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Abstract. In the machining of components, increasing the material removal
efficiency is a constant challenge in technology planning. That is why when
determining cutting data it is recommended to endeavor to choose values that
increase the material removal rate, as long as the accuracy and quality
requirements specified for the machined components can be fulfilled. In this
study the possibilities for increasing material removal intensity were analyzed
when an aluminum alloy was face milled. To characterize productivity various
time parameters (machining time, base time, operation time, etc.) and the
material volume removed in unit time can be applied. Our investigation aimed at
analyzing these parameters when machining surfaces of gearbox housing when
some technological parameter values (feed, cutting speed, milling head diame-
ter) are varied. After analyzing the features of cutting by diamond tool, it was
found that it is possible to increase the original values of all these parameters
influencing material removal rate when the cutting allowance is removed in a
single pass. This paper presents the results of an experiment carried out using
selected cutting data.

Keywords: Material removal � Aluminum alloy � Machining time �
Face milling

1 Introduction

In the automotive industry, which is characterized by mass production, increasing
productivity is a primary goal for manufacturers. This means that determination of
machining circumstances and correct cutting data have particular importance. One of
the most efficient manners of cutting aluminum alloy is machining by diamond tool [1].
In order to designate means of increasing the efficiency, the characteristics of cutting
with diamond tool have to be analyzed first.

It is known that the artificial diamond tool is among the hardest of the tool
materials. It has a high wear resistance, low friction coefficient, and high thermal
conductivity. Its friction coefficient is significantly low (that of natural diamond is even
lower than artificial diamond) and it does not depend on the cutting speed. The chip
deformation is low, there is no secondary deformation and the internal friction of the
chip is negligible. Because of the heat production, which is the consequence of the
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previously detailed characteristics, and the high heat conduction of the tool, the cutting
temperature is low. That is why the process is also referred as to “cold cutting.” Due to
the low temperature the wear and hardness of the tool are independent of the cutting
speed when cutting non-ferrous metals. They depend only on the machined path (the
area of the machined surface). This is why at any speed level the same path, i.e. the
same surface area, can be machined during the lifetime of the tool. From all these
factors it can be stated that it is worth increasing the material removal rate [2].

The most widespread method for the efficiency analysis of machining procedures is
the calculation of parameters expressing technology intensity: material removal rate
(Qw [mm3/s]) and/or surface rate (Aw [mm2/s]). Qw expresses the volume that can be
removed in unit time and Aw expresses the surface area machined in unit time by a
given procedure [3, 4]. There are several options for calculating material removal rate.
They are for instance the chip volume removed in one minute [5], the chip volume
removed in one second [6], the path of the tool taken in one minute [7] or the chip mass
removed in one minute [8]. The calculation of the parameter is applied by several
different goals, for instance optimization of cutting data [9], effects of cutting data on
the material removal process [4] or the creation of theoretical models [10]. Calculation
of material removal rate is frequently applied in milling experiments for determining
the economically optimal choice for cutting data in single-attribute [11] or multi-
attribute [12] optimization. Nath et al. applied the material removal rate in cutting
experiments of super alloys to determine tool life [13]. These parameters are theoretical
values and they are calculated on the basis of the technological data of the cutting. In
face milling the calculation is:

Qw ¼ ap � ae � vf mm3=s
� � ð1Þ

Aw ¼ ae � vf mm2=min
� �

; ð2Þ

where ap is the depth-of-cut [mm], ae is the width-of-cut [mm] and vf is the feed rate
[mm/min].

It is demonstrated in Eqs. (1) and (2) that the calculation of the two parameters
differs from each other only in the consideration of depth-of-cut. In the analysis
detailed in this paper the allowance is fixed and it is removed in one pass. That is why
the nature and extent of change in both parameters is the same; it is enough to analyze
only one of them, which is the material removal rate in this study.

Surface roughness and accuracy of the machined (milled) surface were also mea-
sured. Among the measured parameters the ones specified in the component draft of the
factory were analyzed and compared to the measured values.

2 Experiments

2.1 Aims of the Experiments and Methodology

In machining light metal and non-ferrous metal alloys, when cutting speed is increased
features such as chip deformation, friction coefficient, cutting forces, machined path
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and the surface roughness basically do not change but remain almost constant. This is
different from changes experienced by applying carbide tools. Therefore, the material
removal rate can be increased to the extent that is allowed by the rigidity of the
machine-tool–equipment–tool system. The path taken by the tool remains the same
even if the technological parameters are varied; thus, material removal rate is basically
determined by the vf feed rate. Feed rate in the case of face milling is:

vf ¼ fz � zs � ns mm=min½ �; ð3Þ

where fz is the feed per cutting edge [mm/edge]; zs is the number of teeth of the tool [-];
ns is the revolution per minute.

The aim of the experiments is to increase efficiency by varying the values of these
parameters and to determine the extent of these changes. An important issue in cal-
culating material removal rate is the time parameter that the specific material volume
removed is based on. If the machining time (the time during which the cutting tool is
actually working) is considered, the calculated parameter can be a suitable indicator for
comparing procedures, but the actual times of production are not included in it. This is
why it can be considered as only a theoretical parameter [14]. It provides no exact
information about the whole machining process, which incorporates tasks such as tool
changes or workpiece clamping and releasing in addition to material removal. To
characterize the machining process in a more appropriate manner, it can be recom-
mended that the time parameter included in the calculation be the one that best char-
acterizes the machining process (e.g. machining time, base time, piece time, operation
time, etc.) [15].

In the experiments the three parameters determining feed rate vf were varied and the
practical material removal rate values were analyzed. The material removal rate is
calculated by dividing the removed chip volume by a tx value, and provides clear
information about the machining process (Eq. (4)). In this paper this time was the
calculated machining time and then the measured base time. The diameter of the
milling tool (ds) exceeded the width of the workpiece surface through the whole
machined length, thus the allowance was removed in a single pass on the length of the
workpiece. Therefore, the whole removed volume can be calculated by the formula:

V ¼ apbL; ð4Þ

Qw;p ¼ V
tx
; ð5Þ

where b is the average width of the machined surface and L is the path taken by the
tool.

2.2 Conditions of the Experiments

In the cutting experiment two different diameter milling heads were applied and the
effects of their diameters on the material removal rate were compared. One tool was the
Lach Diamant MB-X3-063-08Z12/P soldered diamond insert face milling head
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(ds = 63 mm; zs = 12; jr = 90°) and the other was the MAPAL AA12.353.596 sol-
dered diamond insert face milling head (ds = 80 mm; zs = 16; jr = 90°). The work-
piece was prismatic, its material was AlSi9Cu3(Fe)(Zn). The average width of the
surface was b = 34 mm. The total length of the surface was 1 583 mm. Chemical
components and mechanical properties of the workpiece material are summarized in
Table 1. The cutting speed (vc) was varied between 2 474 and 2 016 m/min; the rpm of
the main spindle (ns) was varied between 10 000 and 13 500; the feed per cutting edge
(fz) was varied between 0.12 and 0.15 mm/edge and the feed rate (vf) between 18 000
and 24 960 mm/min. The average depth-of-cut was ap = 1.5 mm. The experimental
setup is demonstrated in Fig. 1. It incorporates the various levels of technological data.
The upper limits result from the allowed maximal feed rate and rpm. The technological
data ensure the specified surface quality and accuracy of the produced parts in all cases.

Table 1. Components and mechanical properties of AlSi9Cu3(Fe)(Zn) [16]

Chemical components [m/m%] Rm

[Mpa]
Rp0,2

[Mpa]
Brinell
hardness [HB]Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti

8–11 1,3 2–4 0.55 0.05–0.55 0.15 0.55 3 0.35 0.25 0.25 2 401 140 80
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Surface roughness measurement was performed by Altisurf ® 520 3D surface
roughness measurement machine and the software AltiMap Premium 6.2. The mea-
surement process was performed according to the standard ISO 25128. The cut-off was:
kc = 0.8 mm; the evaluation length was L = 4 mm. Gauss filter was applied in the
automatized calculation. Accuracy measurement was performed by the Taylor Hobson
Talyrond 365 accuracy measurement machine. The standard ISO 12180-1 was applied
in the evaluation process.

3 Results and Discussion

Machining times (tm) of face milling were calculated and base times (tb) were mea-
sured. The beginning of the latter was defined as the starting point of changing the face
miller and the ending point was the moving of it to the changing position after
machining.

These values are summarized in Table 2. Percentage changes of the two time
parameters characterizing the machining process were calculated. The basis was the
currently applied technology (vf = 18 000 mm/min, fz = 0.12 mm/edge, ns = 12 500
/min, ds = 63 mm). The results are summarized in Fig. 2.

Considering level “A” as the basis, the machining time dropped by 3.3–28.1% and
the machining time by 1.1–9.3% in case of rest levels. With the increase of feed rate,
rpm of the main spindle and milling head diameter, these values showed a significant
reduction. When applying the milling head ds = 63 mm, by increasing the feed rate
from 18 000 to 22 680 mm/min the machining time decreased by 22.2% and the base
time decreased by 6.7%. When applying the ds = 80 mm milling head, by increasing
the feed rate from 22 400 to 24 960 mm/min the machining time fell by 11.0% and the
base time fell by 3.1%. In case of the highest ns and vf values, by increasing the milling
head diameter from 63 to 80 mm the machining time was reduced by 9.8% and the
base time was reduced by 2.8%. In case of a given milling head diameter and rpm of
main spindle, by increasing the feed rate from the minimum to the maximum in the
analyzed range, the following results were obtained: in case of the 63 mm milling head
the machining times reduced by 14–20% and the base times by 4–7%; in case of the

Table 2. Machining times (tm) and base times (tb) at the various experiment levels

Sign tm [s] tb [s] Sign tm [s] tb [s]

A 6.38 19.35 I 5.47 18.44
B 5.86 18.83 J 5.09 18.06
C 5.47 18.44 K 5.16 18.13
D 5.08 18.05 L 4.77 17.74
E 6.17 19.14 M 5.06 18.03
F 5.73 18.70 N 4.72 17.69
G 5.29 18.26 O 4.95 17.92
H 5.94 18.91 P 4.59 17.56
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80-mm milling head the machining times were reduced by 7-8% and the base times by
2%. The calculated values of the practical material removal rate are summarized in
Table 3. The calculations were performed by the application of machining time and
base time. They characterize the machining process properly. In the calculations
Eq. (3) was applied. The percentage increase of these values is demonstrated in Fig. 3,
where experimental level “A” was considered as the basis.
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Fig. 2. Percentage reduction in machining time and base time compared to the base technology

Table 3. Practical material removal rates calculated by the machining time (Qwp,m) and the base
time (Qwp,b) [mm3/s]

Sign Qwp,m Qwp,b Sign Qwp,m Qwp,b

A 12 656 4 173 I 14 761 4 379
B 13 779 4 288 J 15 863 4 471
C 14 761 4 379 K 15 648 4 454
D 15 895 4 473 L 16 928 4 552
E 13 087 4 219 M 15 958 4 478
F 14 092 4 318 N 17 107 4 564
G 15 264 4 422 O 16 312 4 506
H 13 593 4 270 P 17 592 4 598
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Similar to the reduction of times characterizing the machining process, in the
practical material removal rates (Qw,p) increase was experienced when the feed rate, the
rpm of the main spindle, and the tool head diameter were increased. Consideration of
base time in the calculations is more realistic when analyzing the productivity of a
machining process because it includes not only the machining time but also other times
such as tool and workpiece manipulation connected to cutting. It can be observed that
the parameter values calculated on the basis of base time are significantly lower, both in
absolute values and in percentage changes, than those based on the base time (a 3- or 4-
fold difference). When applying the 63 mm milling head by increasing the feed rate
from 18 000 to 22 680 mm/min, the practical parameter based on the machining time
increased by 25.3% and the one based on the base time increased by 7.1%. When
applying the 80 mm milling head by increasing the feed rate from 22 400 to
24 960 mm/min, the practical parameter based on the machining time increased by
12.4% and the one based on the base time increased by 3.2%. In the case of the
maximal ns and vf values by increasing the milling head diameter from 63 to 80 mm,
the machining time-based practical material removal rate increased by 10.9% and the
base time-based practical parameter increased by 2.84%. In the case of fixed tool head
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Fig. 3. Percentage increase in material removal rate calculated on the basis of machining time
and base time
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diameter and rpm of main spindle, by increasing the feed rate from the minimum to the
maximum value, the following can be stated. In the case of the 63 mm milling head the
machining time-based practical parameter increased by 16.6–25.6% and the base time-
based parameter values increased by 4.7–7.19%. For the 80 mm milling head the
machining time-based practical parameter increased by 7.2–8.2% and the base time-
based parameter values increased by 1.9–2.2%.

On the basis of the data it can be stated that the productivity of machining increases
with the increase of rpm of the main spindle (ns) to the smallest extent; it increases with
the increase of feed per tooth (fz) to a relatively low extent and it increases to the largest
extent compared to the original technology with the number of cutting edges (zs)
(ds = 63 mm; ns = 12 500 1/min; vf = 18 000 mm/min).

Analysis of milled surface roughness can be realized by preliminary estimation
[17, 18] or by measuring the roughness parameters of the machined surface. Surface
roughness parameters remain under the specified limit by this estimation, however, in
order to validate this the actual measurements were also performed. The results of them
are detailed in this study. Beyond that the flatness and parallelism as essential
parameters of machining were determined. Measurements were performed on all the
machined parts. The surface roughness, flatness and average parallelism between the
machined surface and its base surface obtained at the different experiment levels are
summarized in Table 4 (average values).

On the basis of the measured values it can be concluded that the average value of
parallelism is 0.017 mm and 0.044 mm by applying the 63 mm and the 80 mm head
diameter tools, respectively. The highest values of parallelism do not exceed 48% of

Table 4. Measured average roughness, form and position errors

ds [mm] ns [1/min] Sign vf [mm/min] Rz [lm] Flatness [lm] Parallelism [lm]

63 12 500 A 18 000 5.0 0.006 0.011
B 19 500 4.7 0.004 0.008
C 21 000 4.5 0.005 0.019
D 22 500 8.3 0.004 0.019

13 000 E 18 720 6.5 0.004 0.016
F 20 280 6.6 0.005 0.015
G 21 840 6.0 0.006 0.018

13 500 H 19 440 5.6 0.010 0.025
I 21 060 6.1 0.005 0.017
J 22 680 6.7 0.006 0.017

80 10 000 K 22 400 5.8 0.007 0.046
L 24 000 5.1 0.008 0.041

11 000 M 22 880 5.5 0.007 0.045
N 24 640 6.2 0.007 0.039

12 000 O 23 040 5.8 0.006 0.046
P 24 960 6.7 0.008 0.048

Allowed values: 16 0.06 0.1
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the allowed values. The values listed in Table 4 are the averages of three measure-
ments. The measurements were carried out in the direction of feed (symmetry plane of
the path of tool axe). The measured Rz values were not exceeded the 50% of the
allowed values (except one surface – D). Most of the flatness and parallelism values
were one range smaller than the allowed ones, therefore the efficiency increasing is not
limited by these parametres.

The extent of flatness errors in each level is almost equal and they are one order of
magnitude lower than the specified limit. The highest Rz value is half as much as the
specified limit. It is measured at workpiece “D”. All the other values were lower. Even
at the most optimal settings for material removal (P), the Rz value is only 6.7. There
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was no ridging experienced when the cutting data were increased. In Figs. 4 and 5 the
surface quality and accuracy parameters are demonstrated for the application of 63 mm
and 80 mm milling heads, respectively.

4 Summary

After carrying out the experiments it was concluded that it is possible to increase the
originally applied values of all the parameters influencing material removal rate by
removing the material in a single pass. Face milling as a machining procedure is
applied in productive machining of prismatic components. The set of productivity-
increasing possibilities is great. Here the analysis focuses on how productivity can be
intensified through the machining time of cutting and the material removal rate and
surface rate by modifying the technological parameters. Cutting experiments were
carried out by machining prismatic components and the change in machining time was
analyzed. It was proved that within the performance limits of the machine-tool,
equipment and tool system significant degree of production time saving and therefore
cost saving can be reached while keeping the geometric accuracy and surface quality at
the specified level. The research strategy of studying the chip removal by diamond tool
and analyzing surface rate, material removal rate and time parameters proved to be
valid. The machining time measured in the current machining system can be reduced
through the three possibilities determined, i.e. by increasing the:

• speed (rpm of the main spindle)
• feed values and
• number of tool edges (tool head diameter).

Our hypotheses were validated at all levels of the experiment; the quantified values
of the potential savings are given in the paper. In the analyzed range, using a 63 mm
milling head, a maximum of 20.4% reduction in machining time can be achieved, and
for a 80 mm milling head the maximum reduction was 28.1%. By reducing the
machining time, the material removal rate calculated on machining time was increased
by 25.6% and 39.0% by the application of the two milling heads, respectively. Com-
pared to the specified values, the measured geometrical parameters proved to be lower;
the workpieces were machined well within tolerance. The separate and also the parallel
increase of the values of the designated three parameters resulted in an increased effi-
ciency value. Through all of the chosen technological values material removal efficiency
can be increased and the specified surface roughness and geometric accuracy values can
be obtained in all cases. A favorable efficiency increase can be reached by this method
when face milling of any other aluminum alloy gearboxes. Advantages of the new
parameter levels are that piece time is decreased, productivity is increased, cost effi-
ciency is increased and it can also be applied in machining of other gear boxes.
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