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Surface Quality of AZ91D Magnesium Alloy  
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This study investigates the surface quality of AZ91D magnesium alloy specimens after precision milling. The milling was conducted with the 
use of TiB2- and TiAlN-coated carbide end mills. The following variables were used in the milling process: cutting speed vc, feed per tooth fz 
and axial depth of cut ap. The surface quality was analysed based on surface roughness parameters and Abbott-Firestone curves. The results 
showed that the surface quality after machining depended on the tool coating type and applied machining parameters; the only exception was 
the axial depth of cut because changes in its value did not have any significant effect on the obtained surface quality. After precision milling, 
AZ91D specimens were characterized by very low surface roughness parameters. The impact of machining conditions was also evaluated with 
ANOVA analysis, which confirmed the significant effect of cutting speed and feed per tooth. It also indicated the dependence of the roughness 
parameters on the tool coating type. The tool coating type and machining conditions did not have any significant effect on the Abbott-Firestone 
curves. Despite the changes applied, the shape of the curves remained similar. The obtained results provide both theoretical and practical 
knowledge about the achievable surface roughness of AZ91D magnesium alloy specimens after precision milling.
Keywords: precision milling, surface quality, Abbott-Firestone curve, ANOVA, coated tools

Highlights
•	 Precision milling of AZ91D magnesium alloy enables the formation of high-quality surfaces with low roughness parameter 

values.
•	 The effect of a change in process parameters on surface roughness depends on the tool coating type.
•	 The changes in the cutting speed and feed per tooth have a significant influence on the surface roughness parameters, 

validated by ANOVA analysis.
•	 Abbott-Firestone curves have a degressive-progressive shape, favourable in functional terms.

0  INTRODUCTION

Surface roughness is the main factor determining the 
quality of a machined surface. This is particularly 
important in precision machining, which is oriented 
at manufacturing high-accuracy parts; thus, any 
surface unevenness is an important factor of allowable 
dimensional and geometrical deviations. The 
achievement of a surface with the required quality is 
a very complex problem because it depends on many 
factors, such as machining strategy and conditions, 
cutting tool type or cooling conditions. Therefore, 
conducting research on the effects of individual 
factors on surface roughness to determine optimum 
machining conditions is of vital importance regardless 
of the machined material [1] to [5].

Among the most commonly applied surface 
roughness parameters is the arithmetic mean height 
Ra, belonging to the group of amplitude parameters. 
These parameters serve as a basis for evaluating 
surface texture and describing the roughness of 
machined surfaces quite well. It should, however, 
be stressed that the Ra parameter has no specific 
information about the shape of a surface roughness 
profile. Single peaks have an insignificant effect 
on this parameter. In effect, this parameter is an 

absolute measure, which means that it does not take 
into account whether a given profile has valleys or 
peaks. Despite its shortcomings, this parameter is 
very useful for evaluating the stability and control of 
a technological process [6] to [7]. Another commonly 
studied surface roughness parameter is the total height 
of the roughness profile Rt, which is determined 
between the largest profile peak height and the 
largest profile valley depth. Rt is another amplitude-
related parameter. Rt and Rz parameters also provide 
much more information on fatigue strength [8]. In 
addition, the Rt parameter can affect the functional 
properties of a surface, including fatigue strength, 
reflexivity, friction and wear, lubrication, mechanical 
strength, as well as assembly tolerances [9]. Still, 
for a comprehensive analysis of surface quality, it is 
necessary to examine the widest possible range of 
parameters, because an analysis of a single parameter 
will only provide basic information about surface 
texture. Surface topography is examined based on 
two-dimensional (2D) and three-dimensional (3D) 
parameters, surface topography maps or isotropy [10] 
to [12].

As previously mentioned, studies investigating 
surface roughness after machining usually focus 
on the Ra parameter. For example, a study [13] 
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investigated changes in the Ra parameter after the 
AM60 magnesium alloy milling process with the 
use of a carbide end mill with TiN coatings. The Ra 
parameter value for optimal machining parameters 
was estimated to be approximately 0.3 μm. In a 
study [14] devoted to face milling of AZ61 alloy 
with the use of a milling cutter with carbide inserts, 
the obtained Ra parameter ranged from 0.1 μm to 0.4 
μm. A study [15] investigated the machinability of 
AZ61 alloy. The machining process was conducted 
with the use of a face milling cutter with carbide 
inserts, and the obtained Sa parameter values ranged 
approx. 0.14 μm to 0.8 μm (direct feed) and 0.2 μm 
to 0.7 μm (reversed feed). In a study [16], the authors 
performed high-speed machining using a face milling 
cutter, which made it possible to archive very low 
surface roughness of AZ91D alloy, with the Ra 
parameter ranging from 0.06 μm to 0.13 μm. A study 
on milling AZ31B alloy specimens [17] reported 
that the surface has deteriorated with increasing the 
feed per tooth and amount of cutting edges. Similar 
findings were obtained in a study [18], where the 
surface roughness parameter Ra increased due to an 
increase in the cutting speed as well as the feed per 
tooth. A study conducted on milling AZ31B alloy [19] 
demonstrated that a cutting zone cooling method was 
also of significant importance. The results of a milling 
process conducted with an AlTiN-coated carbide end 
mill with four cutting edges showed that the use of 
cryogenic cooling led to approximately 20 % lower 
Ra when compared to oil cooling. In another study 
[20], the milling of ZE41 alloy was performed using 
a face milling cutter with carbide inserts. It was found 
that the Ra parameter value primarily depended on the 
feed per tooth and the cutting speed (Ra ranged from 
approx. 1.4 μm to 4.1 μm) and that an increase in their 
values led to increased surface roughness. Research 
on this magnesium alloy was also described in [21], 
in which the effect of different cutting parameters 
on surface roughness was analysed, although using 
a high-speed steel (HSS) tool. It was shown that 
increasing the feed per tooth and the depth of cut 
resulted in a linear increase in the Ra parameter, which 
varied from 0.306 μm to 0.679 μm.

Interesting results were also obtained in a study on 
Mg-SiC/B4C-reinforced magnesium matrix composite 
[22]. The lowest values of the Ra parameter range 
from approx. 0.4 μm to 0.5 μm were archived when 
machining was performed with a TiN-coated tool. A 
study [23] examined the influence of variable milling 
parameters on surface roughness. The milling process 
of AZ91 alloy was conducted with variable cutting 
speed, feed per tooth and depth of cut, using a 50 

mm diameter face mill with carbide inserts. Obtained 
values of Ra parameter ranged from 0.067 μm to 0.208 
μm, and the results showed that surface roughness 
primarily depended on the feed per tooth, which was 
also confirmed by ANOVA analysis. That line of 
research was continued in a study [24], which focused 
on the determination of optimum milling conditions 
by TOPSIS analysis based on vibration signals. The 
results also confirmed that reduced surface roughness 
primarily resulted from decreased feed per tooth. A 
more comprehensive analysis of AZ91D alloy surface 
roughness was conducted in [25], in which profile and 
areal roughness parameters and surface topography 
maps were taken into consideration. The results 
showed that the surface quality of AZ91D alloy 
specimens milled using a TiAlN-coated carbide tool 
could considerably be improved by changing values 
of the cutting speed and feed per tooth.

Improved surface quality can also be obtained by 
using top-quality carbide milling end mills, as well 
as tools with cutting edges made of polycrystalline 
diamond (PCD). To give an example, for the face 
milling process of Mg-Ca0.8 alloy elements, the 
obtainable Ra values can range from 0.2 μm to 0.8 µm 
if PCD face mills are used [26]. Ra parameter values 
of approx. 0.4 µm were also obtained by combined 
dry milling and burnishing [27] and [28]. In a study 
[29], which was conducted on milling Mg-Ca0.8 
alloy specimens using a face mill with uncoated 
carbide inserts, the obtained Ra values were from 0.9 
μm to 1.4 μm during normal milling and from 0.09 
μm to 0.8 μm during inverse milling. In a study [30] 
investigating the Mg-Ca1.0 alloy in a milling process 
conducted using a face mill with diamond-like carbon 
(DLC)-coated inserts, the obtained surface roughness 
parameter Ra values ranged from 0.10 μm to 0.16 μm. 
The cooling method used may also have a significant 
impact on the machining effect. Jouini et al. [31] 
proved in their paper that the use of cryogenic cooling 
for AZ91D magnesium alloy machining can result in a 
significant improvement in surface quality. However, 
the improvement only occurred under specific 
conditions. Minimum quantity lubrication (MQL) 
can also be an effective cooling method. Research 
presented in [32] indicated that surface roughness 
could also be reduced using this method, but it was 
less effective than changing the cutting speed.

In addition to using basic surface roughness 
parameters, which are well-known and widely used, 
surface quality can also be evaluated based on the 
Abbott-Firestone curve and parameters describing 
this curve. The use of these parameters is a different 
approach to surface texture evaluation, one that can 
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effectively be employed to evaluate the quality of 
surfaces obtained by different machining methods [33] 
to [35]. Material ratio curves were used, for instance, in 
the paper [36]. The curves obtained on the surfaces of 
the AZ91D alloy had mostly a degressive-progressive 
shape, while changes in machining conditions mainly 
caused a change in their inclination. The course of the 
curves also looked similar after trochoidal milling of 
AZ91D and AZ31 alloys [37]. The curves flattened 
when the cutting speed was increased, and the 
trochoidal step was reduced. Trochoidal milling was 
also performed in the paper [38], analysing Incoloy 
800 surfaces. Increasing the feed rate resulted in an 
increase in the values of the Spk and Sk parameters, 
while the trochoidal stepover mainly increased the Spk 
parameter. Based on the curve shape, one can infer 
the tribological wear resistance of a given surface. 
A progressive shape of the curve means that the 
analysed surface has rounded peaks and is more wear-
resistant than surfaces described by degressive shape 
curves. The curve shape is described by parameters, 
which are determined based on that curve. These 
parameters include reduced peak height Rpk, reduced 
valley depth Rvk and core roughness depth Rk. Based 
on these parameters, one can predict the influence of 
surface texture on the operational aspects of machine 
components [39] and [40]. The effect of reduced 
friction can also occur when the reduced valley depth 
Rvk is higher than the reduced peak height Rpk [8] and 
[41]. The material contribution curves in the case of 
AZ61 alloy were also used to analyse dry sliding wear 
behaviour [42].

According to the presented review of recent 
publications in the field of magnesium alloy milling, 
a considerable number of papers are limited to the 
analysis of only one surface roughness parameter. 
Such an approach is highly inadequate, and this 
does not allow an appropriate description of the 
surface quality. A more comprehensive representation 
of the surface is only possible after analysis of 
more parameters, including functional parameters. 
Furthermore, all these papers concern conventional 
machining, whereas the research described in the 
present paper involves precision milling, which is 
the main novelty of this study. The application of 
precision milling for magnesium alloy machining 
has hardly been used thus far, which is confirmed by 
the very small number of available publications on 
this subject. Due to the different machining process 
mechanics under these machining conditions, the 
results obtained in conventional machining cannot 
be directly transferred to precision machining, so that 
requires separate research. The main objective of the 

research is, therefore, to obtain a knowledge base on 
the impact of cutting factors such as technological 
conditions or tool coating type on surface roughness. 
An important element of the paper is also the analysis 
of functional parameters and Abbott-Firestone curves 
to evaluate the surface in terms of possible component 
interaction. The effect of the various cutting 
parameters and tool coating type on surface roughness 
was also assessed using ANOVA.

1  EXPERIMENTAL

This study involved conducting the milling process 
under precision machining conditions and evaluating 
the obtained surface quality. Test specimens were 
made of the AZ91D magnesium alloy. This is one of 
the most widely applied magnesium alloys in many 
industrial branches. The machining process was 
performed on the AVIA VMC 800HS milling centre 
(Fig. 1). The machine has a maximum rotational speed 
of 24,000 rpm, which allows for conducting milling 
processes at a very high cutting speed.

Fig. 1.  Experimental setup

Milling tests were performed with the use of 
two cutting tools with two different types of coating: 
TiB2 and TiAlN. These coatings are dedicated to 
the machining of magnesium alloys. The tools were 
AM3SSD1600A100 Mitsubishi end mills, each 
having a diameter of 16 mm and three cutting edges. 
The end mills were mounted in Celsio heat-shrinking 
tool holders from Schunk. To ensure increased 
stability of the machining process, the holder-tool 
system was balanced at G2.5 to a speed of 25,000 rpm 
in compliance with the ISO 21940-1 standard [43]. 

Apart from the cutting tools, the basic 
technological parameters of the milling process, i.e., 
cutting speed vc, feed per tooth fz and axial depth of cut 
ap, were made variable too. The study was conducted 
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for 3 levels of variability. In contrast, the radial depth 
of cut ae was constant. A plan of the experiment and 
values of the milling parameters applied therein are 
stated in Table 1.

Table 1.  Plan of the experiment and milling parameters

Cutting tool vc [m/min] fz [µm/tooth] ap [µm] ae [mm]

TiB2-
coated,

TiAlN-
coated

400
5 80

14

800
1200

800
1

805
9

800 5
60
80

100

Surface quality after the machining tests was 
examined based on obtained surface roughness 
profile parameters and Abbott-Firestone curves. 
Surface roughness was measured using the Hommel 
Etamic T8000 RC120-400 in compliance with  
PN-EN ISO 4287 [44] and PN-EN ISO 
13565 [45] standards, with a measuring 
length ln = 4 mm, a sampling length  
lr = 0.8 mm and a traverse speed vt = 0.5 mm/s. 
Each measurement was repeated ten times per every 
machined surface in order to determine mean values 
and standard deviations. The necessary number of 
repetitions was previously estimated.

3  RESULTS AND DISCUSSION

3.1  Surface Roughness Analysis

The surface quality of the test specimens after 
precision milling was examined in terms of surface 

roughness amplitude parameters Ra, Rv, Rp, Rt and 
the functional parameters Rvk, Rk, Rpk describing the 
Abbott-Firestone curve. To illustrate the discussed 
surfaces, Fig. 2 presents examples of surface 
topography maps obtained during the milling process 
with intermediate values of technological parameters 
and with both cutting tools.

From the isometric images shown, it can be 
seen that both surfaces have a fairly homogeneous 
structure, as there are no high peaks or deep valleys, 
and the tool marks are also small. The surfaces 
machined with the use of both tools do not differ 
noticeably from each other. However, a greater share 
of valleys can be observed on the surface obtained 
with an end mill with TiAlN coating.

In the following part of the study, an analysis of 
the effect of changing technological parameters on the 
surface structure was carried out based on the surface 
roughness parameters. The influence of cutting 
speed and type of coating on the mean values of the 
roughness parameters is presented in Figs. 3 to 5.

The mean values of the Ra parameter obtained 
for both end mills were similar, and their range is 
relatively narrow. During the milling process with 
the TiB2-coated tool, an increase in the cutting speed 
led to a decrease in the Ra parameter value first and 
then to its increase. In contrast, the use of the TiAlN-
coated tool led to a decrease in the Ra parameter 
over the entire range of tested cutting speed. The 
results obtained with the TiAlN-coated tool are also 
characterized by a greater scatter of values.

The results demonstrate that the Rv, Rp, and Rt 
parameters depend on cutting speed. In the milling 
process conducted with the TiB2-coated tool, the 
values of these parameters decreased initially and 
subsequently increased again with the highest tested 
cutting speed value. When the milling process was 

Fig. 2.  Surface topography maps obtained using; a) TiB2-coated, and b) TiAlN-coated tool
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performed with the use of the TiAlN-coated tool, these 
parameters decreased in a roughly linear manner. The 
peak heights are insignificantly higher than the valley 
depth, which indicates a relatively symmetric surface 
roughness profile distribution. As a result of using 
the TiB2-coated tool, the above surface roughness 
parameters are lower, and the scatter of their values 
is smaller.

Similar dependencies were also observed for the 
Rvk, Rk, and Rpk parameters. In the milling process 
conducted with the TiB2-coated tool, an increase in the 
cutting speed leads to a decrease in these parameters 
first and then in their increase. When the milling was 
conducted with the TiAlN-coated tool, values of these 
parameters decreased throughout the tested cutting 
speed range. Also, one can again observe a close 
correlation between the parameters Rvk and Rpk and 
the parameters Rv and Rp. Higher valley depth and 
peak heights result in higher values of Rvk and Rpk.

Figs. 6 to 8 show the influence of feed per 
tooth and tool coating type on the analysed surface 
roughness parameters.

The effect of feed per tooth on surface roughness 
is similar, albeit less powerful, to that observed in 
relation to cutting speed. An analysis of the results 
also demonstrates that there are greater differences 
between values of the surface roughness parameters 
depending on the tool used. The highest values of 
Ra are obtained with the lowest tested feed per tooth 
value. This suggests that the ploughing phenomenon 
may occur in this range. For the TiB2-coated tool, an 
increase in the feed per tooth causes a clear decrease in 
these parameters first and then a slight increase in their 
values again. The use of the TiAlN-coated tool leads 
to a steady reduction in their values with increasing 
the feed per tooth. The decrease in value is associated 
with a reduction in the ploughing phenomenon and 
an increasing contribution of the material-cutting 
process. This phenomenon is typical for precision 
machining, which is a significant difference from 
conventional machining.

Similar dependencies can be observed for the 
Rv, Rp and Rt parameters. Depending on the tool 
used, their mean values differ more significantly 

Fig. 3.  Ra parameter vs. cutting speed vc

Fig. 5.  Rvk, Rk, and Rpk parameters vs. cutting speed vc

Fig. 4.  Rv, Rp and Rt parameters vs. cutting speed vc

Fig. 6.  Ra parameter vs. feed per tooth fz
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than those obtained for the variable cutting speed. 
The highest values are again obtained for the milling 
process conducted with the lowest tested feed per 
tooth value. A further increase in the feed per tooth 
leads to a relatively high decrease in the values of 
these parameters, followed by their moderate increase. 
When the TiAlN-coated tool is used, the surface 
roughness parameters gradually decrease. Although 
the peak heights are higher, the difference between 
them and the valley depth is not great, which indicates 
that the roughness profile distribution was relatively 
uniform. 

The effect of feed per tooth on the Rvk, Rk and 
Rpk parameters is similar to that observed for other 
surface roughness parameters. In the milling process 
conducted with the TiB2-coated tool, the values of 
these parameters decrease first and then slightly 
increase. When the milling process is conducted 
with the TiAlN-coated tool, the surface roughness 
parameters decrease as the feed per tooth value 

increases. Again, one can observe a correlation 
between Rvk and Rpk as well as Rv and Rp.

The surface roughness results obtained during 
machining with a variable axial depth of cut are given 
in Figs. 9 to 11.

In contrast to the variable cutting speed and feed 
per tooth, the variable depth of cut has no significant 
impact on the analysed surface roughness parameters. 
The mean value of the Ra parameter remains 
comparable, irrespective of the applied depth of cut 
and tool type. Nonetheless, the results obtained for 
the milling tests carried out with the use of the TiAlN-
coated tool are characterized by a greater scatter of 
values. 

A similar trend can be observed for the parameters 
Rv, Rp, and Rt. Irrespective of the axial depth of the 
cut value, the mean values of these parameters are 
similar. Here again, the peak height is higher than the 
valley depth. For the milling process conducted with 
the TiB2-coated end mill, the mean values of these 

Fig. 7.  Rv, Rp and Rt parameters vs. feed per tooth fz

Fig. 9.  Ra parameter vs. axial depth of cut ap

Fig. 8.  Rvk, Rk, and Rpk parameters vs. feed per tooth fz

Fig. 10.  Rv, Rp and Rt parameters vs. axial depth of cut ap
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parameters are lower, and the result scatter is smaller, 
which can best be observed for the Rt parameter.

Fig. 11.  Rvk, Rk, and Rpk parameters vs. axial depth of cut ap

The variable axial depth of cut has no significant 
effect on the parameters Rvk, Rk, and Rpk. The mean 
values of these parameters are generally similar, 
and their lower values are received for the surfaces 
machined with the TiB2-coated tool. Here again, one 
can observe a relationship between Rvk and Rpk, as 
well as Rv and Rp. Due to the non-significant effect 
of the axial depth of the cut, it appears to be possible 
to increase the process efficiency without a noticeable 
deterioration in surface quality.

3.2  Abbott-Firestone Curves Analysis

During measurements of surface quality, the Abbott-
Firestone curves were also obtained. The curves 
were used to determine the values of the previously 
analysed parameters Rvk, Rk, and Rpk. The curves 
make it possible to determine specifically the 
functional properties of the surfaces after machining. 
Examples of the curves obtained for variable milling 
parameters and both tool coating types are shown in 
Figs. 12 to 14.

Irrespective of the change in technological 
parameters and cutting tool, the obtained Abbott-
Firestone curves have a similar degressive-
progressive pattern. Although all curves have similar 
inclination angles, the curves obtained from milling 
with the TiAlN-coated tool are slightly more inclined. 
This indicates the presence of sharper peaks, which 
entails reduced abrasive resistance of the surface. 
The obtained Abbott-Firestone curves have a roughly 
symmetric distribution, which is confirmed by the fact 
that the parameters Rvk and Rpk have similar values. 
The surfaces generated during milling are devoid of 
high peaks and deep valleys, and the core roughness 
depth predominates. 

An analysis of the Abbott-Firestone curves 
obtained from milling with the TiB2-coated tool also 
reveals a greater concentration of the material in the 
core area. This implies that the abrasion period will 

Fig. 12.  Abbott-Firestone curves obtained from milling with a TiB2-coated tool: a) vc = 400 m/min, b) vc = 800 m/min, c) vc = 1200 m/min; 
and with a TiAlN-coated tool: d) vc = 400 m/min, e) vc = 800 m/min, f) vc = 1200 m/min
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which reduces friction and facilitates the movement 
of cooperating surfaces. In terms of the variable 
milling parameters, the Abbott-Firestone curves only 
reveal the presence of small changes in the area size 
of valley depths, core roughness and peak heights. No 
significant changes can, however, be observed in the 
patterns of these curves, which means that the surface 

be shorter due to the lack of high peaks. As for the 
TiAlN-coated tool, the material is more spread over 
the entire roughness profile height. Consequently, 
the values of Rvk and Rpk parameters are higher 
than those obtained with the TiB2-coated tool. High 
peaks will result in faster abrasion. In contrast, deep 
valleys encourage the accumulation of lubricant, 

Fig. 13.  Abbott-Firestone curves obtained from milling with a TiB2-coated tool: a) fz = 1 µm/tooth, b) fz = 5 µm/tooth, c) fz = 9 µm/tooth;  
and with a TiAlN-coated tool: d) fz = 1 µm/tooth, e) fz = 5 µm/tooth, f) fz = 9 µm/tooth

Fig. 14.  Abbott-Firestone curves obtained from milling with a TiB2-coated tool: a) ap = 60 µm, b) ap = 80 µm, c) ap = 100 µm;  
and with a TiAlN-coated tool: d) ap = 60 µm, e) ap = 80 µm, f) ap = 100 µm
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quality and, thus, its functional properties have not 
undergone any profound changes. Therefore, by 
modifying the machining conditions, it is feasible to 
attempt to reduce the values of the preferred surface 
roughness parameters without compromising the 
functional properties of the surfaces. 

3.3  ANOVA Analysis

The obtained results were also analysed statistically 
using ANOVA with an assumed level of confidence 
α = 0.05. The analysis was performed using Statistica 
13 software. The analysis determined the significance 
of the effect of changing individual technological 
parameters and the tool coating type on surface 
roughness parameters. The results of the analysis are 
presented in Tables 2 to 4.

Table 2.  ANOVA results for variable cutting speed

Factor SS df MS F p

Ra
vc 0.011 2 0.006 15.879 0.000

Coating 0.000 1 0.000 0.005 0.946
Total 0.011 3 0.006

Rv
vc 0.190 2 0.095 31.471 0.000

Coating 0.000 1 0.000 0.017 0.898
Total 0.190 3 0.095

Rp
vc 0.204 2 0.102 27.219 0.000

Coating 0.000 1 0.000 0.013 0.908
Total 0.204 3 0.102

Rt
vc 0.912 2 0.456 25.336 0.000

Coating 0.075 1 0.075 4.153 0.046
Total 0.986 3 0.531

Rvk
vc 0.069 2 0.035 37.914 0.000

Coating 0.001 1 0.001 0.565 0.456
Total 0.070 3 0.035

Rk
vc 0.068 2 0.034 39.460 0.000

Coating 0.004 1 0.004 4.510 0.038
Total 0.072 3 0.038

Rpk
vc 0.102 2 0.051 71.800 0.000

Coating 0.001 1 0.001 1.324 0.255
Total 0.103 3 0.052

Sum-of-squares (SS), Degrees of freedom (df), Mean squares (MS), 
F ratio (F), and p-value (p).

The performed statistical analysis confirmed 
that the change in cutting speed had a statistically 
significant effect on the mean values of all analysed 
surface roughness parameters (p < 0.05). By changing 
them, it is, therefore, possible to impact the surface 
roughness. It was also shown that the tool coating type 
had no statistically significant effect on roughness 
parameters. The results obtained were, therefore, 

similar for both cutting tools. The exceptions were the 
Rt and Rk parameters, where the type of coating had 
a significant effect on their mean values measured on 
the machined surfaces.

Table 3.  ANOVA results for variable feed per tooth

Factor SS df MS F p

Ra
fz 0.071 2 0.036 69.907 0.000

Coating 0.001 1 0.001 2.744 0.103
Total 0.073 3 0.037

Rv
fz 0.980 2 0.490 81.671 0.000

Coating 0.023 1 0.023 3.866 0.054
Total 1.004 3 0.513

Rp
fz 0.963 2 0.482 61.847 0.000

Coating 0.023 1 0.023 2.979 0.090
Total 0.987 3 0.505

Rt
fz 3.885 2 1.943 64.165 0.000

Coating 0.243 1 0.243 8.021 0.006
Total 4.128 3 2.186

Rvk
fz 0.078 2 0.039 75.703 0.000

Coating 0.005 1 0.005 8.839 0.004
Total 0.083 3 0.044

Rk
fz 0.428 2 0.214 265.190 0.000

Coating 0.001 1 0.001 1.280 0.263
Total 0.429 3 0.215

Rpk
fz 0.116 2 0.058 66.380 0.000

Coating 0.013 1 0.013 15.345 0.000
Total 0.129 3 0.071

Table 4.  ANOVA results for variable axial depth of cut

Factor SS df MS F p

Ra
ap 0.000 2 0.000 0.343 0.711

Coating 0.001 1 0.001 3.237 0.077
Total 0.001 3 0.001

Rv
ap 0.003 2 0.001 0.436 0.649

Coating 0.020 1 0.020 6.674 0.012
Total 0.023 3 0.022

Rp
ap 0.003 2 0.001 0.446 0.642

Coating 0.020 1 0.020 6.170 0.016
Total 0.023 3 0.022

Rt
ap 0.017 2 0.008 0.527 0.593

Coating 0.318 1 0.318 20.191 0.000
Total 0.334 3 0.326

Rvk
ap 0.000 2 0.000 0.347 0.708

Coating 0.041 1 0.041 126.588 0.000
Total 0.041 3 0.041

Rk
ap 0.001 2 0.000 0.920 0.404

Coating 0.011 1 0.011 20.310 0.000
Total 0.012 3 0.011

Rpk
ap 0.001 2 0.000 0.599 0.553

Coating 0.059 1 0.059 125.954 0.000
Total 0.060 3 0.060
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The analysis also confirmed a significant effect 
of the change in feed per tooth for all the analysed 
surface roughness parameters. In this case, the tool 
coating type was also more important, proving to 
be significant for the Rt, Rvk and Rpk parameters. 
However, for the other parameters, the tool coating 
type had no significant effect on the mean values of 
surface roughness parameters.

A completely opposite relationship occurred 
for the results obtained when the precision milling 
process was performed with a variable axial depth of 
cut. ANOVA results indicated that the change in the 
depth of cut had no significant effect on any of the 
analysed surface roughness parameters. However, 
the type of coating proved to be significant in this 
case, and it influenced the mean values of measured 
roughness parameters. The only exception was the 
Ra parameter, for which the tool coating type was not 
significant.

From the performed statistical analysis, it can 
be concluded that the change in cutting speed and 
feed per tooth had the greatest influence on the 
roughness parameters measured on the machined 
surfaces. However, the change in axial depth was 
not significant, which makes it possible to increase 
machining efficiency without any deterioration in 
surface quality. The significance of the tool coating 
type depends on the changed cutting parameter.

4  CONCLUSIONS

This experimental study and its findings made it 
possible to evaluate the surface quality of AZ91D 
magnesium alloy specimens after precision milling. 
The results demonstrated that the effect of the 
applied machining conditions on the analysed surface 
roughness parameters depended on the tool coating 
type. The only exception was the variable axial depth 
of cut because changes in its value did not have any 
significant effect on the obtained surface quality, 
irrespective of the tool coating type. Cutting speed 
and feed per tooth were the most significant factors, 
which resulted in a reduction in roughness parameters 
by up to 52 %. Whereas in milling conducted with 
the TiAlN-coated tool, the use of variable cutting 
speed and feed always led to a gradual decrease in the 
surface roughness parameters. In contrast, when the 
machining was performed with the TiB2-coated tool, 
the surface roughness parameters decreased first and 
then increased again. For this reason, it appears to be 
preferable to use intermediate machining conditions 
for the TiB2 tool, whereas the highest parameters for 
the TiAlN tool. Still, the mean values of the surface 

roughness parameters in the most optimal conditions 
were mostly similar for both tool coating types, 
and their differences did not exceed 16 %. This is 
also confirmed by the ANOVA analysis. A definite 
indication of a tool coating type providing better 
results is, therefore, not possible. Similar surface 
roughness can be achieved with both coatings. The 
results obtained for the surface machined with the 
TiB2-coated tool were, however, characterised by a 
smaller scatter of values. An analysis of the Abbott-
Firestone curves demonstrated that the cutting 
parameters and the type of tool coating had no 
significant effect on the surface roughness profile 
shape. Small changes were only observed for the 
curves describing the parameters Rvk, Rk, and Rpk. 
Nonetheless, those changes were too small to have 
any profound impact on the functional properties of 
the surface. The relatively small inclination angle of 
the Abbott-Firestone curves indicates that the surfaces 
after precision machining have reasonably high 
abrasion resistance. The obtained surface structure 
and low roughness parameters values confirm that 
the precision milling process can be successfully 
used to manufacture magnesium alloy components 
characterised by a high surface quality.

In future studies, the number of analysed values 
of technological parameters for which machining will 
be carried out should be increased. This will enable a 
more accurate determination of the effect of varying 
machining conditions on surface roughness. The 
extension of the research will also enable optimisation 
of the machining conditions in order to achieve 
the highest possible surface quality. Collecting 
more information will also enable the process to be 
optimised by simulating test results.
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