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INFLUENCE OF DEPTH OF CUT AND CUTTING SPEED ON
CUTTING FORCES IN FACE MILLING UNDER CONSTANT
CHIP CROSS-SECTION CONDITIONS

Abstract. In various high-end industries such as the automotive and the aerospace industry, face
milling is one of the most preferred solutions for the fabrication of flat surfaces with high quality.
During machining it is desired to achieve the required result with high efficiency. However, attention
should be paid so that forces are kept within acceptable limits for maintaining energy consumption and
loading of machine tool at relatively low levels. Thus, it is important to determine the influence of
process conditions, such as depth of cut or cutting speed, on cutting forces. In this study, this is
attempted by conducting experiments at two different depths of cut and four different cutting speeds for
cases with the same chip cross-section value. After analysis of obtained results, useful conclusions on
the influence of these parameters on cutting forces are presented.
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1. INTRODUCTION

Face milling process has long been considered appropriate for the efficient
manufacturing of prismatic surfaces of a large variety of components in industrial
practice. The expected goals of the manufacturing process are not only the
rendering of the appropriate geometric shapes and dimensions but also surface
integrity of the workpiece as well as high productivity must be ensured. By
controlling the cutting forces occurring due to tool-workpiece interaction during
milling, it is possible to achieve lower damage of the workpiece, lower energy
consumption of the machine tool and prolong cutting tool life. Efficient control of
cutting forces can be managed by selecting the appropriate process parameters
values. Previous research [1-3] has demonstrated that it is possible by varying feed
rate values. Thus, in the present study, the effect of varying depth of cut and
cutting speed values will be analyzed.

The correlation of depth of cut and cutting speed with cutting forces during
milling as well as their relative impact on them has already being a topic of interest
in the relevant literature. It was shown that, by increasing cutting speed, it is
possible to obtain lower cutting forces and particularly, the x and y component of
cutting forces are more significantly influenced from this change. This effect is
existent also when milling at very high speeds, namely during High Speed Milling
(HSM) and does not differ a lot in up and down milling [4]. The trend of cutting
force decrease is described mostly as linear [5] but it was sometimes reported that
the decrease can have a non-constant rate [6].
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Although the effect of cutting speed on cutting forces is generally
acknowledged, its relative importance compared to that of other process
parameters is not always certain; thus, it is usually stated that it has a lower
significance regarding cutting forces [6, 7], but in some cases the opposite is stated
[8]. The explanation on the influence of cutting speed on cutting forces can be
related to the fact that increased temperatures due to higher cutting speed result in
softening of workpiece material [4].

By increasing the depth of cut, it is inevitable that all cutting force
components will increase, with the most significantly affected force components
being Fx and Fy. The variation of depth of cut is shown to have a significant effect
on cutting forces [7] and the increase of cutting forces with increased depth of cut
can be non-linear, mostly at higher values [5, 9]. The reason for the increase of
cutting forces with the increase of depth of cut is considered to be the increase of
tool-workpiece contact length and subsequently the increased cross-sectional area
of the uncut chip which is removed [4, 10].

2. EXPERIMENTAL CONDITIONS

In the present work, face milling experiments are carried out under various
process conditions on C45 carbon steel workpieces with a hardness value of
HB180. The experiments are conducted with a milling head with a single cutting
insert mounted on it. The aim of the present research is the determination of the
influence of depth of cut and cutting speed on cutting forces and specific cutting
forces during face milling. Additionally, their relative importance in cases where
the chip cross-sectional area, denoted as A, is constant whereas depth of cut and
feed rate values are chosen so that A remains constant.

The experiments are with a constant A value of 0.32 mm?, two different
depths of cut, namely 0.4 mm and 0.8 mm, two different feed rate values, namely
0.4 mm/tooth and 0.8 mm/tooth and four different cutting speed values in the range
of 100 to 400 m/min. All the experiments are performed under dry machining
conditions and during the experiments, components of force, namely Fy, Fy, F, are
measured in a coordinate system relative to the workpiece by a Kistler 9257A
dynamometer. The measured signal is then amplified using three Kistler 5011A
charge amplifiers. Finally the data are transferred to a PC using a Compact DAQ-
9171 data collector by National Instruments Company. The recording of force data
is conducted using software prepared in the LabView programming language.
Other experimental conditions include:

e Machine Tool: Perfectlet MCV-M8 vertical machining centre.
e Cutting insert: Sandvik R215.44-15T308M-WL GC4030 coated carbide

insert (k=90°; ys=0°; 0,=11°; 1:=0.8 mm).
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o Milling head type: Sandvik R252.44-080027-15M face milling head (Ds=80
mm).
e Workpiece dimensions: 58 mm width, 50 mm length

3. EXPERIMENTAL RESULTS AND DISCUSSION

After the experimental work is completed, diagrams for each cutting force
component are recorded and then appropriately processed in order to determine the
maximum cutting force values for each force component during face milling. The
maximum values for Fy, Fy and F, are plotted in Figure 1, in respect to cutting
speed and depth of cut values.

It can be seen from the results depicted in Figure 1 that the increase of cutting
speed values results in a clear decrease of Fy and Fy cutting force components in
the majority of cases, whereas the increase of depth of cut is leading to an increase
of cutting forces. These results are in accordance with the ones observed in other
experimental works in the relevant literature [4, 5, 9-11]. From all cases, it can be
seen that the y-component of cutting forces exhibits the largest values compared to
the other two force components. However, F, values do not exhibit the same trends
and particularly a slight decrease of F, value was observed with higher depth of cut.

In order to investigate the effect of depth of cut and cutting speed on the
cutting force components, it is required to compute the variation of cutting forces
in respect to the variation of depth of cut or cutting speed values. The ratio of
change of forces between cases with different depth of cut values can be computed
as follows: ratio of change = |Fap=0.8/Fap=0.4|.- From the diagrams plotted in Figure 1,
it can be observed that the difference between forces values at a,=0.4 mm and
2,=0.8 mm is clearly increased in the case of Fx and Fy, components of cutting
forces. In the case of F, the trend is similar with the trend observed for the other
two cutting forces components but as the ratio values are below 1, it indicates that,
actually, the difference between the force values at a,=0.4 mm and a,=0.8 mm is
decreasing as the ratio approaches the value 1.0. The difference between force
values at the two different depths of cut is more evident in the case of Fy
component, as the increase is almost 1.3 times, whereas for Fy it is 1.1 times and
for F, it is almost 0.95 times, meaning that F, actually is almost constant with
increasing depth of cut. These trends can be also deduced from the difference
observed in the slopes of the regression trend lines in each case. If the same
calculation of ratio of change of cutting forces is conducted between cases with
cutting speed values of 100 m/min and 400 m/min, the influence of cutting speed
on cutting forces can be determined. The calculations can be conducted on both
cases with a,=0.4 mm and a,=0.8 mm. For the Fx component, the force value is
1.41 times higher at 100 m/min than at 400 m/min for a,=0.4 mm, whereas for
2,=0.8 mm it is 1.31 times higher. In the case of Fy component, this increase is 1.08
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times in the case of a,=0.4 mm and 1.06 times in the case of a,=0.8 mm. Finally,
for F, component the increase is 1.16 times in the case of a,=0.4 mm and 0.99
times in the case of a,=0.8 mm. Thus, it is clear that the variation of cutting speed
affects Fx more significantly than the other two components of force and also the
ratio of change is larger at lower depth of cut value.
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Figure 1 — Cutting forces for two different depths of cut and four different cutting speeds
(left column) and ratio of change of forces between different depths of cut for various
cutting speeds (right column)
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Furthermore, it can be revealed that the effect of depth of cut is more
significant than the effect of cutting forces as a 4-fold variation of cutting speed
has almost the same effect as a 2-fold variation of depth of cut.

In Figure 2, the results regarding the specific cutting forces are presented. The
specific cutting forces are calculated as the ratio of cutting forces components to
the chip cross-section value. In the present case, the variation of specific cutting
forces in respect to variations of depth of cut and cutting speed is similar to the one
observed in the case of cutting forces, as Ac value is the same in all cases.
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Figure 2 — Specific cutting forces for two different depths of cut and four different cutting
speeds (left column) and ratio of change of specific forces between different depths of cut
for various cutting speeds (right column)
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4. SUMMARY

At the reported experiments it was confirmed that by maintaining the value of
A constant, increasing feed, i.e. ay/f, ratio decreased, the cutting force decreases
and so does the taken up performance. In this paper the increase of depth of cut,
with A constant, i.e. an increase of ay/f; ratio, an increasing effect on the change of
the cutting force is observed. The increase of a, increases Fx component, while the
value of Fy increases slightly. However, the value of F, decreases slightly. This
characteristic is similar at each cutting speed in the examined range. The ratio of
change showed that the change is small, therefore, the change of depth of cut does
not limit the choice of cutting data, namely the Technological Plan.
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BIIJINB I'N'IMBUHU I IBUJAKOCTI PI3AHHS HA CUJIA PI3BAHHSA
I[PU TOPLIEBOMY ®PE3EPYBAHHI 3 IOCTIMHUM
IHOIIEPEYHHUM IIEPEPI3OM 3PI3Y

AHoTalisA. Y pi3Hux GUCOKOMEXHONOZIMHUX 2aNy3sX, MAKUX 5K A6MOMOOLIbHA | AepoKOCMiuHA
npomucnogicms, mopyege Qpe3epysanHs € 0OHUM 3 HAUOINbUL OANCAHUX piuleHb ONsl BUSOMOBNIeHHS
NJLOCKUX NOBEPXOHb 3 8UCOKOI0 sKicmio. ITi0 uac 00pobku 6ancano 0ocsemu HeoOXiOHO20 pe3yibmanty 3
sucokoro egpekmugnicmio. OOHAK cli0 36epHymu yeazy Ha me, wob cuiu pizanHs nepedyean 6
0ONYCMUMUX MexHcax O NiOMPUMKY eHeP2OCNONCUBAHHS | 3ABAHMANCEHHS 8epCMama Ha 8iOHOCHO
HU3bKUX pieHAx. Takum 4uHOM, 6adICTUBO BUSHAYUMU 6NIUE YMOG NPOYeECY, MAKUX AK eNUOUHA PI3aHHA
abo weuoKicmy pi3anHs, HA CUIU PI3AHHA. Y ybomy 00CNiONCeHHI Ye pOOUMbCA WIAXOM NPOBEOEHHS
eKCnepumenmie Ha 080X DISHUX 2IUOUHAX PI3AHHA | YOMUPLOX PI3HUX WBUOKOCMAX DI3aHHA 04
BUNAOKIE 3 OOHAKOBUM 3HAYEHHAM NonepeuHozo nepepisy cmpyaicku. Ilicna awnanizy ompumanux
pe3ynbmamie npedcmasneni KOPUCHI BUCHOBKU NPO BNIAUE YUX NAPAMEmpI8 HA CUNU  PI3AHHA.
B excnepumenmax 6yno niomeepoiceHo, w0 npu He3MIHHOCMI 3HAYEHHsI NOMYHCHOCHI pizaHHAa (Ac),
nooaua 3MeHULyEMsvCsl, CUNd Di3aHHA 3MEHULYEMbCA I, GIONOGIOHO, 3HUIICYEMbCA NPOOYKMUBHICID.
V yvomy Oocnioscenni cnocmepicacmoca 36inbuienHs enubuHy pisanHs 3 nocmitnor Ac, mobmo
30inbUenHs giOHOWEHHS ap / fp, wo 30inbulye 6naue Ha 3MIHY Cun pizanHs. 30invuwents ap 36invuLye
komnonenm Fx, mooi sk 3nauenns Fy mpoxu 30inbuyemuvcs. OOHak 3navenuss Fz dewjo 3menutyemucsi.
L[a xapakxmepucmuka O0OHAKOBA HA KOMCHIN WBUOKOCHI DI3aHHA 8 O0CTIOHNCYBAHOMY OIaNA30HI.
Koegiyiecnm sminu nokasas, wjo 3mina napamempy He8eluxda, MOMy 3MIHA 2IUOUHU DI3AHHA He
obmedcye 8UbIp 0aHux pizanis, a came MexXHON0IYHO20 NIAAHY.

KurouoBi ciioBa: mopyese ghpesepysHus,; cunu pisanus, cneyudiuni cuiu pisanis, nonepeuHuli nepepis
cmpyscKu.
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