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Abstract: In today’s unmanned productions systems, it is very important that the manufacturing
processes are carried out efficiently and smoothly. Therefore, controlling chip formation becomes
an essential issue to be dealt with. It can be said that the material removal from a workpiece using
machining is based on the degradation of material cohesion made in a controlled manner. The aim of
the study was to understand the chip formation mechanisms that can, during uncontrolled processes,
result in the formation and propagation of microcracks on the machined surface and, as such, cause
failure of a component during its operation. This article addresses some aspects of chip formation
in the orthogonal and oblique slow-rate machining of EN 16MnCr5 steel. In order to avoid chip
root deformation and its thermal influence on sample acquisition, that could cause the changes in
the microstructure of material, a new reliable method for sample acquisition has been developed
in this research. The results of the experiments have been statistically processed. The obtained
dependencies have uncovered how the cutting tool geometry and cutting conditions influence a chip
shape, temperature in cutting area, or microhardness according to Vickers in the area of shear angle.

Keywords: slow-rate machining; chip formation; shape; temperature; microhardness HV

1. Introduction

Machining is a major manufacturing process in the engineering industry. The quality of a product
is largely dependent on the accuracy and consistency of the machining processes used for the production
of the parts. Although in the last few decades, some entirely new machining processes have been
developed—such as ultrasonic machining, thermal metal removal processes, electrochemical material
removal processes, and laser machining processes, which differ from the conventional machining
processes—conventional metal cutting operations are still the most widely used fabrication processes,
and this is the reason why it is still essential to develop a fundamental understanding of metal
cutting processes.

In general, machining consists of both cutting and abrasive processes that are mostly complimentary.
In spite of the fact that conventional metal cutting processes are chip-forming processes, chip control has
been overlooked in the manufacturing processes for a long time. However, along with the automation of
manufacturing processes, machining chip control becomes an essential issue in machining operations
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in order to carry out the manufacturing processes efficiently and smoothly, especially in today’s
unmanned machining systems. It can be said that the material removal from a workpiece using
machining is based on a degradation of material cohesion realized in a controlled way.

Chip removal produces technically and scientifically interesting material responses. In single
point cutting, the process concentrates the mechanical power of a machine tool into creating the small
volumes of the workpiece by forcing a hard-cutting tool with a small edge radius through an outer
layer of the workpiece material. The tribological conditions at the tool–chip interface can result in
macroscopic welding of the material to the cutting tool, and dissolution of the tool elements into the
chip. The geometry of the deformation zones and the resulting microstructures in the workpiece
depend on the geometrical and tribological interaction of the cutting tool with the workpiece material.
Further understanding of fundamentals of chip formation is motivated by the desire for higher material
removal rates, longer tool life, tighter tolerances, and improved quality of machined surfaces.

The goal of this article is to study some aspects of chip formation in the orthogonal and oblique
slow-rate machining of EN 16MnCr5 steel. For the experimental comparative study, planing operation
has been selected, by which the main sliding motion was performed by a workpiece. The main reason
why this technology has been chosen is because chip formation is visible to the naked eye, in contrast
to inward flanging (as another type of slow-rate machining), where the chip-forming process is hidden
within the workpiece. For this reason, it has also been possible to measure the temperature in the
cutting zone that is generated by the planing tool. The next factor was that restoring the cutting
ability of the planing tools produced from high-speed steel by sharpening—according to the required
parameters—was considerably easier when compared to turning tools.

Chip flow is only a part of chip space movement. To understand the chip formation mechanism,
it is necessary to study other parameters that have an effect on the chip formation, and there are still
many challenging issues to deal with.

Through the experimental measurements carried out in this study, different information has been
gathered to help obtain a thorough understanding of the chip formation process at relatively low
cutting speeds.

2. State of the Art

Chip machining is a complex process in which several mechanisms which are working
simultaneously and interacting with each other. This process is greatly affected by material properties,
cutting conditions, tool geometry, and machine tool dynamics. In any machining operation, the
material is removed from the workpiece in the form of chips, the nature of which differs from operation
to operation. As the form and dimensions of a chip from any process can reveal a lot of information
about the nature and loyalty of process, the analysis of chips in the process of chip formation, by tear
formation, is very important.

A lot of work has been conducted on chip flow angle research during the last few decades, and
there are many methods for calculating of the chip flow angle. The investigation of chip flow began
with modeling over plane rake face tools. Merchant [1] and Shaffer and Lee [2] have used plasticity
theory to attempt to obtain a unique relationship between the chip shear plane angle, the tool rake
angle, and the friction angle between the chip and the tool. Palmer [3] presented shear zone theory by
allowing for variation in the flow stress for a work-hardening material. Von Turkovich [4] investigated
the significance of work material properties and the cyclic nature of the chip formation process in
metal cutting. Okushima [5] considered that chip flow is not influenced by cutting speed and chip
flow should be the summation of elemental flow angles over the entire length of the cutting edge.
Slip-line field theory is widely applied in chip formation research and some slip-line field models are
presented [6–8]. Another chip flow model was presented by Young [9], assuming Stabler’s flow rule,
with validity for infinitesimal chip width, and the directions of elemental friction forces summed up to
obtain the direction of chip flow.



Metals 2019, 9, 698 3 of 22

During machining, material is removed from the workpiece, where it flows out in the form of
chips. After flowing out, the chip curls either naturally or through contact with obstacles. If the
material strain exceeds the material breaking strain, the chip will break. Chip flow, chip curl, and chip
breaking are three main areas of chip control research [10].

According to Toulfatzis et al. [11], an improved chip breaking capability is directly connected with
lower cutting tool wear rates. The width of the chips varies according to the different depths of cut
employed during the various machining experiments. Chip segmentation is of pivotal importance
since it facilitates the machining ergonomics and scrap removal without damaging workpiece surface
quality and ensures the safety of the working personnel.

To study the chip characteristics, it is necessary to specify the type of machining by which the chip
is forming. There are two different types of cutting: orthogonal (Figure 1a) and oblique (Figure 1b).
Orthogonal cutting is a type of metal cutting in which the cutting edge of the wedge shape cutting
tool is perpendicular to the direction of tool motion. In this cutting, the cutting edge is wider than the
width of the cut. This cutting type is also known as 2D cutting because the force developed during the
cutting can be plotted on a plane or can be represented by a 2D coordinate.

Figure 1. The principle of orthogonal cutting in (a) planing and (b) turning.

However, orthogonal cutting is only a particular case of oblique cutting and, as such, any analysis
of orthogonal cutting can be applied to oblique cutting. Oblique cutting (Figure 2) is a common type of
three-dimensional cutting used in the machining process [12].

Figure 2. The principle of oblique cutting.

In this type of machining, the cutting edge of the wedge shape makes an angle, except for the
right angle, to the direction of tool motion. This will affect the cutting conditions and is also known as
3D cutting because the cutting force developed during the cutting process cannot be represented by 2D
coordinates and 3D coordinates must be used to represent it.
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One of the most important parameters of oblique cutting is the chip flow angle. Stabler [13] stated
that the chip flow angle is very close to the angle of obliquity. This rule has been accepted by many
researchers and it has been considered to be a good predictor of the chip flow angle, e.g., as stated
in [14–16]. However, Stabler’s rule does not take into account the mechanics of the cutting process, such
as the influence of the shear angle and friction. In some special cases, it can cause larger errors. Luk [17]
investigated the effect of cutting parameters on a chip flow angle and their study has been verified by
Lin and Oxley [18] within their experimental investigation. Also, Russel and Brown [19] confirmed the
influence of the normal rake angle on the chip flow. Shamoto and Altintas [20] developed a model for
shear angle prediction in oblique cutting where the shear angle is specified by two components of the
resultant force and by the chip flow angle. Moufki together with his colleagues [21] calculated the
chip flow angle supposing that the friction force is collinear to the chip flow direction on the tool rake
face. The effect of nose radius on the chip flow angle has been studied by investigators Usui [22] and
Wang [23] using an iterative energy minimization method.

The chip characteristics during the milling process by varying the feed rates and the types of
materials used were investigated by Prasetyo [24].

Chip morphology and microstructure were also studied by Hernández [25] in dry machining,
where the influence of cutting speed and feed rate on various geometric chip parameters was carried
out when cutting Ti6Al4V alloy.

Various methods by many researchers have been used to study chip geometry. Some of them
analyzed chip geometry from an analytical point of view, resulting in the formulation of some theoretical
models [26–28]. However, in these cases, many simplifications had to be made with regard to the
complexity of the chip formation process and, hence, some of the real, practically obtained results have
not correspond to the predictions of various parameters to set up a chip geometry, and the results
were inaccurate [29–31]. Next, analyses of the chip formation used numerical models (finite element
method, FEM) to simulate the chip generation process [32–35]. These models require a very good and
precise definition of the boundary conditions; otherwise, the models are incomplete and vague [36,37].

Many of the studies that analyze the influence of one or two cutting parameters on chip geometry
can be found in which the measured data were processed using four major statistical methods:
regression, factor analysis, stochastic processes, and contingency table analysis [38–42]. Salem [43] and
his coauthors have studied the chip formation at the machining of a hardened alloy X160CrMoV12-1 to
obtain the optimal cutting conditions and to observe the different chip formation mechanisms. For the
sake of simplicity, ANOVA (ANalysis Of VAriance) was used in this study to determine the influence
of cutting parameters.

Currently, research of chip formation at slow-rate machining has been concerned with the influence
of one or two factors on microhardness or temperature at chip root. Only a few studies have focused
on chip formation in EN 16MnCr5 steel machining. The novelty of the presented study lies in the
following: This research is more complex, while still considering the mutual connections among the
four factors influencing chip forming in the cutting of EN 16MnCr5 steel in combination with observing
and comparing the significance and influence of each individual factor in orthogonal and oblique
cutting. For this reason, a three-level planned experiment was used for statistical evaluation of the
obtained data. Based on the experimental study, several parametric models have also been developed
that allow for the prediction of different temperatures or microhardness evolution at a chip root as a
function of input parameters (cutting speed, cutting depth, and two geometry angles and of a tool
λs and γo). Hereby, a new method of obtaining chip roots has been designed. The new method can
be used to prevent changes in the microstructure of material by demonstrating a non-deformed and
thermally uninfluenced chip root.
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3. Materials and Methods

3.1. Cutting Tools, Machined Material, and Measuring Equipment

In the presented research, chip formation in orthogonal and oblique slow-rate machining has
been experimentally investigated. For this comparative study, the technology of planing has been
selected, in which a main sliding motion is performed on the workpiece. The machining process was
carried out using the planer machine of HJ8A type (KOVOSCIT MAS Machine Tools, Sezimovo Ústí.
Czech Republic).

Various combinations of cutting parameters, cutting speed vc, cutting depth ap, tool angles λs, and
γo, were used in the experiments. The range of values was chosen based on industrial requirements.
It is necessary to point out that lowest value of cutting speed was based on the speed limitations
of the machine, where the highest value corresponds to 60% of the machine power. The range of
cutting depth values ap was given by the planing machine, while the limitations were connected with
a maximal cross-section of a chip. The values of rake angle γo were positive, in order to achieve the
lowest possible specific cutting resistance values. The maximum angle value γo was selected in view of
achieving sufficient bending strength of the cutting wedge. The angle of tool cutting edge inclination
λs was chosen from zero up to a value that is four times higher than is commonly used in practice, in
order to make the extent of the dependence under investigation large enough.

The planing necking tool type 32x20 ON 36550 HSS00 (PILANA Tools Ltd, Hulin, Czech Republic)
was used at orthogonal cutting and straight roughing tool 32x20 ON 36500 HSS00 was used in oblique
machining. Both types of cutting tools included brazed tips from high-speed steel with three different
types of cutting-edge inclinations λs = 0◦, 10◦, and 20◦. The used cutting tools and their geometries are
presented in Table 1.

Table 1. Cutting tools and their geometries as used in the experimental study.

Tool Angle Planing Necking Tool Straight Roughing Tool

κr—tool cutting edge
angle 0◦ 60◦

κr´—tool minor (end)
cutting edge angle - 20◦

εr—tool included angle - 100◦

γo—angle of tool
orthogonal rake 8◦ 3◦

αo—angle of tool
orthogonal clearance 15◦ 15◦

λs—angle of tool
cutting edge
inclination

0◦ 0◦

10◦ 10◦

20◦ 20◦
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The angle of tool orthogonal rake γo and the angle of tool orthogonal clearance αo have been
varied in the 2nd and 3rd phase of experiments to obtain a better view of chip formation and more
reliable results. Changes in the angles’ values are organized in Table 2.

Table 2. Changes in the angles’ values.

Changes in Angles

2nd phase γo 12◦ 7◦

αo 11◦ 11◦

3rd phase γo 16◦ 11◦

αo 7◦ 7◦

In order to verify the input angles of the tool orthogonal rake γo, preliminary input tests were
performed. The tests were carried out using 3D measuring equipment RAPID CNC THOME (Zimmer
Maschinenbau GmbH, Kufstein, Austria) that is shown in Figure 3, where details of the measuring
process are also presented.

Figure 3. Preliminary tests of input angles of tool orthogonal rake γo, (a) Overall view on the testing
equipment RAPID CNC THOME, (b) Detail view on the measuring of a tool orthogonal rage angle.

In the next experiment, the angle of tool orthogonal rake γo was measured for each of the cutting
tools used. The protocols from measurements confirmed the values listed in Tables 1 and 2, while the
deviation of all measured values did not exceed 5% and the average angles of tool orthogonal rake
for planing necking tools and straight roughing tools were γo = 8.138 = 8◦2′0′′ or γo = 3.159 = 3◦2′1′′,
respectively.

The 1.7131 steel (EN 16MnCr5) was selected as a machined material; the chip formation of which
has been subjected to some research. The alloyed carbon steel contains smooth deformable calcium
aluminates encapsulated in manganese sulfide as an alternative to tough alumina oxide inclusions.
It is suitable for cementing and for die forging; it is easily hot-formable and, after annealing, also
cold-formable and easily machinable and weldable. This grade of steel is generally used for elements
with a required core tensile strength of 800–1100 Nmm−2 and a good carrying resistance, e.g., piston
bolts, camshafts, levers, and other automobile and mechanical engineering add-ons. The chemical
composition of this steel, as given by European EN standards, has been verified by spectral analysis at
the FMT TU Kosice with the seat in Presov, and is presented in Table 3.

Table 3. Chemical composition of 1.7131 steel (EN 16MnCr5).

Steel C (%) Mn (%) Si (%) Cr (%) P (%) S (%)

EN 16MnCr5 0.14–0.19 1.10–1.40 0.17–0.37 0.80–1.10 max 0.035 max 0.035
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The infrared thermometer, UNI-T UT305C, was used to measure the temperature based on the
principle of infrared radiation emitted from a target surface.

Vickers microhardness was measured with a MICRO-VICKERS HARDNESS TESTER CV-403DAT
(MetTech Ltd., Calgary, AB, Canada), which has the possibility to magnify the view 200–600×.

Etched specimens of chips were observed by means of Platinum USB digital microscope UM019
(Shenzhen Handsome Technology Co., Ltd., Shenzhen, China) with magnification 25–220×.

3.2. Design of the Composite Plan of the Experiment

The planned experiment, unlike the unplanned one, provides the maximum amount of information
and performs the task very efficiently, e.g., in obtaining constants and exponents in empirical exponential
dependencies that create a mathematical model [44].

In this study, the planned experiment at three levels (lower, basic, and upper) was implemented
for the test preparation and the statistical method using a regression function has been used for data
evaluation. The description of the experimental plan within this part of the article is given, due to a
better understanding of measured data processing.

Based on the [44], the basic equations for statistical processing can be written in matrix:

Y = X b, (1)

where

Y—column vector of measured quantities,
X—matrix of independent variables,
b—coefficient of a regression function.

The system of the normal equation (2) and a vector of the regression function coefficients (3)
according to the matrix inversion can be respectively expressed in following way:

XT Y = XT X b, (2)

b = XT X−1 XT Y. (3)

It is necessary to consider that the complete three-level plan has a large scale of measurements
expressed by N = 3k, where k is a number of variables and N is a number of measures (e.g., considering
5 variables within an experiment, where 243 measurements should be performed in total because
N = 35 = 243). [45]

A reduced number of measurements for the dependencies described by functions of the
second order,

y = b0x0 +
∑N

j = 1
b jx j +

∑N

u, j = 1
u , j

b jx jxu +
∑N

j
b j jx2

j , (4)

can be achieved by means of the so-called second level compositional non-rotational plan [46], while
the symbols in Equation (4) have the following meanings: xj is a variable (in the case of presented
research it is one of the cutting parameters that will be varied), j, u are indexes that define a parameter,
and bj is a j-th correlation coefficient.

The composition plan, in this case, consists of [46]:

1. A core of plan that can be

• two-level 2k plan for k < 5, or as
• shortened replica 2k-p for k ≥ 5, where p is a level of significance (Grubbs’ test);

2. The star points α with coordinates: (±α, 0, ..., 0); (0, ±α, 0, ..., 0); ...; (0, 0, ..., 0, ±α);
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3. The measurements done at the basic level; or in the middle of the plan at x1 = x2 = ... = xk = 0 (the
number of measurements in the middle of the plan is n0).

The total number of measurements is then [47]:

N = 2k + 2k + n0, if k < 5, or
N = 2k-p+ 2k +n0, if k ≥ 5.

(5)

In practical implementation, n0 = 1 [48] is chosen, with no boundary. The matrix of the orthogonal
composition plan for k, α, and n0 is given in Table 4. In its general form, it is not orthogonal because
the relations on the left sides of Equations (6) and (7) differ from zero:∑N

i = 1
xoix2

ji , 0, (6)

∑N

i = 1
x2

jix
2
ui , 0. (7)

Table 4. General form of the matrix of the composition plan.

N xo x1 x2 . . . xk Description

2k (k < 5) or
2k-p (k > 5)

+1 −1 −1 . . . −1

a core of the plan

+1 +1 −1 . . . −1
+1 −1 +1 . . . −1
+1 +1 +1 . . . −1
+1 −1 −1 . . . +1
+1 +1 −1 . . . +1
+1 −1 +1 . . . +1
+1 +1 +1 . . . +1

2k

+1 −α 0 . . . 0

the star points of the plan

+1 +α 0 . . . 0
+1 0 −α . . . 0
+1 0 +α . . . 0
+1 0 0 . . . −α

+1 0 0 . . . +α

n0

+1 0 0 . . . 0
the measurements in the middle of the plan+1 0 0 . . . 0

+1 0 0 . . . 0

The matrix is converted to orthogonal shape by quadratic variables exchanging [49]:

x′j = x2
j −

1
N

∑N

i = 1
x2

ji = x2
j − x2

j , (8)

This is why
N∑

i = 1

xoix′ji =
∑N

i = 1
x2

ji −Nx2
j = 0, (9)

∑N

i = 1
x′jixui , 0. (10)

The regression function correlation coefficients in (4) are independent because of the orthogonality of
the experimental matrix, and they are specified by the following relations, (11)–(14):

b j =

∑N
i = 1 x jiyi∑N

i = 1 x2
ji

=

∑N
i = 1 x jiyi

2k + 2a2
, (11)
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buj =

∑N
i = 1 x jiyi∑N

i = 1 x2
ji

=

∑N
i = 1 x jiyi

2k
, (12)

b j j =

∑N
i = 1 x′jiyi∑N
i = 1

(
x′ji

)2 , (13)

b′o =
1
N

∑N

i = 1
xoiyi, (14)

Hence, the second stage regression function (4) is then given by Equation (15):

y = bo + b1x1 + b2x2 + . . .+ bkxk + b12x1x2 + b(k−1)kx(k−1)xk + b11
(
x2

1 − x2
1

)
+ bkk

(
x2

k − x2
k

)
, (15)

where the constant member of the regression function is corrected by quadratic variables (8) in the
form of

bo = b′o − b11x2
1 − · · · − bkkx2

k . (16)

Using Grubbs’ testing criteria, the outliers from the measured values have been specified for every
group of measurements. The following equations, (17)–(19), have had to be kept.

Hi =

∣∣∣Tik − Ti
∣∣∣

STi
< Hp(m), (17)

while

Ti =

∑m
k = 1 Tik

m
, (18)

STi =

√
1

m− 1
·

∑m

k = 1

(
Tik − Ti

)2
, (19)

where

m—a number of evaluated measurements within the Grubbs´ test;
Tik—measured value of k-th issue in the i-th group, k = 1, 2, 3; i = 1, 2, ..., 24, 25;

Ti—average value of measured issues of the i-th group; calculation according to the equation;
STi —standard deviation of measured issue of the i-th group;
Hp(m)—critical value of Grubbs´ testing criteria for m values (m = 3), where p is a level of significance
and usually it is Hp(m) = 0.05.

The calculation of the regression coefficients was performed using MATLAB calculation software
(The MathWorks, Inc., Natick, MA, USA), while the significance of the coefficients of the function
y = log T was tested according to Student’s test criterion.

The adequacy of regression function was assessed according to the Fisher–Snedecor test criterion
F < F0.05 (f 1, f 2), where the degrees of freedom f 1 = Nq (q is a number of significant coefficients) and
f 2 = N(m − 1).

3.3. Process of Obtaining Samples

To track changes in the zone of chip forming, the machining process must be stopped immediately,
thus interrupting tool and workpiece contact. A reliable method to achieve the immediate stop of the
machining process has been developed in this research and is based on observation of the chip end
produced upon interrupted cutting, e.g., in planing or face milling. As the tool leaves the cutting zone,
the end of the chip is “torn off”, as shown in Figure 4.
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Figure 4. An imprint of cutting wedge on the chip at the interrupted cut.

The reasons mentioned above led to the design of a new method for chip root acquisition by
modifying the end of the workpiece according to Figure 5. The goal of the proposed method and the
special workpiece design was to avoid deformation and thermal influence of the material which could
cause the changes in the microstructure of a material. For this reason, a cooling medium JCK PS was
used, at a concentration of 5%, for all operations within the workpiece preparation.

Figure 5. The principle of the designed method for instantaneous contact interruption between a tool
and workpiece showing (a) orthogonal cutting, (b) oblique cutting, (c) real workpiece.

At the point of departure of tool “1” from the engagement, a groove has been cut where the sheet
metal insert “4” has been put in to prevent deformation of the specimen during the rupture. A hole
of 8 mm diameter has been drilled behind the groove and a metal rod “3” has been inserted therein,
which prevents the hole from deforming. When the tool passes above the metal rod, the section “2”
becomes narrower and the material ruptures, which is similar to the tensile test. Sample “6” is rapidly
thrown up in the direction of tool movement at a rate greater than cutting speed and on the sample;
and the plastic deformation state corresponding to the actual cutting speed is captured.

The experiment, in which chips were obtained, was carried out on a planer without the use of
cooling, since the cutting length of the tool path was about 200 mm and, thus, the tool and workpiece
were not overheated.

Within the experimental study, the variables according to the Table 5 have been taken into account,
while the codes for the specific values of individual variables are referred to in Table 6.
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Table 5. The variables and the ranges of individual values.

Variables Symbols −1 −α 0 +α +1

Cutting speed (mmin−1) vc x1 6 8.25 10.5 12.75 15
Cutting depth (mm) ap x2 0.2 0.25 0.3 0.35 0.4

Angle of tool orthogonal rake – orthogonal cutting (◦) γo x3 8 10 12 14 16
Angle of tool orthogonal rake – oblique cutting (◦) γo (x3) 3 5 7 9 11

Angle of tool cutting edge inclination (◦) λs x4 0 5 10 15 20

Table 6. The codes for specific values of individual variables.

Code Specific Values of Variables

−1 xmin
−α [(xmax + xmin)/2] − [(xmax − xmin)/2α2]
0 (xmax + xmin)/2

+α [(xmax + xmin)/2] + [(xmax − xmin)/2α2]
+1 xmax

4. Results and Discussion

4.1. Types of Chips

During machining, different types of chips have been created. Cutting speed was not observed to
have a significant impact on the chip shape, while the depth of the cut affected the radius of curvature
of the chip (when increasing the thickness of the cut layer, the radius of curvature of the chip was
increased). Figure 6 shows an example of the dependence of chip shapes on cutting speed vc and
cutting depth ap at tool angles for γo = 16◦, λs = 0◦, κr = 0◦.

Figure 6. The shapes of chips and their dependence on cutting speed vc and cutting depth ap at tool
angles for γo = 16◦, λs = 0◦, κr = 0◦.

As for tool geometry, the angle of the orthogonal tool rake γo at the minimum values caused
formation of a crumbly chip and the angle of inclination of the main cutting edge λs has influenced the
chip shape in the way that is graphically presented in Figure 7.
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Figure 7. The shapes of chips of EN 16MnCr5 steel and their dependence on tool cutting edge angle κr,
angle of tool cutting edge inclination λs, and angle of tool orthogonal rake γo at ap = 0.2 mm, vc = 15 mmin−1.

A shorter chip was created at a zero angle of inclination of main cutting edge when comparing
it with the angle of inclination of the main cutting edge of 20◦. At the same time, at a 20◦ angle of
inclination of the cutting edge, the chip obtained a so-called chamfer along the edges, which is adequate
to the angle of inclination of the main cutting edge and, thus, the chip was compressed in the direction
of λs inclination and acquired the character of a spiral chip. In orthogonal cutting, at which κr = 0◦ and
λs = 0◦, a spiral flat chip was formed, which in some cases passed into a spiral conical chip. For κr = 0◦

and λs = 20◦, a conical–helical long chip was constituted. In oblique cutting, where κr = 60◦ and λs = 0◦,
a conical–helical short chip was generated. At κr = 60◦ and λs = 20◦, the chip shape changed to a coiled
chip, while at a rake angle γo = 11◦, it was a tubular coiled chip and at γo = 3◦ it was a strip coiled chip.

The shrinkage factor K and the segment ratio rc at the planing can be calculated with
Equations (20) and (21), respectively, where hc is the chip width, ap is cutting depth, γ is the tool rake
angle, and Φ is the shear angle [1,12,50,51]:

K =
hc

ap
=

cos(Φ− γ)
sinΦ

, (20)

rc =
1
K

. (21)

The values of the shrinkage factor K achieved within the experimental study are organized in
Table 7.

Table 7. Shrinkage factor K achieved within the experimental study.

Type of Cutting Shear AngleΦ (◦) Shrinkage Factor K

Orthogonal cutting 31.7 1.75
42.2 1.3

Oblique cutting 30.2 1.77
42.4 1.21
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4.2. Temperature Measuring

The temperature in a cutting zone was measured by means of the infrared thermometer UNI-T
UT305C. The values of measured temperature with the coded matrix (explained in the Design of the
Composite Plan of the Experiment, Section 3.2.) are shown in Table 8.

Table 8. Experimentally obtained values of temperature in cutting zone for orthogonal and oblique
machining of EN 16MnCr5 steel.

No. vc (m·min−1) ap (mm) γo (◦) λs (◦)
T (◦C)

Orthogonal Cutting Oblique Cutting

1. −1 −1 −1 −1 86.8 63.8
2. +1 −1 −1 −1 58.7 63.0333
3. −1 +1 −1 −1 72.5333 55.2333
4. +1 +1 −1 −1 66.4667 48.8
5. −1 −1 +1 −1 78.5333 40.5333
6. +1 −1 +1 −1 50.3333 41.1333
7. −1 +1 +1 −1 69.9 46.5
8. +1 +1 +1 −1 51.5 48
9. −1 −1 −1 +1 72.2333 50

10. +1 −1 −1 +1 68.3333 96.6
11. −1 +1 −1 +1 73 62.8667
12. +1 +1 −1 +1 38.9667 72.8333
13. −1 −1 +1 +1 61.3667 62.8333
14. +1 −1 +1 +1 70.8 60.8333
15. −1 +1 +1 +1 62.6 61.7
16. +1 +1 +1 +1 72.3667 67.9333
17. −α 0 0 0 103 45.1
18. +α 0 0 0 90.6667 95.5333
19. 0 −α 0 0 85.3333 74.5667
20. 0 +α 0 0 93.3 62.9333
21. 0 0 −α 0 94 99.2333
22. 0 0 +α 0 74.8 61.3
23. 0 0 0 −α 91.1333 57.3333
24. 0 0 0 +α 72.3 84.7667
25. 0 0 0 0 79.3 62.8333

Measured data were statistically processed. According to the Grubbs’ testing criterion, it could be
stated that the measured values have not been burdened by grave mistakes.

Homogeneity of the variance of measured temperatures were tested according to Cochrane´s
criterion by the relation

G =
S2

max∑N
i = 1 S2

i

=
0.025877
0.111027

= 0.23307. (22)

The critical value of Cochrane’s criterion G0,05(f 1, f 2), given by [22], is G0.05(f 1,f 2) = 0.2705, where
the degrees of freedom were f 1 = N = 25 and f 2 = m − 1 = 3 − 1 = 2.

Since G < G0,05( f1, f2)→ the criterion has been satisfied and it means that the variations within
parallel measurements are homogeneous.

The coefficients of regression functions have been calculated using the software MATLAB and
their significance was tested according to the Student’s criterion. The regression functions (23) and
(24) have been built. According to the Fisher–Snedecor-tested criterion, they describe the experiment
adequately, while the reliability of the relations is R2 = 0.91 and 0.94, respectively:
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a) For orthogonal cutting:

y = 3.2502x0 − 3.7533x1 + 3.1462x2 + 4.2035x3 − 0.1865x4 − 0.1553x1x2

+0.3467x1x3 + 0.0385x1x4 + 0.4106x2x3 − 0.0202x2x4

+0.0304x3x4 + 1.6486x2
1 + 3.1542x2

2 − 2.8264x2
3 − 0.042x2

4

(23)

b) For oblique cutting:

y = 2.9212x0 − 10.4247x1 − 7.2462x2 + 4.4859x3 + 0.1295x4 − 0.4264x1x2

−0.2621x1x3 + 0.0625x1x4 + 0.5108x2x3 + 0.0251x3x4

+5.4295x2
1 − 6.6225x2

2 − 2.6781x2
3 + 0.0676x2

4

(24)

Based on the measured data, the following dependencies have been evaluated for both orthogonal
and oblique cuttings:

• The dependency of temperature T on cutting speed vc and on the cutting depth ap;
• The dependency of temperature T on cutting speed vc and angle of tool orthogonal rake γo;
• The dependency of temperature T on cutting speed vc and on the angle of tool cutting edge

inclination λs.

The dependencies are presented in Figures 8–10.
It can be seen from the dependence of the temperature on the cutting speed and on the cutting

depth at orthogonal machining (Figure 8a) that the cutting depth has an incomparably stronger
influence than the cutting speed. By contrast, in oblique cutting (Figure 8b), the impact of cutting
depth is milder, so the effect of cutting speed is more noticeable. Maximum temperature values were
reached at a maximum cutting depth during orthogonal cutting and at a minimum cutting depth
during oblique cutting.

Figure 8. The dependence of temperature T on cutting speed vc and cutting depth ap, (a) Orthogonal
cutting; (b) oblique cutting.

The angle of tool orthogonal rake γo at the machining of manganese chromium steel has a similar
character in both cutting methods (Figure 9), while the highest values of temperature have been
measured at mean values of γo. The influence of cutting speed also has the same character at both
orthogonal and oblique cutting, and the maximum temperature has been reached at the minimal value
of cutting speed.
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The dependence of the cutting speed and tool cutting edge inclination λs on the temperature is
almost identical in both orthogonal and oblique cutting (Figure 10). The influence tool cutting edge
inclination is almost imperceptible in both cases compared to the impact of speed.

Figure 9. The dependence of temperature T on cutting speed vc and angle of tool orthogonal rake γo.
(a) Orthogonal cutting; (b) oblique cutting.

Figure 10. The dependence of temperature T on cutting speed vc and angle of tool cutting edge
inclination λs. (a) Orthogonal cutting; (b) oblique cutting.

4.3. Measurement of Microhardness HV According to Vickers

The next evaluated parameter was microhardness according to Vickers. The measurements
were carried out on samples of chip root at a load of 200 g during intervals of 10 s, according to
the standard STN EN ISO 6507-1. Vickers microhardness evaluation was performed based on the
experimental plan design, similarly as at the temperature measuring. The character of the matrix for
experimental composition plan was designed for both cutting methods, where four matrix shapes have
been evaluated resulting in four dependencies pictured by means of surface plots. The hardness of the
material was measured in the area of shear angle Φ that is shown in Figure 11; also, a diamond body
imprint with magnification 600× is displayed here in detailed view. The obtained values are organized
in Table 9.
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Figure 11. Diamond body imprint with magnification 600×.

Table 9. Experimentally obtained values of microhardness HV measured in the area of the shear angle
at chips.

No. vc (mmin−1) ap (mm) γo (◦) λs (◦) HV (kgmm−2)
Orthogonal Cutting Oblique Cutting

1. −1 −1 −1 −1 218.567 337.267
2. +1 −1 −1 −1 268.833 232.667
3. −1 +1 −1 −1 308.4 400.1
4. +1 +1 −1 −1 253.933 281.767
5. −1 −1 +1 −1 240.9 293.9
6. +1 −1 +1 −1 238.533 221.2
7. −1 +1 +1 −1 330.533 270.733
8. +1 +1 +1 −1 204.6 216.267
9. −1 −1 −1 +1 216.767 211.067

10. +1 −1 −1 +1 319.367 229.7
11. −1 +1 −1 +1 293.733 233.167
12. +1 +1 −1 +1 196.667 363.533
13. −1 −1 +1 +1 184.9 245.767
14. +1 −1 +1 +1 213.933 190.367
15. −1 +1 +1 +1 160.7 192.667
16. +1 +1 +1 +1 165,367 216.833
17. −α 0 0 0 239.9 273.233
18. +α 0 0 0 230.2 237.9
19. 0 −α 0 0 270.867 254.9
20. 0 +α 0 0 321.533 318.433
21. 0 0 −α 0 301.333 329.567
22. 0 0 +α 0 271.967 194.767
23. 0 0 0 −α 265.667 167.1
24. 0 0 0 +α 448.367 279.7
25. 0 0 0 0 301.2 305.533

Similarly as for measurements of temperature and share angle, the regression functions (25) and
(26) for the evaluation of microhardness of chip root have been defined. The reliabilities R2 of the
dependencies for both types of machining (orthogonal and oblique) were 0.92 and 0.93, respectively.
Regression functions are specified by the following equations:

a) For orthogonal cutting:

y = −5.0009x0 + 17.2807x1 + 5.2179x20.575x3 + 0.1881x4 − 1.5626x1x2

−0.1588x1x3 + 0, 0397x1x4 − 0.2036x2x3 − 0.0623x2x4

−0.0376x3x4 − 9.2084x2
1 + 3.3134x2

2 − 0.4774x2
3 + 0.0915x2

4

(25)
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b) For oblique machining:

y = −1.2673x0 + 7.7671x1 + 9.0532x2 + 5.5376x3 + 0.2281x4 + 0.7224x1x2

−0.2077x1x3 + 0.0846x1x4 − 0.6964x2x3 − 3.6942x2
1 + 8.2721x2

2
−3.8696x2

3 + 0.1162x2
4

(26)

Based on the relations (23) and (24) formulated above, the dependencies of the microhardness HV
on individual variables were plotted. They are presented in Figures 12–16.

The influence of cutting depth and cutting speed was the most significant effect of the four
variable parameters which changed the microhardness HV. In oblique cutting (Figure 12b), the effect
of the cutting depth is more pronounced than the effect of the cutting speed compared to its effect in
orthogonal cutting (Figure 12a). Maximum microhardness values were achieved at maximum cutting
depth and at medium and higher cutting speeds.

The effect of the rake angle on orthogonal cutting (Figure 13a) is almost imperceptible compared
to the cutting speed. In oblique cutting (Figure 13b), the angle of tool orthogonal rake has the
same significant impact as the cutting speed, and maximum microhardness HV was achieved at its
mean values.

Figure 12. Dependency of microhardness HV on the cutting speed vc and on the cutting depth ap.
(a) Orthogonal cutting; (b) oblique cutting.

Figure 13. Dependency of microhardness HV on the cutting speed vc and on the orthogonal rake angle
γo. (a) Orthogonal cutting; (b) oblique cutting.
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Figure 14. Dependency of microhardness HV on the cutting speed vc and on the angle of tool cutting
edge inclination λs. (a) Orthogonal cutting; (b) oblique cutting.

Figure 15. Dependency of microhardness HV on the cutting depth ap and on the orthogonal rake angle
γo. (a) Orthogonal cutting; (b) oblique cutting.

Figure 16. Dependency of microhardness HV on the cutting depth ap and on the angle of tool cutting
edge inclination λs. (a) Orthogonal cutting; (b) oblique cutting.
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In the interaction of the angle of the tool cutting edge inclination and the cutting speed, the
influence of the inclination angle on a change of the microhardness HV appears to be zero compared to
the cutting speed in both cutting methods (Figure 14).

The interaction of the cutting depth and, also, the angle of the tool orthogonal rake have the same
nature regarding the effect on microhardness in both cutting methods (Figure 15). The angle of tool
orthogonal rake is less pronounced with respect to the cutting depth and the maximum microhardness
values were measured at mean rake angle values and maximum cutting depth. Almost the same
statement can be made for the effect of the cutting depth and the angle of tool cutting edge inclination
on microhardness HV, as shown in Figure 16.

5. Conclusions

The chip formation in cutting processes at relatively low cutting speeds depends on the conditions
of the cutting, the cutting tool and, to a large extent, on the machined material. EN 16MnCr5 manganese
chromium steel was chosen as the material for this study. The experiments were carried out on specially
modified workpieces for orthogonal and oblique machining (planing), in which the tool geometry and
cutting conditions were changed. When changing individual parameters, the shape of chip forming
was observed, the temperature was measured in the cutting area, and the Vickers HV microhardness
was measured in the shear angle area. The results were statistically processed, and statistical regression
dependence was constructed from all measured values.

The influence of individual parameters on the chip shape during machining of EN 16MnCr5 steel
can be summarized in the following ways:

• The effect of the change in cutting speed in a given experiment on the chip shape appeared to
be insignificant.

• The angle of the orthogonal tool rake caused a crumbly chip formation at minimum values, rather
than at the maximum values.

• The cutting depth affected the radius of curvature of the chip. When increasing the thickness of
the cut layer, the radius of chip curvature increased.

Based on the experiments, it could be stated that the most noticeable influence on the shape change
of the chips is achieved by the angle of inclination of the main cutting edge λs and the tool cutting edge
angle κr. At a zero angle of inclination of the main cutting edge, a shorter chip was produced than at
an angle of inclination of the main cutting edge of 20◦. At the same time, at a 20◦ angle of inclination of
the cutting edge, the chip obtained a so-called chamfer along the edges, which is adequate to the angle
of inclination of the main cutting edge, thus compressing the chip in the inclination direction of λs

leading to the shape obtaining characteristics of a spiral chip.
By measuring the temperature in the cutting area (for both orthogonal and oblique cutting), the

most significant influencing parameter for temperature change was found to be the depth of the
cut. This was followed by cutting speed and a forehead angle, whereas the influence of the angle of
inclination of the main cutting edge appeared to be insignificant. The maximum temperature during
orthogonal cutting was reached at the maximum cutting depth, but in oblique cutting, the maximum
temperature was reached at minimum cutting depth. In both cases, cutting at maximum temperature
was characterized by mean values of the angle of tool orthogonal rake.

When measuring Vickers HV microhardness in the shear angle area, the significance of parameters
was different. In orthogonal cutting, the highest microhardness was achieved at maximum cutting
speed, while in oblique cutting, the maximum microhardness HV was achieved at maximum cut
depth values.
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Nomenclature

γo angle of tool orthogonal rake (◦)
λs angle of tool cutting edge inclination (◦)
αo angle of tool orthogonal clearance (◦)
κr tool cutting edge angle (◦)
κr´ tool minor (end) cutting edge angle (◦)
εr tool included angle (◦)
Φ shear angle (◦)
ap depth of cut (mm)
vc cutting speed (mmin−1)
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