aspects such as roughness values 
and tool geometry but also process effectiveness. 
Also, taking into account the analysis of the impact 
of various technological parameters, such as cutting 
speed, feed per tooth, or axial depth of cut, on 
roughness parameters allows the identification of 
selected machining conditions, the best due to the 

quality of the machining and increasing the efficiency 
of the process.

1  METHODS AND EXPERIMENTAL

The study was performed on specimens of AZ31B 
alloy. This grade of material is suitable for forming 
processes. The main application of the AZ31B alloy is 
the aviation industry; this alloy can also be used in the 
automotive and electronics industries. In the aviation 
industry, the AZ31B alloy is manufactured, for 
example, cockpit and door panels, aircraft hubs and 
levers, brackets and gearbox housings. Experiments 

Fig. 1.  Research schematic: a) measuring equipment (e.g. end mill, milling machine and profilometer), and  
b) milling visualization with a 3D roughness measurement model for the end face on the workpiece
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were conducted under dry, rough milling conditions. 
Variable technological parameters of milling and 
different tool geometry were used. The experiments 
were conducted using carbide end mills (the number 
of blades z = 3) with variable rake angle (γ = 5°, γ = 
30°) and helix angle (λs = 20°, λs = 50°). Milling was 
conducted as a high-speed machining process. The 
tools had a diameter of 16 mm. Milling was conducted 
on the vertical machining centre AVIA VMC800HS. 
The employed research structure is shown in Fig. 1. 

The end mills with variable geometry were 
mounted in heat-shrinking tool holders. The holder-
tool system was balanced at G2.5 with a balancing 
machine CIMAT RT 610 in compliance with the ISO 
21940–11:2016 standard [33].

The following technological parameters of 
milling were applied, as shown in Table 1.

Table 1.  Milling technological parameters

End mill vc [m/min] fz [mm/tooth] ap [µm] ae [mm]

γ = 5°  

γ = 30°

λs = 20° 

λs = 50°

400
0.15 6.0

14

1200

800
0.05

6.0
0.30

800 0.15
0.5
6.0

The following 3D roughness parameters were 
analysed: Sa, Sq, Sz, Sku, Ssk, Sp, and Sv. Additionally, 
selected 3D surface topography maps and Abbot-
Firestone curves were generated. All surface 
roughness measurements were made on the end face 
of the specimen using a contact-type profilometer, 
Hommel Etamic T8000 RC120-400. The 3D 
roughness parameters were measured in the direction 
perpendicular to the machining marks. The scanning 
area was 4.8 mm × 4.8 mm with 100 scanning steps.

2  RESULTS AND DISCUSSION

This section presents the experimental results of 3D 
surface roughness evaluation for AZ31B magnesium 
alloy. The results are described in two separate 
subsections, depending on the tool blade geometry. 
The effects of variable rake angle γ (Subsection 
2.1) and variable helix angle λs (Subsection 2.2) 
are discussed separately. Moreover, the impact of 
variations in the technological parameters of milling, 
i.e., vc, fz, ap, is analysed. In addition to that, selected 
3D surface topography maps (Subsection 2.3) of the 
machined surface roughness and Abbott-Firestone (A-
F) curves (Subsection 2.4) are presented.

2.1  Various Rake Angle γ Versus Roughness Parameters

Fig. 2 shows the results of 3D surface roughness 
parameters for variable cutting speeds and different 
rake angles. 

It can be observed that the type of tool, and 
particularly its rake angle, has a considerably 
significant effect on surface roughness. Smaller values 
of the 3D surface roughness parameters Sa, Sq, Sz, Sv, 
and Sp were obtained when the tool with a smaller 
rake angle (γ of 5°) was used. This observation is 
quite interesting because references often recommend 
that light alloys, including magnesium alloys, should 
be machined using tools with the sharpest possible 
blade geometry. The term “tools with the sharpest 
possible blade geometry” should mean the values of 
the rake angle, clearance angle, and helix angle should 
be as large as possible. Common recommendations 
regarding the values angles of the end mill are rake 
angle in the range of 15° to 25°, clearance angle in 
the range of 12° to 20°, and helix angle in the range of 
30° to 40°. For this case, however, the use of the tool 
with a smaller rake angle made it possible to obtain a 
surface of higher quality and, thus, with lower values 
of the analysed 3D surface roughness parameters.

An analysis of the Ssk parameter reveals that for 
lower cutting speeds this parameter takes negative 
values, which may indicate a higher frequency of deep 
valleys (defined as a plateau and considered optimal). 
The symmetric distribution of the profile is reflected 
by zero skewness (this value is similar to that obtained 
with vc 1200 and γ 30°). Moreover, the Rsk/Ssk 
parameter can be used to, e.g., enhance lubrication 
and support technological process analysis because 
surfaces with positive skewness show good adhesion 
resistance. As for Sku, lower values of kurtosis were 
obtained with higher cutting speed and sharper tool 
geometry. It is generally assumed that high values of 
Rku indicate the presence of sharp peaks and grooves 
(above 3), while the values below 3 indicate that the 
peaks and grooves are rounded. A study [32] showed 
that without lubrication, the surfaces with positive Rsk 
and high Rku should result in a lower static friction 
coefficient compared to the surfaces with Rsk = 0 and 
Rku = 3. 

Fig. 3 shows the results of 3D surface roughness 
parameters for variable feed per tooth and different 
rake angles. 

The parameters Sa, Sq, Sp, and Sv depend on 
variations in feed per tooth and rake angle. An increase 
in feed per tooth considerably impacts the analysed 
surface roughness parameters. The use of higher rake 
angle results in increased values of Sa, Sq, Sp, and Sv, 
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Fig. 2.  Cutting speed and rake angle versus 3D surface roughness 
parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku 

Fig. 3.  Feed per tooth and rake angle versus 3D surface 
roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku



Strojniški vestnik - Journal of Mechanical Engineering 70(2024)7-8, 355-368

360 Zagórski, I.

this increase being approx. by 4 to 5 times. It can be 
observed that a further increase in feed per tooth and 
rake angle also has an impact on the other analysed 3D 
surface roughness parameters. For Sz, this increase is 
substantial (approx. by 4 to 5 times) due to a higher 
cut layer section. The Sz values are higher for the tool 
with a higher rake angle (sharper geometry). 

An analysis of the parameters Ssk and Sku reveals 
two trends. The Ssk parameter takes negative values 
(a higher frequency of valleys and hence of a surface 
defined as a plateau, considered optimal). However, 
for the milling process conducted with fz 0.05 and γ 
30°, the skewness is about zero, and the profile has a 
symmetric distribution. The Sku parameter takes only 
positive values. Similarly to the case with variable vc, 
lower kurtosis values were obtained for a tool with 
sharper geometry (γ 30°).

Fig. 4 shows the results of 3D surface roughness 
parameters for variable axial depth of cut and different 
rake angles. 

An opposite trend can be observed when the 
milling process is conducted with a variable axial 
depth of cut. Specifically, the 3D surface roughness 
parameters (Sa, Sq, Sp, Sv, Sz) are lower (for higher 
ap), particularly for the tool with a rake angle of 30°. 
An increase in the rake angle results in an increase 
in the values of these parameters. This situation is 
analogous to that observed for variable cutting speed 
and feed per tooth. 

An analysis of the relationship between variations 
in axial depth of cut and rake angle and the Ssk and 
Sku parameters demonstrates that all obtained values 
are positive (even though for γ 5° and ap 6.0 mm, 
the Ssk value is close to zero, amounting to 0.02; a 
symmetric distribution of the profile is reflected by 
zero skewness). The positive skewness value may 
indicate a higher frequency of sharp peaks. The 
positive high values of kurtosis indicate the presence 
of sharp peaks and grooves (above 3). For ap equal 
to 0.5 mm, the results obtained with both tools are 
similar, while for ap of 6.0 mm, the Sku value is lower 
for the γ 30° tool.

2.2  Various Helix Angle λs Versus Roughness Parameters

Fig. 5 shows the results of 3D surface roughness 
parameters for variable cutting speeds and different 
helix angles. 

Considering the tools with various helix angles, 
the analysed 3D surface roughness parameters (Sa, 
Sq, Sp, Sv, Sz) are higher for a helix angle of 20°. An 
increase in cutting speed leads to an increase in the 
surface roughness parameters Sa and Sq. The trend for 

Fig. 4.   Axial depth of cut and rake angle versus 3D surface 
roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku
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the parameters Sa and Sv is similar to that observed 
for Sa and Sq; however, when the milling process is 
conducted with a helix angle of 20°, an opposite trend 
is observed for the Sp parameter. 

It can be observed that for the tool with a helix 
angle of 20°, the Ssk parameter is positive, and its 
value increases with an increase in cutting speed, 
whereas for the tool with a helix angle of 50° the Ssk 
parameter takes a negative value which decreases with 
an increase in cutting speed. The Sku parameter takes 
only positive values. The kurtosis values below 3 
indicate that the peaks and grooves are rounded.

Fig. 6 shows the results of 3D surface roughness 
parameters for variable feed per tooth and different 
helix angles. 

An analysis of the effect of feed per tooth on the 
parameters Sa, Sq, Sp, and Sv reveals that the surface 
roughness parameters increase with feed per tooth. 
An increase in helix angle causes a decrease in Sa 
when the feed per tooth is 0.05 mm/tooth. An opposite 
situation can be observed when the feed per tooth 
is equal to 0.30 mm/tooth. The value of Sv and Sp 
decreases with increasing helix angle; however, when 
the feed per tooth is 0.30 mm/tooth, an opposite trend 
can be observed as the Sv parameter value increases.

As for Sz, this surface roughness parameter 
increases with an increase in feed per tooth. 

The skewness parameter takes positive values 
when the feed per tooth is equal to 0.05 mm/tooth. 
The skewness value is close to zero when the feed 
per tooth is 0.30 mm/tooth, and the helix angle is 20°. 
The Ssk parameter value is negative when the feed per 
tooth is 0.30 mm/tooth and the helix angle is 50°. A 
consistent trend can be observed for kurtosis, where 
an increase in helix angle causes an increase in Sku. 
The use of a higher feed per tooth causes an increase 
in Sku for a helix angle of 20° and a decrease in Sku 
when the helix angle is equal to 50°.

Fig. 7 shows the results of 3D surface roughness 
parameters for variable axial depth of cut and different 
helix angles. 

With the axial depth of the cut varying, two 
opposite trends can be observed. For the end mill 
with a helix angle of 20°, the use of a higher ap causes 
an increase in Sa and Sq. The same situation can be 
observed for λs 20° and Sv. A different observation 
can be made when the helix angle is equal to 50°. 
Both Sa, Sq and Sv, Sp decrease with increasing axial 
depth of cut. A similar situation can be observed 
for a helix angle of 20° and the Sp parameter. For a 
lower axial depth of cut, the Sz value is higher when 
the milling process is conducted using the tools with 

Fig. 5.  Cutting speed and helix angle versus 3D surface roughness 
parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku
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Fig. 6.  Feed per tooth and helix angle versus 3D surface 

roughness parameters: a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku
Fig. 7.  Axial depth of cut and helix angle versus 3D surface 

roughness parameters:  a) Sa, Sq, b) Sp, Sv, c) Sz, d) Ssk, e) Sku
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a helix angle of 50°. For ap equal to 6.0 mm, the Sz 
values are similar. 

It can be observed that, in most cases, the Ssk 
parameter takes negative values (the higher frequency 
of deep valleys is defined as a plateau and is 
considered optimal). However, for the milling process 
conducted with a helix angle of 20° and ap of 0.5 mm, 
this parameter takes a positive value. Moreover, the 
symmetric distribution of the profile is reflected by 
zero skewness (the value is similar to that observed 
for ap 0.5 and λ 50°). The Sku parameter takes only 
positive values. These values decrease with increasing 
the axial depth of cut (for a helix angle of 20°) and 
remain on a similar level for a helix angle of 50°.

2.3 Surface Topography Maps

For illustrative purposes and better insight, Fig. 8 
presents examples of 3D surface topography maps 
obtained from the rough milling process for AZ31B 
magnesium alloy conducted with a cutting speed 
of 400 m/min, using all analysed cutting tools (with 
various rake and helix angles). 

     

     
Fig. 8.  Surface topography maps: a) γ 5°, b) γ 30°, and c) λs 20°, d) λs 50° (vc 400 m/min)

An analysis of the isometric images demonstrates 
that all 3D surfaces have a typical, heterogeneous 
structure. There are high peaks and deep valleys, and 
the machining marks are characteristic of the applied 
machining method. The surfaces machined with the 
use of all tools do not differ from each other to any 
significant extent; however, a greater ratio of valleys 
can be observed on the surface obtained with the end 
mill described by a rake angle γ of 30°. It can be seen 
that an increase in the rake angle causes an increase in 
the height of the peaks and the depth of the valley on 
the machined surface. Surfaces obtained from milling 
using tools with variable helix angles have a similar 
heterogeneous structure and texture. Similarly to the 
case of various rake angles, relatively high peaks and 
deep valleys can be observed on the specimen surface.

2.4 Abbott-Firestone Curves 

This section presents all obtained Abbott-Firestone 
curves. The curves were shown for the rake angles of 
5° (Fig. 9) and 30° (Fig. 10) and for the helix angles 
of 20° (Fig. 11) and 50° (Fig. 12). These curves were 
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obtained for the milling process conducted with 
variable cutting speed, feed per tooth and axial depth 
of cut. 

From the point of view of surface maintenance, 
the material ratio curves provide important 

information. The Abbott-Firestone curve can assume 
different shapes, the most favourable in terms of 
functional properties of the surface being the curves 
with a progressive or a progressive-degressive shape. 
Based on the shape of a material ratio curve, one can 

     ˝ 

      
Fig. 9.  Abbott-Firestone curves obtained from milling a tool with a rake angle γ 5°:  

a) vc 400 m/min, b) vc 1200 m/min, c) fz 0.05 mm/tooth, d) fz 0.30 mm/tooth, e) ap 0.5 mm, and f) ap 6.0 mm

      

      
Fig. 10.  Abbott-Firestone curves obtained from milling a tool with a rake angle γ 30°:  

a) vc 400 m/min, b) vc 1200 m/min, c) fz 0.05 mm/tooth, d) fz 0.30 mm/tooth, e) ap 0.5 mm, and f) ap 6.0 mm
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draw inferences about, for example, the tribological 
wear resistance of a given surface. A progressive 
shape curve indicates that the analysed surface has 
rounded peaks and is more resistant to wear than the 
surface described by a degressive shape curve [30].

Fig. 9 shows the Abbott-Firestone curves for 
the tool with a rake angle of 5°. The curves have a 
degressive-progressive shape (mixed). A curve with 
the most uniform distribution of material share is 
obtained in the milling process conducted with a 

      

      
Fig. 11.  Abbott-Firestone curves obtained from milling a tool with a helix angle λ 20°:  

a) vc 400 m/min, b) vc 1200 m/min, c) fz 0.05 mm/tooth, d) fz 0.30 mm/tooth, e) ap 0.5 mm, and f) ap 6.0 mm

      

      
Fig. 12.  Abbott-Firestone curves obtained from milling a tool with a helix angle λ 50°:  

a) vc 400 m/min, b) vc 1200 m/min, c) fz 0.05 mm/tooth, d) fz 0.30 mm/tooth, e) ap 0.5 mm, and f) ap 6.0 mm
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cutting speed vc 1200 m/min and a feed per tooth fz 
0.30 mm/tooth. It can, therefore, be concluded that the 
A-F curves have the desirable characteristics (owing 
to the rounded peaks and thus higher resistance to 
wear and friction) only in the so-called lower part of 
the material share curve.

Fig. 10 shows the Abbott-Firestone curves for 
the tool with a rake angle of 30°. The curves have 
approximately either a proportional or a degressive-
progressive shape. Fig. 11 shows the Abbott-Firestone 
curves for the tool with a helix angle of 20°. In 
simple terms, the A-F curves have approximately 
a degressive-progressive shape. Fig. 12 shows the 
Abbott-Firestone curves for the tool with a helix 
angle of 50°. In simple terms, the A-F curves have 
approximately either a proportional or a degressive-
progressive shape.

3  DISCUSSION

The results of this study investigating the rough 
milling of AZ31B magnesium alloy can be compared 
to some extent to the results reported in [34], which 
studied the roughness of AZ91D/HP alloy after rough 
milling using the end mill with various rake angles, 
and in [7] and [8], which described preliminary 
research on finish milling of AZ91D/HP and AZ31B 
magnesium alloys using the end mill with various 
helix angles. 

A comparison of the results obtained from 
rough milling of magnesium alloys revealed that 
[34] an increase in cutting speed caused a decrease in 
roughness parameters while an increase in feed per 
tooth caused an increase in roughness parameters (Ra, 
Rz, RSm) on the lateral face of the workpiece. Similar 
relationships were also observed for roughness 
parameters (Ra, Rq, RzDIN, Rt, Ry, RSm) on the end 
face of the specimen. Lower roughness parameters 
were observed for the tool with a rake angle γ of 
5°. For all tested technological parameters, the Ra 
parameter value was below 1.0 µm on the lateral face 
and approx. 1.5 µm on the end face of the specimen. 
A direct comparison of parameters, e.g. Ra and Sa, is 
quite troublesome; however, in the case of analysis, 
among others, for the Ra parameter, a similar tendency 
can be observed as for the Sa parameter. Smaller 
values of Sa were obtained when the tool with a 
smaller rake angle was used. This is due to the mutual 
relationship of these parameters; the Ra parameter 
was measured on the so-called sampling length (total 
measuring length lt = 4.8 mm, sampling length lr = 
0.8 mm), while the Sa parameter was created from 
multiple repetitions of the measurement for the entire 

observed surface (scanning area 4.8 mm × 4.8 mm 
with 100 scanning steps).

Considerably lower values of the surface 
roughness parameters were reported in [7] and [8]. 
This resulted from the finish milling process being 
conducted under different conditions, i.e., with 
significantly smaller undeformed chip thickness or 
cross-section. It was found that to increase the stability 
of machining and to obtain a high surface finish, a 
more suitable tool for finishing milling was that with a 
helix angle of 20°. Like in the rough milling process, 
an increase in cutting speed led to a decreased surface 
roughness, while roughness parameters (Ra, Rz, RSm, 
Rku, Rsk) increased with feed per tooth. For variable 
vc and fz, the Ra parameter value was below approx. 
1.0 µm on the lateral face and approx. 3.0 µm to 
5.5 µm on the end face of the specimen, depending 
on the type of tool. A statistical analysis of Ra and 
Rz confirmed the inequality of the mean and median 
values for varying vc. The statistical analysis results 
also showed that for all cases, the variations in fz had 
an impact on the Ra parameter. Similar relationships 
were observed for other surface roughness parameters, 
i.e., Rq, Rt, Rv and Rp. 

A comparison of the Abbott-Firestone curves 
demonstrates that for most studied cases of machining, 
e.g., in [9], the curves have a degressive-progressive 
shape. 

This research on rough milling of AZ31B focuses 
on 3D surface roughness parameters. For example, 
the Sa parameter value for the tool with γ 5° is below 
1.0 µm for variable cutting speed, which indicates the 
high quality of the machined surface. The machining 
marks on the surface are characteristic of the milling 
process, with sharp peaks or deep valleys (typical 
heterogeneous structures). Although, for most cases, 
the Abbott-Firestone curves have a degressive-
progressive shape that is typical of machining 
processes, some of these curves are distorted, taking 
on a proportional shape. 

4  CONCLUSIONS

The results of this study lead to the following 
conclusions: 
• 3D roughness parameters largely depend on the 

machining tool,
• better machining results and, hence lower surface 

roughness values were obtained when the milling 
process was conducted using the tools with a rake 
angle of 5° and a helix angle of 50°,

• regarding the tool with γ 5° and the Sa parameter, 
it was observed that with variables vc and ap, the 
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Sa value was below 1.0 µm while with variable fz, 
it was below 2.0 µm,

• for the tool with λs 50°, the Sa value was below 
4.0 µm for variable vc, below 1.0 µm for fz 0.05 
mm/tooth, below 8.0 µm for fz 0.30 mm/tooth, 
and below 6.0 µm for variable ap,

• the Sku parameter takes only positive values 
which are predominantly below 3, which may 
prove that the peaks and grooves are rounded,

• an increase in cutting speed did not lead to 
any significant increase in surface roughness 
parameters for different rake angles; however, 
such an increase was observed for different helix 
angles,

• an increase in feed per tooth led to an increase 
in surface roughness parameters for the analysed 
tools, 

• an increase in axial depth of cut did not cause 
any consistent trend in the change in surface 
roughness,

• the obtained 3D surface roughness maps show 
machining marks that are characteristic of rough 
milling, reflecting a typical heterogeneous 
structure with sharp peaks or deep valleys,

• the Abbott-Firestone curves are the easiest 
to interpret for the tool with γ 5° due to their 
degressive-progressive shape; the other curves 
have a distorted shape and hence are more 
difficult to interpret; nevertheless, their shape can 
approximately be described as proportional or 
degressive-progressive.
To provide more insight and further contribution 

to the development of mechanical engineering, 
future research should focus on investigating the 
parameters Rvk, Rpk, and Rk on Abbott-Firestone 
curves. Although the present study concludes, to 
some extent, the body of research on rough milling of 
magnesium alloys, studies can still be made on finish 
and precision milling as the two processes have not 
yet been thoroughly investigated. The present study 
was only conducted for the end face of the specimen. 
Further studies can be conducted for the lateral face 
of the specimen, particularly using tools with variable 
helix angles. In addition, studies can be conducted on 
rough, finish and precision milling of ultra-light alloys 
(both magnesium and aluminium alloys) containing 
lithium.
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