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Effect of tool path strategies and cooling conditions in pocket machining
of AZ91 magnesium alloy
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This experimental study aims to investigate the effect of different pocket milling strategies and cooling conditions on
milling force, temperature, tool wear, and surface quality when machining AZ91 magnesium alloy. Four tool path strategies
have been evaluated contour strategy from inside to outside, contour strategy from outside to inside, hatch+finish strategy
with an automatic optimal angle and hatch+finish strategy with a user-defined angle. All pocket milling tests have been
conducted in different cooling conditions that are dry, coolant, and air blast. Milling force, temperature, surface topography
and tool wear are measured in an experimental study. The experimental results show that the best tool path strategy is
hatch+finish strategy with the user-defined angle, while the worst tool path strategy is hatch+finish with the automatic

optimal angle.
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Magnesium alloys, as a structural material with low
density, high specific strength, good electromagnetic
shielding characteristics and good machin ability,
have a extensive application prospect in aviation,
automotive, railway, microelectronics industries,
and most recently in bio-medical applications'”.
However, the machining of Magnesium alloys is
difficult due to their flammable nature at higher
cutting speeds compared to other alloys. Yet, by
using proper cutting parameters, cutting tools, and
coolants, the machine ability of these alloys can be
enhanced’. A pocket milling can be defined as a metal
cutting operation to produce a shape with a
exact depth around the designated boundaries. Such
operation has extensive application in product
manufacturing that involves mold and dies. Driven by
the need to improve milling tolerance and produce
in high-quality product, continuous development
is needed in the area of manufacturing technologies.
A pocket quality is determined by its dimensional
accuracy and also surface quality’. Dimensional
accuracy and surface quality of machined pocket
are affected by the cutting forces, heat, and
vibrations. Improper machining parameters and tool
path strategies will cause wear damage of the
end mill.

Danis et al.° studied the case of a plunge machining
operation applied to a wrought Mg-Zr-Zn-RE alloy.
Their study suggests plunge milling conditions to
offer a trade-off between surface integrity (roughness,
microstructure and microhardness) and chip flow. The
study shows that the surfaces obtained in plunge
milling and their quality depend on the conditions and
the milling strategy. Monies ef al.” used the new metal
cutting strategy for roughing deep pockets of
magnesium alloys. For very deep pockets, one solution
is to apply plunge milling and balancing of the
transversal milling force ramping at successive depth
levels. Results show a significant gain in milling time
when the hybrid method is applied. Also, this new
machining method allows reducing deflection and
vibrations and can, therefore, increase productivity®.

There are a lot of studies in the literature on the
turning”'’, milling and drilling of magnesium alloys.
However, in the academic literature, there are very
limited studies on the different pocket machining
strategies and different cooling conditions of AZ91
magnesium alloy.

Experimental Section
AZ91 magnesium alloy with a nominal
composition of 8.3-9.7% Al, 0.03% Cu, 0.005% Fe,
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0.13% Mn, 0.002% Ni, 0.1% Si, 0.35-1%Zn and 90%
Mg was used throughout the experimental study.
12 samples were prepared from 900x600%10 mm
block material in dimensions of 170x100x10 mm.
In the experimental study, 5 mm diameter, 45° helix
angle and 3-flute solid carbide end mills were used
(Fig. 1). As seen from the figure, the size of the
cutting edges of the end mill is not equal. A new end
mills were employed for each pocket milling
condition to eliminate any possible tool wear effects
on the milling force, temperature, tool wear, and
surface topography results.

Pocket machining experiments were performed
on a vertical machining center (Quaser MV 154 C).
All milling tests were conducted dry, coolant and air
blast condition. The coolant was obtained by mixing
the boron oil with water that is a ratio of 1:25 to the
cutting zone. Air blast delivered through a nozzle
was directed at the milling region for all milling
experiments performed. Milling force measurements
were carried out using a three-component piezoelectric
dynamometer (Kistler 9257B). The temperature
was measured using an infrared measuring system.
The flank wear of tool small and medium edge
was measured using a digital microscope (Keyence
VHX-900F). The surface topography of the machined
pockets was done with Zygo ZeGAGE optical
profilometer. Experiments were performed with fixed
cutting parameters: 110 m/min cutting speed and
0.195 mm/rev feed rate, 2 mm axial depth of cut (total
8 mm with 4 equal passes). The effect of employing
tool path strategies and cooling conditions when
milling AZ91 magnesium alloy was investigated in
relation to machining time, milling step, milling force,

Fig. 1 — End mill used in pocket machining process.

cutting temperature, tool wear, and surface quality
(topography and surface roughness). The geometry
used in the experimental study, experimental set-up,
force, temperature, surface topography and tool wear
measurement are given in Fig. 2.

Two different tool path strategies generally used in
industry when machining are hatch and contour
pocket milling. Four different pocket milling
strategies were selected in this study: Tool path #1
contour strategy (from inside to outside), Tool path #2
contour strategy (from outside to inside), Tool path #3
hatch+finish strategy (automatic optimal angle) and
Tool path #4 hatch+finish strategy (user-defined
angle). Table 1 illustrates the tool path strategies
direction, its simulation (2D and 3D) and machined
pocket. Tool path #1 (TP #1): The cutting tool
completes the defined geometry by machined it from
inside to outside. Tool path #2 (TP #2): The cutting
tool completes the defined geometry by machined it
from outside to inside. Tool path #3 (TP #3): This
strategy enables to machine the pocket in a linear
pattern. The software automatically calculates the
optimal angle of hatching to expedite the milling. The
tool path always follows the length of the pocket no
matter what angle the pocket is facing. Tool path #4
(TP#4): This technology enables to determine the
angle of the tool path''.

Results and discussions

The step and machining time required to machining
the designed pocket geometry with CAM software
simulation using four different tool path strategies
was determined (Fig. 3). As seen from the Fig. 3, the
designed geometry, which was with the use of Tool
Experimental set-up
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Fig. 2 — The geometry used in the experimental study, experimental
set-up and measuring instruments.
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Table 1 — Tool path strategiesemployed in these experiments.
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Fig. 3 — Effect of tool path strategies on step and machiningtime.

path #1 and Tool path #2 tool paths, was milled at
almost equal times and in shorter steps (~ 130-152
sec) than the other two tool path strategies. The
contour tool path strategy (Tool path #1 and Tool path
#2) used in the study has almost no effect on the
machining time from inside to outside or from the
outside to the inside. The longest-time pocket milling

strategy is derived from Tool path # 4. The designed
geometry uses at least steps (547) with Tool path #3
strategies while Tool path #4 is machined with up to
step 743. Using Tool path #1 and Tool path #2, the
designed pocket has machined in almost equal steps.

Cutting force analysis in pocket machining

Cutting force is a significant result during machining,
and it has a direct effect on a generation of heat,
power consumption, tool wear or failure, surface
quality and accuracy of the work piece"”. The milling
forces at X, Y and Z directions were measured on-
line. However, the milling force in the Z direction was
not taken into account because of the small value. The
X and Y direction Fx and Fy forces were compared
only. Figure 2 shows the milling force components.
The designed geometry was cut to 4 equal (2 *4 =8
mm) axial depth of cut. Cutting forces were measured
in the first period. The change of cutting force under
different tool path strategy is shown in Fig. 4.
The milling forces obtained from the dynamometer
for 1 period are given here. In Fig. 4, only graphs are
generated in dry conditions, as similar trend graphs
are obtained in tests performed with dry, coolant and
air blast. In addition, the milling force graph is
zoomed and the milling forces generated when the
end mill is engaged in a turn.

In the tests performed in different tool paths and
coolant conditions, the maximum values of the force
values measured from the dynamometer were taken
and Fig. 5 was formed. As seen from the Figure, the
maximum milling forces (both Fx and Fy) are formed
in dry cutting conditions in all tool paths, while the
least milling forces are formed in coolant condition.
This is similar to the literature. The end mill-
magnesium alloy interface absences lubrication and
cooling due toa high friction coefficient. Coolant
machining achieves significantly lower component
and resultant forces than dry machining'®. When the
cutting forces in X and Y directions are compared in
terms of tool paths, very close milling force values are
obtained in TP # 1 and TP #2. It is observed that when
pocket milling with TP #4, the highest cutting force is
observed followed by TP #3, TP #1, and TP #2,
respectively. It is clear that TP#1 or TP #2 tool path
must be selected and coolant should be used to
minimize the cutting forces occurring at the cutting.
Since the comparison between strategies takes place
in the same conditions, tool-chip contact area is one
of the reasons for cutting force differences between
different strategies'*.
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Fig. 4 — Schematic of milling force.
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Fig 5 — Comparison of cutting forces.

Temperature measurement

Temperature measurements were made at the final
cutting depth where the cutting tool temperature
reached the highest value. During the machining
process, temperature measurements were made by
infrared digital thermometer by the cutting tool that
was taken maximum temperature which is maximum
value (Fig. 6). The highest temperature is occurred in

dry cutting conditions, while the lowest temperature is
occurred in coolant condition (32% less than dry
cutting conditions). The highest temperature is
occurred by the usage of TP #3 strategy, while the
lowest temperature is occurred by the TP #4 strategy.
More heat is generated that other strategies because
the TP #3 strategy processes the designed geometry
with fewer steps. The temperature values of the other
tool paths were measured close to each other. The
high machining heat will accelerate the wear of the
end mill and reduce its life, thus, influencing the
machined quality of the workpiece. Cutting force can
reflect not only the milling state in processing but also
the lubrication performances of coolant'.

Evaluation of roughness of machined surfaces

The surface roughness is an essential factor for
workpiece surface quality evaluation and, it determines
surface smoothness. Low surface roughness reflects
high surface smoothness. Surface roughness can
influence fatigue strength, contact stiffness, and
corrosion resistance of workpiece and significantly
improve cooperation. Moreover, surface roughness
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influences the service life and reliability of machinery
products”. The AZ91 magnesium alloy is milled
with different tool paths, cooling strategies,
and the topography of the machined surfaces is
observed (Fig. 7). 5.5X magnification lens is used
I Dry

[ Air

I Coolant

60

Temperature (°C)
8 3 3
1 L 1

N
o
1

-
o
1

o
)

Tool path #1

Tool path #2 Tool path #3 Tool path #4

Fig. 6 — Comparison of temperature.
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al500x1500 pum in the machined surface
was examined.

For each tool path strategies and cooling

conditions, numeric values are obtained and Fig. 8 is
formed. Average roughness (R,) and root mean square
roughness (Rq) are the most widely used surface
parameters in the industry'>. R, is the arithmetic
mean of the absolute departures of the roughness
profile from the mean line. Ry is the square root of the
average of the square of the deviation of the mean
line'®. The highest R, and R, values were obtained
under dry cutting conditions, while the minimum R,
and R, values were obtained in the process with
coolant. The highest quality surface is obtained by
using the Tool path #4 strategy to machining the
designed geometry, while the worst surface is obtained
by machining with Tool path #3 strategy. The poor
surface quality was caused by abrupt tool conditions.
A sudden increasing in the chip volume resulted in
excessive vibrations lead to raised cutting forces'”.

Coolant

Fig. 7— Comparison of surface topography.



144

o
©

I Ory [l Air ] Coolant

g
=
)

1N
IS
)

o
N
1

g
=
)

Tool path #1 Tool path #2 Tool path #3 Tool path #4

o
@

o o
IS o
) )

Root mean square (Rq) Roughness average (Ra)
°

g
=)
)

Tool path #1 Tool path #2 Tool path #3 Tool path #4

Fig. 8 — R, and R, under different tool path strategy and cooling
conditions.
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Tool wear

The end mill used in the experiments has 3 cutting
edges and each cutting edge has a different length
(Fig. 1). The flank wear measurement on the cutting
tool was carried out with a digital microscope (Fig. 2).
There was not much wear on the long cutting edge
of the end mill. For this reason, wear at short
and medium length cutting edges were measured.
Figure 9 shows the wear photographs of the medium
length cutting edge. Figure 10 shows the graph
created from the measured wear values.

A certain amount of flank wear on the cutting tools
has been observed during pocket milling tests. All of
the tool paths used, the highest wear occurred in dry
milling conditions, while the least wear occurred in
the process with the coolant. Machining in dry

Air Coclant

Fig. 9 — Tool wear under different tool path strategy and cooling conditions.
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Fig. 10 — flank wear under different tool path strategy and
cooling conditions.

conditions has increased the wear to 3.5 times. The
formation of more tool wear in dry conditions
believed to be the main reason for the higher cutting
forces, cutting temperature, and friction's. TP#2
strategy shows the highest tool wear of 118 pum,
followed by TP#3 of 80 pum, followed by TP#1 of
60 um, and finally, TP#4 of 34 pm in dry condition.

Conclusion

The effect of employing different tool path
strategies on a step, machining time, milling
force, temperature, surface quality, and tool wear
when pocket milling of magnesium alloy was
investigated.

e The designed geometry is machined in almost
equal time and in equal steps using Tool path #1
and Tool Path #2 tool path strategies. Using the
Tool path #4 strategy, the geometry is machined
in more machining time and more steps than any
other tool path strategies.

e Using the Tool path #1 and Tool path #2
strategies, very close cutting forces (Fx and Fy)
were obtained. It is observed that when
pocket milling with Tool path #4, the highest
cutting force is observed followed by
Tool path #3, Tool path #1, and Tool path #2,
respectively.

e The maximum temperature is formed by the use
of the Tool Path #3 strategy, while the lowest
temperature is formed by the Tool path #4
strategy. In Tool path #1 and Tool path #2, close
temperature values were measured.

e The highest surface is obtained by machining the
with the Tool path #4 strategy, while the worst
surface is derived from the Tool path #3 strategy.
In Tool path #1 and Tool path #2, close surface
values were measured.

e Tool path #2 strategies shows the highest tool
wear of 118 um, followed by Tool path #3 of
80 um, followed by Tool path #1 of 60 pm,
and finally, Tool path #4 of 34 pm in dry
condition.

e In conclusion, where the least worn end mill,
minimum temperature, and best surface quality
were concerned, Tool path #4 strategy was the
most favorable.
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