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ABSTRACT

This thesis originally proposes an improved theoretical method to predict thrust
and torque of twist drills in high speed drilling. The three existing models and methods
are thoroughly studied and evaluated. It has been observed that each method has its own

advantages as well as drawbacks and some errors.

A fundamental geometrical analysis is carried out on the primary cutting edge of a
twist drill to understand the correlation between the geometrical features of the drill and
the distribution of cutting forces. The improved method is based on the representation
of the cutting forces along the cutting edge as a series of oblique cutting elements. The
elemental forces are then integrated to determine the overall thrust force and drilling
torque in terms of the basic geometrical features of the drill, the cutting conditions and

the properties of the machined material.

The improved method presents the proper definitions of the dynamic rake angle
and the uncut chip thickness, proves the negligibility of the feed angle and gives
accurate representation of the elemental forces acting along the primary cutting edge, as
well as the total thrust force and the torque. A good agreement between the predicted

and the experimentally measured forces and torques was found for low carbon steels.
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Chapter 1. Introduction

The importance of drilling in the field of modern metal cutting is based on the fact
that drilling is the most common of machining operations performed. The most popular
tool is the twist drill, which was invented by Steven A. Morse in 1863 [1], who patented
a new drill design, with two spiral flutes and a pointed cutting part, which exceptionally
improved the cutting action and chip disposal. The modern twist drill geometry, though
similar in the general appearance to the Morse drill, has been the subject of numerous
improvements. Usually, a twist drill consists of two main cutting edges; the chisel edge
and the cutting lips, as can be seen on Figure 1.1. Some drills have a secondary cutting
edge, which significantly reduces the thrust forces and produces a cutting edge with a
positive rake and a chip breaking point. The chisel edge protrudes into the workpiece
material and contributes mostly to the thrust force. The cutting lips cut out the material
and provide the majority of the drilling torque and thrust. During the drilling process,
the chips are formed on the cutting edge and moved up along the drill helix angle. The
drill geometry has a complicated effect on the cutting forces. A typical twist drill has
several design parameters affecting the cutting forces and torque. In fact, the rake angle,
inclination angle and the cutting velocity vary along the drill radius. The normal rake
angle has a high negative value at the center of the drill, resulting in larger thrust forces
and changes from negative to positive along the cutting lips affecting primarily the

torque.



Secondary cutting edge
Primary cutting edge

hisel edge

Figure 1.1. The cutting edges of a standard twist drill.

Several simplified models of conducting a metal cutting process analysis have
been developed and implemented throughout the past decades. The basic model is
called the single-shear plane model or the Ernst-Merchant [2] model, widely presented
in most textbooks [3-8]. Based on the principle of energy conservation, Merchant
showed that the cutting forces are proportional to the uncut chip area or the chip load.
Another model is the theory of Lee and Shaffer [9], who also attempted to solve the
metal cutting problems applying the plasticity factor. Both models have numerous
drawbacks and disagreements with their respective experimental results. Later on, Hill
[10], with his static equilibrium model tried to solve this same problem, stating that the

velocity is tangentially discontinuous across the shear plane. Dewhurst [11] also
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offered his model of chip formation for the first time analyzing the stress and velocity of

boundary conditions.

None of these theories is flawless; and some have been very heavily criticized.
However, the simplified analyses predict many of the forces and stresses in the cutting
process, including the drilling. In the past years, researchers developed many analytical
and numerical models to predict the torque and thrust force in drilling needed to address
important process-optimization issues such as the most appropriate and efficient cutting

parameters or tool geometries.

Oxford [12] identified a small region all around the middle part of the drill
(indentation zone) where the material is not cut but extruded. Outside the indentation
zone, the chisel edge performs an orthogonal cut with a negative rake angle. Bera and
Bhattacharya [13] analyzed the drill geometry and determined that the chisel edge acted
as an indenting tool and the lip as a cutting tool and presented the first predictive cutting
model to evaluate the torque and thrust in drilling. They applied the Merchant thin shear
zone cutting model to predict the drilling forces at the cutting edge. The total thrust and
torque were found by the summation of the elemental thrusts and torques derived from
the elemental deformation forces and the thrust and torque components. Williams [14]
went further and described the secondary cutting edges along with the main cutting
edges and an indentation zone around the drill center as the three identifiable zones of
interest. Williams used an orthogonal cutting analysis to model the thrust and torque at
the drill cutting edge. The total forces were calculated by the summation of the force

generated by the cutting edge and chisel edge as well as the indentation zone.
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The difference of his model from the model of Bera and Bhattacharyya was that

the cutting action for most of the chisel edge was presented as a classical orthogonal
cutting action with continuous chip formation and highly negative rake angles.
Mauch and Lauderbaugh [15], in their model also divided the drill into three regions
and implemented the idea of using different cutting processes for each zone. Both the
orthogonal and the oblique cutting models were applied to the two elements of the
chisel edge and to the main cutting edge area accordingly. They also split the main
cutting edge into N elements and calculated the total torque and thrust by summarizing
the part values generated in each of these regions.

Armarego and Wright [16] analyzed the fundamental machining data such as
shear stress and chip length and the cutting mechanisms of the cutting edge and chisel
edge developed a model which can be used to estimate thrust and torque for the
different drill flank configurations. They found similarities in the effects of feed rates,
spindle speeds and the geometrical characteristics of the drill on the resulting torque and
thrust values, regardless of the drill flank configurations used. Armarego and Cheng
[17, 18] proposed a new simplified method to predict thrust and torque during drilling
for conventional and modified drills. The method of calculation was also based on the
implementation of the orthogonal cutting model and the oblique cutting model. Later
Wiriyacosol and Armarego [19] further developed this method by implementing an
already known principle of dividing the cutting edges into a limited number of cutting
elements, which were assumed to be oblique cutting edges on the primary cutting edge

and the orthogonal cutting edges on the chisel edge. This method was described
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extensively in Armarego’s latest textbook [20]. However, the calculations were based
on empirical equations provided by the orthogonal cutting tests.

Stephenson and Agapiou [21] developed a static force model for drills with
various geometrical parameters. They did not include the effect of the chisel edge in
their model, but like other researchers, they focused on the primary cutting edge and
split it into small segments. This model was based on calculating the radial forces
generated by the drill asymmetries and was developed for the drills with different
geometrical shapes. Stephenson and Agapiou represented each elementary force as the
product of a specific pressure and chip area, where the specific cutting force coefficients
could be found based on simple turning tests and also included in their calculations a
hardness correction function to compensate the variation in hardness of the workpiece
material.

All of the above mentioned methods identified and pointed out the significant
problem in determining the empirical equations for the various cutting parameters.
Chandrasekharan et al. [22] suggested a new approach in predicting the cutting forces
for drilling based on the geometric similarity of the drills. In their model the force and
torque equations were represented in a normalized radial coordinate system. Their
model consisted of two main points of interest: the primary cutting edge and the chisel
edge. In order to describe the cutting forces on the primary cutting edges they used the
Merchant’s model and the calculations for the chisel edge were based on the slip line
field method derived by Kachanov [23]. They developed a calibration algorithm to
extract the cutting model coefficients and implemented the mechanistic force approach

to develop the models for the cutting force system.
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Later on, many researchers found similarities in the drilling and the oblique
cutting processes. Watson [24-27] also applied the oblique machining theories to
drilling by dividing the cutting edges of the drill into small segments, performing
calculations for each segment, and summing the results. The Watson cutting force
model for the chisel edge was based on the classical orthogonal cutting analysis and
included the drilling tests to determine the contribution of the chisel edge to the overall
torque and thrust. However, the correlation between the predicted values and the
experimental results for the whole drill was not as good as the correlation between the
experimental and the predicted results for the cutting edge alone. Rubenstein [28, 29]
thoroughly investigated the oblique cutting process and derived the expressions for the
torque and thrust forces, assuming that the removal process is quasi-orthogonal, but for
the drill point it was only sufficient when the drill diameter was large enough in relation
to the chisel edge length. Zhang et al. [30] noticed the effect of vibrations and
developed his model based on the mechanics of vibrations and the continuous
distribution of thrust and torque along the cutting edge and the chisel edge of the twist
drill. Wang et al. [31, 32] concluded that vibration drilling is different from
conventional drilling and presented a method which involved the development of a
dynamic uncut chip thickness for each cutting element at the cutting edge and chisel
edge. Their model described the dynamic cutting process, where the mean thrust and
torque increased as feed increased under constant vibration. Yang et al. [33] studied the
drilling and reaming processes and proposed a dynamic model which included a

representation of the forces generated on the cutting edge, the influence of the chisel
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edge, the relationship between the machine vibrations and forces and the dynamic
machine tool model.

Elhachimi et al. [34, 35], based on the oblique cutting model for the primary
cutting edge and the orthogonal cutting model for the chisel edge presented a new
theoretical model to predict thrust and torque in high speed drilling. In this model, thrust
and torque were calculated in terms of the geometric features of the drill, the cutting
conditions and the properties of the machined material. Chen et al. [36] modified the
existing force model for the split-point, incorporating the splitting parameters on the
secondary cutting edge for predicting the thrust forces and torque. By minimizing the
thrust forces and torque, they obtained the optimization of the split-point drill geometry.
Kapoor, Chandrasekharan et al. [37-39], Gong and Ehmann et al [40-42] developed
various mechanistic drilling models. Other recent developments in drilling models have
utilized the finite element method. Fuh [43] explored the use of the finite element
method for drilling. Guo and Dornfeld [44] and Min et al. [45] applied the finite
element technique for modeling drilling and exit burr formation. Shatla and Altan [46]
using the same approach determined the drilling torque and thrust force. Bono and Ni
[47, 48] predicted the drill heat flux, temperatures, and the thermal distortion of the drill
holes.

Strenkowski et al. [49] developed an analytical finite element technique for
predicting the thrust force and torque in drilling with twist drills. The approach was
based on representing the cutting forces along the cutting edge as a series of oblique
sections and cutting in the chisel region was treated as an orthogonal cutting with

different cutting speeds depending on the radial location. An Eulerian finite element
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model was used for each section to simulate the cutting forces. The section forces were

then combined to determine the overall thrust force and drilling torque. An extension of

the technique for predicting drill temperatures has also been described.

Zhao et al. [50] applied the finite element method (FEM) to twist drill stress

analysis not for design but for verification. Additional studies on the dynamics of

drilling can be found in the various articles of other researchers [51-76].

Cutting Edge Shapes

Grinding name Shape Features and effect Application
— =The flank is conical and the clearance angle + General Use
increases toward the centre of the drill.
Conical
= | = The flank is flat. » Mainly for small diameter drills.
= Easy grinding.
Flat
e |1 As there is no chisel edge, the results are high « For drilling operations that
centripetal force and small hole oversize. require high hole accuracy and
Three flank » Requires a special grinding machine. positioning accuracy.
angles = Surface grinding of three sides.
» To increase the clearance angle near the centre « For drilling that requires high
‘H—"“\. - - . - . s
of the drill, conical grinding combined with accuracy.
Spiral point imegular helix.
= S type chisel edge with high centripetal force and
machining accuracy.
+ The cutting edge is ground radial with the aim of | . Cast Iron, Aluminium Alloy
dispersing load. -F s lat
Radial lip + High machining accuracy and finished surface - S:)r (‘]as shtireiss
roughness. EE
= For through holes, small burrs on the base.
» Requires a special grinding machine.
+ This geometry has two-stage point angle for » For thin sheet drilling.
better concentricity and a reduction in shock
Centre Point when exiting the workpiece
drill

Figure 1.2. Various shapes of twist drills (property of Mitsubishi [80])

During the drilling process, it can be observed that due to the various velocities,

each segment of the primary cutting edge which lies on the different radial distances
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from the drill axis are affected by the different forces. The unequal forces along the
cutting edge are causing the different type of the wear: from the chipping and build up
edge close to the center area to the extensive wearing and even burning on the
peripheral area. This is why researchers and manufacturers are trying to create cutting
edge geometries which will be most suitable for the various specific applications. Some
examples of the various types of the drill geometries, which contain not only various
point angles, rake angle and spiral angles, but also different shapes of flank faces,
different chisels as well as primary and secondary cutting edges in case of a split-point

drill are shown on Figure 1.2.
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Chapter 2. The cutting forces prediction models and

methods

In the presented research three models and methods are studied and evaluated.

All three reviewed methods contain two basic steps. First, the authors have
determined the geometrical relationships between the various angles. Second, they
constructed the force model to predict the cutting forces and torque. Some of the authors

have provided the experimental data for the approval of their methods.

2.1 The cutting forces prediction model and method |

2.1.1 Geometrical model | and relationships

In this work, the authors identify three different regions of interest (the primary
cutting edge, the secondary cutting edge and the chisel edge) and then estimate the
thrust forces and torque for each of the regions. The geometrical model is shown on
Figure 2.1. Based on the authors’ opinions, the feed angle must be considered and

included into the calculations in each of the three regions.

For any given point on the primary cutting edge the shear angle of the oblique

cutting ¢ can be calculated as [28]
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cot¢p = cot, cosi —tany,(1 — cosi) (1)

where @,, is the shear angle of the orthogonal cutting, I is the inclination angle and

Y4 1s the dynamic rake angle

Figure 2.1. Dynamic geometry of the primary cutting edge by Chen.

The shear angle of the orthogonal cutting ¢,, can be calculated as [2]

_ T Yd—An
pn ==+ 14 )
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where A, is the friction angle of the orthogonal cutting and may be determined as [77]

An =

N

+ 3
The inclination angle may be found from the following equation:

sini = sinwsinp 4)
where p is the half-point angle and @ is the web angle at a specified radius

Web angle w is given as:

-1t
w = sin”"— (%)
where &, is the half web thickness after the splitting point and 7" is the radial distance
from the drill axis.
The dynamic rake angle ¥4 by the authors’ opinions has to be calculated as
Ya= Vst B (6)
where Y is the static rake angle and f3 is the feed angle

The static rake angle which will be re-considered later, is calculated as

tan 6, cos w

tanys = sin p—tan &, sin w cos p (7)
where the helix angle §,- at a specified radius 7 and can be found as
tan é, = %tan o) ()

20



where R is the radius of the drill and & is the helix angle at this radius,

from the drill specifications.

Since
The tangential velocity V = 2nNr
and the axial feed velocity Ve=fN

Feed angle [3 is calculated as

tan S =L

2nr

where f is the feedrate
and /V is the drill revolutions.

And finally the friction angle A can be calculated as [14]

cos p—cos pp+tan(Ay,—yq)sin ¢n
sing

tan(A —yq) =

2.1.2. The force and torque prediction model |

which are taken

)

(10)

(11)

(12)

The force and torque prediction model based on the Oxley oblique cutting model [79],

which defines the differential force and torque elements for each differential element of

the cutting edge.
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Cutting velocity

Figure 2.2 Force prediction model by Chen.
The force element in the direction is parallel to the cutting velocity

__ fKcos(A-yq+B) cos Bsinp
dFc = 2sin¢g cos(p-yq+p) L (13)

The force element in the direction perpendicular to the cutting velocity and to the

cutting edge
dFr =dF;tan(A -y, + B) (14)

The force element in the direction perpendicular to dF and dFp

dFp = \/(dFC)Z + (dFy)? sinAtann (15)

22



The total thrust force and torque are obtained by integrating the elemental cutting

forces along the cutting edge.

F, =2 frr: sinp dFy + 2 frr; cos p dFy (16)

T = ZI;"rcosidFC + Zf::rsinisindeF (17)

2.2 The cutting forces prediction model and the method I

The method of Elhachimi is based on the principle of the calculation of the elements of
the thrust and the torque for an element d[ of the cutting edge at an arbitrary point on

the cutting edge, situated at a radius 1" from the drill axis.

2.2.1 Geometrical model Il and relationships

In this work, the authors identify two different regions of interest (the primary
cutting edge and the chisel edge) and then estimate the thrust forces and torque for each

region. The geometrical model is shown on Figure 2.3.

Dynamic rake angle

Yn=Vr— €&
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Section x-x

Figure 2.3. Dynamic geometry of the primary cutting edge by Elhachimi
where € is the reference angle, which can be calculated as

tane=tan w cos p (19)

Static (normal) rake angle calculated by the formula

tan 8, cos w (20)
sin p—tan 6y Sin w cos p

tany, =

whose credibility will be discussed later.

The differential element for the length of the cutting edge

24



r

sinp |(r2-tp?)

dl = dr 21)

2.2.2. The force and torque prediction model Il

The determination of the differential force and torque elements for each
differential element of the cutting edge are also based on the above mentioned Oxley
model [79]. Furthermore, the authors describe more precisely the way the elemental

forces act at the arbitrary point of the cutting edge as shown on Figure 2.4.

The force element in the direction normal to the cutting edge in the plane constructed by

the cutting edge and the cutting velocity vector

1 _ dFscos(¢-va)
dF; = — (22)
The force in the direction normal to the machined surface

dF), = Yssnlé-va) (23)

cos 6

And the force element in the direction perpendicular to FC' and F7

dF} = ( /dFC'2 + dF;Z) sinAtann (24)
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dF)

Line of the cutting lip .
\\\l,
1

dF¢

11,.;‘_: ; e __;-L

/ll'/
dF ¢

Plane of V. and dFg

f’”’

Figure 2.4. Force prediction model by Elhachimi.

‘A" dl{M(r,dr))

b
|
I
|1

Y
._s)\dF"R
b ]

dFp

where Fj is the shear force element [79] calculated as

Kfrcose

FS - 2sin ¢/ (r2—t2) dr

di{M(r, dr)}

(25)
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Then, the force elements at the specific point are presented as
dF; = dF; cosi+ dFg sini

dFr = dFgcosi— dF(sini
The following formulas for the total thrust force and torque are:

__ (rafKrgsinpcose
L= g

(sin(A —yq —e&)sinp — )——d
vy sinpooss Sl Ya — €)Sinp COSPW r

ra fKTo Sinpcose
T=["1—"——

2
; cos(p —yyg — i) ——— dr
B sin¢ cos 8 ’(rz—t 2)
p

2.3 The cutting forces prediction model and the method lli

(26)

27

(28)

(29)

(30)

The method Armarego is also based on the principle of the calculation of the

elements of the thrust and the torque for an element dl of the cutting edge at an

arbitrary point on the cutting edge, situated at a radius 1 from the drill axis. The cutting
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action is presented as a number of oblique cutting elements with its own geometry, cutting

speed, feed, cut thickness and width of cut.

2.3.1 Geometrical model lll and relationships

Probably the best description of the cutting edge geometry was given by Armarego [20]

as it can be seen on Figure 2.5.

The normal rake angle «,,, which is defined as an acute angle between the tangent to

the cutting edge in the plane normal to the cutting edge and the normal to the projection

of the cutting velocity in that plane.

An = Apef — €

And can be derived from the equations

tan &, cos w

tan a =
ref ™ sin p—tan by sinw cos p

and

tane = tan w cos p

Combining these equations it is possible to define &,

tané ,
tan a, = ~(cos w + sinw tan w cos? p) — tan w cos p

inp

€2))

(32)

(33)

(34)

28



View B in By plane Geometrical derivation of rake angle
(plane . cutting edge at Q)

xsinwcosp
p

xsinw

XCosw

ana,; =— -
zsinp — xsinw cosp

xsinwcos p

tan «, fii 1 a ing the feed veloci . wor 4 ;i ;
=— : t ; F—A
f = Sinp —tandsinwcosp ¢ Ve (in Pge plane) P

Helix angle & a1 Q
Figure 2.5. Dynamic geometry of the primary cutting edge by Armarego.
The normal friction angle in the plane normal to the cutting edge
tan 8, =tanf cosn (35)
The normal shear angle in the plane normal to the cutting edge

cosn
T - COS Uy

tan ¢, = “cos} (36)

1-r.cosncosisinay
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where 3, n and 7. are the empirical friction angle, the empirical chip flow angle and the

empirical chip thickness, respectively.

2.3.2. The force and torque prediction model Il

Armarego believes that in the cutting action the forces may be divided by two
main components: the “cutting” or deformation forces components due to the shearing
and the friction processes on the shear plane and the rake face and the “edge” or
classical oblique forces due to the ploughing or rubbing at the cutting edge as shown on

Figure 2.6.

Then the elemental thrust force is

dF, = (dFQ + dFQe) cosesinp — (dFg + dFg,.)(cosicosp + sinisinpsine) (37)
and the elemental torque is

dT = Ti(de + dee) (38)

The total thrust force and torque are expressed as

FL = Zzlltl:l dFL (39)

T=2Y",dT (40)
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Pn

" Cla

; . X
= f sinp/2 &Thy
= Tf sinp- cose J/ A :
'\'_1!
2 %
. :
E
Section XX 8Fy,0F
(in Fy) 5L
&b ?
| v =
8Fp ,8Fx. 7 : i

8, ;8F,, True view of Ve & &L

Figure 2.6. Force prediction model by Armarego
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where d Fp, dFrand d F, are the cutting force components due to the shearing and the

friction processes

dFp,, dFg, and dFy, are the cutting forces due to the ploughing at the cutting edge

N is the number of elements

1; is the mean radius of each element

__ tdA(cos(Bn—an) cos i+tann sinisin By)

dFp

B
dFR _ TdA sin(Bp—an)
B
tdA(cos(Bn—ay) sini—tanmn cosicos Byn)
dFQ = B

where B = sin ¢ cos i y/cos?(¢ + fp — ay) + tan? nsin? B,

__fsinpcose

dA = fdl cos i
dFp, = Kpdlcosi
dFy, = Kgdlcosi

dFRe =0

Empirical values Kp, K @ and T are taken from Armarego’s cutting database.

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)
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2.4. Critical notes and discussion

There are a few mistakes in the geometrical analysis that were made by Chen.

The dynamic rake angle cannot be determined as

Ya= Vst B

From Figure 2.5 it is clear that

Ya=VYs— €

X Cos w

. X
where tany, = and since tan §, = -

zZsin p—xsinw cos p

tan 6, cos w
sin p—tan &, sin w cos p

tany, =

The reference angle may be found from a geometrical analysis by projecting the

tangential velocity in the normal plane.

Vw sinw cos p

From the same Figure 2.5 tane = =tanwcosp

Vw cos w

Combining both equations

Ya=VYs— €

tanys, —tane

tany, =tan(y, — ) =
Ya (s = &) 1+ tanystane
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tan 6, cos w
__sinp — tan 6§, sinw cos p
B tan é, cos wtan w cos p
sinp —tan d, sinw cos p

—tanw cos p

1+

tan 6, cos w — tan w cos p (sin p — tan 6, sin w cos p)
sinp —tand, sinw cos p
sinp — tan 6, sinw cos p + tan §, cos w tan w cos p
sinp — tan 6, Sin w cos p

tan &, cos w — tan w cos p (sin p — tan &, sin w cos p)

sinp — tan 6, sinw cos p + tan §, cos w tan w cos p

tan &, cos w — tan w cos p (sin p — tan &, sin w cos p)

sinp — tan &, cos p (sinw — cos w tan w)

tan 8, cos w — tan w cos p sin p + tan w tan §, sin w cos? p

sinp
and finally
tan &y . 2
Ya =4, (cosw +sinwtanw cos® p) — tan w cos p (49)

which is different from the formula(6) presented by Chen

This formula can also be proved by using parametric derivation [78]
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edge and machining
surface

-

#1

-§—— Cutting

velocity

v

Figure 2.7. Parametrical model for the static rake angle derivation.

The static rake angle may be presented as
¥s =90 — é(nrs,nps)
where

N, - unit normal vector to the tool cutting edge reference plane

N,.s - unit normal vector to the drill rake face
then

nysnys = |nrs| |nps| cos A(nrs,nps)

Plane normal to cutting

(50)

(51
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[nrs X nys| =gl |nys| sin <(npsnys) (52)

=P = ot 2(MygNys) = tan (90 — =(nys nps)) = tany,
Nys X Tps| , ,
S0
NysNps
———— = tan 53
P Vs (53)

Unit normal vector to the tool cutting edge reference plane

Nys- € X V) (54)
where

C-unit vector along the cutting edge

c=—Jjsinp—kcosp (55)

V), -unit vector of the direction of primary motion within the tool cutting edge plane

v, =1cosw +]sinw (56)
then,
i j k
n, =| 0 —sinp —cosp
lcosw  sinw 0

n,, =|—cospcosw (57)

| sinpcosw

[ cos pSsinw ]
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The parametric equation for the helix

—

Pp=TacosO+jasin0+kb6 (58)

r

where a=r, b= =rcotd,, 0 =w

tan 8,
T COS W
p=| rsinw ] (59)
r w cot o,
Tangent vector
s —rsinw
p'(w) ==L =[rcosw] (60)
w
r cot 6,

Unit tangent vector that is tangent to the rake surface (tangent to the helix line of the

rake surface)

_ p(w)
Ip’ ()]

since

Ip'(w)] =\/(—r sinw)? + (rcos w)? + (rcot §,)? = r\/l + (cot 6,)?

r

P ()] = (61)
SO
—sind, sinw
t= [ sinéd, cos w ‘ (62)
cos 9,
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Then it is possible to find n,.

i J k
Ny =c><t=[ 0 sinp cosp]
—sind, sinw sind,cosw cos b,

That leads to

sin p cos 8, — cos p cos w sin 8,
nTS =

—cospsinw sin g, (63)
sinp sin w sin 6,

Using formulas (57) and (63) it is possible to express the following as
n,sNys =
(sinp cos 6, — cos p cos w sin 6,)(cos p sinw) +
(—cospsinwsiné,)(—cos p cos w) + (sinp sinw sin §,.)(sinp cos w) =
sin p sin w (cos 8, cos p — sin p cos w sin §,.)
and

N X Ny

i Jj k
= [sin pcosd, —cospcoswsind, —cospsinwsingd, sinpsinwsin (‘)}]
cospsinw —COSpCoOSw sinpcos w

_ | cosp sinwsind, sinpsinw sind,
—CoS pcos w sinp cos w

.[sinpcos 6, — cos pcos wsind, sinpsinwsind,
J cos psinw sinp cos w
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K sinp cos 8, —cospcoswsind, —cospsinwsind,] _
cos p sin w —COS pCcos w -

—j(sin? p cos 8, cos w — cos p sin p sin §,.)

+ k(cos? p sin &, — sin p cos p cos w cos &,.)

Substituting and simplifying (53) tany, = NysTps

|"rs X Nps
Leads to

tan 6,

tanys = (cos w + sinw tan w cos? p) — tan w cos p

Chen in his geometrical model omits the reference angle and replaces it by the feed
angle. However, the reference angle ¢ is very important, because it is the projection of
the combined angle of the fundamental angles w and p in the plane normal to the

cutting edge as it is shown in the Armarego model (Figure 2.5. and Figure 2.6.)

This misunderstanding also leads to the wrong determination of uncut chip thickness.

Chen determines it as

fsinpcosf
R
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Section F-F

Figure 2.8. Uncut chip thickness

Clearly it must be defined as shown on Figure 2.8.

__fsinpcose

ti=—70— (64)

Furthermore, the proposal of adding the feed angle to the force model seems to be

questionable because in practice, the value of the resulting cutting speed is very close to
the value of the tangential cutting speed and the axial feed component is negligible. The
comparison between the dynamic and static rake angles for 8 mm drill (N=1000 rev/min

and federate 0.12 mm) is shown on Figure 2.9.
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Figure 2.9. The distribution of the dynamic, static and feed angles along the cutting

edge.

Thus, the adding of the feed angle £ into the equations (13), (14) and (15)

doesn’t properly reflect the actual projection of the elemental forces and also lacks the

contribution of the inclination angle i in these equations.

The Elhachimi model describes the projection of the elemental forces more precisely.

The model contains a proper definition of the differential element of the cutting edge

r

dl = (65)

sin p/ (r2—t2)
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However, while Elhachimi tries to implement the Oxley force model, he makes a
mathematical error in the formulas (29) and (30), when an incorrect substitution leads to

a misleading result.

Figure 2.10. Oxley orthogonal chip formation model.

Following the Oxley model [79] the shear forces as shown on Figure 2.10. are

_ Ktydl
- sing

(66)

42



R=-13 (67)

cos 6

Fo =Rcos(A—vy) (68)
From there

__ Fscos(A-y)
FC - cos 6 (69)

__ Fssin(A-y)
FT - cos 6 (70)
where 8 = ¢ —y + A (71)

And this clearly contradicts with the formulas of Elhachimi

_ Fscos(¢ — )
¢ cos 0

_ Fssin(¢ —y)
T cos @

It leads to the wrong representation of Fp and then finally to the serious

miscalculations in the proposed force model.

The Armarego model precisely describes the cutting edge geometry, but contains a lot
of empirical formulas and requires the implementation of data from various orthogonal
tests. The division of the cutting force into two components, the forces created by the
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shearing and friction from one side and the forces created from the rubbing on other
side is only assumed. It is extremely difficult to apply this approach since the "edge

forces" have to be predetermined from each individual drilling test.
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Chapter 3. An improved method of cutting forces

prediction

An improved method is based on the studying and analyzing of the three existing
methods which were described in Chapter 2 and its purpose is to overcome the
discovered drawbacks and errors. The new method presents the proper definitions of the
dynamic rake angle and the uncut chip thickness, proves the negligibility of the feed
angle and gives accurate representation of the elemental forces acting along the primary
cutting edge, as well as the total thrust force and the torque. The cutting forces that are
acting along the primary cutting edge are represented as a series of oblique cutting
elements. The elemental forces are then integrated to determine the overall thrust force
and drilling torque in terms of the basic geometrical features of the drill, the cutting

conditions and the properties of the machined material.

3.1. Notations

bn shear angle of the orthogonal cutting
0] shear angle of the oblique cutting

0 angle of resulting force
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Vs

Ya

4B

friction angle of the orthogonal cutting

friction angle of the oblique cutting

static rake angle

dynamic rake angle

feed angle

helix angle at specified radius

helix angle at the diameter

web angle at specified radius

half-point angle

inclination angle

half web thickness before splitting point

reference angle

uncut chip thickness

shear stress factor induced by thrust forces

shear stress factor induced by torque

shear stress factor

effective strain
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YaB

)./AB

dl
dF,

dFy

dFp
dF,
dFy
dFy
dF,

dT

effective strain rate

shear strain

shear strain rate

shear velocity

differential element for the length of cutting edge

elemental force parallel to the direction of the cutting velocity

elemental force perpendicular to the direction of the cutting velocity and to the

cutting edge (normal direction)

elemental force perpendicular to the both dF and dF;.(radial direction)

total elemental force in the direction of the cutting velocity

total elemental force in the normal direction

total elemental force in the radial direction

total elemental thrust force

total elemental torque
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3.2 Derivation of improved formulas to predict total thrust and

torque for the primary cutting edges

From the available Oxley force model [79] for oblique cutting, the elemental thrust

force dF; and the elemental torque can be determine based on the elemental forces

dFg ,dF; and dF; as can be seen on Figure 3.1.

Figure 3.1. Oxley oblique cutting model.
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The elemental force dF at any given point on the cutting edge is parallel to the
direction of the cutting velocity, the elemental force dFp is perpendicular to the
direction of the cutting velocity and to the cutting edge and the elemental force dFy is

perpendicular to the both dF and dF.

The presented CAD model (Figure 3.2.) allows to derive the total thrust force

accordingly the projections of each elemental force in each direction.

dF;

Figure 3.2. The projections of the elemental forces.

The total elemental forces dFr, dFp and dF in normal direction, radial direction

and in the direction of the cutting velocity respectively can be calculated as (Figure 3.3.)
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dF; = dFycose — dF;sine (72)
dFy = dFy cosi— dF.sini (73)

dF; = dF; cos i+ dFg sini (74)

Section A-A

Trueviewin plane containingthe cuttingedge |
and the work velocity i \

Figure 3.3. The model for force prediction along the primary cutting edge
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Thereby
dF, = dFy sinp — dFg cos p (75)

So the total elemental thrust force can be expressed as

dF, = (dFycose — dF;sing)sinp — (dFg cosi — dF;sini)cosp (76)
or
dF, = dFrcosesinp — dFysinesinp — dFgcosicosp + dF; sinicosp (77)

From the Oxley model [79] dF and dFg can be found as

dFp = ( /dFC2 + dFT2> sinAcosygtani (78)

dFr = dF; tan(A —y4) (79)
substituting those formulas into (77)

dFL =

dF; tan(1 —y4) cos esinp — < ’dFCZ + dFTZ) sinAcosygtanicosicosp —

dF¢ sinicosp + dF; sinesinp
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And expressing this formula in terms of dF

dFL =

dF; tan(1 —y,) cos esinp —

(\/dFCZ + (dF; tan(A — yd))2> sinAcosyysinicos p — dF; sinicosp

+ dF;sinesinp =

dF; tan(A — yg) cos e sinp — dF¢ (\/1 + (tan(d — y4))?) sinAcosyysinicosp —

dF¢sinicosp + dF; sinesinp

Then the total elemental thrust force can be calculated as

sinAdcosygsinicosp
cos(A-yq4)

dF, = dF, (tan()l —Yq)cosesinp — —sinicosp +

sinesin p) (80)

From the orthogonal chip formation model using formulas (66), (67) and (68)
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)

work

Figure 3.4. Orthogonal chip formation model for force prediction along the primary

cutting edge
Fc =Rcos(A—yy)

Fs
" cos B

Kt,dl
S. =

sin¢g

And the formula for the uncut chip thickness (64) from Figure 2.8
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fsinpcose
tl :—2

So the elemental force dF- can expressed as

__ fKapdlcos(A-yg4) cos esinp
- 2sin¢ cosO

dF, (81)

where

f  feedrate

K, shear stress factor

dl differential element of the length of the cutting edge
Then

_ [ Kapdlcos(A —yg) cosesinp

dF, (tan()l —Yq)cosEsinp

2sin¢ cos

sinAcosyysinicosp
cos(A —va)

—sinicosp + sinssinp)

The differential element of the length of the cutting edge dl can be expressed as (21)

r
dl = dr

sinp /(rz — t,%)
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Hence,

f Kygcos(A —yq) cosesinp )
dF, = 2 sin$ cos 0 (tan(l —Yg)cosesinp
sinAdcosygsinicosp
cos(A —vq)
r
—sinicosp + sinesin p) dr

sinp /(rz — t,%)

and finally

dF, = f Kapcos—ya) cose (tan(l —Y4) cosesinp —

2sin¢ cos 0

sinAcosygsinicosp
cos(A-yq)

sinicosp + sinesin p) ———dr (82)
(r2-tp?)

From there it is possible to present the total thrust force
ra
FL =2 ] dFL

B

where [1y4, 5] is an interval, which is defined by the radial distance from the drill axis to

the beginning and the end of the primary cutting edge.

Therefore,
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TA
Kygcos(A — cos € sin
F, = [ Kas S(in ¢);(Z))s 7 P (tan(/’l —Y4)COSESINP

B

sinAcosygsinicosp
cos(A—va)

r
—sinicosp + sinesin p) dr

sinp |(r? - t,?)

or,

_ frA f Kapcos(A-yg)cose sinAcosygsinicosp
= —

(tan(/l —Ygq)cosesinp —

B sin¢ cos 6 cos(A-yq)
sinicosp + sinesin p);dr (83)
(r2-tp?)
The total elemental torque can be found as
dT = rdF, (84)

where dF is the total force in the direction of the cutting velocity, which can be

calculated using the expression (74) (Figure 3.3.)

dF; = dF; cos i+ dFg sini

Implementing the same approach that was mentioned above the elemental torque can be

expressed as

dT = r(dF;cosi + dFg sini)
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dT = r <dFC cosi+ (( ’dFCZ + dFT2> sinyg cosy tan i) sin i> (85)

From the Oxley model dF and dFy can be expressed as

dFg = ( /dFC2 + dFT2> sinAcosygtani (86)

dF; = dF; tan(A —vy,) (87)

substituting those formulas into (85) and expressing this formula in terms of d F;

dT =r <dFC cosi+ ((JdFCZ + (dF; tan(A — yd))z) sinAcosy,tan i) sin i) =

dF,

= T(dFC cosl + (m

sinAcosygtan i) sin i) =

sinAcosygtanisin i>
cos(A —vyq)

=rdF; <cosi +
Since the elemental force dF is presented in (81)

_ fKypdlcos(A —y4) cos esinp
B 2sin¢ cos b

dF,

and the differential element of the length of the cutting edge dl can be presented in (21)
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r
dl = dr

sinp ’(rz — t,%)

Hence,

fr Kygdlcos(A —y4) cos esinp _ sindcosygtanisini
dT = - ( 0s ) =
2sing¢ cos O cos(A—yy)
f Kk ,zc0s(A —yq) cos & r? _ sinAcosygtanisini
- 2sin¢ cos 6 cosi+ cos(A—yy) ) r
(r2—t,°) ‘
and finally
__ fKapcose r? cosi . ...
dT = Py— W (Cos(l_yd) + sinAdcosygtanisin L) dr (88)

From there it is possible to present the total torque as
— (T4
T=2["dr (89)

or

2
+ sinAcosygtanisin i) —dr (90)
(r2—tp?)

_ rAfKABcoss( cosi
~ g sin ¢ cos 8 \cos(A—yg4)
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All the parameters in both equations for the total thrust force and torque depend only on
the radius of a point of the cutting edge from the drill axis and on the drill geometry and

can be found from the equations (4),(5),(49),(8),(3),(12),(1),(2),(71) and (19).
i = sin~1(sinw sin p)

t
w = sin”1-2
r

_ _, (tand, ] 2 N _
Yq = tan Sinp (cos w + sinw tan w cos* p) — tan w cos p
i

2r
8, = tan™t (3 tan 6)

cos ¢ — cos P, + tan( A, —yq)sin ¢,
. ) *+7Ya
sin¢

A=tan™?! (
Ya
2
¢ = cot™(cot ¢, cosi— tany, (1 — cosi))

_T[ Vd_ln
‘1”‘_4Jr 2

e = tan~1(tan w cos p)
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angle, degree

radius, mm

Figure 3.5. Distribution of the various angles along the primary cutting edge on 8 mm

standard twist drill.

The distribution of the various angles along the primary cutting edge on 8§ mm standard

twist drill is shown on Figure 3.5.

The next important step in this calculation is the necessity to determine the shear stress

factor K45, which essentially affects the values of the total thrust force and the torque.

Elhachimi completely omits this issue in his work [34], Chen applies the empirical
formulas [36] based on the Oxley model and Armarego [20] uses his own empirical

databank.
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The Oxley algorithm [79] for the calculation of the shear stress factor can be used
though it contains assumptions and repetitive interpolations. For example, for the given
cutting conditions and material properties of carbon steel JIS S 45C (the same as AISI

1045), the below described procedure has to be applied.

The given formula for the shear stress factor

Kap = 01\/?3 91)

where

Ean = 5 (92)
1 cosy

YaB (93)

= 2 sin¢ cos(p-y)
The first step is to assume the given temperature T and then to estimate the flow stress

01, using the empirical formula or the presented diagram.

The next step is to determine the strain-hardening index 1, which is a function of the

temperature. It is then necessary to calculate V45, E4p and K,p again using either the

empirical formula or the diagram.

Since the actual temperature, the so called velocity modified temperature is yet

unknown it has to be found by applying the following formula
Thmoa =T (1 —vlog i) (94)

where

v =0.09
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E=ép="F=
T = TAB +273°C

Then the old and the new values of the velocity modified temperature should be
compared and if the difference is significant the interpolation process must be continued

until a reasonable difference is achieved.

The main problem in the Oxley algorithm is to find T4 because Fg is inderterminate

which leads to multiply interpolations until a desirable result is obtained.

Shear strain rate at AB by Oxley

. 4

Vap = C= (95)
C is constant, C=5.9

Shear velocity Vs

__ Vcosy
Vs = cos(¢p-y) (96)

Length AB (from the orthogonal chip formation model)

iy
~ sing

And since,

fsinpcose
b=
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Shear strain rate

. . 2V cosy sing
Yap = fcos(¢p—y)sinpcose ©7)
which is different from Chen’s formula
. 2V cosysing
= 98
Y48 = TFeoston) %)

Chen [36] suggests that it is reasonable to assume that the shear stress factor is the
function of the mean shear-strain rate Y45 in the corresponding region of the cutting

edge and offers the following formulas which were obtained by a regression analysis for

specific materials (particularly for 1015 steel).

Shear stress factor for the primary cutting edge induced by trust force

Kry = 12.77 log ya5 — 24.38 (99)
Shear stress factor for the primary cutting edge induced by torque

Krq = 2.721log yap — 8.65 (100)
Where Y45 is calculated by (98)

Both approaches for the determination of the shear stress factor can be applied, however

for comparison purposes the formulas (99) and (100) were used.
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Chapter 4. Applications

The calculated values of the shear stress factor for any specific material (steel

ANSI 1015 was used for the comparison analysis) allowed to find the predicted total

thrust force and the total torque.

The comparison was made for the 8.00 mm HSS standard 118 degree twist drill on the

ANSI 1020 steel with constant 1000 rpm and a feedrate of 0.12 mm/rev

«10*
4 ! ! T )
‘o) L R ............. ............. .............. ............. ............. ............
/,Chen (total thrust force 493 M) : :
W), o M (SO WS WS S S R ——
=
E ;
Z 200 e S o S oo vt e B A P s g ]
o —Minukhin {total thrust-force 460 M
E : 3 2 :
= 2 ...............................................................................................
=
£
=
B A it v B RS, - S R Ny
g 5 % g
] Elhachimi itatal thrust farce 514 M)
ML VIO W — NS, SR WO W
(G| B b ........... ............. ............. ............. .............. ............
. | | j |
oA 1 1.5 2 3.4

radius, mm

Figure 4.1. Comparison of predicted thrust forces for § mm standard twist drill.
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Figure 4.2. Comparison of predicted torques for 8 mm standard twist drill.

The total thrust force and torque expressed in formulas (16), (17), (29, (30), (83) and
(90) in each method respectively were calculated using Matlab, the following graphical
representations which show the distribution of the total thrust and torque along the
primary cutting edge as well as the total values were generated, as can be seen on Figure

4.1. and Figure 4.2.

The ThirdWave FEM sofware simulation for the 8.00 mm HSS standard 118 degree
twist drill on the ANSI 1020 steel with constant 1000 rpm and a feedrate of 0.12

mm/rev shows the following average values:

Total thrust force = 1256 N
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Torque = 3321N mm

The total thrust force obtained by the

1600 ThirdWave simulation
1400
g 1200
@ 1000
E 800 | The average thrust force on the primary
- cutting edge obtained by the ThirdWave
3 600 |
F 40 oo T TTTTT T
200 The predicted thrust force on the primary
cutting edge obtained by the new method
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (s)

Figure 4.3. Prediction of thrust forces using ThirdWave simulation.

The calculations made with the original formulas(83) and (90) for the primary cutting

edge show the following values for the total thrust froce and torque repectively
F, =460 N

T =989 N mm

Considering the empirical observations (Figure 4.4.) that the percentage of the total
thrust forces and torque acting on the primary cutting edges for the conventional twist

drill is approximately 40% and 80% respectively [72], the predicted values will be:

F,(by FEM) = 1256 X 40% = 502 N
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T(by FEM) =3321 X 80% = 2657 N mm

And it shows a fair agreement with the predicted data. The discrepancies may be

explained by the uncertainity in the calculation of the shear stress factor.

The percentage of the total thrust forces and torque acting on the primary cutting edge, the chisel edge, and
the margin for two different types of drills

Drill types Cutting forces ~ Primary cutting edge  Chisel edge Margin

Conventional twist drill Thust force 40 57 3
Torque 80 8 12

Thick web drills Thrust force 30 70 -
Torque 68 20 12

Figure 4.4. Percentage of the total thrust forces and torques acting on the primary

cutting edge and chisel edges for different types of twist drills.

Unfortunately, there is not enough experimental data for a comparison analysis to
be found. J. S. Strenkowski, et al. [49], while developing an analytical finite element
technique for predicting the thrust force and torque have provided experimental data,
which was used for other comparisons. The drilling tests were performed on a
Bridgeport using a high speed steel twist drill with a 30 degree helix angle and a 118
degree point angle. The workpiece was an AISI 1020 steel block. A spindle speed of
302 rpm was used. Three drills with 6.35, 9.53, and 12.5 mm diameters were used for
three feed rates of 0.051, 0.076, and 0.102 mm/rev.

The calculations show a satisfying agreement between the measured and the predicted

values, as seen on Figure 4.5.
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Experimental measurement| m 0.102 mm/rev, Exp. A 0.076 mm/rev, Exp. @ 0.051 mm/rev, Exp)

Finite element modeling| —&— 0.102 mm/rev, FEM —aA— 0.076 mm/rev, FEM —&— 0.051 mmJrev, FEM

1000
Z 800 -
L
; o
2 600 -
ES 4
o
£
S 400 -
200 : ! ; - ; -
6 8 10 12

Drill diameter(mm)
O - Predicted data, calculated by improved method
Figure 4.5. Comparison of predicted and experimental thrust forces based on test of

Strenkowski

Another comparison was made based on the data provided by Xiong [77], who
completed tests on the 1050 carbon steel, using conventional, straight-edged, HSS 15
mm diameter twist drill with the following dimensions: helix angle 60°, point angle

118°, web thickness 2.25 mm. The results are shown on Figure 4.6.

As previously mentioned, it is difficult to determine the values for the shear stress
factor, but considering the fact that the hardness of the 1050 steel is 197 HB and the
hardness of the 1025 steel is 126 HB [81] it is possible to assume that the predicted data

will interpolate accordingly.
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The improved method also allows to predict the thrust force and torque for the drills

with various diameters, as seen on Figure 4.7. and Figure 4.8.
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Figure 4.7. Predicted thrust forces for the standard 8, 12 and 16 mm twist drills
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Figure 4.8. Predicted torques for the standard 8, 12 and 16 mm twist drills.



The formulas (83) and (90) show that the thrust force and torque can be calculated

using the basic drill geometry features, such as the point angle p, the helix angle § and
the half-web thickness t,. It is therefore possible to determine how each feature affects

the thrust forces and torque.

An increase of the point angle p leads to the decrease of the thrust force and the

increase of the torque as seen on Figure 4.9. and Figure 4.10.
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Figure 4.9. Predicted trust forces for the standard 8mm twist drill with the 118°, 135°

and 140° point angles
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Figure 4.10. Predicted torques for the standard 8mm twist drill with the 118° 135° and

140° point angles

specific thrust force, Nim

0 ; ; ; ; : ;
0.5 1 1.5 2 25 3 35 4
drill radius, mm

Figure 4.11. Predicted trust forces for the standard 8mm twist drill with the 30°, 35° and

40° helix angles
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An increase of the helix angle § leads to the decrease of both the thrust force and

the torque as seen on Figure 4.11. and Figure 4.12.
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Figure 4.12. Predicted torques for the standard 8mm twist drill with the 30°, 35° and 40°

helix angles

A decrease of the half-web thickness tp leads to the decrease of both the thrust force

and the torque as seen on Figure 4.13 and Figure 4.14.
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The improved method, which was applied for the calculations of the thrust force and
torque on the straight primary cutting edge may also be expanded to predicting the
thrust forces and torque for the secondary cutting edge for the split point drills and for
drills with variable half-web thickness, which are widely used in modern metal cutting.

Moreover, the same technique can be applied for various types of inserted drills.
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Chapter 5. Summary and conclusions

The three existing methods were studied and analyzed. The improved method
offers a perfected way for calculating the thrust and torque in high speed drilling. The
thesis focused on the primary cutting edge, which is the main contributor of thrust force
and torque. The geometrical analysis proved that it is not the feed angle but the
reference angle that is the lead factor which affects the dynamic rake angle and thus the
thrust force and torque. The new formulas for the calculation of thrust and torque have
been derived and contain corrections of the previously suggested formulas of Chen and
Elhachimi. The improved method presents the proper definitions of the dynamic rake
angle and the uncut chip thickness, proves the negligibility of the feed angle and gives
accurate representation of the elemental forces acting along the primary cutting edge, as
well as the total thrust force and the torque. It allows to make calculations based on the
basic geometrical features of the drill alone, as well as the cutting conditions and the
properties of the machined material. This approach, unlike the other existing methods
allows to exclude the empirically determined chip flow angle from both formulas for the
calculations of the thrust and torque.

The Matlab program has been developed and comparisons between predictions
and experimental results have been carried out and a satisfactory agreement has been

achieved.
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