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Abstract
In this paper, a series of milling tests were carried out in order to identify the effects of feed rate and
depth of cut on cutting forces and surface roughness while end milling the mild steel using NOVIANO
and conventional cutting tools. Slot-milling operations were conducted. The cutting forces and surface
roughness in a wide range of feed rate (value according to manufactured of cutting tool) and depth of cut
were discussed. Results showed that the cutting forces for the Fx and Fy increase with the increase of feed
rate for both cutting tool. Further increasing the speed of feed rate, the surface roughness also improves
for both cutting tool. However, the comparison between both cutting tool, it was found that the cutting
force and surface roughness much better for NOVIANO.
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1. Introduction
In the current industrial scenario, the slot milling process has been extensively study not o nly to improve the
manufactured part’s performance but also to reduce manufacturing costs. The development of cutting tool materials
have been orderly increased in order to machine more difficult material such as toughness, hardness and wear
resistance (Liew et al. 2008). Carbon steel was used as a first cutting tool material and nowadays after a lot of
discussion and studies, many researcher used carbide as a cutting material in the industry (Klocke and Eisenblätter
1997).
A manufactured part’s performance quality is determined in part by its surface quality and integrity
resulting fro m the manufacturing process. All machines have some flexib ility in their structure. Force generated
fro m conventional machin ing process will cause machine tool system to vibrate and consequently will affect the
surface being produced (Grossi et al. 2015). Nevertheless, the present of vibration during cutting process also can
improve the cutting performance (Rasidi et al. 2014). During the cutting process, cutting force is one of the most
important issues and an efficient and precise cutting force model is therefore crucial for the selection of mach ining
parameters such as feed rate and spindle speed (Rahim et al 2016). Furthermore, cutting temperature could impair
the surface integrity of the machined surfaces (Rahim and Sasahara 2009). In addit ion, the capability of the CNC
milling machine to make batch production would be a noteworthy advantage for mach ining. Ho wever, for more
accurate and precise mach ining, the cutting force should be reduced as this force partially defines the surface quality
and affects the appearance function and reliability of the products. So far, many researches have been conducted to
predict cutting force under given machining conditions (Wang et al. 2015).
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Furthermore, a good surface finish, wh ich is indicate by low surface roughness, not only assures quality,
but also reduces manufacturing cost (Dudzinski et al. 2004). There are many types of roughness parameters, wh ich
include surface roughness Ra, Rq , Rz and Rsk . The most used international parameter and universally recognized for
roughness as it can be easily measured by graphical process is Ra. Low surface roughness is vital in term of
tolerance, as it reduces assembly times and avoids the need fo r secondary operations and leads to overall cost
reduction (cutting force reduction and surface quality). According to (Rahim and Sasahara 2011), low cutting force
contributed to the better surface fin ish. Besides, lower surface roughness or smoothness of the machine surface is
particularly important to improve the fatigue strength, corrosion resistanc e and creep life of materials (Tian et al.
2013). Su rface roughness also has important effect on stress corrosion resistance and creep strength of the machine d
surface, which in turn affects the service-life of co mponents, so it is a crucial factor in pred icting the capabil ity of
machining performance (Field et al. 1989).
As shown in Figure 1(a), in the slot cutting process using the end mill, the cutter generally rotates on an
axis vertical to the work piece. Cutting teeth are located on both the end face of the cutter and the periphery of the
cutter body. The trajectory of the tool path depends on the spindle speed and feed rate relat ive to the work piece. Th e
spindle speed is the important part as it carries the tool tip edge to the round shape, but it is different and shape
changing when the feed rate starts to move (Rasidi et al. 2015).
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Figure 1. (a) Geometry of end milling process (b) Top view of slot cutting

2. Experimental Set up
The applicable cutting parameters of the experiment have been considered prior starting the machin ing operation.
The machine parameter is s et according from the manufactured as shown in Table 1. In order to discuss the effects
of the relat ionship between depth of cut and feed rate on the cutting force and surface roughness features, two
experiments was conducted with two type of different cutting tool as shown in Table 2.

Terminology
Tool Diameter (mm)
Tool Length (mm)
Length of cut (mm)
Number of Teeth
Helix angle (o )
Tool Material
Type of shank

Coating

Table 1. Cutting tool terminology
Conventional
NOVIANO
6
6
50
57
16
13
4
4
35
40
Micro Grain Carbide
Solid carbide (tungsten carbide)
Plain
Plain
Coating material = TiSi Based - Multilayer
Microhardness ( HV 0,05 ) = 3600
Coated
Max application temperature ( °C ) ≤ 1200
Friction coefficient = 0,3
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Table 2. Process variable for experiment
Unit
Conventional
n(min -1 )
4750
mm/min
140, 280, 560
mm
0.1, 0.2, 0.3

Process Variable
Spindle Speed
Feed Rate
Depth of Cut

NOVIANO
6450
178, 355, 710
0.1, 0.2, 0.3

NOVIANO

Conventional

(a)

(b)
Figure 2. (a) Work piece; (b) Cutting tool

Mild steel with 35 mm width and 100 mm length was used as the work piece as shown in Figure 2(a). To
facilitate the investigation of the cutting force variation and to improve cutting efficiency, the conventional cutting
tool (experiment 1) and an end mill manufactured by NOVIANO (experiment 2) was chosen. The NOVIA NO
cutting tool composes a four-flute cemented carbide tool with TiSi mu ltilayer coating, helix angle 400 , max
application temperature (°C) ≤ 1200 and 6mm in diameter as shown in Figure 2(b). The meaning of NOVIA NO is
“No vibration and noise” which apply at it special geometry of the cutting tool makes it anti-vibrat ion. While, the
conventional cutting tool composes a four-flute micro g rain carbide, helix angle 350 , and 6mm in diameter as shown
in Figure 2(b). It designed for general purposes to machine carbon steels, tool steels, alloy steels and stainless steels
for both cutting tool.
A Kistler Type 9257B dynamo meter used to measure the three orthogonal components of the cutting force
as shown in Figure 3(a). It has a good rig idity and high natural frequency. The block of work p iece mild steel
mounted on the jig and attached to dynamo meter through a fixture. The dynamometer connected to a multi -channel
charge amp lifier, and a high-speed DAQ card in a co mputer acquired the output signal. The samp ling rate was set as
1000 Hz. The system of measuring milling force dynamically is show in Figure 3(b).
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Figure 3. (a) Experimental set up; (b) The measuring system

The system of measuring milling force dynamically was show in Figure 4. Fo r a correct signal analysis, it
is impo rtant to have a good understanding of different coordinate systems involved, which include the machine tool
coordinate system and sensor coordinate system. A schematic view of the coordinate system of the dynamo meter for
cutting force measurement was show in Figure 4. The dynamo meter produces force readings in the X, Y and Z-axis
directions. In the cutting testing, the feeding was along the –X direction of the dynamometer
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Figure 4. Coordinate system of dynamometer
Surf test SJ-400 as show in Figure 5(a) whereas Ra is measured using roughness tester equipped under a
magnificat ion of ×10, in accordance to the JIS B 0601 (1994) standard with a 0.6 mm cut off d istance. Surface
roughness measurements were performed and repeated at three different spots for each sample s. After each cut, the
surface roughness is measure on the surface table using stylus profilo meter . Three fixed spots were chosen for each
milled surface, whereby one in the middle and the other two on the edge, were used to measure the surface
roughness of the cut. Follo wing this, the mean of the three readings is recorded. Figure 5(b) show the examp le o f the
result for surface roughness, Ra from the surf test SJ-400.
Heigh/tilt adjustment unit

Stylus

Highest peak
Peak line

Touch Panel

Mean line
Valley line
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(b)
Figure 5. (a) Surf test SJ-400 (b) Result for surface roughness, Ra reading

3. Result and Discussion
3.1 Cutting Force
The slot-milling test is carried out to investigate the cutting force reduction and the surface quality improvement of
the mach ined mild steel using conventional and NOVIANO cutting tool. To have an understanding of the cutting
force variation patterns, a global view of the force waveforms is shown in Fig ure.6.
To examine the fo rce pattern in mo re detail, a s moothing method was apply with window size o f 500 given
in Figure 7. The waveforms show the cutting force variation fro m entering to exit ing the cutting for a whole cutting
length of 20 mm. When the cutter stated engaging to exit ing the cutting, there were significant variations of the force
amp litudes. This might be caused by the intermittent cutting process. This was follo wed by a stabilized cutting
period where the peak forces were evenly distributed, until the cutter started to exit the cutting.
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Figure 6. Global view of the force waveforms
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Figure 7. Cutting force waveforms
Since the measured cutting forces are in a co mplex waveform, the selection of suitable forces values for
investigation is important. The potential values can be the root-mean-square (RM S), the peak amplitude (p), the
peak to peak (PTP) values. However, there exist some problems with theses parameters. For instance, the values of
peak force amp litude can be affected by some disturbances such as tool-work piece v ibration. In this study, we
propose the use of an averaged mean value as the representative parameter. The determination method for this
parameter is to firstly select a stabilized cutting period or in a steady condition, for example appro ximately in
between 2 seconds until 11 seconds of cutting. Then find the peak force in each reading and finally calcu late the
mean value between stabilized times.
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Figure 8. Cutting force (N) XYZ under different feed rate (mm/min) (a) Conventional ;(b) NOVIANO
Figure 8, shows the cutting forces Fx, Fy and Fz for cutting tool conventional and NOVIANO under
different feed rate. Obviously, the principal of cutting forces state that Fz, to be the highest among the three cutting
forces (Tian et al. 2013). The averaged peak force co mponents in the X-Y-Z direct ions corresponding to different
feed rates are illustrated under the depth of cut 0.1 mm. It is shown among the three fo rce co mponents, the averaged
peak force for Fz is the largest, fo llo wed by Fy which is slightly smaller than Fx. Fro m the graph, it shows that with
an increase in the feed rate, the cutting forces also increase accordingly.
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Figure 9. Cutting force (N) XYZ under different depth of cut (mm) (a) Conventional (b) NOVIANO
The same exp lanation is also observed during machining under different of depth of cut. Figure 9 shows the
influence of depth of cut on the cutting force. The general trend is similar with machin ing under different of feed
rate. It can be seen that the peak forces also increase comfortably as result of increase in depth o f cut. This is due to
the fact that an increase in the chip load increases the cutting forces need to remove the material. Based on the
cutting force components in the X-Y-Z values for both conventional and NOVIANO, although the cutting force
produced on the NOVIA NO slightly higher than conventional, NOVIA NO cutting tool is able to machine more
productively at almost 30% higher feed rate.
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3.2 Surface Roughness
The surface quality after mach ining processes correlates very closely with the cutting paramet ers and the tool
geometries. These machining processes will only deterio rate the surface quality if the inappropriate parameters are
used, such as dull tools, too high feed speeds or depth of cut, improper cutting speeds, coolant or lubrication, or
incorrect tool hardness. Hence, the cutting parameters were chosen from the value suggestion according to
manufactured of cutting tool.
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Figure 10. Surface roughness, Ra (μm) under different of feed rate (mm/min) (a) Conventional (b) NOVIANO
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Figure 11. Surface roughness, Ra (μm) under different of feed rate (mm/min) (a) Conventional (b) NOVIANO

Figure. 10 and 11 shows the influence of feed rate and depth of cut on the arith metic average of the
roughness profile, Ra on the machined surface. At the variation of feed rate, the roughness profile for both cutting
tool increase when the feed rate increase. The feed rate of (718 mm/ min) with the depth of cut (0.1 mm) produce the
highest value of roughness profile for the NOVIA NO cutting tool. Ho wever, the value of roughness profile for both
cutting tool almost the same, this explained when the cutting speed reach it maximu m speed, the softening of the
material due to increased cutting temperature results in a s moother finish a nd so lower surface roughness
(Arunachalam et al. 2004).
At the variation of depth of cut, the roughness profile for b oth cutting tool shows a same pattern which is
when the depth of cut increase the roughness profile also increases. The feed rate of (718 mm/ min) with the depth of
cut (0.3 mm) produce the highest value of roughness profile. The interaction between feed rate and axial depth of cut
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has also a significant effect on the measured surface roughness. The surface roughness value increases with the
increase feed rate and the axial depth of cut (Moola et al. 2012).
The graphs for surface roughness at different feed rates and depths of cut show the NOVIANO tool to
produce higher roughness (Ra) values. This is related to the rake Angle of the NOVIA NO tool wh ich is +2°. The less
positive rake Angle also explains the slightly higher cutting force and surface roughness values produced by the
NOVIA NO cutting tool as compared to the conventional cutting tool. Ho wever, the NOVIANO cutting tool can
mach ine more productively at higher cutting parameters than conventional tools on Mild Steel material wh ile
achieving the maximu m tool life.
Based upon the cutting parameter provided fro m the manufactured, the axial depth of cut is found to be
most significant factor affecting surface roughness, followed by variation of feed rate. The lower depth of cut
(0.1mm), with lower feed rate (140 mm/ min ) and higher spindle speed (4170 min -1 ), are determined to be the best
choices for obtaining the lowest value of surface roughness for conventional cutting tool. However, the lower axial
depth of cut (0.1mm), with lower feed rate (179 mm/ min) and higher spindle speed (5640 min -1 ), are determined to
be the best choices for obtaining the lowest value of surface roughness for NOVIANO cutting tool. As co mpared to
the conventional cutting tool, the SE45 Noviano end mill was able to machine at 30% h igher feed rate and spindle
speed.
The surface roughness produced in milling operation depends on the feed rate and depth of cut. The use of
cutting parameter fo r selecting the best levels of combination for surface roughness (Ra) value suggests the use o f
low value of feed rate and depth of cut in order to obtain good finish. The greater the feed rate and depth of cut the
larger the cross-sectional area of the uncut chip and the volume of the deformed work p iece. Consequently, the
larger is the resistance of the work piece to chip formation and the greater is the cutting force leading to an
interaction overload between the cutting tool and the work piece creating bad surface quality. Fu rther, it can be seen
that the surface roughness decreases with the inc rease in cutting speed. So, the temperature rise softens the material
aiding grain boundary dislocation and thus reducing the surface roughness (Zhang et al. 2007).

Conclusion
A series of milling tests while end milling the mild steel were carried out with NOVIANO and conventional cutting
tools. The cutting forces and surface roughness were analy zed to identify the effect of feed rate and depth of cut and
the following conclusion can be made.
1.

It can be seen that the cutting forces will increase steadily as result of increase in depth of cut. . Th is is due
to the fact that an increase in the chip load increases the cutting forces need to remove the material.

2.

At the variation of depth of cut, the roughness profile for cutting tool shows a pattern which is when the
depth of cut increase the roughness profile also increases. Since the feed rate and depth of cut is increase,
the larger the cross-sectional area of the uncut chip and the volume of the deformed work piece. Thus, the
larger is the resistance of the work piece to chip formation and the greater is the cutting force lead ing to an
interaction overload between the cutting tool and the work piece creating bad surface quality.

3.

It was observed that, all analysis techniques delivered similar results such that the depth of cut is found to
be most significant factor affecting surface roughness, followed by feed rate.

4.

Based on the comparison for both conventional and NOVIANO cutting, although the value of cutting force
and surface roughness produced on the NOVIANO slightly higher than conventional, NOVIANO cutting
tool is able to machine more productively at almost 30% higher feed rate and reducing machining time.
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