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CHIP BREAKING AND CONTROL FOR A ?2RECISION AUTOMATED TURNING
SYSTEM

Marvin W. Burnham, 2h.D.
Leonard A. Abbatiello
ABSTRAZT

Chip breaking and control is essential to automatic operation of
orecision turning systems. Failure to transfer parts and system jams
can occur if caip fragments are not continuously removed. Surface
damage and tool breakage also result from chips that are permitted to
wrap arour< the tool. Also, with increasing environmental concerns,
chip handling and recycling are becoming major issues in manufacturing.
New information on a variety of mechanisms for breaking chips and
methods for removal from the system are discussed. 3ome of the chip
breaking methods are evaluated for the range of cutting in which they
are erfective. Chip curl and chip bieaking analyzed carefully by
Nakavama and others is expanded to more fully understand the ways in
which chips can be broken.

INTRODUCTION

The recent trend toward unmanned or remote manned manufacturing
systems requires automated chip control. Without reliable chip
breaking, parts can fail to transfer, tools may be damaged, and the
workpiece can be damaged. It 1s futile to automate all operations and
still require an operator to pull out tangled chips with tweezers. In
the past few years, concern has increased for the environment and for
safety and health issues. As a result., the chips are no longer being
thought of as waste but rather as a product. Product status demands
concerns for confipguration and all phases of handling and packaging. It
i3 likely that in a few years, all pieces of unusable stock as well as

chips from machining will be recycled. Chip recovery will be a must.

Most of the available methods of chip breaking have been analyzed
in a recent effort to producc an automated, unmanned, accurate turning
system‘'’'., Thease methods include conventinnal mochanical chip breakers,
hydraulic Jjet agsisted breakiny, interruption by precut pgrooves,
interruption using programmed withdrawal of the tool, and capture
methods. Most of the method:s require a better basis for understandins
the chip and its formation. A finite element study is in  process to
combine the thoarmal as well as mechanical aspects of chip formation. At

the present tLime, the finite e¢lement. method s limited to  two
dimensional chip formation. However, an understanding is needed ot the
basie physical principals deteimining  the geometry of the chip to ho
broken. This paper reports a study examining the cross sectional  shope
of the chip anid some implications to chip breaking. Many of the metlaods

roaquire a  controllad chip flow direction, chip cross section, and cu,l
form. Thip analysis provides a basis for these roquirements.

Recent. studinag ' showed that. it wans s3ix to ten times  ecanie to
broak c¢hips in the transverse direction rather than with  ded Lect jons
normal  to the tool tace. That raised an interesting question: "Re  we



deforming chips in the best direction to break them?" Abbatiello found
confirmation of the observation by an approximate analysis done by
Massa*” of Kennametal. Further study reported here focuses on the
relation between Colwell's‘®' cutting cdge chord (CEC) model and the
chip cross sectional shape. The theoretical shape then permits a look
at the easiest way to break chips at or near the root.

This analysis based on cutting at the tool tip is shown to agree
very well with micrographs of chip cross sections from several metals
with various degrees of work hardening. Then the implications of the
results are discussed in relation to chip breaker design and cutting
strategies needed for chip breaking. Many papers have listed product
integrity reasons which urge good chip breaking‘:*-=-+', Chip jams to an
automated system require chip breaking for true automation‘t-7.@.t0?

With all the wurgency to good reliable chip breaking, there is a
major opposed concern. That is, the primary goal of machining is to
make quality machined ccmponents. Product quality must be the driving
issue in selecting depths of cut, feed rates, tool nose radii, cutting
speacds and cther cutting variables. In addition, the economics of the
time needed to make parts plays a role in the selection of machining
variables. Conventional strategies of moving from unbroken chip regions
into conditions leading to broken chips depend on planing depth of cut,
feed, and tool nose radius choices under the control of chip breaking.
The ruling criterion cannot be both ways, either it 1is quality and
economics or it is chip breaking which selects depths of c't, feed, and
nose radius. In addition, the depth of cut varies because there is a
tolerance to the contour of the machining blanks. We must wunderstand
the physical basis of chip breaking if we hope to break chips without
such restrictions. An interesting by product of the analysis is that
the rTesult can be beneficial to ultraprecision machining such as
diamond turning.

UNDERSTANDING 'THE CHIP _CRQS3. _SECTION

A detailed derivation will be given in  Appendix 1. Enough
information is given hore to understand the approach and method of
analysis.

The brief description of the formation of the chip cross section
is that a curved boundary caused by the round tool nouse radius meets a
plane tool rake face and is deformed to the plane shape. The top part
of the chip cross section (oppoused to the rake face boundary) is tormed
by the interscction of the groove from the jrevious tool passapge and
the uncut wuorkpiece representod by the teed. This is illustrated in
Figure 1 (on the next page) that includes a curved shear surface ftrom
the curved tool tip up to the approaching workpioce surface. The basis
for the analyais in shewn in the tamiliar orthogonal cutting model and
the cutting edpe chord "’ representation of a oamved tool tip shown in
Figure 2.

In the 1eat to tollow, the notation shown in the tipures will b
used. Notice that the shear angle is @, the rake angle is , the
cut. depth is  De on the orthogonal model and N on the curved tool nose

* Massa, T K. "Theoretical Madol of tho Chiphreaking Proocena®
Kennamet al, Private communication, Dec, 19484



Figure 1 Tool Tip Chip Formation

Figure 2 Cmting Notation



radius to represent the usual understanding of the tuerm. The feed is F.

Using the concepts illustrated, the basis for the shape of the
chip cross section can now be shown in Figure 3. Notice that in the top
illustration, the cross section of the cut has an approximate crescent
shaped footprint as seen by the tool face. The added deformation from
the current tool edge curve to the cutting edge chord is that amount
neaded to make the curved surface conform to the tool rake face. Thus,
that amount of material may be considered to be added to the top chip
contour as in the bottom illustration. The flow direction normal to the
CEC is well established experimentally<=-e’

CHIP FLOW
CUTTING EDGE CHORD
& RAKE FACE

CURRENT
)
ADDED DEFORMATION g
~
0
CHIP BOUNDARY
& RAKE STRAIN
FACE HARDENING
INCREMENT
<~ e STRAIN
Figure 3 Forming a Chip Cross Seciion Figure & Strain Hardening

The genera. process described above assumes (a) that there is no
difference in olastic recovery from one element to the next alonp the
CEC, and (b) that the same shear angle applies to all elements. In some
miaterials there is work hardening which causes the elastic recovery to
depend on the amount of strain each element experiences. The elastic
recovery or spring back then depends on the relative strain from one
element to another and the work hardening characteristics. The relative
styain was illustrated in the added deformation shown on Figure 3. If
the shear angle is  tho samo for all elements, then the boundary tor a
chip with spriag back would be a circular curve of lavger radiug than
the tuvol nose. The radius  of the apring back boundary would dopend on
the slopo of the plastic portion of the stress strain diagram shown in
Figuro &. Notice that if tho material wore ideally plastic (slope  of
zo10)  there would be no aspring back. The slope of the plastic portion
and  tho total strain detormine the amount of spring back so materials
that  work aarden produce  spring back  proportionate to their material
propevtion,



Although few materials have a linear strain hardening behavior,
the observation concerning the slope of the plastic strain curve apply.
This will provide a basis for understanding the results. The shear
angle assumption will be validated by the resuits.

The spring back boundary is only approximately circular because of
the nonlinear plastic characteristics and because the shear plane is
not exactly normal to the tool rake face. Also, if the coolant is not
effective, the small chip can partially anneal causing some curvature
change. These apparently are immeasurably small influences on the chip
cross section as will be seen.

The elements near the ends of the CEC in Figures 2 and 3 have zero
uncut chip thickness (distance between surfaces normal to the CEC!
while those near the midpoint have large thickness. This means the
total strain near the ends is small so that those regions should be
softer after the chip is formed.

COMPARISON WITH CHIP CROSS SECTION MICROGRAPHS

Several micrographs from different cutting conditions and using
metals with differing strain hardening characteristics are now compared
vrith the cross section analysis. These include some stainless steels
and materials 1like various steels. This will test the predictive
capability of the model described. The computer generated boundaries
superimposed on the micrograph enlargements were calculated using the
equations derived in Appendix I.

Figures 5-7 (next page) show plots of chips made by c¢utting a
hemisphere with a 0.030 inch tool nose radius at 0.005 inch depth of
cut and 0.003 inch/revolution feed. The metal has a small strain
hardening slope, at least f,r the range of strains in the cuts made. R
tracing of an actual chip cross section micrograph is superimposed.
Figure 5 was a cut at the pole of the hemisphere, Figure 6 was at a
position 0.25 inches from the pole, and Figure 7 was near the equator.
In the equator regionu the 8 inch 0.C. hemisphere has 300 sfm. cutting
speed. The surface speed(stfm) was constant until the cut reached a
position about 1 inch from the pole, at which point the rpm was held
constant during cutting to the pole. Thus, in the last inch, the
cutting speed linearly declines with decreased radius trom the pole.
Notice the small curvature of the bottom boundar; shows only a small
amount of spring back. Also, the bent edges on some chips show a lack
of work hardening ot the chip edyes.

Figures B8-10 show a similar test of the predictive ability of
the theory. This material has a much greater slope to the strain

hardening curve. As a result, there is more curvature to the luwer
boundary of the cross sectiou. Also, obgserve how well the circle
(constant. radius) aprees with the micropraph. This verifies the
assumption that the same shear anple applies to all elements of the
uncut chip cross section. Estimates of the error by assuming a constant
shea, angle are apparently less than 2%. These c¢hip ¢roasas  sectvions
follow the same sequence in position on the hemigphere as that in the

first three figures. The only difference is a greater strain hardening
rate material and a feed of 0.007% inch/ievolution., 1t may be noted in
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the previous micrographs that some of the edges were bent without
>rezking which verifies the relatively soft condition there.

Figures 11-12 show a material with about the same or lower straia
hardening rate as that in Figures 5-7. Figure 11 was cut at a depth of
cut of 0.002 inch and Figure 12 was at 0.010 inch. Both were cut with a
0.002 inch/revolution feed and a speed of 300 sfm. Again there is good
agreement, although one vertex appears to have been broken off either
in cutting or in making the micrograph for Figure 12. Since the outer
part of the chip surface is rough, small variations would be expected
if several micrographs were made at successive locations on the same
chip.

These comparisons appear to verify the analysis, and now some
implications for chip breaking and chip breaking operational strategies
will be examined.

CHANGES 1IN CROSS SECTION WITH FEED AND DEPTH OF CUT

Comparison with actual chip geometries is sufficiently good to
warrant examination of what happens to the cross section when machining
variables change. In all these cases, the feed, depth of cut, and the
dimensions of the cross section have Leen normalized by dividing by the
tool nose radius. Although the experiments used a 0.030 inch 20l nose
radius, the results can apply to any tool nose radius by multiplying by
the actual radius. Figure 13 shows the changes in shape when the depth
of cut is constant and the feed is varied. Several depths of cut are
shown 1in successive olots. These were all done with no spring back or
for materials that behave in nearly an ideally plastic manner in
machining. Notice that the thickness vertex varies both in height and
in position. Therefore, the centroid and the ideal position to apply a
load %o bend the chip change. This change is true whether breaking
occurs by failure stress near the chip root or by decreasing the chip
curl radius so that contact with the tool or the workpiece might break
it. The normalized values for feed and depth of cut were chosen to make
it easy tc relate them to actual values using a 0.030 inch radius tonl.

Using a constant feed und varying the depth of cut, the geometry
changes as in Figure 14. Once again, both the magnitude and location of
the chip thickness vertex changes.

The usual experimental plot of the conditions leading to broken
chips is shown in Figure 15. Notice that the strategies usually involve
increasing feed if operating in example A, increasing depth of cut if
operating at B, and increasing both feed and depth of cut if operating
at C. None of these strategies recognize the shift in centroid (neutral
axis) location or the position of the shear center. Therefore, the mode
of chip breakiny is likely to change because the chip geometry changes.

Most of the chip forms are approximately triangular. As the feed
increases at any depth of cut, the curved boundary on the top of the
chip becomes shorter and the feed portion larger. Finally, the tool
only cuts a circular groove, As that condition is approached, the chip
shape is more nearly trapezoidal. NAn approximately trapezoidal form is
made when the depth of cut approaches or exceeds the tool nose radius.
‘Then, the straight side of the tool adds a contribution. This is shown
in Fipure 16. Those deeper cuts will be analyzed in a later report. A
final way traprezoidal chip cross sections are formed is by deforming or
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breaking off one of the vertices of a triangular shaped chip. A summary
of the changes in chip thickness and vertex position will be given in
the next section where it will be used to show the change in stress.

Since the chip thickness relative to the wuncut chip thickness
depends on the machining conditions and the coefficient of friction,
the relation of chip thickness to shear angle is shown in Figure 17.
Changes in shear angle depend strongly on the coefficient of friction
at the tool-chip interface. Only the chip thickness is changed by the
shear angle, not the position of the vertex. Figure 18 depicts the way
the shear angle alters the chip cross section. The tool's chip breaking
grooves or obstruction design can change the shear angle. Therefore,
the actual chip thickness depends on the tool design. Conversely, a
study of the chip cross section permits evaluation of the shear angle.

ANALYSIS OF THE STRESSES AT EACH CROSS SECTION VERTEX

Notice that all of the cross sections, especially where there was
no spring back were approximately triangles. The centroid of a triangle
is located 1/3 the distance between the midpoint of an opposite side
and its associated vertex. Visual observation of Figures 5-1Z shows
that in most cases the top vertex is closest to the centroid. Thus,
bending the chip in a direction riormal to the tool rake face (vertic:'
on the Figures shown) would produce lower stresses at that vertex for
the same bending displacement thar. a similar displacement might produce
at tiie other vertices. However, the vertex in the normal chip flow
direction could be more vulnerable to fracture because of stress
concentrations and work hardening. The relation between the chip cross
section and the stress produced at the vertices assists in a test of
the relative ease of breaking. The variations in the shape of the cross
section are then related to the cutting variables. Thus,the 1xelation
between the ease of breaking and changes in the cutting variables of
cut depth, feed, and tool nose radius can be examined. Appendix II
shows the derivation of the chip cross sectional properties for stregs
evaluation.

COMPARISON OF. VERTEX STRESSES

The stresses will be evaluated to compare the mecst advantapeous
direction for applying chip breaking loads. It will be aasumed that the
chip is a cantilever beam of triangular cross section. The chip breaker
will be assumed to apply a displacement U, by virtue of ita  height
above the tool face. Figure 19 shows the cantilever and its  relation
to the too}l and chip breaker. The obastruction type chip breaker wa
chuasen for econvenience, but the same analysis would apply to other
typos of broaking designs. Also, for the presont, the applied load will
be assumed to pass through the shear center of the chip, producing only
bonding. Torsional stresses can be caloulated uning the equations in
Appendix 11. Then whon the load does not. pass through the shear center,
estimates can bo made by combining Jexural and  torsional  gstrenses,
Whiln the vertex at tha chip thickness would normally be in compression
by the c¢hip breaker induced loads, the base of  the trianpgle would
exporience  half  as much streass in tension by thoso loads.  The apper
asurface would be in tennion in the reverse bending desceyibed by
Nakayama' **, and that is the advantage of trying to braak chipa in that
manner., Howevor, tho roverse bhending would nave o longer  cantilever-
beam  lenpth  and  require o proportionately  larper displacement  to
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achieve the same stress value.

Noting that the deflection of a cantilever beam, is given
bv:
U> = PW/3EI = MW¥=/3EI

where W is the cantilever length between the tool tip and the
top of the chip breaker, E is the elastic modulus, and I is the moment
of inertia. P is the load and M = PW is the applied moment. Examination
shows that when the deflection U, 1is constant, the moment is:

M = K.,UoI, 'vhere K, is a constant containing the elasatic
modulus and clip brealler setback terms. The vertex stress per unit
breakex height is:

Sips/Uoc = KiCav

where c.v 1is the projected vertical distance between <the
centroid and the thickness vertex. All other +terms are constants.
Similar relations apply to bending in the transverse direction
(parallel to the rake faceo).

Using the information on Figure 13 and plotting the thickness at
the vertex results in Figure 20. The individual curves represent the
difrerent depths of cut. Note that most of the curves reach a maximum.
If a horizontal line were selected on Figure 20, that would represent a
constant stress per unit displacement of the cantilever chip beam. One
such curve should represent the failure stress level for some material.
A series of curves should represent several failure stress levels.

Thus Figure 21 represents lines of failure or regions of breaking chips
by plotting the constant thickness lines from Figure 20. Recalling the
composite of numerous experimental efforts in Figure 15, the similarity
can be seen. Thus, the theory pives a physical basis for a history of
observations.

A larpge family of curves could be producod on Figure 21 each for a
different chip thickness or failure stross level. Figure 20 assumed the
undetormed chip thickness was the same as the deformed thickness. For a
tocl with a zero or neutral rake angle that would correepond to a shear
angle of 45°., Figures 17 and 18 showed the variation of chip thickness
with shear angle. Thus, a tool producing a smaller shear angle would
makao a thicker maore oasily broken chip. [t is possible that tho
variations in the experimentally determined diagrams in the literature
aran primarily a result of variations in the shear angle produced.

Since in many of the chips shovnm in Figures 5-12 and he  crons
soctions caleculated in Figuroes 1314 the distances to othor  verticen
aro largoer than from tho cont:oid to the thicknoesa vertox, it should be
advantageous to try to bond the chips in the transverae divection. Alaso
the more distant verticns would have larper stress under torsional
loading. lofforrer produced a rolter type chip breaker to  produce o
nida  or transverse displacoment ot the chip. The transvorse load plus
torsion is the type of loading produced by the chip waoight. and by
coo Lant loadiug on straignt chipn, small snarle,  and  short. helical
forma. It has boon puszling to know why o helical form would repularly
broak and  form short hoelices, AL that is neoded to complete  that
failure mode is to dorive the loading in terms of weipght, ad viseousn
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drag on the helix, then combine it with the previous stress analysis. A
plot similar to Figure 20 could be made for the vertex position of the
vertex opposite the rake face. Then a strategy of feeds and cut depths
could be based on a constant vertex position so that the shear center
did not shift, making one breaker design more generally applicable.

LOADS ON HELICAL CHIPS

When a straight, helical, or snarlied shaped chip is formed, there
are loads produced by a combination of the chip weight and the coolant
applied. The coolant can be applied from any direction all the way from
vertical to horizontal on either side of the tool. Usually, the 1. .2zle
position is set by the operator. Also, the coolant jet can be pulsed to
a-complish contrel of the length of the helix.

The loads produced by the flowing coolant are viscous drag forces.
‘'hese forces are related to the coolant velocity, the drag coefficient,
and the chip area exposed to the flow. A straight chip presents only a
small area in +he region of the chip flow. A vacuum system or a gas jet
has been used to break and remove fine straight chips in diamond
turning. Presented area for helical or coiled chip forms can be derived
using the chip curl results reported as a basis¢?-1”-t11> fThe area for
snarled chip forms can only be estimuted since the snarl is seldom a
regular geometry. It can be calculated as a sphere and the percent of
the area occupied by the chip solids estimated to get the area of
loading. In many cases, these loads produce both torsion and transverse
bending on the chip so that the vertex farthest from the centroid of
th.e cross section receives the largest stress.

The weipht of the chip form results from calculating the volume of
the chip material in the unbioken form. For example, a short helix
weipht would be the length of the spiral up to the breaking lenyth
multiplied by the cross section area and the material density. In both
the coolant drag loading and the weight, the forzce is asswuned
concentrated at the mid length of the chip form. A detailed derivation
is piven in Appendix III.

The coolant and weight loads have not been tested yet, but several
cases  can be estimated. The analysis serves to specify the variables
noeded to investigate producing short helix foims of broken chips. A
banis is also givea to study the beut positioning and pulse {requencies
for coolant streains. Note that helices produced by sideways curling of
the chip (See Nakayama®) would require replacing the chip width, with
the c¢hip thickness in the area calculation and perhaps  changiny  the
pitch of the helix. Ganerally, these chip forms would be havder to
break siteie the presented aroa is smaller for the same pitoeh.

CONCILUGTOND

AbbLatieila ' found that in Lhe case off  hydvanlically  asaiat e
chip breaking,  the chips wero about 10 times eazier to bhreak  in the
tranasverse ditection,. That in, an order of mapguitude lover jet pgennme
broke c¢hips  in the transverse or sideways  dirvection compaared  with
breaking in o nommal direction. A complete yanpge of  aphervical  angloes
for jot. oriontation wore evaluated, and thoso vesalts ave applicable to
the coolant tlow considered.



Ioffe*® found that a roller on top of the tool to deflect the chip
to one side (transverse loading) was very effective in breaking chips.
That agrees with the observations based on the chip cross section.

Combined coolant delivery and chip breaker designs to make use of
the modes of loading most likely to break chips may be considered.
Unfortunately, mechanical breakers are difficult to design for
transverre chip loading. Torsion also appears more effective in
contributing to chip breaking. Perhaps we need a new twist for good
chip breaking.

Strategies to break chips when in an unbroken regime carnot mer=sly
rely on changing a sgingle cutting variable but must account for all the
chip shape changes and the relation to the action of the chip breaker.
Calculating the shear center and using a load at the high point of the
initially curved chip bottom may permit a prediction of cnip curl.
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APPENDIX I. Derivation of the Chip Boundary Relations

Considexr a tool tip which is a pertion of a circle representing a
tool with nose radius r.~ moving into the workpiece material by a feed
£, each revolution at a depth de below the uncut surface.

Assume for the moment that there is no spring back of the chip
after it is formed, and that the shear angle is the same for each chip
element at the tocl tip circle. The effect of spring back will be shown
later, and the validity of the shear angle assumption will be shown
experimentally. If the shear angle is the same for all elements, what
would be the shear plane in orthogonal cutting is a shear surface
curved almost the same as “he tool nose. It is approximately circular
because the shear angle imposes a small ellipti~ity, since the shear
plane is not identical to the normal to the tocl rake face. Notice that
the curvature to the shear surface requiros a4 locus of the intersection
of the shear surface and the uncut surface as shown in the top surface
(the dashed line) of Figure 1. This intersection or chip linitiation
contour, then must define the top side of the chip, away from tie rake
face.

Each element at the tool tip has a slightly differeant effective
uncut chip thickness from the adjacent element; therefors the length of
the associated shear plane depends on location alonpg the tool tip. This
implies a wvariation of force distribution around the tool tip. The
shading in Figure i shows the resultant shear surface. It can be seen
that at the cnda of the cuttiny edpge chord (CEC) the undeformed chip
thickness is zero while at the midpoint of the chord, the thickness of
is maximum. Figures 2 & 3 show the uncut chip cross section. The strain
deoformation change between an elemont on the tool tip and an adjacent
elemont is roprosented by the shaded sepment of a circle. So while the
length ot the shoar surface varies, proportional to the width of the
uncut chip normal to the CEC, the relative striin displacement varios
according to the width of the circular sepment., This may be why the CEC
modoel has worked so well in experimental testa. 1t reprosents  the
tormination of relative shear strain and establ "shes the base of  the
chip crosn  soection. Many papera** " have  reported oxcellent
agrooment. with Colwell's CEC model by ohtervaticns ot the  chip tlow
direction as normal to the CEC,

Using the notation in Figure 2, it i5 convenient. to change  the
position of the x and y axes to be located paallel and noimal to the
cutting odpe chord as in Figure 22, This reqgnires rotaiing the body by



(40, )/2 wnexre 6, and €. are the angles to the two ends of the CEC in
Figure 2. First normalizing x, y, dc, ard f:

Let X = X/rn, Y = Y/rn. D = d-.:/rn. and F = f/r.

Cos(Be) = 1-D {11
Sin(©.) = F/2 {21
]
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Figure 22 Chip Analysis Orientation

The angle botween the original uncut part surface .nd the cutting
edge zhord is obtained from tho inversnc of:

tan(0e) = (D - 1 ¢ Cos(0.)]1/(8in(0e) tk/21 (3]
Os = (Vet0,)/2 (&)

Thae lat't portion of the upper unent.  chip  boundary in
Figure 22 is from X - l.. /2 to ain{(0O. - F Cos(Na):



The normalized chord length is;
Le = 2 Sin(©6a)

Letting, Sin(¥) = X
and, Sin(8) = [X + F Cos(6al

Then the left portion of the undeformed chip thickness is defined by:
Yu = Cos(¥) + F Cos(6g) - Cos(b) (5]

And when the limits on X are: X = Sin(8a)-FCos(6=) to Le/2,
the uncut or right portion of the upper boundary is:

Yu = Cos(Y¥) + Tan(Be)[(Sin(6x)-X] - Cos(8) (6]
The lower boundary which also represents the amount of relative strain
betweenn elements along the work surface in contact with the tool nose
is defined by:

Y. = (1 - COS(,)] [7]
Since the c¢hip forming process forces the lower boundary up to the
cutting edge chord, the value of Y. in equation{7] is included in
equations (5] & [6]. These Y valuves represent the uncut chip cross
section, and when multiplied by the chip ratio (the ratio of the
deformed <chip thickness to the undeformed thickness), produces the
boundaries of the cut chip. The lower boundary i1s a straight 1line if

there is no relaxation or springback. The chip ratio it may be recalled
is:

p = Cos(® -~ )/5in(9) (8]

Where @ is the shear angle and o is the rake angle.
Therefore, if Yc¢ represents the Y values transformed toc the plane of
the chip thickness, then:

Yo = P Y {9]

Where Y is defined by equations (S]] & (6]

The springback is represented by a larger radius on the uncut chip
diagram in Figure 22. Since Y = y/r.., if there is a larger radius curve

to be subtracted from the boundary equationa (5,6], it would be defined

Let ko be a factor increasing the radius r.. of the current tool
path or lower boundary with a center located on the X axis. Thren,

Sin(xn ) = x/r.. ko = X/keo {10]
at the chord end where the tool paths intersect,
Sin(¥) = Il.:/(2ko)

and the springback displacemont is:

by:



Ya = (Cos(Ya) - Cos(¥-)] (11]
The top contour representing the chip cross section is then:

Yes = pL Y - Ya ] (12)
and the bottom cross sectional chip boundary is:

Yao = p Ya (131

If the workpiece is a strain hardening material, and the chip is
cooled rapidly enough to prevent annealing of the chip, the value of Ya
when compared with the displacement Y. (equation [7]) can be correlated
to the amount of strain hardening experienced as illustrated in Figure
4. Although a linear plasticity model is assumed, it can be seen that
as the total displacement increases and the slope of the plastic
portion of the curve increases, the increment of elastic relaxation
increases on unloading. Thus, in the case of the chip springback, the
elements at the ends of the cutting edge chord would have no relaxation
strain or springback while those near the center would have the maximum
displacement.

APPENDIX II Derivation of Cross Sectional Properties

Before the chip is deformed from the curved shape to the almost
triangular shape in the chip formation process, the curved chip area
oriented to the cross section of the chip is:

Ro = [F (Cos ©. - Cos ©o) + ©. - Sin(26.,)/2 ] P [14]

This is the exact theoretical area of the chip. If the chip ratio
is 1 and the rake angle of the tool is zero, this is the area of the
uncut chip in the workpiece, normal to the tool path. A very good
approximation can be obtainea by multiplying the cut depth by the
feed. This slightly over-estimates the area of the chip.

Using the true area, assuming that the top arc is lengthened and
the bottom (current tool edge) arc is shortened by the same amount to
produce a triangle of the same area, the amount by which the arcs are
lengthened and shortened is:

E, =06, - {(F/2)2-(Bo)“/[(0., )~ (F/2)C]} 17" (151}
The length of the bottom (current tool edge arc) triangle side,
when normalized ( divided by the tool nose radius ) is:
La = 0o + 6, - Eo [16]

Then the triangle height is:
Hr = As/(2 In) (171

and the provortion of L. from the vertex at the tool tip and the
workpiece surface ( intersection of F and L. ) is:

Sr = [ F™ - He Y77 18]
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Figure 23 Triangle Approximation
Using the notation in Figure 23, the moment of inertia at the
centroid and parallel to the X axis ( for normal bending in a direction
normal to the rake face of the tool ) is:
Ian = Ly ( H+)2/18 [19]

From the triangle geometxry, the angles at vertices 3 and 2 are
obtained from:

Sin( ¥a) = H+/F
Tan( ¥=) = H+/((1-S+) Lol
Let I, = {{(1-S+)Co3 W 12+([FCos ¥al21}1/6

Then the moment of inertia at the centroid and normal to the base
le ( for transverse bending) is:

Tus = Ar_l(Ir)"[(2/3)LH(1_[1_ST]C°5 Y )-FCos v:]"l (201

The projection on the Y axis of the distance from the centroid to
vertex 1 is:

Civ = (2/3) Hr (21)

and on the X axis of the centroid to Vertex 3 distance:
Cax = Lom(1l + S5:)/3 [(22])

and on the X axis of the centroid to Vertex 2 distance:
Coox = Lay - Cux (23]

The corresponding distanc:s from the centroid to the three



vertices is:

Cr = (2/73)(La=(0.5-S+)2+H+2 )2 " (241
Cs = [cax® + (H+/3)8]r7"® [25]
Ce = [c=ax® + (Hr/3)2]r78 (26]

Now the bending stresses at the vertices can be calculated. Vertex
1 will be subject tc stress by bending in the normal direction while
the other two wvertices will be placed under maximum stress by
transverse bending. In each case, the stresz will be normalized by
dividing by the moment.

Si1/M = civ/Ilaa (273
Se/M = cex/Iss (28]
Sa/M = Cax/Ien (291

Likewise the torsional stress at each vertex for a torque
T applied to chip is:

Ser = Ci/(laaviue) £30]
Sea = Ca/(lantlos) (31]
Sea =2 Ca/(lantlum) {321

For a chip in the form of a cant..iever beam built in near the chip
root and bent in a direction normal to and away from the rake face, the
deflection by the chip breaker Uo at a distance W from the fixed end is

Ua = P W?/3EI = M WB/3EI = M/K. 1

where P is the force, E is the elastic modulus, and I is the
moment of inertia, Iana or Iue for normal and transverae bending
directions respectively. Using these 1in equations(27-29]} produces
equations relating the bending stress directly to the c¢ distances. A
similar relation relates the torsional stresses directly to the
distance between the ceantroid and the vertex of interest for a
specified angular displacement about the chip axis.

APPENDIX III Loads on the Chip

When the cutting speed V. is reduced to inches/second and
is divided by the chip ratio to represent chip velocity, if the
chip forms a helix of pitch p. and has a chip width of b, the
length of chip per second is:

1. Vab®p: /(107 1. p) (36]

Then the surface area of the chip per second times the
component of coolant jet velocity V, and the drag coefficient K-
produce a jet force normal to the axis of the helix. That is:

Fy, = V,V'.Kab"'p. /(51 p) (37)



The force produced by the weight of the helix depends on
the angle of the helix axis and the weight of the helix assumed
to act at half the length. Thus:

Fo = Vab®p=w=Cos(g;)/ (101 P) (38])
And the combined force normal to the helix axis is:
Feo = V.bEp.:[KeV,Cos(d_;)ch/Z)Cos(/BJ)]/(5" p! [39]
And the torque at the chip root is:
Te = Fele (40)
If the helix is not horizontal and the jet is not vertical
to the helix axis, then there is a transverse bending force at
the chip root which can be calculated by replacing Cos( ;) and
Cos(f;) with Sin(a; and Sin(g) in equation (39). Attention must be
given to the signs of the force components of the coolant and the

chip since they can be in opposite directions depending on the
orientation of the helix and the jet.



