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ABSTRACT: Based on the analysis of the theoretical models for determining the specific cutting force,
boundary conditions of its dependence on the thickness of cut are offered. Hypothetical graphic relations of
the specific cutting force versus the thickness of cut with its chanﬁe in a large rate for brittle and ductile
worRpiece material are offered in addition with possible hypothetical mathematic models for
approximation of these relations. Experimental research of the influence of the thickness of cut on the
specific cutting force in turning of different workpiece materials is done. By mathematical processing of the
experimental data, the suggested hypothetical mathematical models are gained and analyzed and as the
best new empirical mathematical model of the dependence of the specific cutting force on the thickness of
cut is recommended this one which is with the best adequacy and accuracy. The deviations between the
values of the specific cutting force received from calculations by the mathematic models based on reference
data and the values received from the suggested new model have been explored. It turns out that in some
cases for some workpiece materials these deviations reach 40-50% and more. In consequence, when
calculating the cutting forces in turning by such methods significant errors can be received.

KEYWORDS: specific cutting force, thickness of cut, hypothetical model, empirical model, accuracy of models

«+ INTRODUCTION

The formulae for calculating the cutting forces for various cutting operations most often are
based on the Kintzle mathematical model [1], derived from experimental research. This model of the
main cutting force in turning can be presented as:

F, =k, bh"™, (1)

cL1°*
where k. is the ba51c value of the specific cutting force at the nominal cross-sectional area of the
cut A=a.b=11=1mm?, b - the width of cut, % - the thickness of cut, m, - the exponent

The mathematlcal model of the spec1f1c cutting force can be expressed using a power function

k, =k, hm. (2)

The values for ks and m. depend on the type and the mechanical properties of the workpiece
material. These values for various materials and at various cutting conditions are published in
specialized and reference literature [2,3,4,5]. Correction coefficients are established for calculation of
the cutting forces at different conditions and for different cutting operations, These coefficients take
into account the influence of the rake angle y(, the cutting speed v., the tool wear, the type of
cutting operations, etc.

Fleischer et al [6] propose to apply formula (1) for micromachining (% =1+100 um) of steel AlSI
10045, AISI 02 and armco-iron by establishing a correction coefficient that takes into account the
influence of the cutting edge radius.

In the reference book [7], formulas for calculation of the cutting forces in turning of various
work materials are given when v,=const and constant other cutting conditions:

x y
F.=C, .a,’¢ . Fe 3)
Having in mind that the depth of the cut a,influences proportlonally(xF = 2 and that the
depth h is proportional to the feed f, the specific cuttpng force is calculated using mode (2):
kc FC C— k h’mc , (4)
a f hl YF,.

where C, =k, ,, m,=1-y; .

© copyright FACULTY of ENGINEERING - HUNEDOARA, ROMANIA 303



ANNALS OF FACULTY ENGINEERING HUNEDOARA - International Journal Of Engineering

The model (2) of the specific cutting force is often used in different studies of the cutting
forces. For example, Ahmadi et al [8] use it for the tangential and radial specific cutting forces (called
‘cutting force coefficients’ in this article) in flank milling of aluminium alloy 60-61-T6. The same model
for these specific forces is used by Diez Cifuentes et al [9] in milling of aluminium alloy AL-7040, as
well as by Arit et al [10] in ultra-precision end-milling of brittle material (glass).

The extrapolation of the values of k. in turning, calculated using formula (2) at small thickness
of cut, can lead to considerable errors.

Results of conducted researches that may be seen in [3] show that with decreasing of the
thickness of the cut the intensity of its influence on the specific cutting force grows which is expressed
with the growth of the power index m.. So it is suggested that the range of thickness of cut from 1 to
1000 pm is divided into three sub-ranges where k.| and m. are determined for each one of them.

Other empirical mathematical models for approximation of the k, =f(h) dependence are also
suggested.

The dependencies of the tangential k; and the radial %, specific cutting forces on the feed per
tooth f,, the cutting speed v, the radial depth of cut a,, and the axial depth of cut a, when end
milling of aluminium alloys are approximated by Wang and Chang [11] using a linear function. When
Ve =const, ap =const,and a, =const the equation looks like:

ki=a, —-a;.f,, i€ {t,r} (5)

The approximation of this case is accurate enough because during the experiments the factors do
not vary much. In this model the thickness of cut is indirectly presented. During milling it is variable
but the average thickness under given circumstances are proportional to the feed.

When researching the main cutting force in face milling of steel AISI 5020 Anderson et at [12] use
a mathematical model of the specific cutting force ¢, (called “cutting resistance” in this article) that
looks like:

C LyC (6)
=—1 4 ,
" h r2

where C, and C, are constants derived from the cutting force data.

Based on experimental studies of the cutting forces in orthogonal turning of steel AISI 1045,

Conzalo et al. [13] derive this model of the main cutting force:
F,/a,=a,+a,. f (7)

Since in this case f =h, and using formula (7), one can derive a model like (6) for the specific
cutting force k, =F, /(ap.h).

Such a model for the main specific force an also be derived from the formulas by Ding et al [14]
for the cutting forces in end milling of hard steel AlSI H3 at v, =const, a, =const and a, = const .

The dependence of the thrust force and torque on the feed f (mm/rev), drill diameter 4 (mm)
and spindle speed n (rpm) in drilling of coir composite using a HSS drill are researched by Jayabal et al
[15]. The dependence of the torque M:f(f,d,n) is approximated by a second-degree polynomial
which when d = constand d = const is:

M=b,+b,. f+b,. f? 8)
If the torque is expressed by the specific cutting force

M:M= b, +b,. f+b,. f2.
2
Then the model of the specific force is

a
k,=—2+a, +a,. f, 9
<= F f 9)
where, when taking into consideration the data from [15], a, >0, a, >0, a, >0.

The dependencies, proposed by Chang et al [16], of the normalk,, radial k,and tangential
k, specific cutting forces in ball end milling of aluminium alloys on the feed per tooth f,and the
hardness of material %, are approximated by a third-degree polynomial. When h, = const the model is:

ke =Cpi—Coi fi+Cy f2=Coi f3 5 Tefurt) (10)
The relationship between re-scaled uncut chip thickness ., and log-scaled normal specific
cutting force %, in end milling of aluminium alloy is approximated by Yun et al [17] using a Boltzman
function
A -A
In(k, :ﬁ_)_l —+A,, (11)
( ) 1+etcn_xo / dx

where the coefficients A, > A, >0 ; x,<0 ; dx>0.

The abovementioned establishes that when choosing a mathematical model for approximating
the experimental dependence of the specific cutting force an empirical approach should be applied. In
consideration is taken the physical nature of the dependence of a certain parameter on the factors
that influence it, and not the basic requirement when choosing a mathematical model for adequate
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presentation of the experimental dependency. This empirical approach allows for the calculation of
the specific cutting force with a satisfactory accuracy having a limited variation of the influencing
factors. Otherwise the results may have substantial errors.

The current research aims to achieve more accurate calculation of the cutting forces using new
empirical mathematical models for the specific cutting force based on the physical nature of the
influence of the thickness of cut. Accomplishing this goal faces a variety of problems that need solving:
analysing the theoretical dependencies of the specific cutting force and based on the mechanical
nature of the process of cutting substantiating the hypothetical graphical dependencies of the specific
cutting force on the thickness of cut in a wide variation range of its values; suggesting various
mathematical models for a possible approximation of this dependence for various work materials; an
experimental research of the dependence of the specific cutting force on the thickness of cut for
various work materials; deriving and researching of the suggested empirical models of this dependence;
research of the deviation of specific cutting force values by comparing the results of the suggested new
mathematical models based on reference data compared to determine those values using the new
mathematical models which are proposed and referred to as the best according to physical and
statistical criteria.

¢ HYPOTHETICAL MATHEMATICAL MODELS

It is necessary to analyze the results of the theoretical studies, conducted for estimating cutting
force in order to choose the kind of the empirical mathematical models that determine the
dependence between the specific cutting force and the thickness of cut based on the physical nature
of its influence in a wide range of variation. The main goal of these researches is to analytically
calculate the cutting forces by using mechanical properties of the machined material and some
parameters of the process of cutting, and accepting different hypotheses about the deformation of the
cut during the chip formation process.

The resulting theoretical models are very different from one another. Some theoretical formulae
for determining the main specific cutting force are shown in Table 1. They are derived form the
formulae for determining the main specific cutting force (kc =F, /(h.b)) suggested by different
researchers of a 2D model - free orthogonal cutting with one shear plane.

It must be noted that while determining k. using models 1, 2, 3 the forces on the major flank of
the tool have not been taken into consideration. They are ignored due to their insignificant value,
which is allowed at large thickness of cut, clearance angles and an unworn tool with ductile materials.

Table 1. Some theoretical mathematical models for calculation of the specific cutting force

Ne Theoretical mathematical model Author/Source
B r4.co8(p, +7,)
¢ sing.cos(g+p, -7,)

1. H. Ernst, M. E. Merchant 1941 [18]

2. k,=7,.(cotgg+tgC,) N. N. Zorev, 1956 [19]
&
3. k.=0,185HV — A. M. Rozenberg, A. N. Eremin, 1956 [20
1-sinp, /(/’L.cos(py 7, )) g [20]
k.=k. +k.,
4. k. =R, 2*(cosy, +u,.siny,) V. D. Kuznezov, V. A. Krivouhov 1954 [20]

kca :/ua FaN /(b'h)
Symbols: 74 - shear strength on the shear plane; Py - angle of friction between chip and face; yo - rake
angle; ¢ - shear angle; C, - constant angle for work materials; HV - Vickers hardness of chip; ¢ - shear
strain; R, - yield strength in compression; A- chip length compression ratio; F, - major flank
perpendicular force; n- exponent; u, - coefficient of friction between major flank and transient surface.
The theoretical formulae used to calculate the specific cutting force is inaccurate and too
complicated for practical application visualize the mechanics of process of cutting.
With wide variations of the thickness of cut the friction force on the major flank is not to be
ignored and the specific cutting force is viewed as a composite force (see Model 4, Table 1):
kc = kcv +kca )
where key- the component which is formed by the normal force and the friction force on the race;
k., - the component formed by the friction on the major flank .

The variable intensity of the influence of the thickness of cut can be explained and the limits
of its variation can be determined using the results from the theoretical researches that take into
consideration the physical nature of formation of the specific force.

With smaller thickness of thickness of cut ductile cutting plastic materials the component of
the specific cutting force k., increases according to the theoretical models 1-4 (Table 1). This is due
to the increase of the chip length compression ratio 4 and thus the conventional shear angle ¢
decreases. The component of the specific cutting force k_, increases significantly faster which is due
to the smaller cross-sectional area. The friction force on the major flank has a determined value,

(12)
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which does not depend on the thickness [19] (model 4 - Table 1). The overall specific force increases
with ever growing intensity and when 7 tends to zero the specific force should be an indefinite large
value (fig. 1a):

With h—>o, k, > x (13)
With an increase of /% the component
k,, decreases and at large thicknesses it
has insignificantly small values. The
component of the specific force k,,
according to the same theoretical
models decreases because A decreases ¢
increases, and the friction angle p,
decreases. At thicknesses of given work
and tool materials the chip length
: compression ratio is a constant value
¥, (1->const>1) and thus ¢ — const . This

, o n hbmnleads to the assumption that when the
Flgfqre1:(tljlyp?thet1c?€l gra%hlcal dgpendentcgest?]f tl?e thickness has significantly high values

specific cutting forces , and . on the thickness > . :
of cut: a) Ductile mcaterié:lg; b) Brittle materials Egiztamevalsgeec(]f?gc 1ac)uttmg force is a

ke A

ke d

Z

" mm’

h—o,k, > const=k,, . (14)
When cutting brittle materials the component k,, changes similarly to the change of the
thickness. When cutting ductile materials the change of k_, is based on the varying degrees of plastic
deformation of the cut and is mainly due to the secondary plastic deformation due to the friction on
so00 the rake. When cutting brittle materials the plastic
swasc deformation is poor(1~1). Thus it can be said that for an
ideally brittle material (fig. 1b):
k., ~const=k,, ,, . (15)
A new parameter k., is used when studying the
specific cutting force. It can be called a limit specific cutting
force and is a characteristic property of a given work material.
It depends mostly on the rake angle when an unworn tool is
used. Such an assumption is confirmed by some experimental
studies. For example when turning steel SM45C Lee et al. [21]
have obtained dependencies of the specific cutting force
oo ez s s o (called ‘specific cutting energy’ in this article) on the feed,
, Fesd e, f(mmey) shown on Fig.2. The empirical mathematical models that
Figure 2. Specific cutting energy for  ,5r6yimate the dependence of the specific cutting force on

c?mhil[\j?grrnggr]s; gﬁi’n};gr?q'(lj\lmg 1 é%ﬂggy the thickness of cut in wide range of variation must comply

N ; D . with the limit conditions (13) and (14).
V- cutting speed; D - depth of cut. The mathematical model (2) complies with condition (13)
but when % — o it does not comply with condition (14), i.e. k, > 0.

Furthermore it can’t express the variable intensity of h in a logarithmic coordinate system
because dink,/dInh=-m, = const which does not conform to experimental data.

Mathematical model (5) does not comply with both conditions - when f, -»o0,k; =a,; =const
and when f, > o, k; <0 . The model (6) satisfies both conditions: when h >0, C, > and 7 —> w0,
C.=C. . It is necessary to verify this model for various work materials. The model (9) complies condition
(13), but does not comply with condition (14), and model (10) complies only with condition (14). It is
established that when h,, >0 Ink, =(A-A, )7G+e7x° “)= const , model (11) does not comply with
condition (13). When h,, >0 Ink, =A,, i.e. condition (14) is fulfilled.

Table 2. Hypothetical Mathematical Models

3000 —

Specific cutting energy, u(Mpa)

Neo Mathematical models Conditions k... k., ..

a a a,>o ;
1 2 .

1. k61:a°+7+h2 a, >o0; a,+a, +a, a,
a,>o
a a, >0,

2. km:ao+71 a° >O’ a, +a, a,

1

a .

3 k“3:a°+h; Célo i%’ a,+a, a,

1
a,>o;
a 0 )
2 . a

4. kc4 =a, e a,>o; a,e" a,
a, <o
a a,>o0;

5 kc5:a0+ha12 a, >o0; a,+a, a,
a, >0
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The mathematical models that approximate hypothetical graphical dependencies of the specific
cutting force on the thickness of cut (fig. 1) and that comply with conditions (13), (14) and (15) are
chosen from [22]. Some of them are modified based on structure (table 2).

A mathematical model has to be selected through mathematical processing of experimental data
for obtaining the coefficients of these models and statistical analysis of the results. This model shall
approximate the dependence of the specific cutting force on the thickness of cut with the best
adequacy and accuracy.

o,

< RESEARCH METHODOLOGY - DETERMINING THE SPECIFIC CUTTING FORCE

For each test the specific cutting force is calculated using the following formula:

k, F/Aeff, N /mm?, (16)
where F., N, is the mam cutting force determined exper1mentally, A, ;s is the effective cross-
sectional area of cut, mm?®

If when determining k during turning the nominal cross-sectional area of cut is A=a.f, and
not the actual Aeff <A, w1th comparatively large feeds f, small depths of cut a,, and corner
radiuses r, some s1gmf1cant mistakes can be made. Therefore it is necessary to determine precisely
the effective cross-sectional area of cut. An approach to determine the width » and its average
thickness h,, has to be adopted when researching the dependencek, = f (h)

o,

< RESEARCH METHODOLOGY - DETERMINING THE DIMENSIONS OF CUT

Depending on the cutting conditions - the depth of cuta,, the
feed / and the geometry of the tool - the tool cutting edge angle K,
and minor cutting edge angle x,. and the corner radius at the tip r,
there are four possible schemes of cutting during turning. Here will be
reviewed the determining of the elements of the cross-sectional area
of cut in two of these schemes - the (fig. 3 a) first scheme is obtained
when complying with the following conditions:

a,>r(t-cosx,), f<2r, sink,,
and the second scheme (fig. 3 b) complying with
a, >r(t-cosk,), f>2r,sink,.
These schemes the most frequently met in practice and are thus
used in the experimental researches performed.
When cutting is done using curved cutting edges, several
approaches for determining the width of cut are recommended

according to 1SO 3002/3 - 1984/E: b, =AC or according to [2]

- Do Y

Figure 3. Schemes of cut. a) with
straight and curved areas of the
major cutting edge and with
— > curved area of the minor cutting

b = AB+BC (fig. 3). For the current study accepts:

b, =AC =VAG* +CG* (19) edge; b) with straight and curved
where 4G =4 areas of the major cutting edge
CcG _‘TQP 1 COSK )]cotgrc, +1, sink, and the minor cutting edge.
The effectwe cross-sectional area of cut in both schemes is determined when the area of the
tipA . is subtracted from the nominal cross-sectional area of cut A, =a,.f. The area A is
determined using formulae that are not quoted here.
Ag=A-A . ,mm’ (20)

When during cuttlng there are curved cuttmg edges the thickness of cut in the different points

of the cutting edge is variable. Therefore, it is accepted to determine the average thickness of cut [2]:
h,, = Ay /b, m. (21)
The exact value of the actual depth of cut is needed to determine the dimensions of the cross-
section A and b,,. That is why the diameter of the work surface D is measured with a micrometer
when beginning the test. The diameter d of the machined surface is measured after the test is done.
When taking into account the roughness of the surface and ignoring its accidental component, the

actual depth of cut is determined using the following formulae:

=D‘d+;i,mm (fig. 3, a) it f >0,2 mm/rev (22)
2 r.

a, = D;d +r -y, , mm (fig. 3, b), (23)

where y; is calculated by the given formula.

a

o,

< RESEARCH CONDITIONS

The experimental researches are done using the work materials: AlISI carbon steel W1-1.0C,
CuSn7P0,7 bronze, aluminium alloys AlCu4,5Mn0,5Mg1,6 and grey iron GG15.
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The experiments are done on a lathe model SU500 with tooling: Insert SNMG120412-MR, GC4225
grade; tool holder PSBNR2525M12 (SANDVIK Coromant), cutting edge angle «, =75°; minor cutting
edge angle «, =15°; corner radius r, =1.2 mm.

A three-component dynamometric system with sensitiveness of 0.15 pm of the inductive
transducers - IWT of VEB RFT - Germany and a universal measuring device N2301 IEMI, have been used
to measure the cutting forces. Table 3 show the cutting conditions.

Table 3. Cutting conditions

. Depth of :
No Work hi?g::; s Cutting speed cut Feed Th1clér:§ss of gmﬁ
- Material v,,m/min (nominal) | f,mm/rev
HB ) a. . mm h,,mm n
1. | Steel AISI W1-1.0C 180 90 2.00 0.018...1.24 | 0.014...0.93 12
2. Grey iron GG 15 156 55 2.00 0.018...1.24 ] 0.014..0.93 12
3. Bronze CuSn7P0.7 93 80 2.00 0.018...1.74 ] 0.014 ... 0.575 10
Aluminium alloy
4, AlCu4.5Mn0.5Mg1 .6 107 100 2.00 0.018 ... 1.74 | 0.014 ... 0.575 10

+* DETERMINING THE COEFFICIENTS OF THE MATHEMATICAL MODELS

The determination of the mathematical models’ coefficients that approximate the dependence
of the specific cutting force and the statistical analysis is done through processing of the experimental
data using a computer program created especially for the purpose [23].

The coefficients of mathematical models 1, 2 and 3 (Table 2) are determined through the least
squares method (LS Method).

Mathematical model 4 is liberalised through taking a double logarithm and model 5 - through
taking a single one. The initial value of the coefficient a, <k.; and iteration are chosen. On each step
through LS Method the coefficients a,, a,, a, and the sum of the squares of the errors S, are
determined. Valid values of the coefficients a, and a, are those for which S, , has the smallest
value. The significance of the model coefficient is estimated by the Student’s t- criterion and the
uniformity of the dispersions - by the Cochran’s G - criterion.

The Fisher criterion, the correlation coefficient R and absolute value of the maximal relative
error |Ak,,...|% are used to estimate the adequacy, the accuracy and the efficiency of the
mathematical models.

The Fisher criterion is used in two variants:

a) F=F, =s2/s; <F,, . (24)
b) For better predictability properties of the model, the F - criterion should be several times

(more than 4 times) greater than the critical value F, where ¢ is the significance level, and v,
and v, are the degrees of freedom [24].

F=F,=s% [s:>4F,

ViV )

(25)

1772

The dispersion of reproducibilitys, residual ._7ooe
dispersion s, and the dispersion in relation to the
mean value of the specific cutting force s? are )

calculated through known formulae. ke \ ' _Grayiron GG 13|
All tests are repeated three times. 2000 \ | | =Mmodalid .
\‘

/mm

1]

Steel W1-1.0C

N

> 6000

K

- experiment
model 5

The actual depth of cut, the effective cross-
sectional area of cut, the width and the average
thickness as well as the specific cutting force for each
test were calculated by using the specially created 1000
for that purpose computer program.

3000

2000

o
0.00 0.02 0.04 0.06 0.0R0.1 O 0.2 0.4 0.6 0.8 1.0

«» RESULTS AND ANALYSES a) b mm

3000 - =
I

The established dependencies of the specific . ooronze
cutting force on the thickness of cut for each material model s
and each test are shown in fig. 4. In the area of small
thicknesses (4, <0.1mm), the specific cutting force
decreases intensively when the thickness increases
for all researched work materials. With greater
thicknesses of cut the specific cutting force decreases
less intensively and is close to a constant value. For
the ductile materials - bronze and aluminium alloy -

0
] .02 .06 8 0.1 2 h 8 g
the decrease starts when the thickness h,, >0.20 mm o pEeate e e A %%

and for steel - h,, >0.60mm. For a brittle material  Figyre 4. Variation of the specific cutting force
cast iron, the specific cutting force varies onthe thickness of cut. a) steel (AISI W1-1.0C),

Aluminium alloy
- experiment
— model

1800-

1200+

600

insignificantly for thickness of h, =0.20 mm is almost grey iron (GG15) 6) bronze (CuSn7P0.7),
constant. aluminium alloy (AlCn4.5Mn0.5Mg1.6)
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The hypothetical mathematical models given in Table 2 were analyzed in order to approximate
the experimental dependencies of the specific cutting force on the thickness of cut. The resulting
coefficients for these models of the experimental date were mathematically processed and are given in
Table 4. Choosing a mathematical model which best approximates the experimental data is rather
complex. The statistical criteria should be applied when the conditions given in Table 2 are fulfilled, as
well as condition

a, <k, ,

where Ecn is the average value of the specific cutting force at maximum thickness of cut (n'*" trial).
Table 4. Coefficients of the mathematical models, the statistical criteria and the conditions

(26)

Bk | g Ik
Work (o] ] - . Acma\x
Material g = o a, a, F2 Fcr R © qg; kcn kcn <qp o
© T sl o %
g v ol <
T | 1832 | 95.83 | 0518 | 89.7 | 9.2 | 0.994 | -| +
2 | 2036 [ 61.52 - 30.4 | 9.04 | 0.984 [ | +
woeel [ 3| 2494 | 0.836 : 5.14 | 9.04 | 0.966 [ +| - | 7
: 4 [ 963.7 | 059 | 0266 | 124 | 9.2 | 0.966 [ [ + v 9.8
5 | 1353 | 405.2 | 0.578 | 117 | 9.2 [0.915 [ | + " 9.3
T | 1038 | 26.40 | -0.101 | 81.1 | 9.20 | 0.994 | -| + " -
. 2 | 1077 [ 19.72 - 49.1 | 9.04 [0.990 [ +| + " 4.8
GrGeg;r;’" 3 | 1220 | 0.273 : 6.94 | 9.04 [ 0935 [ +| - [1138 -
4 | 1082 [ 0,016 | -0.915 | 17.1 | 9.20 | 0.974 [ +| + 12.7
5 | 1087 | 10.35 | 1.139 | 23.9 | 9.20 [ 0.981 [ +| + " 7.2
T | 1472 | 9.64 | 0.082 | 25.4 | 10.1 | 0.981 | =] +
2 | 1428 | 15.3 - 20.6 | 9.80 [ 0.977 [ +| +
cfsrr?%g7 3 | 1556 | 0.213 - 15.4 | 9.80 [ 0.969 | +| + [1357 -
4 [ 1302 0051 | -0.603 | 19.8 [ 10.1 [0.973 [+] + " 6.3
5 | 1321 | 482 | 0.757 | 17.0 | 10.1 [ 0.969 [ +| + " 6.3
omiom | 1| 920.0 | 228 | -0.093 | 101.1 | 10.1 [ 0.995 | -] +
o 2 [ 969.2 | 16.4 : 50.0 | 9.80 [ 0.990 [ <[ +
Alcud inn |3 | 1118 | 0.216 - 6.99 | 9.80 [0.935 [ «| - |910 - -
05 met6 | 4 | 7183 [ 0.193 | 0.637 | 219 f10.1 [0.998 | +] + " 4.4
: : 5 | 797.3 | 84.2 | -0.400 | 188 | 10.1 | 0.997 | +| + " 4.5

When evaluating the model’s adequacy to the Fisher criterion Fj (variant ‘a’), most of the
models are adequate but only for critical values of the criterion at different levels of significance. The
second variant ‘b’ using Fisher’s criterion has been used so that there is a general evaluation of the
adequacy. Its critical value is chosen for a level of significance a =0.05.

The values of the F, criterion, its critical value F,, =4F,, , , the correlation coefficient R and
the maximal relative error |Akcmax| % are given in Table 4 and are used for the analyzed mathematical
models of the various work materials. In the ,,Conditions”, “Adequacy” and ,,Condition (26)” columns
“plus” or “minus” specifies if the conditions have been met or not.

For work material- steel AISI W1 - 1.0C, mathematical models 4 and 5 comply with all conditions
and statistical criteria. They are almost equivalent, but model 5 has a smaller maximum relative error.

For grey iron GG15 model 1 does not comply with the condition a, <0 and model 3 is
inadequate. According to the statistical criteria and the relative fault model 2 is the best one followed
by models 5 and 4. It is accepted that the friction does not depend on the thickness of cut and that the
cut of brittle materials is turned into a chip with insignificant plastic deformations. Then the
component of the specific cutting force k., does not depend on the thickness and the coefficient a,
expresses the limit specific force a, =k,., =k, while the coefficient a; expresses the friction on a
width of cut unit. The best model applied with brittle materials is model 2 followed by model 5 with a
coefficient a, = 1.139 which is close to a, =1 of model 2.

For the work material- bronze CuSn7P0.7, models 4 and 5, which are almost equivalent, complies
with the conditions and the statistical criteria. The same is established for the machined material-
aluminium alloy AlCu4.5Mg 1.6 Mn0.5.

This research shows that mathematical model 2, corresponding to model (6) [12], is suitable for
brittle materials - in this case - grey iron. However, further additional research is needed to support
this finding.

Mathematical models 4 and 5 prove to be most suitable for ductile materials. Mathematical
model 5 can be recommended since it expresses the physical nature of the formulation of the specific
cutting force in a better way, and model 2 is a particular case of model 5. Therefore, the experimental
mathematical model, that approximates the dependence of the specific cutting force on the thickness
of cut in turning can, be represented in general form

ke =Kep + ke h (27)

c.h—o

© copyright FACULTY of ENGINEERING - HUNEDOARA, ROMANIA 309



ANNALS OF FACULTY ENGINEERING HUNEDOARA - International Journal Of Engineering

where k =a,is a component of k, ,in h—> o, k, , =a,- component of k, , in h=1mm, m, =a, -

c.h—>x c1.1
exponent.
The values ofk,, ,, =a,, k,,,and m, for the researched machined materials are given in Table5.
Table 5. Values of k. j_yq , kcl.l and m,

o i h— k 1.1 kc.1.1;
Ne Work Material I\f/m P N/?nm me N/ mm2
1 | Steel AISI W1-1.0C 1353 405 0.578 1758
2 | Grey iron GG15 1077 19.7 1.000 1097
3 | Bronze CuSn7P0.7 1321 48.2 0.767 1369

Aluminium alloy
4 AlCu4.5Mn0.5Mg1.6 797 84.2 0.637 882

« AccurAcy OF THE EMPIRICAL MATHEMATICAL MODELS

This research aims at estimating the accuracy of some accepted empirical models of the specific
cutting force on the thickness of according to reference data given in. The models have been marked
as A[4], (SANDVIK Coromant), B [2] and C [7]. The suggested new models of these dependencies are
accepted as the best ones based on this estimation.

The specific cutting force, which depends on the thickness of cut, for all materials, is calculated
by using the following formula (model A):

k. =kc.o,4(2’4J , (28)

m

where k. o4 is the basic value of the specific cutting force with thickness of cut %, =04 mm, given in
tables;
The expression in the brackets is a correctional coefficient:
kch :(0,4'/hm)mC ’ (29)
Then k, =k, , -k - (30)
In (model B) the specific cutting force data is given in a table. The values of k,,, for various
materials can be taken directly as well as the powerm, .
If k,.,, is accepted as a basic

value calculated using formula (4) - Table 6. Values of m. of mathematical models A, B and C

model C, the specific cutting force is | Ne Work Material Al4] B[2] C[7]
also calculated using formula (30) and | 1 Steel AISI W1-1.0C 0.15 0.18 0.27
the correctional coefficient - using | 2 Grey iron GG15 0.28 0.21 0.25
formula (29). 3 Bronze CuSn7P0.7 0.25 0.17 0.34

The values m_of models A, B | 4 Al-alloy 0.25 0.25 0.30
and C are given in Table 6. AlCu4.5Mn0.5Mg1.6

The specific cutting force according to the best suggested model (27) can also be calculated
using a formula of type (30):
kco :kco 0.4° kcoh’ (31)

where k. o4 is determined as model (27) when #,, =0.4 mm and k_,, =k, / k.,

So that the basic value of the specific cutting force is eliminated because it dnéfers for materials’
mechanical characteristics, it is accepted that it will have a constant value for all researched models
(ko4 =k.o.04)- Thus the accuracy of the respective model is estimated regardless of the specific basic
value of the cutting force.

The difference between the empirical models according to reference data and the suggested
new ones describing the dependence of specific cutting force on the thickness of cut is determined
using the following formula:

kc _kco kch “Reo
Ak, =——100% =
kco coh

The calculations are done for scope thicknesses of the cut 4, =0.05+1.0 mm that approximately
corresponds to the most widely used feeds during turning /' =0.07 +1.3 mm/r.

The dependence of the deviations Ak.; of the various models on the thickness of cut for the
different materials is shown in fig. 5.

For carbon steel the smallest deviations are achieved using the C model (-9.30+3.17 %), which
are larger in the B model (-18.5+0.0 %) and the largest ones using the A model (-7.0+1.70 %). Generally
the deviations are relatively small and are comparable to the relative error of the suggested new
model.

For bronze there are significant deviations. The smallest deviations are the ones for the B model
(-11.0 = 12.9), larger are - in the A model (-17.2 =+ 33.3) and the largest - in the C (- 24.4 = 61.1 %).

For the workpiece material aluminium alloy the models A and B have the smallest deviations (-
13.9 + 17.2) and C - has the largest (-18.2 + 29.9%).

" 100%. (32)
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Sizable deviations also occur with the workpiece

3‘130 Steel material gray iron. The C model has the smallest
S10—c— deviations (-17.9 + 28.3%) and the A model has the
w7 ——————"—""" largest ones (-20.9 = 36.6%).
4 | The deviations of the suggested models for the
e > o ﬂ‘ﬁ P o specific cutting force according to reference data for
' ' R ~ n.mm bronze, aluminium alloy and cast iron are too large and
a2 50 T T may lead to significant errors if used to calculate the
2 . i\ [ [ cutting forces.
" _B"‘\Q\: ' Gray ron < CONCLUSIONS
_13 }\.\‘&— —— The following conclusions can be made from
. l————T——== the analysis that has been done:
2 i v e . .o @) Limit conditions have been defined based on the
T om ~ n.mm theoretical dependencies of the specific cutting force
270 [ and the physical nature of the cutting process
o 50l I mechanics. The mathematical models used to
 ba Bronze approximate the dependence of the specific cutting
30 force on the thickness of cut with a wide range
10 B variation must comply with these limit conditions.
b = i} b) Hypothetical graphical dependencies k.= f (k) for
-10 “‘:,*:____——:—_1:____ ductile and brittle work materials and hypothetical
—+——— models for the approximation of these dependencies
T o= 7 o os 1o that comply with the limit conditions defined have
o) h..mm  been suggested.
230 ¢ [ fawminum|______ | €) A new parameter of the specific cutting force has
o 10l Azt | alloy been suggested - limit specific cutting force that would
0 e occur for very large thicknesses of cut(h,, — ©),
-10 T “———————— characteristic for a certain work material.
0 I I — d) New mathematical models have been reached and
0.0 0.2 0.4 0.6 0.8 ;0 suggested through  experimental studies and

d) h..mm  mathematical processing of the experimental data by
Figure. 4. Dependencies of the deviations of the  using statistical and physical criteria that better
matheman:cal models according to reference data  approximate the dependence of the specific cutting
on thsréz‘zc:'&isssn%gu;{ a::))A;SlLr\:1V11n-iL}?1Caflt§;l; b)  force on the thickness of cut with a wide range

ALCU4.5Mn0.5Mg1,6 ; d) grey iron GG15 \tljrrg?:go.n for machining various materials during
e) Despite the limited volume of experimental studies the suggested hypothesis that with very large
thicknesses (hm - oo) the specific cutting force is a constant value for certain cutting conditions can
be affirmed.

f) The experimental tests confirm the thesis that for brittle materials the decrease of the specific
cutting force is mostly due to the decrease of its component which is a result of the major flank
friction force.

Based on the study of the accuracy of the empirical mathematical models according to reference
data compared to the new recommended models. It has been established that for some models and
some work materials the deviations are in some cases insignificant but for others the deviations may
reach up to 40%-50%. As a result when calculating the cutting forces by using such models some
significant errors may occur.
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