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Exit Surface Angle Hence, the other definition was proposed in order to incorporate
tgis motion. The exit angle is defined as an angle between the

One of the important parameters affecting burr formation in tting velocity vector by rotational speed and the free surface of
drilling process is an exit surface angle. It is defined as the angﬂ% 9 y y P

between the tangential line to an exit surface and the normal li £ workpiece, measqred on a plane perpendicular to the surfgce
to a drill path, Fig. 1. In many applications, it can be easily foungenerated by this cutting edge and parallel to the cutting velocity

that an exit surface is neither flat nor perpendicular to the drjffctor. @s shown in Fig.(®) [4]. Chem[5] found that the burr
path. One of the typical examples is an intersecting hole thatzbze increases as the exit angle increases. I_-Iowever, this definition
mostly used for lubrication of rotating components. In spite of itd0€S notinclude a feed component in velocity vector and the case
wide application, very little research has been conducted on th8€n the cutting edge enters into the workpiece. ,
angled surface workpiece. Stein and DornfEldl conducted ex- In general, the feed component of the veloc_lty vector is much
periments on intersecting holes and found that the off-axis offs¢fnaller than the speed component. Therefore, it does not affect the
that induced the variation of the exit angle of intersecting holé§@lar value of the exit angle much. However, it plays an impor-
was the most dominant factor in burr formation and the burr siZ8nt role in deciding whether the cutting edge enters or exits when
is linearly proportional to the exit angle. Fhe exit surface is not perpendllcular to the drill pa}th. Therefore, it
The exit surface angle plays an important role in defining tH& necessary to define the exit angle more precisely and include
interaction between the cutting edge of the drill and the exit suPe entering motion. The interaction angle is a term expanded
face. The cutting edge in drilling is traditionally believed to pusffom the definition of the abovementioned exit angle. It is defined
away the workpiece material so that it acts like a milling cutteds a relative angle between the direction of motion of the cutting
similar to oblique cutting at that moment. However, this is onlgdge and tangential direction of the workpiece surface in the di-
true when the exit surface is normal to the drill path. The burection of motion at a moment. The direction of the motion of the
forms only at a portion of a hole in an angled exit surface whileutting edge is the direction of a resultant velocity vector by feed
the burr forms along the whole perimeter of a hole in a normaind speed. When the velocity vector of the cutting edge is outside
exit surface, Fig. 2. Similar phenomena were observed in intet exit surface line, the interaction angle is positive and vice
secting holes, Fig. 3. Kim et aJ2] explained variations in burr versa, Fig. 5. It describes both motions of a tool entering and
sizes in an intersecting hole by an exit angle variation and asxiting and explains dynamic interaction of the cutting edge onto
sumed that the cutting edge always exits from the workpiecte workpiece surface.
However, the cutting edge may enter into the workpiece depend-Kim [2] adopted Kishimoto'$3] definition for the exit angle to
ing on feed and speed in the angled exit surface, which in genegablain burr size variation in an intersecting hole. The exit angle
forms a very small burr or no burr at all. In this study, the interin drilling is defined as the angle between the drill axis and the
action between the cutting edge of the drill and the exit surfacedsit surface of the workpiece. The study found that there was a
discussed in terms of cutting parameters, drill geometries, andarly linear relation between the burr size and the exit angle.

workpiece geometries. That is, increasing exit angle produced smaller burrs. This is op-
posite to the conclusion of Cherr’s] study and Chu'$4] study

Interaction Angle due to the different use of the exit angle definition. Hence, it is
necessary to use a consistent definition of the exit angle in metal

The term, exit angle, comes from the fact that the cutting edgg,
of the tool exits from the workpiece at an angle derived by the e iyieraction angle in drilling can be defined in the same
edge and tool geometry. There are mainly two different deflnltloqﬁanner as in milling. A drill has two cutting edges: primary cut-

for the exit angle. The first one is the angle between the line fro . : }
the center of the tool to the contact point of cutting edge and tgﬁﬂ]g edge(lip) and secondary cutting edg@ute edgg. The geo

S . X ; - etrical characteristic of the primary cutting edge is defined by a
tangential line of the exit surface, Fi 3]. But this definition : . - .
Iacl?s the effect of dynamic motion gcg?;trge] cutting edge with r point angle and that of the secondary cutting edge is defined by a
spect to the exit surface. In the direction of movement of th elix angle. However, the interaction angle can be defined in the

; : . for both cutting edges, Fig. 6.
cutting edge, the workpiece may be either cut or pushed awdy ¢ W&y . - ’ .
g edge, P Y P 9When the primary cutting edge contacts the exit surface, the
Contributed by the Manufacturing Engineering Division for publication in thé/9|OCIty vector of the contact pomt varies (.jEpe.ndmg on its radial
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received  distance from the center of the drill. Its radial distance changes as

December 2002. Associate Editor: Dong Woo Cho. the tip of the drill proceeds in the feed direction. The velocity
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Fig. 1 Definition of an exit surface angle, «

than tangent value of the velocity vector by feed to the velocity
vector for speed is zero at the center and it increases as radaftor of speed_, then the cutting edge enters, Figs, ). Oth'.
distance from the center increases, Fih)6This vector always ©Wis€: the cutting edge exits even on an upward surface, Fig. 7.
remains on the plane normal to the drill axis. Whereas, the veI(J:[Om Eq.(1), this can occur if either the exit surface angle.is
ity vector for feed is constant and parallel to the drill axis. Henc(?,mall or the feed is large.
the magnitude of the resultant velocity vector at the primary cut- |\7f|
ting edge increases and its direction becomes close to that of the a=arctan—— 1)
speed vector as its radial distance increases. In the secondary cut-

ting edge, contact points are at the perimeter of the drill. Hence\yhen the drill approaches close to the exit surface, the plastic

aIfI the vectors have the same directions and magnitudes regardigsse forms in front of the drill. Until it reaches a critical poiat
of time.

As the cutting edge emerges from the angled exit surface, the
contact point between the cutting edge and the exit surface travels
up and down cyclically on the exit surface. Since the velocity
vector is always slightly towards the drill path, the cutting edge
always exits on a downward exit surface, Fige)(e). However,
on an upward exit surface, the cutting edge may enter or ex
depending on the relative position of the velocity vector and th
exit surface vector. In general, if the exit surface angle is large

Vs

Normal plane to the.drill path

(a) Cutting edges of the drill q’;f

Exit surface (b) Components of velocity vectors

Fig. 2 Difference in burr formation on a normal and an angled
exit surface: uniform burr  (a) and crown burr (b) of AISI 304L on
normal surface and partial burr  (c,d) of Aluminum 5052 on
angled surface

Gun drill

1.

) 1A=60° () IA=45°

Split point
twist drill

(a) 1A=75°

Fig. 3 Burr shapes by different inclination angles and drill [2]
Exit Tool feed direction i.
angle
Feed (f) The secondary cutting edge enters upward exit surface
: - ; P: Primary cutting edge S: Secondary cutting edge

Workplece ! i s ¢4 Interaction angle S : Surface vector ¥ : Velocity vector

(a) Kishimoto et al [3] (b)Chu[4] - V : Velocity vector for feed . : Velocity vector for speed
Fig. 4 Definition of the exit angle in milling Fig. 6 Definition of the interaction angle in drilling
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Fig. 7 Interaction angle on upward exit surface
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burr initiation poiny, cutting is the dominant mechanisf6].

coennctgrtrc])? tﬂ:” drrﬁ?g?aer?st?g :er:ct(')?ﬁ: gﬁl(;]tl‘i)etrrfjir?xn surface near tl&?g. 9 Coordinate systems and vectors of the point P at the
g slowly takes OVSFimary cutting edge

from cutting. Hence, the exit surface topography changes with

respect to time. In order to make it simple to define interaction

between the cutting edge and the exit surface of the workpiece,

the assumption is made that the exit surface remains flat at étﬁd the line from the tip of the drillQ, to the contact poinP is
original position. given as '

X oy _z—ft/60
Rcos¢ Rsind —Rtanp

6

quwereR is the diameter of the drill and is the exit surface angle.
From Eqgs.(5) and (6), the contact poinP can be obtained as

Calculation of the Interaction Angle

The drill is assumed to have a sharp point without chisel ed
for simplicity. When the slope of the primary cutting edge,is
larger than the exit surface angle,the center of the drill reaches

the exit surface firstp>a, Fig. 8. P=[cRcosé,cRsinf,cRtana cosd+k] R
_ 1 ft/60—k
p=5(7m—p) ) = —
2 °~ Rtana coso+ Rtanp

The contact time when the center of the drlll, reaches the  The radial distance from the axis of the drill, Z-axis, to the
exit surface is pointP is

K ro=cR (8)
=760 ®) . . .

and its velocity vector is expressed as
wheref is feed(mm/min) andk is the initial distance between the

tip of the drill, O, and the center of the exit surfac®!, Fig. 9a). Vp=[—27NTrp sin 6/60,2mNrp 056/60,1/60] ©)
After t=t., the primary cutting edge starts exiting the surface. The surface vector of the poiftin the direction of motion of

te

The angular position of the contact poidtis the primary cutting edge is normal to the directional surface vec-
6= 0y+27N/60 (4) tor, Nos, and to the line vectoQ’P, Fig. 9b).
whereQO is the initial angular position of the primary cutting edge épl- Aol (ﬁ;
andN is cutting speedrpm). R
The line from the center of the exit surfad@;, to the contact Sp=[Sp1,Sp2,Sp3]

point P is represented as (10)

—_—

X y 72—k O'P=[rpcosh,rpsing,rptana cosd]

R cosé ~ Rsin 6 " Rtana cosd

®)

No =[Sina,0,— cosa]
From Eq.(10), the surface vectoép, can be obtained as
Spy SiNa—Spz cOsa=0
Spy COSO+ Sp, Sin f+ Spz tana cosd=0 (11)

2 coté
sin 2a’

ép: COta,

The interaction anglegp, between the velocity vectoﬂp,
and the surface vecto8p, is

|Ve- S
¢p=arccos—=——-— (12)
Fig. 8 Small exit surface angle YAIES
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R Finally, the interaction anglep, between the velocity vector,
Vg, and the surface vectogg, is

e = \7 &
"""" bo= arccosﬂ (20)
IVallSql

When the slope of the primary cutting edge, is smaller than
the exit surface angley, the cross point of the primary cutting
- S edge and the secondary cutting edge reaches the exit surface first,
0= / p<a. Then, the same process can be used to calculate the inter-
action angle.

Prediction of the Interaction Angle

An example of the contact points where the cutting edges meet
the exit surface is shown in Fig. 11. The cutting edge comes out
near the center of the hole and moves on the thinner portion of the
workpiece first. At point 1, the tip of the drill contacts the work-
piece surface and proceeds in the positive direction of the Z-axis
by feed and rotates in the counter-clockwise direction by speed.

Eigtf'nloedTge surface vector of the point  Q at the secondary  From point 1 to point 2, the primary cutting edge cuts the work-
uting edg

Secondary
cutting edge

When the secondary cutting edge starts contacting the exit si EXil Suitace .

face as shown in Fig. 10, the radial distance from the axis of tt
drill, Z-axis, is alwaysR. Hence, the poinQ on the secondary
cutting edge can be expressed as

- 2col(6—¢)
SQ: Cota, W,l (13)

where¢ is an angle to define the point on the secondary cuttin
edge andy is the helix angle of the drill.

The pointQ’ on the perimeter of the hole on the exit surface is
given

Q'=[Rcog §—&),Rsin(6—&),k+Rtana cog 0—¢)] (a) The trajectory of the contact points
(14) (black line: tool exits, gray line: tool enters)

The two points should be the same point at contact,
Q=Q’ (15)

Hence,

_ R
k+Rtana cog 6—¢)=—Rtanp— %& +ft/60  (16)

The velocity vector of the poin®, \7Q, is expressed as

\7Q: [—27NRsin(6— £)/60,2rNR cog 0— £)/60,f/60]
17
The surface vector of the poif in the direction of motion of
the secondary cutting edge is n@al to the directional surfasgy. 11 The trajectory of the cutting edges at the 30° angled

vector,ny , and to the line vectoQ’ Q. exit surface

(b) High-speed camera images

SoLfig L O'C Exit region: -1.85° ~ 180.54°
SelNnoLO'Q " g
So=[S01:502:Sq3] (18) » e,
o 7N
——— o
0'Q=[Rcos 0 &),Rsin(6—¢),Rtana cog 6— &)] g1/ \\
> =4
Then, the surface vectd8,, can be obtained as "%_1: o 1;3\ 0 4N
So1 Sina—Sg3 cosa=0 g, \\\M// /
Sq1 COS 01— &) +5q, SiN(6— &) + sgz tana cog 6— £) =0 et
(19) “ Angular position, @
_ Ré . o . . . _
— _ i £) — _ Fig. 12 Variation of the interaction angle at the 30° angled exit
+
Q=|Rcog6—¢),Rsin(0—¢&),—Rtanp @ny ft/60 curtace
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Exit region: -0.34° ~ 180.34°
(a) Feed: 50 mm/min

Exit region: -0.67° ~ 180.34°
(b) Feed: 100 mm/min

Exit region: -0.98° ~ 180.62°

(c) Feed: 150 mm/min

Fig. 13 Influence of feed on the interaction angle
rpm, exit surface angle: 30° )

(Speed: 1000

Exit region: -1.24° ~ 181.05°
(a) Speed: 500 rpm

Exit region: -0.67° ~ 180.34°
(b) Speed: 1000 rpm

Exit region: -0.45° ~ 180.34°
(c) Speed: 1500 rpm

Fig. 14
mm/min, exit surface angle: 30° )

Influence of speed on the interaction angle (Feed: 100

Journal of Manufacturing Science and Engineering

Exit region: 0° ~ 360°
(a) Exit surface angle: 0°

Exit region: -1.60° ~ 181.68°
(b) Exit surface angle: 10°

Exit region: -0.88° ~ 180.90°

(c) Exit surface angle: 20°

. Exit region: -0.67° ~ 180.34°

(d) Exit surface angle: 30°

Fig. 15 Influence of the exit surface angle on the interaction
angle (Feed: 100 mm/min, Speed: 1000 rpm )

piece under the assumption that there is no deformation. From
point 2 to point 3, the secondary cutting edge takes over the cut-
ting process and then the primary cutting edge cuts off thicker part
of the workpiece again after point 3. This process repeats until
point 4. Once the secondary cutting edge reaches point 4, the
corner of the cutting edges cuts the workpiece and finishes the
hole.

The interaction angle varies along the trajectory. The positive
interaction angle means a high probability of burr formation at
that point because the cutting edge exits from the workpiece. The
negative interaction angle means no burr or low probability of
burr formation because the cutting edge enters into the workpiece.
In Fig. 11, while the secondary cutting edge moves along the
curve from 2 to 3, the interaction angle changes from positive to
negative, which means that the secondary cutting edge exits from
the workpiece on the black line and enters on the gray line.

Figure 12 shows the interaction angle variation along the pe-
rimeter of the hole. The angular position is measured from the
positive X-axis in Fig. 11. It shows that the tool exit region is
slightly over half of the hole due to the feed component in the
velocity vector of the contact point. The feed component slightly
lifts up the velocity vector in the Z-axis. Hence, even at the up-

NOVEMBER 2003, Vol. 125 / 641



ward exit surface where the surface vector is close to the horizdl6, the pivoting point appears very close to the machined surface,
tal surface, the cutting edge exits from the workpiece. which results in no burr or a very small burr. As the exit surface
The influence of feed, speed, and the exit surface angle on tnegle decreases, the pivoting point moves farther from the ma-
interaction angle is investigated. The point angle of the drill ishined surface. This can be explained by the stiffness of the work-
118°, the helix angle is 30°, and the diameter is 6 mm. The varipiece material. As the cutting edge approaches the exit surface,
tion of the interaction angle with respect to feed is shown in Fignaterial is being cut until the pivoting point appears at the exit
13. As feed increases, the density of trajectories of the contacirface. Once the pivoting point appears, transition from cutting
points decreases while maintaining cutting speed and the exit star-bending occurs. When the exit surface angle is large, the bot-
face angle constant. The small density of trajectories causes large part of the workpiece is stiffer than that of smaller exit sur-
chip load on the cutting edge and in turn high thrust force. Hendece angle. Hence, thicker a workpiece sustains the thrust force
a larger burr may form at higher feed. The cutting edge exit regi@nd delays formation of the pivoting point and thus transition to
is shaded area in the figure. It slightly increases as feed increases)ding.
which means a larger burr forming area. The exit region is not The upper part of the workpiece in Fig. 16 contains thinner
symmetric due to the combined effects of feed and the exit surfacaterial that enables early formation of the pivoting point far
angle. from the machined surface and early transition to bending from
The variation of the interaction angle with respect to cuttingutting. In fact, the exit surface angle of the upper part of the
speed is shown in Fig. 14. As speed increases, the densitywairkpiece can be seen as a negative angle. Then, it is consistent to
trajectories of the contact points increases while maintaining fe®érk’s results.
and the exit surface angle constant. The cutting edge exit region
slightly decreases as cutting speed increases. Hence, a smaller
burr forming area appears at higher cutting speed. . .
The variation of the interaction angle with respect to the ex"t'kely Burr Forming Area
surface angle is shown in Fig. 15. When the exit surface is per-Even though the degree of plastic deformation theory does not
pendicular to the drill pathe=0°, the cutting edge always exitsgive a quantitative measure in predicting the exact burr location, a
from the workpiece. As the exit surface angle increases, the déikely location of burr formation can be estimated. The exit sur-
sity of trajectories of the contact points increases and its shafage angle varies depending on_the location of contact pRint
becomes more skewed while maintaining feed and cutting speddnce, the effective sEiface angte, is defined as the angle be-

constant. The cutting edge exit region slightly decreases as {jg.on, the line vectolQ’ P, and the tangent vectdr, which lies
exit surface angle increases. Hence, a smaller burr forming asAhe normal plane to the drill path, Fig. 17.

appears at higher angled exit surface. ) -
The line vectorQ’P, and the tangent vectar, are

—

Degree of Plastic Deformation O’P=[cosd,sing,tane coso] 21)
The interaction angle was calculated under the assumption that fz[cose,sin 6,0]
the topography of the exit surface does not change. However, asi_ . . —
the drill approaches close to the exit surface, material in front of | "en: the effective exit surface angte, is given as
the drill experiences plastic deformation. It changes the topogra-
phy of the exit surface and calculation of the interaction angle
requires adjustment accordingly. But it is very difficult to estimate
the deformed geometry of the exit surface because the material is 42
not only deformed but also cut. Therefore, the stiffness of material 1
keeps changing as the drill advances, which makes the estimation '
of the exit surface geometry challenging. '
Park [7] investigated the influence of the exit surface angle |
using his finite element model. He found that burr formation de- )
creases as the exit surface angle increases. The pivoting point that i Exit surface
initiates plastic bending leading a large burr formation appears '
very close to the machined surface when the exit surface angle :
is 30°. As the exit surface angle decreases, the pivoting point !
moves farther from the machined workpiece and causes a larger '
burr.
The same theory can be applied to the cross-sectional diagram Fig. 17 Definition of the effective exit surface angle
of drilling on an angled exit surface at any moment. In the bottom
part of the workpiece where the exit surface angle is 30° in Fig.
(Degree)
40
Pivoting point 30 -
\ 20 A
10
 ©
-10 ﬁo 90 70 360
. o 201
-30 4
-40 =
Angular position, 6
a =30° a=15° a=0°
Fig. 18 Variation of the effective exit surface angle at the 30°
Fig. 16 Variation of the pivoting point angled exit surface
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Likely burr forming area
Burr height

Measured burr location:

Predicted exit region: 45.0 ~ 220.6
(a) Likely location of the  (b) Likely location of the burr -0.61 ~180.36 (a) Feed: 90 mm/min
burr by the interaction and burr height distribution by
angle the effective exit surface angle

Likely burr forming areay| Large burr Burr height

: - Measured burr location:
Predicted exit region: 53.7° ~ 203.8°
o o
-0.81°~180.44" 1) Feed: 120 mm/min

(c) Likely location of the burr and burr height distribution by
combined effects of the interaction angle and the effective
exit surface angle

Fig. 19 Likely burr forming area Maasursd burrlocation:

35.6° ~ 202.4°

0 o
-1.22°~180.54" ) Feed: 180 mm/min

_ |0'P-{
a=arccos——— (22) &)
o'l ]

surface angle is 30° is shown in Fig. 18. The effective exit surfar .
angle is 30° at the center of the bottom part of the workpiece a Measured burr location:
decreases as the angular coordinate increases. When itis nega predicted exit region: 12.5° ~ 205.9°
the exit surface lies beneath the normal plane of the drill pat  .1.34° ~ 180.49° . :
Hence, a large burr may form. The burr sige is inversely prgpo.- i} Foana S tmmmmin
tional to the effective exit surface ang!é]. Hence, elther.the Fig. 20 Burr location measurements  (Speed: 1000 rpm, Exit
smallest b.u" or no burr may form ‘ﬂt:o Where_the workpiece surface angle: 30° Drill: straight shank twist drill with 6 mm
has the thickest exit surface and the highest stiffness. The largggineter, 118° point angle, 32° helix angle, workpiece: Alumi-
burr may form atf=180° where the workpiece has the thinnesium 5052)
exit surface and the lowest stiffness without considering the inter-
action angle effects.
The interaction angle defines where the burr may form but the
deformation of the exit surface is not considered. Therefore, the
likely burr forming area is almost the entire right half of the holet .
with a slight shift by feed and the exit surface angle, Figalg conclusions
The effective exit surface angle describes the degree of plasticAn interaction angle that defines the interaction between the
deformation and, thus, burr size distribution, Fig(d9By com- cutting edge and the exit surface was proposed under the assump-
bining these two factors, the likely burr forming area can be region that the exit surface geometry does not change. It includes
resented as in Fig. 18). Due to high stiffness at the bottom, A, adynamic motion of the cutting edge induced by feed and speed.
burr does not form even though the cutting edge exits. Therefok¥hen the interaction angle is positive, the cutting edge exits from
the start point of a burr forming area is shifted in the countethe workpiece and vice versa. It can predict the likely burr form-
clockwise direction. Near the top, B, the interaction angle is negeg area that can be represented as the positive interaction angle.
tive. However, due to the large plastic deformation of the thifhe likely burr forming area increases as feed increases, speed
material near B, the real value of the interaction angle becoméscreases, and the exit surface angle decreases.
positive. Therefore, the cutting edge is still exiting and the end An effective exit surface angle was proposed in order to incor-
point of a burr forming area is shifted in the counter-clockwisporate the change of the exit surface geometry during drilling.
direction. Due to the plastic deformation at the end of cutting process, the
The experimental results are shown in Fig. 20. In the expegxit surface geometry changes. Depending on the angular position
ments, the burr forming area increases as feed increases exoéphe exit surface, the effective exit surface angle changes. A
when the feed is 120 mm/min. This matches the prediction froemall negative exit surface angle promotes early initiation of the
the interaction angle calculation. However, as mentioned earlieending mechanism and results in a large burr. Hence, thinner
due to the effective exit surface angle, overall area is shifted in tharts of the workpiece may have a larger burr.
counter-clockwise direction. Hence, considering both the interac-The interaction angle dictates exiting and entering of the cutting
tion angle and the effective exit surface angle, the likely buedge. Hence, it predicts the likely burr forming area. The effective
forming area matches well with the experimental results. exit surface angle defines the size of burr and shifts the likely burr

Journal of Manufacturing Science and Engineering NOVEMBER 2003, Vol. 125 / 643



forming area computed by the interaction angle in the rotational
direction of the drill. The experimental results show good agree-

ments with the prediction.

Acknowledgments

This work is supported by the Consortium on Deburring and

Edge FinishinglCODER at the University of California, Berke-
ley (http://iIma.Berkeley.edu/codef

Nomenclature

= primary cutting edge

secondary cutting edge

cutting speedrpm)

tip of the drill

center of the exit surface

contact point of the primary cutting edge
contact point of the secondary cutting edge
drill diameter(mm)

point angle of the drill

slope of the primary cutting edge

feed (mm/min)

initial distance betwee® and O’

initial contact time

exit surface angle

interaction angle

angular position

initial angular position of the primary cutting edge
angular position of the secondary cutting edge
helix angle of the drill
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surface vector

surface vector of the poirR
surface vector of the poir®
velocity vector

velocity vector for feed
velocity vector for speed
velocity vector of the poinP
velocity vector of the poin®Q
normal vector of the poinD’
normal vector of the poinD’
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