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Abstract

Hardened steels are commonly used in wide aretecbhologies and industries. In respect of poor
machinability of these steels and requirement gfeesive cutting tools, study of machining
economy is a matter of importance. Thus the prestewly deals with the economic considerations
of various hole making processes. For this purptse,hard steel samples were machined by
conventional drilling and modern helical milling thviand without predrilling. The experiments
were performed on AISI D2 steel workpieces withaadimess of 52 HRC. The tool wear, surface
roughness, cutting forces and machining time weeasured. Results revealed that despite general
knowledge, applying predrilling step is not a sobikastrategy in hole making on hardened steels.
Furthermore, helical milling enhances the efficiernd process by improvement of tool life and
surface roughness and reducing the cutting foles.aforementioned results make helical milling
a more economical process than conventional dyillin
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1. Introduction

There is a direct relation between manufacturirdy@onomical aspects. Therefore, it is imperative
to establish processes with improved quality, loanofacturing cost and high production rate [1].
Machining processes have been considered as tkeo€ananufacturing. Machining is the broad
term used to describe a controlled-removal proogssaterial from a base workpiece to achieve
desirable dimensional tolerances and surface guadllitcreasing production rate along with
manufacturing cost reduction are the two main goaleodern machining technologies. In order to
meet these demands, manufacturing process shoubgthmized. Selection of optimal machining
conditions can establish a balance between quatity cost at various stages of operation. In this
case, it can be expected to fabricate a high pednce product with minimal manufacturing cost
[1, 2].

Along with developments of machining tools and appsses, the machined parts are also changed
to demonstrate better performance. One of the wréesl changes is using hardened steel which
introduces some challenges in their respective manhprocess. Accordingly, machining of such
components has been very active research field theelast decades [3, 4]. Friction and chemical
reaction of cutting tool and hardened workpiecadI® an increase in chip formation, wear rate and
cutting region temperature and subsequently aateletool failure [5, 6]. To avoid the
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aforementioned phenomena, studying the machinirgnpeters of hardened steels is of importance.
Hardened steels are commonly used materials inspace, die, excavation and power plants
industries. Generally, steel parts with hardnedsglier than 45 HRC are classified as the hardened
steels [7]. Compared to the conventional steels, hhrdened steels show different machining
behavior (such as cutting conditions at high fesd,retc.) [7, 8].

To the best knowledge of the authors, limited itigesions have been reported economics of
machining of hardened steels. Narita [9] preser#tedetailed investigation on the calculation
method of cutting conditions achieving minimum maatgy cost. In order to predict a total
machining cost, following parameters were choserthasdecision variables: cutting tool life,
electric consumption of a machine tool, coolanbrikcant oil and metal chip. Applying activity-
based costing (ABC) concept, the calculation ofiegtconditions were formulated and discussed.
The results indicated that increasing of cuttingespup to specified value can effectively reduce
the machining cost. Further increase of the cutipged showed reverse result due to excessive
wear of cutting tool.

Okada et al. [10] investigated cutting performamtevarious cutting tools in end-milling of
hardened steel. Their results showed that comgptlhol wear, surface roughness, cutting force and
cutting temperature can effectively improve maamgniperformance. Furthermore, in case of
carbide tools, higher tool wear was observed coatpao cubic boron nitride (CBN) tools.
Excellent surface roughness was also obtained 3B tools. lyer et al. [11] studied drilling of
hardened steel using conventional drilling processed innovative helical milling. The results
revealed that applying helical milling can enabley anachining conditions which provide
significant environmental and cost benefits. EBeof applying different cutting tools geometry
were evaluated by Olvera et al. [12]. They repotted increasing angle of helix in the cutting ool
leads to an increase of the wear volume. Jianxah. ¢13] scrutinized wear mechanism of cemented
carbide tools in dry cutting of hardened semi-aniite stainless steel. The SEM micrographs
represented transfer of material between the wedqimaterial and the tool. The EDX
spectroscopy also showed presence of W and Coeostdinless steel workpiece, while Fe, Cr, Ni,
Mn and Mo were identified on the tool. Based ondheerved results, they attributed the instability
of cutting force, surface roughness and tool wedin¢ mentioned material transfer.

In the light of above-mentioned explanations, ia phesent study conventional drilling and modern
helical milling of AISI D2 steel workpiece at a Haess of 52 HRC have been experimentally
compared. Tool wear, surface roughness, machimng &and cutting forces are measured as the
output variables.

Wear and fracture are two main factors affectirg liéfe. Wear is a gradual process which depends
on several factors such as work piece materialingufiuids, process parameters (cutting speed and
depth-of-cut), characteristics of the machine taobl process [14]. Figure 1 shows the most
effective tool wear parameters [15, 16]. Tool weenifests itself in different ways. However, it is
not impossible to restrict or minimize tool weadaoptimized machining process. As a result of
process optimization, economic conditions of maicigjrcan be provided.
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2. Helical Milling

Helical milling is known as an innovative method fsoducing high quality holes [17, 18]. In this

method, milling tool moves along a helical path asthoves materials from a workpiece. The
advantages of helical milling over conventionalliohg are its flexibility to produce holes with any

diameters and reducing manufacturing time. In aaltitoecause of the helical movement of tool,
significant reduction of tool wear is also obtaingdake to slighter contact of tool and workpiece
surface [19]. The schematic of the helical millprgcess is illustrated in Figure 2.

3. Experimental Work

3.1 Materials and Equipment

A rectangular block of AISI-D2 steel with dimensgonf 300x115x12 mrwas employed as the
workpiece. The workpiece was hardened using a yaceat treating furnace. In order to eliminate
any possible distortions, the workpiece was facdlethiafter the heat treatment. Chemical
composition of the workpiece was also analyzediical emission spectrometry (Table 1).

A 10.5 mm diameter carbide tool for drilling proseand an 8 mm diameter indexable tool holder
for helical milling process were applied. The irtsarvere held on tool holder of model K2-CLC,
PROMET, Co. Ltd. The cutting experiments were cated on a three-axis computer numerical
controlled (CNC) machine with a Heidenhain con&ol(FSO, CME, Co. Ltd) and maximum
spindle speed of 1800 rpm (Figure 3).

Work Tool Cutting Cutting Fluids
material material condition tool shape
1 I ]
I 1
Contact Cutting
stresses temperature

Figurel. Factors influencing tool wear

Tablel. Chemical compositions of hardened AlSI-E&k

Chemical elements Weight percent %
Chrome 121
Carbon 1.6

Vanadium 0.8
Molybdenum 0.71
Silicon 0.5
Manganese 0.3
Nickel 0.2
Iron Based
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Figure2. Schematic of helical milling process [20]

Figure3. Applied machine tools in the milling tests

In order to measure the cutting for, a dynamometer of model 9255Rigtler, Co, Ltd) was used
(Figure 4a). In additiora tool make's microscope was employed to evaluate the weahwaifithe
cutting tools. The wear width was quantifiby comparing the readings at the baseline ol
cutting tools before and after machining. The towker's microscope is shown in ure 4b.
Surface roughness measurements were also carrieditbua surface roughness tes(PS1, Mahr
Co, Germany). Thealculation was based on the mean roughness (resglaverage Ra). Ra is
arithmetic average of the absolute value of theyhoess profile ordinates. The average valu
surface roughness for three different points wasnted as the surface roughs of samples.
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3.2 Experimental procedure

In view of different nature of drilling and helicatilling processes, different cutting parameters
should be applied to attain optimized condition. ths end, the optimized cutting parameters of
drilling and helical milling were extracted by it experiments. Accordingly, the cutting speed,
feed rate and depth of cut were 30 mm/min, 0.1 wwititand 3 mm for drilling, and 50 mm/min,
0.1 mm/tooth and 0.1 mm for helical milling, resipsly. Each process was carried out with and
without predrilling step. The predrilling and findlameters of holes were 5.2 mm and 10.5 mm,
respectively. All the holes were created through workpiece thickness. To ensure the accuracy
and repeatability, the average values of the medsualues for four different holes were reported.
Totally, sixteen sets of experiments were accorhplis For the sake of the environmental and
economic considerations, no cutting fluids weredusehe machining processes.

(a)

Figure4. The used a) dynamometer and b) tool nmk@croscope [4]

4. Results and Discussions

Table 2 contains the hole making processes and tbspective tool wear, surface roughness,
cutting forces and machining time. All of the obtd results were analyzed by using Minitab 16
software. In the following, output variables arsatdissed separately.

4.1 Tool Wear

The tool wear results are illustrated in FiguréAS.it can be seen in this Figure, the tool wear in
helical milling decreases 263% and 647% compareitheadrilling process and with and without
predrilling, respectively. This reduction in tookear can be attributed to the different nature of
helical milling and conventional drilling processda helical milling, due to slighter physical
contact between tool and workpiece and lesser rabtemoval rate, the cutting tool encounters
minimum wear rate. Furthermore, significant deceeak tool wear is observed in holes without
predrilled step.
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Table2.The machining parameters and r respective characterization res

Test Cutting Depth Tool Surface . .
- Feed Cutting  Time
Number conditions process  speec (mmitooth) of cut wear roughnes force (N) ()
(mm/min) (mm) (mm) (Mm)
_ Helical 50 0.1 0.1 008175  0.501 3433 151
Without ~ milling
pre drilling -
Drilling 30 0.1 3 0.21437 1.0Z 984.67 15
Helical .
, . 50 0.1 0.1 0.14043 0.62 64.49 193
With milling
pre drilling -
Drilling 30 0.1 3 0.90892 1.72 1324 52

The reduction may be ascribed to the decrease tthguorces and temperatures machining
region. Higher cutting forces and temperatures teagasier plastic deformation and subseque
easier material removal.

1 0.90892

0.21437

0.14043
. . 0.08175

Drilling With pre Drilling Without Helical With pre Helical Without
drilling pre drilling drilling pre drilling

Tool wear (mm)
e e e
MW =~ WD

o
o i

Figure5. Tool wear of different machining conditions

4.2 Surface Roughness

Surface roughness is one tife fundamental parameters which influence surfggality and
product life. Surface roughness raises stress otrat®n and possibility of crack growth
dynamic loadings. These phenomena reduce prodectrithe current study, the surface rough
of each hole was measured at three different positiThe average value of the obtained data
reported as the surface roughness of the [21, 22].

As it is obvious in Figure 6the surface roughness of holes which created bigahemilling
decreases more than 2ifes than that of drilling proce, due to reduction of bu-up edges.
Unlike the drilling process, in helical milling, ghremoval material is in the form of tiny chi
which itself improves surface finish. Furthermooe, the basi«of the kinematic mechanisms a
type of material removal, lower cutting forces generated in helical milling process in whicl
reduces vibration and instability of process. Omdther hand, the predrilling step increases sei

roughness by produggy discontinues chig
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Figure6. The varaitions of surface roughness

4.3 Cutting Forces

Because of the negligible values of forces in X ahdlirections, the cutting force was or
calculated along Z direction. The cutting forcedrnlling process is much higher than heli
milling (Figure 7).As it is mentioned abo, the observed reduction of cutting force is relatethe
kinematic of material removal in helical milling.oké that the material removalin helical milli
produces discomtuous chips which leads to sinusoid dally varmatd cutting area. Thus, t¢-chip
contact length is lower compared to what in conwera drilling. Increasing of the cutting force
the processes with predrilling step is attributedtihie nature of utting process. In gener:
predrilling of the holes leads to an interruj-cutting condition which causes the cutting too
impact repeatedly and subsequently increases ttingtorce

4.4 Machining Time

The machining time for helical milling is rch higher than drilling because of the longer mg\
path of tool in helical milling. However, differehbles diameters can be milled without tool che
by using helical milling. As a result, no setup e¢ins wasted in switching between manufactu
opeaations which increases dimensional accuracy. ithe tesults are shown in fure 8.
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Figure7 The variation of cutting force in various proae
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Figure8. The variation of machining time

5. Conclusion
In the presenstudy conventional drilling and helical milling pesses had been compared on /

D2 steel workpiece with hardness52 HRC and with and without predrilling st. The results are

summarized as follow:
1- High quality holes with low cost can be producecusing modern helical millin
2- Remarkable reduction of tool wear was observed @licdl milling compared t

conventional drilling.
3- Unlike regular steels, predrilling of hardened kstegeteriorates the machining quality

workpieces.
4- Acceptable surfaceoughness of created holes in helical milling eliat@s the need «

further finishing processe
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5- In helical milling, due to low material removal eathe manufacturing time is higher than
drilling process. However, helical milling is capalf greatly improving productivity and
reducing costs, approaching the benefit of massymtoon.
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