Article

Study of a methodology for calculating contact stresses

during blade processing of structural steel

Victor Kozlov?!, Artem Babaev?*, Nikita Schulz?, Artem Semenov?, Anton Shevchuk?

Citation:To be added by editorial

staff during production.

Academic Editor:

FirstnameLastname

Received: date
Revised: date
Accepted: date
Published: date

Copyright:© 2023by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license
s/by/4.0/).

1- Division for Mechanical Engineering, National Research Tomsk Polytechnic University,

634050 Tomsk, Russia

2 Scientific and Educational Center “Additive Technologies”, National Research Tomsk
State University,

634050 Tomsk, Russia

* Correspondence: temkams@mail.ru

Abstract: The article presents data about the distribution of contact stresses on the
rake surface of the cutter when turning steel (Fe-0.4 C-1Cr), which were obtained
by the split cutter method. The article also provides graphs of the effect of the
uncut chip thickness a and the rake angle y on the main parameters of the plots of
shear t and normal ¢ contact stresses. For this case, The initial data were obtained
by longitudinal turning of a steel workpiece with the measurement of the
technological components of the cutting force by a three-component Kistler
dynamometer, followed by the calculation of the physical components of the
cutting force. These components were used to construct contact stress diagrams
taking into account the epures (plots) obtained by the split cutter method (method
of a sectional tool). The rake angle varied widely: from +35 to -10 °, and the uncut
chip thickness a: from 0.05 to 0.37 mm. At the first half of the chip contact with the
rake surface of the cutter, i.e. from 0 to 0.5 of the total contact length ¢, uniformly
distributed contact shear stresses t = const = 350-550 (MPa) act, which indicates the
plastic nature of the contact at this area. The magnitude of the greatest shear
contact stress Tmax=Teonst With a decrease in the uncut chip thickness a varies
slightly (from 350 to 400 MPa) in the range a = 0.37-0.05 mm and the rake angle y =
+35-0 °, but the larger the rake angle, the greater the value of tmax. A decrease in
the rake angle from +35 to -10° leads to a significant increase in the maximum
normal contact stress at the cutting edge omax: from 400 to 1400 MPa with the
uncut chip thickness a = 0.37 mm. In the area of small uncut chip thickness, a (less
than 0.1 mm), the paradoxical increase in the magnitude of the greatest normal
contact stress with a large positive rake angle (more than +15 °) is explained by the
indentation (pressing) of the being machined material under the rounded cutting
edge of the cutter in the chip formation zone, and their paradoxical decrease with
a negative rake angle is due to the presence of a sag (deflection) of the transient
surface. According to the magnitude of the reference points obtained on the basis
of experimental data, it is possible to plot the contact stresses epures on the rake
surface of the cutting tools when machining steel.

Keywords: contact loads; contact stresses; steel machining; split cutter method;
strength of cutting tools.

1. Introduction

Calculating the strength of a cutting tool requires knowledge of not
only the components of the cutting force, but also the distribution of
contact stresses (contact loads) on the rake and rear surfaces [1, 2]. This
task is especially important when machining dificalt-to-machining (hard-
to-machining) materials [13, 16, 20, 26, 28-30] and for roughing with a



worn tool, when a chipping of the cutting edge or destruction of the
cutting plate may occur [1-10, 18].

Experimental and analytical methods are still the main ways to study
various types of cutting tool wear. Calculations performed by the finite
element method show the prediction of the magnitude of cutting forces in
the process of blade processing [15, 17, 19]. Numerous developments in
numerical methods and simulations associated with the existence of
increasingly powerful computers make it possible to study tool wear
using FEM. Modeling issues are addressed by considering
microstructures as homogeneous characteristics and corresponding
verification methods [27, 34-36].

Tool condition monitoring is an important part of tool prediagnosis
and condition management systems. Accurately predicting tool wear is
essential to fully utilize tool life, improve production efficiency and
product quality, and reduce tool costs. There are various methods for
diagnosing the condition of a cutting tool —cutting force measurement,
temperature signals, automated vibration diagnostic data collection
systems, real-time studies of wear and abrasion of the cutting edge, and
others [14, 21, 22-25, 31-33, 36].

The most dangerous is the wear of the flank surface with appearance
of a chamfer on the side-relief surface (flank-land) with a length hy (Figure
1, 2) and large contact loads leading to tool failure.

(b)

Figure 1.Top view (a) and cross section of the cutter in the major orthogonal plane
N-N (b).
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Figure 2. The principal edge angle in the plan ¢, the nose radius 7, the total

contact length ¢ and the length of plastic contact c1 of a chip with a rake surface of
a cutter, instrumental portable microscope.



The method of a “section tool” (or split cutter method) is used for
research of contact stresses distribution (Figure 3 and 4) [10-12]. It is very
labour-consuming, demands use of rigid special four-component
dynamometer, and in cutting difficult-to-machinematerial occurs
chipping and breakage of cutting plates which causes the repetition of all
series of experiments. Therefore, we had carried out research on the
calculation of epures’parametres of contact stresses which use the
measured or calculated technological components of cutting force.
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Figure 3. The position of the plates A and B of the split cutter when the chips come
into contact with the main measuring plate B in a section of length xsi and width
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Figure 4. Sections of the split cutter.

2. Materials and Methods

The study of the contact stresses distribution was performed when
turning a workpiece made of steel (Fe-0.4C-1Cr, or steel 5140 in
accordance to ASTM-SAE) with hardness HB 180 and ultimate tensile
stress ours=495 MPa by two different methods:

1. First using the split cutter method (Figure 3 and 4) to determine the
distribution (epure, plots) of contact stresses on the rake (front)
surface of the cutter, followed by the determination of the parameters
of the characteristic (reference) points of the contact stress plots
(epure). This will make it possible to plot the normal o and shear
(tangential) T contact stresses (MPa) according to the normal N and



shear (tangential) F physical components of the cutting force Pr (N)
on the rake surface. These forces can be calculated by knowing the
measured technological components P:r and Px, r of the cutting force
and the magnitude of the rake angle y. The use of the split cutter
method also makes it possible to determine the distribution (epure,
plots) of normal on and shear (tangential) Ttn contact stresses (MPa)
on the wear chamfer on the side-relief (rear) surface (on the flank-
land surface);

2. With the measurement of the technological components P:r and Pxyr
of the cutting force on the rake surface of the cutter during
longitudinal turning of the workpiece with a conventional turning
cutter, followed by the calculation of the normal N and shear
(tangential) F of the physical components of the cutting force Pr on
the rake surface. Based on these physical components of the cutting
force on the rake surface, distribution (epure, plots) of normal o and
shear (tangential) T contact stresses on the rake surface were
constructed, taking into account the regularity (rules) that were
obtained by the split cutter method.

Since measuring the technological components of the cutting force
using a conventional three-component turning dynamometer is less
laborious compared to using a special four-component dynamometer for
the split cutter method [1], measurements were performed with a large
number of experiments with different cutting modes and the rake angle of
the turning cutter.

This made it possible to identify the influence of the above conditions
on the magnitude of the main parameters of the contact stress plots,
according to which it is possible to construct plots for the studied
conditions without performing experiments.

When performing experiments using the split cutter method, a
special dynamometer designed by V.A. Krasilnikov [10, 11] was used,
having two levels (frames) of elastic measuring elements 1 and 2 (Figure
3), which allows controlling the constancy of the common technological
components P: and Py of the cutting force, regardless of length the chip
section xsi, which is in contact with the main measuring plate B.

The cutting of the periphery of the disk made from the have being
machined material was carried out with a radial feed rate of the cutter
f= fraq, T, i.e. with orthogonal (rectangular) free cutting, therefore the uncut
chip thickness a (mm) is equal to the feed rate fias (mm/rev).

Plates with a width of 120 mm have several sections in which the
different distance xai (mm) from the cutting edge to the surface that
separates the plates (Figure 4). In the manufacture of plates, the largest
distance xaimax is slightly longer than the chip contact length with the rake
surface of the cutter ¢ (mm), which corresponds to the material have being
machined, rake angle and the selected cutting mode: feed rate f (mm/rpm)
and cutting speed v (m/min).

The have being machined disk with the diameter ddisk = 250...180 mm
(Figure 5) is pre-prepared for the experiment: it is machined on the
peripheral part for a short length of 15-20 mm from the periphery on
diameter and with width ba=4 mm to increase the rigidity of its working
part and reduce its broadening in contact with the cutting edge of the
cutter. The width of the uncut chip b (mm) was assumed to be equal to the
width of the disk ba (mm) due to a slight broadening of the chips during
cutting.
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Figure 5. Diagram of the direction of the components of technological Pz, Py and

physical Np:, Frz, Npy, Fpy cutting forces on the rake (front) surface of the cutter in

the major orthogonal plane with rectangular free turning of the periphery of the
disk at a positive rake (front) angle y.

When the contact area of the cutting edge with the disc changes, i.e.
when the cutter periodically moves along the axis of rotation of the disc,
the distance xai changes (Figure 3 and 4), but the sum of the length of the
chip contact with the rake surface of the plate A (xa:) and plate B (xsi)
remains unchanged: xai+xzi=c.

The calculation of the physical components of the cutting force N and
F according to the technological components P: and Py when the rake
(front) angle vy # 0° is performed according to the formulas that were
obtained from the sum of the vectors (Figure 5):

Pz = NPz + FPZ; IE;y = 'EPy+ NPy'

From these formulas, when vy > 0°, we obtain two equations (1) and
(2) for calculating the physical cutting forces:
N = Np: — Npy = P-xcosy- Pyxsiny,

F = Fry+Fp: = Pyxcos y + Pzxsin y

In equation (1), the second term has a minus sign (-Nry), since this
component is directed in the opposite direction compared to the direction
of the Np: vector. This creates a paradoxical situation: with an increase in
the rake angle y with an increase in the technological force Py, the normal
physical force N in equation (1) decreases, which at very large rake angles
(more than 25 °) can lead to a small normal force N if the second part of
formula (1) is only slightly less than the first part, ie. the average
conditional coefficient of friction Maverage=F/N will increase with an
increase in the rake angle .

With a negative value of the rake angle y and non-free cutting,
slightly different equations are used:

N =Np: + Npxy = Pzxcosy + Py xsiny,

F = Frxy - Fp: = Pxy xcosy - P: xsiny.

Wherery = (sz + Py2)0'5.

The increment of the forces Py and P: on the considered i-th section
of the plate in comparison with these forces on the previous (i-1) section
are calculated by the equations:

APysi= Pygi-APysi1(H).

AP:Bi=P:8i-AP:Bi1 (H).



The normal Ni and shear (tangential) Fiforces acting on the i-th
section are calculated according to equations (7) and (8) in accordance
with equations (1), (2) and (5), (6):

Ni= AP:pixcosy— APysixsiny,

Fi = APysixcos y + APz Bixsin y.

The specific normal gni and shear (tangential) gri contact loads
(forces) on the i-th section of plate B are calculated as the ratio of the
increment of forces on this section to the increment of the chip contact
area ASi on this i-th section:

qni=ANi [ASi = (Ni -Ni1)/(Axixb) (MPa);
qri= AFi /ASi = (Fi —Fi-1)/(Axixb) (MPa)

At Axi—0 mm, the specific normal gni and shear (tangential) gri
contact loads on the i-th section of the plate B will approach the normal o
and shear (tangential) T contact stresses in this section: gni= gi (MPa),
gri=ti (MPa).

3. Results and discussion

3.1. Investigation of the contact stresses distribution on the rake surface by the
method of a split cutter

Figure 6 shows histograms of specific normal gni and shear
(tangential) gri contact loads on various parts of the rake surface of the
cutter, which can be used to plot the distribution (epures, plots) of
normal g and shear (tangential) T contact stresses.
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Figure 6. Histograms of specific shear (tangential)gri and normal gn: contact loads
(MPa) on the i-th section on the plate B. Abscissa is the distance from the cutting
edge xai (mm). Steel 40X — T15K6, y =+7% v =120 m/min; a = f=0.368 mm; B = 4

mm; ¢ =1.844 mm; c1=0.922 mm; Pyexp = 1623 N; Pz exp = 3061 N; Fexp = 2014 N; Nexp

=2837 N.

Plotting is better to start with a plot of shear T contact stresses,
because in Fig. 6 it is possible to distinguish a section from xa=0mm to
x4i=¢1=0.992 mm (i.e. c1 = 0.5xc), where the distribution of T is uniform,
i.e. in this section the graph of T is parallel to the rake surface of the cutter,
this corresponds to numerous investigations of contact loads during steel
machining [1-4].This will allow you to calculate the magnitude of shear
contact stresses T in this area, knowing the magnitude of the shear force F:

(1



Tconst = F/(0,75Cb)

where ¢ — is the length of the chip contact with the rake surface (see
Figure 2).

In our example,
Teonst = F/(0,75-c:b) = 2014/(0,75-1,84-4) = 364,9 (N/mm?). This value
corresponds to the average value of shearcontact stresses in this area (T
varies from 343 to 400 MPa).

Simplified diagrams of contact stresses are shown in Figure 7. They
are also marked with characteristic (reference) points that allow you to
draw these diagrams.
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Figure 7. Simplified diagrams of normal ¢ and shear (tangential) T contact stresses
(MPa) on the rake (front) surface of the cutter and reference points for their
construction. Steel 40X — T15K6, y =+7% v =120 m/min; a = f=0.368 mm; b =4 mm;
¢ =1.844 mm; c1=0.922 mm; Pyexp =1623 N; Pz exp= 3061 N; Fexp=2014 N; Nexp =2837
N.

The shape of the diagram of normal contact stresses o is much more
complicated, therefore we proposed to construct it relative to the diagram
of shearcontact stresses T, knowing the change in the conditional
coefficient of frictionpi = ti/0i along the rake surface of the cutting tool [9]
(Figures 8 and 9).
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Figure 8. Graphs of changes in the conditional coefficient of friction
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ui = Ti /oialong the chip contact length depending on the relative coordinate
i =xi/c according to different authors: 1 — M.F. Poletika and M.H. Uteshev; 2 —
G.S. Andreeva and V.M. Zavartseva; 3 — V. Katvinkel; 4 — H. Takeyama and S. Usui;
5 —H. Chandreshekaran and D. Kapoor [9]; 6 — V.N. Kozlov (steel 40X — cemented
carbide WC+TiC, a = 0,05-0,368 mm, y = +35°- 09).

experimental average
epproximately
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Figure 9. The change in the conditional coefficient of chip friction along the front
surface pi when machining steel, depending on the relative coordinate ;= xi/c
according to V.N. Kozlov when machining steel 40X with cemented carbide
WC+TiC, a =0,05-0,368 mm, y = +35° 0°).

The results of numerous experiments by various researchers have
shown that the regularities of the change of the pi depend little on the
rake angle and the uncut chip thickness a=s-sing, where ¢ is the
principal edge angle in the plan ¢ (°) (see figures 1 and 2). When
analyzing the experimental results, the relative coordinate 1i=xi/c
(dimensionless value) is often used, where xi is the distance of the point
from the cutting edge of the tool.

This allows you to indicate on one graph ¢ = f(1}i) the changes of u at
different values of the wuncut chip thicknessa and other cutting
conditions, i.e. generalize the results of different experiments in which
different chip contact lengths ¢ were obtained.

At the relative coordinatel: = xi/c = 0.4, i.e. at xi=0,4-c, there will be
an intersection of the graph o with the graph T, because at this point the
coefficient of friction pi= 1, that is, there o = t(Figures 7, 8, 9).

At the end of the chip contact with the rake surface of the cutter at
the point i = 0.8 (i.e. at xi= 0,8-c), there should be oi= ti/ 1.6 (Figures 7, 8
and 9).

Through two points: number 1 — at xi=c, where oi=0MPa; and
number 2 at xi=0.8-c, where 0i=1i/1.6, — we draw a straight line to the
intersection of the inclined part of the graph ¢ with the line perpendicular
to the rake surface at point xi= 0,5-c(Figure 7, 10).
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Figure 10. The main reference points for plotting plots and their parameters: Tconst,
O'const = OL2, I_.Z, Omax, OI1.

From the obtained point, we draw a straight line parallel to the rake
surface towards the cutting edge to the intersection with the inclined
straight line o falling from the cutting edge (Figure 7, 10), because in the
section up to xi= 0.5-cthere is a horizontal line at the plot of normal contact
stresses 0.

The value of omax at the cutting edge is first we set approximately by
ourselves. In the first approximation, Omax=2-UTS, where UTS is the
ultimate tensile stress of the have being machined material at room
temperature (MPa). Forexample, forsteel(Fe-0.4 C-1Cr)UTS = 495 MPa.

At a distance from the cutting edge L= a (mm) on= (0.92...0.93):Omax,
because there are no chips there yet, it is just being formed, the pressure
from the cutter goes to the workpiece (see Figure 11), so there is an
approximately uniform distribution of normal stresses o.

tg® = cosyl(k,-siny
k,=a,la T
a = s'sing

Figure 11. Theprocesses in the chip formation zone in the major orthogonal plane
N-N (see Figure 1)

We check the correctness of plotting — the force calculated by the area
(volume) of the plot should be approximately equal to the corresponding
force from the experiment.



We correct the correctness of the assignment of Omax so that equality
is observed
No=bx; 6i X dx = Nex (N),

where x varies from 0 (the coordinate at the cutting edge, i.e. at x =0 mm)
to x = ¢ (the coordinate of the chip separation point from the rake surface);
b is the width of the chip contact with the rake surface of the
cutter,foroblique cuttingb =t/sin .

To fulfill equality (12), the area of the plot o (Ss) is calculated first (see
the example in Figure12):Ss=Xssi (MPa/mm).
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Figure 12. Checking the correctness of plotting normal ¢ and sheart contact
stresses on the rake surface of the cutter during oblique cutting. Steel 40X - T15K6;
t=2mm; v=120 m/min; y =7, ¢ =45° f=0.07 mm/rev.

Then the normal force is calculated from the plot 0: No= So'b (N). It
should be approximately equal to the normal force according to the
experiment Nexp (N).

If the normal force according to the plot g, i.e. Ny, is less than the one
obtained in the experiment Nexp, then we increase Omax, if more — then we
decrease it. After that, we recalculate the normal force according to the
plot No and repeat until we get No = Nexp.

Similarly, we perform for the shear force according to the plot T:
F: =5cb = Foxp (N).

But there shouldn't be any problems here, because initially
Teonst = F/(0,75-c'b).

Finding the value of omax by the above method is the only possible
way to determine it, because no currently known method can determine
contact stresses closer than 0.1-0.2 mm from the cutting edge, because the
plates A and B of the split cutter (Figure 3) are being chipped if the
distance from the cutting edge to the separation surface of the plates
xAi<0.2 mm, and when using laser interferometry methods [11-13] or
polarization-optical [1], the lines (strips) of isocline or isochrome merge
and it is impossible to distinguish them.

3.2. Determination of the influence of cutting conditions on the value of
the main parameters of the contact stress diagrams on the rake surface
after measuring the technological components of the cutting force with a
Kistler dynamometer

The technological components P:, Px and Py of the cutting force
(see Figure 1) were measured during longitudinal turning of a workpiece



made from steel 40X with a conventional turning cutter mounted on a
three-component Kistler turning dynamometer.

Cutting was carried out with a different feed rate f=0.07 ... 0.52
(mm/rev) at a cutting speed v=120 m/min, which excluded the
appearance of a built-up-end (growth) on the rake surface of the cutter.
The magnitude of the side-rake angle y varied from +40 to -10°.

After cutting, the total chip contact length ¢ (mm) and the length of
the plastic chip contact ¢1 (mm) with the rake surface were measured
using an instrumental portable microscope (Figures 2, 12). Graphs of the
effect of the uncut chip thickness a and the rake angle y on the total chip
contact length ¢, which is necessary for plotting contact stresses, were
constructed (Figure 13).
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Figure 13. Graphs of the change of the total chip contact length ¢ (mm) with the
rake surface of the cutter depending on the side-rake angle vy (°) and the uncut
chip thickness a (mm) at ¢ = 45°.

A chamfer with a length hs=0.95 mm with the clearance (flank, rear,
side-relief) angle an=0° was sharpened on the side-relief (rear, flank,
back) surface to study the effects of wear on the technological components
of the cutting force. It simulated wear on the side-relief surface. After
carry out a series of experiments with different feed rates f, the cutter was
re-sharpened only along the side-relief surface with a side-relief (rear,
clearance) angle ac=12°, which ensured a constant side-relief angle on
the chamfer an=0° when the length of the chamfer hs was varied from
0.95 mm to zero, i.e. to a sharp cutter.

By extrapolating the components P:, Px and Py of the cutting force to
the zero wear chamfer, forces acting only on the rake surface of P:r ,Pxr

[b2 ., p2
and Py were isolated. The resulting component Por =VPe R , acting
in the reference (main) plane was calculated. These components Pxyr and
P:: were used to calculate the normal N and shear F of the physical
components of the cutting force on the rake surface according to
equations (3) and (4) with a negative value of the rake angle v, and with a
positive value of the rake angle vy, equations (13) and (14) were used:

N =Npz:—Npxy =Pz r xcosy— Pxy+ xsin)/,
F= FPX}/J’_FPZ :nyr xcos'y + P:» xsin V.

Based on these physical components N and F of the cutting force,
plots of normal o and shear T contact stresses on the rake surface were
constructed, taking into account the regularities (patterns) which were

¢!



obtained by the split cutter method. On each graph of the distribution of
contact stresses, the values of the main parameters of the plots (reference
points) were determined (Figure 10), after which graphs of the effect of
the uncut chip thickness a = f-singp (mm) and the rake angle v (%) (cutting
conditions) on the value of the main parameters of the plots of contact
stresses on the rake (front) surface were plotted in turning of steel 40X
(Figures 10, 12, 13, 14). A large number of points on the graphs allows us
to confidently assert the reliability of the obtained graphs.
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Figure 14. The effect of the uncut chip thicknessa and the rake angle y on the value
of the highest normal contact stress Omax on the rake surface when machining steel
40X.

The greatest interest are the graphs of the effect of the uncut chip
thickness a and the rake angle y on the largest normal contact stress Omax
on the rake surface (Figure 14), since this value determines the load on the
rake surface of an unworn out cutting tool.

It can be seen from the graphs in Figure 14 that a decrease in the rake
angle v from +35 to -10 ° leads to a significant increase in omax from 400 to
1400 N with the uncut chip thickness a = 0,368 mm. When the uncut chip
thicknessa decreases in the range from 0.368 to 0.17 mm, the value of Omax
decreases, which also does not cause contradictions with existing ideas
about contact processes on the rake surface.

With the uncut chip thickness aless than 0.17 mm, Omax begins to
decrease intensively at y = -10 °, but on the contrary it increases at y =
+35 °, +25 ° and +15 °.

In our opinion, the intensive decrease in Omax at y = - 10° and the
small uncut chip thickness (a<0.15 mm) is associated with the
appearance of a small build-up-edge (growth) on the rake surface and an
increase in the actual the rake angle y[1]. With a large uncut chip
thickness a, this effect is not so significant.

The second factor contributing to a decrease in omax at y=-10 ° and
a <0.15mm is associated with an increase in the deflection (sag) of the
transient (cutting) surface [5], which leads to a decrease in pressure on the
rounded section of the cutting edge due to the redistribution of the
normal load on the rest of the chip contact with the rake surface.

Therefore, the paradoxical intensive increase in omax at y =+35 © and
a small uncut chip thickness a <0.17 mm is also associated, in our opinion,



with the deterioration of conditions for the formation of a small build-up-
edge: with y>+25° the probability of the appearance of the build-up-
edge (growth) decreases sharply [1]. The appearance of the build-up-edge
causes an increase in the actual rake angle vacwa, and this leads to a
decrease in the cutting force [1].

The presence of a small build-up-edge is especially important when
machining with a small uncut chip thickness a, because the build-up-edge
prevents the indentation (pressing) of the have being machined material
under the cutting edge (see Figure 11) [1-2], which means it prevents a
significant increase in forces on the radius section of the rounded cutting
edge: even with a sharpened cutter, the radius of rounding of the cutting
edge is o = 0.002-0.005 mm.

With a small chip thickness (a2 <0.17 mm), the indentation (pressing)
of the have being machined material under the cutting edge in the chip
formation zone increases [1]. This leads to an increase in the components
of the cutting force P:o, Pyo and Pxo on a rounded section of the cutting
edge, but in the absence of a wear chamfer on the flank surface, this is
perceived as forces on a flat area of the rake surface.

The increase in omax at Y =+15¢ and a smallvalue of the uncut chip
thickness (2 <0.1 mm) is similar to the changes at v =+35 °, but begins a
little later with a decrease in the uncut chip thickness due to a smaller
rake angle. A similar effect should be at vy =+25° with a decrease in the
uncut chip thickness a < 0.14 mm, however, a not very intense increase in
omax compared to v =+15 ¢ is unclear and can only be explained by us as
an error in measuring forces at 4 = 0.05 mm with the rake angle y = +25 ©.

Special attention should also be paid to the effect of the uncut chip
thickness a on the value of the greatest shear contact stress Tmax = Tconst (Fig.
15). These graphs confirm the statements of various researchers about the
small effect of the uncut chip thickness a and the rake angle vy on its
magnitude [1]. Only when the rake (front) angle v =-10 ° is negative, the
graph tmax = f(a) differs from the others.
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Figure 15. The effect of the uncut chip thickness a and the rake angle y on the

magnitude of the greatest shear contact stress Tmax on the rake surface when
machining steel (Fe-0.4 C-1Cr).



The value of the greatest shear stress Tmax=Tcnst varies slightly
(Ttmax = 350-400 MPa) in the range of the uncut chip thickness a=0.37-
0.07 mm and the rake angle y =+35-0 °, but the greater the rake angle v,
the greater the value of the tmax. At y=+7°, the value of tmax does not
change, which allowed scientists to assert that the cutting mode does not
affect the value of the shear stress T on the first half of the chip contact
length.

Increase in tmax at a small value of the uncut chip thickness
4<0.07mm for y=+35 ... +15° is explained by us as the effect of
indentation (pressing) of the being machined material under the cutting
edge in the chip formation zone, what causes an increase in forces not on
a flat area of the rake surface, but on the rounded section of the cutting
edge: the larger the rake angle, the more intensively the tmax increases in
this area with a decrease in the uncut chip thickness 2 < 0.07 mm.

The special character of the graph tmax=f(a) at y=-10¢ is explained
by us as the influence of a seizure (stagnant) zone or a build-up-edge: at a
negative rake angle, the velocity vector of the have being formed chips
changes its direction, which creates more favorable conditions for the
formation of a seizure (stagnant) zone. With a decrease in the uncut chip
thickness a < 0.37 mm, even its small value more significantly changes the
friction force on the contact surface at the cutting edge.

With a further decrease in the uncut chip thickness (2 < 0.17 mm), an
increase in tmax occurs due to an increase in forces not on a flat area of the
rake surface, but on the rounded section of the cutting edge due to the
indentation (pressing) of the have being machined material under the
cutting edge in the chip formation zone, which occurs to a greater extent
with a negative rake angle.

5. Conclusions

1. Investigation of the distribution of contact stresses on the rake
surface of the cutter by the split cutter method when machining
40X steel revealed characteristic (reference) points on the plots of
normal o and tangential t contact stresses, which are necessary
for plotting when machining steel 40X (Fe-0.4 C-1Cr). These
characteristic points can be used for plotting when machining
steel of other grades, alloys, as well as other materials, during the
machining of which continuous chips being formed.

2. The effect of the uncut chip thickness a and the rake angle y on
the total length of the chip contact with the rake surface c was
revealed during the machining 40X steel. Graphs were
constructed and equations were obtained for calculating the chip
contact length c.

3. When plotting contact stresses on the rake surface of the cutting
tool when machining steel, it is necessary to start with plotting
shear contact stresses T, because it has a simpler form, which
allows using a simple formula to determine its main parameter,
Tmax =Tconst = F/(0,75-¢c'b).

4. The shape of the diagram (epures) of normal contact stresses o is
much more complicated, therefore we proposed to construct it
relative to the diagram of shear (tangential)contact stresses T,
knowing the change in the conditional coefficient of friction
ui = ti/oi along the rake (front) surface of the cutting tool.

5. The results of numerous experiments by different researchers
have shown that the regularities of the change of p depend little
on the rake (front) angle y and the uncut chip thickness a. When



analyzing the experimental results, the relative coordinate
i = xi/c was used.

6. After plotting the contact stresses epures, it is necessary to check
the correctness of their construction — the force calculated by the
volume of the plot should be approximately equal to the
corresponding force from the experiment.

7. The values of its main parameters (reference points) (Omax, Gconst,
L2, Tmax) were determined on each plot (epure), after which graphs
of the effect of the uncut chip thickness a = fsing (mm) and the
rake (front) angle v (%) on their value when turning steel 40X were
constructed. A large number of points on the graphs allows us to
confidently assert the reliability of the obtained graphs.

8. In machining steel 40X (Fe-0.4 C-1Cr) the greatest normal contact
stress on a rake surface Omax=500-1100 MPa depends on uncut
chip thickness a and rake angle vy;

9. A decrease in the rake angley from +35 to -10° leads to a
significant increase in Omax from 400 to 1400 MPa for the uncut
chip thickness a = 0.368 mm, which does not cause contradictions
with existing ideas about contact processes on the rake surface. It
is also natural decreasing omax with a decrease in the uncut chip
thickness a in the range from 0.368 to 0.17 mm.

10. The paradoxical intensive increase in Omax at y =+35 - +15 ° with a
decrease in the uncut chip thicknessa <0.17 mm is associated, in
our opinion, with an increase in the indentation (pressing) of have
being formed material under the cutting edge in the chip
formation zone. This leads to an increase in the components of the
cutting force P:o, Pyo and Pxe on the rounded section of the
cutting edge with radius @, but in the absence of a wear chamfer
on the flank (back) surface, this is perceived as forces on a flat
area of the rake (front) surface.

11. The value of the greatest shear (tangential) stress Tmax= Tconst
varies slightly (Ttmax=350-400 MPa) in the range of the uncut chip
thicknessa = 0.37-0.07 mm and the rake (front) angle v =+35-0°,
but the greater the rake (front) angle vy, the greater the value of
the Tmax. At yY=+7°, the value of Tmax does not change, which
allowed scientists to assert that the cutting mode does not affect
the value of the shear (tangential) stress T on the first half of the
chip contact length.

12. In machining steel 40X (Fe-0.4 C-1Cr) a medium (an average)
conditional coefficient of friction on a rake surface is large
um= 0.6-0.8. It leads to occurrence of essential radial force on a
rake surface Pxyr (force Pyrin orthogonal free cutting) and leads a
sag (deflection) of a transient surface. The presence of the sag
(deflection) of the transient surface leads to a decrease in contact
stresses on the side-relief (rear, flank, back) surface or on the
wear chamfer on the side-relief (rear, flank, back) surface near the
cutting edge when machining materials forming continuous
chips.
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Nomenclature
a uncut chip thickness (mm) al chip thickness (mm)
Ka chip thickness ratio, Ka =ai/a
o} the major cutting edge angle (degree, °)
o1 the minor cutting edge angle (degree, °)
t depth of cut (mm)
v cutting speed (m/min)
Y rake angle (degree, °)
ol the clearance angle —the angle between the flank (or tangent to it) and
the cutting edge plane (degree, °)
c tool-chip length (the length of the chip contact with the rake surface)
(mm)
cl tool-chip sticking zone length (mm)
I> tool-chip slipping zone length (mm)
0 radius of rounding of the cutting edge (mm)
T shear stress on the rake surface (MPa)
Tmax the greatest value of the shear stress on the rake surface (MPa)
Omax the greatest value of the normal stress on the rake surface (MPa)
o normal stress on the rake surface (MPa)
u conditional coefficient of friction on the rake surface
f feed rate (mm/rev)
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