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from Dr. P. T. Blotter, Dr . Ca rl D. Spear. and Professor W. Karl 

Somers provided many of the links requir ed to tie the theory and empirical 

rPsults together. Robert Poor's assistance in making the 1000 burr 

mPasurements is also grate fully acknowledged. 

Finally. I owe a special d0bt of gratitude to my wife who stood 

pati<>ntly hy while her husband engrossed himself in this study . 

LaRoux 1<. Gi llespi e 



TARLE OF CONTENTS 

ACKNOWLEDGMENTS 

LIST OF T.A BLES . 

LIST 0 F" PIG UR ES. 

DEFINITION OF TERMS AND SYMBOLS. 

ABSTRACT ... 

INTRODUCTION. 

Statement of Problem 
Objective of the Study 
Method of Approach . 

BASIC MECf!ANISMSOF BURR FORMATION . 

BURR FORMATION AND PROPERTIES IN SPECIFIC 
0 PERA TIO NS . . . . .. 

Turning Operations 
Milling Operations 
Grinding Operations. 
Drilling Operations 

GENERAL COMMENTS 

CONCLUSIONS AND RECOMMENDATIONS 

BIBLIOGRAPHY. 

APPENDIXES 

Appendix A. Derivation of Burr Equations 

Appendix B. Burr Measurement Data . . 
App<enrlix C. Analysis of Variance Results 

iii 

Page 

iv 

vii 

xi 

xiii 

2 
2 

4 

23 

23 
36 
61 
65 

71 

73 

76 

80 

81 
126 
142 



LIST OF TA 8LES 

Table 

I. Variables studic'd in t urn ing t0sts 

2. Side milling lpst co nditions. 

3 ANOVA results for side milling. 

4. Typical lengths of side milling burrs 

5. Relative burr thi ckness of side milling buns 

6. End mill ing conditions studied 

7. ANOVA results for end milling 

8. Typical properti~s of end milling burrs 

9 . D r illing test conditions . 

Al. Strain hardening data 

A2. S tra in in bending 

A3. Ridge dl,, ct and Meye r n' value 

;-1 , Results of turning tests 

B2. End mi l1 ing test conditions 

B3 . Measured burr length . 

B4. Measur<'d burr thickn ess 

B5. Measun·d burr l0ngths. Sid<> milling t<·sts 

B6. MPasur<'d burr l<'ngths. ";rinding burrs 

B7 Measu rpcl bu rr lengths and thickness 

iv 

Page 

29 

47 

48 

49 

50 

55 

57 

57 

68 

90 

95 

II 7 

1 29 

132 

134 

136 

1 38 

139 

1 40 



v 

LIST OF TABLES (Continued) 

Tabl,. Page 

Cl. Analysis of variance . Turning-burr lengths ~42 

cz. Analysis of varianc e . End mill - Burr No. length 143 

C3. Ana l ysis of variance. End mill - l=)urr No. ' length 144 

C.f. Analysis of variance . End mill - Hurr No . 5 length 144 

cs. Analysis of variance. End mill- Burr No . 6 length 145 

C6 . Analysis of vari anc P. End mi ll ing - Bu rr No. 8 
len gth 145 

C7. Analysis of variance. End milling Burr No . 9 length 146 

C8. Analysis of variance>. Side 1nilling - Burr No. 
length 1 '6 

C9. Analysis of variancp. Side milling - Burr No . 2 
length 14 7 

ClO. Analysis of variance . Side milling - bu rr No. 3 
length 147 

Cll. Analysis of variance . Side milling - Burr No. .. 
length 148 

c 1 2. Analysis of variance. Side milling - Burr No. 
length 148 

c 13. Analys i• ui variance. Side milling - Burr No. 6 
length 146 

c 14. Analysis of variance. Side milling - Burr No . 7 
length 149 

c 15. Analysis of variance . Side millin g - Bur r No. 8 
length ! 5 0 



vi 

LIST OF' 1 A RLES (Continued) 

Table Pag" 

C 16. Analysis of variancP. Drilling - Top burr length. . 150 

C 17. Analysis of variance. Drilling- Bottom burr l ength 151 



LIST OF Fit.iURES 

Figure 

1. Schematic illustration of the cutting edge . 

2. Pressures on flank surface . 

3. Bulging caused by indentation of cylinder 

4. Effecl of strain hardening exponent on ridging 

5. Illustration of a Roll-Over Burr produced by pnd mill 

6. Roll-Over Burr 

7. Simplified illustration of burr formation in orthoginal 

milling . 

8. Separalion o f initial chip in sidP n1illing 

9. Chip forlTlation in n1achining 

10. Burrs forn1cd in the basic turning operations 

11. Burrs producC'd in turning 

1 2. Burrs producpci in facing. 

13. Burrs proclucC>d by plunge cutting 

1-1. Effect of fC>edratp and SCEA on burr length. 

1'i. Effect of ckpth of cu t and SCEA on hurr length 

1 6. Effect of iecdralE' and SCEA on burr thickness . 

11. Side cutting edge angle 

18. J:.:ffe c t of SCEA and true r ake on burr thickness 

19 . Effect of d<•pth of cut and SCEA on burr length 

20. Effect of depth of cu t and SCEA on burr thickness 

vii 

Page 

6 

7 

8 

13 

14 

1 6 

19 

20 

22 

24 

25 

26 

28 

31 

31 

32 

35 

35 

37 

37 



viii 

L IST OF FIGURES (Continued) 

Figure Page 

21 . Burrs produced in side milling . 38 

22a. Mill ing cutt e r path and chip sizP 40 

22b. Tooth C>xitin g from workpiece 40 

23. Chip seperation and tear type burr in mill in g 4 1 

24a. Cutter exiting from workpiece 43 

24b. Tooth position at cutter exit . 43 

25. Path gene r ated by a plain milling cutter in climb 
m illing 44 

26. Il lustration of climb cut Pnlranc.c hurr 4 5 

27. Edge angles r esulting from a helix angle 46 

28 . Effects of machining conditions on side milling burrs 5 1 

29. Identification of burr locations in C>nd milling 5 3 

30. Identification of burr locations in end milling 54 

31. Effect o( radial depth of cut on Roll-Over Burr 56 

3 2. Effects of machining conditions on end millin g bu r rs 58 

33. Effects of machining conditions on end milling burrs 59 

34. Effects of machining conditions on end milling burrs 60 

3 5. Effective rake angl" and burr location in grinding 63 

36. Effects of machin ing conditions on grinding burrs 6-t 

37. Roll-Over Burr formed in drilling 66 



LIST OF .FIGURES (Continued) 

Figure Pag e 

38 . Typical burr form at ion in drilling. 67 

39. Effect of drilling variables on burr s ize 69 

A l . Chip defo rmation modes 83 

A2. Cutting action nea r e dge 84 

A3. Beam in bending 85 

A4. Perfectly plastic behavior 87 

A5. Burr s and bulgin g in chip formation 98 

A6. C utting tool action 99 

A 7 . Assumed str ess distribution a t effect ive cutting radius 99 

AS. Geometry of equivalent pressurized cylind e r . I 0 1 

A9 . State of s tr ess on a n infinites imal clement. . 102 

AlO. Ellipse of plasticity . . . 

All. Deformation of workpiece 

A l 2 . Plastic expans ion of a hole. 

A l 3 . Sour ces of flan k pressure . 

Al4. Displacements producc•d by lubricated wedge in 
perfectly plastic mate rial . . . . . . . . . . 

A l 5. Material dis placement using spherical indenters 

Al6 . Idealized model of chip 

AI 7. Free body diagram at point B 

10 6 

10 6 

111 

11 4 

11 b 

11 8 

1 22 

122 

ix 



LIST OF FIGURES (Continued) 

Figure 

A l B. P lastic work in shear . .. 

A l 9. Tear Burr modes of failure 

P age 

1 23 

I 25 

X 



b 

BHN 

BUE 

c 

d 

df 

E 

F 
c 

F 
a 

n 

n' 

SCEA 

v 

DEFINITION OF TERMS AND SYMBOLS 

width of cut 

Brinell Hardness Number 

built up edge 

machining constant, different for eac h material 

radial depth of c ut in milling 

degrees of freedom 

modulus of e lasticity 

feedrate in in ches per revolution 

- main c utting force 

feed force (in direct ion of tool motion) 

thrust force (in radial direction) 

tnaterial hardness 

bending moment 

Meyer Hardness Number 

strain hardening exponent 

Meyer Strain Hardenability Exponent 

Side Cutting Edge Angle 

depth of c ut in turning 

instantaneous depth of cut 

cutting velocity (in surface feet per minute) 

xi 



Q 

u 

v 

p 

(T 

e 

(T 

0 

(T 

p 

(T 

s 

T 

xii 

clearance angle 

rak" angle 

true strain 

true strain at fracture (in tensile test) 

HPlix Angle 

point angle on a drill 

coefficient of friction 

Poisson's Ratio (0. 5 for plastic materials) 

radius of c urvature 

stress at the elastic limit 

strain hardening constant 

plastic stress 

shear strPSS 

friction angle 

plasticity angle relating tang e ntial to radial stress 

plasticity angle at radius a 

shear angle 



ABSTRACT 

The Formation and Properties 

of Machining Burrs 

by 

LaRoux K. Gillespie, Master of Sd,.nce 

Utah Stale University, 1973 

Majo r P r ofessor: Dr . Carl D. Spear 
Department: Manufacturing Engineering 

xii i 

The format ion of burrs in Machining Operations occurs by three 

Basic Mechanisms: 

I) Lateral extrusion of material 

2) B<'nding of th<> chip 

3) Tearing of the chip from the workpit>ce 

Each of these mechanisms has be en studied analytically and 

compared to expE>rimental results. The ag reE>ment between predictions 

and measurempnts has been found to be close. 

Drilling , milling, grinding, and turning burrs w<>re producpd 

in 303Se stain]pss steel and their properties were related to tool geo-

melry. feedrat es . and depth of cut . One thousand measurements were 

made and subs.-que ntly analyzed by analysis of variance techniques. 

The p r operties measured include burr length and thickness. 



xiv 

Both the theory and the empirical results indicate that burrs 

cannot be prevented by changing n1achining variables . Bu r r size can 

be 1ninin1ized. howevPr, by appropriate machining conditions . 

(1 65 pages) 



INTRODUCTION 

Statement of the problem 

One of the chronic problem areas in manufacturing is the 

removal of machining burrs. Industry annually spends five billion 

dollars to remove these burrs. The deburring workers impale them

selves daily in their dcburring tools, and many of the overlooked 

burrs jam gear box es or precision assemblies, and otherwise impede 

part function. 

Although a considerable amount of money has been spent 

developing improved deburring mpthods, little energy has be.-n appli<'d 

to minimizing burrs. Similarly few individuals havE' attempted to 

pr<>dict or measure burr properties. ASTME (1), Biegel and Holmes(3) 

BuhlH and Pollmar(5), Hugo (18), Strasser (33), Wang (38) and 

Wukusik (39) have analyzed burr h<>ights produced in punching . Each 

of these investigations, however, ignored burr thickness and burr 

hardn.-ss which are more significant than burr height in burr removal 

op<>rat ions. Me Bride ( 22) documents burr sizes produced by EDM. 

Zaima, Yuki, and Kama (40) present burr height data for drillin g. 

The author has cleveloped burr heights. thickness, and hardness data 

for milling. drilling, turning, and grinding of several materials (12. 

1 3, 14. l 5) . In none of thes e studies however has an attempt b een 



made to definC' analytically the mechanism of burr formation. This 

study was designed to provide such analytical modC'ls , 

2 

A knowledge of burr formation mpchanics is particularly acute 

in those industries producing precision miniature components. Typical 

burrs arc often five to ten times thicker than the total tolerance on the 

part. In sue!. applications it is not unusual for burr removal costs to 

equal the cost of rnachining the part. The ability to preselect condi

tions producing smaller burrs will thus greatly minimize deburring 

costs. 

Objective of the stu~ 

The objective of this study is to identify how machining burrs 

form and to present methods for predicting burr properties. These 

results will allow ot hc·rs to determine how to produce the most easily 

removable burrs. 

Specifically this study will: 

A) Determine how burrs are generated. 

B) Determine how such machining parameters as feed 

rates, tool geometry and tool wear affect burr properties. 

C) Deve lop analytical techniques for predicting burr 

properties. 

Method of approach 

Th<> approach used in this study was to 
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A) Analyze how burrs form in the drilling, milling, turning. 

and grinding processes. 

B) Develop the analytical equations describing burr formation. 

These equations were to be general enough to apply to any 

workpiece material. 

C) Perform machining tests to determine the actual magni

tudes of burrs formed and the effects of feedrate, depth 

of cut, tool geometry and tool wear. These tests were 

performed on 303Se stainless steel workpieces. 

Elementary plasticity concepts were used to develop the analytical 

equations. Factorial analysis was used to determine the effects of the 

machining pararneters on the burr properties. Because of the very 

minute size and position of the normal burrs. high speed motion pic

turps of the formatioll mechanisms could not be employed as originally 

planned. 



BASIC MECHANISMS OF BURR FORMATION 

There are four basic types of burr. These basic types are: 

A) The Poisson Burr 

This burr is a result of a materia l' s tendancy to bulge 

at the sides when the material is compressed. In the 

case of the R>isson Burr the material is compressed 

until permanent plastic deformation occurs. The 

name 'Poisson Burr ' is derived from Poisson 's Ratio 

(v) which accounts for lateral deformation of materials. 

B) The Roll-Over Burr 

This burr is essentially a chip which is pushed out of 

the cutter's path rather than shea red. It is the long 

burr found at the end of a cut . 

C) The Tear Burr 

The Tear Burr is the result of material tearing loose 

from the workpiece rather than shearing. It is similar 

to the burr formed in punching operations. 

D) The Cut-Off Burr 

This burr is a result of workpiece separation from t he 

raw material befor e the separation cut is finished. This 

burr whi c h is actually material which has not been c ut is 



frt~qu('ntly founrl on saw culs and on autu1nat i c scrf'w 

machin~ parts. Since this burr can be readily prevented 

by supporting the part until complete cut off is achieved 

it was no! included in this study . 

It is possible for some burrs to be a combination of th e above 

types. In most situations however, one mode of formation will predomi

nate . 

To visualize the mechanics of Poisson Burr forn1at ion one rnust 

r ecogni ze two sig nifi cant facto r s: 

A) The actual cutting edge of the tool is not perfectly sharp. 

It has a small radius on it. (Figure 1) In addition the 

built up edge ( BUE) which frequently occurs in metal 

cutting creates a much larger effective cutting edge radius. 

Form and Beglinger (1 0) ind icate that even in fr ee machin

ing,rnaterial accumulates in front of the tool which would 

also cause a larger effective cutting edge radius than 

physically exists on the tool. 

B) High pressures can pxist on the flank surface of the tool. 

(Figure 2) These pressures are part icularly noticeable 

on materials with low thermal conductivity, high coefficients 

of thermal expansion and low modulus of elasticity. 

Since the material ahead of the tool sees the cutting edge as a 

radius. it is convenient to treat the cutting edge as a long, thin cylinder. 

As shown in Figure 3, when a cylinder is pushed into a wo r kpiece 
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ch ip 

d 

t 
workpiece 

The cu t ting edge-w rkpiece interface 

The cutting edge magnified 

Figure l. Schematic illustration of the cutting edge. 



Figu r e 2 . P r e ssures on flank surfac e . 
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Side view 
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Figure 3. Bulging caused by indentation of cylinder. 
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bulging occurs at the edg<>s of the workpiece. The magnitude of this 

bulge is a function of the effect ive cutting edge radius, the pressure 

between the effective radius and the material properties. When the 

cylinder is pushed into thp workpi ece to a depth of r the burr has 

reached its maximum size. As the cylinder continues to advance 

through the material the burr is generated along all surfaces which 

were in contact with the cylinder . (Figure 3b) One obvious require-

ment for the formation of the Poisson Burr is that the cutting edge 

must extend beyond the edge of the workpiece . With the exception 

of plunge cuts this criteria is met on 1nost machining operations . 

The equations derived in Appendix A indicate that the burr 

thi ckness produced by the cutting edge radius is 

w [lj 

where 

-I 
- s1n [ 2] 

and 

a e ffective cutting edge radius 

P pressure at effective cutt ing edge radius 

"a yield stress of a perfectly plastic material 

c burr thickness 
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the burr length is 

Cl.h = [ h (ltv) 0_ e--..{3 <P a.)f sin p . J f 3 ] -v:; E a l 2-...(3' cos <j> +sin¢) 

where 

Cl.h = burr length 

v Poisson's ratio 

E modulus of elasticity 

h length of cutt"r eng.ageo] in n'aterial 

<j> state of plastic flow defined by Figure 10 in Appendix A, 

Thus from [ 3 J the burr length is seen to depend upon the length 

of tool in the cut , Poisson's ratio, and the yield strP.ss. Tt i~ inversely 

proportional to the modulus of elasticity. The effect of P is somewhat 

obscured, but from [ 2] asP gets larg er, <j>a becomes more negative. 

Thus increasing P increases the burr height. 

A tacit assumption made in the above analysis is that the depth 

of cut i s sufficient such that material does not flow e asily toward the 

chip side of the cut. Jn the case of small depths of cut this assumption 

is not jus tified . The Poisson Burr in this case forms as a r esult of 

the high pressures on the flank surface. There is no appreciable burr 

formed at the nose of the tool. In a material which strain hardens, 

the material behind the contact area (Figure 2) has a much higher 

resistance to flow than the material near the area of contact . This 
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higher resistance is a resnll of the strain hardpning which i t has just 

undergone. Th.., easic>st dp[ormation path for the material at thp contact 

area is to flow vertically out the sides of the workpiece. This material 

therefore becom.es a l ·urr. 
1 

If a tool is allowed to dwell in a cut the 

b urr may increase in size because of the pressu r es on the flank surf-ace. 

The effec ts of strain hardening are perhaps more easily 

appr ec iated by a consideration of the following equation for strain hard e ning. 

where 

n 
a-= <T c 

0 

cr is the true stress in the plastic region 

a- is a material constant 
0 

E is the true strain in th e workpiece 

n is the strain hardening expon e nt 

f 4] 

Equation f 4] essentially states that the t ru e y ie ld stress of a 

material increases as the material is strained. The lrue strain c is 

typically less than l. 0 and n varies from 0 to 0. 5. Thus once a material 

has been strained plasticall y it takes a much higher stress to cause it to 

flow plasticall y again. 

Figure 3b illustrates another type of Poisson Bur r which 

1 
For this study a burr is defined as any material which was not 

originally at that position and which is not a desi r ed part of the workpiece. 
It is r ec ognized however that burrs can be a desirable part of the workpiec e 

in some instances. (See for exampl e, C rane (6)) 
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occurs as the cutter e nt ers the workpiece . In this case the Poisson 

Burr is form ed in the direction oppo s ite the tool motion. In the cases 

described above . the burr was formed at ri ght angles to the direction 

of tool motion. As t he cyl ind e r is pr e ssed i nto the workpiece the dis-

placed material moves out along the free surface. The magnitude of 

this e ntran ce burr is inversely related to the material ' s strain harden-

ing exponent. A lthough a rigorous analysis has not b een made of this 

formation mod e it would appear to b e similar to the modes occuring 

when spherical indenties are pressed into a workpiece. Figur e 4 

presents the results of measurements on spherical ind e ntations. 
1 

The significance of Figur e 4 is readily appar e nt- -mate rial s with strain 

hardenin g expon ents of . 30 or g r eater w ill not fo rm entran ce burrs. 

As indicated by the negative va lues of rid ge he ight an edge roundin g 

occu r s for va lues of n greater than . 30 . 

The Roll-Over Burr is one of the most v isabl e types of burr s. 

As shown in F igure 5 , in an end milling operation , the burr is as long 

as the ra dia l depth of c ut d. Its height i s e qual to the axial depth of 

cut . It forms in any operation in which the principal cutting fo rce 

passes ove r a free e dge. 

l 
Th e indentation pheromenon and the data plotted in F igure 4 

are discussed mo re fully in Appendix A. 
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Figu r e 5. Illustration of a Roll-Over Burr produced by end mill 
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This burr will only form on ductile materials. As shown in 

Figure 6 when the tool npars the end of a cut a bistable condition occurs. 

The first possibility is that the chip will be sheared off the workpiece 

in the same fashion as occurred throughout the cut. The second 

possibility is that the chip will bend out of the way of the tool. In 

this second possibility the bending occurs similar to a plastic hinge. 

The thickness of this burr is found analytically by equating the energy 

required to bend a beam of thickness :Zh to the work required to cut a 

chip whose length is 2h. The resulting expression is solved for 2h. 

As shown in Appendix A for a perfectly plastic material in orthoginal 

tu rning the resulting equation is 

where 

2h 

The maximum value for 2h is 

1-1-
1 b o- e 
' e 

4F 
2h = b o-c e 

e 

4 trr 
s =---

o- e 
e 

(function of angles) 

F c principal cutting force 

b length of cut 

o- stress at elastic limit 
e 

rr
5 

.s·hear strength of the workpiec e 

r sJ 

[ 6] 

0 = angle through which chip is bent (90° + rake angle) 

= depth of cut 



J 6 

Roll 

Figure 6 . Roll-Over Burr. 
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As seen in equation [ 6 J, the burr thickness increases anytime 

the c utting force increases. Thus dull cutters will increase burr 

thickness. Shallow depths of cut and large rake angles will reduc e 

burr size. 

The determination of whether or not a Roll Over Burr will 

occur c an be made using the following inequality, 

E max":. "f [ 7] 

where 

(

En S ) n+l 
f 

€ - ---
max n+' 

[ 8] 

E maximum true strain in the bent beam 
max 

C f true strain at fracture (of a tensile specimen) 

0 90° rake angle 

n strain hardening exponent 

Thus if E max in equation [ 8] is greater than € f th e burr will 

fracture before it is bent out of the cutter's path. 

The hardness of a material is a function of the amount of 

strain hardening. Using the Meyer Hardness Number (MHN) for 

example, 

MHN = 2. 8 cr En 
0 

[ 9] 
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Thus for any given strain in any given material the hardness 

is predictable. Since the strain in bending varies linearly across the 

beam cross section~ the average strain is 

<' + E 
o max [ l 0] 

2 

Where E 
0 

is the initial strain at the center of the beam (or 

chip or burr). The average hardness then across the Roll-Over Burr 

is 

H + H 
H 

o max 
2 

[ ll J 

where 

H the average harUne::;::; expressed in any hardness system 

H hardness of the initial material 
0 

H hardness at a strain of E 
max max 

Mi lling operations frequently produce a bur r which is the result 

of rnalerial tearing when a side milling cutter is narrower than the 

workpiece. the chip is separated from the workpiece as shown in 

Figures 7 and 8. The initial ent rance of the tool into the workpiece 

produces a small cavity. As that tooth continues its cut the cavity 

becomes bigg e r. The material connecting the chip to the workpiece 

continues to stretch until it fractures. Intuitively one expects the 

fracture to occur . midway between the chip and the workpiece. The 

burr than is that portion of stretched metal which remains on the 

workpiece . 
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cutter 

workpiece 

I ') 

rchip must t ear from 

J'~UL~~·~e here 

workpiece 

view as se e n from back of tooth 

c hi~? Fnominal tooth load 

- r I' 

initial c avity produced b y on e 
tooth of cutter 

cavity at a later time 

Figur e 7. Simplified illustration of burr formation in orthoginal milling. 
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Figure 8. Separation of initial chip in side milling. 
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Although this description of Tear Burr formation illustrates 

the basic phenomena which occurs, it ignores the effects of chip corn 

pression. If the chip shears along planes are shown in Figure 9b then 

the slippage along the planes shown will noticeably influence the burr 

at the edge of the tool. 



Schematic illustration of the orthogonal machining process 

(a) 

Schematic illustration of chip formation. 

(b) 

Figure 9. Chip formation in machining. 
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BURR FORMATION AND PROPERTIES 

IN SPECIFIC OPERATIONS 

Tu rning operations 
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There are three basic operations in turning that produce burrs. 

They are turning, facing, and plunging. (Figure I 0) Any of the four 

types of burrs described earlier can be produced in these ope rations. 

The following paragraphs illustrate where these burrs form and how 

tool geometry affects burr prop e rties. 

The typical turning burr shown in Figure lla i s a Poisson Burr. 

It forms as a result of the effective cutting radius of the tool or as a 

result of friction on the flank surface. The flank surface is indicated 

by the angle a. Figure 11 b demonstrates the formation of a Roll-Over 

Burr as the tool pa~ses over an under cut . Figure ll c illustrates the 

effect of side cutting edge angle (SCEA) on the shape of the potential 

Roll-Over Burr. 

In a typic a l facing operation a tool with zero or negative SCEA 

is required to produce a 90° shoulder. The facing tool shown in 

Figure l Za is fed axially along the part then fed radially out to form 

the shoulder. As a r es ult of zero SCEA only the Poisson Burr formed 

in turning occurs at the edge of the part . When a negative SCEA is 

used (Figure 12b) a Roll-Over Burr forms. 



'burr 

turning 

(a) 

-
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Plunging 
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tool motion 

Figure I 0. Burrs formed in the basic tu rning ope r ations. 

24 

~burr 

facing 

(b) 



2 5 

shearing of chip 

Section A-A 

Poisson Turning Burr 
(Burr shown is the burr seen if tool is retracted befor e reaching end 
of part) (a) 

End of cut turning burr 
(b) 

I: I 
~ Pos1hve 

OSCEA 

Effect of SCEA on initial burr geometry 
( c ) 

Figure ll. Burrs produced in turning. 
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Po isson faci ng burr (to ol has 0° SCEA) 

(a) 

Ro ll-Over Burr produced in facing 

Figure l 2. Burrs produced in facing . 
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Whe n the width of a plun g<> tool is l e ss than the width of the 

workpiece (Figure 1 3 ) a t<>ar type burr is produced. Once the initial 

burr forms it doe s not increase in size as the tool is fed deeper. If, 

however, high frictional forces occur at the sides of the tool it i s 

possible to force materia l out thE' sides of the groove and thus form 

a Poisso n Burr. Such a burr should be thicker than the normal tear 

burr. If the tool is a cut off tool, as it nears the cente r of the work-

piece the high thrust forces will bend the thin cylinder o f the material 

holding the workpi ece to the bar stock. (Fig ure 13) Shortly aft e r 

bending begin s the part will fracture and fall free of the bar stock. 

The small cylinder of material remaining on the workpi e ce is the c ut 

off burr. 

When the width of th e plunge tool is wide r than the length of 

the portion b e ing machined, the condition shown in Figure 3 exists 

and Poisso n Burrs occur at the sides of the workpiece. 

To det ermin e the e ffects of SCEA, radial depth of cut, f eed rate, 

a nd rake angle on Poisson turning burrs, 53 specimen we re m achin ed a nd 

measured. The workpiece material was 1/2 inch diameter 303Se s tain

less steel in the cold drawn condition. Table l lists the range of 

variables studied. Appendix Tabl e Bl lists the parameters and results 

fo r each specimen . Carbide inserts were used on all cut s. With the 

exception of rake angl e s all variabl e s were tried at all combinations 

shown . Using analysis of variance t echniques it was determined that 



t 
Illustration of plunge cut 

(a) 

Plung e c ut Tear Burrs 
(b) 

stock mac hi ned piece 

cut off burr 

Definition of cut off burr 
(c) 

Figure 13. Burrs produced by plunge cutting. 
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Table l. Variables studied in turning tests 

SCEA Depth Feed rate RaKe 
of cut 
inch 

(1 pr) angles 

l 7 1 /2° 0. 040 0. 0021 15° 

00 0.070 0 . 0032 50 

-171/2° 0.100 0. 0043 -4.3° 

0. 0065 

SCEA, depth of c ut, and feedrate all significantly affected the len gth of 

burrs produced. As noted in Appendix Table Cl all interactions between 

these variables were also significant. As shown in Appendix Tabl e Bl 

and the following graphs the impact of these variables was obvious even 

without a computer analysis. 

The trem endous influence of SCEA on burr l ength and thickness 

appears to be the result of a BUE and high strain hardening. Negative 

SCEA are frequently used in precision finishing operations but burr 

sizes do not approach those observed in this study. Three factors 

appear responsible for this anomality. 

A) Workpiece vibration allowed the tool to rub the workpiece 

before entering the cut. 

B) A built up e dg e occurecl when using 0 and -17 1/2° SCEA. 

C ) The chip breaker groove was filled by BUE material at 

0 and-17 1/2° SCEA . 
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Essentially it apppars that th" slenderness of the workpiec e 

allowed th" cutting tool to skip in and out of th<> cu t and consequently 

producing a great deal of rubbing . This rubbing work ha r dened lhe 

surface which increased cutting difficulty. Rather than shear as in 

normal cutting it was easier for material at the edge to flow out laterally. 

The fact that no coolant was used and that the tool kept t he chip near the 

workpiece rather than moving it away from the workpiece accentuated 

the problem. In some instances red hot chips were produced. In 

this situation the material would be very gummy which further restricts 

free cutting. As material welded in the chip breaker groove a negative 

rake tool was effect ively produced which further restricted flow. 

It would appear that these conditions could be prevented by 

using flood coolant and feedrates better matched to workpiece stifness. 

Eliminating the chip breaker groove should also help p"'oduce easier 

cutting. 

The assumptions made in deriving the Poisson Burr equations 

appear to be satisfied from the data presented in Figures 14-1 6 . The 

assumption that cutting pressure is independent of feedrate and speed 

is largely justified although some feedrate effect is noticeable. If <J>a 

in [ 1 J is -60° then the predicted burr thickness would be 0 . 4 times 

the effective cutting radius. A cemented carbide tool c ould easily 

have a cutting edge radius of 0. 0020 i nch which would predict a 0 . 0008 

inch thick burr. As noted in Figure 16, a typical burr thickness 
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woul d be 0. 0010 inch . Thus the theory can predict burr thi ckness 

closely. 

As shown in Figure 15 burr length is proportional to the depth 

of cut. This agrees with the theo r y [ 3]. Again assuming q, = -60° 
a 

and that v = . 3. E = 30 x 10
6

, and that "a (which is the yield stress 

of an eq uivalent perfectly plastic materia l ) is 160, 000 psi the following 

burr length i s predicted, 

[ 
sin <j> 

\[3' cos q, + sin <j> 

[ 12] 

For <j> =small negative angles (0° -30° for example) l>h rang es 

h 
from 0 to J:"4 thus the length predictions are in the correct order of 

magnitudes provided <j> is a small negative angle. 

At this point it is significant to note that in most turning operations 

the tool is allow ed to dwell at a shoulder before it is retracted. Although 

this is r equi r ed to produce an even shoulder it is not hard to envision 

that this dwell could influence the burr size. The influence could be 

the r esu lt of rubbing or the fact that in the first revolution of the work-

piece after the feed is sto pped the tool is making a clean up cut. This 

clean up cut varies in thickness from zero to whatever the feed was per 

re volution . For materials sensitive to feedrate this could produce a 

burr which varies around the diameter of the part. This effect has 

been noted on some materials. 

In these tests and in other work on 304 stainless steel and I 020 
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cold rolled sl0cl, it has been obS<'TvNI that lhe length of the very 

large burrs is proportional to the axial length of cut. This apparently 

is due to the fact that it is easier for the material to push out the sides 

of the workpiece than to shear. To maintain conse rvation of mass, if 

the material does not shear and the tool continues to advance, the 

material must squirt out the side. This effect is similar to squeezing 

a tube of toothpaste. The more the tube is compressed , the longer 

the ribbon of toothpaste becomes. The burr eventua lly is forced out 

radially far enough that the tangential stresses on the burr c reate 

radial cracks. The resulting workpiece then looks like a daisy (the 

burr being similar to the petals of the daisy ). In some cases the 

radial cracking begins earlier and thP. burr looks similar to a hundr ed 

pieces of yarn projecting from the workpiece. This dependancy on 

length of cut does not occur on what is considered a norn1al burr. 

Rake angle effects were studied in on e brief test. As shown in 

Figure l 7 and 18 there was little differ e n ce produced by the + 5 and 

+ 15 degree rake angles. The -4. 3 rake which was obtained by 

turning the carbide insert upside down in its holder produced burrs 

three times larg e r than those produced by positive rakes . At+ 17 1/2 

SCEA the burr produced by the negative rake tool was 0. 002 thick 

compared with 0. 0012 thick for the + 15° rake too l. It would appear 

that negative rake angles produce thicker and longer burrs . 

A brief test of Roll Over Burrs fo rm ed in turning indicates 
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that a 0 zero degree SCEA produces thicker burrs than does a 17 1/2 

degr ee SCEA tool. (Figure 20) The effect of depth of cut on this type 

of burr appears unusually larg e . Sinc e Figures 19 and 20 are based 

on only seven specimen the r esults can only be treated as preliminary 

trends. When the tool att empt ed to b end the material over into the 

undercut shown in Figure 11 b most o f the material broke fre e , before 

it was com plete ly bent ove r . The result was a short burr on the work

pi ec e and a loos e ring of mat e rial encircling the workpiece. 

U sing a breakaway tool holder e l eve n plunge cuts wer e mad e 

with a tool whi ch was wider than the area being machined. At 0. 002 

ipr feed, 42 5 rpm, 20° back r ake , 0° side rake and 8° end r e lief, 

the Po is son Burr appeared to be formed b y t he flank surface. Exam ina-

tion of the re1nain ing ten specimen provided no conclusive evidence to 

indicat e at what po nt the cy lindrirnl mode b eg in s and the flank pressu re 

mode of formation end s . 

Mi lling operations 

Mi llin g ope rations such as sid e m illin g, e nd milling, and fa ce 

milling ca n al so produce each of the four basic types of burrs. In a 

typical slotting ope ration involving a side milling cutter and through 

slot s, b urrs are p roduced on e ight different e dg e s. (Figure 21) If the 

cutte r has a helix angle, e ach of the burrs will have different properti es . 

This is a highly significant observation for anyone involved in precision 

burr r emoval- -in a singl e operation without chang in g any variable, 
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6 

Figure 21. RurrR produced in side milling. 
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eight different burrs with widely varying properties can form. 

From Figures 22 and 23 it can be seen that burrs No. I and 

No. 2 in Figure 21 arc produ ced as the cutter t pars the chip from th <e 

top surface. These bur rs therefore a re tear type burrs. Burr No. 8 

is the entrance burr. Burrs No. 6 and No. 7 can be either entrance 

burrs or tear type burrs . In either case they are formed by several 

teeth rather than an individual tooth . This is more readily seen in 

Figure 22a. As the tool progresses forward each succeeding tooth 

enters the workpiece a little lower than the previous tooth. Burrs No . 

3 and 4 are also tear type burrs like No. 1 and No. 2. Burr No. 5 is 

the Ro ll Over Bu rr. Figu re 23b illustrates the periodic nature of 

burrs No. I and No. 2. 

Figure 24 illustrates one significant difference between 

milling and most other conventio nal progresses. The chip thickness 

varies throughout the cut. Points 2x, 2y, and 3y illustrate that the 

closer the cutter comes to the end of the part the smaller th e depth 

of cut becomes. In addition the closer the tool gets to the edge the 

more horizontal the cutting force becomes. Although the path of the 

teeth can be calculated readily from Martellotti's equations (23) the 

depth of cut taken by the final tooth cannot be calculated precisely 

unless the exact location of some tooth is known relativ e to the exit 

edge of the workpiece. In procluction such a relationship between a 

cutter tooth and the workpiece edge is e ntirely random. 
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Figure 23. Chi p separation and tear type burr in mi ll ing. 
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Burrs produced in climb milling can differ significantly from 

those produced in conventional milling. The first obvious difference 

is that the Roll-Over Burr oc cu rs on the entrance side of the cutter. 

(Figures 25 and 26) Similarly, in forming the last chip the tooth gener

ates what has previously been called the entrance Poisson Burr. With 

some thought it is also obvious that a Tear Burr still occurs on th~ top 

surface but much different tooth approach angles are involved. 

The helix angle (axial rake) on a side milling cutter will signi

ficantly affect the properties of the burrs produced. From Figure 27 

it is easy to see that the tooth corne r s on the a
1 

side of the cutte r will 

exit from the cut before those on the a
2 

side. As a r esult burrs on 

the a
1 

side tend to be shParf'd more than torn. From the geometry o n 

the a
2 

side it is e asy to see that there is more of a tendancy to roll 

the burr over. A cutte r without a helix angle exerts eq ual forces on 

both sides of a tooth. Using a zero helix tool, burrs produced by the 

right side of the cutter will be identical to those produced by the left 

side. Tools having a helix angle will produce longer and more highly 

st rain ed burrs on the trailing tooth edge than on the leading edge . 

To determine the quantitative effects of helix angle, depth of 

cut and feedrate on side milling burrs, tests were performed using 

eight machining combinat ions. The workpiece material was 303Se 

stainless steel. Table 2 indicates the combination studied. The 
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Figure 25 . Path generated by a plain milling cutter in climb milling. 
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Figure 26. Illustration of climb cut ent ran ce burr. 
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tool with 0° helix 

Figure 27. Edge angles resulting from a helix angle. 
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length of burrs at the eight locations indicated in Figure 21 was 

nle>a~urcd. ThP rc::;ulting 11h•as\Jrf'n1Pnls are prcst~nted in Apppndix 

Tab1P B5 . 

Table 2 . Sid e milling test conditions 

SEep 

No. 

2 

3 

4 

6 

7 

8 

Helix 
Angle 

(Degr ees ) 

0 

0 

0 

0 

10 

10 

10 

10 

Depth 
of c ut 
{inch) 

0. 125 

0. 1 25 

0 . 375 

0 . 3 75 

0. 375 

0 . 375 

0. 125 

0. 125 

::~ 

Feed Feedrate 
{IPR/T) (IPM) 

0. 002 3. 5 

0. 00057 l.O 

0. 002 3.5 

0. 00057 l.O 

0 . 002 3 . 5 

0 . 00057 l.O 

0. 002 3 . 5 

0.000 5 7 l.O 

':' Using 4" diam.,ter 1 /2" wide side milling cutters w ith 18 te eth 
at 98 RPM. The cutter with I 0° helix is a stagge red tooth cutter. 

An analysis of variance {ANOVA) was performed for each burr. 

The ANOVA for these burrs is presented in Appendix Tables C8-Cl4. 

The r esults ar e summariz ed in the following table. As seen in Table 

3, burr No . 1 was influence d by the helix ang l e, but not by depth of 

cut or feedrate. Burr No. 2 however was influenccen by depth of cut 

and feedrate but not helix angle, 
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Table 3. ANOVA results for sidr milling (llurr length data) 

Code Source of 
Variation 

A Helix Angle 

B Depth of cut 

c Feedrate 

AB Interaction 

AC Interaction 

BC Interaction 

ABC Interaction 

Error MS 

5. 62 

3. 05 

. 43 

Variance Ratio 
Burr Location No. 

2 3 4 5 

1 0. 6·:· 9. 2<• 

5. 62~· 2. 98 

5. 62•:• 3.62 

5. 5 * 2 . 8 3 2. 3 2 

. 91 17. 31 8. 76 9747.0 

•:• indicates significance at the . 05 level 

6 

1 o. 0'' 

06 

7 8 

5. o·:· 1 2. 1 ,, 

10. 4'.• 

4. 18* 6 . o·:· 

14.0* 

5. 0'.• 43. 3•:• 

18. 2* 

5. 9·:· 34. 0•' 

. 04 . 025 

Helix a.ngle do es affec t burr l ength. Intuitively one would have 

expected burrs No. 3 and No. 4 to exhibit trends similar to burrs No. 

and No. 2. Statistically they did not howevel'. The following graphs 

illustrate the significant trends fo r each of the burrs. Table 4 provides 

data on the r e lati ve sizes of the burrs produced. In analyzing the effect 

of heliz angle it is important to observe that a staggered tooth cutter 

was used as the 10° helix tool. Thus no burr was produced by a 

trailing edge. 
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Table 4. Typical lengths of side milling burrs 

Rurr location No. 

2 3 5 6 7 8 

Length . 0028 . 0020 . 0140 . 0073 . 0600 . 0001 . 0004 . 0002 

In reviewing the data as a whole the following items appear 

n1.o st 8 ignificant: 

A) Depth of cut did not greatly influence burr length. When 

the depth of cut approaches the cutter radius depth pro

bably would be significant. 

B) The helix angle does appear to have some impact on burr 

length. 

C) Feedrate effects appear to be fairly small. 

As shown in Table 4. the entrance burrs (No. 6, 7 and 8) are 

very small as predicted by Figure 4 for 303Se stainless steel. The 

exit Tear Burrs (No. 3 and 4) are noticeably larger than the top Tear 

Burrs (No. 1 and 2). The length of burr No. 5 is proportional to the 

depth of cut. As noted elsewhere in this report burr No . 5 is brittle 

and tends to break off easily. 

The length of burrs No. 1 and No . 2 correspond to the lengths 

predicted in Appendix A for 'lear B.urrs. Burrs No. 3 and No . 4 are 

noticeably longer than predicted. The length of burr No. 5 agrees 

with the predictions in Appendix A. Although no thickness measure 

ments were made on the burrs produced by the side milling cutters 



data is available from one of the author's earlier reports (15). In 

that report it is noted that burr thickness was largely independent of 

feedrate. Using a 25° helix cutter the following comparisons were 

made. (See Figure 28) 

Table 5. Relative burr thickness of side milling burrsa 

Burr Location 
b 

6 7 3 4 

Climb cut 0 0015 0 0001 0 0015 0 0005 

Conventional cut 0 0002 -0- 0 0025 0 0010 

b) Locations 7 and 4 correspond to the lea ding edge of the 
cutter teeth; locations 6 and 3 correspond to the trailing 
edge. 

a) From Gillespie (1 5 ). 

The hardness of the burrs reported in (15) follow the general 
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trend predicted by [ 11]. Hardness values ranged from a Brinell 372 

to Brinell 600 for an initial hardness of Brinell 276. The maximum 

theoretical hardness possible in 303Se stainless steel is in the order 

of Brinell 500. 

A typical thickness of the Roll Over Burr in the current study 

was . 002. By extrapo lating Shaw's force data (37) and assuming a 

strain hardening exponent of . 34 , a-
0 

= 205, 000, 

t = . 001, 0 = l 05°, the predicted burr thickn e ss (from [ A36)) is 

. 0066. A lthough the predicted thickness is a factor of 3 larger than 
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F igur e 28. Effects of machining conditions on side milling burr s . 
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the measured size it is still a reasonable estimation of the maximum 

possible burr thickness. If on<> were to assume that redundant work 

in bending consumed twice the ideal work then the pr<>diction would 

agree with the experimental data. As discussed in Appendix A it is 

not unreasonable to make such an assumption about redundant 

work. 

End milling, like side milling produces sev,ral bu~rs in a 

singl<> cut. In a profiling operation such as shown in Figure 29, six 

different burrs are produced. Because the cutting process is s ignifi

cantly different f rom side milling the burrs at any particular location 

will not have the same properties that a burr produced by a side mill 

have. 

Two aspects of end milling warrcnt particular comment . The 

burr produced by the bottom of the end mill (burr No . 9) will vary 

considerably with the cutter used . The geometry of end mill end's 

varies greatly from one manufactured to another. The fact that the 

entire bottom of the cutter is in physical contact with the burr increases 

the probability of high work hardening . One unique aspect of end 

milling is that when the tool is making a full diameter cut, one side 

is making a c onventional cut while the other is climb millin g . For the 

rotation and feed direction shown in Figure 29 the left side is cutting 

conventionally, while the right side is c limb cutting . Thus burr 6 in 

Figure 30 is an entrance type burr while burr 7 is an exit type burr. 



entrance 
side burr 

(6) 

topburr(l) 

bottom burr 
(9) 

Figure 29. Identification of bur~ 
lo cations in end milling. 

exit bottom 
burr (5) 

53 

end mill 

right hand cut 
right hand helix 

end mill 

exit side 
burr (3) 



J 
(6) :, (7) 

(8) 

( 6 ) 

Blind channel 

( 5 ) 
exit end 

Through s 'ot 

(J 0) 

(3) 

Figure 30. Identification of burr locations in end milling. 
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Burr No . I 0 r epresents a transitlon phase which may or may not be the 

same as burrs l and 2. Burrs I, 2, 8, 5 and 9 will illustrate a periodicy 

as a result of the tool feedrate. Figure 31 illustrates how radial depth 

of cut affects the length of the Roll Over Burr . 

Bu rrs produced by 36 machining combinations were measured 

to determine the effects of tool diameter, radial depth of cut and feed-

rat e . Table 6 indicates the ranges of each variable studied. Test 

details and measurements are presented in Appendix Tables B2- B4. 

Due to tool breakage not all combination s shown were tested . The 

workpiece material was 303Se stainless steel in the cold drawn condition. 

Table 6 . End milling cond itions studied 

Tool Radial Feedrate 
Dia Depth 

1/8 .I DIA . 000 5 

l/4 . 35 DIA . 0020 

3/8 . 60 DIA . 003 5 

l. DO DIA 

As shown in Table 7, end mill diameter and the radial depth of 

cut signific antly influenced burr lengths. Feedrate also influenced 

most burrs but its influence was smaller than th" other two variable s . 

The strong influen ce o f diameter and radial depth of cut on burr 3 is 

obvious from Figure 31 . Significant combinations of variables are 
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Figure 31. Effect of radtal deptl 1 of cut on Roll-O ver Hurr 
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plotted for each burr in Figur es 32 - 34. Representative lengths of 

lhe end milling burrs are shown in Table 8. 

Table 7. ANOVA resulls for end milling (burr length data) 

Code Source of Variance Ratio 
Variation Burr Location 

3 6 8 9 

A Diameter 59. 8* 1' 390'' 28. 2'' 4.82>1< 26. 8>.• 

B Depth 78. 6•' 4, 490'' 8. 74'' 12. 4''' 

c Feed 44. 2•:• 123•:, 12. o·; 

AB Interaction 21. 3•:, 620'' 11. o·; 
_t\C Intera ct ion 21 . 7'' 120•' 6. 35* 

BC Interaction 21. 7•:> 1 04''' 6. 68•:• 6. 78''' 

ABC Interaction 7. 75''' 68·:· 4. 27·:· 4 . 59"' 

Error MS . 091 22 35 . 00 5 . 084 . 51 

-.- indicates significance at . 05 level. 

Tabl~ 8. Typical properties of end milling burrs 

Burr location 
2 3 4 5 6 7 8 9 10 

Length . 001 . 003 . 085 . 0001 . 00 2 4 . 0002 . 060 . 0007 . 0029 . 0020 

Thickness . 0005 . 0020 

Hardnessa 332 

a Brinell hardness (original hardness of material was 3 25 ) 

. 0020 

33 2 



58 

. 0050 
Burr No. 1 

2 
u 
5 

l I 4 dia 
..c: 
'a'. 
" ~ . 0025 

... ... 
" rQ dia 

0 
0 . 25 .50 . 75 1.0 

Radia! de?th rat i o (d/D) 

. 0050 
Burr No. 1 

2 1/4 dia end mill u 
.5 

-5 
Of) . 0025 . 0020 ipr/t " ~ 
,, 
... 
" . 0033 ipr /t rQ 

0 
0 '25 . 50 '75 I. 00 

Hadial depth ratio (d/D) 

'250 
2 Burr No. 3 
u 

" l/4 dia t?nd mill 

-5 
Of) 

" ~ '125 
... ... 
" !!) 

0 
0 '2 5 . 50 .7 5 l. 00 

Radial depth ratio (d/D) 

Figure 3 2. Effects of machining condition s on end milling burrs. 
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Figure 33. Effects of machining conditions on end milling burrs. 
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Figure 34. Effects of machining cond itions on end milling burrs. 
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These burr sizes are in line with the previous explanations. 

Burrs 4, 6 and 8 are entrance bu rr s . Note however that the right side 

of burr 8 is in reality an exit burr, thus the average length is greater 

than burrs 4 and 6 . Burrs I and 2 are Poioson burrs. It is signifi

cant to note that the burr on the climb cut side is longer than the one 

on the conventional cut side. This has also previously been observed 

by the author ( 14 ). The reason for the differe nce has not been ex

plained. Burrs 3 and 7 are exit Roll Over Bur rs. Burr 9 is one of 

the larger burrs and is typically thicker than the other burrs . Burr 

l 0 is a transition between burrs l and 2 and does have properties between 

the two. 

Only a fpw n'lPasurPments of hurr thickness were made on the 

end mill samples. The results agreed with some of the author's 

earli er findings under similar conditions. The th ickness and hardness 

values shown in Table 8 are from the earlier work (16). In that study 

it was noted that the helix angle did not influence burr size but it did 

effect the hardness of burr 9. Feedrate also affected the lengths of 

burrs I and 9. 

Grinding operations 

Grinding, like all other conventional processes, produces burrs. 

Burrs are generally small, however, and easily removable. Each 

grain of abrasive in the gr inding wheel acts like the tooth of a milling 

cutter. Unlike a milling cutter, however, the grain has an effective 
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rake angle 1' of -30° (Figure 35) From the symmetry inherent in the 

grains it is apparent that the grain also effectively has a - 30° lateral 

rake angle. Thus there is a very strong tendancy to push material 

la terally. The stati stical arrangements of the grains allows some 

grains to push material toward the center of the part while the next 

grain will force material off the edge. This random movement of 

materia l cuts many burrs or potential burrs free of the workpiece. 

For this r eason a grinding b ur r will often on l y be attached to the work

piece for roughly half of its length. 

As in milling a small entrance burr is produced when the 

grindin g wheel enters the workpiece . A Roll Over Burr occurs at the 

point of wheel exit. Figur e 36 illustrates burr sizes me"-sured in a 

brief grinding test of 303Se stainless steel. A standard surface 

grinde r was used with a PA 46- HB- V40 wh e el. As shown there th., 

roll over burr (No. 3) was proportional to the depth of cut and the 

number of passes made. The entrance burr was not dependent on 

depth of cut or downfeed . Both of these agree with the theory already 

described . Burrs I and 2 are a combination of Poisson and Roll Over 

Burrs. 

The thickness of burr No. 3 is . 0005- .002 inch while burrs 

No. I and No 2 are in the order of . 0002 inch thick. Although hard

ness was not checked b y the nature of the grinding operation one can 

reasonably assume it is near the maximum ha r dness of the material 

(about BHN 500 for 303Se stainless steel). 



Particle of g rain in g rinding . 
{a) 
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nu1nbers 

2 
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Burr location and specimen placement in grinding 
{b) 

Figure 3 5. Effective rake angle and burr location in grinding. 
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Figure 36 . Effects of machining cond itions on g rinding burrs . 
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Drilling operations 

Burrs produced in drilling occur by three possible models . The 

burr on the entrance side of the hole is a Tear Burr. A chip begins 

forming as soon as the cutting lips enter the mate r ial, but the bur r is 

not initiated until the 'corners' of the drill begin cutting. As the chip 

begins moving upward at 1 he co rner of the drill it is still attached to 

the side of the hole. The drill marg in forces the chip up and tears it 

free from the workpiece. Thu3 a Tear Burr occurs on the wo r kpiece. 

In the majority of cases the bottom burr is a Roll Over type 

burr. As noted by Oxford (28) no cutting can occur at the drill point 

because there is no rotational velocity at the cente r of a rotating 

cylinder. Reranfie of th E> axial forc e, Jrill poirt acts as a punch. As 

the drill breaks throug h the bottom 01 th e workpiece it begins to push 

material out of its path.( Figure 37) As the point progresses out the 

bottom the thin flange of mate rial ahead of it begins to tear radially. 

The drill margins form the burr into a cylinder shape. Because the 

burr !cars radially rather than around the circumfp ren ce, drilling 

burrs are usually firmly-attached to the hole . 

The Poisson ::3urr can also occur on the bottom side. In this 

case the drill margin at the corners of the drill have to remove the 

last vestige of mate rial. (Figure 38) As the margin shears the 

material it forces material axially down in the same manner as a 

lathe tool forms a Poisson Burr. 
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Figure 38 . Typical burr formation in drilling. 
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Table 9 illustrates the drilling combinations studied in one 

series of tests. Through holes were produced in 1 /4" thick 303Se 

stainless steel in the cold rolled condition. A series of three holes 

was produced and inspected at each of the cond itions shown. 

Table 9. Drilling test conditions':' 

Seo. 
No. 

2 

3 

6 

7 

8 

9 

10 

Heli.x 
Ang l e 

(D egrees) 

35 

35 

35 

35 

25 

25 

25 

25 

35 

35 

D:·i!l 
Point 

(D egrees ) 

118 

I 18 

60 

60 

60 

60 

118 

118 

135 

13 5 

··· I /8 inch diameter solid carbide drill at 1200 RPM. 

Feed rate 
(IPR) 

0. 0005 

0 . 0015 

0. 0005 

0. 001 5 

0 . 0005 

0 . 0015 

0. 0005 

0. 00 15 

0 . 0005 

0. 0015 

An analysis of variance indicated that helix angle, drill point 

angle. and feedrate significantly influenced burr length on both the 

entrance and exit sides of the hole a. Figure 39 illustrates the 

aThe length measurements shown in Appendix Table B7 
represent the typical shortest burrs found around the holes . This 
is felt to b., a much more reliable variable than the maximum or 
average burr length in the case of drilling. 
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Figure 39. Effect of drilling variables on burr size. 
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significant trends. The 118° point obviously minimizes the length of 

burr produced but the 60° point appears to minimize the burr thickness. 

A high helix ang l e minimized the burr length but did not significantly 

affect burr thickness. A higher feedrate increased exit burr length 

but did nothing to burr thickness. In a preliminary test on effects of 

drill wear it was observed the initial burrs were longer and thicker 

than those produced after some wear occured. 

In analyzing the burr sizes provid ed in drilling the primary 

consideration must be thrust. Any variable which decreases thrust 

should decrease burr size. A 60° drill point does decrease the thrust 

as does reducing the feed rate. The apparent success of Haggerty's 

(17) Spiral Point Drill and the Radial Lip Drill described by Pond (2 9) 

a nd others (2) appears to be a result of lowering thrust or distributing 

it more uniformly along the cutting edge. There would appear to be a 

particular corner angle on a drill which 1ninimizes burr sizes. Initial 

drill wear appears to form the co rner to this angle . 
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GENERAL COMMENTS 

Throughout this study burr length has been used as the primary 

indicator of maching effects on burr formation and properties. In 

burr removal efforts the more significant variables are burr thickness, 

volume, and hardness. For any given burr produced in a specific 

operation the burr properties must be related. Thus through r egression 

analysis thickness, hardness and volume values can be directly related 

to burr l ength. For the majority of cases it is reasonable to assume 

that longer burrs a re also thicker than shorte r burrs. Such rul e of 

thumb statements, however, are not valid when comparing two different 

types of burrs. 

As seen from thp burr mf'asurernent data burr sizes n1ay vary 

considerably along a given cut . Becausp of this it is necessary to 

make several measurements to establish a typical size. This be-

comes exceedingly tin1e consuming whr->n measuring burr thickness 

and hardness because each burr specimen must be prepared as a 

metallurigical mo"'nt. In any burr study the use of average burr 

sizes rather than maximum sizes should be used. Wang's study (38) 

indicates that average burr sizes are 50 times more repeatable than 

maximun1 sizes. The use of average sizes does present a problem 

whpn burrs have a triangular or curved cross section. The drilling 



72 

burrs for exampl e typically demonstrated an exponential shape on 

the outer surfacE' . It was not uncommon for the burr to be threC' tirn ps 

thickpr at its basp than at somp point away from the basP. 
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CONCLUSIONS AND RECOMMENDATIONS 

Burrs produced in machining operations are formed by three 

basic mechanisms: 

I) Lateral extrusion of material 

2) Bending of the chip 

3) Tearing of the chip from the workpiece 

In the first case machining pressures exceed the yield strength 

of the workpiece material and produce localized flow at the free edges. 

The burr produced by this mode of formation has been labeled 

a Poisson Burr in this report. The Poisson Burr can form by three 

methods. In the first method the pressure on the effective cutting 

edge radius produces material bulging all around the cutting edge. 

In the second method high pressures on the flank surface of the tool 

produce lateral flow. In the third method the initial indentation of 

the cutting edge into the workpiece causes material to flow in the 

direction opposite tool motion. Burrs produced by this latter method 

are identified as E.1trance Burrs in this report. 

In the second mechanism of burr formation less energy is 

required to bend material ahead of the tool than to shear it. As a 

rf'sult the mate rial rolls over out of the path of the tool. This type 

of burr is tabled a Roll-Over Burr in this report. 
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The third mechanism occurs when the sides of a chip are 

torn free of the workpiece. The raised material left on the workpiece 

at this tear is identified as a Tear Burr in this report. 

ThP various means by which each of the burr formation 

mpchanisms occur have been defined for milling, drilling , turning, 

and grinding operations. The effects of tool geometry, feedrate, and 

dPpths of cut has been analyzed for eath of these machining operations. 

Because of the large number of variables studied it is not appropriate 

to summarize the machining observations here . In end milling alone 

for example 90 entries would be required to summarize machining 

pffpcts. Tool wear effects have been analyzed quantatively. With 

the ('Xception of drilling, toolwear increases burr thickness and 

length. Initial wear in drilling appears to reduce burr size; subsequent 

wear witl incrcasC' burr size. 

Analytical techniques for predicting burr properties have been 

developed. The se techniques appear to match experimental findings 

closely. 

On the basis of this study there is no way machining burrs can 

bp prevented. 13y appropriate selection of machining variables and 

setup burrs c an be kept small. H is also significant that in a single 

cut l 0 differ e n t burrs can result. This large variation in burr sizes 

must incvilabty affect precision deburring efforts. 

Se ve ral areas requiring furthPr investigation are apparent 

from this study. In recommending such studies the most significant 
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would be an analysis of the burr formation produced by the flank of 

the cutting tool. An empirical verification on o ther materials is 

needed for the models proposed in this study. The effects of tool 

wear and cutting velocity also merit analysis . 

Ultimately th e results of this and lhe recommended studies 

must be analyzed from the standpoint of economic trade offs in burr 

removal. The study of optimum machining cond ition s as a function 

of burr removal and machining costs has to b<> worthy of considerable 

future study. 
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Derivation of Burr Formulas 

Derivation of Roll-Over Burr Equations 

The properties of the Roll-Over Burr can be readily calculated 

using the concept of the Plastic Hinge. Using the principle of least 

work we postulate that for this plastic process, the material ahead 

of the cutte r will respond to the deformation path requiring the least 

work. For the conditions shown in Figure Al the deformation modes 

of the chip in the vicinity of the shear zone are bending and shea ring. 

To find the point at which b .. nding will occur we equate the work 

required to bend a beam to the work requir .. d to shear the material. 

The work required to continue the cutting action through the 

distance 2h is, 

w 
c 

w(' is the work done in cutting 

F is the principal cu tting force 
c 

(Al) 

The first term in f AI J is the work required up to the point 

where the shear zone intersects the vertical surface of the workpiece 

(point a in Figure A 2). The second term in ( Al J is the result of a 

decreasing shear zone length as the tool moves from g to a'. From 

the g .. ometry in Figure A2, 



where' 

thus 

t 
6=-

tan ¢ 
s 

t = depth of cut 

cj> = shear angle 
s 

w 
c r 

t , 
F Zh---

c l 2 tan ¢J 
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[ A2) 

[A3] 

The work required to bend the chip as shown i n Figure A l is 

W B =1MB dO [A4) 

M B is the bending moment 

()is the angle through which MB acts 

(0 = rr/ 2 + I) 

I' is lh<> tool rake angle 

Following the beam theory developed in elementary stn•ngth 

of rualerials assuJnC' that in a beam of uniform cross SC'ction when bC'nt 

by a moment MB, cross sections remain plane. Because of bending 

the longitudinal elempnts M'P' (Figure A3) l<>ngthen while those on the 

other side of the neutral axis 00' contract. The strain at any point 

then ts gtvcn b)' 

YIP [AS] 
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Figure A l. Chip Deformation Modes. 
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Figure A2. Cuttin g action near edge. 
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Figur e A3. Beam in bending. 
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Where Y is the distance from the neutral axis and Pis the 

radius of curvatur e produced by the moment M 
8

.It is significant to 

note here that (A 5] is valid for plastic deformation as well as for 

e lasti c bend ing. 

For a perfectly plastic material such as shown in Figure A4 

bending beyond the e lasti c limit produces plastic s tresses in the 

outer fibers. When the beam is bent such that a fully plastic st r ess 

d istribution is produced (Figure A4c) i t will continue to bend with no 

additiona l applied force. Thus Figur e A4c represents a plastic hinge 

condition . The moment which produces thi s hing e is expressed by 

( A6] 

where cr represents the stress at the elastic limit, i.e . the plastic 
(' 

stress. 

Since for a pe rfectly plastic material MB is independent of 8 

( A 7] 

To det.,rmine the value of h at which bending can occur the two 

expressions for work are equated . Thus, 

Fe [zh- t 'j 
2 tan <j>s 

bh
2
u e 

e 

Applying the quadratic formula to ( AB] yields, 

(AB] 
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Distribution Distribution 
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Figure A4. Perfectly plastic behavior, 
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ZDO'eet') 
tan cps here 

e 
r A9J 

Thus, given the cutting force Fe, the plastic stress of the workpiece, 

the rake angle of the tool, and the shear angle cp, one can estimate the 

thickness ( 2h) of the Roll-Over Burr . The value of burr thickness 

obtained from [A 9] will always be an upper limit to burr size because 

the expression for work in bending neglects the redundant work which 

occurs in any severe plastic process. Form and Beglinger (l 0) indicate 

that 80o/o of the work performed in cutting is redundant work. If a simi-

lar efficiency occurs in bending [A 9] will over predict burr size by a 

factor of 5. 

The length of the Roll-Over Burr is approximately equal to the 

length of cut provided a discontinuous chip is not produced. Because 

a perfectly plastic material does not strain harden , the hardness of 

the burr will be the same as for the parent material. 

While the analysis for perfectly plastic materials illustrates the 

concept of the Roll-Over Burr and the plastic hinge, most materials 

are actually strain hardening. The majority of these materials can 

be represented by the equation, 

Where cr is the stress at a true strain of l . 0 and n is the 
0 
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strain hardening exponent. 

As noted earlier 

c = Y /P Yk fAll] 

where 

k = 1 /P (Al2J 

The force on half the cross section of a uniform beam in 

bending is 

then 

'The total moment about the neutral axi s i s 

MB = 2lcrbydy 

h 

1 nn+l 
2 

0 

cr
0 

bk y dy 

2cr bhn1 Zkn 
0 

n+2 

Since at y = h E ="max by [All] 

E hk 
max 

Zcr bh
2 

0 

>~-+2 

( Al3J 

(Al4] 

f AlS) 

( Al6] 

( Al?j 

(Al8] 
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A prior however, we do not know either E or k. From 
max 

our parlier expression for perfectly plastic materials we could assume 

cr (E )n 
o max 

> cr 
n+ 2 y 

[ Al9] 

Where cr is the yield stress (plastic stress for a perfectly 
y 

plastic material). As an upper limit we not e that Emax :::_ <fracture· 

Thus 

where Ef =true strain at fracture 

Dividtng through by 2bh 
2 

cr < y-
MB < ----

[ A20] 

[ A21] 

Table AI, lists some representative strain hardening values. 

Table AI. Strain hardening 
a 

data 

Material Condi- cr n c cr (<: )n 
0 f 

CT 0 f 
tion y 

(PSI) n+ 
303 s. s. Annealed 20.5. 000 . 51 l. 16 35,000 82,000 
202 s. s. I 900°1 hr 195,000 . 3 I. 00 55,000 85,000 
17-4phSS 1100° 260, 000 . 01 . 65 1 60, 000 130,000 
1 7-4 phSS ')00° 3 20, 000 . 218 . 5 !60,000 100,000 
1018 90,000 . 25 I. 05 40,000 40,000 

aThe data in this table was compiled from seve ral sources. These 
sources include Datsko(7), Kalpakj ian( l9), Mulkey(25), and Merchant(24). 
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To find c in terms of known quantities th<' work done in 
rnax 

hrnding i s found by inl<•grating f AlB) . Then an exprpssion is dprived 

for t h<' average bending moment a nd the work done by this moment is 

0quatc>d to lhc previous work expr('ssion. c is thereby expressible 
max 

as a function of 8. 

The work expended in bending is 

W = (volume of plastic hinge} C"d E" [ A22) 

r A z3J 

From[A ll) and[Al?) 

( 
c max ) c = --h- y [ A24j 

[ A25) 

thus 

c (Vol}<T E l+n f o max n . _ 
dy = ------ Y dy [ AL.c 

hn+l ' 

max 
h 

.,. ) ( C ) I tn n+J 
= ( ~~l o _ !~ax h [ A27J 

Assuming a volume of 2h x 2h x b 

w 

z 
-! b h .,. c ntl 

o( max} 
[A28j 

n+l 



JM d c• 
_ B max 

fd E 
0

max 

" 2 IC' )n 
M = 2 o bh max 

B (n+2) (n+l) 

d " ' rnax 

92 

[ A29] 

r A3oJ 

r A31J 

Assuming that the actual strain is somewhere close to the 

strain at fracture (~ 1 ), M
8 

becomC's, 

M = 
B 

2cro b h 2<nf 

(n+2) (n+l) 
[ A32) 

Since n is positiv<> we note that the average moment falls within 

the bounds required by [ A21). Furthermore experience indicates that 

the assumption concerning strain at fracture is realistic (many burrs 

break off when touched) . 

From [A28] and [ A4] 

2 cr c ntl 
-+ bh o ( max) 

n + l 

cr 2 l. n 
2 o bh r e 

(n+ Z)(n+l) 
(A33) 



thus 

c 
rnax 

w 

n 

[ E~+~ J 
L /n+l 

using f A3] and the quadratic formula 

2h [ 2Fc+ 4 
F 2 _ Bb o f t 0 (f c ] ( 

c (n+L)tan~>Jn+2) 
(n+l )(n+ ~ ] 
4b (f 9 " 

0 f 
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r A34J 

[ A35] 

r A36J 

Equation f A36j is the expression for Roll - Over Burr thickness 

in a stra in hardening matC'rial. 

The cutting force Fe in urthoginal turning can be expressed b/ 

Where 

<rs shpar strength of the workpiece 

1 rake angl<> of tool 

T friction angle = tan -l), 

depth of cu t 

b width of cut 

C material machining constant 

), coefficient of fricti on 

<j>s = shear angle 
C- T + Y 

2 

I A37] 

1several authors including l'(ronenberg(20) and Zo r ev(4 l) present 
n1ort:> accurate expressions for F , but the expression given is considerab~ , 
easier to visualize and is within c 20o/o of the more precise formulas . 
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To illustrate th<' impact of the machining parameters of tlw size 

of th,, bu rr [ A9] will b<> used. At most 

zh = 
4 F 

c 
b.,. e 

p 

4 t:r 
s 

crO 
e 

(fun ct i on of angles) f A38J 

Thus an increasing depth of c ut t should increas e th e burr thick-

n<'SS. Decreasing the rake angle should in crease the burr thi ckness 

sine,, 0 ~ 90° + rak t> anglP. Materia l s w1th high shear strengths should 

also hav<' thicker burrs than materials w ith low shear strengths . Sin ce 

Fe in c r e as es as a tool dulls, burrs should get thicker as the tool wears. 

Each of these effec t s have in fact b<>en qualitatively observed in 

production. 

Two add i tional aspects of ( A37] and f A 38] ar e noteworthy . 

For one dimensional stresses in a perfectly plastic material von Mises 

yi ,,Jd condit ion predicts <T ~ '/l ;3' <T • Thus from f A38] the r atio 
s e 

o /rr is a constant. For strain hardening mate-ria ls however . the 
s (' 

ratio is a function of the strain in the material. The function of angh·s 

indicat"d in f A37] and/ A38 ] arc a function of the cutting conditions. 

The magni tud e o[ this [unction <'an vary greatly between diffen•nl 

nlal'hininp. cnnditions. The function is therefore a very significant 

p<u-1 or th(' PC]Uiltion. The valu('S for c and T can be obtained from 

sourr('s such as Kronenberg (20) and Merchant {24) or can be eas ily 

d€'1ermincd from measurements of c hip thickness. 
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Th~ hardn0ss of a .strain ha r dc-ning n1atC'rial is a fnnction of 

lhC' strain in thC' malprial. From [A34J on" observes that the st r ain 

in tht· outf?r fibers (l: ) is, 

max 

max 

n/ntl 
c 

f 
e 

( nt2) 

1 / n+l 

[ A39j 

Table A 2 lists somp r<'presentative values of <'max · As 

indicated there th<> strain in th€ outer fibers apprcaches thC' strain 

Tabl" A2. Strain in bending . 

Material n Ef 0 (" 

max 

303 s,, st. st. • <;[ 1. 16 90° l. 1? 

(ann,.alcd ) 

. 51 1. 16 ll ?
0 

l. 34 

17--lph st . st. . 218 .5 115° 0. 81 
(1!-900) 

l 018 . 25 1. 05 115° 1. 02 

202 s. s. . 3 l. 00 115° 0. 9 
(1900°1 hr) 

required to fradure a tensile specimen. In the case of l7-4ph s t. st. 

Th<' burr would fracture before it was bent out of the path of the cutter . 

Similar results would b., noticed for any non-strain hardening material. 

As noted by Kalpakjian (19) the Meyer Hardness Number (MIIN) 

can be expressed by 

MHN 2. 8 cr 
y 

r 40] 



whprc· <r is the yidd strength of th<' mat,. rial. From [ Al OJ this 
y 

reduces to 

MHN r A41J 
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In the annealed condition the Brinell Hardness NwnbPr of 303Se 

stainlpss steel is BHN 160
1

. At maximum strain it is BHN 475. An 

avpragp hardness across thp burr would therefore be 

fl [A42j 

H 1/2(1601475) BIIN 317 

And for cold drawn n1att--.rial the initial n1aterial hardness would 

lw lllfN 228 which gives an averagc· burr hardn .. ss of f\I!N 351. Prc·vious 

sludirs by the author (12) found that measured hardncssps or the· btnrs 

WPrC' BlfN 388 for a parpnl material hardnpss of BHN 22 "/. rhus J A42J 

do,.s predirt the burr hardness vpry accurately. 

AR indicatPd earlier the 1c>ngth of thp Roll-Over Burr is a func-

lion of the machining procPss. In rnd milling it will be pqual to thp 

radial depth of cut provided thP radial depth to diamptcr ratio is lc•ss 

than 2/3. For ratios larger than this the burr length will be approxi-

mat,.ly 2./3 or lh<· cuttpr diameter. In sidp milling the burr length 

will bC' <'qual to radial dPpth of cut. 

I 
SPc· for exampk rpfprence (36). Brinell Hardness V~lues arc 

uspd ht•r<' rather than MPy<>r Hardness Numbers sincp most of the pub
lishNl material properties USP the man• familiar BHN. Equations 
r A-tl] tllustrates the basic conc<-pt that hardnpss is directly related to 

strain. Equation [ A42] utilizes published values which are readily available. 
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Derivation of thP Poisson Burr Equations 

As indicated earlier in this study the Poisson Burr is fo r med 

at 1·ight ang l es to the applied force. In simple compr ession, bu l ging 

occurs at the sides of SpPcimen as a result of Poisson 's ratio . In 

plastic dC'forn1ation, to n1ainta!n cor.stant vvlurne, material continues 

to push further out the sides of the specimen and will not retract when 

the applird fore<> is re l eased. In metal cutting the applied force is 

distributed by a quasi-knife edg<> and the bul ge is continuous l y formed 

ami shpared as the tool advanccs into the workpiece. (Figur e A5) This 

St'Vcrc•d hulgc is the burr cornrnon to ntost milling and turning op0rations. 

Consider the force and stress distribution at the cutting edge of 

a tool. Although raxor sharp to the naked eye, a small radius actually 

<·xists on this edge. In addition as pointed out by Form (I 0) and others 

a small buildup of material occurs at this Pdge producing a larger 

rffpctivr cutting ed!:(c radius. (Figure A6) At the cutting edge (or at 

thr effective radius) then a nearly rad i al stress distribution pxists . 

Assuming the stress distribution is radial when we instantaneously 

frrP7. p the cutting process a cylinder of material centered at the cutting 

edgf' radius is sufficient to define the stress system. Actu ally as shown 

in Figure A 7 only a semi-cylinder exists around the cutting tool. Thp 
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burrs and bulging 

Figure A5. Burrs and bulging in chip formation. 
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workpiece 

c hip 

~effective cutting 

v.o. 
1 ndius 

Figur<' A6. Cutting tool action. 

Figu r l? /\7. Assumed stress distribution at effective cutting radius. 
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chip and the workpiece, how0ver, provide a ten sile restraint similar 

to that produced by one-half of a pressurized cylinder on the other half. 

Effectively then our stress model is that of a pressurized cylinder as 

shown in l: igure A8. 

Considerati on of the force equilibrium required on a small 

e l emen t of the cylinder (Figure A9) r esulto in the following equations. 1 

chr 
r 

Tr + r 

a (J'rz l 
--+ -

ar r 

a(J' a(J' 
-~ + __ z_+ 

ae a z 

u -u 
r 0 

(J 

rz 
r 

r 
0 

0 

8 "ro l --+-a r r 

a (J' a (J' Zo· 
__ 0_+~+~=0 
a 0 8z r 

by definition 

ilu u av 
' r c + -;-ao. ( z 

(l r e r 

ilu ov v 8u 
+ c r 0 = + Br- - , lrz a z rDO r 

C;o0 
Dv 

--o;:- + 
aw 
rao 

( A43] 

( A44] 

[ A45 ) 

Ow 
h [ A46] 

8w 
Dr [ A47] 

(A48] 

Tlw terms u, v, and win the above equations indicate displace -

ments in the radial, tangential, and longitudinal directions. We s ha ll 

1
Rody forces a r e assumed to be zero. 
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Figure AS. Geometry of equivalent pressurized cylinder . 
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l·'igllr<' q Stat~ of stress on an infinitc•simal f'lem,.nt. 
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assume srnall strains occur. recognizing that if large strains occur 

coordinatf's of the strain<'d systf'm should bf' employed, rathpr than 

uns1 rai nC'd coordinate's. 

We note that the geometry involv ed r equi r es that "z and "r 

must b,, independent of 8. Since we are conce rned in finding plastic 

deformations and not stresses we will assume that a condition of plane 

stress f'xists such that o- = 0. Similarly all shear forces are assumed 
z 

negligible and the re1naining principle stresses are assumed independent 

of z . The resulting equations becomp 

ocr 
- o· + r r 

0 [A49] (f 

or r 0 

ou r AsoJ 
r Dr 

u r A 511 ( 

0 r 

const 
z 

r AszJ 

In the addition t·o the prpvious equations in plastic deformation 

the total volume of material must r('main constant. Thus 

E + E + C 
r e z 

0. I A53] 

Using von Mises Distortion Ener gy Crite ria to d efine the condi-

tions for 1naterial flow g i ves 
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J /2 

r-!_(<r -rr )2] =<r 
2 r e a "yield 

(A 54) 

or2 2 2 2 
- <r <r + <r = <r =<r 

"r e r 0 a yield 
I A 55] 

WI is th e yield strength of a perfectly plastic material. 
1 

lere "yield 

The following solution is taken directly from Nadai's work (55) . For 

further details of the solution the reader is referred to that reference. 

Equation (A55] is lhe equation of an ellipse of whose path defines 

radial a':d tangential strpss combinations which provide plastic flow. 

(Figure Al 0) The major and minor semi axis areVz a
a 

By defining two new stresses rr and rr' such that 

rr' = :;.;. "r = ~ ; rr
0 

cos q,, 

and ...rzi31 rr . 
a 

r A56J 

Where cj> is defin<>d as shown in FigurP Al 0, we obtain nf'W 

expressions for (Jr and ere: 

<r 
r 

a--u-• 
2rr 

a 
sin (cj> - : ). 

2rr 
cr + a-• a lT 

<re = VZ = -.{3 sin (<t> + 6). (A 57] 

1 
The approach at this point is to assume that the strain hardening 

of a material can be effectively defined by some effective perfectly plastic 
yield strength. Ford (9) presents a nWTierical technique which could be 
used to obtain more accurate r esults for strain hardening materials. The 
use of this method howPver is beyond the scope of this study. In addition 
the numerical methods tend to obocure the actual phenomena which occurs . 
flrigeman(4) and Nadai (26) also discuss strain hardening effects. 
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By substituting [A 57 ] into f A49 J th<' follow in g is obtain<·d 

a 
ra; sin(q,-rr/6) cos<J, (A 58] 

Integratin g [A 58] gives 

[A 59] 
r 

Wh.,re c
1 

is a cons tant of integration. 

Refe rring to Figu r e All, we note that a plastic zone exists 

between the points a ~ r ~ c while for r :::_ c an elastic state exist s . 

The s t resses in the e la st ic r eg ion are given by 

0" ::::. - o-
0 r 

<T 2 
a c --z 

-y'3 r 

The elastic radi a l dis placement is g iv en b y 

u = c r 
r 

[ A60] 

f A61] 

Since the elastic plastic inte rfac e must be compat ible, by 

f A60] for r =c [ _1\5 9] becomes 

[ A62] 

F rom Figu r e A IO however, q,c= 0 where subscript c implies the 

va lu e of r =c . Thus from [ A62] c
1 

= c . At r=a,[ A62] becomes 
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F igur e Al 0. Ellipse of plasticity. 

Effective cutting tool 
Plastic deformation 

\ -Elastic defo ·Imation 

(f 

r 

Figur e A ll. De formation of workpi e ce. 
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2 2-R q, 
a e a co~ cpa 

TI1U" q,a is determined by the ratio c/a. Since at r=a 

and <)> = 4·a· by [A 57] 

p,-
2 (f 

a 
sin (rr/6- q, a) 
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I A63) 

cr= -p 
r 

[ A64) 

A"suming now t ha t in the plastic region the following relation &h ip s 

appl y. 

r 

clu 
d r 

note that lf is an unknown flow function. 

The quantit y E r- 'e can be expr ess"d as 

f - c ~ r 
r 0 

substi tuting [ A65J and f A66] into [ A67] gives 

d 
r -- U} ( 2 cr - El ) = 3(1j(cr - cr ) 

dr T e r T r e 

using I A 57], [ Ao8] becomes 

r A65J 

f A66) 

I A 67 ) 

f A68] 

r :r y;[2
sin(q, +rr/6) - sin (cj> -rr/6 )] = 31f[(sin(q, - rr/6)- sin~+ rr/6 ] f A69] 

making the required trigametic substitutions and using the fact that 



() 

dr 
() ~ 

oq, dr 

in conjunc tion- with [A 59], [ A69] reduces to 

where 

thus 

and 

tp = cos [q,- rr/6] 

then 

€ =- C er 
r o o 

-~ e cos[q,+(rr/6 )] 
cos r q, - (rr/6)] 

--1{3,-, 
€· = C er e "' e o o 

lOS 

[ A70] 

[A7l] 

fA72] 

[A 73] 

[A 74] 

r A 75J 

Since [A 75] must also be valid at the plastic- elastic interface 

equating [ A75) to[ A6l] and noting that at r=c, err= - er
8

, C 
0 

is found as 

c = _!_:!:11 
0 vr E 

r A 76J 



From [A59] and [A63J 

2 
r 

-"'{'fl(q,a -q,) 
e cos~ 

cos q, 2 
a 

since 

_...[31,., 
u=E"r=Co-re 't' 

8 o a 

then at r =a 

-V3'q, 
u = C a- a e a 

a o a 

as noted before P at this point i s 

since 

2 <T 

P = --asin(rr/ 6 - q, ) -..{3' a 

E + E+<'=O 
r 8 z 

€ =-E - € 
z r 8 

c <T - -..{J'q, 
o a e [ cos (<J>+rr/6 )] 

c os [ q, -rr/6] 
C a- e 

o a 

_-,pq, 

c <T 
o a e 

-V3cp [cos(p+rr/6)-cos (p-rr/6 )] 
co s (cp - rr/6) 

l 09 

[A 77] 

(A 78] 

r A 79J 

( A80] 

( A8l J 

[A82] 
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From [A 79) 

€ = _2_ (-~+ -rr/6)- cos (p - -rr/6) ) 
z a cos (<!> - -rr/6 ) 

noti n g sin<j> sinrr/6= . 5 (cos [ q,-rr/6) - c o s(<!> +rr/6]) 

and cos(<!> -rr/6) =cos<!> cos rr /6 +s i n<!> s in -rr/6 

..3_ (- sin p sin rr/6 
c z 2a cos<!> cos rr/6 +sin<!> sin rr/6 

u t . ~ - .5stnp 

Za Vf cos q, + 
2 

Define Doh = hE 
z 

I . J Z Stn cp 

r A83J 

[ A84) 

C.h is plotted as C. function of angle<!> and F/rr
0 

in Figure Al2. 

The quantity Doh is the burr height (or leng t h ). The d imension c represents 

the burr width . 

From (A65) 

c = [ 
2 - "f3q, 11/2 

a e a cos cj> a 

-1 1' /}Pl rr -b = - sin ~ +-
a z.,. 6 

a 
r AssJ 

Doh= 
<T _-{3 q, [ . 

h ( 1 tv) a e a __ 1_ . .::s.:,mo.,..:Ip'----
....;3 E 2 f\13 cos <!> + 
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Two significant factors result from this analysis: 

l. The p r oblem is entirely specified for any material given the 

cutting edge radius a and the cutting edge pressure P . 

2. Feedrates and cutting speeds do not appear in any of the 

equations. 

For normal machining conditions it is not unr easonabl e to assume 

that strain rate effects are constant. Thus the effect of speed would be 

small. fu analysis p r esented can only apply when the depth of cut (or 

feedrate in the case of turning) is sufficiently large such that radial 

flow prese nts rrnre r esistance than ax ial flow . On very shallow cuts it 

is easy to visualize that resistance on the cutting shear plane is lower 

than that required to push material along the axis of the c utting edgE> 

radius . Under the specified conditions then neither fe ed rate nor spindle 

speed shou ld influence burr properties. Essentially thi s implies that 

for a given material the ratio P/<ra is a constant. Thus the burr pro

perties are a function of the cutting edge radius a n d the workpiece 

material properties. 

Zo rev's work (41) adds an interesting sidelight to the value of 

cutting pressure P at the cutting edge . Using cutt ing edge radii varying 

from 'zero ' to 0. 040 inch he not ed a decrease in cutting forces with 

larger radii. A logi ca l but e rron eous as sumption that could eas ily 

occur here is that bur r size should also dec rease if the forces decreases 

As indicated in the present a nalysis burr thickness w should increase 

i n proportion to the c utti ng radiu s . As indicated by Zorev although 
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cutting forces decreased the cutting pressure remained constant or 

increased slightly. 

When the depth of cut is small the only way a Poisson Burr can 

form is for the flank surface to squeeze material along the axis of the 

cutti ng edge . Figure Al3 illustrates this effect . Although this 'ironing' 

action of the flank surface was observed to be the cause of Poisson 

Burrs at freerates of . 002 to . 004 i pr an analytical analysis of this 

df'formation me de was not made, since it was not observed until thC' 

end of the study. The material flows vertical out of the plane of the 

papE'r rather than backwards because the material behind the tool is 

highly wrk hardened and offers more resistance to flow than does the 

material in the vertical dirc>ction. 

The values of <j> in equations fA 56] through ( A85] depend upon 

the state of stress within the body. In Figure AI 0, a value of <j> = 30° 

rE'presents the case of no radial stress. At <j> =- 30° only radial stress 

exists at a point. By the definition of the problem the stress at th~ 

inner radius a is not all radial since plastic yielding has occured . As 

a result <j> =-iJ0°. Within the elastic zone the tangential and radial 

stresses must be equal thus at the interface (r=c) <j> = 0°. Thus any 

point in the p lastic zone will be associated with an angle <j> between 0° 

and -60° . Nadai (26) presents graphs of the principal stresses which 

are convenient for finding the actual stress distribution within the 

plastic zone . 
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High pressures on flank surface 

workpiece 

tool nose path 

Elastic and thermal expansion 
(a) 

Plastic deformation of tool 
(b) 

ex pans ion of 

Built up e dge generates high pressur es 

Built up edge rubs workpiece 
(c) 

Pressure on the flank surface pushes material vertically 
out of the plane shown. 

Figure A 13. Sources of flank pres sure. 
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Analysis of the Entrance Burr 

The Po is son Burr described on the previous pages occurs after 

the tool begins cutting. Another related burr occurs at the point at 

which t)l·e tool first contacts the workpiece. To analyze this entrance 

burr it is convenient to consider first the indentat i on of a wedge into a 

workpiece. As shown in Figure A14 a lip of metal is pushed up at the 

sides of the wedge when it enters the material. By geometry, the 

volume of the material in the two lips must equal the volume of that 

portion of the wedge which is in the workpiece. For a perfectly plastic 

material the height of these lips and the dimension band angle f3 are 

giv<>n by: 

h~ tsin(/3-a.) 
cosf3-sin(f3-a) 

l ,- -1 a. l 
f3 = 2 a. + cos tan (rr/4- zlJ 

l 

b=tsin(f3-a.) 
sin f3 + cos (!3 - a.) 
cos f3- sin (f3- A) 

[ A86J 

r A87J 

[ ABB] 

As Dugdale (8) and Shaw and De Salvo (32) point out however 

strain hardening materials will exhibit smaller disp lacements than 

indicated by [ A86]. The effect of strain hardening on the size of the 

lip is best illustrated by work performed on sphe r ical indenters. 

O'Neill's (27) Foss's (11), and Tabor (35) work indicate that the piling 

up effect shown in Figure Al4 only occurs in nonstrain hardening 

materials. Materials which strain harden exhibit a depression 

An extensive treatment of wedge indentation is given by Prager 
and Hodge (30). 
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F 

E t 

Figure Al4. Displacements produced by lubricated wedge in perfectly 
plastic material. 



I I , 

ralh<"r th<ln a rais~d lip. (Figun• Al'i) The mat<erial which i~ displ,tced 

forn1s a ~mall nJounci at som~ distance away from th e tool-workpicc~· 

int(•rfat·C' . 

As shown in the follo wing tab l e from O'Neill's text (27) a 

Me)Tf'l' pxpo nen1 of 2. 34 appea r s to be the· dividing line between tlw 

t("n dancy to pilC'-up or to sink-i n. M_eyer's e-xponent n' is rc>latc,cl. to 

thr strain hardC'ning l'xpon0nt by, 

n n'- 2. 0 

Thus a rnatcrial wi l h a stra in hardening exponent of. 34 should 

form little or no burr. Mprchanl' s data (24) indicate that 303S s t ainlc"·: 

"t"d has <t M<'yer flardness Exponent of 2. 37 in th<:> hot rollc·d condit ion. 

011{' would thf>rrfore predict that littlf:' burr would r;.J rm ;tt the t·d gp of 

/",d.,\,. i\3 . Ridge effect and Mcypr n 1 valuP . 

Mat<> rial 

Mi\G'\IESIUM, cast 
J\ LUMINTUM, rolled ilnd ann pa l ed 

cold- harnm<>red 90% r eduction 
COPPER. cast . . . . . . . . 

rolled and anneal<>d at 900°C. 
rolled and annealed at 600°C . 

cold- hamm<-r<>d 20% reduction 
cold-hammered 7 ~ reduction 

BHASS. 62- 5 Cu, 2-6 Pb 

cold-worked 
STEEL 

Mild stee l. annealed 

Manganes.- steel. d/D = 0-6 

Percentage 
s inking in(-) 

or piling-up(+) 

-22 
- 4 
+30 
-27 
-23 

- 8 
+28 
+28 

0 
+ 6. 5 

+10 

+ 2 

n' 

2. ~~ 2 
2. )2 

2 . 58 
2. so 
2. 34 
2. Ol 
1. 96 

2. 22 
2. 30 



w 

r B\ ~ 1 D 
~ 

(a) 

I I R 

w 

(a) For highly worked metals. (i.e., non strain hardenablC') 
thp flow of metal around the indenter produces 'piling-up', (b) for 
annpaled metals the displacement of metal occurs at regions at a 
small distance from the indentf:"r so that •sinking-in• occurs. 

Figur~ Al5. Material displacement using spherical indcntPrs . 
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indpnfation for this material. Similarly since 1014 and 52100 steels 

in the cold drawn condition have n' values of only 2. 16, one would 

expect a noticeabl e burr at th<' indE'nlalion E'dge. 

As discussed ea r lier the culling Pdge of a tool can be treated as 

a long cylinder. The indentation of cylinders info flat workpierc>s for 

accurate preductions of burr formation at the entrance of a cut an 

analytical treatment is needed. Intuitively it appears that the piling

up lendancy of a cylinder would li<' sompwhere between that of an 

infinil<' WE'dge and that of a spher<'. Until such analysis ar<' made onp 

is obliged to use the strain hardening pxponcnt (or Meyer Hardn<'So 

Exponent) as an indicator . 
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Derivation of T<>ar Rurr Equations 

The Tear Type Bur r dops not lend itse lf to ready analys i s . 

As shown in Figur es 1 O(b) and 13(a) it is primarily the result of a 

tensile or shear failure at a yield hinge in the majority of machining 

ruts the ch;p unde~got'S shear <1n the shear in front of the tool. fhis 

results in a chip which is thickpr than the depth of cut. /\s a rpsult 

slip on the shpar planp is occuring at or ncar the san1e tin1.e that !h(• 

tear burr is forming. 

For a conceptualnlod(') howev<'r 011e can assume lhat the-< hjr 

is a solid rectangular bPam held between two rigid clamps. (Figure 

A If,) LC>t the beam depth be h and the lwam thi< knes s be u. At t "'"' 

t
0 

an impulsive l oad is applied to th<· hpam. Tlw velocity of the impuls" 

load is V 
0

. Sin< e thP chip will be sheared off the impulsp fon·e is 

equat,·d to the force required to slwar the beam 

wh(>l"(' 

Q [J' bh 
p s 

Qt 
p 

mY 
0 

Qp is the pl<tsti< shearing for<<' (<tn impulsp force) 

M is the cffpctivr mass of the cutter tooth 

Y
0 

is the tooth V<>lodty 

!MOl 

I A91] 



I 21 

Ford p('rf1'l llv plasti< rna!(·rial tiH· pl<tsti< hf"nding strt•:-;!-; will hl' 

M 
p 

u· 
p 

I A <121 

At this point suppose shear flow occurs when the shear Ioree 

reachps Q in Jnagnitude and that this occurs independent o( th" bending 
p 

1 
momt'nl. After manipulation Symond (34) shows that th0 quantitv 

Q L/ZMp is 
p 

z 0'" L 
s 

(f h 
p 

I A93j 

The quantity 
2cr 

s 
is" cons tant for any perfcd l y plaHtic 

rr 
p 

rnatc-ria1. Using the von Mis0s rrit0ria o-
5

- 1/2 op . 

Q L 
___E___ 

2M 
p 

L 
h 

Thus 

For a 1/4" wide sid<' cut and a, OOZ thitk chip f A94] would 

be 60. For a close to l. 0 which corrpsponds to a fully loaded b<>alll 

tlw ratio of shearing Pn<>rgy to total initial 0n0rgy is in the ord<"r of 

. OS. (Figure Al5) This essentially implies that the majority of 

work performed in removing this chip, is spent in bending. The 

energy r.,quired to shear this chip is 

1 
The reader is refprred to Symond ' s paper for an in dcpth 

discussion of thP reason for this assumption . Essentially lhe r·ational(' 
is based on independent hinges which however c-an be relat<>d through 
expressions for in1pact time . 
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Beam (chip) 

h Q _ ___ -- -·- - ._... X 

T -Tl 
~ 

F igur e A l 6 . Idealizc•d model of chip . 

B 

F igure 17 . Free body diagram at po in t B . 
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E 2.] (h) - 2 0 
p 

2. 
bh 

1 24 

g'i bl1 2) The plastic bf'nding :->tn·~s IIH•n consun1cs -
5
- (2 o

5 
or 

[A96] 

Essentially th<'n this simplifiC>d analysis indicates that tht· tear 

burr can b<' considered silnilar to the Roll-Over Burr. For shal luw 

oppths of cut the burr rolls ovpr onto th<> top surface . (Figurf' A l 9) 

Ill'aYi<•r depths of cut rlt•( n·aS(' thP L/h ratio which increases the 

p(•I"Ct'ntage of work cxpend~d in shpari11g. Thus the burr forn1ation 

mucks should change with c!C'cpcr tkpths of cut. For shallow cuto thi• 

analy:·d~ i1nplips that burr thickn<·::>~ t.;hould b~,.· close to the )pplh oft \lt h. 

rh,• length of burr is not dC>tprminPd by th<> mrthod uspd hf'r<'. b11t by 

lh" nature of thE' modt•l and physi, al rC'ality it should be in lhC> ordf'r 

of the depth of cut. Bun· hardncos should be vxpressibl<' by [ i\42]. 

The assumptions of perf,•ctly plastic material, redangul"-r 

chip shape. and lack of influence from the shearing plane's which ocnn 

in chip formation limit tlw quantit,.,tive uti lit y of this approach . It 

dOL'S <'mphasize however the significance of bending n1on1ents in the 

burr fonnation process. 
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B<'nrling Morl" Fai lu re 

Shearing Mode Failure 

Figure Al9 . Tear burr modes of failure. 
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Table Bl. Results of turning testsa 

Order of SCEA Depth Feedrate Burr propertiesc 
Cut of cut Length Thickness 

(Degrees) (inch x 10-3) (ipr) (inch x lo-4) (inch x 10-4) Comment 

1 17 1/2 40 0 .0021 4, 0, 8 

2 70 4, 3, Slight BUE on tool 

3 100 11, 16, 15 8 

40 0.0043 9, 6, 

5 70 1, 1, 

6 100 24, 19, 21 10, 12 

40 0.0065 7' 4 , 3 

8 70 1, 0, 1 

9 17 1/2 100 4, 4, 12, 16 

10 0 40 0. 0021 300, 350, 400 New insert, no BUE on 
tool 

11 

1 

40 700, 650, 500 

12b 40 750, 800, 750 

l3b 70 200, 100, 200 N 



Table Bl . Continued 

Order of SCEA Depth Feed rate Burr propertiesc 
Cut of cut Length Thickness 

(Degrees) (inch x 10-3) (ipr) (inch x lo-4) (inch x lo-4) Comment 

14 

j 
100 600, 400, 400 4, 40 Chip is red hot 

15 40 0.0043 600, 750, 700 

16 70 400, 400, 150 

17 0 100 0 . 0043 43, 25 , 28 12, 24 

18 l 40 0.0065 300, 100, 200 No BUE on tool or chip 

19 70 500, 150, 120 

20 0 100 750, 800, 700 56, 72 Chip is red hot 

21 -17 1/2 60 0.0021 7. 5. 2 

22b 40 750, 800, 750 New insert 

23 70 850, 750, 800 40 Chip is red hot 

24 100 600, 650, 700 650*(360T)d, 
780*(420T) 

25 40 0 . 0043 1300, 1000, 800 

26 -17 1/2 70 400, 350, 400 

27 17 1/2 40 0.0032 300, 450, 400 N 

"' 



Table Bl. Continued 

Order of SCEA Depth Feed rate Burr 2roE:ertiesc Comment 
Cut of cut Length Thickness 

(Degrees) (inch x 10-3) (ipr) (inch x 10-4) (inch x 10-4) 

27 17 1/2 40 0.0032 300, 450, 400 

28 40 0, 0, 0 New insert installed 
before cutting 

29 70 0, 0, 0 0 

30 100 0, 0, 0 

31 0 40 0.0032 500, 500, 500 

32 0 70 0.0032 50, 50, 50 

33 100 300, 300 , 300 128*(40T, 108*(40T) 

34 -17 1/2 40 0.0021 500, 550, 500 Faced radially out at 
end of cut 

35 40 400' 400' 400 Faced radially out at 
end of cut 

36 40 750, 700, 750 

37 70 750 , 750, 750 Red hot chip 
N 
-D 

38 100 1000, 1000, 1000 580*(400T), Red hot chip 
630*(510T) 



Table Bl. Continued 

Order of SCEA Depth Feedrate Burr EroEertiesc 
Cut of cut Length Thickness Conunent 

(Degrees) (inch x 10- 3) (ipr) (inch x lo-4) (inch x 10-4) 

39 -17 1/2 40 0.0032 1000, 1000, 1000 

40 70 600, 600, 600 

41 100 500, 500, 500 710*, 570* 

42 40 0.0043 1000, 900, 1000 New insert installed 

43 70 450, 500, 500 

44 100 500, 500, 500 436*(160T), 370* 

45 40 600, 600, 600 

46 -17 1/2 40 0.0021 750, 750, 750 Faced out radially (-14° 
back rake) 

47 0 40 0.0021 150, 200' 100 32 (-14° back rake, -4.3° 
true rake) 

48 17 1/2 40 0. 0021 7' 12' 7 16, 8 (- 14° back rake, -4.3° 
true rake) 

49 -17 1/2 40 0.0021 1100, 1150, 1100 88* (40T) (-14° back rake) 

50 17 1/2 40 0.0021 17, 7' 18 (- 14° back rake, Red ;::; 
hot chip) 0 



Table Bl. Continued 

Order of SCEA Depth Feed rate Burr EroEertiesc 
Cut of cut Length Thickness Comment 

(Degrees) (inch x 10-3) (ipr) (inch x lo-4) (inch x lo-4) 

51 17 1/2 40 0. 0021 3 , 3, 3 12 (+15° true rake) 

52 0 40 32, 24, 39 28, 20 (+15° true rake) 

53 -17 1/2 40 600, 600, 600 28 (+15° true rake) 

a 303 Se stainless steel workpiece, 1/2 inch dia., 1800 RPM. Tool is Kennametal, style VNMP carbide insert 
with 1/32 nose radius (5° rake unless otherwise noted). Any BUE on tool was removed before making sub
sequent cuts . 
b Although no BUE is visable on the tool, the chips indicate that BUE is forming. Chips are continuous. 
c Multiple entries indicate that more than one measurement was taken. 
d Values in parentheses indicate burr is triangular at base. T implies typical average width; an asterisk 
implies actual width at base. 
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Tab le ~2 . End Hillin;~ T(·~:t Co nd itions 

---- =- ..::=:::=:::::;====:::....= 

Prot- ilins cut 

Cutter Rad ial De pth Fee d pe r 
Seq. dia . of c ut tooth 
No. (inch) (inch) (ipn/t) 

1 0 . 250 .1 Dia 0.0005 

2 0 . 250 .1 Dia 0.0033 

0.250 .1 Dia 0 . 0020 

4 .35 Dia 0.0020 

. 35 Dia 0. 0033 

6 .35 Dia 0.0005 

. 60 Dia 0.0005 

8 . 60 Dia 0.0033 

9 0 . 250 .60 Dia 0.0020 

10 0.125 .1 Dia 0.0020 

11 .1 Dia 0.0033 

12 .1 Dia 0.0005 

13 .35 Dia 0 . 0005 

14 .35 Diab 0.0033 

15 .35 Diab 0.0020 

16 .60 Diab 0.0020 

17 .60 Diab 0.0033 

18 0.125 .60 Diab 0.0005 

19 0.375 .1 Dia 0 .0005 

20 

1 

.1 Diab 0.0033 

21 .1 Dia 0.0020 

22 .35 Dia 0.0020 



Table B2. 

Seq. 
No. 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Continued 

Cutter 
dia. 

(inch) 

0.375 

0.375 

133 

Profiling cut 

Radial Depth Feed per 
of cut tooth 
(inch) (ipn/t) 

.35 Diab 0.0033 

. 35 Dia 0.0005 

.60 Dla 0.0005 

.60 Diab 0.0033 

.60 Dia 0.0020 

l.Ox Dia c 0.0005 

c 0.0012 

c 0.0020 

c 0.0020 

c 0.0033 

c 0.0033 

0.0012 

0.0005 

1. J x Dia 0.0020 

a Four flute end mills turning at 1240 RPM and taking a 1/4 inch axial 
depth of cut. 
b An axial depth of cut of 0.050 inch was taken on these specimen 
to prevent cutter breakage . 
c These cuts are blind slots. 



Table B3. Measured burr lengtha. End milling tests - 303 Se workpiece 

Burr location number 

Seq . 
No. l 3 4 5 6 8 9 10 

l 13,10,7 750,600,650 4,3,3 
2 3,5,5, 200,250,250 2,2,1, 
3 5,11 ,9 200,250,300 3,3,3 
4 10 ,13,9 750,750 , 750 12,19, 19 3,2,3 3, 5,5, 15,20,25 
5 8,12,8 750,750,750 28,22 , 28 l,l, l 6,3,6 
6 15,28,21 800,750,750 21,16,24 3,3,3 3,1,1 15,14,20 
7 32,46,37 1450,1500,1450 24,12,15 4,3,1 11,9,7 20,25,20 
8 19,13,11 1400,1600,1500 23,26,29 1,2,1 12,9,15 
9 23,30,17 1580 ,1500 ,1600 22,14 ,16 0,0,0 8,9,9 28,20,36 

10 1,2,1 120,150, 100 1,2,2 
11 0,0,0 350,300, 400 2,0,0 
12 3,5,5 600,650,600 l,l,l 
13 6,7,5 400,420,450 19,24,14 2,1,1 3,5,4 
14 10,5,10 320 ,350 , 300 4 ,3,2 
15 1,1,1 320,350,350 3,1,1 
16 13,11,12 750 ,720, 800 2,1,1 10,14,15 
17 20,25,21 750,720,950 1,2,1 
18 8,10,8 740,800 , 850 24 , 25,24 2,2,1 13,5,12 
19 11,16,16 300,350, 350 1,2,1 
20 8,10,8 300,320,350 1,1,2 
21 6,5,4 400,450,450 1,2,2, 
22 6,6,4 1400,1420,1400 24,29,29 2,2,1 8,2,5 36,33,22 
23 1,3,5 100,50,150 42,40,113 l,l,l 3,7,2 
24 13,16,18 1050' 1100' 1100 20,33,29 3,2,2 9,8,12 25,25,37 w 
25 14,14,19 2200,2100,2200 34,43,22 1, 2,4 10,8,6 22,20,45 -!> 



Table B3. Cont inued 

Burr location number 

Seq . 
No. 3 4 5 6 8 9 10 
26 5,5,10 2300,2250 ,2250 30,32,15 4,5,5 13,8,9 
27 5,7,3 2450,2500,2450 38, 38,29 2,1,2 15,10,2 55 ,59, 60 
28 15,17,11 11,18,20 3,2,4 27,42,38 11,13,10 14,15,20 
29 8,15,13 9,3,10 3,1, 2 80,90,80 25 ,14 ,3 12 ,25,13 
30 30,10,10 25,25,20 2 , 2,4 70 ,80,80 70,80,80 50,40 ,40 
31 29,26,20 44,36,29 6,2,1 80.80,90 80,80,90 18,11,24 
32 25,24 ,2 7 27,23,23 4,2,13 160,140, 37,12,6 15,21,22 

150 
33 42,21,10 47,43,49 2,7,1 31 , 24 ,30 21,15,7 1,3,3 
34 6,11,4 13,15,12 2600,2500, 0,0,1 29,38,18 1,3,2 22,31,51 26,9,4 

2400 
35 18,11,15 11,24,11 2100,2200, 1,2,1 22,23,19 1,0,1 42,53 , 50 16,16,2 

2300 
36 26,27,12 33,27,15 2400,2500, 1 ,0,1 15,31,34 1 , 2,1 25,31 , 29 25,16 ,4 

2400 

a Values shown are burr thickness in .0001 inch units. Three measurements were taken at each condition. 



Table B3. Measured burr length*. End milling tests - 303 Se workpiece 

Burr location number 

Seq. 
No. 1 2 4 6 8 9 10 

1 13,10, 7 750,600,650 4,3,3, 
2 3,5,5, 200,250,250 2,2,1 
3 5,11,9 200,250,300 3,3,3, 
4 10,13,9 750,750,750 12,19,19 3,2,3, 3 ,5, 5, 15,20,25 
5 8,12,8 750,750,750 28,22,28 1,1,1 6,3,6 
6 15,28,21 800,750,750 21,16,24 3,3,3 3,1,1 15,14,20 
7 32 ,46,37 1450,1500,1450 24,12,15 4,3,1 11,9,7 20,25,20 
8 19,13,11 1400,1600,1500 23,26,29 1,2,1 12,9,15 
9 23,30,17 1580,1500,1600 22,14,16 0,0,0 8,9,9 28,20,36 

10 1, 2 ,1 120,150,100 1,2,2 
11 0,0,0 350,300,400 2,0,0 
12 3,5,5, 600,650,600 1,1,1 
l3 6,7,5 400,420,450 19,24,14 2,1,1 3,5,4 
14 10,5,10 320,350,300 4,3,2 
15 1,1,1 320,350, 350 3,1,1 
16 13,11,12 7 50,720,800 2,1,1 10,14,15 
17 20,25,21 750,720,950 1,2,1 
18 8,10,8 750,800,850 24,25,24 2,2,1 13,5,12 
19 11,16,16 300,350,350 1,2,1 
20 8,10,8 300,320,350 1,1,2 
21 6,5,4 400,450,450 1,2,2 
22 6,6,4 1400,1420,1400 24,29,29 2,2,1 8.2,5 36,33,22 
23 1,3,5 100,50,150 42,40,43 1,1,1 3,7,2 
24 13,16,18 1050,1100,1100 20,33029 3,2,2 9,8,12 25,25,37 
25 14,14,19 2200,2100,2200 34,43,22 1,2,4 10 , 8,6 22,20,45 
26 5,5,10 2300,2250,2250 30,32,15 4,5,5 13,8,9 
27 5,7,3 2450,2500,2450 38,38,29 2,1,2 15,10,2 55,59,60 
28 15,17,11 11,18,20 3,2,4 27,42,38 11,13,10 14,15,20 

.,., 
0' 

29 8,15,13 9,3,10 3,1,2 80,90,80 25,14,3 12,25,13 



Table B4. Measured burr thickness~. End milling tests - 303 Se workpiece 

Burr location number 

Seq. 
No. l 2 3 4 5 6 8 9 10 

1 -0 

20 

3 -0 

4 -0 

33 0 

34 0 12 4 

35 0 12 8 12 

36 0 0 16 

Values shown are burr thickness in .0001 inch units. 



Table B5. Measured burr lengthsa. Side milling tests - 303 Se workpiece 

Burr location number 

Seq. 
No. 1 3 4 5 6 8 

1 44,25,25 55,32,22 70,80,60 22,17,12 25,19,15 3,1,2 6,3,4 15,15,11 

2 25,22 ,24 25,34,24 60,36,39 31,30,48 57 ,46,4 3 4,6,3 8,7,3 1,2,1 

3 25,30,25 18,55,38 50,56,50 55,59,52 2,2,4 1,0,4 3,1,1 6,1,1 

4 25,21,27 19,16,17 70,170,70 50,30,110 250,250,270 5,10,3 7,11,4 5,2,3 

5 27,40,40 30,40,40 70,60,50 180,120,40 600,630,590 5,2,1 1,1,3 1,0,2 

6 32,47,33 27,32,29 90,80,50 50,60,60 3000,3200,3150 1,10,5 3,1,7 5,5,4 

29,27,29 17,18,25 110,60,250 70,70,80 600,650,550 0,2,0 5,4,4 3,1,3 

8 36,20,34 16,19,21 70,70,70 100,80,80 850,900,900 5,3,4 2,3,1, 3,5,4 

avalues shown are burr length in .0001 inch units. Three readings were taken of each burr. 



Table 86 . Measured burr lengths. Grinding burrs - 303 Se workpiece 

Machining Conditions Burr location 

Seq. Depth of No. of passes 
No. cut made across part 1 3 4 

1 .0005 10 37,33,21 18,22,46 27,12,2 4,1,5 

2 .0002 1 10,10,15 20,5,14 29,0,0 8 ,11,0 

3 . 0015 10 0,0,0 45,37,35 55,60,70 3,2,3 

4 .0010 1 7,10,22 8,2,6 51,16,14 0,0,0 

5 .0010 10 50,100,30 100,100,100 30 , 29,31 1,5,1 

6 .0005 1 15,3,5 1,0,0 28 ,8,10 0,0,16 

Values shown are in .0001 inch units. Wheel used was a PA46-H8-V40 wheel (7" dia). A water soluble 
coolant was used. 



Table B7. Measured burr lengths and thicknesses . Drilling burrs- 303 Se workpiece 

Seq. 
No. 

1 

2 

4 

5 

6 

8 

Burr 

Top burr 

4 ,7, 8 
8,6,14 
7,9, 13 

4,1,15 
6,3,11 

15,5,2 

36,35,22 
23,26,21 
10,14,15 

11,14,20 
9,14,16 

10,6,8 

14,6,11 
21,18,9 

20,17,21 
22,24,23 
24,21,26 

22,20,18 
15,16,23 
15,20,21 

length Burr thickness 

Bottom burr Top burr 

2' 2' 7 
13,31,41 
50,30,50 

60,90,110 24* 
8o,9n,9o 
90,80,14 

15,17,22 16*,20 
18,11,16 

26,6,22 16* 
21,15,22 
46,43,6 

25,11,18 
10,17,13 

24,36,40 28*,72* 
12,12,23 

25,14,35 28,64* 
16,30,20 
30,35,30 

Bottom burr 

12,48 

24*,12 

8,16* 

20*(12T),l6 

32,40*(20T) 

32,40 



Table B7. Continued 

Seq. 
No. 

9 

10 

lW 

lOW 

15W 

20W 

25W 

Burr length 

Top burr 

23,25,24 
3,3,6 

29,20,22 

1,20,21 
21,28,20 
12,19,6 

1,20,18 

7,5,3 

2,17,5 

10,7,4 

11,6,2 

10,4,3 

Bottom burr 

7,8,7 
4,3,4, 

34,10,42 

22,7,45 
27,57,53 
45,70,90 
90,30,40 

50,10,300 

100,50,70 

57,17,56 

26,41,20 

31,100,70 

Burr thickness 

Top burr 

8 

12 

24 

16,20 

8,40 

Bottom burr 

16,24* 

16,20 

48 

12,16 

16,8 

16,16 

Values shown are burr size in 0.0001 inch units. W indicates hol es from the drill wear test. Each 
line of data represents data from one hole (in general three holes were drilled at each combination). 
Values with asterisks indicate that the burr is tringular shaped and that the value listed is taken 
at the base of the burr. Values which are more typical of burr width are followed by a 'T'. Thickness 
values shown are from one hole only. 
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Appendix C 

Analysis of Variance Results 

Table Cl. Analysis of variance. Turning-burr lengths 

Source of DF Sum of squares Mean squares Variance 
variation ratio 

A SCEA 2 70663.6402469 35331.8201235 2370.* 

B FEED 2 719.0417284 359.5 208642 24 . 2* 

c DEPTH 2 7814.3054321 3907.1527160 263* 

AB 4 887.6316049 221.9079012 15.* 

AC 4 4710.2967901 1177.5741975 80.* 

BC 4 5352.7708642 1338.1927160 91.* 

ABC 8 3469.4780247 433.6847531 29.3* 

Total 80 94419.7446914 1180.2468086 

Error 54 802.5800000 14.8625926 

F.os 3.15 Cv1=2, v2 •60) 
F 
F.05 2.53 (v 1=4, v 2=60) 

.05 2.10 (vr=8, v 2=60) 

Significance at the 5 percent level is indicated by an as t erisk. Data 
for this analysis is based on a 5 6 true rake tool, and the following 
feedrates: .0021, .0032, .0043. 
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Table C2. Analysis of variance. End mill - Burr #1 length 

Code Source ·of DF Sum of squares Mean squares Variance 
variance ratio 

A Diameter 10.84 5.42 59.8* 

B Depth 2 14.33 7.17 78.6* 

c Feed rate 2 8.04 4.02 44.2* 

AB Interaction 4 7. 77 1.94 21.3* 

AC 4 7 .87 1.97 21. 7* 

BC 4 .38 .09 

ABC 8 5.69 .71 7.75* 

Error 54 4.90 .091 

Total 80 59.82 

F.os 3.15 (vi 2, \)2 60) 
F.os 2. 53 (v 1 4, \)2 60) 
F.os 2.10 (V! 8, \)2 60) 
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Table C3. Analysis of variance. End mill - burr U 3 length 

Code 

A 
B 
c 

AB 
AC 
BC 

ABC 

Source of 
variance 

Diameter 
Depth 
Feed rate 
Interaction 

Error 
Total 

F.os 
F.os 
F.os 

DF 

2 
2 
2 
4 
4 
4 
8 

54 
80 

3.15 
2.53 
2.10 

Sum of squares 

61,129 
197,568 

5,443 
54,398 
10,594 

9,114 
11,889 

1,194 
.151,331 

<vlb2 , V2=60) 
<vl=4, V2=60) 
<vlb8, V2=60) 

Mean squares 

30,564 
98,784 

2, 722 
13,600 

2,649 
2,279 
1,486 

22.11 

Variance 
ratio 

1,390* 
4,490* 

123* 
620* 
120* 
104* 

68* 

Table C4. Analysis of variance. End mill - burr U 5 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Diameter 1 9.88 9.88 28 . 2* 
B Depth 1 .43 .43 
c Feedrate 1 .007 .007 

AB Interaction 1 .96 .96 
AC 1 .107 .107 
BC 1 .135 .135 

ABC 1 .015 .015 

Error 16 5.593 .350 
Total 23 17.125 

F.os 4.49 (Vl=l, V2=16) 
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Table C5. Analysis of variances. End mill - burr # 6 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Diameter 2 .0491 .0246 4.82* 
B Depth 2 .0069 .0035 
c Feedrate 2 .0254 .0127 2.5 

AB Interaction 4 .2212 .0553 11.0* 
AC 4 .1294 .0323 6.35* 
BC 4 .1360 .0340 6.68* 

ABC 8 .1736 .0217 4.27* 

Error 54 .2733 .0051 
Total 80 1.015 

F.os 3.15 (v1=2, vz=60) 
F.os 2.53 (v1=4, vz=60) 
F.os 2.10 (v 1=8, v2 =60) 

Table C6. Analysis of variance. End milling - burr # 8 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Diameter 1 .240 .240 2.86 
B Depth 1 .735 .735 8.74* 
c Feedrate 1 .007 .007 

AB Interaction 1 .327 .327 3.89 
AC 1 .135 .135 
BC 1 .027 .027 

ABC 1 .282 .282 3.35 

Error 16 1.346 .084 
Total 23 

F.os 4.49 (vj=l, vz=l6) 
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Table C7. Analysis of variance. End milling- burr #9 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Diameter 1 13.65 13.65 26.8* 
B Depth 1 6.30 6.30 12.4* 
c Feed rate 1 6.10 6.10 12.0* 

AB Interaction 1 . 77 .77 
AC 1 1.55 1.55 
BC 1 3.45 3.45 6.78* 

ABC 1 2.34 2.34 4.59* 

Error 16 8.2 .51 
Total 23 42.37 

F.os 4.49 (v 1=1, v2=l6) 

Table C8. Analysis of variance. Side milling - burr # 1 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Helix angle 1 2.41 2.41 5.62* 
B Depth 1 1.31 1.31 3.05 
c Feed rate 1 .16 .16 

AB Interaction 1 .43 .43 1.0 
AC 1 .67 .67 
BC 1 .11 .11 

ABC 1 .11 .11 

Error 16 6.89 .43 
Total 23 12.08 

F.04 4.49 (v 1=1, v2=l6) 
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Table C9. Analysis of variance. Side milling - burr ff 2 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Helix angle 1 .70 .70 
B Depth 1 5.13 5.13 5 . 62* 
c Feedrate 1 5.13 5.13 5.62* 

AB Interaction 1 1.17 1.17 
AC 1 1.45 1.45 
BC 1 .09 . 09 

ABC 1 1.08 1.08 

Error 16 14 . 54 .91 
Total 23 29.31 

F.o5 4.49 (\!1=1, \!2 =16) 

Table ClO. Analysis of variance. Side milling - burr ff 3 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Helix angle 1 19.98 19.98 
B Depth 1 51.33 51.33 2. 98 
c Feed rate 1 3.45 3.45 

AB Interaction 1 4. 95 4.95 
AC 1 .67 .67 
BC 1 .18 .18 

ABC 1 95.6 95.6 5.5* 

Error 16 276.99 17.31 
Total 23 478.33 

F.o5 4.49 (\!J=l, \!2=16) 
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Table Cll. Analysis of variance. Side milling - burr #4 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Helix angle 1 93 . 62 93 . 62 10.6* 
B Depth 1 11.48 11. 48 
c Feed rate 1 .96 .96 

AB Interaction 1 21.28 21 . 28 
AC 1 18.73 18.73 
BC 1 12.91 12.91 

ABC 1 24.81 24.81 2.83 

Error 16 140.13 8. 76 
Total 23 323.91 

F.05 4.49 (v 1 ~1, v2~l6) 

Table Cl2. Analysis of variance. Side milling - burr #5 length 

Code Source of DF Sum of squares Mean squares Variance 
variance ratio 

A Helix angle 1 89,304 89,304 9.2* 
B Depth 1 15,728 15,728 
c Feedrate 1 35,466 35,466 3.62 

AB Interaction 1 22,179 22,179 
AC 1 23,650 23,650 
BC 1 15,010 15,010 

ABC 1 22 ,558 22,558 2.32 

Error 16 224,193 9747. 
Total 23 224193 . 
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Table Cl3. Analysis of variance. Side milling - burr #6 length 

Code 

A 
B 
c 

AB 
AC 
BC 

ABC 

Source of 
variance 

Helix angle 
Depth 
Feed rate 
Interaction 

Error 
Total 

DF 

1 
1 
1 
1 
1 
1 
1 

16 
23 

Table Cl4. Analysis of 

Code Source of DF 
variance 

A Helix angle 1 
B Depth 1 
c Feedrate 1 

AB Interaction 1 
AC 1 
BC 1 

ABC 1 

Error 16 
Total 23 

Sum of squares 

.007 

.015 

.602 

.082 

.002 

.027 

.007 

.95 
1.69 

Mean square 

.007 

.015 

.602 

.082 

.002 

.027 

.007 

.060 

Variance 
ratio 

10.0* 

variance. Side milling - burr #7 length 

Sum of squares Mean square Variance 
ratio 

.220 .220 5.* 

.0004 .0004 

.184 .184 4.18* 

.020 .020 

.220 .220 5.* 

.0004 .0004 

.260 .260 5.9* 

.70 .044 
1.61 
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Table ClS. Analysis of variance. Side milling - burr #8 length 

Code Source of OF Sum of squares Mean square Variance 
variance ratio 

A Helix angle 1 . 304 .304 12.1* 
B Depth 1 .260 .260 10 . 4* 
c Feed rate 1 .150 .150 6.0* 

AB Interaction 1 .350 . 350 14.0* 
AC 1 1.084 1.084 43.3* 
BC 1 .454 .454 18.2* 

ABC 1 .844 .844 34.0* 

Error 16 .400 .025 
Total 23 3.85 

Table Cl6. Analysis of variance. Drilling - Top burr length 

Code 

A 
B 
c 

AB 
AC 
BC 

ABC 

Source of 
variance 

Helix angle 
Point angle 
Feed rate 
Interact ion 

Error 
Total 

DF 

1 
1 
1 
1 
1 
1 
1 

64 
71 

F .OS 4.0 (v 1=1, 

Sum of squares 

6.42 
8.33 
5.61 
1.36 
0.03 

.26 
1. 90 

19.98 
43.90 

V2=60) 

Mean square 

6.42 
8.33 
5.61 
1.36 
0.03 

.26 
1. 90 

3.12 

Variance 
ratio 

20.6* 
26.8* 
18.00'' 
4.38* 

.86 
6.1* 
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Table Cl7. Analysis of variance. Drilling - Bottom burr length 

Code Source of DF Sum of squares Mean square Variance 
variance ratio 

A Helix angle 1 4071.03 4071.03 151. 0* 
B Point angle 1 331.96 331 . 96 12.3* 
c Feedrate 1 198 . 67 198 . 67 7.36* 

AB Interaction 1 1008 . 00 1008.00 37 . * 
AC 1 2 . 14 2.14 .08 
BC 1 34.72 34.72 1. 28 

ABC 1 16.06 16 . 06 .59 

Error 64 1729.10 27 . 02 
Total 71 7391.68 
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