June 2021, Vol. 21, No. 3 MANUFACTURING TECHNOLOGY ISSN 1213-2489

DOI: 10.21062/mft.2021.044 © 2021 Manufacturing Technology. All rights reserved. http://www.journalmt.com

Modification of the Classical Theory of Metalworking

Karol Vasilko (ORCID: 0000-0002-0750-9075), Zuzana Murcinkova (ORCID: 0000-0003-0306-7975)
Technical University of Kosice. Faculty of Manufacturing Technology, 080 01 Presov, Bayerova 1, SR, E-mail:
karol.vasilko@tuke.sk, zuzana.murcinkova@tuke.sk

The paper derives mathematical and graphical relationships between technological parameters and re-
sults of metalworking, in the application of progressive cutting materials based on coated cutting tools
made of sintered carbide and cutting ceramics. The development of new cutting and machined materials
leads to new perspectives on their interaction in the machining process. This process leads to patterns
between cutting conditions and machined results. These need to be defined and used in favor of efficient
machining of mechanical components in practice.
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1 Introduction

Recently prefered theory of metalworking is based
on the experience of this technology obtianed in the
period of formation of a high-speed steel (Taylor [24]
Time [25]). Its characteristics is preferring linear de-
pendences among the technological conditions and re-
sults of metalworking. These have been obtained by
a small number of experiments. The development of
cutting and cut materials, the application of highly ri-
gid metals, have required to considerably modify all
the attributes of these theories. Let us try to define es-
sential changes of approaches to recent evaluation of
laws of metalworking.

2 Chip formation

Fig. 1 Metallographic thin section of the one of chip forma-
tion. Materis/ C45, 1- outer friction between the tool face and
chip, 2 — intercrystallic friction, 3 — intracrystallic friction. ¢ -
angle of ,,slide plane”, g, - angle of chip texture. y = -6°,
v=120 m.min’

Well-known models of chip formation (Bobrov
[2], Brix [3], Glebov [9], Degner [4], Dmochovski [6])
used to be simple geometric schemes which cannot
describe the complex process and effect of plastic de-
formation of cut material in front of the cutting wedge
based on the observation of deformation domains in
the direction of maximum tensions. Deformation field
is not homogenuous. The first realistically dynamic
model of chip formation based on plastic circumflu-
ence has been created by Loladze [18]. Let us try to
define the process of chip formation as a tribological
mechanism [1],[14]. Such a mechanism can be
described by Fig. 7.

In Fig. 7 there is a metallographic thin section of
the zone of chip formation during cutting a carbon
steel C45.

Three characteristic areas of friction can be charac-
terised. The intensity of outer friction on the surface 7
depends on the value of friction coefficient between
the cut and cutting materials. It is a source of heat
which heats the tool and the chip, caused the decrease
of the tool cutting wedge rigidity and its wear on the
face. Friction along the slide line 2, leaned under angle
¢ is primarily happening along the grain borders and
is basically the reason of the formation of the chip in
the particular configuration. From there friction heat
spreads into the chip and cut-off layer, which con-
sequently turns into the chip. Along the line 3, orien-
ted under the texture angle ¢ , friction is happening
inside the metal grains in the conditions of high tem-
peratures, probably with small coefficient of internal
friction. The result presents the texture of prolonged
metal grains in the chip and much thicker chip 4 than
the thickenss of the cut-off layer 4. It can be supposed
that in this area the material which is being worked
poses the least resistance against the deformation.
This model enables to explain the formation of ele-
mentary or fluent chip according to the smallest value
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of friction coefficient in the observed zone, where pri-
ority deformation happens. In this case, the smallest
value of friction coefficient in zone 3. There occurs
adiabatic slide.

A well-known measure of a global intensity of chip
plastic deformation is the parameter ,,chip compres-
sion®, historically defined as [3],[5],[11],[13],[23].:

h,
k= \ M

Where:

b is the thickness of cut-off layer, mm

b — chip thickness, mm

It is possible to quite precisely define how fluent
the chip is. However, recently materials with high rigi-
dity and strenght, which form elementary chips with
periodic slides, divided or little fluent are machined
many times. An example is presented by a chip formed
when machining titanium alloys (Fig. 2).

Fig. 2 Chip formed during machining titaninm alloy

Itis a problem to determine the exact value of 41 in
this case.

The starting point is to turn to analytical determi-
nation of £ with the use of the following formula:

. 1000m, o
l.yS
where:
7 is the weight of recorded chip of a certain len-
gth, g,

7 - cut material density materialu, g.mm-3,

S — surface of cut thin section, mm?2,
4 — recorded chip lenght, mm.

Then, a reliable dependence can be obtained £-u.
(Fig. 3).
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Fig. 3 Experimental dependence of chip density of cutting
speed

3 Cutting forces

The course of the dependence of cutting forces on
cutting conditions is not linear [19],[22] An example
of experimental dependence of all three elements of
cutting force on cutting speed is shown in Fig. 4. The
course resembles the dependence shown in Fjg. 3 and
is probably linked with the change of strenght of cut
material in front of the tool cutting wedge (or cutting
temperature). Maximum values lie in the area of mini-
mal cutting speeds where the cut material has room
temperature, i.e. also standard strenght. The increase
of cutting speed leads to the decrease of material
strenght and cutting force. Vice versa, further increase
of cutting speed leads to the material relaxation, incre-
ase of plasticity and cutting material attachment. This
leads to the formation of a built-up edge and steep
increase of cutting force. After its removal and further
decrease of the cut material strenght, cutting force
continually decreases in the zone of contact with the
cutting tool. In the observed case, two areas of mini-
mal cutting force can be identified at the cutting speed
cca 20 m.min! and above the value #, exceeding 80
m.min!. The first area can be utilised only sporadically
because it leads to prolonged machining time. The se-
cond area is limited only by such high cutting speed,
which leads to considerable decrease of tool durability.

600
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Z 300 A,
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200
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20 40 60 80 100 120 140 160 180 200 220 240 260
1. m.min"!

Fig. 4 Actual experimental dependence between the elements
of cutting force and cutting speed.
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4 Cutting tool durability

Historically, the tool durability is observed by
a classical Taylor formula T-v., which is modified in
a double logarithmic network as alinear one
[10],]16],[17]. Detailed observation of recent cutting
materials provides much more complex dependences.

In Fig. 5 there is a typical experimental dependence
T-v., obtained during machining a steel steel by an un-
coated sintered carbid tool P20.

16/ T T
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120 C45; P20
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Fig. 5 Typical example of experimental conrse of dependence
T-v,, obtained during turning steel by a tool made of sintered
carbid.

Two considerable maximums of durability can be
seen, at minimal cutting speeds and cutting speed
close to 80 m.min!. The first one is the result of britt-
leness of unheated cut material which is in brittle state,
forms an elementary chip with a short contact with the
tool face. This cutting speed cannot be used conside-
ring the prolongation of machining time. The other
area presents optimal cutting speed. With further
increase of cutting speed, the durability of cutting tool
decreases sharply. In presented case, the limit value is
300 m.min!, where it reaches value under 1min.

The following dependence for the use of a coated
tool (Fig. 6) has a similar course, however, it is shifted
upwards, towards higher durability values, and to the
right, to the area of usable cutting speeds.

180 3
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150 Q ;qio,lngzln
140 \ = C45; P20:TIN
120
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80 X
é 60 e
5 40 ~——
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50 100 150 200 250 300 350

s
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Fig. 6 Conrse of T.v. dependence for the use of a coated too!
made of sintered carbid.

To complete the picture, Fig. 7 shows a similar di-
agramme for the tool made of coated ceramics. Again,
an increase of durability in whole range of cutting spe-
eds and further shift of durability maximum towards
higher cutting speed can be seen.
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Fig. 7 Experimental dependence of durability of caoted cera-
mic tool on cutting speed 7.

The differences in the course of different curves
are large, but the character of curve courses is identi-
cal. The diagramme enables to determine cutting spe-
eds which correspond with maximum and minimum
durability of different cutting materials and other areas
of particular values of tool durability.

It is interesting to observe the course of T-v. de-
pendence at super hight cutting speeds. The correspo-
ding diagramme in linear and double logarithmic sys-
tems are shown in Fig. 8 and 9.
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Fig. 8 Experimental dependence of T-v. in maximum rea-
chable range of cutting speeds.
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Fig. 9 ldentical dependence in double logarithmic coordinate
Ssystens.
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In comparison with previous dependences, a con-
siderable decrease in durablity at high cutting speeds

can be seen. At 2.2 1000 m.min tool durability reaches
the values of only several seconds.

The used shift considerably influences the position
of maximal and minimal durabilities in connection
with cutting speed. It enables to select optimal (diffe-
rent) cutting speed at roughing and finishing.

300
i C45; P20+ TiC; 4= 0.3 mm; VB,=0,3 mm

250 O
l f=0,4 mm

P
T

9 o )
SRR
Reeg \) "

20 40 60 80 100 120 140 160 180 200
v, mmin !

Fig. 10 Experimental diagramme of depenedence of tool dura-
bility on cutting speed at different tool shifts.

The construction of one complex T-z. dependence
reuires the experimental construction of at least 20
I"B-tdependences in a large lange ofcutting speeds.
We did it, at least for the basic types of current tool

materials. he complex diagram looks as follows — fig.
11.
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Fig. 11 A set of complex: T-v. dependences for classical and
coated tools [7]

It can be seen that the position of maximum dura-
bility is different for each cutting material. The range
of usable cutting speeds can be recommended for each

cutting material from the maximum of the curve up to
about 3 values on the right. Of course, with the axcep-

tion of high-speed stell (RO).

5 Machined surface quality

The shift is a limiting technological parameter, on
which the height of uneveness of machined surface of
the workpiece depends. Traditionally, to determine
this dependence, the following theoretical formula is
applied [10],[13],[27].:

2
Re= o)

- 8.7,

Let us verify it practically. Experimental depen-
dence Rz-ffor the tools with different diameters of tip
rounding is shown in Fjg.72.
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Fig. 12 Experimental and theoretical dependence R = f{f).

As it can be seen, experimental courses are very di-
fferent from theoretical ones. The difference is in the
area of small shifts. The dependence does not end at
zero and with shifts less than 0.1mm the Ra is increa-
sing. The reason of this fact is that we are getting into
the conditions when the diameter of cutting edge
rounding 1, s very close in size to the thickness of the
cut-off layer. (For high-speed tools, vhere was a gre-
ater agreement between the experiment and the theo-
retical course, because the tool could be sharpened to
ta significantly smaller than 0,1 mm). The chip is de-
formed more and the material is being pushed under
the cutting wedge. Behind the cutting wedge, there

408

indexced on: btp:/ | www.scopus.com



June 2021, 1ol. 21, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

occurs a formation of ,,scales” on the machined sut-
face by the influence of flexible and plastic material
deformation and its adhesive attachment to the tool
material. This phenomenon is described as ,,the mi-
nimum chip problem®. At the same time it is possible
to observe the difference at large shifts. In the obser-
ved case the concord occurs only at the value f =
0.41mm. Theoretical course does not correspond with
the actual dependence.

As it can be seen in Fig.11, further decrease of the
shift towards minimal values at finishing, quality of
machined surface does not improve, on the contrary,
Rz is increasing and more over, the machining time
for defined workpiece surface prolongs. A more de-
tailed statistic observation of a similar dependence is
illustrated for instance by a diagramme obtained du-
ring machining by a ceramic tool, Fig.13.

0.1 0.2 0.3 0.4 0.5
Jf, mm

Fig. 13 Dependence of Ry and Ra on the shift during fi-

nishing with a ceramic cutting tool.

The increase of the uneveness of machined surface
at small shifts is greater because ceramic tools have
much larger diameters 7. Similar situation is true for
coated tools made of sintered carbid because the coa-
ting increases ;.

Let us try to replace the original theoretical formula
for Rg (according to which the shift has been calcula-
ted so far) by a practical formula.

By mathematical analysis of similar experimental
courses, the following formula has been derived [11]:

Rz:f—+h—’”(l+%j “)

where /i is the thickness of the cut-off chip corre-
sponding to the curve minimum.

The depiction of this formula, at 7. = 0.8mm
and /m = 0.1mm is shown in Fjg. 74.

In concord with the experiments, if /m = 0.1mm is
substituted into the formula, the following depen-
dence is formed:

f= \/8.Rz.rg —0,1.r,+/Rz>—-0,1.LRz (5
10
| = 0.1 mm
’ z’fo,sm _ /

? /

i ' A
1 X /
’ 0 0.2 04 0.6 038 1

f. mm

Fig. 14 Dependence curve Rz-f, obtained from the formula
()

The second parameter, following the observed pa-
rameters of surface uneveness, is cutting speed. To
obtained a detailed dependence, face turning of the
workpiece with sufficient diameter can be used, see
Fig. 15. At selected turning frequency 7, cutting speed
fluently changes in a large scale, according to the for-
mula:

7.D.n
v =
‘1000

Complete dependence can thus be obtained from

one workpiece.

, m.min-! (6)

[T 1

-
AR

Ve

|

Fig. 15 Sample workpiece to observe the influence of v. on Rz

Typical diagrammes of dependences of Rz, or Ra
on 7. are shown in Fig. 76 and 77.

The area of minimum surface uneveness is around
e = 30 m.min! and continues again to the same level
until it crosses the cutting speed 100 m.min-'.
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Fig. 16 Experimental dependence of greatest height of profile
uneveness on cutting speed obtained during machining steels
118SMn30 and 65517 with a tool made of sintered carbid.

It can be seen that at minimal cutting speed, the
surface uneveness increase. It is probably the result of
the formation of fissures in workpiece in front of the
cutting wedge. The surface worsens considerably.
Next, the size of uneveness steeply decreases and rea-
ches minimum at # around 20-30 m.min!. Another
further steep increase of Rz and Rz is caused by the
formation of a built-up edge on the cutting wedge. Af-
ter exceeding the cutting speed 70 m.min! , both pa-
rameters continually decrease. It means there exist two
areas with minimal values of uneveness heights, small
cutting speeds (and temperatures), before the
occurence of adhesive attachment of tool and cut ma-
terials, and high cutting speeds corresponding with
plastic circumfluence of chip material. This can be
used in the selection of cutting speeds in practical con-
ditions.

Fig.17 shows a similar dependence obtained during
machining with ceramics, in higher range of cutting
speeds. Formally, the character of the curve is identi-
cal, however, shifted towards the higher values of 2.

and Rz.
o
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A1203; C4s
35
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g 20 ‘
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5 S D

50 100 150 200 250 300 350 400 450 500
v m.min"!

Fig. 17 Experimental dependence Ry = f{v.), obtained du-
ring turning with sole ceramics.

The course of summary dependence of Rz on v
and f is interesting, see Fig.18.
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Fig. 18 Summary experimental dependence of Rz on cutting
speed and shift.

By the increase of the shift, the greatest height of
uneveness grows in whole range of cutting speeds and
the maximum shifts towards higher values of cutting
speeds. The diagramme enables to select a cutting
speed which is optimal towards the defined shift.

6 Material machinability

Fig. 19 Drilling by constant axis force on the drill. 1 — ba-
lance weight, 2 - drill, 3 — workpiece.

A number of experimental methods to determine
relative material machinability have been developer to
present orientation data for the selection of cutting
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conditions [8],[9],[12],[15],[21]. On the base of experi-
mental verification of several methods, one of the re-
liable ones can be considered the test of drilling with
constant axis load, it means constant axis force Fh.

Fig.19 shows practical arrangement of the test.
With the help of the balance weight, a constant drill
load is created (when using the balance weight on the
lever, drilling must always start in the defined balance
weight position).

It is necessary to measure machining time ne-
cessary for drilling one opening into a flat sample with
defined thickness. Then the machinability coefficient
looks as follows:

K, == (7)

Tab. 1 presents an example of comparison of ma-
chinability of certain steel kinds according to time ne-
cessary to drill one opening,

Tab. 1 Example of tine necessary to drill one opening into the
developmental steel samples

Steel  sample | 1 s Average value
mark T

100Ct6 50; 46; 44; 40 45

100Cr6Nn6 48; 48; 50; 46 48

42MnV7 48; 45; 45; 42 45

E360 86; 84; 82; 84 84

C45 96; 78; 84; 80 84.5

The table presents high sensitivity of the test and
acceptable dispersion of measured values.

7 Conclusion

The choice of cutting conditions (s, /) to secure
economical machining requires to know exactly the re-
lationship between cutting conditions and results of
machining. Recent assortments of cut and cutting ma-
terials requires preventive experimental verification of
such dependences. The the detailedexperimental de-
pendencies of T-». represent a new perspective on the
real durability of tools in operation. Also obtaned the
dependences Rz-f and Rz-v.. Finally, a reliable method
for determining the relative machinability of materials
is preferred. Obtaining new — more exact dependeces
for cutting forces, quality parameters of machined sur-
faces, cutting tools durability, present the disposition
for the effective production of machine parts. The pa-
per forms the methodology of study and presents new
approaches to the observation of output characteris-
tics of machining in relation to cutting conditions.
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