ISSN 2078-7405. Pizanua ma incmpymenmu 6 mexnonoziunux cucmemax, 2020, sunyck 92

YK 621.91.01 doi: 10.20998/2078-7405.2020.92.05

V. Molnar, |. Deszpoth, J. Kundrak, Miskolc, Hungary,
A.P. Markopoulos, Athens, Greece

EFFICIENCY OF MATERIAL REMOVAL
AND MACHINING IN CUTTING

Abstract. Among the methods and parameters used for analyzing the productivity of machining
procedures, this paper deals with an analysis based on the efficiency (material volume removed in
unit time) of material removal. The paper focuses on how this specific indicator, the material
removal rate (MRR), changes when different machining procedures and production sub-phases are
considered.

Keywords: MRR; hard machining; machining time.

1. INTRODUCTION

The quality of a product, from its design to the end of production process
— i.e. all the steps of its production — is determined and influenced by the
quality and efficiency of each phase. The machining procedures are qualified
as up-to-date, developed, etc. based on their efficiency. Tremendous variations
have already been exploited during development, making the procedures
shorter, more profitable, etc. The machined parts became more exact and their
quality is improved; therefore, overall they became better and more efficient.
Some examples: high-speed machining procedures; application of high feed,
combined procedures; cold forming of surfaces; application of a wiper insert.

The new procedures are analyzed by comparative methods. They are
applied both to the accuracy and quality of the machined parts and to the
efficiency of machining or production. One of the possible analysis methods is
the study of material removal efficiency, in which the volume removed in unit
time, the material removal rate, is analyzed frequently.

In Table 1 the various applications are summarized by the technology
used and the objective of the MRR analysis. Kumar et al., for example,
analyzed the MRR by calculating the mass of the material removed in unit time
[1]. Moganapriva et al. measured the material mass and density to determine
the value of the MRR parameter [2]. Yadav et al. analyzed the volume of the
removed material and introduced a specific indicator by the consideration of
cutting time in which the tool is in direct contact with the workpiece [3]. The
surface rate and the material removal rate are calculated based only on the
cutting data by researchers and practitioners (e.g. tool catalogues) in [4], [5],
[6]. This means that the value of the MRR parameter is calculated by the
multiplication of the feed, cutting speed, and depth-of-cut.
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However, if the machining incorporates more than one different pass (e.g.
roughing and smoothing) or different machining procedures are intended to be
compared, this parameter is difficult to specify in analyzing the removal of a
certain material volume.

Furthermore, if we wish to transform this parameter into one that is
suitable for comparing machining or production processes, further time
components, which are needed for the production of machining of the
workpieces, not only the time of direct material removal (time in which the tool
and the workpiece are connected) has to be considered. Such additional time
components are for example the tool’s movement without any material removal
(approaching, overrun), the time of preparation and finishing operations, or the
time needed for workpiece changes.

Table 1 — Main applications of the material removal rate
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Milling [71 8], [°] |[10] [11] [11], [12]

Other: Connections between the cutting force and MRR [7]. Effect of
material removal strategy on the MRR [13].

Electro- [14], [15], [17] [14]
discharged [16]
machining Other: Connection between surface integrity and MRR [18]. Effect of
heat generation on MRR-re [19]. Effect of electrode rotation velocity
on the MRR [20]. Effect of dielectricum on the MRR [21].

Turning [22] [23] [24] [[24] |
Other: Connection between the MRR and machine-tool power [25]
LBM [26] [27] [28]
Grinding
Other: Simulation of determining MRR [29].
AWC [1] [30]
Drilling [31]

Special examples: Chemical mechanical polishing — mathematical modeling [32].
Dental grinding — Effects of technological parameters on the MRR [33]. Mechanical
polishing — Effect of vibration on the MRR [34]. Tungsten chemical mechanical
planarization — mathematical modeling [35]. Grinding sapphire wafers — Effect of
surface roughness on the MRR [36].
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Because of these factors (to extend the applicability and for more exact
analysis) the practical parameter of the material removal rate was introduced.
Its value is calculated on the basis of the actual time consumption of machining.
This specific value can express the economic efficiency of machining in a
realistic manner [37], [38], [39].

This paper investigates how the MRR values change in the various
production phases when two different types of tools are applied in machining
components having different geometrical values and being machined in
different batch sizes.

2. ANALYSIS, METHOD

The efficiency of material removal in cutting is expressed by the material
volume removed or the surface area machined in unit time. Here time is
defined as the duration when the cutting tool is working. This value is
considered by us as a theoretical value [40] because this efficiency parameter is
based only on the theoretical time of removing material from the machined part.
This is not realistic in a real production process because production cannot be
realized without the consideration of further time parameters. Several factors
are often considering in machining: machining time, piece time, norm time,
operation time, sequence time, etc. The time parameter is set based on which
process phase is to be analyzed. If only the time (t) of the direct continuous
contact of workpiece and tool is considered, the formula is:

L A V

tz'n'f:tzvc'f:tzvc'f'ap: (1)

where L is the machined length; A is the machines area; V is the volume of the
removed material; n is the revolution-per-minute of the workpiece; f is the
feed; v is the cutting speed and a, is the depth-of-cut.

If this time is the basis of cutting, the specific value is only a theoretical
one in the sense that it expresses only the time of material removal. This time
characterizes the tool wear or tool life well but does not provide information on
the efficiency of machining or production process. Here we investigate what
deviations occur in the analyses if only this theoretical time is considered. This
is why the theoretical material removal parameter, which is based on this
cutting time, is considered as a basis (100%) in the analysis and the differences
are provided in percentage values. The definitions of the most frequent
parameters applied in time analysis of the material removal or production
process are listed below.

Main time (tm): part of the base time, it expresses the duration in which
shape formation is realized on the workpiece. The main time has two parts: one
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is when the machining is being carried out by a workstation or machine (tmw)
and the other when the work is done manually (tmm).

I:i':'! = ti'i'!.'lr\' + ti':'!.i'i'! (2)

Additional time (ta): part of the base time; it is needed only indirectly for
the fulfillment of the specified task. This time is an accompanying component
to the main time, which means that it is present in machining each workpiece.
Examples for this parameter are workpiece clamping, tool approach, machine
warming-up, etc.

Base time (tb): sum of the main time and the additional time.

ty =t +tg 3)

Supplementary time (t5): time rate for servicing (tsen) the workstation(s)
and for personal needs or relaxing of workers (tpn). The supplementary time is
expressed as a proportion of operation time.

Piece time (t,): sum of the base and the supplementary time.

Lsery T tpr:)
— (4)

tp ty (1 + 100
Time of preparation and finishing tasks (tyrep): before machining it is
necessary to prepare for the machining task (e.g. studying the blueprints and
the technological plans; tooling the machines) and after machining some
additional tasks have to be performed (e.g. doing paperwork, removing tools).
Norm time or operation time (top): time needed to machine one workpiece
of the sequence (n: batch size)

to=CR (5)

In our comparative analyses these time components are used for
calculating the MRR value. Machining of four disk-type components was
analyzed. Geometrical values and cutting data are summarized in Table 2.

In order to analyze the efficiency of the whole sequence, further time
parameters have to be considered. In our study the preparation time was 1500s
and the change time of the workpiece was 10s. Two batch sizes were analyzed:
n;=300 pcs and n,=600 pcs.
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Table 2 — Technological data of the analysis

Part L[mm] | L'[mm] | D[mm] | vc[m/min] | nw[l/min] | L/d
| 33.8 35.8 83 180 690 0.41
1 27.35 29.35 48 180 1194 0.57
11 42.8 44.8 62 175 898 0.69
1\ 35.1 37.1 35 120 1091 1.00
frst 0.15 frRw 0.3 ap,r [mm] 0.1
fsst 0.08 fsw 0.12 ap,s [mm] 0.05

3. RESULTS AND DISCUSSION

The focal point of our study is that errors can be made by the process
engineer if the theoretical values are considered in the efficiency analysis. For
example, in the case of comparing two different procedures, the machining or
production process or sub-process incorporates different elements. The time
and MRR values are summarized in Table 3.

In Fig 1 the time and MRR values characterizing the efficiency of
machining or production are represented. The tn(L) value is the time of actual
material removal in length L and this value was considered as a basis for the
analysis (100%). In the whole production process there are additional time
components, that need to be determined for exact calculations. The tm(L")
machining time incorporates not only the machining of the L length but also
the approach and the overrun of the tool. The base time (ty) incorporates the
change time of the tool as additional time beyond the machining time. The
value of this is fixed. The piece time (t,) incorporates the supplementary time
as a rate of the base time. Its value is determined based on plant practice. In the
calculation of the operation time (top) the preparation time of the sequence was
considered as a fixed value.

In case of the analyzed workpieces (different geometry and technological
data) the order resulting from the calculations of the time parameters was
II>IV>I1I>1. Varying the batch size (n1 and n2) and the applied insert/feed
(st/w), four technological variations can be formed: st/ni; w/ni; st/n and wi/n,.
The change of batch size does not influence the machining main time, the base
time, or the piece time. By increasing the feed (i.e. applying the wiper insert)
these values decrease by 38-41%. The batch size slightly influences the
operation time. The order of the technological variants based on the operation
time is w/nz>wi/ny>st/ny>st/n;.

The practical values of the material removal rate (MRRy;p) were compared
to the theoretical value (Fig. 1). In contrary to the time parameters of the
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machining, these values decrease because in the calculation of MRR the

removed material volume is divided by higher and higher time components.

Table 3 — Time and material removal rate values

Insert
Batch size [pcs]

Part

tm (L)

S04

MRRuwp,op [MM?3/s]

‘ standard

wiper

n;=300

56.31

69.64

S| MRRypm [mmés]

o
o

J MRRypp [Mm?/s]

o

| MRRwp, [Mm¥s]

0.26

26.35

38.28

0.21

54.78

57.34

67.34

77.44

82.44

0.38

0.36

0.31

0.27

0.25

36.99

39.09

49.09

56.46

61.46

0.26

0.25

0.20

0.17

0.16

34.27

36.30

46.30

53.25

58.25

0.64

0.61

0.48

0.41

0.38

16.04

17.21

27.21

31.29

36.29

0.64

0.60

0.38

0.33

0.28

33.35

34.90

44.90

51.64

56.64

0.63

0.60

0.46

0.40

0.37

2251

23.80

33.80

38.87
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0.29

0.25

0.22
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wiper
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56.31

59.64
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26.35
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46.52

0.39
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Figure 1 — Time and efficiency values for different geometrical

and technological data
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Figure 2 — Machining time and operation time as a function of the insert (applied feed)
and batch size (Part: I; Borehole: L 33.8 mm, d 83 mm)

In case of the analyzed workpieces (different geometry and technological
data) the order resulted from the calculations of the different material removal
rate values was I>III>11>1V. The order of the technological variants based on
the material removal rate calculated by the operation time is
winz>wi/ny>st/ny>st/n1, which is identical to the order based on the operation
time.

In Figure 2 it can be observed that the increase of batch size does not
influence the machining time but it decrease the operation time by 3-4%. The
applied insert and therefore the increase of feed decreases the machining time
by 39% and the operation time by 32%.
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Figure 3 — The practical material removal rate based on the machining time and
operation time as a function of the applied insert
(Part: I; Borehole: L 33.8 mm, d 83 mm)
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The following findings were made concerning the machining time and the
operation-time based practical value of material removal rate (Fig. 3): the
machining-time based MRR is not influenced by the increase of batch size; the
operation-time based MRR is increased by 3.7-5%. With the applied insert and
thus the increase of feed, the machining-time based and operation-time based
MRR are increased by 64% and 48-50%, respectively. The machining-time
based MRR increased by 64% and the operation time-based increased by
55.6% in case of the parallel increase of the two influencing factors (ni/st—
I'lz/W).

The effect of change in batch size on the operation time and the material
removal rate was analyzed generally. The data of Part Il were considered (Fig.
4). It was found that with the increase of batch size, the operation time
converges to the piece time and the operation time-based MRR converges to
the MRRw;, calculated based on the piece time. On the basis of Fig. 4 a certain
batch size can be determined if the practical value of the material removal rate
is designated as a proportion of the MRRy;pp. In the figure the batch size values
used as examples are connected to the rates 0.85; 0.9 and 0.95. The
intersections show the values of batch sizes (ng.gs=185; Np.9=300; No.95=650).
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Figure 4 — The operation time and the operation-time based material removal
rate as a function of batch size
(Part: 11; Borehole: L 27.35 mm, d 48 mm)
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Figure 5 — The analyzed MRR and time parameters in case of the st/n1 parameter
combination (Part: I; Borehole: L 33.8 mm, d 83mm)

If the batch size is given, then based on Fig. 4 the practical value of MRR
and its rate to MRRywpw connected to the batch size can be determined in order
to facilitate decision-making.

In Fig. 5 the analyzed time and MRR efficiency parameters are
demonstrated for a chosen workpiece. The time parameters are ordered by their
increase and meanwhile the practical material removal rate parameters
(connected to the different time parameters) show a decrease. Thus, the higher
the number of time components of the production process considered, the more
the efficiency of material removal decreases.

4. CONCLUSION, SUMMARY

In this paper some parameters expressing the efficiency of material
removal were introduced when machining certain workpieces. It was also
shown how these parameters change if more realistic time components of
machining are considered in the calculations. The chosen efficiency parameter,
which can be applied to any process phase, is a specific indicator which
incorporates the efficiency of allowance removal and the time consumption
required by the technological conditions. Since the production process
incorporates numerous steps (and so different time components), the first step
of the efficiency analysis has to be the decision of what process phase or what
procedure the practical value of MRR is intended to be applied for, and
whether we need to analyze efficiency or apply it for a comparative analysis.
The deviations in the analyzed parameters from the theoretical value

44



ISSN 2078-7405. Pizanua ma incmpymenmu 6 mexnonoziunux cucmemax, 2020, sunyck 92

demonstrated for different geometries. The results proved that it is not enough
to analyze the theoretical MRR values, because this can result in a distorted
conclusion.
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BixTop Monsnap, lntean [e3nor, Anom Kynnpak, Mimkounsm, Yropmuaa,
Amrenoc [1. Mapxkomrynoc, Adinn, I'pertis

E®EKTUBHICTDb BUJAJIEHHSA MATEPIAJTY
TP MEXAHIYHIN OBPOBIII PI3AHHSAM

AwnoTtauist. E¢pexmugHnicms 6uoanents mamepiany npu pi3anii 6UpajNcacmvcsi 00ca2om mamepiany,
wo eudansiemvpcs abo niower noeepxti, 0opobneroi 6 odunuyro yacy. Yac eusHauaemvcs sk
mpusanicme pobomu pigxcyyoco incmpymenmy. Lle 3nauenns poszensidacmuvcs sk meopemuune,
OCKIibKU Yyetl napamemp epekmueHoOCmi 3aCHOBAHUL MITbKU HA MEOPEMUYHOMY 4acl 6UOANCHHS
mamepiany 3 o0bpobmosanoi demani. Lle nepeanvho y eupobnuvomy npoyeci, momy o
BUPOOHUYMBEO He Modice Oymu peanizosame Oe3 ypaxysanHs 000amMKOSUX YACOBUX NAPAMEmpIL.
OOHUM 3 MOJICTUBUX MEMOOi6 aHANi3y € GUGUEHHS epeKMUBHOCMI GUOANEHHS MAmepiany, npu
SAKOMY aHanizyemvcsi 00csie, auoanenutl 8 oounuyto yacy (MRR). V yiii cmammi docuioxcyromovcs
sminu MRR Ha pizHux emanax supoOHuymea, npu UKOPUCMAHHI 080X PI3HUX MUNIE IHCMPYMEHMIE,
3ACMOCO8YBAHUX Y PI3HUX 8UOAX 0OPOOKU, AKI Malomv pi3Hi 2eomempuuui napamempu i npu
00pobyi pisnux posmipie napmiii oemaneil. IIpu 06pobyi neenux demaieti Oyau 68edeHi OesKi
napamempu, wo eupaicaioms egexmusnicmo guoanenus mamepiany. Taxodc 6yno nokasamo, sk
SMIHIOIOMbCA  Yi  napamempu, AKWO 68 PO3PAXYHKAX —68pAXO8VIOMbCA  Oiibul  peanicmuyHi
KOMNOHeHmu mepMiHy 00pobku. Bubpanuii napamemp egpexmusnocmi, sikuil modce Oymu
3acmocosanuli 00 Oyob-aKoi hazu npoyecy, € cneyianrbHum IHOUKAMOPOM, SIKUll 6KIIOYAE 8 cebe
epexmusHicmy GUOANEHHS. NPURYCKY | 6UMPAmu 4acy, HeoOXiOHi 3a MeXHOIOIUHUMU YMOBAMU.
OcKinbku uUpoOHUYULL npoyec 6KIOYAE 6 cebe uucieHHi emanu (i, omoice, pi3Hi 4aAcosi
KOMNOHeHmMU), nepuum emanom auanizy egexmusnocmi mac Oymu piuwenus npo me, O1a AKOi
¢hazu npoyecy abo 0ns AKoi npoyedypu NOBUHHA 3ACMOCOGY8AMUC npakmuuna yinuicmos MRR, i
uy nompiono Ham npoamanizyeamu egexmusnicmo abo 3acmocysamu il a5 NOPIGHATLHOO
ananizy. Bioxunenns ananizoeanux napamempie 6i0 meopemuino20 3HA4eHH NPOOEMOHCMPOBAH]
0N pi3HUX 2eomempiil iHcmpymenmie. Pesyibmamu 0ogenu, wo He0oCmamubo NpOaHANizyeamu
meopemuyni 3navenns MRR, momy wo ye mooice npuzsecmu 00 UKPUBTEHO20 BUCHOBKY.

Kuarouosi ciioBa: MRR; sicopcmia obpobxra; wac o6pooxu.
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