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Abstract: For the machining of long and narrow surfaces and when processing multiple pieces,
planing technology is used, the productivity of which can be higher than that of milling, although
it is relatively slow machining. The article aims to study the degree of influence of the geometry of
the tool (the angle of cutting-edge inclination and the angle of the tool-orthogonal rake), as well as
the cutting conditions (cutting depth and cutting speed) on the chip characteristics (temperature
and microhardness) in orthogonal and oblique slow-rate machining of steel 1.0503 (EN C45). The
experiments were carried out on specially prepared workpieces designed for immediate stopping
of machining. The results of the experiments were statistically processed, and behavioural models
were created for temperature and Vickers microhardness of chips for individual combinations of
factors. The obtained dependencies revealed how the geometry of the cutting tool and the cutting
conditions affect the temperature and microhardness in the cutting area and at the same time al-
lowed the best conditions for both orthogonal and oblique machining to be set up.
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1. Introduction

Cutting operations with relatively low cutting velocity include planing and broach-
ing technologies. Planing is a cutting process in which the formed chip is visible to the
eye, whereas in broaching, the chip generation process is hidden and invisible to the na-
ked eye. Therefore, it is possible to monitor the development of the temperature field in
the area of chip generation during planing with a temperature measuring device by laser
aiming and thus providing an approximate idea of the temperature generated not only
during cutting but also during broaching [1,2].

The planing process is one of the oldest among the so-called single-point machining
processes, used in the production of long cuts. This type of machining technology uses a
linear motion with a single-pointed cutting tool to create a flat surface. The cutting tool is
clamped in the tilting head, which prevents damage to the cutting edge when returning
the tool. Although the process seems to be easy, setting the cutting conditions is difficult
[3-6].

During the planing, the workpiece moves linearly and is usually machined with one
tool. Because the large, heavy workpiece and table are in motion at relatively low cutting
speeds, planers come with several tool heads and multiple tools in one head [7]. In addi-
tion, many planers are constructed with tool heads to make cuts in both directions of table
movement [8]. Nevertheless, as mentioned above, since only single-pointed tools and low
cutting speeds are used, planing is classified as a low-productivity cutting process
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compared to other cutting methods. However, when machining long and narrow surfaces
(such as guide rails, long grooves, etc.) and when cutting multiple pieces with a planer,
the efficiency of this type of workpiece processing can be much higher compared to mill-
ing [9,10]. The planing accuracy can reach IT9~IT8 and the surface roughness can be in the
range of Ra is 3.2~1.6 um [11-13].

In spite of planing being considered an obsolete technology, for performing and ob-
serving experimental tests for machining at relatively low cutting speeds, planing appears
to be a very attractive machining process [14]. At slow-rate machining, the chip-formation
process can be observed in both cutting methods, orthogonal and oblique.

For orthogonal cutting (Figure 1a), it is characteristic that the cutting edge is perpen-
dicular to the direction of movement of the tool and wider than the width of the cut. The
shear force acts on a smaller area, so shear force per unit area is higher and the tool life is
shorter than obtained in oblique cutting [15,16]. The forces that occur in this type of ma-
chining can be drawn in a plane, which is why it is also known as 2D machining [17]. If
the angle between the cutting edge and the movement of the tool is not “right” (90°), it is
an oblique cutting, which is also called 3D machining, because the cutting force is not
planar, but spatial and is represented by 3 components [18]. All these facts affect the cut-
ting conditions, tool life, durability as well as the quality of machined surface.

/ Motion of
workpiece
(a) (b)

Figure 1. Principle of (a) orthogonal and (b) oblique machining.

In both types of machining, the chip resulting from the interaction of the tool with
the workpiece plays a crucial role in determining the properties of the machined surface
and tool life. Properties that reflect its behaviour in the shear plane (acceleration of shear
deformation, shear stress and shear angle) can also be represented by temperature and
microhardness [19,20].

Jain et al. [21] verified the degree of influence of shear strain accelerations on the
microhardness of chips during machining under the same cutting conditions. The basis of
the hypothesis was the fact that the acceleration of shear deformation controls machining
parameters such as tool-chip interface temperature, shear angle, tool wear, etc., and the
hypothesis was confirmed.

The process of chip development in high-speed machining of hardened steel was
studied by Wang et al. [22]. Research has confirmed that the formation of chips, when
cutting materials of different hardness, can be controlled by setting a suitable combination
of technological parameters. The hardness of the material as well as the local temperature
increases with increasing cutting speed. When the parameters are in equilibrium, the de-
formation is concentrated in the shear zone and adiabatic shear occurs.

The effect of cutting conditions on the microhardness of the material in the cutting
area along with chip thickness was investigated by Alrabii and Zumot [23] in experi-
mental tests. They reported that microhardness increases with increasing cutting
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parameters (depth of cut, speed and feed), but only to a certain extent. Above this level,
an increase in cutting parameters causes a decrease in microhardness.

The influence of changes in the microstructure of AISI 1045 steel on diffusion wear
during turning in a zone of chip formation as a function of variable cutting speed was
investigated Pu et al. [24]. The results of the research showed that with the cutting speed
increasing, the grain size of the various phases also increases.

Response surface methodology was used in the study of Senussi [25] to specify the
root cause of an effect of the relationship between chip microhardness and input control
variables influencing the response as a 2D or 3D hypersurface. He stated that the com-
bined effect of cutting speed at its lower level, feed rate and cutting depth at their higher
values could result in increasing the microhardness of the chip.

Various approaches have been used by many researchers to study the effect of cutting
parameters on chip properties and behaviour. The issues of microhardness, temperature,
geometry and chip shape within analytical and numerical models have been developed
in several studies [26-30], however, the complexity of the chip generation process forced
the authors to simplify the simulation conditions, which, however, affected the accuracy
of the obtained results, which did not correspond to the real state.

It can be said that many studies were focused on the influence of cutting parameters
on microhardness and temperature evaluation in the past, but mostly the object of their
investigation was the machined material or the cutting tool. However, only a few studies
have addressed the microhardness and temperature of the chips generated during ma-
chining, but no study has compared the degree of influence of both the tool geometry
(angle of tool-cutting-edge inclination and angle of the tool-orthogonal rake) and the tech-
nological conditions (depth of cut, cutting speed) on the chip characteristics (temperature
and microhardness) in orthogonal and oblique slow-rate machining of 1.0503 (EN C45)
steel that is included in the presented research. Based on the measured data, behavioural
models were created for the temperature and Vickers microhardness of chips at individ-
ual combinations of the factors. The experiments were carried out on specially prepared
workpieces designed for immediate stopping of machining.

On the basis of the above, it can be said that the novelty of the research lies not only
in its complexity and the combination of included research factors (from the type of ma-
chining and machined material, through the geometry of the tool to the technological con-
ditions), which according to the authors’ best knowledge have not yet been studied, but
also in the newly proposed methodology for obtaining chips in an attempt to bring the
observed chip samples as close as possible to the state in which they were created so that
the texture of such a chip corresponds to the current cutting speed.

2. Materials and Methods

Planing technology, in which the workpiece performs the main movement, was se-
lected for this study. In the experiments carried out as part of the presented research, a
planing machine HJ8A type (KOVOSVIT inc., Holoubkov; Czech Republic) shown in Fig-
ure 2a was used. The process of planing of EN C45 steel is captured in Figure 2b. The
machine is designed for the production of medium-heavy workpieces in piece and series
production. The worktable has three levels of working and retraction speeds. The hydrau-
lic drive is equipped with two gear pumps with separate electric motors, electromagnetic,
hydraulic distribution and a combination of pump devices to change the speed levels of
the table. The crossbar with support is vertically adjustable on the stand. The planer has
two supports on the crossbar and one on the stands. Feeds and rapid feeds are controlled
by the slide box at the end of the crossbar, either hydraulically or electrically. The table
feed and the fast feeds of the crossbar, as well as the carriage, are controlled by the buttons
from the hanging control box.
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Figure 2. Experimental device (a) HJ8A planer, (b) experimental processing of a workpiece made of
EN C45 steel.

No cooling medium was used during machining, as the tool path was relatively short
(about 200 mm), so there was no overheating of the tool and the material being processed.

Steel 1.0503 (EN C45), which is usually used in experiments as a standard [31], was
chosen as the machined material within the experiments. It is a medium carbon-unalloyed
structural steel that provides moderate tensile strength (in the range of 570-700 MPa),
Brinell hardness of 170-210 and a good wear resistance. The material can be processed
with hardening by means of quenching and tempering on focused and restricted areas.
C45 can also be instigated with induction hardening up to the hardness level of HRC 55.
This grade is in majority situations delivered in an unattended heat treatment state i.e.,
normalized condition, although it can be furnished also in numerous heat treatment var-
iations. Machinability of C45 is equivalent to that of mild steel for example CR1 grade; on
the other hand weld ability is exhibited lower than that of mild steel [32]. Steel is suitable
for producing shafts of turbochargers, pumps, traction machines, electric motors, more
giant gears, screws, automobile crankshafts, connecting rods, steering levers, spring
hinges or pins. The chemical composition of machined 1.0503 (EN C45) steel is in Table 1.

Table 1. Chemical composition of the 1.0503 (EN C45) steel [33].

Steel

C (%)

Mn (%) Si (%) Cr (%) Ni (%) Cu (%) P (%) S (%)

EN C45

0.42-0.50

0.50-0.80 0.17-0.37 max. 0.25 max. 0.30 max. 0.30 max.0.040 max. 0.040

The values of the cutting parameters (cutting speed v, cutting depth ay) for experi-
mental testing were chosen based on the requirements of technical practice, whereas the
lowest cutting speed was given by the planer and corresponded to 60% of the machine’s
power. Values for cutting depth a, were set based on machine limitations for maximum
chip cross-section.

The planing necking tool type 32x20 ON 36550 HSS00 was used at orthogonal ma-
chining, whereas the straight roughing tool 32x20 ON 36500 HSS00 was employed at
oblique machining. The brazed high-speed steel tips with three different values of the an-
gle of cutting-edge inclination As = 0°, 10° and 20° were applied within experimental test-
ing [33].

The cutting tools used in the experiments are shown in Figure 3, and the next tools’
characteristics are given in Table 2.
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Figure 3. The cutting tools used at (a) orthogonal machining, (b) oblique machining.

Table 2. Values of tool angles [33].

Type of Tool Angle Planing Necking Tool Straight Roughing Tool
Tool-cutting-edge angle xr 0° 60°
Tool minor (end)-cutting-edge angle x’ - 20°
Tool-included angle & - 100°
The angle of the tool-orthogonal rake y. 8°/12°/16° 3°/7°/11°
The angle of the tool-orthogonal clearance . 15°/11°/7° 15°/11°/7°

The geometrical characteristics of the cutting tool were chosen in accordance with the
machined material and the characteristics of the planing process. This method of machin-
ing requires the use of a more robust tool compared to turning. Increased robustness is
required from the point of view of a significantly more dynamic way of first contact be-
tween the tool face and the workpiece [34]. The following requirements were also taken
into account when choosing the tool geometry:

e  Compliance with the condition of the tool’s physical resistance to dynamic shocks
when entering the cut;

e  The range of variable values ensuring the statistical significance of the experiment;

o  The difference in the characteristics of the chip formation process for orthogonal and
oblique cutting.

According to the tool manufacturer’s recommendations, the rake angle when planing
type C45 steels is chosen in the range of 8°-14°, and the angle of tool-orthogonal clearance
a for this type of steel is chosen in the range of 7°-11° [35].

Considering all the demands and recommendations, the angle of tool-orthogonal
clearance ao, adopted the strategy of using the smallest value (7°) in terms of production
recommendations and the other two values are in a linear series with an increment of 4°
for the tools within the presented experiments.

Similarly, in the research, the angles of the tool-orthogonal rake y, were set up so
they reflected the requirement to ensure the lowest possible specific resistance, whereas
the maximum value was related to the bending stiffness of the cutting wedge. Specifically,
for the planing necking tool, an interval of three values graduated by 4° from the smallest
recommended value (8°) was chosen for the angle of the tool-orthogonal rake y.. For the
straight roughing tool, the manufacturer’s recommended values of the angle of tool-
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orthogonal rake y» were reduced due to an effort to increase the strength properties of the
tool tip and were used in gradations of 3°/7°/11°. For this tool, for the same reason of in-
creasing the strength of the tip, the tool included angle ¢ in the value of 100° was used.

In order to observe changes in the chip formation zone, it was necessary to stop the
machining process and break the contact of the tool with the workpiece. For this purpose,
a methodology of immediate machining stop was developed based on the observation of
chip behaviour during face milling, in which the end of the chip breaks off when leaving
the cut. Observations have shown that the texture of such a chip corresponds to the actual
speed at the moment of interruption of the cut. This know-how led the authors to use it in
the presented research, and so they have developed a new methodology of obtaining chip
roots based on the special modifications of the machined sample. The principle of the
methodology is based on the designing of a specific workpiece (shown in Figure 4), and
it is described below.

After milling the grooves of 10 mm x 10.5 mm into a semi-finished product with di-
mensions of 240 mm x 87.5 mm x 30 mm in the longitudinal direction, 11 protrusions with
a rectangular cross-section of 10.5 mm x 2.5 mm were created, and each protrusion was
used for a separate experiment.

At the end of the sample, where the tool comes out of the grip, the protrusions were
undercut, and a plate was inserted into the resulting gap, which had the task of preventing
the deformation of the final sample. The most crucial role in the cutting interruption pro-
cess was played by a transverse hole with a diameter of 8 mm, which was drilled in front
of the reinforcing plate (from the point of view of the cutting direction) and which was
subsequently also reinforced with a metal rod. When the tool passed over the hole, the
cross-section narrowed, and the material was torn, and the end part of the protrusion was
thrown sharply in the direction of the tool’s movement at speed greater than the cutting
speed. The separated end parts together with the resulting chip served as samples that
captured the state of plastic deformation corresponding to the actual cutting speed.

Figure 4. The principle of the methodology to immediately break the contact of the tool and the
workpiece for orthogonal cutting (1 —cutting wedge of the tool, 2—the place of rupture of the sam-
ple, 3—a drilled hole reinforced with a metal rod due to the narrowing of the cross-section, 4—
supporting plate preventing the deformation of the final sample, 5—workpiece, 6—the final sample
used for observation after tearing away from the workpiece).

An infrared thermometer UNI-T UT305C (Uni-trend Technology Co., Ltd.,
Dongguan City, Guangdong Province, China) was employed to measure the temperature
of various surfaces by measuring the infrared radiation emitted from a focused surface
and whose specifications were sufficient for the experiments carried out in this research.
Its basic characteristics were: Temperature range —-50~1550 °C; Accuracy +1.8%; Repeata-
bility +0.5%; Resolution 0.1; Response time 250 ms (95% of reading); Emissivity 0.1~1.0
adjustable; Laser power <1 mW; Laser wavelength 630~670 nm; Spectral response 8~14
.
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Since the temperature measurement was performed only on a cutting length of 200
mm, it was assumed that the increase in temperature in the cutting area was directly pro-
portional to the increase in the size of the cutting path of the tool.

The obtained samples were cast in technical dentacryl, which has good insulating
properties, high mechanical strength and perfect thermal insulation. The cast samples
were ground using water, which had a cooling effect and thus prevented the sample from
being affected by heat. In Figure 5a, the ground and polished sample are shown. After
polishing, the samples were etched with Nital, which is a 2% solution of nitric acid HNOs
in ethyl alcohol. After being etched on the surface, a sample structure of the material was
observed with the Platinum USB digital microscope UM019 (Shenzhen Handsome Tech-
nology Co., Ltd., Shenzhen, China) with a magnification of 25-220x. An example of an
etched sample is shown in Figure 5b.

Figure 5. Investigated sample of a chip, (a) ground and polished, (b) etched, magnified 200x.

Microhardness was measured with a Micro—Vickers hardness tester CV-403DAT
(Figure 6a) according to STN EN ISO 6507-1 standard. The measuring device involves a
microscopic and a static method expressed on Vickers or Knoop scales, with magnifica-
tions of 200x and 600x. The microhardness measuring according to the Vickers method is
determined by optical magnification by pressing a diamond regular quadrilateral needle
with a peak wall angle of 136° into the tested material and then measuring the diagonals
perpendicular to each other after relieving the load. The loading force acts in a perpendic-
ular direction on the surface of the test specimen.

Hardness measurements were performed in the area of the shear angle at a load of
200 gf (gram-force) for a dwell of 10 s. An example of the tested sample with an imprint
under 600x magnifications is shown in Figure 6b.

(b)

Figure 6. (a) Micro—Vickers hardness tester CV-403DAT; (b) tested samples—imprint, magnifica-
tion 600x.
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3. Results and Discussions

The experiments were carried out within the so-called “planned experiment” that
was designed at three levels (lower, basic, and upper). The temperatures were measured
in a cutting zone for orthogonal and oblique machining, and the micro-hardness of the
material was measured in the area where the shear angle was formed. Measured data
were evaluated through the statistical method using a regression function. Outliers from
each group of measurements were specified using Grubbs test criteria and were excluded
from further statistical processing of the results. Regression coefficients were calculated
by means of Matlab software, and their significance was examined according to Student’s
test criterion. The adequacy of the regression function was evaluated according to the
Fisher-Snedecor test criterion F < Foos (fi, f2), where the degrees of freedom fi = Ng (N is a
number of measures, q is a number of significant coefficients) and f2 = N (m — 1), where m
is a number of assessed measurements within the Grubbs’ test [36-39].

The variables listed in Table 3 were considered within the experimental study, and
the codes for individual variables” specific values are referred in Table 4.

Table 3. The variables and the ranges of individual values [33].

Variables Symbols -1 - 0 +a  +1

Cutting speed (m-min™) Ve x1 6 825 105 1275 15

Cutting depth (mm) ap x2 02 025 0.3 035 04

The angle of the tool-orthogonal rake—orthogonal cutting (°)  yo x3 8 10 12 14 16
The angle of the tool-orthogonal rake —obligue cutting (°) Yo (x3) 3 5 7 9 11
The angle of the tool-cutting-edge inclination (°) As x4 0 5 10 15 20

Table 4. The codes for specific values of individual variables.

Code Specification of Variables
-1 Xmin
- [(xXmax + Xmin)/2] = [(Xmax— Xmin)/202]
0 (Xmax + Xmin)/2
+a [(xxmax + Xmin)/2] + [(max— Xmin)/20(2]
+1 Xmax

Although the evaluation of tool wear was not the main goal of the research, it can be
said that the dominant mechanism of tool wear during planing in the experiments was
abrasive wear, which was manifested in the change of the geometry of the tool on the
flank surface.

3.1. Temperature Evaluation

To evaluate the behaviour of the temperature and the influence of the monitored pa-
rameters on it, the regression dependencies for orthogonal machining of EN C45 steel
were expressed by Equation (1), and for oblique machining by Equation (2), and the mean-
ing of parameters x1 + x4 is explained in Tables 3 and 4 above. The calculated Fisher-
Snedecor criterion [40] confirmed that the equations were functionally dependent and the
coefficients of determination of the relations were R?=0.90 and 0.91, respectively:

y = 3.4146 — 5.7289x, + 6.0652x, + 6.6299x; + 0.1732x, — 0.3957x,x, + 0.3796x,x5 +
+ 0.0634x,x, — 0.3435x,%; + 0.0202x,x, + 0.0559x5x, + 2.6854x2 + 5.0529x2 — 4.7508x2 + 1)

+0.0934x2

y = —2.415 + 5.9456x, — 3.438x, + 0.5381x5 + 0.1701x, — 0.0292x, x5 + 0.0163x,x,

@)

+0.2491x,x5 + 0.0355x,x, — 0.0181x3x, — 2.9253x% — 3.0763x2 — 0.3104x2 + 0.0592x2
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Using Equations (1) and (2), the temperature dependences on a combination of two
parameters were plotted out of four monitored (depth of cut, cutting speed, face angle
and inclination of the cutting edge of the tool) so that the behaviour of the temperature
field could be evaluated.

When orthogonal cutting of carbon steel EN C45 in the interaction of cutting speed
and cutting depth, the cutting depth had a more significant effect (Figure 7a). The cutting
speed had a much milder effect, and the highest temperature values were achieved at the
minimum cutting speed and the maximum values of the cutting depth. Conversely, in the
oblique cutting of carbon steel (Figure 7b), the maximum temperatures were reached at
the minimum cutting depth and the maximum cutting speed.

Orthogonal cutting — EN C45 Obligue cutting — EN C45

Temperature (°C)

0
Cutting depth (mm)

[=)
o
=
=]
2
o
2 60
E
@
" 454
+d 0%540 > e
14 16 0.35 ’ ey 16
030 - 12
0.25 ) 10
a . _— Cutting depth 020 & Cutting speed (m-min™)
0.20 Cutting speed (m-min™) utting depth (mm)

(@) (b)

Figure 7. The graphs of the influence of cutting speed v: and cutting depth a, on temperature change
T, (a) orthogonal cutting; (b) oblique cutting.

The influence of the angle of the tool-orthogonal rake and the cutting speed in or-
thogonal cutting is almost equally important/intense (Figure 8a), whereas in oblique cut-
ting, the angle of orthogonal rake has an almost imperceptible effect compared to the im-
pact of the cutting speed (Figure 8b). In both cases, the maximum temperature values were
reached at the mean values of the angle of the tool-orthogonal rake, but as already men-
tioned, the temperature reacts in the opposite way to a change in cutting speed. The max-
imum temperature in orthogonal cutting is at the minimum cutting speed, and in oblique
cutting, it is at the maximum cutting speed.

The influence of the angle of tool-cutting-edge inclination As is almost undetectable;
the more significant impact on temperature has the cutting speed (Figure 9).

The influence of the angle of the tool-orthogonal rake on the temperature is more
evident in the orthogonal cutting of carbon steel (Figure 10a) than in oblique cutting (Fig-
ure 10b), and the maximum temperature values are reached at their mean values. The
cutting depth has a more pronounced effect, and it is precisely in the opposite way. At
orthogonal cutting, the maximum temperature values are reached at the maximum cut-
ting depth values, and at oblique cutting, the maximum temperature is reached at the
minimum cutting depth. In both types of cutting, the angle of tool-cutting-edge inclination
As has no noticeable effect on the change in cutting temperature compared to the cutting
depth (Figure 11).
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Orthogonal cutting — EN C45
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Figure 8. The graphs of the influence of cutting speed v. and the angle of the tool-orthogonal rake
Y0 on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

Orthogonal cutting — EN C45

Temperature (°C)

15
10

Angle of tool cutting
edge inclination (°)

@)

Cutting speed (m-min?)

Oblique cutting — EN C45

ity
K raris ey,
4 '0;,,;’1,,:",{

o
L,
eI e s,
A
oy g iy, gt
Y Iff/, i ’;I,,’;l
Uty
Wi

Temperature (°C)

Angle of tool cutting
edge inclination (°)

Cutting speed (m-min™)

(b)

Figure 9. The graphs of the influence of cutting speed v. and the angle of tool-cutting-edge inclina-
tion As on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

Orthogonal cutting — EN C45

77
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eaiolly!
ettty
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Oblique cutting — EN C45
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Figure 10. The graphs of the influence of the tool-orthogonal rake y, and cutting depth a4, on tem-
perature change T, (a) orthogonal cutting; (b) oblique cutting.
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Orthogonal cutting— EN C45 Oblique cutting — EN C45
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Figure 11. The graphs of the influence of cutting depth a, and the angle of tool-cutting-edge inclina-
tion As on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

The angle of tool-cutting-edge inclination at the orthogonal cutting of carbon steel
(Figure 12a) has an almost unnoticeable effect compared to the angle of the tool-orthogo-
nal rake. However, it is different at oblique cutting (Figure 12b), where maximum tem-
perature values are reached at the maximum angle of tool-cutting-edge inclination. The
angle of the tool-orthogonal rake had a more prominent effect in orthogonal cutting, but
the maximum temperature was reached at its mean values in both cutting methods.

Orthogonal cutting — EN C45 Oblique cutting — EN C45

10 e
90

Temperature (°C)

5
Angle of tool cutting

edge inclination (°)
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o,
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I
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£
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2
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o7 ° Angle of tool Angle of tool cutting 03 Angle of tool
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Figure 12. The graphs of the influence of the tool-orthogonal rake y. and the angle of tool-cutting-
edge inclination As on temperature change T, (a) orthogonal cutting; (b) oblique cutting.

On the basis of experiments aimed at determining the influence of the investigated
factors on the temperature of the chip, it is possible to evaluate achieved results from three
points of view:

e  From the point of view of the cutting speed, the results of the research are character-
ized for orthogonal cutting by a slight decrease in the temperature of the chip as the
cutting speed increases. From the point of view of theoretical and practical
knowledge, such a trend occurs at very high cutting speeds, when the chip removal
speed from the cutting site is significantly higher than the heat conduction speed in
the machined material, which is used in high-speed machining. In oblique cutting,
the maximum temperature of the chip is reached in roughly 2/3 of the range of cutting
speeds, which decreases slightly with the further increase in the cutting speed values.
However, according to theoretical knowledge, the trend should be rising. The devia-
tion between the research results and the theoretical starting point is probably caused
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by the influence of the complexity of the experimental system, as well as the factors
of the experimental conditions that are uncontrollable.

e  From the point of view of the change in cutting depth, significantly opposite tenden-
cies for orthogonal and oblique cutting occurred. With this phenomenon, it should
be noted that the temperature gradient in the graphical interpretation of the results
is about 45 °C for orthogonal cutting and about 15 °C for oblique cutting. The influ-
ence of the cutting depth on the cutting temperature in orthogonal cutting represents
the current theoretical and practical knowledge very well —with increasing depth of
cut, the degree of deformation of the machined material increases, which outwardly
manifests as an increase in temperature in a geometric trend. In oblique cutting, this
experiment showed a trend of a slight increase in chip temperature while reducing
its thickness. This phenomenon is in contrast to the simplified theoretical model of
cutting. This opposite trend in the behavior of the acquired dependence can be ex-
plained by the interaction of two factors causing a slight decrease in chip temperature
when increasing its thickness (influence i).

e  From the perspective of the angle of the tool-orthogonal rake y., the research results
indicate for orthogonal cutting that the maximum chip temperature is reached in
roughly half of the range of angles examined. This trend is most likely caused by the
interaction of influences of both used methodologies of experimental measurement
and data evaluation. In oblique cutting, the effect of the dependence of chip temper-
ature on the angle of the tool-orthogonal rake y» is insignificant, which is in accord-
ance with current knowledge.

e  The influence of the angle of tool-cutting-edge inclination As on chip temperature is
almost undetectable in accordance with theoretical knowledge.

The influence of parameters on the maximum measured temperature during orthog-
onal and oblique EN C45 machining is clearly shown in Table 5.

Table 5. Effect of parameters on the maximum measured temperature during orthogonal and
oblique machining EN C45.

.. . o Cutting Parameters Temperature
Machining Type Tool-Cutting-Edge Angle (°) oo (memin)  ap ( f‘ m) ) 26 Tp(°C)
orthogonal xr=0 61 042 123 -4 111.4
oblique xr =60 151 0.22 73 204 103.5
1 significant influence; 2 the most significant influence; 3 little significant influence; * in-

y = —0.0771 + 4.5677x; — 0.484x, — 0.2907x; — 0.1027x, + 1.2326x,x, + 0.0893x,x3 + + 0.0603x,x, —
0.0892x,x, + 0.0476x3x, — 1.8966x% + 0.8444x2 + 0.1503x2 + 0.0208x2

significant effect.

3.2. Vickers Microhardness Evaluation

Similar to the measured temperature results, as well as for the obtained HV micro-
hardness values, regression analysis was used to determine the dependencies on the in-
vestigated parameters, which are expressed by Equations (3) and (4), for orthogonal and
oblique cutting, respectively. The reliability of the relations is R? = 0.87 and 0.90, respec-
tively. Plotted dependencies of microhardness on different combinations of two parame-
ters are shown in Figures 13-18.

®)

y = —5.9254 — 2.2198x, + 12.092x, + 3.0554x; — 0.2568x, + 0.9296x,x, — 0.0616x, x5 —

4)

—0.0356x,x, — 0.6367x,%3 + 0.0233x3x, + 1.4725x% + 11.3708x2 — 2.1329x2 — 0.096x2

The microhardness in orthogonal machining (Figure 13a) is much more influenced
by the cutting speed than the cutting depth. In oblique cutting, it is precisely the opposite
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(Figure 13b), and the cutting depth has a much more pronounced effect, and the greatest
micro-hardness is achieved at its maximum values.

Orthogonal cutting — EN C45 Oblique cutting — EN C45
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z < WEREIIR,
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Cutting depth (mm) Cutting speed (m'min-1) Cutting depth (mm)
(a) (b)

Figure 13. The graphs of the influence of cutting speed vc and cutting depth 4, on change of micro-
hardness according to Vickers HV, (a) orthogonal cutting; (b) oblique cutting.

The dependencies on Figure 14 show that the angle of the tool-orthogonal rake dur-
ing orthogonal cutting (Figure 14a) affects the microhardness only imperceptibly com-
pared to the effect of the cutting speed, whereas during oblique cutting (Figure 14b) the
intensity due to the influence of the angle of the tool-orthogonal rake and the cutting
speed is almost the same. In orthogonal machining, the maximum values of microhard-
ness were achieved at the maximum values of the cutting speed and marginal values of
the angle of the tool-orthogonal rake. During oblique cutting, the maximum microhard-

ness was achieved at the minimum cutting speed and medium values of the angle of the
tool-orthogonal rake.

Orthogonal cutting — EN C45 Oblique cutting—EN C45
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Figure 14. The graphs of the influence of cutting speed vc and the angle of the tool-orthogonal rake
yo on change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique cutting.

The angle of inclination of the main cutting edge in both carbon steel cutting methods

(Figure 15) does not significantly affect the change in microhardness HV compared to the
cutting speed.
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Figure 15. The graphs of the influence of cutting speed v and the angle of tool-cutting-edge inclina-

tion As on change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique
cutting.

The effect of the thickness of the cut layer in interaction with the face angle on the
change of microhardness appears to be the same in orthogonal (Figure 16a) and in oblique
cutting (Figure 16b). In this case, the influence of the face angle is interesting, where in
orthogonal cutting the microhardness maxima are reached at its extreme values, in
oblique cutting at its mean values.

Oblique cutting — EN C45

(2]

o

o
\

(o
o
o

=y
o
o

300

Microhardness (HV)

13 >
11

e .40 0%

el > e 030 038
7 020 0% Angle of tool 5 3 020 025
Cutting depth (mm) orthogonal rake (°) Cutting depth (mm)
(@) (b)

Figure 16. The graphs of the influence of the angle of the tool-orthogonal rake y. and cutting depth

ay on the change of microhardness according to Vickers HV; (a) orthogonal cutting; (b) oblique cut-
ting.

The influence of the angle of inclination of the main cutting edge (Figure 17) is not
noticeable in both cutting methods due to the influence of the thickness of the cut layer,
which is very significant.

In the interaction of the tool-orthogonal rake angle and the angle of inclination of the
main cutting edge (Figure 18), the angle of inclination has a non-significant effect on the
microhardness change HV in both machining methods when compared to the effect of the
angle of the tool-orthogonal rake.
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Figure 17. The graphs of the influence of the cutting depth a, and the angle of inclination of the main
cutting edge As on change of microhardness according to Vickers HV; (a) orthogonal machining;
(b) oblique machining.
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Figure 18. The graphs of the influence of the tool-orthogonal rake angle y» and the angle of inclina-
tion of the main cutting edge As on change of microhardness according to Vickers HV; (a) orthogonal
machining; (b) oblique machining.

The results of research aimed at determining the dependence of chip microhardness

on selected factors of the cutting process pointed out that:

The growing depth of the cut causes an increase in the rate of deformation in the
primary deformation zone, which leads to an increase in strengthening and therefore
of hardness. The increased rate of deformation, however, also tends to generate a
significantly greater amount of heat, which reduces the manifestations of strength-
ening and thus microhardness. The experimentally obtained results are in accordance
with theoretical knowledge for both orthogonal cutting and oblique cutting.

From the point of view of the cutting speed, the values of the theoretical microhard-
ness are achieved by a combination of two basic opposing phenomena—an increas-
ing cutting speed participates in a higher strengthening of the removed material, but
at the same time generates a greater amount of heat, which reduces the strengthen-
ing. Then, the mutual combination of these two opposing events with material and
process properties participates in the final trend of microhardness dependence. For
orthogonal cutting, the dependence shows a maximum in about 2/3 of the cutting
speed range with a gradient of roughly 200 HV. In oblique cutting, the minimum
microhardness of the chip with a gradient of approx. 125 HV is achieved in approxi-
mately 1/2 of the range of cutting speeds.
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e  From the perspective of the angle of the tool-orthogonal rake y., the research results
point to insignificant changes in microhardness with respect to this angle for orthog-
onal cutting. For oblique cutting, the trend of microhardness dependence on this an-
gle shows a maximum in roughly half of the range of investigated values with a gra-
dient of approximately 150 HV.

e  The influence of the angle of tool-cutting-edge inclination As on HV microhardness is
almost undetectable in accordance with theoretical knowledge.

The overview of the influence of selected parameters on Vickers microhardness in

the area of occurrence of the shear angle on samples made of carbon steel EN C45 is shown
in Table 6.

Table 6. Effect of parameters on the maximum measured temperature during orthogonal and
oblique machining EN C45.

Cutting P t Microhard
Machining Type Tool-Cutting-Edge Angle (°) e (emin-) 1; 1(rrlfm)arame;1('§) A ) 1cr(()Hz;;') ness
c * P s
orthogonal kr=0 151 0.42 8/163 204 550.6
oblique ir =60 62 041 73 04 472.1
1 the most significant influence; 2 significant influence; 3 little significant influence; # in-

significant effect.

4. Conclusions

Planing is one of the slow-speed machining types, and although it is a technology
that is rarely used today, its effectiveness for specific types of workpieces can be much
higher than that of milling. However, the phenomena taking place at slow-speed machin-
ing are similar to, for example, broaching, but in this case the chip remains between the
teeth of the broaching mandrel and inside the workpiece, and therefore the process of chip
formation cannot be observed or investigated (or only under very complicated condi-
tions).

The presented research aimed to analyse the influence of selected parameters on the
temperature during cutting operations performed at relatively low cutting speeds and to
compare the results at orthogonal and oblique machining. The new methodology for ob-
taining the chip root was designed so that the chip samples correspond as much as possi-
ble to the conditions of the ongoing event and to the current speed at the given moment
of machining,

The experiment was designed by the orthogonal experimental composition plan of
the investigation through the “star points”. The effect of four parameters (cutting speed
., the angle of inclination of the main cutting edge As, the depth of cut 4y and the angle of
the tool-orthogonal rake y) on temperature T (°) and Vickers microhardness HV was in-
vestigated in the area where the shear angle was formed.

Carbon steel EN C45, which is usually used in the experiments as a standard, was
tested in two types of cutting, i.e., orthogonal cutting with a planing necking tool and
oblique cutting with a straight roughing tool without cooling. Based on the measured val-
ues, the statistical regression dependencies were compiled, where various test criteria
were used to verify the measured results, e.g., Grubbs criterion for detecting outlying
measured results or gross errors, Cochran’s criterion for homogeneity of variance, Stu-
dent’s test criterion for determining the significance of regression coefficients, Fisher-
Snedecor test criterion for confirming the adequacy of the statistical model. Subsequently,
graphical dependencies were constructed and evaluated.

Based on the dependencies of the temperature on the selected parameters on samples
made of carbon steel EN C45 in the area of occurrence of the shear angle, it can be con-
cluded:

e  The most significant influence has the cutting depth in both orthogonal and oblique
cutting, followed by the cutting speed, and the angle of the tool-orthogonal rake.
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e  The observations have shown that the influence of the angle of inclination of the main
cutting edge is inconspicuous (or almost non-existent).

¢  The maximum temperature was reached at the maximum cutting depth at orthogo-
nal cutting, in contrast to oblique cutting, in which the maximum temperature was
measured at the minimum cutting depth. In both cases of cutting at the maximum
temperature, the mean values of the angle of the tool-orthogonal rake played a role.

When evaluating the influence of selected parameters on Vickers microhardness, it
can be stated:

e  The significance of the parameters for the change of the shear angle was manifested
differently. In orthogonal cutting, the highest microhardness was measured at the
highest cutting speed. In this case, the highest values of the cutting depth and the
angle of cutting-edge inclination were also acquired.

e During oblique cutting, the most significant influence on the change of microhard-
ness HV had the cutting depth.

Information on the temperature development in the chip and microhardness values
achieved under certain conditions indicate the suitability (or unsuitability) of choosing
the selected combination of technological parameters, and together with the geometry of
the tool, it is possible to subsequently increase/regulate the quality of the machined sur-
face and the service life of the tool.

Although in the presented experimental research, the effort was to capture as much
as possible the real state of the chip at the moment of separation from the machined sur-
face and to prepare samples not only for measuring microhardness, but in the future also
for observing microstructure changes, the authors realize that the machining process is so
complex that obtaining samples that would perfectly reflect the state of chip formation at
a given moment is almost impossible.
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