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Penn State Erie, The mechanics of the formation of exit burrs for drilling metals are analyzed. A burr
Erig, PA 16563 formation model is developed where the material in front of the drill is modeled as an
Mem. ASME axi-symmetric, circular plate of varying thickness. The drilling thrust forces are distrib-
Craia A. M h uted as a pressure alc_)ng the top surface of thi_s_ pIa_te. The stress state i_s then c_alculated.
ra'g . auc Material removal continues until a failure condition is reached. At the point of failure of
Senior Project Engineer, the plate the remaining material is bent out to form the burr. The model also includes
~ W.H.Brady Inc, temperature effects. Experimental verification was conducted on 2024-T351 aluminum
Milwaukeg, W1 53201 and on 7075-T561 aluminum. Two types of drill geometry were considered. The experi-
Mem. ASME ments were conducted with feeds from 0.05 to 0.35 mm/rev. The model accurately predicts

the experimental data[DOI: 10.1115/1.1383030

Introduction formation mechanics of other researchers are extended to the

- . more complex cutting mechanics of drilling operations—

exlips Tr?: tv%?kaligél(lalIn?h%peiigzﬂiébgfrrfhigeefzzz:et?u?fs tl:: 37';]1] luding indentation, orthogonal cutting and oblique cutting. The
o P s P . U SHects of temperature are also included in the model. An objective
additional manufacturing steps for disassembly and deburrin “this effort was to produce a model that was easy to use. There-

These additional steps are typically difficult to automate and re, wherever possible, only *handbook” material properties are

usually performed manually. For precision parts, Gillesfi¢ required inputs. The model and its experimental verification are

points out that deburring and edge finishing can amount to . - .
much as 30 percent of the cost of the part. These additional (%%0 put in the context of results found in the literature.

burring steps represent an enormous cost to the manufacture of _ _
aircraft where the drilled holes can easily number in the hundrefiit Burr Height Modeling

of thou_sands per plane. . . he material directly in front of the drill is modeled as an
In spite of the costs associated with burrs and the prevalence

e ) . ; o NCeMsymmetric circular plate—the shaded area in Fig. 1. The thrust
drilling operations, the formation of burrs in drilling has recelvec?:)rce is distributed as a pressum, on the top surface of the
little research attention. Pande and Reldidrempirically inves- « '

! . - . [t)late."
tlgated. the effects pf various drilling parameters on.burr heigh The thrust force is composed of components from three sepa-
and thickness. An interesting result presented in this work w

P&te regions of the dril[7,8]. These three regions are shown in

that the exit burr height was minimized at “medium,” rather thark;y > Two force componentéwo regions are the result of the

L?W feﬁdrates. F;]andehanclj Rel?kar did not exr?lain this paradox Ryftse| edge and the third is the force component from the oblique
ypothesized that the low feedrates resulted in temperalyigiing in the lip region of the drill. The forces generated at the
buildup in the workpiece, which affected the burr formation prox

chisel edge are modeled as indentation near the center and or-

cess. The model presented in this paper is used to discuss Papdgqna| cutting at the outer edges. The thrust force for the inden-
and Relekar’s hypothesis of temperature effects. More recently;iq, is[7,8]

Furness, Wu and Ulso}3] studied the effects of drilling param-
eters on hole quality including burr size. 87h(1+¢)(siny)R,

Some analytical studies have been conducted in an attempt to TF1= cosy—sin(y—e) @)
understand the mechanics of the burr formation process. Gillespie )
and Blotter[4] identified four burr formation models—PoissonWherez is found from:
rollover, tear and cutoff. While they were not specifically address- — _
ing drilling, the tear model is most applicable to drilling and is 2y=s+arccostan(m/4-s/2)) @
included in the modeling in this paper. Ko and Dornfgid and N Egs. (1) and (2) 2y is the drill point angle,r is the material
Chern and Dornfeld6] furthered the development of burr forma-shear yield stressh is the depth of indentation ang, is the
tion models through examining the mechanism of burr formatio#istance to the transition poifioint A) between regions 1 and 2
in orthogonal cutting using SEM micro-machining tests. The basahd is given by:

premise of these approaches is that at the end of the chip forma- feed?
tion, plastic deformation begins, and consists of two components. = —————— )
Plastic shear deformation and plastic bending are responsible for tan90°—y)

deforming the workpiece until the fracture strain is reached. Upon Region 2 is modeled as orthogonal cutting. Since the cutting
reaching the fracture strain, the remaining material is removed Rybtion has both rotational and feed components, a dynamic rake
fracture and the plastically deformed material becomes the actyalgle must be defined. Furthermore, since the rotational compo-
burr. However, the cutting speeds in this work were slow enougfant of the cutting motion varies with radius, separate dynamic
that the temperature effects of actual cutting operations would ngke angles are defined for 5 differential elements along region 2.
be significant. In addition, the method presented best appliesttRe dynamic rake angle can then be defined ag=a

milling and turning operations where the power force componquTanfl(feedszci)7 whereRci is the radius to théth cutting

is perpendicular to the exit surface. In drilling, the power forcglement andx is the rake angle. Then the thrust force for each
component is parallel to the exit surface. element can be expressed:

In the work presented in this paper, the orthogonal cutting burr

o thrsin(B—ay)
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Fig. 1 Burr formation Case | geometry and loading ’

Rf |

tbrcod B— ay) 5) Fig. 3 Burr formation Case Il
Sin( ¢n)cog ¢y + B~ aq)
where t=feed/2, b=(Ro—Ra)/5, Ro defined in Fig. 1,8

=arctang), u=friction coefficient,¢, is Merchant’s shear angle
[9]. Then total thrust force and torque for region 2 is:

Fpi,=

The first model is designated as Case |. Case | describes the
conditions prior to breakthrough, see Fig. 1. As the drilling

5 progresses, the material in front of the d(itie “plate” thicknesg
T|:2=E Fqi, (6) s reduced, increasing the overall level of stress on the “plate.”
i=1 \on Mises stresses are calculated from this stress state. If the von
Then the torque for region 2 can be expressed as: Mises Stresses exceed the ultimate strength of the material, break-

through occurs. If not, the drill is advanced half a revolution the
stresses recalculated and this process continues until the material
Torquez:z Fpi,*Rci (7) in front of the drill fails. At this failure point, the material frac-
=1 tures at some radius, r. At breakthrough, the plate geometry
Region 3 is modeled as 50 oblique cutting elements. Each @fanges and a second plate model is used, Case I, Fig. 3. The
the 50 elements has different cutting parameters because of fiaterial in front of the drill continues to support the thrust force
varying geometry and cutting conditions along the lip region. Thafter breakthrough and the cutting continues until the stress at
total thrust force and torque for region 3 can be expressed as:point B reaches the ultimate stress of the material. Once failure at
50 B has occurred, the remaining material is bent over and forms the
burr. A detailed model for each case follows.

5

TF3=2, Fqi, ®)
i=1 Case |I. The plate model developed for Case | is illustrated in
50 Fig. 1. From Conway10] the plate equation is:
Torque3=2_§:1 Fpis*Ri 9) L d[de ¢ dDlde ¢ "
1= RS | — p— _ —_ = —
dridr r dr |dr "7 Q (11)

Fpi; andFqi; represent the power and thrust components of each
of the 50 elements in region 3 and can be found from the derivghere
tion in Mauch and Lauderbaug[ﬁ] and Maucf[8].. o D=Ec312(1— 1?) (12)

To model the burr formation, the thrust force is distributed as a
uniform pressure on the top surface of the “plate.” The thrus@=total shear forcey=Poisson’s ratioE = Young's modulusc
force from the two chisel edge regions are added and distributiécthe slope of the plate thickness agids the angle of the neutral
as a pressure acting from=0 to r=Ro. The thrust force from plane.
region 3 is distributed as a second pressure erF]’RO tor=R However, this equation was developed for a plate with constant
and the edges of the plate are rigidly constraiisee Fig. 1L  Slope. For the plate model used in drilling, the heidhf,as a
Breakthrough and burr formation can then be modeled using tf#nction of radiusy, is defined as:
separate conditions.

h—h,
H=ho+U(r—Ro)| — (13)
REGION 3 whereU=0 for r<Ro andU=1 for r>Ro, h,=the vertical
REGION 1 distance from poinRo to the bottom surface of the plate ahd
/ =the vertical distance at=R to the bottom surface of the plate.
Then:
D=EH%12(1-1?) (14)
POINT A REGION 2 and Eq.(11) yields:
3 d?¢ H® ,|dé H? H3
KH W'i‘ KT+3KH F W‘F 3VKTF—Kr—2 »=—-Q
DRILL POINT CHISEL EDGE (15)
Fig. 2 Three drill tip regions where
Journal of Manufacturing Science and Engineering NOVEMBER 2001, Vol. 123 / 563
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h—hy Initial Temperature, Ti Surface Heat Flux
K_ﬁ(lz(lfv 0 F—[U(I‘RO) R }

A 2nd order, Euler's method, is used to solve Ef5) and the
radial and tangential stresses found from:

M.=D d¢ ¢ d 6M, 16 V_ ¢
' dr r roal (16) T —— =
- X
M{=D|—+v——| and - 7 =
t r v i ana oy > a7 =

Wherea=distance from the neutral plane to the stress element.

The two stresses are then used to calculate a von Mises stress Fig. 4 Heat transfer into the plate
along the bottom surface of the “plate.” If the von Mises stress
exceeds the ultimate strength then the “plate” is said to fail
(breakthrough occuyslf there is no failure, the deflection is cal-workpiece. The temperature of the workpiece at point B is used to
culated and cutter continues to advance and remove an amoundetiermine the reduction in ultimate strength used in determining
material equal to the thickness of the cut less the deflection. Therr formation.
new thickness is subtracted from the “plate” and a new stressFor orthogonal cutting, Trigger and Chad,2] modeled the
state is calculated. This process is repeated until breakthrouygat generated in the shear zone. The temperag8yralong the
occurs. Once breakthrough occurs, the analysis switches to Cakear zone is found by:

. A[F* Ve(1-By)— F* V]
Case Il. Equation(11) is again used to model the plate in Fig. Os= 0+ — — (23)
. J CcPc(lzvc)thp bI|p
3. However, for Case IIH=cr wherec is the slope of the plate.
Using Eq.(12), and the transformation=¢e* Eq. (11) can be

A = 0.9 assumed energy appearing as heat in the chip
expressed as B, = 0.1 heat left in the workpiece
d?¢ do —16q(1—Ro’e %) 0, = initial workpiece temperature
= +3 -+ @Bv-1r¢= 3 (18) . = specific heat of the chip
dz dz 3Ec . .
pc. = density of the chip
The solution to Eq(18) is: J = 1 (Nm/Joule
7 F, = power force component &=feed force component
b=A+ E_ 16q Eln [t R_ (19) V. = cutter velocity &V;=feed velocity
r3 3Ec®|3 2r? tip = chip thickness
1&:1 1 R02 B b“p = Chlp width
A= 3ES §In R+ ﬁz} R 20) " The model expressed in E(23) describes the conversion of me-
chanical energy of cutting into heat. Then it is assumed that a
1 Ro Ro? portion of the heatA, is removed with the chip. A similar model
6q 3 In R 1.5- 2R2 can be generated for drilling by assuming that all the work done in
B= 3EC R°RC? T 8RR (21) cutting is converted to heat and that 10 percent of the heat remains

in the workpiece. The heat generated can then be expressed as:
The radial and tangential stresses are then found by (E6sand

(17). These stresses are used to calculate a von Mises stress at q= (Torqug2m +(TF)(feed) 0.In
Point B of the plate shown in Fig. 3. When the von Mises stress at J 12
point Bis greater than the yltlmate streng_th of the material po'm‘Ei'orque" is the total torque TF is the total thrust force and is

is said to fail and the burr is formed. If failure does not occur, thge speed in rpm. This generated heat is then modeled as a uni-

(24)

deflection is found from: form heat flux over the drilling surfacgig. 4).
R Then a 1-D heat transfer model that assumes the heat transfer is
w= J ¢dr (22) perpendicular to the surface with negligible edge effects is used to
Ro predict the temperature distribution, Incropera and DeVisi:

The thickness is reduced by the feed/tooth less the deflection and at) 12
the process is repeated until failure. At failure, the length of the 2q” (?) —x2\  g'x X
burr is:Lburr=R—Rf, whereRfis the distance shown in Fig. 3. T(x,t)—Ti= —exp{ _) — —erfc( _)
k dat k 2\Jat
(25)
Ti = the initial temperature of the plate
Temperature Effects q" constant heat flux

The modeling of the drilling and burr formation process isa thermal diffusivity
heavily dependent on material properties, such as yield strength = thermal conductivity
and ultimate strength. These properties are known to vary greatly = time theq” has been applied to top surfac&20/rpm
with increased temperature. Shaw and Cptl determined that x = distance from the top surface to a point in the plate
in metal cutting, strain rate effects offset the temperature effects
on yield strength. Therefore, changes in yield strength can Bée heat flux is applied to the surface of the plate for one half
neglected. However, the temperature effects on ultimate strenggivolution and the temperature distribution is calculated. Then an
must be considered. increment of material is removed, the flux is applied to the new
The temperature model developed describes the temperaturesarface and the previous temperature distribution is used to calcu-
the drilling surface and the propagation of the heat through thete a new distribution.
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Fig. 5 Burr height with and without temperature Fig. 7 3.175 mm, 7075-T561

The temperature of the plate at the point where the cutting
occurring is used to reduce the ultimate strength of the materi o Expermental Height
The reduced ultimate strength causes the material to fail atalan  * [ _,_pregicted Height
plate thickness and consequently increases the size of the bur -

Figure 5 shows a comparison of the predicted burr heights wig |,
and without temperature effects for 7075 Al with a 4.7625 mr§
drill. Note that the primary result of the temperature effect is t§
increase the burr size at low feedratbslow 0.2 mm/rev for this § +
cas@. At higher feedrates most of the heat generated is remov"
with the chip before it can propagate into the plate. The mo
significant effect for this case is at a feed of 0.15 mm/rev. *

Experimental System o W

o 0.08 01 0.15 02 025 03 035

Experimental verification was performed to validate the simt Feedrate (mmirev)
lation model. The drilling was conducted with a pneumatic drill.
The work piece was mounted to a force torque dynamometer. Fig. 8 4.7625 mm, 2024-T351

After the drilling operation was completed the forces and torques

were compared to those predicted by the model. The burr hei¢ **
was then measured and compared to the model predictions.  Expermental Height
The pneumatic drill would allow spindle speeds in the range « o Predicted Height ||
300 to 3000 rpm. All the results presented in this paper were a
spindle speed of 1100 rpm. The pneumatic drill was modified _
that the feedrate could be varied from 0 to 0.5 mm/rev. £ 15
Experimental Results :g
Two types of aluminum were used in this investigation, 2024
T351 and 7075-T651. Drill sizes were 3.175 nGid8 in), 4.7625 I T
mm (3/16 in), 6.35 mm(1/4 in). All drills were 15 cm(6 in) long 05 T
aircraft drills with 135 deg point angles. Drill tip styles were splil W
point for the 3.175 mm and 4.7625 mm drill and conventional fc ——
the 6.35 mm. All drills were high-speed steel with cobalt. % o008 o1 015 02 ozs 03 03
Feedrate (mm/rev)
25 Fig. 9 6.35 mm, 7075-T561

» ||~ Experimental Height
||~ Pracicted Height

The aluminum plates were 5.3 mm thick. All drilling was done
dry with drills in the as sharpened condition. Three holes were
£ drilled with each drill to “season” the drill. Feedrates ranged from
M 0.051 mm/rev(.002 in/rey to 0.305 mm/rev.012 in/rey. Five
) holes were drilled with each drill and the burr heights measured
5 with a tool makers microscope. The results from the five holes
were then averaged and plotted with the predicted values in Figs.
6—9. Also shown is the range of the experimental data for each
feedrate.

05

o W Conclusions
o 0.05 01 Bl X 025 03 0.36
F:d,,t, (mm,::v) Figures 6 and 7 show the results for the 3.175 (/8 in) split
point drill on the two materials. Figures 8 shows the results for the
Fig. 6 3.175 mm, 2024-T351 4.7625(3/16 in) drill on the 2024 aluminum. The model is doing
Journal of Manufacturing Science and Engineering NOVEMBER 2001, Vol. 123 / 565
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an excellent job of predicting the burr size. The predicted valuesThe model presented describes the mechanism of burr forma-
are falling within the range of the experimental values. The modgbn in drilling of metals including temperature effects. This
also predicts the overall trend of the data very well. model accurately predicts the burr heights for a variety of mate-

Split point drills are designed to reduce the thrust force anthls and cutting conditions. This type of model allows researchers
consequently the burr size. They tend to produce burrs that doeevaluate the trade off between the thrust force increase in burr
evenly distributed around the hole. Figure 9 shows the modgke with the temperature effects resulting in an optimal feed.
predictions and experimental results for a conventional point, 6.35
mm (1/4 in) drill. Here the burr sizes are larger and the model diRReferences
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