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Abstract: In this paper is analised the dependence regression between flank wear
tools or wear out of belt width on the back surface VB and cutting time t in the form of
complex power-exponential regression equation for turning of cast iron GG-25 of
cutting tools from nitride ceramic for the different values of the cutting speed v=60,
90 and 120 [m/min]. Correlation coefficient for given examples of experimental
researching is most R=0,998 and mean relative error of experiment is less
Oyl =1,25 %.
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1. INTRODUCTION

Metal cutting causes several types of wear mechanisms depending on cutting parameters (primarily cutting speed
and feed), work piece material and cutting tool material. Like most wear applications, tool wear has proved
difficult to understand and predict. However, most tool wear can be described by a few mechanisms, which
include: abrasion, adhesion, chemical reaction, plastic deformation and fracture. These mechanisms produce
wear scars that are referred to as flank wear, crater wear, notch wear and edge chipping as illustrated in figure 1
[23]. Standard parameters of wear independent of type of tool material are defined with international standard
ISO 3685:1993 [19]. Most commonly as a parameter of wear is used flank wear tools or wear out of belt width
on the back surface VB because of this size in significant amount depends the capability of tools to perform the
cutting. In figure 2 is illustrates typical tool wear features in finish turning and defines VB and VB, and its
measure [2, 3].

Monitoring of changes of individual parameters of tools wear in the process of cutting it comes to so called
curve wear which represent an image of wear process in definite time interval. Existence of more parameters of
cutting axle pin wear refers to conclusion that one and the same process of wear can be presented with more
curve wear that can be by its shape and position in coordinate system VB, t very different.

Application of ceramic cutting tools in fields of metalworking is given in paper [1, 4, 5, 7, 9, 10, 11, 14, 25, 32,
34, 35].
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Fig. 1. Tools wear mechanisms for different tool materials [23]
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Fig. 2. A drawing showing typical tool wear in finish turning and the definition of VB and VB« [2, 3]

2. POSSIBLE FORMS OF FUNCTION APPROXIMATION OF TOOLS WEAR
Dependence function of tool wears h and time of finishing t:

VB=At) ()

is of complex form and is derivated experimental.

In literature are present different approaches of approximation of experimental curve wear tools with regression
equation of different form.

Approximation function of tools wear is performed mostly with one or two power function, which is parable [15,
16, 17, 19, 20, 21, 22, 24, 28, 31]. If it is used approximation with two power function, first is applied to first
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phase of wear (usually until appearance of flank wear tools or wear out of belt width on the back surface from
0,1 do 0,3 mm):

t=t

VB=a-t"l |70 ©)

And the second phase which lasts until apeariance of critical wear of cutting tools:

_ . by t=ty
VB=c+a-t t=t, 3

In modern cutting tools with coated hard metal limitations to which lasts the first phase of wear tools process is
shifted by set conditions of finishing and to 0,4 mm and even more.

Process of tools wear is of continual nature and that means that in transformation from first to second phase in
point of contact both parabols (2) and (3) have common tangent. In research practice, however apears
experimental curves of tools wear that can be aproximated with two parabols but which do not have common
tangent in the point of transformation from first phase to second phase but they cross in that point. Existance of
cross point implicates to aperance of discontiuntality in development of tools wear process for which is hard to
find practical explenation.

Among power function, as approximating function of tools wear, proposed is power-exponential function form
[7,9, 14]:

t=ty

VB=a ("1 .eP2t 170 )

Theoretical consideration, as approximation function of tools wear can be applied polinomial m level form [7, 9,
33]:

VB=Py()=bj -t+byt? +b3-t3 + . tby tM =3 bj-t) )

Form curves of complex power-exponential function (4) and polinomial m level (5) are defined all zones of tools
wear, while in the same case two curves of power function form are needed.

Approximation function of tools wear with complex exponential function (4) and polinomial m level (5) are far
more reliable determinates and presents cross point during the transformation from first to second phase in
relation to power function.

In this paper is given an effort of approximation regresion, that is functional, dependance between flank wear
tools or wear out of belt width on the back surface VB and cutting time t by complex power-exponential
function.

3. EXPERIMENTAL RESEARCH

Using the experimental methods it could be possible to establish regression dependence between the flank wear
tools or wear out of belt width on the back surface VB and cutting time t and influential factors for certain kind
of material and cutting tools, too. For establishing the dependence between flank wear tools VB and cutting time
t during turning of cast iron GG-25 with nitride ceramic cutting tools, experimental testing had been performed
in Faculty of Mechanical Engineering in Kragujevac under the following conditions:

e operation: external turning,
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e material: cast iron SL-250 (according to JUS C.J2.020 standard) or GG-25 (according to DIN 1691 standard),
which characteristics are: R,,=160-210 [N/mm?’] and 75 HB,

e machine for turning: CNC lathe,

e cutting tools: indexable inserts made of nitride ceramic,

® nose radius: = 1,2 [mm],

o elements of the cutting regime: cutting depth a=1,5 [mm], number of passes i=1, feed s=0,25 [mm/rev] and
cutting speed v=200, 250 and 320 [m/min],

e processing without cooling or lubrication means and

e device for measure of wear tools: microskop.

In the process of testing it was monitored the value of flank wear tools or wear out of belt width on the back
surface VB in [mm], whose measured values in dependence from cutting time in [min], shown in the table 1 and
figure 3.

Table 1. The table review of experimental values of dependence VB=f{(t) for the different values of the cutting
speed v=60, 90 and 120 [m/min], for turning of cast iron GG-25 by nitride ceramic cutting tools

Experimental values of Experimental values of Experimental values of
dependence VB=f(t) for v=200]dependence VB=f{(t) for v=250|dependence VB=f(t) for v=320
[m/min] [m/min] [m/min]

No. . No. . No. .
t [min] | VB [mm)] t[min] [VB [mm] t[min] | VB [mm)]
exper. exper. exper.
1. 2,00 0,17 1. 2,00 0,20 1. 2,00 0,26
2. 4,00 0,25 2. 4,00 0,28 2. 4,00 0,38
3. 6,00 0,30 3. 6,00 0,35 3. 6,00 0,48
4. 8,00 0,35 4. 8,00 0,41 4. 8,00 0,56
S. 9,50 0,38 5. 9,50 0,45
6. 11,00 0,41 6. 11,00 0,48
7. 12,50 0,44 7. 12,50 0,54
8. 13,83 0,46
9. 15,17 0,50
10. 16,50 0,54
11. 17,83 0,55
12. 19,17 0,57
0.6
E ° i N
= 0.5 A
§ ° . [ L a
0.4 || A
° A
]
0.3 = A
A
0.2 u @ Experimental points for v=320 [m/min]
A B Experimental points for v=250 [m/min]
0.1 A Experimental points for v=200 [m/min]
0m
0 2.5 5 7.5 10 12.5 15 17.5 20
t [min]

Fig. 3. The graphic review of experimental values of dependence VB={{(t), for the different values of the cutting
speed v=200, 250 and 320 [m/min], for turning of cast iron GG-25 by nitride ceramic cutting tools
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4. APPROXIMATION EXPERIMENTAL DATA BY COMPLEX POWER-EXPONENTIAL
REGRESSION EQUATION FOR FUNCIONAL DEPENDENCE OF BETWEEN WEAR TOOLS
AND CUTTING TIME

For measured experimental data (table 1) regression dependence was analyzed between VB=f(t) in form of
complex power-exponential regression equation:

VB=a-tP1.¢b2t 6)

Mathematical process of experimental data consists of determination of numerical values of parameters by, by, b,
and a of complex power-exponential regression equation and correlation analysis of observed equations of
regression, which is performed by software [8], which has been described in monograph [7, 9] and theory on
regression and correlation analysis in books [17, 18, 30]. In papers [4, 5, 6, 7,9, 11, 12, 13, 14] are given some
examples of use of this software.

In order to find complex power-exponential regression equation by the use of smallest squares linerisation is
performed by logarithm and it shows that:

InVB=Ina+by Int+by -t @)
If for equation (4) are imported shifts:
y =InVB
X=t ®
by =Ina
Equation (4) gains linear form:
Y=bg+b; - InX+by-X &)

Applying for equation (9) which represents straight line, method of smallest-squares, it can be determined
parameters of cubic regression by, b; and by.

The best shape of approximate curve (7) of assembly of experimental points with coordinates (VB, t) is one
which addition of squares variations around regression has minimal value:

2_ & G2 _ - 2
S =>;-Y) =2(;-bg-by -InX; -by -X;)° > min (10)
i=1 i=1

With the partial differentiate of the function S* equation (10), measured with the parameters b, and b, and to
equal those partial perorate with the zero we can get the system of linear algebra equation for determination of
the parameters by, b; and b;:

by -n+by-ZInX; +by - ZX; =2Y;
bg - ZInX; + by - I(InX;)% + by - EX; - InX; =2(InX;) - Y; (11)
bo X +by X - InX; +by - IXZ =3X; - Y

The systems solution of the linear algebra equations (8) can be realized by inversion of the matrix. In general
case the normal system equations (8) can be expressed in the following matrix shape:
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SInX; =(InX;)* =X;-InX; [-|b; |=|Z(nX;) Y; (12)
5Xi X -nX; X3P by | [ZXi-Yj

Or shorter in the shape of the matrix equation:
X:-b=Y (13)

Parameter calculation of the linear regression value by and b, is realized in the matrix shape by matrix equation.

-1
b=X"-Y (14)

4.1. Determination complex power-exponential regression equation for functional dependence of between
wear tools and cutting time for cutting speed v=200 [m/min]

Parameter calculation by, b; and b, of the linear regression for the mentioned example is consisted in the solving
of the normal system equation (12) with the following shape:

12 27,10931 1355 bo -11,33803
27,10931  66,30982 3454718 |-| by |=| -22,91469 (15)
135.,5 3454718  1866,546 by -106,83019

on the base of which is: by=-2,1021, b;=0,4754, b,=0,007376 and a=0,1222.
From that point the equation of the complex power-exponential regression equation has the shape:
VB=0,1222. {04754 (0.007376:¢ (16)
Confidence interval of parameter by, for level of significance a=5 [%] and 9 freedom level number, is:
by =bg +Abg =-2,1021£0,2121=-2,1021+0,2121 < by <-2,1021-0,2121 (17)

or:
22,3142 < by <-1,8900 (18)

Confidence interval of parameter by, for level of significance a=5 [%] and 9 freedom level number, is:
by =by +Aby =0,4754 £ 0,0601 = 0,4754 - 0,0601 < by < 0,4754 +0,0601 (19)

or:
0,4153 < by <0,5355 (20)

Confidence interval of parameter b,, for level of significance a=5 [%] and 9 freedom level number, is:

by =by + Aby =0,007376 £0,007377 = 0,007376 — 0,007377 < by < 0,007376 +0,007377  (21)

or:
~0,000001 < by < 0,014753 22)
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The correlation coefficient R is:

2
R = 1_5_: 1_w:0,99898 (23)
S§ 1,442452

The analogous table value R, for the result of significance coefficient correlation, for the level of significance
o=5 [%] and the freedom level number k=12-3=9, by the table in the monography [8], is: R=0,6021.

Because it is:
R =0,99898 >R =0,6021 (24)

there is the base that the hypothesis about significance of the correlation coefficient acceptation, i.e. the
correlation coefficient r is significant (important), on R-test base, for the significant level a=5 [%] (assumed
complex power-exponential regression equation (16) is good at representation of experimental data).

The determinate coefficient R? is:

R?=0,99796 (25)
and mean relative error of experiment is:

Oy =1,2143 %. (26)

Calculate value F, for marking of adequate of regression equation is:

PSP 1439507 _

=L = =4404,363 27)
s2  0,0003268366

The analogues table value F; for the result of adequate regression equation, for the level of adequate regression
equation, for the level of significance a=5 [%] and freedom scale number: k=1 and k,=12-3=9, by the table in
the monography [8], is: F=5,1174.

Because it is:

F, =4404,363>F =5,1174 (28)

there is the base that the hypothesis of adequate regression equation acceptation, i.e. hypothesis about complex
power-exponential regression (16) is adequate (consistent) with the experimental data, on the F-test, base, for the
significance o=5 [%] (assumed complex power-exponential regression equation (16) is good at representing of
experimental data).

The same conclusion is derived and on the base of the significance the result of the correlation coefficient (R-
test), in equation (24).

Table view of testing of statistical hypothesis for this example is shown in table 2. The dependence between
flank wear VB and cutting time t, for cutting speed v=200 [m/min], is graphic shown on the figure 4.
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Table 2. The table view of testing of statistical hypothesis for presented example

Freedom level Mark of
. . Calculate Table values )
Title hypothesis number hypothesis for
K values of test of test 0=5[%]
Mark of significance parameter -
of regression b, on the basis t-test ? -22,42286 2,2622 significance
Mark of significance parameter -
of regression b, on the basis t-test 0 17,8891 2,2622 significance
Mark of significance parameter L
of regression b, on the basis t-test 0 2,26187 2,2622 insignificance
Mark of significance correlation -
coefficient R on the basis R-test 0 0,99898 0,6021 significance
Mark of adequate regression )
equation on the basis F-test 159 4404,363 51174 adequate

0,6

0,5 -

VB [mm]

04 -

03 /
. /

"4
/ VB =0,1222 -t 94754 0,007376-t  p _ (.99898)

0,1
0 2,5 5 7.5 10 12,5 15 17,5 20
t [min]

Fig. 4. Graphic review of experimental data and calculated values of dependence VB=f{t), for the cutting speed
v=200 [m/min], for turning of the cast iron GG-25 by nitride ceramic cutting tools

4.2. Determination complex power-exponential regression equation for functional dependence of between
wear tools and cutting time for cutting speed v=250 [m/min]

Parameter calculation by, b; and b, of the linear regression for the mentioned example is consisted in the solving
of the normal system equation (12) with the following shape:

7 13,12556 53 b -6,972487
13,12556  27,13427  113,6533 |-| by |=|-11,72931 (29)
53 113,6533 487,5 by -45,10427

on the base of which is: by=-1,9513, b;=0,4507, b,=0,01455 and a=0,1421.

From that point the equation of the complex power-exponential regression equation has the shape:
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VB=0,1421. 104507 (0.01455-1 (30)
Confidence interval of parameter by, for level of significance a=5 [%] and 4 freedom level number, is:

by =bg +Aby =-1,9513+0,3318=-1,9513-0,3318 < by <-1,9513+0,3318 (31)
or:
—2,2831<bgy <-1,6195 (32)
Confidence interval of parameter by, for level of significance a=5 [%] and 4 freedom level number, is:

b; =by +Ab; =0,4507 £0,1028 = 0,4507 - 0,1028 < by < 0,4507 +0,1028  (33)

or:
0,3479 < by < 0,5535 (34)

Confidence interval of parameter b,, for level of significance a=5 [%] and 4 freedom level number, is:

by =by + Aby =0,01455+0,01759 = 0,01455-0,01759 < by < 0,01455+0,01759 3%

or:
-0,00304 < by <0,03214 (36)

2
R= [1-5 [} Q0008748232 _, 9993 (37)
s2 0,7187344

The analogous table value R, for the result of significance coefficient correlation, for the level of significance
=5 [%] and the freedom level number k=7-3=4, by the table in the monography [8], is R=0,8114.

The correlation coefficient R is:

Because it is:
R =0,99939 >R =0,8114 (38)

there is the base that the hypothesis about significance of the correlation coefficient acceptation, i.e. the
correlation coefficient r is significant (important), on R-test base, for the significant level a=5 [%] (assumed
complex power-exponential regression equation (30) is good at representation of experimental data).
The determinate coefficient R? is:
R?=0,99878 (39)
and mean relative error of experiment is:
0] =0,8049 %. (40)

Calculate value F, for marking of adequate of regression equation is:

o St __ 07178611

2o T 3082314 41
" s2 0,0002187058 “h
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The analogues table value F; for the result of adequate regression equation, for the level of adequate regression
equation, for the level of significance a=5 [%] and freedom scale number: k;=1 and k,=7-3=4, by the table in
the monography [8], is: F=7,7086. Because it is:

F. =3282,314>F; =7,7086 (42)

there is the base that the hypothesis of adequate regression equation acceptation, i.e. hypothesis about complex
power-exponential regression (30) is adequate (consistent) with the experimental data, on the F-test, base, for the
significance a=5 [%] (assumed complex power-exponential regression equation (30) is good at representing of
experimental data).

The same conclusion is derived and on the base of the significance the result of the correlation coefficient, in
equation (38). Table view of testing of statistical hypothesis for this example is shown in table 3. The
dependence between flank wear VB and cutting time t, for cutting speed v=250 [m/min], is graphic shown on the
figure 5.

Table 3. The table view of testing of statistical hypothesis for presented example

Freedom level Calculate Table values Mark of
Title hypothesis number 4 va hypothesis for
values of test of test cro
k a=5[%]
Mark of significance parameter .
of regression b, on the basis t-test 4 -16,32958 2,7764 significance
Mark of significance parameter L
of regression b, on the basis t-test 4 12,17159 2,7764 significance
Mark of significance parameter L
of regression b, on the basis t-test 4 2,29671 2,7764 insignificance
Mark of significance correlation L
coefficient R on the basis R-test 4 0,99939 0.8114 significance
Mark of adequate regression .
equation on the basis F-test L 4 3282,314 7,7086 adequate

0,6

0,5 | /
0,4 /

0,3 /</I/
() VB =0,1421 - 194507 . 0.01455:t - p _ (.99939)

0,1
0 / ‘ ‘

0 2,5 5 7,5 10 12,5 15
t [min]

VB [mm]

Fig. 5. Graphic review of experimental data and calculated values of dependence VB=f{t), for the cutting speed
v=250 [m/min], for turning of the cast iron GG-25 by nitride ceramic cutting tools
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4.3. Determination complex power-exponential regression equation for functional dependence of between
wear tools and cutting time for cutting speed v=320 [m/min]

Parameter calculation by, b; and b, of the linear regression for the mentioned example is consisted in the solving
of the normal system equation (12) with the following shape:

4 5,950643 20 bg -3,628445
5,950643 9,936745 34,31756|-| by |=| -4,795872 (43)
20 3431756 120 by -15,60685

on the base of which is: by=-1,7316, b;=0,5502, b,=0,001214 and a=0,1770.
From that point the equation of the complex power-exponential regression equation has the shape:

VB=0.1770. £0-5502 . 0,001214-t (44)
Confidence interval of parameter by, for level of significance a=5 [%] and 1 freedom level number, is:
by =bg +Aby =-1,7316+£1,1055=-1,7316-1,1055 < by <-1,7316 +1,1055  (45)

or:
-2,8371< by < -0,6261 (46)

Confidence interval of parameter by, for level of significance a=5 [%] and 1 freedom level number, is:

by = by +Aby = 0,5502 +0,3792 = 0,5502 — 0,3792 < by < 0,5502+0,3792  (47)
or:
0,1710 < by <0,9294 (48)

Confidence interval of parameter b,, for level of significance a=5 [%] and 1 freedom level number, is:

by =by +Aby =0,001214 £0,0883 = 0,001214 - 0,0883 < by < 0,001214 +0,0883 (49)

or:
-0,087086 < b, < 0,089514 (50)

The correlation coefficient R is:

2
R- 1-5—:\/1-w=0,99994 (51)

g2 03343227
y

The analogous table value R, for the result of significance coefficient correlation, for the level of significance
a=5 [%] and the freedom level number k=4-3=1, by the table in the monography [8], is: R=0,9969.
Because it is:

R =0,99994 >R =0,9969 (52)

there is the base that the hypothesis about significance of the correlation coefficient acceptation, i.e. the
correlation coefficient r is significant (important), on r - test base, for the significant level a=5 [%] (assumed
complex power-exponential regression equation (44) is good at representation of experimental data). The
determinate coefficient R” is:
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R=0,99989 (33)
and mean relative error of experiment is:
0y =0,2705 %. (54)

Calculate value F, for marking of adequate of regression equation is:

8203342842

Or oo DOORTY 880,023 (55)
s2 0,00003790061

r

The analogues table value F; for the result of adequate regression equation, for the level of adequate regression
equation, for the level of significance a=5 [%] and freedom scale number: k;=1 and k,=4-3=1, by the table in
the monography [8], is: F=161,45. Because it is:

F, =8820,023>F, =161,45 (56)

there is the base that the hypothesis of adequate regression equation acceptation, i.e. hypothesis about complex
power-exponential regression (44) is adequate (consistent) with the experimental data, on the F-test, base, for the
significance a=5 [%] (assumed complex power-exponential regression equation (44) is good at representing of
experimental data).

The same conclusion is derived and on the base of the significance the result of the correlation coefficient, in
equation (52).

Table view of testing of statistical hypothesis for this example is shown in table 4. The dependence between
flank wear VB and cutting time t, for cutting speed v=320 [m/min], is graphic shown on the figure 6.

Table 4. The table view of testing of statistical hypothesis for presented example

Freedom level Mark of
. . Calculate Table values 3
Title hypothesis number hypothesis for
values of test of test
k o=5[%]
Mark of significance parameter .
of regression b, on the basis t-test ! -19,90289 12,7062 significance
Mark of significance parameter .
of regression b, on the basis t-test ! 18,43233 12,7062 significance
Mark of significance parameter L
of regression b, on the basis t-test ! 0,17468 12,7062 insignificance
Mark of significance correlation L
coefficient R on the basis R-test ! 0,99994 0,9969 significance
Mark of adequate regression )
equation on the basis F-test L1 8820,023 161,45 adequate
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Fig. 6. Graphic review of experimental data and calculated values of dependence VB=f{t), for the cutting speed
v=320 [m/min], for turning of the cast iron GG-25 by nitride ceramic cutting tools

5. CONCLUSION

The complex power-exponential regression equation (16) for functional dependence of between wear tools VB
and cutting time t for turning of cast iron GG-25 by nitride ceramic cutting tools for cutting speed v=200
[m/min], is good at representation of the experimental data (R=0,99898, R*=0,99796 and Oyl =1,2143 %).

The complex power-exponential regression equation (30) for functional dependence of between wear tools VB
and cutting time t for turning of cast iron GG-25 by nitride ceramic cutting tools for cutting speed v=250
[m/min], is good at representation of the experimental data (R=0,99939, R’=0,99878 and 0] =0,8048 %).

The complex power-exponential regression equation (44) for functional dependence of between wear tools VB
and cutting time t for turning of cast iron GG-25 by nitride ceramic cutting tools for cutting speed v=320
[m/min], is good at representation of the experimental data (R=0,99994, R*=0,99989 and O] =0,2705 %).

On the base of R - test and F - test, for the level of significance a=5 [%], the hypothesis about approximation of
the mentioned experimental data by the complex power-exponential regression equations (16), (30), and (44), is
consistent.

According to analysis of t-test for parameters by, b; and b, (table 2, 3 and 4) can be sighted that the biggest effect
on function VB=f(t) have parameters by and b,, and minimal effect has parameter b, and for all three regression
equations (16), (30) and (44) is insignificant.
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