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OPTIMIZATION OF CUTTING FORCES
DURING PLUNGE TURNING OF HARDENED
18CrMo4 STEEL

Bogustaw Pytlak

Summary

The paper investigates the influence of cutting parameters (vc, f, m) on the main cutting force Fc and the
feed force Fr during finish plunge hard turning of hardened 18CrMo4 steel with the use of Cubical Boron
Nitride (CBN) inserts. The experimental research was conducted according to the Taguchi methodology.
On the basis of the research results obtained, optimal values of cutting parameters were determined, for
which the cutting forces Fc and Fr are minimal. Next, the analysis of variance ANOVA was performed in
order to determine the significance of the impact of particular cutting parameters on the optimized criteria.
Verification tests which were carried out confirm the conclusions drawn that the greatest influence on
cutting forces Fec and Fr has the cutting speed vc which should be the greatest and feed f which should be
the lowest.
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Optymalizacja sit skrawania podczas wgtebnego toczenia zahartowanej stali 18CrMo4

Streszczenie

W pracy okre$lono wptyw parametrow skrawania (vc, f, m) na sktadowa gtéwna sity skrawania Fc i
sktadowa posuwowa Fr podczas wykonczeniowego wgtebnego toczenia na twardo stali 18CrMo4 w
stanie zahartowanym. Stosowano ptytki z regularnego azotku boru (CBN). Badania eksperymentalne
prowadzono przy uzyciu metodyki Taguchi’ego. Analiza uzyskanych wynikéw badan byta podstawa do
ustalenia optymalnych wartosci parametréw skrawania, dla ktérych sity skrawania Fc i Fr, przyjmuja
warto$ci najmniejsze. Wykonano réwniez analize wariancji ANOVA w celu okreslenia istotno$ci wptywu
poszczegblnych parametréw skrawania na optymalizowane kryteria. Prowadzono badania weryfikujace,
ktorych wyniki potwierdzity przyjeta hipoteze, ze najwiekszy wplyw na sity skrawania Fci Frma predko$¢
skrawana ve. Stad nalezy stosowac duza predkos¢ skrawania, natomiast minimalny posuw.

Stowa kluczowe: wgtebne toczenie na twardo, sity skrawania, optymalizacja, metoda Taguchi’ego

1. Introduction

The increase in popularity of hard turning in rdcgars has brought many
interesting variations of the plunge turning metH&#l The most important
advantage of this machining method is the reduaifanachining time of approx.
75-90% as compared to straight hard turning, ewnguthe Wiper geometry
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inserts. This is a significant advantage in therantr pressure to reducing the
manufacturing time and production costs. Anotheraathge of hard turning with

plunge feed is distribution of the cutting processr a considerable length of the
cutting edge of the insert, which in combinatiothvthe short contact time of the
stock with the tool results in extension of thel tde [2, 3]. Other benefits include

the elimination of coolant and helical machiningrksa Of course, hard turning

with plunge feed has several drawbacks. The mam ienthe occurrence of

increased cutting forces resulting from the disttitn of the cutting process over
a considerable length of the cutting edge. In &dithe quality of the finish, as

well as the strength of the cutting edge of thelinsust be high [2].

The width of the machined surface during plungaing is limited to the
length of the cutting edge of the insert. Howeiféhe machining surfaces mating
with sealing rings, this restriction is not an @loé, because the contact of the
sealing ring with the shaft surface occurs on g wenall width. The results of
preliminary research presented in paper [4] indi¢hat the surface of the steel
18CrMo4 after plunge hard turning perfectly mebts tequirements for suitable
geometrically-dimensional accuracy and surface rlaygoperties [5-7].
Chromium-manganese steel 18CrMo4 is a common rahferi gear parts, for
example for toothed shafts mating with the seaiings. So far, the most common
in industrial practice as finishing operation offages mating with the sealing
rings is used plunge grinding with a sufficientlyngy time of sparking-out,
recommended by most manufacturers sealing rings.pFbblem of alternative
methods of finishing surfaces mating with the seplings was raised, among
others in the papers [8-10].

2. Methodology

The paper investigates the influence of the cutiimeedr., plunge feed and
displacemenin on the criteria of the main cutting forEe and feed forc&:. The
following measurements were performed during tiseaiech: mean values of the
main cutting force~c avg and the feed forcBrawg, maximal values of this forces
Fc maxandFs max The mean value of cutting forcEsavgandFs agwas determined
only for the time period in which the values ofgsbdorces exceed the level of at
least 50 N. The displacement paramaberonsists in a small movement of the
insert along its cutting edge, the purpose of wigdhe elimination of the effects
of profile roughness of the cutting edge on the iveed surface [2]. It occurs
after the completion of the plunge feed movemerthefcutting insert.

The experimental study was performed with the ufethe Taguchi
methodology. This methodology allows a simple, ogfit, and systematic
improvement of product quality and/or a reductibrisomachining costs by using
experimental research. Traditional designs of #peement are complicated and
difficult to use. Additionally, when the numberioput parameters increases it is
necessary to perform a large number of experimgtifs Orthogonal arrays
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designed by Taguchi allow for simultaneous and pedelent assessment of the
influence of two or more input parameters on th&uwouparameter when the
minimal number of experiments is performed. In Traguchi methodology, the
lost function is defined which is the differenceviaeen the desired value and the
experimental value. In turn, the lost function &ntransformed to the signal-to-
noiseS/Nratio, which, depending on the characteristichef €xamined quantity
can be: the smaller-the better, the bigger-thechedind the nominal-the better.
Values of the signal-to-nois8/N ratio for the cutting force§. and F; were
calculated adopting the smaller the better criteriSB), with the use of the
following equation:

SIN = —10Iog(ii yf} (1)
i=1

where:n — number of the measurements for a given layouh@fexperimental

design,yi — measured value of the investigated parametgafdiess of the type
of the optimized size, the largest value of 8iBl coefficient corresponds to the
optimal levels of the cutting parameters.

Three setting values of the cutting parameters wseel in the experimental
researctv.= 100, 200, 300 m/mirf,= 0.02, 0.04, 0.06 mm/rev ama= 0, 0.025,
0.05 mm, successively referred to as level 1, 23arkhe experimental research
was conducted according to the experimental ddsgad on the orthogonal array
Lo (Table 1). For each layout of the experimentaligiesS repetitions were
performed. During the research, the following alitievels of the cutting
parameter are assumeg= 200 m/min,f = 0,02 mm/revm = 0.025 mm labeled
as:ve2, f1, m2.

Table 1. Setting levels and the corresponding watiie¢he cutting parameters
for particular layouts of the experimental desigisdxd on the orthogonal array L

Layout No. Ve f m Ve, m/min f, mm/rev m, mm
1 Vel fl ml 100 0.02 0
2 Vel f2 m2 100 0.04 0.025
3 Vel f3 m3 100 0.06 0.05
4 Vc2 fl m2 200 0.02 0.025
5 V2 f2 m3 200 0.04 0.05
6 V2 3 ml 200 0.06 0
7 Ve3 fl m3 300 0.02 0.05
8 Ve3 f2 ml 300 0.04 0
9 Ve3 3 m2 300 0.06 0.025

For each attempt at a final stage of the machimirtyyell is performed which
is equal to two shaft rotations, aimed at assusithgquate dimensional accuracy
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of the machined surface. The research was condumtethe shaft having
dimensions 0f260x300 mm, made from 18CrMo4 steel. 27 grooves wet®n
the shaft with dimensions of 4x4 mm, which cre&@&@dylindrical surfaces with
the width 6 mm (9 layouts of the design x 3 refmetg), used in the course of the
research. In the next step, the shaft underwentall@ving thermo-chemical
treatments: carburizing to the depth of 2 mm, hairde and tempering to the
hardness of 60+2HRC. The machining was carriedouihe CNC lathe TUG 56-
MN. Monolithic inserts TNGX1103085S-R-WZ of CBN10Qrade which
consisted of 50% CBN (grain size 2 um) and 50% U$€d as the binder were
used for finishing hard turning. The inserts welamped in the tool holder
CTJINR 2525 M11. During the research, a 0.2 mm-tlagkr of the material was
removed for each attempt. The test stand withi#eslftesting shaft is shown in
Figure 1.

Fig. 1. View of the test stand

The measurements of cutting foréesandF: were performed using a Kistler
dynamometer type 9272 connected to the charge fenpliype 5070. The
measured data were acquired using an A/C card 283A4 and software
DynoWare. Statistical analysis of the results wadqoumed using the software
package Statistica v.12.

3. Results and their analysis

Values obtained from the measurements (mean fraepé8titions) of the
main cutting forces$c avg Fc maxand feed cutting forces: avg and Fr max with the
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correspondingS/Nsg ratio after turning with the plunge feed are presd
in Table 2.

Table 2. The values of the main cutting forBesvs Fc maxand feed cutting forces avg andFs max
with corresponding/Nss

Layout S/Nsg, dB S/Nsg, dB S/Nsg, dB S/Nsg, dB
No. Fc avg N fOI’ Fcavg Fc max N fOI’ chax Ff avg, N fOI’ Ff avg Ff max, N fOI’ Ff max
1 276.0 | -49.132 457.3| -54.066 499|6 -53.587 749.557.579
2 388.0 | -51.782 691.6| -55.44f 591|8 -56.813  898.959.083
3 351.3 | -51.067 623.0] -55.408 587|5 -56.072  880.258.916
4 2481 | -47.922| 436.4| -54.264 515|2 -52.858  772.357.779
5 269.1 | -48.600] 549.3| -55.178 573|5 -54.817 884.858.940
6 268.5 | -48.695] 513.5| -55.40p 586|8 -54.319 88].058.924
7 189.7 | -45.613] 364.1| -53.248 4587 -51.260 6771.856.625
8 233.0 | -47.351] 489.3| -54.955 559|4 -53.793  764.157.664
9 239.4 | -47582| 546.6| -55.64p 605|3 -54.759  825.058.330

Table 3. The mean values of t8A\ss ratio for particular setting levels of cutting pareters for
the mean valu€. aigand the maximum valueé: maxof the main cutting force

FC avg FC max
Cutting

parameter Mean valueS/Nsg, dB S/NSE ma

level 1| level 2| level 3 S/Nssmin level 1 level R level|3 S/Nssmin

Ve, m/min | -50.660 -48.406| -46.849| 3.812 -55.491 -53.998| -53.270 2.220
f, mm/rev | -47.556| -49.244| -49.115| 1.689 -52.568| -55.141| -55.050 2.573
m, mm | -48.393| -49.095| -48.427| 0.703 | -53.900| -54.810| -54.050|  0.910
Total mean ratigg=-48.638 dB; Total mean ratigg=-54.253 dB;
— optimal level — optimal level

Mean valueS/Nsg, dB S/NsB max—

Table 4. The mean values of t8A\sg ratio for particular setting levels of cutting pareters for
the mean valu€ avgand the maximum value max of the feed cutting force

= avg Ft max

Cutting

parameter Mean valueS/Nse, dB | g/Nggma | M€AN ValueS/Nss, dB SINSB max-

level 1 | level 2| level 3 S/Nssmin level 1 level P level|3 S/Nssmin

Ve, m/min | -54.972 -54.946| -54.617| 0.355 -58.526 -58.548| -57.539 1.008

f, mm/rev| -53.859| -55.192| -55.484| 1.625 |-57.328|-58.562| -58.723 1.395

m, mm | -54.808 -55.119| -54.608| 0.511 | -58.056| -58.397| -58.160| 0.342

Total mean ratig=-54.845 dB; Total mean ratig=-58.204 dB;
— optimal level — optimal level

In Tables 3 and 4 and Fig. 2 and 3, mean valuethet/Nss ratio are
presented for particular set-up levels of cuttiagameters for the cutting forces
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Fcavg Fcmax@nd Fravg Frmax IN addition, these tables comprise the difference
between maximum and minimum value of 818kg max— S/Ns minratio calculated
for each cutting parameter and the total mean vahfehe S/Nsgratio.
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Fig. 3. The graph of mean values of 8f&ks ratio for mean valu€r avg
and maximum valu€t max Of the feed cutting force

Analysis of Tables 3 and 4 and Fig. 2 and 3 shdwas ih most cases the
optimal levels of cutting parameters (the highedtes ofS/Nsg are as follows:
ve3, f1, ml. Only forFravgthe optimal value of displacemants at a level om3,
i,e. m = 0.05 mm. Summarizing the above experimental ltsthe most
significant effect on the components of the cutfioge Fc andF; is the cutting
speed. and feed (the largest differences of tBéNsg max— S/Nsg min. The increase
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in the cutting speed, and the decrease in the féedlue reduces the components
of cutting force. The displacememthas practically no effect on the value of the
components of the cutting force, because it dodschange the cut of an
undeformed chip. This is confirmed by the smalld#ferences between
S/Nsg max— S/Ng minfor this parameter.

Figure 4 shows an example chart of the main compdreand the feed
component; of the cutting force for the optimal values of thiting parameters:
V=300 m/minf = 0.02 mm/revm= 0 mm.

1000

800

600

400

ForceFe, Ft, N

200

0 0,1 0,2 0,3 04 0,5
Timet, s

Fig. 4. An example chart of the main comporienand feed componeft of cutting force
for the optimal values of the cutting parametess: 300 m/minf = 0.02 mm/revm= 0 mm

An almost 2-times higher value of the feed cutfiomge F; (Fig. 4, Table 2)
results from the fact that the insert TNGX110308568YZ has a protective
chamfer of the cutting edge with a width of 0.1 nam,angle of 20° relative to the
rake face. Thus, the whole cutting process takaseplvithin the chamfer.

At the next stage of the research, analysis ofamag ANOVA was
performed to determine which particular cuttinggmaetersy, f, m significantly
influences the components of the cutting foféeeand Fi. The analysis was
performed at the significance level of 1% (99% aterice level). The results
of the ANOVA for the cutting forceEc avg Fcmaxand Fravg Frmax are given in
Tab. 5 and 6.

Analysis of variance ANOVA for the mean value oé timain cutting force
Fcavg (Table 5) indicates the greatest impact is thénmutspeedv. — 77.41%,
followed by the feed — 18.61%. However, as regards the maximum valukeof
main cutting forcd=c may the feed — 58.11% has the greatest influence, and next
the cutting speetk — 34.94%. Reasons for this situation should beglsoin a
large negative angle of the rake face of the ir@etking in the area of protective
chamfer) and in the fact that the maximum valuthefforce determines only the
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highest and usually short-lasting moment of thérmgiforce (Fig. 4) which occurs
the moment the insert enters the stock, and theréfe impact of the feefdis
more important. Consideration of the mean valuthefmain cutting forc€&c avg
gives a more general picture of the participatibeaxh cutting parameter in the
total variance of this force. Therefore, the finahclusion should be drawn that
the cutting speetk has a greater impact on the main cutting fdfgethan the
feedf. Analysis of variance ANOVA for the feed cuttirayéeF; (Table 6) in both
cases of the mean vall#& ag and the maximum valuBs max reveals that the
feedf has the greatest impact on this force. This douion amounts to 85.89%
and 61.22%, respectively. Next is the cutting spegdhich accounts for 4.48%
and 34.86% of total variance of the feed cuttingdd-, respectively. While the
displacement parameter for the cutting forcd=c andFs has minimum impact.

The contribution of the order of a few percent ragice should be considered
negligible.

Table 5. Results of the analysis of variance ANO@Athe mean valuEc avigand the maximum
valueFc max0f the main cutting force

Cutting Deglf'ees Fe avg Fc max
parameter, fre(()iom Sum of | Mean = Contribution, | Sum of | Mean = Contribution,
squares| square % squares|square| %

Ve 2 22.039| 11.019115.453 77.41 7.688| 3.844 76.935 34.94
f 2 5.300 | 2.65Q0 27.768 18.61 12.787 6.394 127.96458.11
m 2 0.943 | 0.471 4.93§ 331 1429 0.714 14.800 6.49

Error 2 0.191 | 0.095 0.67 0.100  0.0p0 0.45

Total 8 28.472 100.00 22.005 100.00

Table 6. Results of the analysis of variance ANOdAthe mean valuBr avgand the maximum
valueFt max Of the feed cutting force

Cutting Deg:c.eeS Ffavg Ffmax
parameter fre(c)iom Sum of | Mean F Contribution, | Sum of | Mean F Contribution,
squares| square % squares|square %

Ve 2 0.235| 0.117 2.197 4.48 1.991 0.995 4951 34.86

f 2 4502 | 2.251 42.102 85.89 3.496| 1.748 87.037 61.22
m 2 0.398 | 0.199 3.719 7.59 0.184 0.092 4.576 3.22
Error 2 0.107| 0.053 2.04 0.04p 0.020 0.70
Total 8 5.242 100.00 5.711 100.00

After determining the optimal levels of the cuttipgrameters, in the next
step, a verification experiment is performed thatai practical way confirms
the improvement of the optimized criteria. For ol values of cutting
parameters due to the cutting forces, the valud@S/N ratio was determined
labeled agopt [12]:
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Nopt =11 +i(/7i -n) (2)

where:z; — value of theéS/Nratio for the optimal level of the cutting paraeret
i —number of parameters affecting the optimizetbddn in a significant way.

Table 7 shows the results of the confirmation expent using the optimal
cutting parameters based on the criteria of cuftinges.

Table 7. The results of the confirmation experinfenthe optimal values of the cutting
parameters based on the criteria of cutting forces

Optimal cutting parameters
Initial cutting parameters
Prediction | Experiment
Level ve2, f1, m2 Vo3, f1, ml ve3, f1, ml
Force Fcag N 263 215
Fcmay N 397 415
Fravg N 543 508
Ftmax N 827 720
VBg, pm 152 148
S/Bratio, dB -48.419 -45.520 -46.649
Fcavg |IMmprovement ofS/B
ratio, dB 1.750
S/Bratio, dB -51.976 -51.232 -52.361
Fc max |Improvement ofS/B .0.385
ratio, dB )
S/Bratio, dB -54.696 -53.594 -54.117
Ftavg [Improvement o5/B
ratio, dB 0.579
S/Bratio, dB -58.350 -56.514 -57.147
Ftmax |Improvement o5/B 1.203
ratio, dB )

Table 7 shows, that the average improvement irSthiratio is 0.787 dB.
Thus, a change in the cutting of the initial letlthe optimal level allowed
a visible reduction of the value of the cuttingdes. It should be noted that the
optimal value of the cutting speegfor optimization criteria is 300 m/min. As
a final optimal cutting parameters values are psepo. = 300 m/min,f = 0.02
mm/rev,m = 0.025 mm {3, f1, m2), as this will allow the reduction of cutting
forces by 20%. This, in turn, will provide more [d& cutting conditions,
minimizing the chance of vibrations, which haveemyvdamaging effect on the
CBN inserts. The proposed displacement len2lhas no significant impact on
the value of cutting forces.

For the proposed optimal cutting parameter levesfl, m2, parameters of
surface roughness were measured, which are ag/folRa= 0.058 umRz=0.42
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um,Rmax= 0.61 um. These parameters fulfill the requiremémt the properties
of the surface layer as recommended by manufastofesealing rings.

4. Conclusions

The paper presents the results of the optimizaifautting parameters due
to the criteria of occurring cutting forcEsandF; using the Taguchi methodology.
This made it possible to reduce the number of éwpmants carried out to
determine the optimal levels of cutting parame(ggsf, m). Summarizing the
above results, the following conclusions can bevdra

* On the basis of the mean value of B ratio, the optimal cutting
parameters levels for cutting forcés and Fs — vc3, f1, ml (v. = 300 m/min,
f=0.02 mm/revm= 0 mm) can be determined.

* On the basis of a subsequent analysis of variAh&8VA, it can be seen
that the cutting speed accounts for 77.41%, and the fdedfor 18.61% of total
variance of the main cutting forégav For the feed cutting fordeg, in both cases,
andF;agandFrmaxrevealed a greater impact fefethis proportion is 85.89% and
61.22%, respectively. The contribution of the egtspeed., amounts to 4.48%
and 34.86%, respectively. Displacememfor cutting forces has a practically
negligible impact on these quantities.

» For optimal cutting parameter levels, the resufsthe confirming
experiments confirmed the above conclusions. Itpessible to obtain a decrease
in cutting forces by 20%, as compared to the indtigting parameters.

» The proposed final optimal cutting parameterslkesaee as followsi.3,f1,
m2 (V= 300 m/minf=0.02 mm/revm= 0.025 mm).
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