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Summary

The objective of this study is the selection of cutting data (such as v, f ap) and tool materials (PCD,
ceramic, CBN and carbide cutting tools) in order to improve the surface roughness in precision turning
operation of parts made of pure titanium (GRADE 2). Machining parameters and tool materials are
considered as input parameters. The surface roughness is selected as the process output measure of
performance. A Taguchi approach is employed to gather experimental data. Then, based on signal-to-
noise (S/N) ratio, the best sets of cutting parameters and tool materials specifications have been
determined.
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Dobor warunkow procesu toczenia precyzyjnego tytanu metoda Taguchi i ANOVA
uwzgledniajacej parametry chropowatosci powierzchni
Streszczenie

W artykule przedstawiono dobor warunkéw procesu toczenia (v, f ap) oraz materiatu narzedzia (ostrze
z PKD, ceramiki, CBN, weglikéw spiekanych) do obrobki precyzyjnej elementéow z czystego tytanu
(GRADE 2), z uwzglednieniem kryterium chropowato$ci powierzchni. Warunki procesu obrobki i ma-
teriat ostrza sg wejsciowe, natomiast wybrane parametry chropowatosci stanowia parametry wyjsciowe.
Badania doswiadczalne prowadzono, wykorzystujac metode Taguchi. Okreslenie wartosci proporcji
intensywnosci sygnatu (S) i szumu (N) byto podstawa doboru parametréw procesu skrawania oraz
materiatu narzedzia.

Stowa kluczowe: toczenie precyzyjne, metoda Taguchi, chropowato$¢ powierzchni

1. Introduction

Rapid technical development is connected with thiestant need of new
construction materials with new features. Howeymgctical usage of these
materials is strictly connected with their prodantiand treatment methods.
Therefore, it is needless to say that searchingniw technologies is as
important as developing the older ones.
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Nowadays, the most common method of shaping mirggtarts and their
surface layer is precision machining [1].

Modern material removal processes, especially fatenmals which are hard
to machine, are expected to keep high end-produality and reliability, to
have high performance ratio, to deal with econoisécies and to be more and
more enviromentally friendly. As there are more andre products made of
hard-machinable materials such as titanium or hiakeys or special ceramics,
there is an urge need to find new and more effectiachining methods [1-3].

Since few years, there has been an increasing f@ednicro-scale
components in such fields of industry as automotaxgation, electronics etc.
It stimulates the development of micro-machininggasses such as micro-
turning or micro-milling.

The required accuracy (in 4 to 6th grade) and sarfuality Ra= 0.5 to
2 um) is obtained by using the appropriate treatmectiniology [4].

Titanium and titanium alloys are extremely difficth cut material. It can
be explained by the physical, chemical, and meciaaproperties of the metal.
Titanium and titanium alloys have low thermal coctiltity and high chemical
reactivity with many cutting tool materials. Itswothermal conductivity
increases temperature at the cutting edge of a thdtitionally, the low
modulus of elasticity of titanium alloys and itsghi strength at elevated
temperature impair its machinability [5-19].

Titanium owing a relatively low modulus of elastycipresents more
“springiness” than steel. Slender parts tend tdedefunder tool pressures,
causing chatter, tool rubbing, and tolerance proble The entire system should
be very rigid and the tool should be properly skiafery sharp).

The next important feature of titanium and titaniaftoys is a complete
absence of “built-up edge”, which causes a highashg angle (the lack of
a stationary mass of metal ahead of the cutting).tdtis causes a thin chip
to contact with a relatively small area on theiogttool face and results in high
bearing loads per unit area. The high bearing facoebined with the friction
developed by the chip results in a great increaskeat on a much localized
portion of the cutting tool.

Titanium and titanium alloys are generally used domponents, which
require the greatest reliability and therefore theface integrity must be
maintained. Machined surface characteristics s@ch aurface roughness and
form as well as a sub-surface characteristics agch residual stress, a granular
plastic flow orientation and surface defects (pitypamicro-cracks, etc.) are
important in determining the functional performardemachined components.
The quality of surfaces of machined componentseigrdhined by the surface
finish and integrity obtained after machining [5:19
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In literature, Response Surface Methodology (RS84) Ibeen used by some
researchers for the analysis and prediction ofstivface roughness. However,
few researchers have applied a Taguchi approactoss examine the impact of
individual factors and factor interactions, althbuthe Taguchi method is
relatively simple and can be used for optimizinfjedéent production stages with
few experimental runs. The aim of the present siadtherefore, to investigate
the surface roughness in precision turning of gitemium (Grade 2) with the
aid of a Taguchi design of experiment, using (P€&amic, CBN and carbide
cutting tools under various cutting conditions. hbased on a signal-to-noise
(S/N) ratio, the best sets of cutting parametedstanl materials specifications
has been determined. Using these parameters vahgesurface roughness of
titanium parts may be minimized.

2. Experimental

2.1. Taguchi experiment: design and analisis

Traditional experimental design procedures are ¢tooplicated, very
expensive and not easy to use. A large number mérarental works has to be
carried out when the number of process parametergdases. To solve this
problem, the Taguchi method uses a special desigrttiogonal arrays to study
the entire parameter space with only a small nunabexxperiments. Taguchi
methods have been widely utilized in engineeringlyesis and consist of a plan
of experiments with the objective of acquiring dita controlled way, in order
to obtain information about the behavior of a gipeacess [20-24]. The greatest
advantage of this method is saving of effort indumting experiments; saving
experimental time, reducing costs, and discovesiggificant factors quickly.
The steps applied for Taguchi optimization in tlimidy are presented in
Figure 1.

2.2. Machining conditions and experimental design

The material used in this work was a pure titaniimiGrade 2). Table 1
shows the chemical composition (wt. %) of titaniufhe thermal and
mechanical properties of the material are showraiole 2 and 3 respectively.

The test sample was prepared in the form of si&8t,mm diameter
with separated parts. The cutting tools types usdtie experiments are listed
in Table 4.

Turning tests were carried out on a Masterturn W@ different cutting
speeds, feed, depth of cut and cutting tools; ico@ance with the Taguchi
experiment design. The lathe equipped with variadpendle speed from 1
to 3000 rpm, and a 7.5 kW motor drive was usedHertests.
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Select noise and control factors

4

Determine suitable working levels of the designdex

%

Select Taguchi orthogonal array

v

Run experiments

v

Roughness parameters measurement

%

Analysis results; (Signal-to-noise ratio)

v

Predict optimum performance

v

Confirmation experiment

Fig. 1. Taguchi design procedure [20-24]

Table 1. Chemical Composition of Ti — Grade 2

Element Content, wt. %
Carbon 0.10
Iron 0.20
Hydrogen 0.015
Nitrogen 0.03
Oxygen 0.25
Other, total 0.30
Ti 98.885

Table 2. Mechanical properties of Ti — Grade 2

Proporties
Tensile Strength, Ultimate 344 MPa
Tensile Strength, Yield 276 — 448 MPa
Modulus of Elasticity 103 GPa
Shear Modulus 45 GPa
Hardness 200 HB
Poisson ratio 0.37

Table 3. Physical and thermal properties of Ti ad&r2

Proporties
Density 4.51 g/crh
Thermal conductivity 16.4 W/mK
Heat capacity 0.523J/g C
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Table 4. Geometry of the cutting edge

Types of cutting

tools Tool designation Tool holder Geometry
Polycrystalline 0= 6% )= 1%
diamond (PCD) CNMA 120404 1D5 K = 95°

Carbide insert CNGP120408 H13A %o 260;_’;;’; 5

DCLNR 2020 K12—— é{ ——

CBNinsert | CNGA120408S01030AWH 7015 o '_”095’0_ ’
=

Ceramic insert CNGA 120408T IS8 %o :KGO;_V"Q;_G);
=

Taguchi methods which combine the experiment desligrory and the
guality loss function concept have been used ireldging robust designs of
products and processes and in solving some taxioiglgms of manufacturing
[1, 13, 14, 16, 19]. The degrees of freedom for foarameters in each of four
levels were calculated as follows: degree of Frae{@OF) = number of levels
-1 (1). For each factor DOF equals to:

For (A); DOF=4-1=3

For (B); DOF=4-1=3

For (C); DOF=4-1=3

For (D); DOF=4-1=3

In this research 16 experiments were conductedifegreht parameters.
Taguchi L orthogonal array was used, which has sixteen mmuesponding to
the number of tests, with four columns at four IsvEor the process parameters
in precision turning, four factors, each at fourels were taken into account, as
shown in Table 5.

Table 5. Precision turning parameters

Parameter Code Levels
1 2 3 4
Cutting tools A PCD insert CBN inse€eramic insentCarbide insert
Depth of cuta,, mm B 0.05 0.075 0.1 0.125
Feed ratef, mm/rev C 0.038 0.048 0.058 0.077
Cutting speedy,, m/min D 75 100 125 150

Data experiment results and S/N ratio for parars&arSzare presented in
the form of orthogonal array.b. (Tab. 6). The researcher collects data by 16
conditions. Each condition will be determined by tlactors. For instance the
first condition is identified by the kind of cutgrntools at PCD insert, depth of
cut at 0.05 mm, feed rate at 0.038 mm/rev, cugpeed at 75 mm/min as well.
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Table 6. L15(4%) Orthogonal Array, Experiment results and S/Norati

Cutting parameter level
A B C D SIN SIN
Experiment Sa ratio, Sz ratio,
Number Types of | Depth Feed Cutting dB dB
Cutting | of cuta, | ratef, speedv,, for Sa for Sz
tools mm mm/rev m/min
0.05 0.038 75
! PCD insert (Level 1) | (Level 1)| (Level 1) 0.226) 12.918 5.78-15.163
(Level 1) | 0.075 0.048 100 i
2 assigned | (Level 2) | (Level 2)| (Level 2) 0218 13231 2.2]-6.888
anumerical 0.1 0.058 125
D -
3 value | (Level 3)| (Level 3)| (Level 3) 0235 12579 2.37-7.310
[1] 0.125 0.077 150
4 (Level 4) | (Level 4)| (Level 4) 0.201| 13.936| 1.89| -5.529
0.05 0.048 125
D_
5 CBN inserf (Level 1)| (Level 2)| (Level 3) 0398 8002 4.8%-13.661
(Level 2) | 0.075 0.038 150 ko
6 assigned | (Level 2) | (Level 1)| (Level 4) 0.444| 7.052| 6.7%-16.586
anumerica 0.1 0.077 75
i value | (Level 3)| (Level 4)| (Level 1) | 0-°83| 4.687) 134-22.542
[2] 0.125 0.058 75
8 (Level 4) | (Level 3)| (Level 1) 0.444| 7.052| 16| -24.082
. 0.05 0.058 150 L
9 Cit;:]rsaerﬂlc (Level 1) | (Level 3)| (Level 4) 0.637| 3.917| 6.26-15.931
0.075 0.077 125
10 (éll_ses\i/glngzj (Level 2) | (Level 4)| (Level 3) 0.601| 4.423| 14.4-23.167
- 0.1 0.038 100
11 a n\lljerlrueélca (Level 3)| (Level 1)| (Level 2) 0.231| 12.728 4.21-12.486
12 [3] 0.125 | 0.048 /S 10634 3.958| 5.82-15.208
(Level 4)| (Level 2)| (Level 1) ) ) T T
. 0.05 0.077 100
13 Ci;r:;t();g[e (Level 1)| (Level 4)| (Level 2) 0.622| 4.124| 2.91 -9.278
0.075 0.058 75
14 g_:s\i/;gé (Level 2)| (Level 3)| (Level 1) 0.401| 7.937 | 2.19| -6.809
- 0.1 0.048 150
15 an\l/J;Pueerlca (Level 3)| (Level 2)| (Level 4) 0.31 | 10.173] 3.94-11.910
16 [4] 0.125 0.038 125 0.296 10.574 2.387.532
(Level 4)

The surface roughness of the work piece was caroied using the
measuring system of Taylor Hobson. To visualizéasar test measurements
TalyMap program was used. In the study, measuremefitthe surface
topography of the selected parameters in the fatigwconditions: sampling
length (cut-off,A.) Ir = 0.8 mm, number of sections 5, evaluation lergtk
4 mm, the number of registered Nx = 1000, sampdiegpAx = 1 um, stylus tip
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radiusrq, = 2pum, the speed of the stylus, = 1 mm/s, the size of the surface on
which the measurements of topography 1x1, numbsections 100, the interval
of measurements roughness of 0.1 mm and Gaus#ien iias applied. The
measurements were repeated three times for statiptirposes.

3. Results and analysis of experiment

3.1. Analysis of the S/N Ratio

In the Taguchi method, the term ‘signal’ represethis desirable value
(mean) for the output characteristics and the temgise’ represents the
undesirable value for the output characteristi@guthi uses the S/N ratio to
measure the quality characteristic deviating fréva ¢tlesired value. There are
several S/N ratios available, depending on the tfpeharacteristics: lower is
better (LB), nominal is the best (NB), or highetbmstter (HB) [13]. Smaller is
better S/N ratio was used in this study, becauser@arameters of surface
roughnessRaandR2 were desirable.

Quality characteristics of the smaller is bettecafculated according to the
following equation:

1= =10 x log, [(1/n) x (y, )] (1)

wheren is the number of measurements in a trial/row gnid the measured
value in a run/row. The S/N rati@lues werdisted in Table 6 for parameters of
surface roughnes§éandS3). Table 7 shows the response table for S/N rdtio o
Safor “smaller is better” obtained for different paneter levels.

Table 7. Response table for Signal to Noise Rati@&aof

Level Types of Depth of cutay, Feed ratef, Cutting speedyv,,
Cultting tools mm mm/rev m/min

1 PCD insert 7.240 10.818 7.375

2 CBN insert 8.161 8.841 9.284

3 Ceramic insert 10.041 7.871 8.894

4 Carbide insert 8.880 6.792 8.770
Delta — 2.801 4.026 1.909
Rank 1 3 2 4

The analysis of S/N ratio ddarevealed, that the first factor that causes
parameteSato be great is the type of the cutting tool, ésd rate, depth of cut
and cutting speed as latest factors, respectiValgle 8 shows the response table
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for S/N ratio ofSzfor “smaller is better” obtained for different pameter levels.
The analysis of S/N ratio @zfound, that the first factor that causes parameter
Szto be great is the type of the cutting tool, éed rate, cutting speed and depth
of cut as latest factors, respectively. After tllag, analysis is made to determine
suitable factor of each main factor from S/N ratie,shown in Figure 2 and 3.

Table 8. Response table for Signal to Noise Rati& of

Level Types of Depth of cutay, Feed ratef, Cutting speedyv,,
cutting tools mm mm/rev m/min

1 -8.722 -13.508 -12.942 -14.953

2 -19.218 -13.363 -11.939 -13.183

3 -16.721 -13.562 -13.533 -12.917

4 -8.882 -13.110 -15.129 -12.489
Delta 10.495 0.451 3.190 2.464
Rank 1 4 2 3

From the S/N ratio analysis (Fig. 2 and 3) theraptimachining conditions
were 100 m/min cutting speed (level 2), 0.038 mm/Aeed rate (level 1),
0.1 mm depth of cut (level 3), PCD cutting toolev@l 1) for parametega
150 m/min cutting speed (level 4), 0.048 mm/redfeste (level 2), 0.125 mm
depth of cut (level 4), PCD cutting tools (levelf@) parameteBz respectively.

a) b)

14

124

ol /\
g
. 84 //
P \\‘/‘
S 6- . " : ; T . . .
o 1 2 3 4 0.050 0.075 0.100 0.125
® Types of cutting tools Depth of cut a, mm
z ¢ d)
@ 144
ta}
& 12
9}
=

10 \
/\.‘.
8- \‘\ /
T T ¥ T T T T T
0.038 0.048 0.058 0.077 75 100 125 150
Feed rate £ mm/rev Cutting speed v_, m/min

Fig. 2. S/N ratio values for paramefa a) types of cutting tools, b) depth of cut,
c) feed rate, d) cutting speed
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0.038 0.048 0.058 0.077 75 100 125 150
Feed rate £ mm/rev Cutting speed v_, m/min

Mean of S/N ratio for Sz, dB
o

Fig. 3. S/N ratio values for parame&r a) types of cutting tools, b) depth of cut,
c) feed rate, d) cutting speed

3.2. Analysis of Variance (ANOVA)

ANOVA is a statistically based objective decisioakimg tool for detecting
any differences in the average performance of graiptems tested. ANOVA
helps in testing the significance of all main fast@and their interactions by
comparing the mean square against an estimateeoéxperimental errors at
specific confidence levels. First, the total sunsgfiared deviations Seq SS from
the total meardai Szratio n, can be calculated as:

Seq SS L1 (n — np)? (2)

wheren is the number of experiments in the orthogonayaandn; is the mean
Saor Szfor the experiment. The percentage contributi@a® be calculated as:

SeqSs
SeqSs

PY% = 3)

where Seq S$is the sum of the squared deviations. The ANOVAlltesare
illustrated in Table 9 foBaand in Table 10 foSz Statistically, there is a tool
called an F test, named after Fisher [15] to seelwHlesign parameters have
a significant effect on the quality characteristic.

In the analysis the F-ratio is a ratio of the meguare error to the residual
error and is traditionally used to determine thgndicance of a factor. The
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P-value reports the significance level (suitablé ansuitable) in Table 9 and 10.
Percent (%) is defined as the significance ratéhefprocess parameters on the
parameters Sa and Sz. The percent numbers decipththapplied types of
cutting tools, feed rate, depth of cut and cutspged have significant effects
on Sa It can observed from Table 9 that the appliecs$ypf cutting tools (A),
feed rate (C), depth of cut (B) and cutting spebyl &ffect the Sa rate by
50.75%, 20.57%, 8.50% and 4.22% in the precisionirig of pure titanium
(Grade 2), respectively. A confirmation of the exmental design was
necessary in order to verify the optimum cuttingditons.

Table 9. Analysis of Variance f@ausing Adjusted SS for Tests

Source DF Seq SS Adj MS F P, %
Types of Cutting tools 3 0.21074 0.07025 3.18 50.74
Depth of cuig, 3 0.03531 0.01177 0.53 8.50
Feed ratd 3 0.08543 0.02848 1.29 20.57
Cutting speed, 3 0.01752 0.00584 0.26 4.22
Error 3 0.06627 0.02209 - 15.96
Total 15 0.41527 - - 100

Table 10. Analysis of Variance f@zusing Adjusted SS for Tests

Source DF Seq SS Adj MS F P, %
Types of Cutting tools 3 157.82 52.61 1.5p 49.81
Depth of cuia, 3 6.24 2.08 0.06 1.97

Feed ratd 3 39.44 13.15 0.38 12.45
Cutting speed, 3 9.53 3.18 0.09 3.01

Error 3 103.80 34.60 - 32.76
Total 15 316.83 - - 100

3.3. Development of Response Surface Model

The analysis with Taguchi method mentioned abownianalysis only for
the main factors that affect paramet&a and Sz without any consideration
of correlation between factors. Therefore the netea has performed Response
Surface Regression in the analysis of correlatidawéen factors.

The above analysis revealed that contour plotsacdrpetersSaare curves
(Fig. 4). Therefore, the mathematical model suitdbtepredicting the suitable
value is the Quadratics model (equation (4)) bysaering the Full Quadratics
model as shown in equation (5) (param@&agrand equation (6) (parametsy.
The coefficients of factors that affect respondeeare as shown in Table 11.

Y = bo+ DiXat boXot+ DaXat baxat D11%*+ DagXo™+ Dagxa™+
+ b44X42+ D1oXiXot DrgXaXat D1aXaXet DogXaXat DoaXoXat DaaXaXa 4)
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Fig. 4. Sample contour plots of parameder

With the above coefficients of factors that affeesponse value the
mathematical equation can be built as follows:
Mathematical model for forecasting paramedar

Sa = 0.128697+0.086009Fypes of cutting tool®-57116%,+
+38.0591f-0.02034%,-0.07921*Types of cutting todls
+56.9252%,” —114.843f +0.00012%,> +2.01841*Types of cutting
toolsray+3.79478*Types of cuttingools*f —7.76E-04*Types of cutting toots,
—230.907*a,*f —0.01161*a,* v —0.0548*f* v, (5)

Where types of cutting tools are 1, 2, 3, 4.
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Table 11. Coefficients of factors that affect resgmpownalue

Parameters Coef for Sa Coef for Sz
Constant 0.128697 —14.8875
Types of cutting tools 0.086009 35.8353
ap -0.57116 -694.914
f 38.0591 4499.99
Ve —0.02034 —1.98477
Types of cutting tools* Types of cutting tools -0.07921 —10.4595
ay*a, 56.9252 407.426
L -114.843 —23584
vc*ve 0.00012 0.004536
Types of cutting toolsta 2.01841 66.5592
Types of cutting tools*f 3.79478 70.6766
Types of cutting toolstv —7.76E-04 0.027693
ap*f —230.907 —15892.3
ap*Vve —0.01161 12.381
v, —0.0548 -3.13643

Mathematical model for forecasting parameer

Sz = -14.8875+35.8353* Types of cutting tools 6942} +4499.99%-
~1.98477%.-10.4595* Types of cutting tods407.426%,° -23584%°
+0.004536Y,” +66.5592* Types of cutting toola}+
+70.6766* Types of cutting tools*f + 0.027693* Tagof cutting tools¥,
—15892.3%a,*f +12.381*a,* v, -3.13643*f* v, (6)

Where types of cutting tools are 1, 2, 3, 4.

The model of the appropriate parametersSafas the 4rd equation is the
comparison between the real value and the foretasteie of the model by the
parameter as shown in Table 12 as follows:

The information in Table 12 show the result of twmparison between
actual value and forecasted value. The forecastétes of paramete®a have
the average error of only 0.015%.

4. Conclusion

Surface roughness is an important measure of peafwwenin machining
operations. This study investigates the overaleaf of turning parameters
(cutting speed. depth of cut and feed rate) and kihicutting tool geometry
specifications on surface roughness of Ti (Gradpga2)s. To model the process.
Taguchi method has been employed for experimeerttb.t Then analysis of
variance (ANOVA) and the response surface methaggolvas used to
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determine optimal values of input parameters tdexehthe minimum surface
roughness; as the process output characteristibge dptimal machining
conditions were 100 m/min cutting speed (level @38 mm/rev feed rate
(level 1), 0.1 mm depth of cut (level 3), PCD cutitools (level 1) for
parameteiSa 150 m/min cutting speed (level 4), 0.048 mm/reed rate (level
2), 0.125 mm depth of cut (level 4), PCD cuttinglsadevel 1) for parametesz
respectively.

Table 12. Comparison of actual value and forecastithge of parameteBa

Cutting parameter level
A B C D

Sa

Experiment
number Types of | Depth of Feed Cutting

cutting cut ay, rate f, speedv,, |Actual | Predicting | %Error
tools mm mm/rev m/min

005 | 0038 | 75 -
1 (Level 1) | (Level 1)| (Level 1) | 9-226| 0226 | 0.0315

PCD insert
0.075 0.048 100 o
2 (Le.vel 1) (Level 2) | (Level 2)| (Level 2) 0.218 0.218 2.3566
assignedy—=g- 0.058 125
3 numerical ) : 0.235 0.235 2.18299

(Level 3) | (Level 3)| (Level 3)

value 1
0125 | 0077 | 150 -
4 (Level 4) | (Level 4)| (Level 4y | 0201 | 0.201 1 0.0291%

0.05 0.048 125 o
5 (Level 1) | (Level 2)| (Level 3) 0.398 0.398 1.6642

CBN inser
0.075 | 0.038 150 -
° éls';\éenlezc; (Level 2) | (Level 1)| (Level 4) 0.444 0.444 0.5174
7 numerical , 91 0.077 S | 0583 0583 | 0.12469
value 2 (LeVel 3) (LeVeI 4) (LeVeI 1)
8 0.125 0.058 75 0.444 000 C1ras

(Level 4) | (Level 3)| (Level 1)
0.05 0.058 150 o
° Ceramic| (Level 1) | (Level 3)| (Level 4) 0.637 0.637 0.8131

insert 0.075 0.077 125

0,

10 | Level 3)| (Level 2) | (Level 4)| (Level 3) | 00| 0601 | 03412
assignech 0.1 0.038 100 o

1 numerical (Level 3) | (Level 1)| (Level 2) 0231 0231 09118
12 value 3 0.125 0.048 75 0.634 0.634 0.82230

(Level 4) | (Level 2)| (Level 1)
0.05 0.077 100

0,

13 Carbide | (Level 1) | (Level 4)| (Level 2) | 0-622| ~ 0.622 | 0.4873

insert 0.075 0.058 75 o

14 (Level 4)| (Level 2) | (Level 3)| (Level1) | 0401 | 0401 | 1.0730%
assignech 0.1 0.048 150

15 0.31 0.31 1.8560%

numerical (Level 3) | (Level 2)| (Level 4)

16 value 4| 0125 | 38 | 125 | 0208 0296 | 1.5401%
(Level 4)
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In addition the effects (in percent) of each thpaeameters on the output
have been determined. It is shown that the kinthefcutting tool has the most
significant effect on the surface roughness.
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