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Introduction

Hole drilling is widely used in most essential industries. The twist drill is most common drill design.
The advantages of twist drills include good removal of chips from the hole being machined, simplicity of
design and, therefore, low labor costs of sharpening and high positioning accuracy in the hole due to the
presence of calibration tapes [1]. The main cutting edges of the drill are located on a conical cutting part
with an angle of 2¢. Angle 2¢ acts as a cutting edge angle and varies from 70° to 135° [2].
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At the same time, there are a number of disadvantages in the design of twist drills: a decrease in the
rake angle along the cutting edge (CE) up to negative when approaching the center; rake angles at the
periphery are too large. To reduce and, if possible, completely eliminate these disadvantages, a design
solution for a drill with a gash in the center has been proposed. The gash is made either to reduce the
area with negative rake angle values [3] or with a positive rake angle along the entire gash [4]. Also
in tool production, there are solutions with the gash along the entire cutting edge [5]. However, the
implementation of such a design is possible only at small rake angles, which can lead to increased cutting
forces and accelerated drill wear [6].

To reduce the rake angle at the periphery, a drill design with two conical sections with different genera-
trix angles o is used. At the periphery, the cone has a smaller angle, for example, for 2¢ it is equal to 118°,
the second conical section has an angle of 70° [7]. As a result, for this drill design, the rake angle at the
periphery can be reduced by 7-8°, which will relieve the load on the areas most susceptible to wear. As a
result of reducing the angle o, the chip thickness decreases, the chips width increases and heat dissipation
drastically improves, which allows increasing the tool life by more than 3 times [1]. However, this design
has a flaw in the form of an uneven change in the width of the cut layer and the formation of a stress con-
centrator in the transition zone. These problems can be resolved by using a twist drill with a toroidal flank
surface instead of a conical one. 3D analysis algorithms provide more complete and accurate rake angle
data along the drill cutting edge compared to analytical models [8]. Currently, modeling of specialized auto-
mated algorithms is used to estimate the geometric parameters of various classes of cutting tools. Therefore,
the rationale for the choice of geometric parameters of the class of drills being considered in this work is
formed based on the CAD new designs of drills with a toroidal flank surface. In addition, some critically
important operational parameters of drills, such as stresses in the cutting wedge, which are difficult to ob-
tain experimentally, can be easily predicted using the finite element method (FEM) [9-11]. When computer
modeling metalworking processes, two main problems arise while developing models using FEM. The first
is the material model, which should adequately reflect the deformation under loading with different intensi-
ties and directions of stresses applied to the structure in a wide range of typical operating conditions and
take into account the nature of internal stress in the structure [12—14]. The second is related to the modeling
and numerical implementation of changes in the configuration of the cutting part during the shaping process
depending on the state of the technological system [15, 16]. Computer modeling of machining processes is
complicated due to multiple areas of contact between the cutting wedge and the material being processed
[17, 18]. These problems cannot be solved using standard FEM [19]. Currently, many studies focused at
solving these problems regularly appear in the computer modeling of cutting processes [20, 21]. Although
many studies have been conducted on the use of FEM to predict operational parameters in machining a
wide range of workpiece materials [22], currently there does not exist a unified FEM model that could be
used for toroidal flank drills.

The literature review shows that although today there are several types of drill designs with a spherical
or toroidal flank surface, however there are neither its comprehensive studies nor recommendations on its
cutting part geometry and parameters used to assess its efficiency. In addition, no CAD systems for drills
with a toroidal flank surface and established mechanisms for computer modeling of the stress state of the
cutting part are available at the present time. In this regard, the main purposes of this study are reducing
the range of changes in the rake angle and the sharpening angle of the cutting wedge along the cutting edge
from the periphery to the center, and lowering the equivalent stresses in the cutting wedge through the use
of drills with a toroidal flank surface with rational geometric parameters.

To achieve these purposes, the following tasks should be solved:

1) to develop a CAD system for drills with a toroidal flank surface;

2) to investigate changes in the value of the rake angle and the sharpening angle of the cutting wedge
depending on the radius of the generatrix of the toroidal flank surface;

3) to study changes in equivalent stresses in the cutting wedge depending on changes in the radius of the
generatrix of the toroidal flank surface.
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Methods

Based on the study of the geometric and operational drill parameters, a CAD system for a wide range
of designs was developed. The CAD algorithm includes design methods for both standard designs and ad-
vanced ones with a toroidal flank surface, separated into two different subsystems. The initial parameters
for drill design are shown in table 1.

Table 1

Initial parameters for drill design

Parameter Parameter name
identifier

R Drill radius

d, Core diameter

o Clearance angle

Y Rake angle

b Wedge angle

Vi Flute profile rake angle

® Helix angle

R, Radius of the generatrix of the toroidal flank surface

0] Point angle

K Displacement of the generatrix of the toroidal flank surface relative to the drill axis
The angle between the point of tangency of the circle defining the toroidal generatrix and the

n point of intersection of the circle with the periphery

L Drill length

[ Drill body
Margin

v The value that specifies the point of contact of the toroidal generatrix relative to the drill axis

r Radius of the back profile of the helical flute of the drill

- The radius of the circle that specifies the control section that determines the values of the

p drill clearance angle

R_. Minimum radius of the toroidal flank surface of the drill

The length of the main cutting edge at the reference point, measured from the starting

l, position. The initial position of the edge is set at the intersection point of the main and
transverse cutting edges

[ Total length of main cutting edge

Automated design of twist drills is based on initial data that determines a set of technological, physi-
cal, mechanical and operational indicators and its relationships with construction feature as the basis of the
design methodology. Automated design of drills is carried out via a sequential methodology based on the
impact of the most important elements and restrictions on the development of detailed engineering draw-
ings. The creation of such a system plays an important role in the development of cutting tools and indus-
trial R&D, which can greatly improve the efficiency of drill design and its quality, help designers of various
scientific fields to use efficient technologies and methods to develop innovative design schemes greatly
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improving the efficiency of design and product development. To improve the efficiency of technological
innovations, the key parameters such as rake angle changes and internal equivalent stresses in the cutting
wedge of the drill, were analyzed in the first instance. In order to accomplish this task, certain restrictions
were imposed on the design results in the form of recommended ranges and reference values of the key pa-
rameters. Analysis of the relationships between structural elements and geometric parameters of a twist drill
with a toroidal flank surface was carried out with accounting for the workpiece and tool material, cutting
conditions and interdependent design components. Since no formalized dependencies in analytical, numeri-
cal and algorithmic form between the parameters of the technological environment and the parameters of
the drill exist at the present time, a comprehensive methodology for designing drills with a toroidal flank
surface is proposed in this work for the first time. The comprehensive CAD methodology for the design of
twist drills is based on classical approaches to drill design and is divided into sub-elements of modeling
(fig. 1). The first design block includes a structural base of initial data in accordance with GOST 17275-71
(R, ds, 0, vk, o, R, 0, x,n, L, [, f, V).

Fig. 1. Complex CAD block schematic diagram of twist drills

Depending on the shape of the cutting edge, the design methodology includes two groups of cutting
edge designs. The system generates conditions for searching for a rational flute shape to form a straight
cutting edge of a drill with a conical cutting surface [7] (fig. 2).

The definition of the helical projection of the cutting edge is described by the following equation:

B+ tan|\[RK=,? + RK=,?

tan(w)rDd

Pry =-RK E,y coS

B+ tan(e) ‘\/RKE,XZ + RKZ,)?

+ RKE,, sin

; (1)

tan(o)r|\ RKZ, + RKE,?
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Fig. 2. Defining the profile of the spiral flute (/)
and the profile element of flute on the rake surface (2)

B+ tan(f) ‘\/RKE,XZ + RKZ,?
Pr, = -RKE,, cos -
tan(o)r|\ RKZ, + RKE,>

B+ tan( f)‘\/RKE,xz + RKZ,?

2)

- RKEty sin

tan(e)r |\ RKZ, + RK=,?

The next stage of the design methodology consists of a modeling of the spiral flute and its corresponding
cutting surface. Depending on the diameter of the drill, the shape of the flank surface is assigned and a
Boolean operation is formed that defines the flank surface, while maintaining the shape of the cutting edge
and the specified geometric parameters in the control sections (o, Yk, ®, @, K, v). This design stage generates
design documentation for traditional types of twist drill designs.

In this work, a new technique for CAD design of drills with a toroidal flank surface is proposed for
the first time. The block schematic diagram of this technique and its detailed view are shown in fig. 3 in

Fig. 3. CAD block schematic diagram of twist drills with toroidal flank surface
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the form of a separate algorithm. The first stage of design is the formation of an actual set of initial data
(R, ds, a, Yk, o, Rt, ¢, x, m, L, Ir, f, v). The range for assigning the radius of the generatrix of the toroidal
flank surface is consistent with the range for assigning the clearance angles and is compared with the estab-
lished design database, which has a number of typical relationships between the geometric parameters of
the drill. As a result, the algorithm determines the position of the section in which the value of the clearance
angle a is set, or o is set manually. At the next stage, the profile of the chip flute is formed based on the
specified values of the core diameter d, back radius  and radial rake angle y,. Based on the profile data of
the spiral flute of a twist drill, a Boolean operation is generated that specifies a 3D model of the workpiece
with a spiral flute.

An important stage in developing a drill model is the formation of the cutting surface. The geometric
parameters that define the Boolean operation are presented in the second operator of the algorithm. The tan-
gent to the generatrix of the generating surface imposes a strict limitation, ensuring constant contact of the
generatrix of the entire set of drill structures at a certain angle in terms of ¢. The center-to-center distance
between the axis of the toroidal flank surface and the axis of the drill is specified by the parameter v. The
angle between the point of contact of the circle defining the toroidal generatrix and the point of intersection
of the circle with the periphery 1 regulates the possibility of assigning a parametric and structurally related
angle to the radius of the flank surface of the generatrix in terms of ¢ with a known radius of the toroidal
surface Rt.

The final task in developing a parametric model of a twist drill with a toroidal flank surface is the for-
mation of the flank surface. The flank surface is a toroidal surface obtained by rotating the profile of the
Boolean “subtraction” operation around an axis located at an angle € to the drill axis and the position of
the intersection point of these axes at a distance W from the drill axis. Moreover, the angle between the
tangent to the flank surface and the tangent at a given point on the cutting edge of the drill with radius r, is
the clearance angle o.

A comprehensive CAD methodology allows producing both the most common and specialized designs
of twist drills (fig. 4). Based on the work of CAD and the resulting designs with a toroidal flank surface, a
comprehensive study of the distribution of the rake angle along the cutting edge, deformations and stress
state using the finite element method along the cutting edge for structures with different types of sharpening
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Fig. 4. Technical drawing of a twist drill with toroidal flank surface
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of the flank surface: conical and toroidal with different radii of the generatrix of the toroidal surface R,
(R, .» 1.25 R, 2.5 R) was carried out. The radius of the toroidal flank surface varied from 2.5 R (the drill
design is comparable in geometry to a drill with a conical sharpening) to the minimum possible radius of
the generatrix of the toroidal flank surface R, .. The minimum radius of the flank surface generatrix R,
was determined by the following equation:

Rctan(p /1)
Rimin =——— -
sin(o)

The investigation of geometric parameters along the cutting edge
was carried out by determining the angle between the tangent to
the rake (flank) surface at the control point and the perpendicular
(tangent) to the flank surface at the control point (fig. 5).

Analysis of the drill-to-workpiece contact zones was a major
aspect for determining the rake height directly affected by the resulting
mechanical loads in the SolidWorks Simulation CAE system (fig. 6).
Mechanical forces were applied to this region in FEM simulations.
Therefore, the load in this analysis was applied at an angle that is set
tangent to the trajectory of the cutting wedge in the zone of feed per
revolution £(0.2 mm/rev). The zone of cutting forces application was
reshaped depending on the width of the cut layer at different radii of
curvature of the cutting edge at a constant feed. The tool was fixed
along a cylindrical surface.

The minimum mesh element size should be at least three times
smaller than the chip thickness to simulate chip formation that
corresponds to a very fine local mesh.

Since the shape of the axial section of the drill varies in the work, the shape of the uncut chip also
changes. Therefore, to set the loading zone, it is important to analyze the cut layer with one constant feed
(S = 0.2 mm/rev) for different profile shapes of the producing surfaces (table 2).

In the obtained diagrams, a significant decrease in the uncut chip at the periphery is observed with a
decrease in the radius of curvature of the generatrix of the flank surface, which indicates a decrease in the
forces acting on the cutting edge and the formation of more favorable conditions for the cutting process.

In this work, to carry out FEM, the model mesh was three-dimensional polyhedral — tetrahedrons. While
such mesh elements are capable of providing a high degree of adaptation to the complex geometry of the
cutting part of a drill with a toroidal flank surface, its use is associated with high computational complexity
of the calculation. Also, to obtain reliable results, it is necessary that the size of the mesh elements more
than three times smaller than the thickness of the chips being removed. Due to these limitations, the mesh

size was chosen to be 0.02 mm in order to obtain reliable results of stresses on the cutting part of various
drill designs (fig. 7).

€)

Fig. 5. Defining the rake angle on a
drill with the toroidal flank surface

a b
Fig. 6. Model of a drill with the toroidal flank surface in the SolidWorks Simulation CAE system:

a — isometric view of the model with a mesh; b — side view of applied loads
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Table 2

Comparison of the shape of the cut layer using twist drills with different parameters of the flank surface

Parameter Conical flank Toroidal flank Toroidal flank surface Toroidal flank
surface surface (2.5 R) (1.25R) surface (R, . )
Width
of uncut chip t=0.19 mm t=0.17 mm t=0.13 mm t=0.04mm
on periphery
Diagram
of uncut chip
a b

Fig. 7. Epure of equivalent stresses of a drill with a toroidal flank surface:

a — side view; b — end view

Hard alloy VK6 (WC 94 %-Co 6 %) was chosen as the material of the cutting tool, due to its effective
use in processing materials in which abrasive wear predominates, such as cast iron. The physical and
mechanical properties of the VK6 material for creating a material model are shown in table 3.

After solving the problem, diagrams of equivalent stresses and displacements of drills with conical and
toroidal sharpening of the flank surface were plotted.

Table 3
Physical and mechanical properties of hard alloy
Property Value
Bending strength, MPa >1,500
Compressive resistance, MPa >4,300
Material density, g/cm3 >14.6
Hardness of material HRA > 88.5
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Results and discussion

Using the method described in the last paragraph, we obtained control measurements of the rake
(fig. 8, a) and clearance angles (fig. 8, b) for 4 designs of twist drills — one design with a conical sharpen-
ing of the flank surface and three designs with a toroidal sharpening of the flank surface with varying the
radius of the toroidal generatrix surface R, (R, ., 1.25 R, 2.5 R). The initial values of the angles for toroidal
sharpening of the flank surface are: rake angle y = 30°, y, = 25°, when moving to a gash v, =25 clearance
angle o = 8°, a,, = 8°, °, at transition to gash o, = 22°,

a b

Fig. 8. Graphs of the dependence of the rake (a) and clearance (b) angles of various drill designs on the
ratio of the length of the main cutting edge at the measurement point from the initial position, to the
total length of the main cutting edge

Based on the analysis of the graphs, it is found that drills with toroidal sharpening of the flank surfaces
have a more uniform decrease in the rake angle from the periphery to the center. The nature of the change in
the front and clearance angles of drills with toroidal sharpening of the rear surface is identical to the nature
of the change in the geometric parameters of drills with conical sharpening. The rake angle y takes on the
greatest values, and the clearance angle a is the smallest at the periphery of the drill. The range of varia-
tion of the rake angle decreased from [—18°; 25°] to [2°; 25°], which indicates a decrease in range by 86 %.
With a decrease in the radius of the generatrix of the rear toroidal surface, a decrease in the intensity of a
decrease in the front angle and an increase in the rear angle are revealed. This tendency makes the change
in the sharpening angle of the cutting wedge from the periphery to the center more uniform. The range of
changes in the sharpening angle of the cutting wedge decrease from [58°; 77°] to [56°; 68°], which indicates
a decrease in range by 56 %. The design of drills with sharpening of the flank surface with a minimum ra-
dius of the generatrix has the best distribution of the rake angle and the rake angle has a positive value along
almost the entire cutting edge. This will allow the use of such drill designs without additional sharpening in
the center with performance indicators comparable to those of drills with sharpening in the center.

A graph of the dependence of the sharpening angle of the cutting wedge [3 on the ratio of the length of
the main wedge at the control point, measured from the initial position, to the total length of the main wedge
is presented in fig. 9. According to the graph, it is found that the use of drills with sharpening of the flank
surface with a minimum radius of the generative provides a uniform angle sharpening of the cutting wedge
up to 0.45 of the length of the twist drill, precisely in the zone that is subjected to the most intense loading.
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Fig. 9. Graph of the dependence of the cutting wedge

taper angle B on the ratio of the length of the main

cutting edge at the inspection point measured from

the initial position, to the total length of the main
cutting edge

For the diagram of equivalent stresses and displacements of drills with conical and toroidal sharpening
of the rear surface, an FEM analysis is carried out using the above-mentioned method. The results of elastic
displacements and equivalent stresses in the cutting wedge of drills with different sharpening shapes are
shown in table 4.

Analysis of the obtained results shows that the maximum stress for a drill with a minimum radius of the
generative of the flank surface is the minimum of all the drill designs being considered here, which indicates
a more rational distribution of width of uncut chip and geometric parameters along the cutting edge. The
cutting wedge along the cutting edge has a cross-sectional area that is closest to constant, which allows
us to identify the best strength characteristics of a drill with a toroidal sharpening with a minimum radius
of the generatrix R, . , which forms the rear surface. The stresses at points of the cutting edge equidistant
from each other are considered, and the angular values of the position of these points from the drill axis are
measured according to the design method for drills with a toroidal flank surface. The results obtained are

Table 4

Results of an epure of the maximum equivalent stresses and displacements in the cutting wedge
for drills with different parameters of the flank surface

Type of FEM Conical flank surface Toroidal flank Toroidal flank Toroidal flank surface
analysis surface (2.5 R) surface (1.25 R) R, i)
Movements
max = 0.049 mm max = 0.052 mm max = 0.050 mm max = 0.045 mm
Equivalent
stresses
max = 1465.926 MPa | max = 1412.569 MPa | max =991.473 MPa max = 874.013 MPa

% Vol. 25 No. 4 2023



EQUIPMENT. INSTRUMENTS OBRABOTKA METALLOV %

shown in table 5 and on its basis a graph of the dependence of stress on the angular position of the control
point on the cutting edge in the instrumental coordinate system is plotted (fig. 10, 11).

It is found that in the case, when the radius of the generatrix of the flank surface reduces, the length of
the cutting edge increases, which leads to an integral decrease in stresses in the cutting wedge along the
entire cutting wedge and proves a more rational assignment of geometric parameters along the cutting edge.

Table 5

Results of an epure of equivalent stresses and displacements along the cutting edges of drills with different
parameters of the flunk surface

Conical flank surface Toroidal flank surface (2.5 R) Toroidal flank surface Toroidal flank surface
(1.25R) (R, i)
o, MPa v.° A,° o, MPa W.° A,° o, MPa v.° A° o v.° A,°
MPa

1064.85 | 29.0289 | 5.8 | 740.4581 | 32.0511 | 0.891 | 557.1906 | 36.3369 | 17.82 | 499.1 46.81 60
1039.035 | 27.825 3.8 | 741.7603 | 29.9989 | 0.956 | 558.1982 | 33.0369 | 10.63 | 462.4 | 40.6211 | 40.52
802.4772 | 25.7869 | 1.33 | 694.3632 | 27.3139 | 1.052 | 424.1168 | 29.4411 | 5.36 | 217.7 | 34.7439 | 24.7
681.772 | 22.1639 | 1.2 | 622.1755 | 23.2369 | 1.124 | 433.9531 | 24.7761 | 2.13 | 207.4 | 28.6361 | 5.26
595.8291 | 15.1731 | 2.33 | 585.3223 | 15.8989 | 1.112 | 722.0529 | 17.0239 | 2.09 | 390.2 | 20.065 | 0.75
460.658 0 4 458.2239 0 1.326 | 654.7368 0 1.016 | 226.3 0 1.5

Fig. 10. Graph of variance in internal stresses of the drill structure relative to the
angular position of the measurement point on the cutting edge

Fig. 11. Combined graph of the dependence of the cutting edge angle and
equivalent stresses in the drill design on the angular position on the cutting edge
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It is shown that the design of a drill with a cutting wedge part and a cutting edge with a large value A can
have both positive and negative effects on the tool life. With a short duration of such a section, the element
of the cutting wedge acts as a stress concentrator and takes a significant part of the bending load, while in
the case of a longer section with a smooth change in angle, the forces are evenly distributed over the cut-
ting wedge. Therefore, later design can significantly increase the resistance to brittle fracture. This effect
can be enhanced by the uniformity of cross-sectional area of the cutting wedge along the cutting edge. The
established patterns serve as the basis for the design methodology for drills with a toroidal flank surface
and as a prerequisite for the development of a comprehensive CAD for twist drills. This work is important
for understanding the geometric design features of drills with a non-standard flank surface shape. After
confirming the relevance of using drill designs with a new sharpening form, the logical development of this
work would be revealing the analytical relationships between the shape of the cutting edges, the helical flute
and the shape of the flank surface.

Conclusions

1. In this study, a comprehensive methodology for designing drills with a toroidal flank surface is pro-
posed in this work for the first time, including the development of new designs of drills with a toroidal flank
surface. The CAD algorithm for toroidal flank drills is discussed in detail when designing each functional
surface in the solid-state modeling system.

2. A comprehensive study of the effect of changing the radius of the generatrix of the flunk surface on
the value of the rake angles in order to identify the best geometric parameters of the tool on various designs
of drills with a toroidal flank surface and its application field is carried out. It is pointed out that with a
decrease in the radius of the generatrix of the flank surface, the range of changes in the rake angle and the
sharpening angle of the cutting wedge decreases compared to the design of drills with conical sharpening
of the flank surface. It is also found that a tool with a minimum permissible radius of the generative of the
flank surface has the best distribution of rake angles and sharpening angles of the cutting wedge along the
entire cutting edge. The range of variation of the rake angle decreased from [-18°; 25°] to [2°; 25°], which
indicates a decrease in range by 86 %. The range of changes in the sharpening angle of the cutting wedge
decrease from [58°; 77°] to [56°; 68°], which indicates a decrease in range by 56 %. Drills with such
sharpening of the flank surface can be used without additional sharpening to the center, since the rake
angle is in the positive range of values up to the section where the main cutting edge transitions into the
chisel edge. It is proved that the sharpening angle of the cutting wedge has a value close to constant up to
0.45 It/1, while the range of the sharpening angle decreased from [58°; 68°] to [56°; 58°], which indicates
an improvement in geometric parameters up to 5 times. These indicators exceed those for all the existing
twist drill designs.

3.Based on FEM, it is shown that the equivalent stresses in the cutting wedge reduced from
4644.62 MPa to 2003.1 MPa due to the use of drills with a toroidal flank surface with a minimum generatrix
radius, indicating a stress reduction by a factor of 2.31. At the same time, the maximum equivalent stresses
decreased from 1064.85 MPa to 499.1 MPa , indicating a stress reduction by ~ 2.13 times.
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