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1. Introduction orthogonal cutting. Considering that most

machining processes like milling, turning and

A quantitative model of burr formation and drilling involve oblique cutting, it is essential
fracture phenomenon in oblique cutting is to modify the model for orthogonal cutting to
suggested successively based on the model for describe the influence of obliquity on burr
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formation. The previous works (1,2) are dev-
ided by two parts depending on the ductility
of workpiece; fully ductile material without
fracture during burr formation and the one
with fracture, A quantitative burr formation
model was previously suggested in orthogonal
cutting when no fracture occurs, which is
composed of three parts: initiation, develop-
ment and final burr formation (1). A fracture
criteron was introduced to predict the fracture
phenomencon before the burr is fully formed
during formation (2). The burr formation
model in orthogonal cutting predicts the influ-
ence of the cutting conditions and material
properties on burr formation. The cutting con-
ditions used in orthogonal cutting are the
undeformed chip thickness and tool rake
angle. In oblique cutting the inclination
angle, which is defined as the angle between
cutting edge and the normal direction to the
cutfing direction, is added to the other condi-
tions. Since burr formation can be considered
as a special kind of chip formation, the model
for chip formation in oblique cutting must be
used appropriately and verified experimental-
ly. Burr formations and fractures are
observed in four kinds of workpieces; copper,
alluminum alloys ALG061-T6, AL2024-T4 and
cast aluminum AL390. Fully formed burrs are
observed in copper. In ALG6061-T6 and
AL2024-T4, deformation and fractures, and in
AL390, immediate fractures are observed dur-
ing burr formation. According to the width of
workpiece, two kinds of fractures are
observed; uniform and inclined fracture in
ALG061-T6 and AL2024-T4. The locations of
fracture are predicted and compared with
measurement values,

2, Burr Formation in Orthogona! Cutting

In this chapter, the burr formation and
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(racture model [or orthogonal cutting suggest-
ed in previous works (1,2) are reviewed to
help deriving the model for oblique cutting, A
burr formation model in orthogonal machining
was proposed previously when no fracture
occurs {1). Tt is based on the assumption that
the work done for chip formation is conserved
for burr formation at transient point, A in
Fig. 1, where chip formation stops and burr
formation begins. The initiation of burr for-
mation can be characterized by the initial
negative shear angle, 8, and the initial tool
distance, », as shown in Fig, 1. Alter begin-
ning burr formation at a position specified
above, burr is developed according to the geo-
metrical restriction that the plastic hinge
point, B, is fixed during deformation. The
interesting fact that the initial negative shear
angle, f, is almost 20° regardless of workpiece
material and cutting conditions is observed
when exit angle is 90°. It was verified experi-
mentally by other researchers. Hereafter 20°
will be &, used for fo based on the experimen-
tal results. The initial tool distance can be
obtained by equating the work for steady
state chip formation to that for burr forma-
tion at transient point, A, (1).

k, 1, cos0 .
Jcos(tﬁ -a) { sin ¢ +sLsin ¢H
o=

@)
[% cos’ B, + % tan ﬁo]
and
-r.r_o cOos & "
k= T/—;[«Esinqbcos(qb—a)] @

where k, is the shear yield strength in the
shear plane. s is the factor for the shear
stress represented as, ‘O and ‘1, when the
chip is free and stuck fully on the tool rake
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face respectively. f, and L are the unde-
formed chip thickness and the tool/chip con-
tact length in Fig. 1. o, and m are strain
hardening coefficients from the relation
effective and strain,

The initial.tool distance, @, can

between stress
G =0,(e")".
be also obtained using the cutting forces mea-
sured during chip formation as (1)

E

£ [cosacos(¢ + A — o) +singsin A]

_ Sos(A - a)cos(¢ - a)

O'E
1 tan B, [ b

k
EOCOSZ B, +

where A Is friction angle obtained from tan(A
-a)=F/F,
direction and normal direction forces, respec-

F, and F, are the measured cutting

tively.

As a result of comparison between the
experiment and prediction by the model the
agsumption that the work for chip formation
is converted to the work for initial burr
formation at transient point is not always
true due to the continuation of chip formation
even after the initiation of burr formation. It
turns out that the proportion of energy con-
version for burr formation is dependent on the
ductility which can be represented by the

workpiece

Fig. 1 Schematie Nlustration of Initial Burr For-
mation
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6

fracture strain in tension test (1). The pro-
portion of energy conversion can be obtained
from the ratio of initial tool distances from
measurement and prediction in a specified
material. The modified initial tool distance
can be predicted as

o' = (ratio) w = /w""“) @
k O prea mat

)

where (rati)) for AL6061-T6 and AL2024-T4
were obtained as 0.51 and 0.54 experimentally
1.

Using the assumption that the plastic hinge
point, B, is fixed during burr development
and the burr formation continues without
fracture until tool arrives at the end surface
of workpiece, the final burr geometry is char-
acterized as shown in Fig. 2 and can be
obtained from the geometrical relation as fol-
lows (1).

By = (t, + i) sinW, = (1, + " tan §, )sin(30" -B,)(5)
where ¥, is the burr inclination angle, ®" is

the modified initlal tool distance, hy is the
burr thickness and h¢ is the final burr height.

hf

workpiece

Fig. 2 Representation of Final Burr Formation
Geometry
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Fig. 3 Fracture during Burr Formation in machin-
ing ALG0O61-TG

In practice there is some reduction of the final
burr height due to the compression around the
plastic hinge point, B, during plastic bending
deformation of the negative shear plane.

If fracture occurs during burr formation,
the burr cannot be developed further. As the
tool advances after the initiation of burr for-
mation, the maximum strain, £__, is obtained
at the tool tip using the effective strain as
follows (2

)
4B
Fr= [ 2

where £y and £ are the initial and current
negative shear angle. As a fracture criterion,
the fracture strain, &, obtained in a tension
test 1s used to predict the fracture. To check
the validity of the [racture criterion, &g
obtained in tension test, € in burr formation
is obtained and compared (2). Fracture occurs
when

3

6
F+ 7 tan® B ap (6)

£ > £

max I

@

The fracture during burr formation is char-
acterized by the fracture negative shear
angle, Pn and the fracture location, x. In
Fig. 3, fracture during burr formation is well
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illustrated in machining AL6061-T6, even
though the tool is located at little bit
advanced location after fracture occured. B;
can be obtained from equaions (6) and (7) and
the fracture location, X; is determined from
the geometrical relation (2),

o'tanf, = x tan f,

®

where " is modified initial tool distance.
3. Burr Formation in Oblique Cutting

Since the burr formation model in equations
(1) and (3) is closely related to the chip for-
mation, it is necessary, in order to be able to
modify the burr formation medel for orthogo-
nal cutting to that [or obligue cutting, to
understand the chip formation in oblique cut-
ting. Usul et. al (3) analyzed the oblique cut-
ting process as a piling up of orthogonal cut-
ting in the plane containing cutting velocity V
and chip velocity V, along the cutting edge.
Rubenstein’s analysis is based on the realiza-
tion that the chip removal occurs as a result
of the “normal’ tool/workpiece relative move-
ment while the “lateral’ movement causes the
chip to flow at an angle %7, to the line of
greatest slope of the rake face (4). Using
Rubenstein’s oblique cutting model, the shear
plane angle, $, in oblique cutting, Fig. 4,
can be determined from the shear plane angle
in orthogonal cutting, ¢

cot¢, = cotg, cosi—tanct, (1 - cosi)

®)

In the model development for burr forma-
tion in oblique cutting, Rubenstein’s chip for-
mation model will be used based on his con-
tinuous work (5) which verifies his model. It
is much easier to implement than Usui’s
model using effective angles.

When modifying the burr [ormation model
for orthogonal cutting into the model for
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oblique cutting, it is helpful to realize that
the rollover burr is formed in the cutting
direction. Therefore only the cutting force
components in the cutting direction plane, F,
and F,, will be used in the analysis of the
rollover burr. Burr formation in oblique cut-
ting can be assumed as the accumulation of
burr formation of orthogonal cutting in the
cutting direction because rollover burrs are
formed only in cutting direction. From Ruben-
stein’s chip formation model in oblique cut-
ting (4), the actual chip formation occurs in
the cutting plane normal to cutting edge,
plane POQ in Fig. 4. Thus, the relation
between @, and $, is assumed to be same as in
orthogonal cutting, The chip formation in the
normal cutting plane is characterized by unde-
formed chip thickness, f, normal rake angle,
a,, shear plane angle, ¢, and tool/chip con-
tact length, L. The equivalent orthogonal
cutting is constrained to have same chip
thickness and normal component of chip veloc-
ity by using the reduced undeformed chip
thickness, tycosi, and the same cutting speed.
The chip formation in segmented orthogonal
cutting in the cutting direction plane, plane

Fig. 4 Bchematic ustration of Oblique Cutting
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AOB in Fig, 4, can be represented by the
undeformed chip thickness, t; tool rake
angle, @, shear palne angle,, ¢, and tool/chip
contact length, L. The shear plane angle and
the rake angle in the cutting direction plane
can be determined geometrically in Fig. 4 as
follows.

¢, = tan"'(tan ¢, cosi) (10$)
@ = tan'l{ tana, \
¢ cosi

where the shear plane angle in the normal
plane is derived in equation (9). The tool/chip
contact length, L., is obtained from Fig. 4 and
Rubenstein’s result (6) as

1 [rtycosisin(g, +4, -a,)
cos

an

[4

sing, cosA,
where

{ = tan™(sina, tani)

12)

and 7 can be determined experimentally (6).

The initial tool distance, ®», can be obtained
hy substituting equations (10) and (11) into
equation (1).

k, ro c.:osac 5L, Sm‘ﬁ‘l

_Cos(g.-a.)| sing, 13)

Ko cog? B, + itan[)’

2 T

where
. COS O "
k _5% " 14

* 3| +/3 sing, cos(, ~ 0‘")] o

When modifying the force implemented burr
formation model in orthogonal cutting, equa-
tion (3), the geometrical quantity in equation
(10) can also be used. But the cutting forces
measured during oblique cutting cannot be
used directly. The work for chip formation is
described as
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AW,,, = Fds + E,df

where F, and F are the forces in the shear
plane and on the tool rake face, respectively.
Now the work for chip formation which will
be used for burr formation in oblique cutting
can be represented as

*AW, = (F, cosk)ds + (F, cos x)df 15)

where cos # and cos * represent the cosines of
the shear plane POY and the friction plane
QOY to the plane AOX and BOX in Fig. 4
respectively,

COSK = cosi
cos&
_ cosi _ cosi
COSX-—@— %
sing,

Using the geometrical relation for cos ¢ and
cos %, the initial tool distance for burr forma-
tion in oblique cutting becomes

F

[cosa, cos(¢, + A, — o )cosk +sing, sinA_cos x]

same process as in the orthogonal cutting,

4, Observation and Analysis of Fracture in
Obligue Cutting

Copper, aluminum alloys AL6061-T6 and
AL2024-T4 and cast aluminum AL390 were
cut to check the validity of the model for chip
formation and burr formation in oblique cut-
ting. The copper is annealed and considered to
be a very ductile material. Cast aluminum
AL390 is considered very brittle. Aluminun
alloys ALG6061-T6 and AL2024-T4 have inter-
mediate material properties, These mechanical
material properties are listed in Table 1,

4,1 Observation of Burr Formation and
Fracture in Oblique Cutting
The experimental set-up on the modified
milling machine which enables orthogonal and
oblique cutting by changing tool inclination
angle is used to observe the burr formation in
several materials,

Three undeformed chip

0 = cos(A, —a cos(¢. —a.)

k g
EOCOSZ B, +~L—;—tanﬁ0] b

Considering that as the inclination angle
increases the cutting direction force, F., does
not change much and the angles between the
~ shear plane and the plane AOX and between
the tool rake face and the plane BOX increase,
the initial tool distance predicted by equation
(16) will decrease, Using the predicted initial
tool distance in equations (13) and (16), the
modified initial dool distance can be obtained
from equation (4). Here it is assumed that
the energy conversion ratio for burr formation
in orthogonal cutting can also be applied for
oblique cutting, Using the modified initial tool
distance, ®’, development of burr formation or
fracture prediction can be analyzed in the
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(16) thicknesses, 0.1, 0.15
and 0.2mm. and two
cutting speeds, 66.8
and 508 mm/min are used. For oblique cut-
ting, three inclination angles, 0°, 20" and 40°,

are used. The tool rake angle is 10° and the

Table 1 Material Properties of Workpieces

*  obtained from reference (7,8)
**  obtained from reference (9) and the fracture

strain is obtained from reference (10)
Property | Tensile | Yield | Work Hardening |Fracture
Strength | Strength Property Strain
Material \_| o) | olksi) | o m &
G (zzoﬁpa) (6911\2pa) (492?\2113@ 054 1 230
ALB06I-TE™ | 45(310) | 40(275) | 60(414) 0.05 0.50
AL2024-T4* | 68(469) | 47(324) | 100(689) 015 0.13
AL390* 41(283) | 35(242) | 41(283) =00 =00
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(a) copper (i=40 deg)

(c) AL2024-T4 (i=40 dag)

(d} AL390 (i=20 deg)

Fig. 5 Observation of Burr Formation and Fracture in Oblique Cutting

width of workpiece is 3. 17mm,

Photographs in Fig. 5 show some typical
results in this experiment. In Fig. 5(a) burr
is formed without fracture in copper. Even
though the burr is expected to be formed uni-
formly, the variation of burr height in copper
is attributed to the severe chip distorsion.
Due to this severe chip distorsion, it is proved
that it is not appropriate to apply the Ruben-
stein’s mode! for copper, The prediction of
burr height by the model in equation (13) is
dependent on the cutting conditions, like
undeformed chip thickness and rake angle,
and on the material properties, like strain
hardening coefficients (o,, m) and coefficient
of tool/chip contact length( 7). When f,
=0.2mm, «=10", ratio =0.15 s =05 0.8 and
1.0 and r is assumed to be 2.0, the predicted
burr height, () s in copper is plotted in
Fig. 6. It is seen that the burr height
decreases as the inclination angle, i, increases.
In Fig. 5(b)-(d) fractures are observed,
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Whereas Fig. 5(b) shows inclined fracture in
AL6061-T6 with 20° inclination angle, in Fig.
5(c) the combination of uniform and inclined
fracture is observed in AL2024-T4 with 4(°
inclination angle. In AL390 different kind of
fracture occurs due to the brittle property.
The configuration of fracture is dependent on
the inclination angles and width of workpiece.
It is noted that whereas the size of the frac-

m,
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Fig. 6 Variation of Burr Height in copper
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Fig. 7 Configuration of Fracture Surface in
Oblique Cutting

ture in orthogonal cutting is constant along
the cutting edge, that is not the case in
oblique cutting. This may be due to the fact
that there is a transient phenomenon when
the tool approaches the last corner of the
workpiece as shown in Fig. 7. When the uni-
form fracture occurs as in orthogonal cutting,
the location of fracture, X in equation (8),
can be determined from equations (8), (13)
and (16). However the uniform fracture in
oblique cutting cannot occur when the tool
approaches the last corner of workpiece as
shown in Fig. 7 due to the fracture along cut-
ting edge. The location of inclined fracture,
Xy around the last corner is dependent on the
width of workpiece and tool inclination angle,

4.2 Analysis of Inclined Fracture in Obli-
gque Cutting
As the tool advances to the last corner in
Fig. 7, two kinds of fractures occur at differ-
ent distance, xp in ALB061-T6, AL2024-T4
and AL390 as shown in Fig. 5(b)-(d). In the
workpiece wide enough at a given inclinatin
angle, both the uniform and inclined fractures
exist as in Fig. 5(c) and Fig. 7(b) when
i =400. The uniform fracture has the fracture
surface parallel to the end of workpiece
whereas the inclined fracture occures along
the cutting edge.
When 1=20" in Fig. 5(b) and (d), because
the width of the workpiece is not sufficient no
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uniform fracture exists and only the inclined
fracture occurs along the cutting edge. The
inclined fracture can be specified by x¢ and ¢
in Fig. 7(a). The initiation of deformation is
assumed to begin parallel to the fracture line
in Fig. 7(a) according to the relation, @'tan #
o=%stan B in equation (8). Since the [racture
location varies along the cutting edge of the
tool in Fig, 7 the initial tool distance can rep-
resented in both cases as

w(y)=w, —tan &y 17

where ® ig the initial tool location for inclined
fracture and y is the axis in the thickness
direction, The work for initiation of burr for-
mation in orthogonal cutting can be obtained
as (1)

o [t 1

2 tanﬁn] w b dx

where b is thickness of workpiece. It can be
modified for the case that only inclined frac-
ture, as in Fig. 7(a), exists as [ollowes

k a, p
AW, = [Gos' o+ an b ooy |ax

or,

k o
AW, =|=Lcos?p, +—=
[2 Po 4

burr

tan ﬁo] w, b dx (18)
where @, is modified from eqivalent initial

tool distance, ®». The equivalent
initial tool distance, @, can be considered as
the initial tool distance predicted by equations
(13) and (16) for uniform fracture in chlique
cutting. To predict the fracture location,
(%) prear  using the predicted initial tool dis-
tance, @= 0., the ratio of energy conversion
for burr formation must be considered as in
equation (4) to obtain the inclined fracture
location, wy.
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w,, =W, ratio = o, --12~ta11§ b 19)
Using @y obtained here, x¢ can be determined
from # tan fo=x; tan f

When i=40°, the uniform fracture location,
%, and the inclined fracture location, X are
well distinguished in Fig. 5(c) and in Fig.
7(b). % can be obtained from equations (4),
(8), (13) and (16). The final fracture when
1=40" is specified by the inclined fracture
location, x, and the fracture angle, &, which
is close to the inclination angle in Fig. 7(b).
When the tool arrives at the initial position
for transient fracture in Fig. 7(b) the work
for initial burr formation is similarly obtained
as in the case for i = 20°,

N .
AW, =% cos*f,+ G an [0ty as
or,
-ko 2 g, | '
8, = [Bocos b+ % tan ] wiaas  @0)

where a4 is the width of workpiece at the
moment of initial transient fracture. Since
W, 1is the initial tool distance predicted from
equation (13) and (16), it must be modified to
be used for obtaining the actual initial tool
distance, @, using the relation, @ =a tan &

. 1
W, =W, ratio =, ——z—tanEa

ey

where (1t0) qae6 = 0.51 and (ratio) sompers = 0.54.
In the same way as in i = 200, the initial frac-
ture location for the inclined fracture, @ or a,
can be obtained using ®., from equation (13)
and (16). x; can be obtained from w; using @
tan fo=x tan B From two cases of inclined
fracture in equations (19) and (21) the critical
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Fig. 8 Comparigon of Inclined Fracture Location in
ALG061-T6

width of workpiece for the existence of uni-
form fracture is
2w,

bh»—

tan§ 22)

where ¢ is assumed to be same as the inclina-
tion angle i,

The 'cutting forces in cutting direction and
feed direction, F, and F,, shear angle, #, and
the fracture geometries, %, ¥, &, and B, are
measured according to the inclination angle
and workpiece material, The inclined fracture
locations, x, are predicted as analyzed before.
1atio, ®_.,/®.5 which is determined for i=0°
in each material is used for i=20"and 40°, In
both materials, AL6061-T6 and AL2024-T4,
the slope of inclined fracture, & ranges from
&to 177 when i=2° and it ranges from 40"to
45 when i=40°. It is observed that larger the
inclination angle becomes the inclined facture
occurs closer to the inclination angle. Based
on this observation the slope of fracture, &,
can be assumed to be same as the inclination
angle, i. The predicted and measured inclined
fracture locations, x3 when i=0", 20° and
i=40° are compared in Fig. 8 for AL6061-T6
and Fig. 9 for AL2024-T4, Each data are
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Fig, 9 Comparison of Inclined Fracture Location in
AL2024-T4

obtained from equations (16), (19) and (21)
using the force measured during cutting.
Therefore the conditions in Fig. 8§ and 9 keep
different undeformed chip thickness but same
tool rake angle 10° and cutting speed 508
mm/min, ‘It turns out that the accuracy of
predictions are related to that of angle of
inclined fracture, £ In the case of orthogonal
cutting, when i=0°, the predictions are suc-
cessfully carried out as shown in previous
work (2). However when i=2)°, only inclined
fractures exist and the prediction of fracture
locations, Xy is poor due to the poor prediction
for the angle of inclined fracture. When
i=40", both the uniform and inclined fractures
exist, As shown in Fig. 5(c), some fructua-
tions are observed even in uniform fracture
and this makes it difficult to measure an
exact fracture location. The predictions for
the angle of inclined fracture is more accurate
than when i=20°. The predicted fracture loca-
tions are mostly larger than measured values.

In the case of cast aluminum AL390, the
configuration of fracture is quite different
from that of ALG061-T6 and AL2024-T4 as
shown in Fig. 5(d). The measured fracture
negative shear angle, B, ranges 35°-45°
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regardless of the inclination angles. It seems
that fracture occures along the plane of maxi-

mum infinitesimal normal strain in brittle

material without plastic deformation. More
research for the fracture in hrittle material
must be continued.

b. Conclusion

Using the burr formation and fracture
model for orthogonal cutting suggested in pre-
vious work, a modified burr formation model
including the fracture phenomenon in oblique
cutting is proposed. It is based on the fact
that the rollover burr is formed in the cutting
direction and the obligue cutting is an accu-
mulation of segmented orthogonal cutting.

As a chip formation model in oblique cut-
ting, Rubenstein’s model that the chip forma-
tion occures in the plane normal to cutting
edge is used. In the case of ductile material
like copper, the application of Rubenstein’s
model for oblique cutting is not appropriate
due to severe chip distortion. Therefore the
analysis is applied to the material like
ALG061-T6 and AL2024-T4 whose chip distor-
tion is not so severe.

From the model prediction, it is shown that
the fracture location, x, decreases as the
inclination angle increases but it is not so sen-
sitive to the variation of Inclination angle.
Two kinds of fractures are observed in oblique
cutting: uniform fracture and inclined frac-
ture according to the variation of fracture
location. The uniform fracture can be predict-
ed using the modified model. The inclined
fracture occurs at every last corner of work-
plece which a tool exits. The inclination of
fracture is assumed as approximately same as
the tool inclination angle. To predict the
inclined fracture location, the equivalent ini-
tial tool distance, @, is obtained and applied
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to the modified model. In AL6061-T6 and
AL2024-T4, the inclined fracture location is
reasonably predicted. In the case of brittle
material like AL390, more research must be
continued due to different fracture mecha-
nism. The uniform fracture could not be
observed easily in this experiment because the
workpiece is not wide enough. However most
of burr formation in practice will be in steady
state condition except last corner because the
width of workpiece is much larger than unde-
formed chip thickness. The critical width of
workpiece for the existence of uniform frac-
ture is calculated.
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