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AN STUDY ON SELECTING CUTTING REGIME TO ATTAIN
SUITABLE ROUGHNESS AND DIMENSIONAL PRECISION
IN BOTH WHEN HARD TURNING TEMPERED ALLOY STEEL

NGHIEN CUU LUA CHON CHE DO CAT DAM BAO DAT DUGC DO NHAM BE MAT
VADO CHINH XAC KiCH THUGC KHI TIEN CUNG THEP HOP KIM DA NHIET LUYEN

ABSTRACT

The paper presents an experimental study about the influence of cutting regime
parameters (cutting speed, feed rate, depth of cut) on two performance
characteristics: surface roughness and dimensional precision when hard turning the
tempered alloy steel on the CNC lathe by PCBN tool. Taguchi technique and analysis of
variance (ANOVA) in designing experiment and analyzing results has been applied to
define the contribution of cutting regime parameters on the characteristics. Taguchi L
design matrix with nine experimental runs was conducted to define sets of optimized
parameters for each under the experiment conditions. The combination of Taguchi
method and grey relation analysis (GRA) was also performed to solve multi object
optimization. A set of optimized cutting regime parameters have been defined, that
allow to get both low surface roughness and high dimensional precision. An aplication
study case is introduced, too. The optimized parameters have been applied to
machine the intake valve of the internal combustion engine, effectively.

Keywords: Taguchi method, Analysis of Variance (ANOVA), Grey Relation
Analysis (GRA) hard turning, PCBN insert.
TOM TAT

Bai bdo trinh bay mgt nghién c(fu thuc nghiém anh hudng cla ché do cat
(toc do cat, lugng chay dao, chiéu sau cat) dén cac chi tiéu dau ra la do nham bé
mat va dd chinh xdc kich thudc khi tién ctiing thép hgp kim da nhiét luyén trén
may tién CNC bang dao PCBN. K§ thuat Taguchi va phén tich phuang sai (ANOVA)
duoc st dung trong thiét ké thuc nghiém va phén tich két qua dé xac dinh mic
dd anh hudng cla timg thong s ché do cdt dén cac chi tiéu dau ra. Ma tran thuc
nghiém Taguchi L, vdi chin thi nghiém duoc st dung dé xac dinh bo thong s6 toi
uu cho ting chi tiéu dau ra. Phuang phap Taguchi két hop véi phan tich xdm
(GRA) ciing dugc ap dung trong nghién cu nay nhdm thyc hién tdi uu héa da
muc tiéu. Bo thong so t6i uu da muc tiéu xac dinh, cho phép nhén dugc dong thoi
@0 nhdm bé mat thap va do chinh xac kich thudc cao. Mot nghién cttu (ting dung
cling dugc gidi thiéu trong bai bdo nay. Bo thong s6 t6i uu tim dugc 6 trén dugc
st dung d€ gia cong hiéu qua xuppap nap dong co dét trong.

Tir khoa: Phuang phdp Taguchi, phdn tich phuong sai (ANOVA), phdn tich xdm
(GRA), tién cting, manh dao PCBN.
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1. INTRODUCTION

Hard turning is a special case of turning, in which hard
metals (45 - 65 HRC) are finish machined using ceramic or
polycrystalline tools [1]. Hard turning become effectively
process when it is conducted on CNC lathe with high rigidity,
strong PCBN tools. Very fine roughness and tolerances can
be produced by the process. So it is used to replace for
grinding in many cases. The use of hard turning and dry
machining replacing for grinding also reduces
environmental pollution, towards green production.
However, how to most appropriately select its cutting
regime is not clearly introduced. Some researches related to
hard turning have been conducted. Here are some studies
related to this issue. A study was conducted to determine the
effects of cutting conditions and tool geometry on the
surface roughness by using mixed ceramic inserts with
different nose radii and different effective rake angles [2].
The feed is the dominant factor to determine the surface
finish followed by nose radius and cutting velocity. Though
the effect of the effective rake angle on the surface finish is
less, the interaction effects of nose radius and effective rake
angle are considerably significant. Another surface
roughness model was developed on AISI 1050 hardened
steels by Cubic Boron Nitride (CBN) cutting tools under
different conditions, using response surface methodology
[3]. Results revealed that the feed rate is the most dominant
factor on the surface roughness, but it decreased with
decreasing cutting speed, feed rate and depth of cut for CBN
tools. In an investigation [4], different methods were
employed such as OA, S/N ratio, ANOVA to investigate the
effect of three parameters such as speed, feed, depth of cut,
on the performance measure of surface roughness. The
paper [5] presented a study on selecting cutting regime to
attain suitable roughness and dimensional accuracy in both
when CNC turning SUS304 stainless steel by carbide insert.

In this study, the hard turning of tempered alloy steel
40Cr on CNC lathe by PCBN tool is investigated. The Taguchi
technique and analysis of variance (ANOVA) followed by
grey relation analysis (GRA) were used to conduct the study.
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The contribution of each cutting regime parameter on the
roughness and dimensional precision were defined. By the
way, an optimal parameter combination for roughness and
dimensional precision in both was then obtained. At the end
of the paper is a study case, in which the intake valve of the
internal combustion engine is machined by hard turning.

2. TAGUCHI METHOD & GREY RELATION ANALYSIS

Taguchi method [6] was introduced since the late
1940s. The method is broadly accepted as a DOE which has
proven to produce high quality products at subsequently
low cost. Two important tools used in the method are
Orthogonal Arrays (OAs) and Signal to Noise (S/N) ratios.

The orthogonal array is an experimental matrix, such
that the fewest number of trials but the greatest amount of
information obtained. An orthogonal array describing the
inputs, the levels of those factors, the number of
experiments and the configuration of those experiments. It
is selected from the set of Taguchi OAs according to the
number of experimental variables, levels of each variable,
accuracy requirements, experimental conditions ... S/N (n,
dB) is defined as the ratio of the wanted signal towards
random noise and, in general, it represents quality
characteristics for the observed data. Maximization of S/N is
desired for parameters of the design. In design there are
often many interacting design parameters. So, an
exploration of the effects of the combinations of
parameters is a necessity. It will, however, not be realistic if
there are many numbers of parameters. The signal to noise
ratio (S/N) is a measure of the magnitude of a data set
relative to the standard deviation. If the S/N is large, the
magnitude of the signal is large relative to the noise as
measured with the standard deviation.

S/N =-10lg (MSD) (1)

Where MSD = mean squared deviation from the target
value of the quality characteristic.

Consistent with its application in engineering and
science, the value of S/N is intended to be the large; hence
the value of MSD should be small. Thus, the mean squared
deviation (MSD) is defined differently for each of the quality
characteristics considered, smaller, norminal or larger.

For smaller is better:

MSD 2 V1TV Yt 4y, @

n

Where y,, y,... y, result of experiments, observations or
quality characteristics such as length, weight, surface finish...

n: Number of repetitions (y,)
Let T=>(y,~y,) the sum of all deviations from the

i=1
target value, we have the sum of squares of deviations:

y Iz_ﬁ_i Z_M

i=1 n 5 n

Website: https://tapchikhcn.haui.edu.vn

- The sum of squared deviations factor A is calculated
by the following formula:

Herein: y;, - Theith result of factor A at level k
n,, - Number of repetitions of factor A at level k.

If there are 3 factors A, B, C and does not take into
account the interactions of the factors we can define the
error sum of square:

Se=S51-SA-Sg-Sc (5)
- Contribution level of factors and error:
Pa=Sa/St; Ps=Sg/St; Pc=Sc/St; P.=S./S; (6)

Grey relation analysis [7, 8]

Grey System theory was introduced to science world in
1982. Grey Relational Analysis (GRA) is a part of Grey System
theory and used for decision making in multi attribute
cases. The GRA process includes the following steps:

Step 1: Preprocessing data

Data values of target function are normalized to scalar
values in the range from 0 to 1.

Denote:

ygo)(k) : Original reference sequence of the target
functions values

y{”(k): Comparable sequence of the target functions
values

yi*(k) :Normalized sequence of the target functions values

Withi=1, 2, 3,...., m are experimental indicators; k =1,
2, 3,.., n are the target functions.

- If the data have “the larger-the better” characteristic:

* max(y;)—yj
Yi

(7)

B max(yij)—min(yij)
- If the data have “the Smaller-the better” characteristic:
* Yij —mi”(Yij)

Yi

_ ’ (8)
max(yij )— mln(yij )
Step 2: Calculating of Grey Relational Coefficient and Grey
Relational Grade
Let the deviation

sequence between reference

sequence Y, (k) and comparable sequence y'” (k) as

Agi(k): AOi(k):|ij —Yij| ©)
Grey Relational Coefficient is calculated based on
normalized sequences:
* Anin €A
|(k)]: ( min E max)
(AOi(k)+€Amax)
0<Vlyo(k)y; (K1<1

The biggest deviation and the smallest deviation are
calculated as:

Iy, (K),
YLY oK) Y (10)
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(1)
(12)

A =max{Ay(k), i=1,2,.,m, k=12,.n}
A =min{Ay k), i=12,..,m, k=12,.,n}

& is distinguishing coefficient in [0, 1] and its value is
usually 0.5 in literature.

Grey Relational grade is weighted sum of Grey
Relational coefficients and it can be shown as:

T(y,,y) =D wiev(y, (K),y; () (13)
k=1
" W =1 (14)

k=1
The performances of the runs are ranked from the

biggest to the smallest Grey Relational grade.

3. EXPERIMENTS, RESULTS & DISCUSSION

3.1. Experimental conditions.

The workpieces made by alloy steel 40Cr were
tempered to hardness 40-42 HRC (Fig. 1). The experiment
was conducted on CNC lathe CLX-350 at Center for
Precision Mechanical Technology of Military Institute of
Science and Technology (Fig. 2). Some main specifications
of the lathe are presented in table 1.

12 $10 |

L

Technical requirements: drill center hole at 2 ends of workpieces

Figure 1. The workpices

Figure 2. (NClathe CLX-350
Table 1. Specification of (NC lathe CLX-350

11 and nose radius r = 0.4mm. The coating KBNO5M of the
insert is convenient for hard turning.

Figure 3. PCBN insert made by Kyocera

Measurement equipments are device for measuring
roughness HOMMEL TESTER T1000 (Fig .4) and digimatic
outside micrometer MITUTOYO with resolution 0.001mm
(Fig. 5).

Figure 4. Device for measuring
roughness

Figure 5. Digimatic outside
micrometer Mitutoyo

3.2. Experimental design

The experiment is performed according to L, Taguchi
design. Three input variables as cutting speed (v), feed rate
(s), depth of cut (t) are selected. Each variable has three
selected levels as in table 2. The experimental machining
process is the dry cutting process.

Table 2. Cutting parameters and their levels

0 Levels
N Parameters -
Low | Avarage | High
1 | Cutting speed v, m/min 45 75 105
2 | Feedrates, mm/rev 0.02 0.06 0.10
3 | Depthofcutt, mm 0.06 0.23 0.40

For each sample, the roughness and diameter deviation
are measured 3 times. The mean value of the three
roughness measurements (R,) and the mean value of the
three diameter deviations (AD) of each sample are recorded
in table 3. According to equations (1, 2), the ratios S/N for
Ra and AD are also determined and presented in this table.

X-axes turret travel 270mm Table 3. Orthogonal array Lyof the experimental runs and results
Z-axes turret travel 300mm
, ol v s t | R | AD
Spindle speed 100 -+ 6000rpm N (m/min) | mmire) | (om) | ) | (mm) S/Npa | S/Ny
Spindle Motor 5.5kW/7.5HP 1| 45 002 | 006 | 0.60 | 0.001 | 44370 | 60.0000
Cutting Feed rate 1-10000 mm/min 2| 4 0.06 023 | 075 | 0.003 | 2.4988 | 50.4576
X-axes Motor THP 3| 4 0.10 040 | 0.85 | 0.006 | 1.4116 | 44.4370
Z-axes Motor 1HP 4 75 0.02 0.23 | 0.55 | 0.004 | 5.1927 | 47.9588
Max. tool diameter $80mm 5 75 0.06 0.40 | 0.68 | 0.008 | 3.3498 | 41.9382
Overall dimension 2440x1260x1830 mm 6 75 0.10 0.06 | 0.72 | 0.003 | 2.8534 | 50.4576
Controller Heidenhain 7 | 105 0.02 040 | 0.47 | 0.009 | 6.5580 | 40.9151
The PCBN cutting tool insert is made by Kyocera (Fig. 3). 8 105 0.06 006 | 0.50 | 0.005 | 60206 | 46.0206
The Insert has type D with one side of cutting (DCMW), size 9 105 0.10 023 | 0.67 | 0.007 | 3.4785 | 43.0980
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3.3. Investigating the impact of cutting
parameters on the roughness

regime

Main effects of v,s,t on surface roughness (Ra) are shown
in Figure 6. Average S/N values of influence levels of v, s, t on
Ra are presented in Table 4. When S/N is bigger, it means
that Ra is smaller. Using equations (3-6) we have determined
the influence of cutting parameters on surface roughness as
shown in Table 5. Feed rate (s) has the greatest impact
(51.24%), followed by the cutting speed (43.33%), and finally
the depth of cut (4.10%). Effect of noise factors on surface
roughness is 1.33%. Analysis results also showed that the
predicted smallest value of Ra corresponding to the
parameters of the cutting regime at (v3, s1, t1).

Main Effects Plot for SN ratios
Data Means

v s
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Signal-to-noise: Smaller is better

t

Main Effects Plot for Means
Data Means

finally Feed rate (s) (9.08%). Effect of noise factors on diameter
deviation is 2.62%. Analysis results also showed that the
predicted smallest value of AD corresponding to the
parameters of the cutting regime at (v1, s1, t1)

Main Effects Plot for SN ratios
Data Means
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Figure 7. The effect of machining parameters (v, s, t) on AD
Table 6. Average S / N values of influence levels of V, S, t to AD

§ o SIN
§ oo // Level v s t
: 1 51.63* 49.62* 52.16*
2 46.78 46.14 47.17
B @B @m @ ey e e b 3 334 46.00 043
Figure 6.The effect of machining parameters (v, s, t) on R, Table 7. Contribution of factor to AD
Table 4. Average S / N values of influence levels of V, S, t to R, N° Parameter Percentage contributions, %
S/N 1 Cutting speed (v) 37.32
Level v s t 2 Feed rate (s) 9.08
1 2.782 5.396* 4.437* 3 Depth of cut (t) 50.96
2 3.799 3.956 3.723 4 Error 2.64
3 5.352 2.581 3.773 3.5. Multi-object optimization for suitable roughness
Table 5. Contribution of factors to R, and dimensional precision in both
N° Parameter Percentage contributions, % Firstly, with the measurement data R, and AD of nine
1 Cutting speed (v) 1333 samples, using formula (8) to normalize the data of two
2 Feed rate (s) 51.24 target functions R, and D, the values of columns 1 and 2 in
3 Depth of cut () 210 table 8 are determined. The deviation sequences between
p
4 Error 133 reference sequences and comparable sequences are found

3.4. Investigating the impact of cutting
parameters on the dimension accuracy

regime

Main effects of v,s,t on diameter deviation (AD) are shown
in Figure 7. Average S/N values of influence levels of V, S, t on
AD are presented in Table 6. When S/N is bigger, it means that
AD is smaller. Using equations (3-6) we have determined the
influence of cutting parameters on diameter deviation as
shown in Table 7. Depth of cut (t) has the greatest impact
(50.96%), followed by the cutting speed (v) (37.32%), and
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by (9), and the results are shown in column 3 and column 4
of the table. Next, using formulas (11, 12), the values of
gray coefficient for each experiment (column 5, column 6 in
the table 8) are determined. And finally, The Grey relational
coefficients for each response are accumulated by using
formulas (13, 14) to evaluate Grey relational grade, which is
the overall representative of all the features of cutting pro-
cess quality. After the gray relational grade are determined,
the efficiency level of each test for both roughness and
machining accuracy is ranked.
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Table 8. Results of grey relational analysis

Normalization Deviation Sequence Grey rel'a.t fonal
coefficient
Runs| Grade [Rank
Roughness | Diameter | Roughness | Diameter | Roughness | Diameter
R, Error AD R, Error AD R, Error AD
11 0.658 1 0.342 0 0.594 1 0.797 | 1
2| 0.263 0.75 0.737 0.25 0.404 | 0.667 [0.536| 6
3 0 0.375 1 0.625 | 0.333 0.444 (0389 9
41 0789 | 0.625 | 0211 | 0375 | 0703 | 0.571 |0.637 | 4
51 0447 | 0125 | 0.553 | 0.875 | 0.475 0.364 |0.420 | 8
6| 0342 0.75 0.658 0.25 0.432 | 0.667 [0.550| 5
7 1 0 0 1 1 0.333 |0.667 | 3
8| 0.921 0.5 0.079 0.5 0.865 0.5 [0.683| 2
9| 0474 0.25 0.526 0.75 0.487 04 04441 7

The rank shows that the most optimal set of machining
parameters in the experimental domain is v1s1t1. It mean
that, when hard turning tempered alloy steel 40Cr on CNC
lathe by PCBN tool, the optimal parameters for roughness
and dimensional precision in both are v = 45m/min,
s =0.02mm/rev, t = 0.06 mm.

3.6. A case study

o
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Figure 9. An sample of fabricated intake valves

Valve is an important part of the internal combustion
engine. It works in hard conditions under high pressure and
high temperature. To withstand the abrasion during
working, valves are usually made of alloy steels and heat
treated. They are then ground to ensure dimensional
accuracy and surface roughness. The manufacturing
process of valves is therefore often quite complicated and
takes a lot of time. With the application of hard turning
technology, the manufacturing process can be shortened
as follows: roughing, shaping the structure of valves on the
CNC lathe — heat treatment — straightening — finishing
by hard turning on CNC lathes. Using this proposed
process, with the optimal parameters presented above, the
authors have carried out experimentally fabricating the
intake valve of the Hyundai D4-Ab internal combustion
engine (Fig. 8). The valve is made of heat-treated 40Cr steel
reaches hardness 40-42 HRC. After the fabrication was

90 | Tap chi KHOA HOC VA CONG NGHE @ Tap 57 - S6 3 (6/2021)

completed, the stem of the valve was measured. The
measurement results show that the fabricated valve meet
technical requirements on roughness as well as
dimensional accuracy (Fig.9).

4. CONCLUSIONS

In this study, the Grey based Taguchi method was
applied for the multiple performance characteristics of hard
turning the tempered alloy steel 40Cr on the CNC lathe by
PCBN tool. By Taguchi method and analysis of Variance
(ANOVA) the authors have defined the influence of each
cutting parameter such as cutting speed, feed rate and
depth of cut on the roughness and dimensional precision.
Two sets of optimal parameters for each output criteria
have been found, too. A Grey relational analysis of the
surface roughness and dimensional precision obtained
from the experiment data allowed multi optimization for
minimum surface roughness and high dimensional
precision, simultaneously. Futhermore, the hard turning
with the optimal parameters of multi optimization has
been effectively applied to fabricate the intake valve of the
Hyundai D4-Ab internal combustion engine.
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