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Abstract: Magnesium alloys have great potential for industrial applications due to their very good properties. However, their main
disadvantage limiting their use is a tendency to ignite during machining. This also eliminates the possibility of using abrasive machining to
improve their quality. Precision machining may be a solution to this problem. Despite the potentially significant benefits of applying this
method to magnesium alloys, the amount of research in this area remains negligible. This paper therefore focuses on the analysis of the
precision milling process of AZ31B and AZ91D magnesium alloys using a double-flute carbide end mill. The aim of the research is to analyse
the material removal process during precision machining, focusing on the observation of chip formation. This will enable to minimise the
material ploughing phenomenon, which adversely affects the machining process and surface condition. The study also analysed the
formation of burrs, which are also an undesirable effect of machining. As part of the research, temperature measurements were also taken
in the cutting zone, which are particularly important in terms of safety. During the study, significant differences in the size of chips formed by
cutting flutes were observed, caused by uneven tool operation. Burrs were also observed on the edges of the slot due to the low undeformed
chip thickness. It was also shown that the maximum temperature in the cutting zone remained below the ignition temperature, so this

machining method can be considered safe.
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1. INTRODUCTION

Magnesium alloys are a group of materials with a wide range of
applications. This is primarily due to their low density — the lowest
among metals. This is the main feature that makes them a favour-
able solution where it is crucial to manufacture components with the
lowest possible weight. They are therefore widely used in the auto-
motive and aerospace industries, as well as increasingly in the
sports and electronics industries. Modern magnesium alloys are
also characterised by good corrosion resistance and vibration
damping properties. Despite their excellent machinability, their ma-
chining is associated with one serious difficulty — the possibility of
self-ignition. This is the main characteristic of magnesium alloys
that prevents many manufacturers from using them. The ignition
temperature depends on the chemical composition, but is usually
above 450 °C [1,2]. The possibility of ignition applies particularly to
magnesium dust, therefore abrasive processing of magnesium al-
loys should be avoided. This is a significant limitation in terms of
improving the quality of manufactured components. An alternative
method therefore seems to be precision machining, the main result
of which is high surface quality.

The main feature of precision machining is the very small un-
deformed chip thickness that is removed during the process. Nev-
ertheless, its values cannot be too low, as this will prevent the initi-
ation of the shearing process and, as a consequence, the material
ploughing phenomenon will occur. It results from plastic and elastic
deformation of the material, which mainly manifests itself in the de-
terioration of the surface condition. Burrs are also formed from the

deformed material, which require additional operations to remove
them. An unfavourable consequence of material ploughing may
also be an increase in cutting force, vibrations or stresses [3,4]. Im-
proper implementation of the material removal process may not
provide the expected benefits of precision milling, and may even
provide negative results. It is therefore important to recognise the
ploughing dominant zone, so that undesirable outcomes can be
avoided. This requires conducting research into the material re-
moval process, for example using cameras and vision systems.
However, in the case of milling, this is considerably more challeng-
ing due to the rotating cutting tool and limited visibility of the cutting
zone, as confirmed in [5]. The authors conducted up and down mill-
ing of C45 steel. The use of a high-speed camera enabled the ob-
servation of chip formation, although visibility was limited. Never-
theless, it was observed that the chip shape depended on the mill-
ing direction. The up and down milling process was also described
in [6], but in relation to the Ti-6Al-4V titanium alloy. By using a high-
speed camera, observations of the chip flow direction were taken,
which during up milling, was opposite to the direction of tool rota-
tion. This resulted in a higher tendency for chip adhesion to the sur-
face, leading to a poorer surface quality compared to that achieved
through down milling. Azmi et al. [7] employed high-speed camera
when milling GFRP. The study revealed that chip formation mech-
anisms in the tested material differ significantly from those ob-
served in conventional materials, showing a higher level of com-
plexity. Machining performed along the direction of the fibres ena-
bled effective chip generation. However, when the cutting was done
perpendicular to the fibres (at 90°), the material tended to
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disintegrate into fine dust rather than form distinct chips. Further-
more, signs of delamination were also detected during the machin-
ing process. In turn, high-speed camera was used for observation
of deflection of thin-walled components in paper [8]. For compari-
son, measurements were also conducted using laser sensors. The
difference in the results ranged from 11% to 28%, with the error
increasing as the wall thickness decreased. As can be seen, the
number of articles related to the observation of the milling process
is relatively limited.

A high-speed camera was also used for turning of magnesium-
based metal matrix composites [9]. Imaging techniques enabled the
monitoring of chip morphology as machining parameters varied. At
low cutting speeds, the chips exhibited a saw-toothed form,
whereas increasing the cutting speed resulted in the formation of
particle-type chips. In contrast, other machining parameters had a
negligible effect on the resulting chip geometry. Images recorded
using high-speed cameras can also be utilized for the evaluation of
chip geometry parameters [10]. An increase in cutting speed was
primarily associated with a larger shear angle and a decrease in the
chip compression ratio. Conversely, a rise in the uncut chip thick-
ness negatively affected both parameters, resulting in a lower com-
pression ratio and a simultaneous increase in the shear angle. Da-
vis et al. [11] examined the orthogonal turning process of commer-
cially pure grade 4 titanium. The study found that at lower cutting
speeds, chip formation occurred in a cyclic manner, characterized
by periodic segmentation. However, when higher cutting speeds
were applied, chip formation became more continuous, and the dis-
tance between successive shear bands increased noticeably. In the
paper [12], orthogonal cutting of titanium alloy was analysed with
particular emphasis on real-time measurement of kinematic fields.
The cutting process was monitored using a high-speed camera.
The findings indicated that increasing the cutting speed promoted
a more uniform shear mechanism and resulted in a reduction of the
primary shear zone. The image-based algorithm has been imple-
mented to quantify strain and strain rate from the recorded se-
quences. It was observed that higher cutting speeds generated
slightly lower strain values, while the associated strain rates in-
creased significantly — by several times. The research presented in
[13] investigated orthogonal cutting of potassium dihydrogen phos-
phate, focusing on material removal mechanisms across a broad
spectrum of uncut chip thickness. Three separate cutting modes
and associated chip geometries were classified based on the vari-
ation in cutting depth. During cutting with low uncut chip thickness,
only a slight built-up edge was observed. As the undeformed chip
thickness increased, chip formation transitioned from continuous
flow to the development of chip curling. In [14], the material removal
behaviour during orthogonal cutting of cortical bone was investi-
gated, with high-speed microscopy employed to capture the chip
formation process. Regardless of the cutting depth, the chips con-
sistently exhibited a serrated structure. Notably, increasing the cut-
ting speed did not alter the shear plane geometry but resulted in
narrower chip segments. This refinement in chip morphology was
associated with a reduction in the energy required for the cutting
process. The research described in the paper [15] used high-speed
imaging to analyse orthogonal cutting behaviour in hybrid materials
— SAE1020 and SAE5140 steels. The investigation addressed the
influence of cutting speed variation, uncut chip thickness, and edge
radius on the cutting process. The findings revealed that these fac-
tors substantially influenced both the resulting chip thickness and
the shear angle. Additionally, the machining parameters had a no-
table effect on surface quality and cutting forces. When the uncut
chip thickness was too low, a transition from continuous to
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segmented chip formation was observed. The orthogonal cutting
behaviour of commercially pure titanium grade 2 was examined in
[16], with microstructural analysis performed using a scanning elec-
tron microscope. The study focused on the influence of undeformed
chip thickness and cutting edge geometry on chips formation. For
larger undeformed chip thicknesses values, chip segmentation oc-
curred independently of the tool’s edge geometry. In contrast, when
the thickness was reduced, continuous chip formation was ob-
served only in combination with a sharp cutting edge. The applica-
tion of such a sharp-edge tool not only promoted thicker chips for-
mation but also contributed to improved surface finish and lower
cutting forces. The paper [17] examined the influence of cutting
coolants on chip formation during orthogonal cutting of AlSI 4140.
The application of coolant resulted in a noticeable reduction in both,
the tool-chip contact length and chip curl. These effects became
more pronounced as the coolant pressure was increased. This
trend was consistent for cutting tools featuring either a ground or
polished rake face. Additionally, application of the coolant contrib-
uted to a decrease of cutting forces. Study [18] concentrated on the
observation of the orthogonal cutting process of the Ti-6AI-4V tita-
nium alloy with the use of high-speed camera. The recorded image
sequences enabled the measurement of tool-chip contact length
and chip thickness. Based on these observations, shear strain val-
ues were calculated, revealing a positive correlation with increasing
cutting speed. In contrast, variations in feed rate had only a minor
influence on the shear strain. In the paper [19] utilized high-speed
imaging to capture the chip formation process during orthogonal
cutting of C45E4 steel. The observations revealed a progressive
development of chips, with curling initiating once the chip reached
a critical length. The resulting chips exhibited a jagged morphology.
To complement the experimental work, numerical simulations were
conducted, showing strong correlation with the experimental re-
sults. The chip formation mechanism during orthogonal cutting of
2024-T351 aluminium alloy was examined in [20]. Continuous chips
were produced at an low uncut chip thickness value, whereas seg-
mentation became evident when the chip thickness was increased.
Chip segmentation was further promoted by low cutting speeds and
a low rake angle. The occurrence of segmented chips was intensi-
fied by rise of cutting speed. High-speed image analysis also ena-
bled estimation of the shear angle, which was found to range be-
tween approx. 30° and 40°. A related investigation [21] demon-
strated the applicability of high-speed image analysis for studying
dynamic phenomena during cutting processes. As part of the study,
an image-based algorithm was proposed for the detection of chatter
vibrations, highlighting the potential of visual data in monitoring and
diagnosing unstable cutting conditions.

As mentioned before, the temperature in the machining area
plays a significant role during magnesium alloys milling. During its
execution, ignition and explosions may occur [22], which poses a
significant risk. Large amounts of heat can also adversely affect the
milling process, including geometrical errors resulting from the ther-
mal expansion of cutting tools and workpiece [23-25] or thermal
deformation of the machine tool [26]. Karimi et al. [27] conducted
temperature measurements during milling of AZ91C magnesium al-
loy. It was shown that the temperature increased with increasing
cutting speed. Higher temperatures were also achieved when using
higher depth of cut. These relationships were recorded using an IR
thermometer and thermocouples. Temperature changes during
milling of the AM50 alloy [28] were similar, as recorded using ther-
mocouples. In this case, the temperature also increased with in-
creasing cutting speed. The increase was also observed during
long machining times. Flares were also observed during machining.
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A temperature increase due to increased cutting speed was also
demonstrated when milling AZ31 alloy [29,30]. Thermal imager also
recorded a temperature increase when increasing feed and depth
of cut. In turn, Zhang et al. [31] observed a temperature increase
only at cutting speeds below 300 m/min. Above this speed, the tem-
perature began to gradually decrease. Magnesium alloys are typi-
cally machined in dry conditions, due to the potential for explosions
when using water- and oil-based coolants. This significantly re-
duces the possibility of reducing the temperature in the cutting
zone. However, attempts are being made to improve safety through
the use of Minimum Quantity Lubrication (MQL) [32,33] and cryo-
genic cooling [34,35]. In addition to temperature reduction, these
methods also improve surface quality and reduce cutting forces
[36,37]. However, they require additional equipment to implement
them. To date, only a few other studies have been published on
micro-milling of magnesium alloys, and these have concentrated
mainly on the assessment of surface roughness or cutting force
[38-42]. However, none of them concern the analysis of the mate-
rial cutting process using vision devices and cutting temperature
measurements. Furthermore, their number is negligible compared
to other materials such as aluminium or titanium alloys. The pro-
posed research topic is therefore poorly explored and requires fur-
ther research in this area, especially considering the limitations in
the machining of magnesium alloys. Nevertheless, due to the in-
creasingly widespread use of magnesium alloys in different indus-
tries, the need for research on this group of materials is justified.

The purpose of the study is to analyse the precision milling pro-
cess of AZ31B and AZ91D magnesium alloys. The observation of
the material cutting process is aimed at determining the range of
feed per tooth where the material shearing occurs. This will enable
the minimisation of material ploughing, which adversely affects the
machining process and, above all, on the surface condition. The
study also analysed the burrs formation, which are also an undesir-
able result of machining. The research also included temperature
measurements in the cutting zone, which are particularly important
in the aspect of safety. The main novelty is the research conducted
in the area of material removal process analysis, burr formation,
and temperature measurements during precision milling of AZ31B
and AZ91D magnesium alloys. Another novelty is the attempt to
identify a transition zone between material ploughing and shearing
for these materials. As presented in the literature review, this type
of research has not been conducted for these magnesium alloys
before.

2. MATERIALS AND METHODS

Investigations into precision milling were conducted on AZ31B
(stage | and Il) and AZ91D (stage Il) magnesium alloys. These are
two popular materials from the AZ (Mg-Al-Zn) group. Due to their
low density, they are mainly utilised in the aviation and automotive
sectors. The mechanical properties of the analysed materials are
presented in Table 1.

Tab. 1. Mechanical properties of magnesium alloys [43,44]

Rp0.2 Rm A A
Alloy HB (MPa) | (MPa) %) | (WimK)
AZ31B 49 170 260 15 96.0
AZ91D 63 150 230 3 727

Cuboidal specimens were prepared from these materials and
then precision milled on an AVIA VMC 800HS milling centre. A
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double-flute end mill with a diameter of 16 mm was applied as a
cutting tool. This tool is suitable for the milling of light metal alloys
and has a helix angle of 45°. The tool is made of fine grain carbide,
which allows for greater flute manufacturing accuracy. The tool was
not coated with any protective coating. Using a Keyence VHX-5000
digital microscope, measurements of the cutting edge radius ra
were taken — Fig. 1. This radius has a similar value to the unde-
formed chip thickness in precision machining. The determined ra-
dius value was r» = 5.4 pm and was used to determine the appro-
priate feed per tooth range.

8500 900D 9500 10000 10500 11000 11500 12000 12500 13000 13500 14000 14500 15000

Fig. 1. View of the cutting edge radius rn

The research was divided into two stages and carried out with
the cutting parameters presented in Table 2. The machining was
performed in dry conditions. In the first stage, research was con-
ducted to observe the material removal process. The aim was to
analyse chip formation by cutting flutes depending on the unde-
formed chip thickness. For this reason, the feed per tooth was se-
lected based on the determined value of the cutting edge radius.
The precision milling process was carried out in the range of f/r, =
0.1-1.0. The aim was to analyse whether material ploughing or ma-
terial shearing occurs. For this purpose, a Phantom v1610 high-
speed camera with a Nikkor AF 80-200 mm f/2.8D lens (Fig. 2) was
used for the tests. The process was recorded at a frequency of
10,000 fps. The recordings were analysed and frames presenting
the formation of chips by both cutting flutes were extracted.

Tab. 2. Machining conditions

Cutting parameter Stage | Stage Il
Ve (m/min) 800 400 - 1200
f; (um/tooth) 0.54 - 5.40 0.54 -5.40
ap (mm) 0.15 0.05-0.25

The second part of the research focused on measurements of
temperature in the cutting zone. First, experiments were conducted
for different undeformed chip thicknesses, analogously to the ma-
terial removal process studies. In the next stage, the experiments
were conducted according to a Central Composite Design (CCD)
as part of the implementing of Response Surface Methodology
(RSM) — Table 3. The results obtained were also subjected to sta-
tistical analysis using the ANOVA method. The aim was to assess
the impact of machining conditions on the cutting temperature and
their interactions. The measurements were carried out using a FLIR
x6540sc thermal imaging camera (Fig. 2). Based on the recorded
data, the maximum temperature in the cutting tool-workpiece con-
tact area was determined. This is the most significant factor in terms
of machining safety. During the measurements, an emissivity coef-
ficients of € = 0.18 (AZ31B) and ¢ = 0.25 (AZ91D) was used. The
emissivity coefficients for the tested materials were determined
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experimentally in a tube furnace in which the magnesium alloy sam-
ples were placed. The samples were heated in the range from
150 °C to 250 °C in steps of 50 °C until thermal equilibrium was
reached. The emissivity coefficient was determined by comparing
the readings of a thermal imaging camera with the temperature of
the samples.

Fig. 2. Research setup (1 —end mill, 2 — workpiece, 3 — high-speed
camera, 4 — thermal imaging camera)

Tab. 3. CCD plan for Stage Il

Run vc (m/min) f; (umltooth) ap (mm)
1 1200 5.4 0.25
2 1200 0.54 0.25
3 800 297 0.25
4 400 0.54 0.25
5 400 5.4 0.25
6 1200 54 0.05
7 400 0.54 0.05
8 400 54 0.05
9 1200 0.54 0.05
10 800 297 0.05
11 800 0.54 0.15
12 800 297 0.15
13 400 297 0.15
14 800 297 0.15
15 800 54 0.15
16 1200 297 0.15
17 800 2.97 0.15
18 800 297 0.15
19 800 2.97 0.15
20 800 2.97 0.15
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3. RESULTS AND DISCUSSION

3.1. Material removal process

The material removal process analysis was performed based
on recordings from which frames showing chips formed by both cut-
ting flutes were extracted. They were subjected to additional
graphic processing to improve their quality. Despite this, it was not
possible to achieve full sharpness. The main difficulty in milling pro-
cesses is the rotation of the cutting tool, which has also been con-
firmed by other researchers [5-7]. The second factor is the very
small undeformed chip thickness, which made it difficult to obtain
the appropriate magnification of the cutting zone. This required the
selection of a lens that would provide the sufficient magnification,
but at the same time reduced the depth of field. Therefore, a com-
promise between magnification and image quality was necessary.
Despite this, it was possible to obtain images in which the formed
chips are visible - Fig. 3.

The compiled images show chips formed after the cutting flute
has completed a full range of movement. The most noticeable dif-
ference was the chip size that was shaped by both cutting flutes.
Chips formed by the first flute were significantly larger, and their
formation was noticeable right at the beginning of the flute's move-
ment range. This means that the material volume was sufficient to
initiate the material shearing process. In contrast, the chips shaped
by the second flute were extremely small and barely visible, even
when using the highest feed per tooth. It can therefore be con-
cluded that the volume of material removed by the both cutting
flutes was uneven. The cause of this phenomenon is the radial run-
out of the end mill, resulting in uneven operation of the cutting
flutes. This is confirmed by measurements carried out in the paper
[45], where experiments under similar conditions were conducted
for AZ91D magnesium alloy. Also there, the second flute formed
only small chips, and their size decreased as the feed per tooth
decreased. As a result of the tool run-out, the trajectory of both cut-
ting flutes is different. One flute is further forward, while the second
is retracted. As a result, the volume of material removed by the first
flute is greater, which results in the formation of a larger chips. Sim-
ilar relationships are also observed in this case for the AZ31B mag-
nesium alloy. Also here, a reduction in the feed per tooth resulted
in a reduction in chip size, mainly visible in the case of chips formed
by the first flute. However, there are also some differences between
the machining of these two materials, mainly for the second flute.
Considering the AZ91D alloy, chips were formed across the entire
feed range, even at the lowest values. In addition, the amount of
fine chips at the highest feed was greater than for the AZ31B. In
turn, during precision milling of the AZ31B, the chips at the lowest
feed per tooth were almost invisible and became more clearly visi-
ble only from f/ry = 0.3. This indicates that this material is more
susceptible to ploughing, which results from its greater plasticity.
As a result, the material deformed more, which made it difficult to
initiate the shearing process, and it only began at higher feed per
tooth than for the AZ91D. Apart from that, no major differences
were observed between the machining of these two materials.
However, there are currently no other studies on the observation of
chip formation during precision machining of magnesium alloys with
which the obtained results could be compared.
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Fig. 3. Chips formation of AZ31B

The compiled images show chips formed after the cutting flute
has completed a full range of movement. The most noticeable dif-
ference was the chip size that was shaped by both cutting flutes.
Chips formed by the first flute were significantly larger, and their
formation was noticeable right at the beginning of the flute's move-
ment range. This means that the material volume was sufficient to

initiate the material shearing process. In contrast, the chips shaped
by the second flute were extremely small and barely visible, even
when using the highest feed per tooth. It can therefore be con-
cluded that the volume of material removed by the both cutting
flutes was uneven. The cause of this phenomenon is the radial run-
out of the end mill, resulting in uneven operation of the cutting
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flutes. This is confirmed by measurements carried out in the paper
[45], where experiments under similar conditions were conducted
for AZ91D magnesium alloy. Also there, the second flute formed
only small chips, and their size decreased as the feed per tooth

Fig. 4. Burrs formation of AZ31B

decreased. As a result of the tool run-out, the trajectory of both cut-
ting flutes is different. One flute is further forward, while the second
is retracted. As a result, the volume of material removed by the first
flute is greater, which results in the formation of a larger chips.

/1. =0.9

fo/rn=0.7

- & \f./rn = 0.1




DOI: 10.65731/ama/2026-0036

Similar relationships are also observed in this case for the
AZ31B magnesium alloy. Also here, a reduction in the feed per
tooth resulted in a reduction in chip size, mainly visible in the case
of chips formed by the first flute. However, there are also some dif-
ferences between the machining of these two materials, mainly for
the second flute. Considering the AZ91D alloy, chips were formed
across the entire feed range, even at the lowest values. In addition,
the amount of fine chips at the highest feed was greater than for the
AZ31B. In turn, during precision milling of the AZ31B, the chips at
the lowest feed per tooth were almost invisible and became more
clearly visible only from f/r, = 0.3. This indicates that this material
is more susceptible to ploughing, which results from its greater plas-
ticity. As a result, the material deformed more, which made it diffi-
cult to initiate the shearing process, and it only began at higher feed
per tooth than for the AZ91D. Apart from that, no major differences
were observed between the machining of these two materials.
However, there are currently no other studies on the observation of
chip formation during precision machining of magnesium alloys with
which the obtained results could be compared.

3.2. Burrs

During observation of the material removal process, burrs were
also observed forming on the edges of the slot — Fig. 4. These are
the result of material plastic deformation in the side sectors of the
slot, where the undeformed chip thickness is smallest, which further
promotes their formation.

The smallest burrs appeared when the highest feed values
were used in the range of approx. fz/r, = 0.9-1.0. As a result, the
undeformed chip thickness was greater, which meant that less ma-
terial underwent plastic deformation and consequently turned into
burrs. As the feed per tooth decreased, the size of the burrs in-
creased. This is due to the decreasing undeformed chip thickness,
which resulted in a larger volume of material undergoing plastic de-
formation. The smaller the undeformed chip thickness and the
greater the contribution of ploughing, the larger the burrs become.

This is further confirmation that efforts should be made to min-
imise the material ploughing. When analysing the AZ91D alloy [45],
the size of burrs also increased as the feed per tooth decreased.
However, the largest burrs occurred in the side sectors of the slot,
and the burrs were more branched. In the case of the AZ31B alloy,
burrs formed along the entire edge, and at low feed range of ap-
prox. f/rs= 0.1-0.3, they had a more compact surface form.

3.3. Cutting temperature

The second part of the study focused on measuring the tem-
perature reached in the cutting zone - Fig. 5. The recordings show
that the highest temperature was generated at the tool-workpiece
interface. This is a result of the cutting, material deformation and
friction occurring in this zone. It can also be observed that the heat
zone generated by the first flute was larger, which is consistent with
material removal process observations. The greater volume of ma-
terial removed by this flute resulted in greater heat generation. As
a result of the heating, chips were also clearly visible, but their tem-
perature was lower than in the contact zone.

First, measurements were taken for different undeformed chip
thicknesses — Fig. 6. For both magnesium alloys, it was observed
that the lowest maximum temperature occurred when the lowest
feed per tooth was applied. Under these conditions, there was also
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the greatest variation in values, indicating large fluctuations in tem-
perature. This is due to the varying volume of material removed as
a result of material ploughing. When the volume of material was too
small to initiate the shearing process, the temperature was lower.
However, when the material accumulated and was removed, the
generated temperature was higher. As the feed per tooth in-
creased, there was a gradual increase in cutting temperature, re-
sulting from the increasing volume of material removed. At the
same time, the dispersion of values also decreased, indicating
greater temperature stability. For AZ31B alloy, the temperature in-
creased up to f/r = 0.6-0.8, where it stabilised. This region can be
considered a transition zone between the ploughing and shearing
dominant zones. Further increases in the feed per tooth resulted in
a subsequent increase in the maximum temperature. The situation
was similar during precision milling of the AZ91D alloy, but in this
case, the temperature remained stable in the range f/r, = 0.3-0.5,
so the transition zone occurred for lower values. However, increas-
ing the feed per tooth in the shearing dominant zone caused the
temperature to increase again. The maximum temperatures gener-
ated during machining of both alloys were quite similar, but the tem-
perature was approx. 20-30 °C lower for the AZ31B alloy. This is
probably due to the lower hardness of this material. Although lower
temperatures can be achieved using a low feed values, its use is
not recommended due to the risk of material ploughing. To maintain
the correct course of the material removal process, it is necessary
to use a higher feed rate per tooth. Despite achieving maximum
temperatures that are approx. 50-60 °C higher, these values are
well below the assumed ignition limit.

.
~heat zone

Fig. 5. Temperature in cutting zone for: a) first flute; b) second flute
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In the next stage, a precision milling process was carried out
under variable machining conditions, in accordance with the design
of experiment based on the RSM method. The influence of cutting
parameters on the maximum temperature is presented in the form
of spatial graphs in Figs. 7-8. Similarly to the results presented in
Fig. 6, the lowest maximum temperature was obtained using the
lowest feed values. However, along with the increase in feed per
tooth, the temperature also increased. The reduction in cutting tem-
perature was also facilitated by the reduction in axial depth of cut,
due to the removal of smaller material volume. The temperature
also decreased approximately linearly when the cutting speed was
reduced. Therefore, the most advantageous in terms of cutting tem-
perature is to use the lowest possible cutting parameters. This ap-
plies to both magnesium alloys. At this point, it is not possible to
compare the obtained results with others, as the available publica-
tions concerned conventional machining [27-31]. Furthermore,
they were carried out under completely different conditions (type of
tool, parameters, alloy), which has a decisive impact on the tem-
perature value. Despite these differences, the trend of temperature
increase as a result of increased machining parameters is con-
sistent.

The observed relationships were also confirmed by statistical
analysis — Tables 4-5. ANOVA revealed that all cutting parameters
significantly affect the maximum temperature. The greatest impact
of approx. 42% and 50%, was exerted by the axial depth of cut,
which indicates that the volume of material removed significantly
contributed to the amount of heat generated. The impact of the
other cutting parameters was nearly half as large. The effect of
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cutting speed was approx. 27% for the AZ31B alloy and approx.
21% for the AZ91D alloy. However, the influence of feed per tooth
in the case of machining both materials was approx. 24%. Further-
more, the quadratic effects 2 and ap? indicates that they have a
non-linear effect on the maximum temperature. In addition, there is
an interaction between cutting speed and feed per tooth. For
AZ31B alloy, there is also an interaction between the cutting speed
and the axial depth of cut. In general, the developed models fit very
well, which is also confirmed by a low residual of only approx. 0.5%
and 1.6%.

T(°0O

v (m/min)

T(O

ap (mm)

)
o
X

5
0

S5
2
2525
5
<>

o

<o
oz
=
=

OO0
LXK
N OOO
“ Q’z’g

vc (m/min)

400 0.05

Fig. 7. Cutting temperature of AZ31B depending on machining parameters
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diagnostic plots suggest that the assumptions underlying the
ANOVA model were not violated, so there is no basis for suggesting
that the model is poorly fitted.
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Tab. 4. ANOVA for cutting temperature of AZ31B
Source SS df MS F p Contrib.
Model | 25530.26 7 | 3647.18 374.81 0.0000 | 99.54%
Ve 6355.33 1 6355.33 653.12 | 0.0000 | 26.68%
fz 5704.23 1 5704.23 586.21 0.0000 | 23.95%
ap 9956.28 1 9956.28 | 1023.19 | 0.0000 | 41.80%
Ve f 122.90 1 122.90 12.63 0.0040 0.52%
Ve ap 535.09 1 535.09 54.99 0.0000 2.25%
f? 581.03 1 581.03 59.71 0.0000 2.44%
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&
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\A

>
I

%

5
o5

4
$
o
&
A

vc (m/min)

ap? 561.60 1 561.60 57.71 0.0000 | 2.36%
Residual | 116.77 12 9.73 0.46%
Lack of Fit| ~ 107.85 7 15.41 8.63 0.0152 | 0.42%
Pure Error 8.92 5 1.78 0.03%
Total 25647.03 | 19 100.00%

Tab. 5. ANOVA for cutting temperature of AZ91D

Source SS df MS F p Contrib.

Model | 38613.90 6 6435.65 131.77 | 0.0000 | 98.38%

Ve 7560.48 1 7560.48 154.80 | 0.0000 | 20.80%

f; 8695.63 1 8695.63 178.04 | 0.0000 | 23.92%

ap 18146.03 1 | 18146.03 | 371.54 | 0.0000 | 49.91%

Ve fz 339.98 1 339.98 6.96 0.0205 | 0.94%

fz (um/tooth) 76 g 0. f2 1167.78 | 1 | 1167.78 | 2391 | 0.0003 | 3.21%
054005 ap? 44505 1 44505 9.11 0.0099 | 1.22%
Residual | 63492 | 13 | 4884 1.62%
Lack of Fit| ~ 599.56 8 74.95 1060 | 0.0094 | 1.53%
Pure Error 35.36 5 7.07 0.09%
Total | 39248.82 | 19 100.00%
a) Residuals vs. Predicted
400 —{ 389453
" 2.00 —
3 = =
i |
8 =]
A: vc (m/min) A C:ap (mm) é 0.00 — = ._l ]
400 005 &
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Fig. 8. Cutting temperature of AZ91D depending on machining parameters H -
E -2.00 —
Residual diagnostics based on plots of externally studentized
residuals (Fig. 9) indicated a random scatter of values around zero =
with no discernible systematic patterns. The spread of residuals ap- Jgg £ C
peared approximately constant across the range of predicted val- ‘ : : : : |
ues, and no observations exceeded the critical limits, indicating the 0 50 100 150 200
absence of influential outliers, even though the single values are Predicted

close to the limits. Comparable patterns observed across
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Fig. 9. Residuals vs predicted plots of: a) AZ31B; b) AZ91D

Regression equations were also determined for the obtained

results, respectively for the AZ31B and AZ91D alloys:
T = —21.937 + 0.044v, + 26.609f, + 549.398a,, —

0.

004v,f, + 0.204v.a, — 2.282f,* — 1324.769a,2 (1)

T = —53.866 + 0.089v, + 36.717f, + 779.777a, —

0.

007v,f, — 3.235f,> — 1179.319a,> (2)

The high values of the coefficient of determination R?= 0.9955

and R?=0.9838 indicate that the models fit the experimental results
very well.

4,

CONCLUSIONS

The research provided valuable insights into the precision mill-

ing of magnesium alloys. Following these findings, the following
conclusions were drawn:

The chips size that was formed by both cutting flutes differed
significantly as a result of uneven cutting tool operation caused
by its radial run-out. To maintain the correct course of the ma-
terial removal process, it is therefore necessary to minimise this
adverse phenomenon. Furthermore, in the lower feed per tooth
range, material ploughing occurs.

During precision milling, burr formation was observed, and their
size decreased as the feed value was reduced. The decreasing
undeformed chip thickness therefore promoted their occur-
rence.

The maximum cutting temperature increases gradually with in-
creasing undeformed chip thickness. Although the lowest tem-
peratures are achieved when using a low feed per tooth values,
this is not favourable due to the simultaneous occurrence of
material ploughing. The transition zone for the AZ31B alloy was
approx. fdrn = 0.6-0.8, and for the AZ91D alloy approx.
filrn = 0.3-0.5.

All cutting parameters have a significant effect on the maximum
temperature, and there are also interactions between them.
The greatest effect (over 40%) is exerted by the axial depth of
cut, while the effect of the other parameters was over 20%. The
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10.

1.

12.

13.

14.

use of low machining parameters helps to reduce the cutting
temperature.

Precision milling of AZ31B and AZ91D magnesium alloys can
be performed safely using carbide end mill, as the maximum
cutting temperatures achieved are well below the ignition tem-
perature. This method therefore increases the safety of magne-
sium alloy machining.
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