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SUMMARY

This investigation has been carried out to analyse and
discuss the chip formation and chip breaking processes in metal
cutting and to demonstrate the degree of agreement between the
. theoretical and experimental results. Particular attention has
been given to the chip breaking control,

Different materials such as steels (low, medium and high
carbon steels), aluminium alloy and copper were tested under
different cutting conditioné using different tool geometries
with ground and clamped chipbreakers, and cutting was carried
out dry and with coolant, The chips obtained were measured, and
the experimental results were plotted. -

For the chips to be controlled at the cutting zone and
effectively transported from the vicinity of the.machine tool,
it is essential chipbreakers are used,

Chip breaking effectiveness was found to be influenced
chiefly by the ratio of chip curl radius to feed. The condition
for minimum cutting force was found to be influenced chiefly by
the chipbreaker proportion ratio, i,e. the width/height for
ground step chipbreaker and width/angle of the inclination of the
chipbreaker wedge for clamped wedge chipbreaker, Chiébreaker
proportions are limited on the one hand by the need to get suff=-
iciently broken chips and on the other hand by the need to avoid
extensive increase in cutting forces, which should not increase
by more than gbout 10 %.

During this work it was established that the use of chip=
breaker having optimum dimensions will not only give broken chips
with reduced cutting force , but also that there will be no increase

in tool wear due to the presence of a chipbreaker, Coolant was
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found to be helpful in promoting good chip breaking performance,
Chafts were drawn for quickly finding chipbreaker dimen-
sions for effective chip breaking over a wide range of cutting
~conditions and materials, A theoretical expression for chip breaking
effectiveness in terms of chip curl radius and chipbreaker

proportions was suggested,

I. H, M. A,
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CHAPTER 1

A DISCUSSION OF METAL CUTTING STUDIES

1.1 MACHINABILITY

Although the term "machinability" is widely used, and from the
practical point of view is readily understood as denoting a relative
quality, there is no general agreement on a precise definition,

Good machinability may carry implications concerning,

(1) Low energy absorbed in cutting.

(2) Long tool life,

(3) Good surface finishe

(k) Formation of chips that can be easily disposed of,

The main factors(1’2)

related to machinability are:

(1) Workpiece Material:
grain size; chemical composition; melting and casting
processes; method of fabrication, e.g. cast, forged,
drawn or rolled; type of heat-treatment, e.g. annealed,
hardened by quenching, tempered or aged; microstructure;
distribution, type and éharacteristics of icluded none
metals; properties: tensile strength, ductility and
hardness; size and shape.:

(2) Cutting Tool:
€«ge form, shape, angles; heat-treatment; hardness and
strength; alloy composition; accuracy of grinding.

(3) Machine Tool:
machine type; rigidity of tools and work-holding devices;
specification of the operation,

(4) Cutting Conditions:

cutting speed; feed; depth of cut
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(5) Cutting Fluid:
type: soluble water, mineral, lard, solfurized o0il etc.;
cooling properties.
Materials having good machinability permit a high rate of
metal removal with satisfactory tool life and surface finish,
Machinability assessments have been mainly based on consider-
ations of tool wear, the chip behaviour and the energy consumption in
machining.
By considering in the first instance, only one criterion

(3)

of machinability such as surface finish, Rubenstein considered
machinability of a material as a quality that changed in an adverse

way with increasing ductility, under the conditions existing during
cutting. An index of ductility is shown to be a valid index of
machinability as assessed by surface finish, by cutting force magnitude,
or by tool wear within a limited set of cutting conditions., Meta-
llurgical investigations into the causes of wear of cemented carbide

(%)

tools have been carried out by Trent to provide some evidence of

the conditions at the cutting edge of the tool and the factors
coﬁtrolling tool life and machinability,.
Tool life under machine shop conditions is known to be the
result of a number of different processes and factors which affect
too; life in different ways and subject to different laws., Flank wear,
the built-up edge (Fig.1a-e)(u), deformation of the tool subjected
to high temperatures and strésses, cratering wear, mechanical chipping,
and thermal cracking all affect the useful length of tool life(h),
Cratering wear is a form of wear on rake (cutting) face of the
tool occurring at relatively high cutting speeds. This form of wear is

(5)

consequently very temperature sensitive, Oxley and Welsh suggested
that the value of the ratio of m/k together with the value of k
(where m is the slope of stress-strain curve at mean strain rate

and k is the shear flow stress), which are fundamental material
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properties, should be taken as an indication of the way in which
a material machines. Materials having high values of m/k and k
are expected to machine with large cutting forces, thick chips
and result in poor surface finish,

(6)

The shear angle has been used as a factor in estimating
machinability. High values of shear angle indicate large ranges of
continuous chips, low cutting forces and good surface finishes,

Low shear angles are associated with small ranges of continuous
chips, large cutting forces and poor surface finishes.

A basic factor in machinability is the stress required to
shear the work material at high temperature and extremely high strain
rate. This may explain the poor machinability of materials of high
créep strength.

(?7)

Trent concluded that metallurgical behaviour of the work
material in extreme conditions of the flow zone, is probably the
most important factor in machinability., Improvements in the mach-
inability characteristics of steel can be made by means of inclusions
such as Mns which can act as internal lubricants, forming films on
the cutting face of the tool which are easily sheared under these L{AS
extreme conditions or silicates which can also act as lubricants
greatly reducing stresses, températures, and tool wear.

The examination of worn tools(7) lead to the conclusion
that the main wear process on carbide tools are based on diffusion
wvear and attrition, Diffusion wear is mainly controlled by temperature,
the flow rate of the work material very close to the tool surface,
and the diffusion relations between tool and work material, Attrition
is dependent mainly on irregularity in flow of material over the
tool surface and is therefore greater at low speed. Neither diffusion
nor attrition wear depends on high hardness of the work material
(Fig.Za_c)(7).

Experiments on lubrication of tools show that gases can
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penetrate to some distance between tool and work from edges of the
area of contact at medium and low cutting speeds. The freshly
generated metal surfaces act as an absorbent for atmospheric oxygen
and protect the tool when cutting in air from a form of wear which
may be very rapid when a jet of oxygen or water is directed at the
tool (Fig.zd_f)(7).

(8)

Experiments on aiuminium alloys have shown that pure
aluminium tends to weld at the tool cutting facee. This tendency is
reduced as the tensile properties of the aluminium are increased
by alloying, heat-treatment or cold working, Built-up edge could
be avoided by maintaining a keen cutting edge, polishing the tool
sﬁrface over which the chips flow, allowing adequate rake and
clearance angles, and providing a suitable lubricant.

Electrochemical machining (ECM) is one of the newest methods
of metal removal for mass production and offers new possibilities
for improving machinability. There is no problem of tool wear in
ECM.

Mechanical abrasion of the téol material, micro-crumbling
‘due to cold welding of tool material and workpiece material,
diffusion between tool and workpiece materials, weakening of tool
material with consequent plastic deformation, and fracture due to
mechanical stress are the most effective causes of tool wear(g).

One of the most successful criteria of machinability is

the permissible cutting speed.

According to Kronenberg's law of cutting speed:
1
Veo = CV/AEV. (1.1)
where:
Veo is the permissible speed- the average speed of a tool
in work for 60 mins.,

Cv and ev are material constants,

A is area of cut,



For geometrically similar sections of cut the depth feed ratio C
is constant
c=t/S
where:
t is depth of cut
S is feed
and the area of cut is:
A=tS=cs?
Hence equation (1.1) reads:

1

3
Veo = Cy / (cs®) ¥ (1.2)

1.2 CHIP FORMATION

Recently, theoretical studies on metal cutting have been
well developed, especially regarding the fundamental analysis of
the mechanics of orthogonal cutting in which a continuous or

discontinuous chip is produced, Various theories have been presented

(10) (11) (12) (13)

by Time s 2vorykin s Briks , Piispanen , Ernst and

(14) (15) (16)
*

Merchant

(17)

y Field and Merchant , Cook, Shaw and Finnie

Zorev y Lee and Shaffer(18), Hill(19) and several others

assuming a perfectly plastic solid without strain hardening or
inhomogenity of the material. In most analysis, however, it has

also been assumed for the sake of simplicity, that the chip formation
is a process of shear (without fracture for the continuous chip and
with fracture for discontinuous chip) confined to a single plane
extending from the tip of the cutting tool to the sharp intersection
of free surface of workpiece and chip, i.e. the shear plane. All
these theories were based on the single plane concept.

. (20) (21)

Okushima and Hitomi s, Nakayama s Okushima

(24)

(22)
9

Keceaoglu(zs), and Christopherson, Oxley and Palmer have

analysed the cutting mechanism and concluded that there is a family

(22)

of shear planes within the deformation zone. Okushima showed,
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experimentally by photomicrographs, that the shear process took. place
over a large area instead of along a single plane.

The chip formation process during orthogonal cutting can be
looked upon as a case of plane strain deformation if the width of the
layer of metal being removed is considerably greater than its: thickness.

(10)

This method of chip formation was first suggested by Time and a

further development was carried out by Zvorykin(11). According to this
method the shear deformations during the transformation of the layer
into a chip occur along 5 certain unique plane..

Deformation methods based on the single shear plane were justly
criticized by Briks(12). Briks suggested that the plastic shear in

the working surface occurs in a family of fan wise arranged planes which

pass through the cutting edge O (planes O Ao’ O A esesee 3 O An)’

19
Fige 3. The outer surfaces of the work and the chip are separated by a
certain transition surface-Ao An. This scheme of deformation has several
drawbacks. Firstly, assuming that the transition surface intersects: the
outer surface of the chip so that the transition surface tangent at the
point An forms a certain angle ; (whicﬁ iS'about half the cutting angle),
with the outer surface of the chip. The particles of the machined
material, thus: receive infinitely great accelerations as. they pass

through the plane O An. Secondly, Briks considered the shear lines to

be straight. As it follows from the boundary conditions on the transition
surface that all the shear lines must form equal angles of~ﬂ74 with

the tangents to this surface, the shear lines therefore, must bve

curved, Fig. 4., For example, the straight shear line OA, forms an

1

angle 0 <//4 with the tangent X In actual fact this angle must be

1.
d77# in which case the shear line must be curved as shown in Fig. 3 by
a: dotted line., Since stresses f§x1 and 6}1 at point A1 are principal
because there are no external loads on the transition surface AoAn' the

lines of maximum tangential stress at point A, thus forms an angle

1
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J7/k with tangent X

[

1.‘
On the assumption that there is no friction on the contact
(25)

surfaces, Ilyushin suggested that within the deformation zone M,
Fig. 4, there are two families of mutually orthogonal curves with a
constant angleuﬁz72 between the tangents to a pair of neighbouring
curves of one family as: they move along these lines. The normal to
the transition curve and the tangent to the shear line at the point
of intersection, form an angle ofJ77#. This is so, due to the fact
that the normals to the transition curve coincide in direction with
one of the principal stresses. llyushin has recognized three regions
within the deformation zone N, The first region AOB is characterized
by two families of mutually orthogonal straight shear lines, intersecting
the cutting face of the tool at angles oij}h. The second region BOC
is characterized with point "O" through which pass the first family
of mutually orthogonal straight shear lines in the form of a fan.

The second family takes the form of concentric arcs of circles. The
shear lines in the third region COD are straight and make an angle of

Jﬁ7h with the machined surface. |

In case of the presence of friction on the contact surfaces,
the families of characteristic curves will take a different form
(Fige & .S??EY???.) due to the change in the boundary conditions. For
example, the friction forces between the chip and the cutting face
of the tool. in the region AOB will cause an anti-clockwise rotation
of the shear lines. Accordingly the friction forces on the rear
surface will cause a clockwise rotation of the shear lines in the region
COD., The action of friction forces, thus, results in narrowing of the
region BOC (region g OC1, Fig. 4), It is clear that this rotation
of the shear lines is connected with a change in orientation of the
principal stresses on the surface of contact of the chip with the front

(26)

surface of the tool. By using stress circles it is clear that
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at a friction angle of 6 the axes of the main normyl stresses on the
contact surface make angles of 6 with front surface and with the normal
to it.. The shear lines thus make angles ofJﬁ74 + © with the front
surface and the normal to it (Fig. 4).

(17)

Taking all the foregoing into consideration Zorev suggested
the following scheme of the shear lines as shown in (Fig. 4), The
plastic zone LOF is limited by the starting boundary shear line OL
along which the first plastic deformation in shear occurs, the ending
boundary shear line OF along which the last shear deformation occurs,
and line LF which is the deformed section of the outer surface of the
cut, The shear deformations take place along a family of shear lines
within the plastic zone LOF. As. the cutting proceeds, the plastic

zone LOF moves with the tooll, As the particles of the work surface
vass through the plastic zone, the deformation increases from zero to a

certain maximum, appropriate to the final chip.

Cook and Shaw(27)

established by photographic studies of the
cutting process, that there is no unique shear plane and that the
chip formation zone resembles a wedge, whose apex adjoins the cutting

edge. Similar observation has been noticed by Albrecht(aa).

Palmer and Oxley(zg) have suggested that the over simplified
picture of deformation represented by a single shear plane, together
with the simplified stress distribution, is responsible not only for
the lack of agreement between predicted and observed parameters in
metal cutting, but alsc for the failure to explain the reason for the
change from a continuous to a discontinuous chip. They observed the
deformation during actual cutting and carried out an analysis using the
slip-line fields theory which allowed for a variable maximum shear stress,
e.gs with work-hardening. They have found that the shear zone is of
a finite width and roughly triangular in shape, with the apex near the

cutting edge and with stream Iines of flow following smooth curvess from

the work into the chip (Fig. 5). The chip leaves the plastic zone
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curled, and only contacts the tool for a short distance above the cutting
edge. The normal or hydrostatic stress varies from compression at the
outer surface.to tension at the cutting edge. PFalmer and Oxley

concluded that the presence of tensile stresses at the cutting edge of
the tool could probably account for the transition from a continuous

to a discontinuous chipe.

163 TYPES OF DEFORMED CHIPS

1¢3+1 Discontinuous

These chips are of sectional or segmented type in which
an initially compressed layer passes off with each chip segment, the
cycle being then repeated, Such chips are short and brittle. Dis-
continuous chips are made up of sections of roughly the same size

(Fig. 6a)(17)

that combine to make up a long unbroken chip with a
serrated surface., Frequently, however, the separate sections split
off, The pitch of these segments depends upon the condition of the
operation and the material. being cut, When the pitch of the segments
is small, a good finish is produced on the workpiece, The conditions
which favour the formation of this type of chip are brittle material,,
large feed and depth of cut, low cutting speed and small rake anglee
For such material tool life is longer, and tool failure is due to
the: rounding over and wearing away of the cutting edge. These seg=-

mented chips are easily disposed of,

1+3+2 Continuous Without Built-Up-Edge

Such chips are long ribbons of uniform thickness (Fig. 6b)(17).
A continuously moving layer adjacent to the tool face in the plastic
flow occurs with relatively ductile-materiall, Conditions which are
favourable for the formation of this type of chip are ductile material,
small feed and depth of cut, high cutting speed, large rake angle, keen

(8,17)

cutting edge and high polish on tool faces e The formation of
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this type is also favoured by the use of an effective cutting fluid in
the case of high-speed cutting tools. It is characterized by the
absence of the build-up edge, and therefore, a high quality of finish
is produced. Tool life on such material is generally very good, and
tool failure may be due partly to rounding of the cutting edge and
partly to abrasion of the face close to the cutting edge.

1,33 Continuous With Built-Up Edge

Such chips (Fig. 6c-d)(17) are usually long but not smooth and,
generally, considerably thicker than the '"feed" of the tool. Chips
of this nature come from very ductile materials having medium machinability.
The metal in the chip has been severely cold-worked in machining and
a built-up edge has developed on the tip of the tool. The finish on
the work is usually rough and has a torn appearance due to fragments
of built-up edge adhering to the workpiece. The tool usually fails
because of cupping or cratering of the tool face a short distance back
from the cutting edge at the point of contact with the chip and by
abrasion of the tool flank due to contact with the fragments of built-up
edge which escapes with the workpiece., Continuous chip with builteup
edge is produced when the coefficient of friction betweea the tool
and the chip exceeds a certain minimum value depending upon the metal
being cut, Under these conditions, the stress on some plane in the
chip extending from the tool face down to the face of the chip becomes
equal to the shear strength of the chip metal. Failure then occurs
on that plane, and a section of the chip remains anchored to the tool
face to form the built-up edge. As this built-up edge continues to
increase in size during the cutting process, it soon reaches such
proportions that it no longer can be carried by the tool, fragmehts of

it pass off with both the chip and the workpiece.
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1.4 DISCONTINUOUS CHIP FORMATION

It is generally understood that a brittle material is more
liable to produce discontinuous chips than a ductile material, but
some ductile materials will produce continuous, discontinuous and
partially discontinuous chips depending upon the cutting conditions.

Cook, Finnie and Shaw(16) classified the discontinuous chip
into two types. They distinguished between the cracks that were just
visible under the microscope in machining ductile materials and the
completely discontinuous chip where the material is removed in the
form of separate segments, The fracture is either of the ductile
shear type or the brittle tensile type. They stated that completely
segmented chip formation is entirely different from that of contin-
uous cutting, being better described as a periodic extrusion rather
than one of simple shear,

Field and Merchant 19

noted that the discontinuous chip
was. formed during the machining of brittle materials like cast iron
or when cutting ductile materials at low speeds and without cutting
fluids., They suggested that the basic difference between the form-
ation of continuous and discontinuous chip was that instead of shear
occurring ahead of the tool continuously without fracture, rupture
occurred intermittently on the shear plane thus introducing new
factors into the geometry of chip formation.

Analysing the cine-films taken during the actual cutting
process Field and Merchant<15) have found that as the tool advanced
with respect to the work, chip segments were produced at relatively
uniform rate. Sketches corresponding to selected frames from a cine-
film taken when cutting bronze are shown in fig. 7. Frame 1 shows
the tooll just beginning to advance into the inclined work surface

produced by the previously ruptured chip segment. In Frame 16 the

metal distorsion indicates a high shear angle and a shear plane
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extending to the inclined work surface, As the tool advances further,
the shear angle decreases ra‘pidly so that by Frame 20 the shear plane
has extended to the horizontal surface., This is indicated by the
start of the curvature of the surface. Still further advance of the
tool results in a continuing decrease of the shear angle till rupture
occurs along a shear plane thus producing a chip segment as in

Frame 39, This is the end of the cycle which then repeats itself,

(30)

Investigations carried out by Bridgman have shown that
the amount of plastic shearing strain necessary to produce fracture
increases as compressive stress is applied to the shear plane, The

relationship between the shearing strain required for rupture and

compressive stress is roughly of the form:

G_r = Eo + K Sn (1035)

where, er is the strain required to produce rupture, Eo is the shearing
strain required to produce rupture at zeroc compressive stress, K is

the slope of the shearing strain and compressive stress curve and Sn

is the compressive stress acting perpen‘dicular to the shear plane.
Fracture will thus occur on the shear plane causing a discontinuous
chip whepever the shearing strain € which (assuming the shear plane

model of continuous chip formation) is given by
€ = cotd+ tan (@ -AK) (1.3b)

(A= rake angle
® = shear angle)

becomes equal to or greater than er.
This rupture condition can be expressed mathematically by
combining equations (1.3a) and (1.3b), bearing in mind that the

shear angle at rupture is ¢1; hence:

cot¢1 + tan (¢‘-d) }Eo + K8 (1.4)
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Field and Merchant(15)

claimed that to a first approximation,
equation (1.4) establishes the value of the minimum shear angleqb1 at
which frgcture will occur when cutting a given material, They argued
that as the tool enters a cut and advances into the metal, the shear
angle will first fall due to increasing friction between chip and
tool. and that if, during this process the shearing strain rises to

a high enough value or the compressive stress drops to a low enough
value, or both, to satisfy equation (1.4), then a discontinuous chip
will result. If, on the other hand, the equilibrium value of the
shear angle Qbis arrived at before the shearing strain rises high
enough or the compressive stress falls low enough then the chip will

(15)

remain continuous. Field and Merchant noted that although this
qualitative argument based on equation (1.4) is sound enough, the
actual results given by the equation (1.4) are in poor agreement
with experimental observations, This lack of agreement, appears
to be due to the inadequancy of the shear plane concept{

By treating frictional conditions which varied from smooth

to perfectly rough, Lee(31)

has found that the shear angle was almost
independent of friction; this suggests that the decrease in magnitude
of the shear angle, as observed by Field and Merchant(15), is not
due to the friction and may be associated with the extension of
plastic flow to the initial work surface.
Piispanen(13) has discussed the formation of the discon=-
tinuous chip from the standpoint of ordinary chip formation and
concluded that the shear angle is initially high and decreases as
the cut proceeds, finally reaching a value corresponding to a shear
strain sufficient to cause fracture.

From series of experiments by Cook, Finnie and Show(16) it

was found that the normal stress on the shear plane, as influenced

by rake angle or tool friction, is an important variable in determining
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whether a chip will be continuous or discontinuous.

(32)

Benerjee and Palmer concluded that the formation of
discontinuous chips when cutting En9 steels has been shown to be
accompanied by intermittent sticking gnd slipping of the chip on the
rake face of the tool., During the early growth of the chip a dead-
metal zone or builteup edge developed in contact with the tool.

(16)

Cook, Finnie and Shaw investigated discontinuous chip
formation by analysing a cine-film taken in the cutting process of
f-brass (Fig. 8). From this film (Fig. 8), the broken line indicates
the lower boundary of the plastic zone, and it was reported that the
whole of the chip above this line was undergoing plastic deformation
with the materiall "rolling down" on the tool face rather than sliding
up the tool,

(33)

Zener y discussing metal fracture generally, observed
that the opening of a crack through the stopping of a slip band

did not necessarily lead to immediate fracture, The craék would
extend through the region of high stress concentration at the end
of the slip band and would then stop unless its length was already
above the critical value needed for self-propagation undef its own
stress concentration. The future history of the crack may then
depend to a large extent on the hydrostatic component of the stress
system, a component which has little influence on the resistgnce to

deformation,

Okushima and Hitomi(ao) remarked that previous analysis
of the discontinuous chip formation had been based mainly on the
single shear plane concept. They developed a method in which they
applied the flow region concept. As was explained by Hitomi (34
the boundary lines of the flow region are curvede. Fig. 9a shows

the instant when fracture occurs on the end boundary line; once
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fracture has occurred, a fragment of the discontinuous chip flows out

along the tool face without any restrictionj; the instant fracture

occurs, the shear stress decreases below the breaking point (1limit)

and a new chip is to be formed.
This behaviour and the cutting process are almost the same as continuous
chip formation except that fracture occurs when the shear stress on
the boundary reaches the breaking point (limit) again as cutting proceeds .
At the very initial stage, the workpiece which has an initial free
surface at OB due to previous fracture is not cut immediately, but a
portion of the workpiece near the cutting edge rises up to some degree
so. that some part OB' of the fracture surface OB contacts the tool face
and the remaining part BB' contacts the previous fragment as shown in
Fig. 9b.

The shear stress and strain are minimum at the starting boundary
line OA and maximum at the end boundary line OB. The cutting force
is small at the initial stage and as cutting progresses it increases.
Whenever the maximum shear stress on the boundary line increases
enough to exceed the breaking point (limit), fracture occurs. The
process is repeated and fragments of discontinuous chip are formed one
by one,

Fige 10 shows orthogonal cutting, with depth of cut t1 and
tool rake angel . The inclination of the starting boundary line ¢1
and that of the end boundary line, namely a line at which fracture
occurs, ﬂa, are deduced theoretically in the following manner.

Since the work material should strain-harden when fracture
occurs such as in the discontinuous chip formation, the relation

between shear stress T and shear strainvmay be assumed as:
5 — m
L=C_ +kJ (1.5)

where Z; is the shear yield stress, k and m are constants showing

degree of strain~hardening of the materiale.
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The mechanism of discontinuous chip formation is described as
follows: a moving particle in the undeformed work corresponds to
position O (Fig. 11) and when it reaches the starting boundary line
it corresponds to the position M due to the yield of the metal in
shear. When a particle passes into the flow region, it changes its
location from M to N continuously along the curve untill it reaches
the breaking point N. This corresponds to the end boundary line,
i.es the fracture line at which fracture occurs periodically, and
a discontinuous chip is formed, Thus, the average shear stress
must reach its maximum value at the end boundary line of the flow
region.

Assuming that the shear stress distributes uniformly on the
radial plane in the flow region, the shear étress on an grbitrary

radial plane OP (Fig, 10) is given by:

Z R Sin ¢ Cos (ﬂ +d-/3) (1.6)

) bx
where R is the maximum cutting force with which ffacture is about to
occur, b is the width of cut and (X) is the distance from an arbitrary
point P on the free surface of the flow region to the horizontal line
through the cutting edge.
This reaches a maximum when the inclination angle of an
arbitrary radial plane @ becomes equal tao the inclination of the end

boundary line ﬂa; i,e. from the condition

aT .
G g - g, = ° (1.7)

the following equation was obtained

"=

g-g- = Cot § - Cot (f + Ok -B) (1.8)
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Geometrically on the other hand:

g-% = Cot g - Cot (B +V¥) (1.9)

I

Hence for § = ¢2

19X - cot g, - Cot (g, +Y,) (1.10)

where 1/, is the value of Yat the end boundary line.

Since the end boundary line of the flow region in the case
of the discontinuous chip formation is a slip~line with fracture,

it makes an angle of 45° with the free surface:
73

Y, + 8, = 3 (1.11)
From equation (1.8 and 1.11)
JI
g, = F+A-8 (1.12)

This equation shows the condition at which fracture occurs if a
discontinuous chip is formed., The following expression for ¢1 was

obtained in a similar manner:

Y 2bkt 7
g, = °—‘:2£}-+-%-SJ'.11"‘l D? Cos (‘-/[/; £) - — L -@ot (% -SRI sin(ﬁ—d.ﬂ

(1.13)

Using the strain-hardening slip-line theory to examine dis=-
continuous chip formation, Enahoro and Oxley(35) carried out an
investigation of the hydrostatic stress distribution in the plastic:
zone, Various depths of cut were taken covering the range of chips
from continuous to discontinuous and keeping all other conditions
constant, The hydrostatic stress was found to vary from compression
at the outer free surface to tension near the cutting edge; the
magnitude of the tensile stress was shown to be important in deter-

mining whether or not the chip became continuous,
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It is found in practice, that small changes in the cutting
conditions can cause a transition from continuous chip formation to
discontinuous chip formation. For example when machining a ductile
material, a decrease in the rake angle, an increase in the feed or
depth of cut, or a decrease in cutting -speed, can cause a transition
from a continuous to a discontinuous chipe.

Inasmuch as the normal stress on the shear plane is inherently
relatively less for small values of rake angle, the tendency to cut
discontinuously increases with decreased rake angle,

An increase in cutting speed sometimes will cause a discon-
tinuous chip to become continuous. Increase in the cutting speed

will cause an increase in the shear strain required to cause
- BN
(17) '
L]

\

fracture

It is normally found that the tendency toward discontinuous
chip formation increases with the increase in the depth of cut.

(36)

Shaw and Finnie observed in many materials tests that when the

specimen size is made very small, higher yield and flow stresses
are obtained,

It is significant to mention that the use of chipbreakers:
can cause a continuous chip to become discontinuous (broken) without
actually changing the existing cutting conditions. This process will

be discussed in detail later in this work.

1.5 GENERAL REMARKS ON THE PARAMETERS INFLUENCING CHIP FORMATION

PROCESS

1.5.1 Influence of Rake Angle on the Chip Formation Process

Chip formation is highly influenced by the rake angle. This
influence is directly observed through the change in the direction of
the chip flow and indirectly through the change in the coefficient of

friction between the chip and the cutting face of the tool,
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The presence of the built-up edge weakens the influence of the
rake angle on chip formation., A similar effect is observed when the
hardness of the machined material. is increased(17).

Figs. 12 and 13 demonstrate the effect of rake angle on the
chip discontinuity and chip formation for/3 -brass and magnesium as.
(16)

observed by Cook, Finnie and Shaw

1.5.2 Influence of a Built-Up Edge on Chip Formation Process

Since the built-up edge occurs on the cutting face of the tool
it therefore changes the direction of the chip flow, increasing the
effective rake angle, This effect is similar at both low and high
cutting speeds,

The built-up edge is significantly affected by the temperature.

(37) Lyat

It was found when mild steel is cut, the built-up edge reaches
the maximum size at a tool-chip contact temperature of about 300°C,

then gradually decreasing and finally disappearing at a temperature of
about 600°C. This could be explained by softening due to recrystalizing.

(328)

Hoshi concluded from a wide range of experiments that the
formation of built-up edge depends on cutting conditions and on work=-
piece and tool materials, He recognized three phenomena caused by the
formation of built-up edge; increase in the effective rake angle, over
cutting and deformation of the free surface,

(39)

Nakayama and Iguchi concluded that the generation of the
built-up edge is related to the cutting temperature and not to the
cutting speed and the built-up edge disappears over the temperature
range above the recrystalization temperature of the work material,
This is true for high range of cutting speeds when the effect of the

(40)

temperature is significant. Okoshi and Sata have found, experi-
mentally, a critical speed at which the built-up edge disappeared for

different cutting conditions..



( SNON Q1111 [, 19} = HIOIM ' teo7 © = @FTFSS ‘408 ° = 1N SO HidT7Z)
SSWYSG -§ Y094 KLIONIINDISIE dIi) Nodn F1INY INVY S0 LIFF17F

) 2t o4

N A~

ST+ 2SI+ 00 254 —



(INON = Q1N [ ES/ <1TD SB HOIM ' t8d? & -= @IFSS 1,010 = 172> 10 W1dIC)
(1) WDISINWIN  H0S NOILGINYDS caitD NOf? TTINY NV 40 - 1333H

h,\ .Qsl

NOI9TY JILSVId — =
NOI193Yy IMNLOVYS ST -

o &7 + oL + 2 G+ 0 e



- 20 -

Mayer and Cumming(41) showed that stable built-up edge may

exist over a wide range of cutting conditions and depends strongly
on cutting speed, rake angle and undeformed chip thickness.

1.5.3 Influence of Friction on Chip Formation Process

The coefficient of friction in metal cutting is often greatly
different from that obtained with the same metal pair in conventional
sliding friction experiments, It is shown that a coefficient of
friction is inadequate to describe the friction process in cutting,
being mainly an indication of the normal stress on the tool face and
thus, strongly dependent on the shear process in cutting.

At the present time the most generally accepted theory of dry

(42)

friction is a composite of contributions due to Holm s Ernst and

(43) (4lk)

Merchant and Bowden o According to this picture of frictionm,
sliding resistance is viewed as being composed of three factors:
(1) A mechanical inter-locking of surface asperities.
(2) A ploughing of the surface asperities of the harder of
the two metals through the softer.
(3) A welding of the surface asperities of one metal to the
other, resulting in metallic junctions,
For relatively smooth surfaces such as we have in metal cutting,

(44, 45)

experimental evidence would indicate that frictional resistance
is primarily due to the shearing asperities (factor 3), while factors
1 and 2 are insignificant.

(46)

Kobayshi and Thomsen s using tools with controlled tool
chip contact areas, have revealed that for SAE 112 steels and for a
wide range of cutting speeds, the friction on the rake face of the tool
is explainable by the junction model with possible superimposed general

plastic flow above the junctions., They have revealed also that the

friction mechanism at the flank-wear contact area was essentially the

same as that occurring at the tool face.



-21 -

The mean coefficient of tool face friction has a similar effect
on the chip formation process at both high and low cutting speeds and
an increase in the mean coefficient of friction causes an increase in
the angle of action which results in a rise in the cutting forces.,

(47, 48)

Rozenberg and Yeremin have concluded from series of
experiments using different cutting conditions for different cutting
materials that the tool-chip contact temperature has a great effect
on the mean coefficient of friction at high speeds. They showed that
the change in the coefficient of friction is related to the builteup
edge process. The mean coefficient of friction reached its maximum

at temperature of about 300°C, when the built-up edge reached its

maximum size.

(37) (49)

Zorev and Isayev showed that in general, at the point
where the chip touches the front face of the tool, external sliding
is replaced by internal shear..

(50)

Shaw, Pigott and Richardson on the basis of experiments
with various cutting fluids, established that equal mean coefficient

of friction and cutting ratios do not correspond to equal temperatures,

1.6 IDEALISATION OF MATERIAL

An ideal material is the one that flows at a conatant yield
stress,. The strain - stress diagram for such a material is shown in
Fig. 14, where Z;)is the yield shear stress flow. For such a material,
there is no permanent deformation while the shear stress is less than
Z;, Points 03 1; 2 and 3 cofrespond, respectively, to the work region,
the starting boundary line, the end boundary line and the chip region,
In a strain hardening material whose flow curve is represented in
Fige. 11, shear stress an either side of the line would not be in equil=-
ibrium, s0 shear along a single line is not possible., A moving metal
particle in the undeformed work corresponds to the position O, Fig. 11,

and when it reaches the starting boundary line, it corresponds to the

position M due to the yield of the metal in shear. When a metal
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particle passes into the flow region, it changes its liocation from the
position M to'position N continuously along the curve until it reaches
the breaking point N. The breaking point N corresponds to the end
boundary line, i.e. the fracture line, at which fracture occurs period-
ically., Fige. 15 shows the shear - strain diagram for carbon steel.

In this figure the stress - strain diagram for the same material in a
static material. test is obtained from experimental results of the
relation between twisting moment and specific twisting angle by Ludwik's

method(51).
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1.7 DERIVATION OF STRAIN FOR SINGLE SLIP-~LINE

Region (b) is uncut chip, approaching stationary tool (a)
with cutting speed V, and region (c¢) with speed V, is chip, as
shown in Fig.16a. Velocity is uniform through each of three regions,
and can be rgpresented on a velocity diagranm Fig.16b. The directions

of these velocities are known, while relative velocity V_ is directed

t
along slip-line OL.

Shear strain Zf is defined as the change in tangential
velocity as a particle crosses a slip-line devided by the velocity

normal to the slip-line, so from Fig.16b,

9‘: bc/ad
Also,
ad=VSing

bd = VCos¢

NOMENCLATURE

V= cutting velocity p=¢-X, angle between the

= chip velocity

Vc chip velocity and the
\'

= relative velocity along

t velocity normal to the

| | sSLie_LwnE OU
slip-line OL, Fig. 16 = rake angle

= cutting ratio

o
p’ = shear strain é
¢ = angle defining the position t= uncut chip thickness or

of slip-line OL, or shear angle depth of cut

be= bdede= V o see velocity t = deformed chip thickness

diagran Fig.16, (be)2=(e)4 ()2, see

= Si
ad= V Sing, velocity normal to velocity diagram Fige16,

- o i L
slip-line OL, Fig 16b cf= vcc°sok s Velocity normal

=V C
bd os@ , see velocity to the direction of cutting,

di Fige.
iagram Fig 16b see velocity diagram Fis.16b

de= ad tan!ﬂ y 8ee velocity fb=ba-fa=V-VcCosa( s B€e

diagram F:lg.16b velocity diagram Fi.g.16b
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dc = adtan {p = V Sing} tan{p
But,
pad-u
And
bc =bd + dc = V Cos@ + V Sin¢® tan(®d - Ot)
Hence,

be / ad = ¥ Cos & > ‘s’iiz’;¢ tan( P - X) (1.1%)

0

= Cot®P + tan(dp— L)
It ie an easy matter to differentiate equation (1.1%4) to get the
value of ¢ which gives minimum strain, ¢ =7/ +X/2, which means
that the shear plane bisects the angle between the tool face and
direction of cutting, implying ratiocf. = 1, but this is not of much
direct practical value. It is noted that the cutting ratio follows
by expressing thicknesses t and tc in terms of length OL,
£=1t/t=Cos (¢ -0) singd
which transposes to
CotP= <= Sec (- tan Ok (1.15)
Equation (1.15) gives a practical means of finding shear plane
angle,
Another derivati.on of strain from the velocity diagram
may be of interest. Drop perpendiculars ad and c¢f as in Fig.16b
(velocity diagram), By Pythagoras,
(6)2 = (e£)? + (£b)2
But, as '
cf =V, CosC\, and fb = V - v, Sin (A, we have
(be)? (VcCosc*)Z + (V = VcSian)2

(be)? = V2 + v . 2VV_sinoA
However, the area of the outer triangle is given by,
1
%-V x cf=§ bc x ad, giving be x ad = V VcCoa oA

Using these results, we can now find the strain in terms of
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velocities and rake angle,
DA = bc/ad = (bc)?‘/bc.ad =[V2 + Vi - ZWcSinog/ VVGCosd\

and as the cutting ratio is defined é = V/Vc, we get strain

T =&+ %) Sec Ok = 2tanOh (1.16)
Naturally, equations (1.14),(1.15) and (1.16) are compatible as

may be verified,

1.8 STRAIN FOR A PAIR OF SLIP-LINES

Suppose that chip speed represented by point ¢ is fixed
Fig.17a. This speed is attained after slip along two lines ON
and OM with an intermediate region e. As compared with the single
slip-line regime, we now have tangential velocities be and ec
(V,,and Vi, Fig.17,) slightly increased, while the normal
velocities ad,l and aLd2 are appreciably reduced. Hence the total
strain in the chip, given by 6\ = be/ad,'-i-ec/a.d2 will be increased

over the value appropriate for shearing on a single plane.

NOMENCLATURE

Vt1 = relative velocity along slip-line ON, Fig.1?

t2 relative velocity along slip-line OM, Fig.17

ci% = shear angle defyining the position of slip-line ON, Fig.17
¢2 = shear angle defyining the position of slip-line OM, Fig.17

ad1 = velocity normal to slip-line ON, Fig.‘l?b

adz = velocity normal to slip-line OM, F:‘Lg.1'?b
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1.9 STRAIN RATE IN FAN REGION, SERIES EXPRESSION FOR
CURVATURE AND NUMERICAL INTEGRATION FOR A PARTI-
CULAR EXAMPLE

In any particle, strain rate in polar=-coordinate is

given in terms of velocities by:
20 2V 1 2% _ Vs
oT or r ¢ r
However, velocities in the fan region ONM (Fig.18) are assumed

not to vary with radius, so the first term 2Vs/ OT is zero.

We can also write,

20 _ o0 29 2T w
2T D 27T a¢ r
Hence
BT - oV
29 V3 09
Let perpendicular to radius R make angle 6 with the tangent to the

-1 (1.17)

surface NM at some point M as in Fig.18. As velocity at point M

must be directed along the surface, we have

__ 1 _ar v,
tan8 = -t il % hence
NOMENCLATURE
a" = shear strain q'% = angle of initial slip-line
T = time rate ¢ = angle of the final slip-line

Vp and V. = velocities in p and rg . angle between the perpendicular

directions to radius R and the tangent

r = radius of location of any to the surface NM at point M

particle | V = cutting speed

R = radius from O to surface NM, { _ uncut chip thickness

Fig.18 corresponding to the §¢ = small variable increment of

final slip~line shear angle

R_= radius from O to surface NM'AQS-.- angle of the whole fan

Fig.18 corresponding to the o = rake angle

initial slip-line R and b = constants
a .

¢ = angle of any slip-line or a, = constant

general shear angle
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LY
r R d¢

However continuity requires that
R V¢ =V t

We now have these velocity components:

Vt vVt dR

V¢=T and vr=—RTT¢—

Hence equation (1.17) for strain rate becomes:

of d ,1 dR
5% =R 33 (;2.2 ._ﬁ.) -1 (1.18)

It is very easy to see that any segment of the surface profile
that happens to be straight, and is consequently expressible as
R = Ra Sec(qb+ b), gives zero strain rate. This is to be expected,
as strain rate in both workpiece and chip is zero at all points
outside the deformation fan., So it is seen that straining occurs
only while the surface is curved. The total shear strain is now
obtained by integrating from initial to final slip-lines,
" ar
I = / 5 as (1.19)
%
The upper limit is obtained from Fig.18 in terms of rake angle,
when¢‘> +8 =0l , or =tanf = tan(¢ - A) = [-g— -g%—¢=¢; (1.20)
To procced further with this theory, some particular shape of
surface R(¢) must be selected, Let us take the relation:
R =R, [1 - (P -g)cotq, + aa(cp-cé,)z] (1.21)

Taking the first term as unity gives R = R_ when @ =@, . The
second term is provided with coefficient Cotq%to ensure that there
is no discontinuity in slope at the initial point of the curve (such
a discontinuity would imply a sudden increase in strain across the
initial slip-line, so that integral (1.19) would not be adequate).
The coefficient a, is arbitrary, but needs to be )(é% + Cot2¢L) to
ensure that the surface curves upwards., Higher terms in the series
may be taken, but not essential, It is now straightforward to apply

(1.18) and (1.20) to (1.21) to get strain rate:
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ay_ 2aym Cot?B) + Ga,Cottu(d -dh) - 6a3(9- )2 (122
¢ (r/R_)*

and final slip-line ¢, from
Cot @, + 2a,(4-4)
2
(R,/R)

tan(@-) = (1.23)

As an exercise at this point, we calculate the total strain
as the fan angle is reduced to zero, so that deformation becomes
concentrated on a single line, To give this infinitely sharp
curvature, coefficient a, is made very large in relation to Cot%g’.
Also the radius R will be virtually constant. Writing the general
angle @ as @+S¢ » 8train rate reduces to the evidently constant
value dJ /d¢ = 2a,+ Total strain from (1.19) is now 0‘: 2a2A¢ .
Now the upper limit given by (1.23) is

tan(@G+o¢-A) = -Cot% + 2a, o
which expands to give

tan(gh -k) + Cot% = 2a, A¢
Hence the total strain is

5= tan(qg -) + Cot ¢
which is precisely as given by (1,14) for shear along a single
slip-line.

NUMERICAL INTEGRATION FOR A PARTICULAR EXAMPLE

Take values:

A= 0 ’
@ = 0.20 .
Cot ) = 4,93 ’

2k.3

«Q
o]
cr

&
[[]

with value a, = 30, giving an upper limit Q} = 0,286

From (1.21) and (1.,23) we get tabulated values:
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)] R/R_|d¥/4@

o

0,20 | 1.000 | 11.4
0.21 .954 | 22.0
0.22 «913 | 32.5
0.23 .879 | 43.0
0.24 .852 | 53.0

0.25 .829 | 62.0
0.26 .812 | 68,0
0.27 802 | 73,0

0.28 «798 | 75.0

0,286 «798 | 74.5

On integrating, the final strain is found to be 6‘: 4,32, This is
somewhat higher than the value obtained from (1.14) by assuming that
strain occurs exclusively on the final slip-line ¢'l = 0,286, which
is Zf: 3.65. This makes clear the insufficiency of Zorev(17)
analysis of the distribution of shear strain in the chip formation
zone, which implies that the final strain is determinate from the
final slip-line alone.

The width of the fan is seen to be dependent oﬁ the value
taken for constant ase Within this fan, alternative strain distr-
ibution could be obtained by taking higher terms in the series,
For deciding which distribution is correct, some appeal would have

to be made to stress equilibrium within the fan, and to the stress~

-gtrain curve for the material,
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110 MEASURE OF STRAIN

Shear strain "Engineering definition" is defined as the

reduction in angle of the outer corner of element

-
Uy =72 /3
Shear strain "Mathematical definition"

1 ~
xy - =2 -p)

So

ny =2 €xy

Y)

Lt

Fic. A X

Equivalent shear strain € is strain which is equal to pure

shear strain Exy when no other strain is present, and for any

combination of strains '"Mathematical definition"

SE [(SEX -89 + BB -8E)% 4 (5E -5E)°
= 3

or "Engineering! shear strain

— 2 2 2.
(Sex-éey) + <5ey-sez) + (8€_-&€ )

¢ (86, )% +

1
2 2| 2
+ (éeyz) + ((Sezx.)

1?("0; 3

1 2
+ (80, )" +
1

B e LT

NOMENCLATURE
ny= "Engineering'" shear strain Y=
€ ..= " Mathematical" shear strain

Xy |
SExﬁSCy,S£%= direct strain increments ¢ =

gahxy’53}z’552x= shear strain increments

SU: equivalent "Engineering'" shear X,y
strain component

€= equivalent "Mathematical" shear L

strain component
u = horizontal movement of upper Lo

side of element AB, Fig.‘l9a

SRL-= increment of horizontal movement u

>

corner angle, Fig.A

swing angle of the side

OA of the element, Fig.1Qa

vertical movement of the

element

= co~ordinates defying
the position of the element
current length of the
element after extension
original length of the

element before extension

§L = length increment
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or

2 b 2 2 2 2 2 2
(§1)% = H (56,-86)%¢ (86 - 0B )%+ (8€_=d€)[ +(f, )5+ (T )%+ )

1
§7 - [%-{Esex-sg)% (56 -8+ Gez-sgf} NGRS RS MRS ICHIEIESS
However, for plane strain deformation at constant volume
562.:80;2 =50‘zx =0
56 = -8€

Therefore, we have

50 - [_{,se [ge]) + (-6E - 0024 (0-86)2} + azfxy]?
YE [45£i +6a’iy]? (1.25)

Let us examine the following cases:

a) Unidirectional shearing

The upper side of element AB moves horizontally to A'B',Fig.19a,
through distance u while side OA swings through anglely/, For any

increments Su,,the mathematical shear strain component is

. _ 1 Sc 1 Su
BE =3 (B85 5

the vertical movement ¢ being zero. As there is no direct strain

relative to the ( x,y ) co-ordinates, we have from (1.25)

§0 = -%2— , and 6:!56: -gx = tan?y/ (1.26)
) Constant Volume Extension

At any instant, direct strain is the length increment
divided by the current length, Fig.19,
. SL
6EX—T, 6exy-0

Therefore the "Engineering" shear strain from (1.25) will be

55=2§%‘- , T=21m 4 (1.27)
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1.11 SHAPE OF STRAINED CIRCLE

a) For Unidirectional shear

Let point A be initially on a circle, Fig.aoa, so that its
co-ordinate valuea (x,y) are related by

x° + y2 = R? (1.28)
This point moves distance Ox to A', as in Fig.20,, while the shear
strain [J is imposed. From definition of shear strain for unidire=
ctional shearing, equation (1.26), we have

Ax =y

Hence the new co-ordinates of point A' are

x' =x+Jy sy Y' =% (1.29)
NOMENCLATURE
x,y = co-ordinates of point A, A = angle of the inclination
Fig.zoa of the major axis of the
R = radius of the initial circle ellipse to the line of
(unstrained), R2 = x2 + ya | maximum direct strain which
Ax = distance which point A moves is at 450, Fig.ZOa
when JJ shear strain is geaa = direct strain increment
imposed, distance AA', Fig,. 5Ehb = shear strain increment
20, € = logarithmic strain
(= shear strain £ - half-corner angle, Fig.20,
x',y' = co-ordinates of point A' YW= angle of the inclination
on the curve corresponding of AA' to the major axis
to the shape of the strained of the ellipse

circle, Fig.aoa
ry § = polar co-ordinates of point A',
Fig.ZOa
a,b = major and minor semi-axes of

the ellipse (deformed circle)
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we now describe the position of A' in polar co-ordinates,

x' = r Cos 4 ' y' = r Sinf (1.30)

Combining (1.29) and (1.30), we get

x =r (Cosf - Sin @) , ¥y =r Sin8 (1.31)
and using (1.28)

r2[(c°se -f5in6)2 .+ Sin23]= r2 (1.32)
Equation (1.32) is the equation of the curve into which the circle
has deformed. If we write 8 =Y+ /4 =5 , the equation (1.32)
becomes,

14+ 2 0%+ (-Fsin2p + 5772 Cos2pp ) Sin2y +

+ (= Cos2p - %6\2 Sin2A ) Cos2yY = R/r® (1.33)
Equation (1.33) is recognised as the equation to an ellipse. When
the 5in2%/ term vanishes, angle )/ will be taken from a datum line .
coinciding with the major axis, and it is seen that this is so when
angle .3 is given value

tan2p = J/2 (1e34)

Putting this value in equation (1.,33), we get

1
13T LD ooseyr = 82

The major and minor semi-axes of the ellipse a and b are given by
‘ 2
RI:1+-1§UZ+D~J1+£-5'2]2 )
1
1 =2 I 1 2 12
R [1 + ?a- -a. 1 + 1*—0‘ ] (1035)

Some comments can now be made about these results:

o
"

b

Incremental direct strain referred to the ellipse axis
56:m = Ga/a

may be evaluated from equation (1.35) and inserted into the

expression (1.25) for shear strain:

Saﬁ=5}/\l1 + -?;-a’.'2

This is obviously untrue (except at@"’.—. 0). The reason is that a



- 34 -

component¢5€ab is also present, due to the inclination of the major
axis at anglej% to the line of maximum direct strain increment,
which remains at #5°. When this corredtion is made, equation (1.25)
is satisfied. It is concluded that the total strain is not deter-
mined from the final deformed shape alone, as the path by which the
shape is reached must be taken into account. On these grounds,

(17)

Zorev analysis of the distribution of shear strain in the chip
formation zone which suggests that the final strain is determinate

from the final slip-line alone can also be criticized.

b) Unidirectional Stretching

A similar exercise can be carried out for finding the final
shape of a circle deformed by pure stretching, which indeed, an ellipse,
Instead of acircle, we now consider a square of half-diameter initially
equal to d., This is horizontally stretched to m, and vertically
compressed to n, as in Fig.ZOb, so that .

m=d e , n=daet
The half-corner angle % is given by

tan § = n/n = o~2€
If we suppose that shear strain is given by the cotangent of the
whole corner angle,

T: Cot2§ = (1 - tanafg) / 2tan &, = Sinh2€
This cannot be true, as we know that equivalent shear strain is given
by ZT= 2€ . It appears, therefore, that shear strain is given by
the cotangent of the corner angle only if (a) strain is small, or
(b) shearing is unidirectional, It is again concluded that strain
is not determinate from the deformed shape unless the mode of
deformation is specified. Equivalent shear strain must be found
by summing components correctly related to orthogonal axes at each
stage of deformation, Finite strains deduced by switching axes on
the deformed element (as in Nadai "theory of flow and fracture of

solids") have no useful meaning,
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It may not follow that strain hardening is uniquely
determined by the equivalent shear strain, In many metals,
unidirectional shearing is less effective in producing hardening
than unidirectional stretching, However, this is not a justification

for irregular definitions of large strain.,

1.12 DIRECTION OF TEXTURE

In cése of a single shear plane OM, Fig.21, the angle
between the cutting direction and the major axis of the deformed
ellipse is given by

JT

a: ¢+ -E- -ﬁ (1.36)
Angleuﬁ and shear strain are given by the equations:

tan2f} = D”'/Z R ’0" = Cot¢+ tan((p -A)
This result seems to be in agreement with results obtained by

(17

Zorev who uses an average value of shear plane angleQb .
Structural features of an initially isotropic workpiece material
will therefore give striations in the chip at the angle A

When the shear plane is straight, these striation will be straight,

except possibly in a very thin smeared layer of the chip under-side.

NOMENCLATURE

A= angle between the cutting direction and the major axis of the
ellipse, Fig.21,

¢ = shear plane angle

= angle between the major axis of the ellipse and the line of

maximum direct strain which is at 45° to the shear plane,
Fig.21 o

IY= shear strain

Ol = rake angle



21
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113 PLOTTING DEFORMED SHAPE

a) For Straight Shear Plane

Take rake angle 0(: 150, shear plane angle ¢= 450. From
velocity diagram, chip thickness ratio $= 1.23 or 1/&: 0.82 .

Mark off convinient units along uncut chip, and intervals
0.82 along chip, drawing lines parallel to shear plane OM, Fig.21a.

Take any line AB perpendicular to shear plane, Draw path
lines through these points., Count off a certain number of spaces
along path line (say six) for each point, to get points A and B'in
chip. Similarly for other points on a square or other figure drawn
on uncut chip. Strain in chip is given by '6‘: EB/EA = 1.58
(because square initially aligned with shear plane deforms by
unidirectional shear)

b) For Curved Shear Plane

In Fig.21b, the deformation is analysed for a chip thickness

ratio é: 1.5, rake angle= 0°, with a pair_ of slip-lines of fairly

large curvature, If the curvatures are equal, the tangential velocity

change at each line will be the same, as the chip has no angular

velocity. A hodograph (i.e. velocity diagram) must be drawn in

NOMENCLATURE
X = rake angle S, = distance which the same any
¢ = shear angle point travels in the deformation
%_ = chip thickness ratio region, Fig.21b
U‘: shear stra%n ' Sc= distance from the same any
sa= distance from any point on line point on deformed line B-B

A-A to the initial slip-line, to the final slip-line, Fig.21
Fig.21b Vc= velocity in the chip region

Va= velocity in the undeformed ta= time neccessary for any point on
region line A~A to move a diatance of S

Vb= velocity in the deformation region

tb’tc = time neccessary for any point to move a distance of Sb and Sc

N
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which relative velocities on either side of a slip-line are tangential
to the slip-line, and absolute velocities are directed along the
path lines, the path lines being indicated. Also, the three regions
have uniform velocity or rotational velocity (as they do not deform
internally)

Line AA deforms into line BB., This is plotted as follows:
Distance Sa is measured off. This is divided by velocity Va to get

time ta. Similarly, distance Sb is divided by velocity V, which is

b

measured off the hodograph, to give time t Times ta and t

b* p 2re
now added, and the sum is subtracted from some convinient total time
t to give time tc available for covering distance Sc’ This distance
is, of course, got by multiplying time tc by speed Vc‘ The distance
Sc is now measured off along the path line in the chip region, to
define a point on the deformed line BB. This line does not directly
indicate the texture, but as it is seen to be curved, the texture
is found to be curved in similar waye.

Under these conditions, the strain in the lower side of the
chip is extremely high (It can bé easily calculated from the hodograph)
and becomes infinite when thé lower slip=-line arc becomes tangential

to the direction of cutting,

The free surface can be taken at any of the path lines,
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CHAPTER 2

DYNAMOMETRY

2.1 GENERAL INTRODUCTION

One of the major objectives of the metal cutting research is

the determination of the machining forces., Recently a great deal of

attention has been given to force measurement, and as a result dif-

ferent types of dynamometers have been developed.

In designing dynamometers, two groups of requirements must be

fulfilled:

Group I

2.

3.

Se
Group II

1.

2e.

3

The construction should be such that it can be made in
the workshop laboratory with a minimum of cost and

effort.

Simplicity of operation and calibration,
Robustness.
Adaptability.

Sufficient range of application,

The force components should influence the dial gauges
independently.

Sensitivity. The sensitivity of a reliable research
dynamometer should be within the range .5 - 1,0% for

less than 50 kg.

Rigidity. The mechanical parts of the dynamometer are
subjected to elastic deformation, therefore the deflections
should not be so large as to affect the cutting action.
Stiffness. All machine tools operate with a certain

amount of vibration, which may have large amplitudes in

certain operations such as milling and shaping,
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In order that the recordea force is not influenced by
any vibrating motion of the dynamometer, its natural
frequency must be large (at least four times as large)
compared to the frequency of the vibration set up in
the machine tool(SZ). For purpose of analysis, any
dynamometer can be considered as a mass supported by a
spring. The natural frequency of such a system ias

equal to:

W= -%ﬁ'K/m cps (2.1a)

wn = is the natural frequency of the dynamometer,

K - is the spring constant 1lb/in.,

m - is the mass in 1b. (sec)z/in.

The natural frequency of the dynomometer in terms of
the supported weight of the dynamometer (W) is given

as:

W =-;—j'K§7ﬁ or W_ = ;,[;ssx/w cps  (2.1b)

There should be no cross sensitivity between the force
components,

For the sake of convenience the calibration line should
be linear.

The dynamometer should be stable with respect to time,
temperature and humidity,

The friction between the moving parts of the dynamometer

should be minimum,.

2,2 TYPES OF MEASURING INSTRUMENTS

2.2.1 Absorption Dynamometers:

These dynamometers

(53, 54)

measure the power output of some

machines and then convert that mechanical energy into heat and

dissipate it in an easily controlled manner.
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2.2.,2 Transmission Dynamometers:

These dynamometers provide an indication of the force or torque
passing through. There are two main types; torsion dynamometers which

measure povwer transmitted to or from high speed machines such as fans,

(55)

turbo-compressors, centrifugal pumps, etc.

(56, 57)

and hydraulic¢ dynam-
ometers which measure and record the energy absorbed by slow
running machines of variable load such as machine tools, plungers, etc.

2.2.3 Force lNeasuring Instruments:

In these instruments the cutting forces are arranged to deflect
mechanical springs usually in the form of stiff diaphragms, the
deflections being measured either by mechanical or electrical means.

Different dynamometers were designed for different operations such as

lathe dynamometerggg: 28; (one, two and three component dynamometer),
(61, 62) (63)

milling dynamometer (6“)’

drill dynamometer planning dynamometer
etce,
The force measurement in force measuring dynamometers involves

3

the measurement of small deflections (10" to 10'“ in.) with a suitable

calibration between the forces and the deflections.
Force measuring devices are classified as follows:
I Mechanical devices - Dial gauge indicators (dynamometers);
1. Single-component dynamometer.
2. Two=component dynamometer,
3¢ Three-component dynamometer.
II Hydraulic devices,
III Pneumatic devices.
IV Optical devices.
V Piezoelectric crystals,
VI Electrical devices,
1. Electronic transducer tube.

2. Differential transformer..
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3, Strain gauges:
(a) Magnetic tube strain gauge.
(b) Unbonded wire resistance strain gauges.,
(c) Bonded strain gauges.

(d) Strain rings.

2.3 DIAL GAUGE DYNAMCMETERS

Dynamometers of this type have a very limited range of use
due to their poor stability at medium and high cutting speeds.
The dial gauge dynamometers are capable of reading deflections in

b

the range of (‘IO"3 - 10 in,) when functioning properly. These

dynamometers are recommended for low cutting speeds up to 10 m/min.,

(17) has designed a single-component dynamometer for

Zorev
checking the correctness of the reading of a two-component dynamometer
used for force measurement and also for use in those cases where there
was need of considerable rigidity in th; lathe-instrument-tool=blank
systea.

The dynamometer is based on a plate (1) whose bottom surface
is ground to the top surface of the lathe's cross slides, Fig. (22).
Into the horizontal hole of the tool-holder (2) is fitted a tool (3)
which is held by two bolts screwed into the top of the tool-holder.

On the round block is secured a vertical strut (4) in the top
of which is fitted a miniature gauge (5) rests on the vertical surface
of hardened pin which is pressed into the hole of the tool~holder,

Under the influence of the horizontal component of the cutting
force the vertical wall of the block bends and the tool-holder moves
along the arc of a certain circle which by virtue of the smallness of
the movement is practically a horizontal straight line. A dial gauge
with a scale division of ,001 mm was used for recording of these move=-

ments. It is clear that the horizontal movements of the tool-holder

‘ SHEFFIELD ‘
UNIVERSITY
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are provortional to the value of the horizontal projection of the cutting
force, so the readings of the dial gauge characterise the value of the
horizoatal projection of the cutting force. Three strengthening ribs

(6) are welded to the base plate to increase the rigidity of the
dynamometer and to eliminate the influence of tightening of the

éecuring bolts on the dynamometer's characteristics. This dynamometer
was used for measuring the load of up to 1000 kg.

The two-component dynamometer used by Zorev in his experiments
was a combination of two single-component dynamometers, In this case
the rigidity of the dynamometer is increased by welding some extra ribs.

As in the case of single component dynamometers under the
action of the horizontal projection of the cutting force the vertical
wall of the base plate bends and all the points of the tool~holder body
move along the arc of a certain circle. These movements of the tool-
holder body record through a dial gauge.

Under the action of the vertical projection of the cutting
force the upper part of the tool-holder body drops. The movement of
the upper part of the tool-holder are registered by dial gauge whose
measuring pin rests rigidly connected with the upper part of the tool-
holder body. This dial gauge reading determines the value of the
vertical projection of the cutting force.

In order to eliminate the influence of the horizontal force on
the readings of the vertical force measuring dial gauge it is turned
in the vertical plane parallel to the tool axis. In order to eliminate
the influence of the vertical force on the readings of the horizontal
force measuring dial gauge the tool overhang is carefully selected,

Both single and two-component dynamometers have strictly
linear cnlibrating characteristics which coincide during loading and
unloading.

Experimental results showed exceptional stability of the

calibrating characteristics and complete reliability during operations
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at low cutting speeds,

A dynamometer developed by the College of Aeronautics for use
with drills to measure thrust and torque was described by Town(so).
The thrust is translated through a spindle resting on a ball bearing
whose movement is resisted by a diaphragm. Deflection of the diaphragm
is then measured by a dial indicator actuated by a bell crank lever.
The torque is also translated by a spindle acting against anather
diaphragm which acts as cantilever whose deflection is measured by a
dial indicator, Both indicators read to 0,001 in. and the instrument
range for thrust is 500 lb, and torque 10 1lb. in.

The above dynamometer can also be used for determination of
pover for cutting, machine efficiency, optimum tool geometry,
machinability index for power, and effect of variation of drill

diameter and feed and also for comparison of cutting force relation-

shipse.
(61)

Town also deacribed a dynamometer developed by the College
of Aeronautics, Cranfield to measure the cutting forces. The resultant
load on the tooll is resolved into three components by a rocking motion
in the vertical and horizontal directions and by sliding in the back-
ward direction. The shank of the tool-holder is an inch: square in
section and can hold a tool of ¢ in.. diameter or 3 in. square section,
Three dial gauges with accuracy of 0,001 in, are used to record the
diaphragms deflection.

This dynamometer can also be adapted to the measurement of
power available for cutting and machine efficiency, the best true rake,
clearance or plan approach angle, the machinability index for power,
the specific cutting capacity or the effect of variation in depth of
cut and feed,

Under conditions of slowly changing load at low cutting speed

it should be noted that dial gauge dynamometers have considerable



advantages over electric and hydraulic dynamometers in the repro-
ducibility of readings., In addition they have considerably greater
rigidity than hydraulic dynamometers,

2.4 HYDRAULIC DEVICES

In these instruments Fig.23(52)

the forces record through
a diaphragm to a pressure gauge which indicates the value of the
calibrated force. In comparison with dial gauge indicators,
hydraulic devices have a large range of cutting speeds. They
give more accurate measurements of the applied forces but less
rigid than the dial gauge indicators. One of the advantages of
these devices is that the force may be read at a distance from

the pressure cell.

2.5 PNZUMATIC DEVICES

Cne of the most accurate devices of this type is the one
which has been designed by "Solex" (Solex claim). Solex has
designed a device called "Solex micrometer" whereby the change
in back pressure that occurs when a flat surface is brought into
closer contact with a sharp edged orifice are used to measure
deflections in tool dynamometers., The simplicity and reliability
are the main characteristics of such devices if they are carefully
supplied with a clean, constant pressure air,

(65)

Lomachenko has described a Russian designed pneumatic
dynamometer.
The tool placed in a holder and clamped to it by two bolts.
The holder together with the tool can move in three directions perpend-
icular to each other under the action of cutting force components arising
in turning. The holder moves on ball bearings to minimize friction,
Force components are transmitted from the holder to the

corresponding transducers, which are made in the form of rings with

built-in noz2les for measuring theair pressure.
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Thrust seatings are provided between the holder and the
transducer to reduce the interaction of one transducer on the other.

When the ring is compressed by the cutting forces, then the
orifice of the nozzle opens by means of a ball which is under the
action of a spring. The amount of orifice opening is proportional
to the applied force, Various opening of the orifice produce various
air flow, which is immediately reflected by the indications of the
manometer. Such a design of the transducer allows control of the
jnitial air gap and thus of the sensitivity of the dynamometer.

The arrangement of the pneumatic installation for measuring
cutting forces is shown in Fig. (24), The compressed air from the
compressor is fed to a special receiver through throttling valves,
The receiver function is to smooth out the pulsation in the air pressure,
which would effect indications of the manometer. The air is fed from
the receiver via a regulator to the dynamometer,.

The calibrations of the dynamometer transducers are carried
out firstly ane after the other and secondly by means of a special
device, all the three transducers are calibrated together. The

65
results obtained have shown a high reliability of the devicg.)

2,6 OPTICAL DEVICES

The use of the optical devices in the engineering field has
a very wide application because of their high accuracy and simplicity,
These devices provide very precise measurements using the wave length
of light as a yardstick. For the purpose of force measurements,
optical principles could be used for measurement of the dynamic
deflections caused by the action of the cutting forces. Very small
angular deflections can be readily measured by reflecting a beam of

light fron the moving surface.
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2.7 PIZZOZLFCTRIC CRYSTALS

These crystals have been used in metal cutting dynamometers
as force neasuring units., The use of these crystals for the force
measurinz purposes is narrowly used because piezoelectric crystals
produce an electric charge rather than a current, therefore the
equipment can become quite unwieldy and leakage effects can be

troublesone,

2.8 ELSCTRICAL DEVICES

Electrical devices are the most sensitive instruments at
high cutting speeds. They can nmeasure very small deflections of
10’7 - 10'8 in, They are characterized by their simplicity and
high sensitivity. The most preferred types of electrical force

measuring devices are:

Electronic Transducer Tube

The electronic transducer tube is a very sensitive instrument
which measures a deflection of the order of 10"'6 in,

Electronic transducer tube has been used in metal cutting
dynamometcrs(sz) for their simplicity and high sensitivity., Experi-
mental results with dynamometers of this type have proved their
reliability,

The electronic transducer tube is essentially a small triode
vacuum tube with a moveable plate, the tube characteristics being
changed as the plate moves, A pin connected to the moveable plate
rotates at approximately pd } degree and the minimum motion of the

end of the pin can be accurately measured to the order of 10'6 in,

The electrical system associated with this tube is relatively simple,
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Differential Transformer

The differential transformer consists essentially of three
transformer coils on a common axis with a moveable core. AC current
is supplied to the centre primary coil which induces an EMF in the
two secondary coils, The outputs of the two secondary coils are
wired to oppose each other so that when the core is displaced, an
output is obtained which is proportional to the displacement, with
a phase depending upon the direction of motion. The electrical
system associated with this instrument is rather complex because
of the necessary high amplification and phase sensitivity. The

sensitivity of the differential transformer is in the order of 10-6 in,

Strain Gauges

In the recent time the use of strain gauges in stress analysis

have got a very wide application because of their simplicty and high

gensitivitye.

Measurement of small deflections of about 10~7 in, can be
successfully obtained from strain gauges of different types.

The magnetic tube strain gauge is very simple and has a
sensitivity of about ‘10'5 in, The electrical system connected with
the magnetic tube strain gauge is very simple,

The wire resistance strain gauges have been widely used in
force measuring devices, When this type of strain gauge is connected
in the form of wheatstone bridge, it can measure deflections of the
order of 10" in,

The strain rings have been used to measure an arbitrarily
placed three dimensional force or torque such as the cutting force

components,

2.9 DESIGN OF THE TCOL DYNAMOMETER

The dynamometer shown in Fig. 25 was designed to measure the

vertical and horizontal components of the cutting force within 1000 kg
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for a cutting smeed up to 10 m/min, used during this work.
The dynamometer consisted of the following parts:
1, Horizontal dial gauge.. 9. Bottom part of the
2. Horizontal diaphragm. dynamometer body.

3. Horizontal diaphragm pin. 10, Vertical diaphragm pin,

4, Horizontal pin, 11. Screw.

5. Bolts 12+ Ringe.

6. Horizontal flanged cover. 13. Vertical diaphragm.
plate, 14, Vertical flanged cover

7. Horizontal base plate. rlate.

8, Vertical pin. 15 Dial gauge.

16. Handle.

17. Cover plate. 23, Cover plate.
18. Upper part of the 2k, Cover plate.

dynamoneter body 25 Rubber pad.
19, Stopper.. 26, Cutting tool.
20. Roller. ‘ 27. Base plate.
21, Cover plate. 28, Tool holder.
22+ Link, 29. Screws.

2.9.1 Design, Heat Treatment and Dimensions of the Main Parts

of the Dynamometer.

Diaphragm Plates:

Circular diaphragm plates of spring steel ASE-8660 were
(66)

designed according to Vallance and Doughtie

(67) (67"

with reference to

and Den Hartog s so that to give a sufficient

Roark
deflection that could be accurately recorded by a dial gauge. By
considering the diaphragm as a freely supported (edge supported)
circular plate with central concentrated load W, Fig., 26, the

maximum stress at the centre of the diaphragm was determined from

the following relationship:
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2

Spax = ____3“8* ) lzeno_g 3(1; D o2ln v i‘_? =k @2 W (2.2)
h _
where,
6§ax = maximum stress at the centre of the diaphragm plate,
1b/in®
M = Poisson's ratio, = 0.3
W = maximum applied load, 1lb
h = a/2
a = thickness of the diaphragm plate, in
K = r/R
r, = radius of the circular area through which the
load W is transmitted on to the diaphragm plate,
in, Fig. 26.
R = effective radius of the diaphragm plate, in,
Fig. 26.
d = effective diameter of the diaphragm plate, in,
Fige 26
ks = design factor depending on the construction, For

diaphragm plate with edges supported, Fig. 26

e 230D e,

S A & », For D= 0.3, Ot= 0.1

0,023

k is
8

*
As suggested by Den Hartog(67), the diaphragm was considered

as a circular plate with central concentrated load W, Fig. 26 (i.e.

r, is very small compared with d). The maximum deflection of the
»

diaphragm plate was calculated from the following relationship(€7):
2 2
1 WR
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or
$ - 0.297 WRZ/E a3, in (2.3b)
where,
8 = maximum deflection of the diaphragm plate at the centre, in
- D = stiffness of the diaphragm plate, lb, in
s 3
= 2 - 000916 E a [ 1bo in
12 (1 =0%)
E = Young's modulus of elasticity, lb/ina, E =30 x 106 lb/in2

For maximum vertical (or horizontal) load of 2000 1b, diaphragm plate
thickness of 0.125 in., and effective diaphragm plate radius of 1.5 in,
the maximum d?erction was 0.017 in., The maximum stress at the centre
of the disgphragm was 26.5 x ‘IO3 lb/in2 which is much less than the
maximum permissible stress for spring steel ASE-8660 which is 120 x.103
1b/in2.

These spring steel diaphragm plates were hardened in oil at
880°C, tempered at 200°C and cooled in oil. The VickersAhardness
was Hv = 700, The diaphragm plates were Teground to give a smouth
contact surface:

It is significant to mention that different diaphragm plates
(i.e. diaphragm plates with different thickness and effective diameter)
were used, 80 that to obtain a satisfactory calibration between the
applied load and the deflection, The diaphragm plate dimensions shown
above were considered quite satisfactory for the above purpose,
However the effect of friction between the diaphragm and cover plates
as shown in Fig. 26b reduces the sensitivity of the dynamometer.
Therefore, any improvement in £he construction of the diaphragm plates
leading to a reduction in the friction (between the diaphragm and

cover plates) will be welcomed,
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Diaphragm Flanged Cover Plates:

The flanged cover plate dimensions were calculated according
to Faires(68) by taking into consideration the shear stress area and
the permissible stress, using the relationship

Jidhs = wF (2.4)
wherey

d = diaphragm diameter

h = height for effective shear stress

s = permissible shear stress
w = maximum load
F = safety factor

Each cover plate was clamped to the dynamometer body by six bolts, By
using a safety factor of 3 and a design stress of 60,000 lb/ina, the
bolt diameter was % in.

Diaphragm Pins:

Diaphragm pins were made of silver steel. The diameter of
the pin was calculated from equation (2.4) by taking into consideration
the area under shear stress J7d1h Fig. 27, and the annular bearing area
A, 2 2
T;(da fd1 )y

;= v (2.5)

Jih 8
. a

d

where, 5,6 = maximum allowable shear stress.
For h = O.4 in. the pin diameter was = % in.

The diaphragm pins were hardened in oil at 820°¢ and tempered
at 170°C. The Vicker's hardness Hv = 500, The contact surface of the
pins were polished to reduce the friction,

Tool Holder:

The tool holder was made of gauge steel and designed to hold
tools up to 1 sq. in. shank, A tool adapter was fitted into the tool

hLolder to prevent it from rotating while the tool was under the action
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of the vertical and horizontal components of the cutting force,
The tool holder was hardened in oil at 800°C, tempered at
150°C, and coéled in oil. The Vickers hardness was Hv = 400,
Roller:
The roller was made of soft steel. The diameter of the
(69)

roller was determined from the following relationship s taking

into consideration that the load was applied to the middle of the

roller,

Mmax = P;%

a, = Ql J;it o Mo (2.6

where,

P = maximum load applied to the roller

1 = distance between the ball bearings

8, = maximum tensile stress

km = safety factor

For P = 2000 lb., s, = 12,000 - 16,000 1b/in®, 1 = 1.5 in., and
k, = 140 = 145, the roller diameter was d_ = 0.8 = 1,0 in.

The roller was hardened at 800°C, tempered at 150°C, and
cooled in oil,

Dynamometer Body Plates:

The thickness of the dynamometer body plates was determined
by taking into consideration the diameter of the connecting bolts,
The thickness of the dynamometer body plates was taken 2,5 times
larger than the diameter of the connecting bolts. The plate thicke
ness was therefore = 5/§in. This thickness ensured a safe drilling

of the connecting holes of % in. diameter.
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2e%e2. Adjustment of the Dynamometer

Before the start of the tests during this work the tool holder
was positioned in both vertical and horizontal directions. The tool
holder was moved in the vertical direction by means of the adjustable
skrew (31), Fig. 25, until the dial gauge (15) had just begun to read,
the screw was then covered with plasticine to fix its position, The
dial gauge reading was made zero. Similarly the tool holder was posit=-
joned in the horizontal direction by means of screw (30).

During cutting the vertical component of thecutting force was
transmitted onto the diaphragm (13) through the pin (8) as the tool
holder (28) moved vertically. The vertical movement of the tool holder
was achieved through its vertical rotation around the link (22), The
deflection of the diaphragm caused by the action of the vertical component
of the cutting force was then recorded by the dial gauge (15).

Similarly the dial gauge (1) recorded the deflection caused by the action
of the horizontal component of the cutting force.

The use of ball bearings and effective lubrication have
reduced considerably the friction between the contact surfaces of the
dynamometer..

It is important to mention thaf the use of the above dynamometer
was limited due to the poor stability of readings at medium and high
cutting speeds when chattering existed. The results obtained from the
dynamometer at low cutting speeds up to 10 m/min. were quite accurate
for the purpose of this work,

2.9.3 Calibration of the Tool Dynamometer

The calibration of the tool dynamometer for both vertical and
horizontal loads was carried out by static loading on a special lever
device, The dynamometer was bolted to a specially constructed holder,
Fig. 28, which was rigidly clamped to the base plate (1) by means of
five bolts. The load was applied to a high speed steel tool (similar

to those used in the cutting tests) fitted into the tool holder through
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the pin of the lever (2). The pin was made of silver steel, hardened

and tempered to 500 V,P.H. with a rounded Vee shape. The pin was fitted
to the end of the lever so that to apply the load at the same distance
from the tool holder, just as the cutting taol would have done during

the actual cutting operation. The vertical and horizontal calibrations
were made in the same manner., At the beginning a small load was applied
to the tool till the dial gauge indicator had just begun to move. This
position of the tool holder was then fixed and the dial gauge readings
were made zero., After that the load was applied in increments of 50 kg
and the dial gauge readings were recorded. After a maximum load of

500 kg was applied, the unloading calibration was carried out by reducing
the load in the same increment of 50 kg, and the dial gauge readings were
also recorded.

The cross=-sensitivity of the dynamometer was checked for both
vertical and horizontal loads, and it was found that the vertical and
horizontal calibrations were independent of each other.

The first calibration curves for both vertical and horizontal
loads were not satisfactory., By examining the contact surface of the
diaphragms under the microscope, several cracks were found, Then it
was decided to change the heat treatment of the diaphragm. But the
results were still unsatisfactory, now due to the poor sensitivity of
the diaphragms. Finally by reducing the diaphragm thickness, polishing
the contact surfaces of the diaphragms and diaphragm pins and by applying
an effective lubricant (Mobilgrease AA1) to all moving parts of the
dynamometer, a satisfactory linear calibration for both vertical and
horizontal loads was obtained, Figs. 29 and 30,

210 STRAIN GAUGE DYNAMCMETER

The strain gauge dynamometer was designed to measure the strain
produced in the cantilever tool holder shank by the action of the
.vertical and horizontal components of the cutting force at high and

medium cutting speeds.
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Inaccuracies in the readings of this dynamometer caused by

either a movement in the point of the application of the force, or

tenperature effect, or interaction between the vertical and horizontal

components of the cutting force were minimized by a careful cali-

bration of the dynamometer and by using 5 correct electrical circuit,

210,17 Circuit Design

In designing the dynamometer, the Wheatstone Bridge circuit was

found to be the most suitable for measuring the strains produced by the

action of the cutting forces., The position of the strain gauges on the

cantilever and in the circuit was chosen as shown in Fig. 31a to be the

best from the following points:

1.

2.

3

Increased output voltage from the bridge. The positioning
of the four active strain gauges V1, VZ’ V3, V4 as shown
in Fig. 31b, will increase the output voltage. This could
be explained by the fact that the strain gauges which are
on the same side of the cantilever, are on the opposite
side of the bridge, which means that the electrical
strains experienced by them will be additive, Under the
action of the vertical component of the cutting force
strain gauges V

1 and V3, Fige. 31b, experience tensile

strain, while strain gauges, V, and Vh, compressive

2
strain of equal magnitude.

No cross-sensitivity. The effect of the cross=sensitivity
between the vertical and horizontal components of the
cutting force was eliminated by the symmetrical positioning
of the strain gauges on the cantilever and by using the
bridge circuit shown in Fig. 31b,

Low temperature sensitivity. Using the circuit shown in
Fig. 31b, the cantilever experienced a uniform change in

the temperature, Consequently there was no change in the

bridge output,
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L, Effect of radial or thrust forces. Since the cutting
forces were applied a distance from the axis of the
cantilever, a twisting moment was produced., The magnitude
of this twisting moment was small compared with the
bending moments, therefore its effect was considered
to be negligible,

The full electrical circuit is shown in Fig. 32. Power was
supplied to the circuit from a Farnell type M.S.U. power supply unit,
Saunders-~Roe foil type strain gauges were chosen to be the most suitable
for the above purpose. Each circuit was balanced so that it would give
a zero output in the unstrained condition. This was done by changing
the resistance in each arm of the bridge through a Beckman precision
potentiometer. A clamp galvanometer was connected to the circuit with
a switching device to find the balance point of each circuit, After
balancing, the circuits remained undisturbed for a short time before
checking the balance conditions so that to eliminate any drift
caused by the heating of the strain gauges. All circuit system
components were earthed. The circuit w#s protected from the coolant
and flying chips by a plastic cover,

2.10.,2 Dynamometer Cantilever

A special tool, Fig. 33, with a cross section of 13" x 1" was
chosen as being rigid enough for this investigation. The tool type "A"
with carbide tips were obtained from Firth Brown Tools Limited. The
overhang of the tool was taken so that to give a high rigidity and
sufficient space for the mounting of the strain gauges.

2103 Determination of Several Parameters

Using Saunders foil strain gauges of 1" x 2" x 7562 and gauge

factor of 2.17, the maximum voltage for safe operation of any of the

(52).

gauges is given by
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VZmax = Resistance x 10 x gauge area (2.7)

Hence for the above gauge,

vmax = 13.7 volts

For the cantilever shown in Fig. 31a, the strain at the gauge centre

is determined as follows:
eH(1.2) = %0 My/E Iy (2.8)

where,

- 3
IH = a b’/12

using values a = 1 in. and b = 1}in., we have.,

1, = 0.27 in'
and,

eH(1.2) = L4h x ‘lO"6 in/in

The change in the resistance is determined from the following
relationships:

AR = RxF xe (209)

for R=75& , F = 2.17 and e = L4b4 x 10-6, the change in the resistance

DR = 072262,
For any bridge circuit, having strain gauges of resistance

R1 = R2 = R3 = Rh’ wired as used in the dynamometer:

RZ R4 - R1 R

Output voltage 3

+ R2) (R3 + R,)

(2.10)

Input voltage '(R1

For the above case,

0.Vo _ 0,0722

I.V.. 75

0,000964

n

Hence,

Output voltage = 13,7 x 0,000964 = 0,0132 V.

So a 1" strain gauge in the above case gives 13.2 mV,
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The deflection of the cantilever Fig, 31a is:

S = p3/3 BT (2.11)

6

For P = 2000 1b,, L = 4", E = 30.10° 1b/in° and I = 0.27 in* , the

maximum deflection of the cantilever Smax = 0,005",
The natural frequency of the dynamometer is determined

according to Ferberg and Kenler 70

£ o= [Befele (2.12)
Yw Lu

where,.

¢ = constant depending on the mode of vibration. For the

fundamental mode ¢ = 0,560,

w = the weight of the beam/unit length = 0,354 1lb/in,

g = acceleration due to gravity = 386 in/sec2

E = 30.10° 1b/in? and I = 0,27 in*.
then,

fn = 3540 cycles/sec.

2.10.4 Choice of Galvanometer

By using galvanometers type SMI/S with (fn = 160, R8 = 75 Q,

Ry = 250%, S, = 0.375 mV/cm)
ARE
Ig = R—(R—:—@ (2.13)
where,
OR = Change of resistance in each gauge S2 ,
F =

E.M.-Fo of the input V,
R = Resistance of one gauge R,

Rg= Galvanometer resistance S$2.
<0722 x 12
Ig = %5075 + 75y = 77 mhe
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210,5 Maximum Trace Deflection

The maximum trace deflection was determined from the following

relationships:
R1 = Rd - R& = 250 - 75 = 175
Io vo
D = = (2.114')
g Si(R1 + Rg)

where,

o
|

, = balancing resistance S2 ,

e
L]

4 = damping resistance of the galvanometer &2,

Si = galvanometer seﬁsitivity mA/cm,
Vo = maximum safe voltage V.
For Vo_, = 13,2 mV3 Si‘ = 0,005, R1 = 175 and R8 = 75G2 the

maximum trace deflection D = 10,6 cm, which is large enough to record

low values of cutting forces..

211 INSTRUMENTATION

An ultra-violet recorder series M.1250 was chosen as the best
instrument to provide a continuous record of the forces, Galvanometers
were selected by taking into consideration the maximum output voltage
expected from each bridge and the frequency of the force variatione.

Galvanometers type SM1/S with a natural frequency of 160 o/s
were found to be accurate enough to record the change in the cutting
forces.,.

For optimum frequency response and damping the galvanometerxr
must see a resistance of 25052, That was done by adding a resistance
of 150 & to the circuit between the bridge and the recorder, The

strain gauge dynamometer and its attachments are shown in Fig. 34,
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42.12 CALIBRATION OF THE STRAIN GAUGE DYNAMOMETER

The calibration of the strain gauge dynamometer was carried out
on the same lever device, Fig., 28, which is used for the calibration
of the dial gauge dynamometer. The dynamometer was mounted in a
specially designed toolpost, The overhang of the dynamometer was
taken as close as possible to the actual overhang used during cutting
tests. The vertical and horizontal calibration of the dynamometer
was carried out in the same manner by applying a static load in
increments of 50 kg through the pin of the lever Fig. 28, After a
maximum load of 600 kg, the unloading was carried out in the same
increment of 50 kg All these points for loading and unloading were
recorded and the calibration curves shown in Fig. 35 and 36 were
obtained.

Although the strain gauges were mounted symmetrically on the
dynamometer's shank and the calibration was carried out as carefully
as possible, there was still a cross-sensitivity between the vertical
and horizontal loads, but it was very small.

It is important to mention that one of the main drawbacks of
this cantilever type of dynamometer was that its reading was highly
affected by any change in the position of the applied forces,
Calibrating the dynamometer at conditions similar to those of the
actual cutting has reduced this effect,

The results obtained from the above dynamometers were quite

reliable,
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CHAPTER 3

3,1 CHIP BREAKING

Swarf disposal has been a problem since machine tools were
developed and up to the present time the metal cutting industry is in
need of sufficient and reliable methods of chip breakinge. Due to the
appearance of new tool materials such as sintered carbide, ceramics and
cast alloys which allow a high rate of metal removal, the chip breaking
and chip disposal problems have stimulated extensive investigation, To
obtain maximum efficiency from these high-speed tool materials a
suitable means has to be provided, such as chip-breakers, for curling
and breaking the chips into small pieces so as to remove them from the
vicinity of the tool point, and to facilitate mechanized systems of
chip disposal,

To obtain the desired degree of chip breaking for a particular
cutting condition, two facts must be remembereds

1. Chip breaking depends upon the control of chip flow.

2+ Chip flow control is accomplished by bending the chip.

Although the Sheffield area accommodates a fair proportion of
the tool making industry in the United Kingdom, questions of chip
breaking and chip disposal have not commanded the attention they deserve
until recently, when certain of the tool-making firms have started to
develop tools with reliable chipbreakers.

3.2 CUTTING OPERATIONS FROM CHIP BREAKING POINT OF VIEW

The production of continuous chips during turning, boring,
milling, drilling, facing, thread cutting, broaching, tapping and
reaming operations require a solution to the problem of chip breaking.

Chip breaking in all cutting operations depends on the
duration and continuity of the cutting cycle, tool characteristics,

cutting conditions, and the work-piece material,



- 62 -

From the chip breaking point of view the cutting operations
are classified in the following order:

34,241 Turning and Boring

Both turning and boring are processes of metal removal by means
of single pointed tools. A great deal of investigation has been carried

(71) (72) (73) (74) (17

out by Henriksen y Muller s Bickel y Okushima

s dorev
and several others to establish the effect of different cutting cond-
itions, tool geometries and workepiece materials on the shape, the size,
and the direction of the flow of the chip. As a result of these invest=
igations they concluded that the depth of cut and feed are the main
factors determining the shape and the size of the chips.

(75)

Eugene has noticed an increase in the roughness and
irregularity of the chip as the cutting speed or the rake angle is
reduced.
3,202 Drilling

In drilling operations the metal removal is achieved by means
of multi-pointed cutting tools (drills). Drilling requires not only
the breakage of the chips during cutting but also its removal from the
vicinity of the drill, Crowding of the chips within the drill flutes
may result in breakage of the drill, Unsatisfactdry removal of chips
may lead to a wrapping of the chips around the drill, thus obstructing
the flow of the swarf,

The main factors affecting the shape and the size of the chips
are the drill design, cutting conditions and work-piece material,

It is essential that the feed and speed should be selected so

that to ensure a satisfactory chip removal and tool life.
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3.2¢3 Milling

Although milling is a discontinuous cutting process, chip
breaking is necessary for some types of cutters.

The milling cutter must be designed so that the space between
the cutter teeth will avoid overcrowding of the chips which might
result in the breakage of individual teeth,

The angle of the inclination of a single cutting edge is
(76)

(76)

found to have a significant effect on the chip flow, Positive

angle will tend to spiral the chip away from the work, whilst a
negative angle will force the chip to move towards the work,
3.2.4 Broaching

In broaching operations it is essential that the broach should
be designed with sufficient space for the chips., Otherwise the chips
will tend to pack between the teeth, resulting eventually in failure
of the broach.

Correct cutting fluid will alleviate the forming of a built-up
edge on the cutter teeth,

(77)

Carter has found that the chip's shape and dimensions
depends on the hook angle (angle of the inclination of a single cutting
edge) of the broaqh (decrease in hook angle tightens the chip coil),
cutting speed and work-piece material,

The use of chip-breakers, increased chip thickness, and

decreased chip width will considerably reduce the cutting forces(78).

3.2e5 Tapping and Reaming

The main problem in tapping is to ensure a sufficient space
for the chips. If chip space is increased by reducing the number of
flutes, decreasing the width of the land or by increasing the hook of
the cutting edges, this may reduce the 1if§ of the tape Spiral-pointed
taps(7o) will push the chips ahead of the tap. Helical fluted taps(76)

will tend to direct the chips toward the shank of the tap.
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In reaming although the amount of material to be removed is
very small, reaming is a finishing operation and therefore there must
be no overcrowding of the chips in the vicinity of the reamer teeth
which might reduce the quality of the surface finish.
The use of lubricant increases the life of the tap and
decreases the build-up of material in reaming which improves the
quality of the surface finish.
Operations like shaping and planing do not require chip breaking,
because of discontinuity of the cutting cycle.

3,3 WHY USE CHIP - BREAKERS?

In large-batch production when high-output machine tools such
as automatic and semi-automatic lathes are used, reliable methods of
chip breaking are essential so as to eliminate the stoppage time
required for clearing away the swarf from the vicinity of the machines,
Reliable control of the chip breaking and chip flow processes ensures
a sufficient protection to the operator from the dangers caused by the
flying chips, especially at high cutting speeds., It iz also desirable
to have the chip broken into small pieces as it leaves the cutting
face of the tool, so as to avoid any possible damage to the surface
finish,

Another reason why chip breaking is used is based on consid-
eration of the chip disposal process, The efficiency of swarf removing
devices such as conveyors is highly dependent on the type and size of
the chips produced, The smaller the size of the chips produced, the
more effective the chip disposal system can be, Chips up to two inches
long are quite satisfactory. However, a further consideration is that
if the swarf is in long ribbons, it may need crushing before it is
dispatched from the works, but this would be unnecessary if spall

chips are produced by the machine tools,
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3.4  TYPES OF CHIP-BREAKERS

e Ground Chip=Breakers:

(a) Ground Step Type Chip-Breaker: This consists of a step or

platform ground into the cutting (rake) face of the tool at
some distance from the cutting edge (Fig. 37). The cutting
edge and rake angle remain unchanged.

(b) Groove Type Chip-Breaker: A groove of some profile is

ground into the cutting face of the tool at a short distance
from the cutting edge. This distance must be related to the
feed., The chip~tool contact area and consequently the chip
curvature is controlled by this distance,.

Ground chip-breakers are the most commonly used in the machine
tool industry. The main function of the ground chip-breakers is to curl
the chip. The chip will break either as a result of its contact.with
the workepiece, the tool box or any other obstacle or as a result of
an increase of stress in the chip as its radius of curvature is
increased, The step type chip-breaker is characterized by its width
and height,

If, in an angular step type chip-breaker, the width of the
chip-breaker is not constant, the chip flow is controlled by the
minimum width of the chip-breaker., If such a chip-breaker has a
negative opening angle (angle between the chip-breaker and the direction
parallel to the cutting edge fig. 39) with the minimum width at the
rear of the cut, as in Fig. 39, the chip-breaker has a great tendency
to direct the chip against the uncut surface of the workpiece., To

(71)

avoid the danger of over~breaking of the chip, Henriksen suggested
that the opening angle should be within minus 5 to minus 8 degrees

for deep cut and minus 8 to minus 15 degrees for shallow cut.
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2. Clamped Chip-Breaker:

The clamped chip-breaker is a block of hard material with an
inclined wedge, firmly clamped to the cutting face of the tool and set
at some distance from the cutting edge, Fige. 38, Clamped chip~breakers
differ significantly from ground chip-breakers in that they can be
taken apart. The position of the chip-breaker can be adjusted and the
height of the chip-breaker is considerably larger than those of the
ground chip-breakers.

The main advantages of the clamped chip-breaker as listed by
Henriksen are:

1, It consumes no carbide material out of the tool blank,

2.. It does not require diamond wheel grinding.

3, Lower tool wear, longer tool life,

L, Simplicity, speed and cheapness of grinding.

S5 Adjustability.

The most important factors in controlling the clamped chip-
breaker's performance are the angle of the inclination 2 and the
face width of the chip-breaker w, Fig. (37). However, with sméll
inclination angles the chip breaking action becomes soft and increas-
ingly erratic, while for large angles it becomes sharp and violent,
This can be explained by the change in the chip=-tool contact pressure,
friction and temperature, During this work, best results were obtained
when /2 = 40 to 50 degrees.

It is essential that the chip-breaker wedge does rest firmly
on the cutting face of the tool. Otherwise the sharp edge of the
chip might get caught in between the tool face and the chip-breaker
which: could lead to overcrowding of the chips which will eventually

lead to the breakage of the chip-breaker (Fig. 40).
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3. Special Chip-Breakers:

Chip-breakers of special geometries are used in those cases

where the conventional chip-breakers are not effective, Chip-breakers(69)
shown in Fig. 4la gives a satisfactory chip breaking with hard steels,
A negative land of 0.2 to 0.3 mm on the cutting edge of the tool is
used to break the chip. For ductile materials chip-breakers shown in
Fige 41 b-c produce a reliable chip breaking for a fairly wide range

of cutting conditions. Special deflectors such as shown in Fig, 41d

provide a satisfactory chip control,

3,5 CHIP-BREAKER GEOMETRY

Here attention is restricted to chip breaking devices consisting
of an obstruction located on the cutting face of the tool so that to
produce plastic deflection of the chip into a coil of the désired
radius., Theoretically this radius is found as follows:

(a) For step chip=-breaker: From the geometrical relationship

(R = H)2 + L2 = R2 Fig. 37, it is seen that:

12 |
R = % (i".' H) (301)
where
R = theoretical bending radius of the chip
L = chip-breaker width

H = chip~breaker height
This formula has previously been obtained by Henriksen(71)
from purely mathematical considerations. The actual bending
radius of the chip is affected not only by the tool geometry
but also by the cutting condition (mainly the feed) and the
cutting material. The bending radius of the chip will be
thoroughly investigated later in this chapter.

(b) For clamped chip-breaker: By assuming that the inclined

face of the chip-breaker wedge is long enough to ensure

that the chip becomes tangential to it at some paint 37

e ——
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Fige. 38, and as angles AOC and BAC are equal to %13, we

have

R _L

& = = cot p (3.2)
where,

R = bending radius of the chip

W = width of the chip-breaker wedge
L = distance from the contact point of the chip

with the chip-breaker to the cutting edge

e
L]

Height of the point of the contact of the
chip with the chip=breaker
S = angle of the inclination of the chip-

breaker wedge

3,6 BREAKING OF THE CHIP

One of the simplest and reliable methods of chip breaking
are those based on changes in the cutting conditions, Although reliable
chip breaking can be obtained by simpiy changing the cutting conditions,
such as increasing the feed, depth of cut, or reducing the rake angle,
the tool life will be reduced considerably by these extréme~cutting
conditions(17” 71y 724 95).

The methods of widest practical interest are those based on
the use of chip~breakers to accentuate the curl of the chip as it is
formed., The principal types of these chip-breakers have been already
discussed earlier in this chaper. By suggesting that the chip
breaking effectiveness, depends on the chip curl radius, it is found
that under any given operating conditions, a certain radius of the
chip curl is needed for effective chip breaking. The curled chip
has a rough outer surface containing many cracks. The underside of

the chip is smooth and strong under tension, Curling of the chip

merely puts the rough outer side under compression, and uniéss the-
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curling is very severe, the chip will not break at this stage. To
break the chip it has to be bent so as to put the rough side of the
chip under tension. This is done by straightening the chip,so0 as
to give a fracture starting from the rough surface of the chip coil,
Particular ways of straightening the curled chip are:

1¢ The chip coil tends to straighten as its end comes in
contact with the chip~breaker wedge. Fracture occurs
at some point not far from the chip=-breaker wedge,
Fig. UPa. The chips may consist of small straight
pieces or chips with a slight curvature.

2. The chip coil tends to open as its end strikes some
obstacle such as the work-piece or the tool box,
giving a bending action at the end still in contact
with the tool, resulting in fracture at this point
(Fige 42 ¢ = d). The chips may consist of half-turns
or possibly one or more turns.

3. The chip coil opens as its end strikes the work-piece
giving a bending action in the direction of easy chip
breaking at the contact point of the chip with the chip=-
breaker wedge, Fig. 48b. As a result fracture occurs
at that point, The chips consist of half-turns or full-
turns.,

k, The chip is coiled on itself, as, for example, in the
chip formed by a parting tool. As the outer layers of
the chip coil are forced open by the inner layers,
breakage occurs, after a certain number of turns have

been ceiled,
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S5e¢ Vhen the free end of a helical chip is restrained from
rotating as it comes in contact with an obstacle,
bending is induced near the cutting edge in the direction
of easy breaking., For example, in a chip-breaker drill,
a close coiled helix is formed, which then impinges on
the side of the hole,

6. In turning, a close-coiled helix may be formed, which
has a fairly high weight per unit length compared with
the straight chip, Fig. 42e. Whirling of the free end
due to rotation of the helix gives the bending action
near the tool necessary for breaking the chip,

Interrupted feed devices and vibratory cutting methods have

proved effective and reliable to give broken chips for a wide range
of cutting conditions, Various types of chip=-breakers such as
deflectors, rollers and other special devices will be described later
in this chapter, The use of the coolant is often found to promote

effective chip breaking,

347 GENERAL VIEYS OF THi CHIP BREAKING METHODS

Progress in machine design has accentuated the need for
co-operation.and mutual understanding between tool makers and machine
designers, It is essential that the cutting tools should be designed
so that to give a satisfactory chip breaking with a comparatively
high tool life,

Although chip breaking has several advantages (as mentioned
before), their use is strictly limited due to the increased tool
wear caused by the incorrect method of chip breaking. As mentioned
earlier, chip breaking based on changes in the cutting conditions
reduce the tool life, and their use is strictly limited to rough

cutting operations., The chip breaking process is significantly
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affected by the feed, For tools without chip-breakers a fine feed
produces a thin stringy chip (called snarling chip) with no tendency
to break. This type of chip is so flexible that it can wrap itself
around the work-piece, the tool, or any other obstaclé on its waye.
As the feed is increased the chip becomes more rigid and travels in
almost straight lines. At very high feeds the chip may sometimes
show a tendency to break in roughly regular manner, thereby imposing
a violent variation in the pressure on the tool which leads to an
increased tool wear., The effect of variation in the rake angle is
so small that it can be ignored as long as the rake angle remains
within the conventional limits, as was noticed during this work.

It is observed(71' 95)

during cutting that a chip passing
over a straight cutting edge has a natural tendency to flow in a
direction perpendicular to the cutting edge. With a large depth

of cut the effect of the side cutting edge ié significaﬁt(71), and
the chip flows almost perpendicular to the side cutting edge,

Fige. W%a, With a small depth of cut the effect of the side cutting
edge is considerably reduced and the effect of the nose and the end
cutting edge is strong enough to swing the chip away from the surface

(71), Fig. 43b, Sinapalnikov and Eikhmans(79) have found

of the work
that the cutting edge radius has a considerable effect on the chip
breaking process (through its effect on the cutting forces) when the

chip thickness is small, (This is equivalent to bluntness of the

toal)e Albricht(zs) has found a similar effect of the cutting edge
radius on the cutting process,
Tests(17) on carbon steel 45 (0.45% C) using carbide tipped

tools (T5K12) having a 10° rake angle, 8° clearancey, 10° plan approach
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at a speed of 43.45 m/min., and a feed rate of 0,07 mm/rev. have shown
an increase of 20 to 40% in the cutting forces as the t601 nose radius
was increased from 12 to 22 mm,

Recently a great deal of research has gone into establishing
the performance of the mechanical chip-breakers. Henriksen(71) has
found that for each cutting material there is a limited range of feed
at which the chip-breaker gives a reliable chip breaking effect. For
feeds below this range the chip-breaker is not effective, while for
feeds above this range the chips are over-broken and extremely small
in size. Although the over~broken chips are preferred from swarfe-
removal point of view, the tool wear at high feeds is considerably

(7).

Free machining steels have been found to permit a

(71).

increased
wide range of feeds

Chip-breaker performance is also affected by the depth of
cut, the side cutting edge angle and the cutting speed(go). An
increase in the side cutting edge angle or the cutting speed will
decrease the chip thickness, Decrease in the depth of cut influences
the direction of the chip flow, thus changing the angle of the chip
contact with the chip-breaker which leads to an increase in the
effective radius of the'chip curX,

Nakayama(BO) has found that effective chip breaking perform-
ance of the step type chip-breakers depends on the chip curl radius,
the work-piece material and the chip thickness. The effect of the
depth of cut was found to be significant at low cutting speeds,

- (81)

To ensure a reliable chip breaking Lutov has found that
the main dimensions of the chip-breaker groove should be as follows:
1. The land width (distance "a" Fig., bi) < (0.5 to 0.7)
times the chip thickness or < (0.25 to 0,35) times

the contact lengthe.
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2. The groove radius within 0.5 to 4.0 mm when the land
width is within (0,05 - 0,10 to 0.5 = 0.8)mm.

3, The groove depth within 0.1 to 0,2 mm,

As a result of investigation Kabanov(82) has recommended the

following dimensions of the chip~breaker groove to be the best from

the chip breaking point of view, Fig. 44,

Cutting laterial Groove Dimensions
Steel a o c a
Tensile Strength Hardness
2
kg/mm HB mm mm mm | mm
34 and 38 137 and 143 O¢1 = 0,15} 1,0 7 1.5
L2 and 54 170 and 787 0.2 - 0.3 | 0.8 6 [1.0

58 and 61 187 and 197 Ot = 0,5 | O 5 0.8

63 207 0.5 = 0,6 | 0,2 | 3=4}0.5

Using tools with a shallow chip=breaker groove Igoshim(83)
has established conditions at which effective control of the chip
breaking process was obtained. Experimental tests(83) on soft steels
using a shallow chip-breaker groﬁve-type*tool (at a cutting speed
of 70 to 150 m/min., depth of cut of 0,35 to 1,2 mm and feed rate
of 0.5 to 1.1 mm/rev.) have shown that the best chip breaking resﬁlt
is obtained when:

1. The chip-breaker land width = (feed + 0.2) mm for

feed range within 0,13 to 0.9 mm/rev,
2. The depth of the groove = 0,2 to 0.3 mn.
3. The width of the groove = 1,2 to 2.0 mm and the

groove radius = 1,5 to 2.0 mn,
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(83)

It was observed during cutting with tools having a
shallow chip breaking groove that the chip deforms immediately and
starts to fracture in the groove, finally breaking as soon as it
contacts an obstacle.

Vee type(sh) chip-breakers, Fig. 43, were satisfactorily
used to curl the chip. Using tools with Vee type chip-breaker
Proskuryakov(SQ) has found that best chip control is achieved with
tools having the following dimensiouns:

1« The Vee angle = 1500.

2. The angle of the groove centre axis should be for

tensile strength,

G, £60 5 Y= ol

]
mmz

n
(o]

1]
w

G, 260 5, Y= of = 5°

mm

AV]

3, For tools cutting at constant feeds and speeds, dimensions
(£f) and (b) should preferably be proportional to the

actual chip thickness (t1)
b=(2t03)t1andf=0.5t1

It is essential to mention that determination of the
tool dimensions in terms of chip thickness is not
desirable due to the difficulties in finding the
corréct chip thickness,

(85)

Bazhenov has found an increase of about 35 to 60% in the
cutting forces as the depth of the groove is increased, The following

relations were established:
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10 andll

(croove denth) _ _ A
(feed ~ t (depth of cut) 3

(groove radius ~

h e 2 R
—R_ 2—t°2, S

Good chip control was obtained by means of carb-o-lock
ingerts (inserts with a negative rake land backed up by a high pos=
jtive rake), within the feed range of about 0,007 in. per rev. up
to 0,020 in. per rev. Crowding and corrugating which were resulting
in excess heating of the insert, reducing therefore the cutting
edge hardness which leads to a reduction in the tool life, were
observed at feeds above 0,02 in, per rev.

It has been established(86) that the chip breaking methods
based on the use of fine chip breaking grooves is one of the most
effective and economical means of chip control,

A step on the cutting face of tool has the same effect on
the chip breaking control as the groove. SpeciaI.geometry(87) of
the step has shown an increase of about 20 to 30% in the tool life
with a satisfactory chip control., During this work best chip
breaking was obtained when the height.of the chip-breaker was within
0,15 up to 2 mm and the chip-breaker distance (distance from the
cutting edge to the step) was within 0,2 up to 3 mm,

The significance of a clamped chip-breaker is that the
position of the chip-breaker block can be adjusted so that it will
give a satisfactory chip breaking over a wide range of cutting
conditions,.

The angle of the inclination of the chip-breaker face (wedge
angle) is found to be one of the main parameters controlling the chip
breaking process., Best chip breaking results were obtained with a

wedze angle within 40° to 50° (95).
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(86)

A srecial deflector type of clamped chipbreaker (Fig. 46)
with a groove-type tool was successfully used by Proskuryakov to
control the chip breaking process when large steel pires (up to 1 m in
diameter) were machined., BRBest chip breaking results were obtained when
B=5+to6mmand H = 10 mm for machining steel pipes with a diameter
of 700 to 820 mm at a cutting speed of 132.5 to 151.5 m/min., a feed
rate of 0.8 to 1.1 mm/rev. and depth of cut of 8 to 12 mm using the
following dimensions of the groove:

The groove radius = 3.5 to 4.0 mm

The groove depth = 0,9 to 1.2 mm

The chipbreaker distance = 0,9 to 1.2 mm

Although this device is claimed to work satisfactorily for a
wide ran;e of cutting conditions, the hand feeding used with this
device suggests that the chip breaking might be affected by the
variability of the feed.

Ioffe(gg)

nas designed a special device for breaking the chip.
It consists of a roller clamped fo the'cutting face of the tool tipe.
Under the action of the c¢hip pressure, the roller rotates and forces

the chip to bend. Finally the chip breaks as it comes in contact with
the unmachined part of the work-piece. Although this device is very
simple and gives a satisfactory chip breaking for a wide range of cutting
conditions, the roller must be mounted on the tool tip with a
considerable care to obtain efficient performance. This device has

been modified by Kondratov(QO) and Kiseler(91) so that to ensure a

good reliability and to eliminate the possibility of the chip passing

between the roller and the work-piece, This was done by using a

highly peoliished roller with a close setting to the cutting edge.



Fic. 46
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Pologov(ga)

has designed a universal clamped chip-breaker
with automatic self adjustable step working on the principle of
balancing between the chip breaking force and the applied spring
force (Fig. 47).

Tests have shown that the chip=breaker with automatic
setting of the chip-breaker step operates successfully within the
range of cutting conditions commonly used for carbide and ceramic
toolé?a?It has been established that the distance between the step
and the cutting edge changes in direct proportion to the depth of
cut (similarly the feed) and in inverse proportion to the cutting
speed. The main danger with this design is that the sharp edge of
the chip can get caught between the tool face and the chip-breaker
which will lead to the breakage of the chip~-breaker,

Interrupted feed devices and vibrafory methods were

(93, 9%, 97, 98)

claimed to provide a reliable chip breaking within
a wide range of cutting conditions., (Interrupted feed devices and
vibratory methods will be discussed in detail later in this chapter)e.

(95)

Tests at high cutting speeds within 200 to 400 f/min.
as well as at low cutting speeds have shown that the distance from
the cutting edge to the chip-breaker wall and the angle of the
inclination of the chip-breaker wall for clamped chip-breaker, the
height of the step and the disfance of it from the cutting edge for
step type chip-breaker and the radius of the groove, the depth of

it and the width of the chip-breaker land are the most significant

parameters controlling the chip breaking process,
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3,8 FEFFECT OF COOLANT ON CHIP BREAKING

The ﬁse of coolant in cutting operations is considered to be
significant in promoting effective chip breaking.

It is important to mention that lubrication is essential to
avoid over crowding and corrugation of the chips at the chip-breaker
when the chip=-breaker width is small(95).

The effect of the coolant on the chip-breaker performance has
been widely investigated by Bazhenov(ss). Coolant was found to have
a.slight effect on the chip size., However, effective lubricant reduces

(85)

the chip size The significance of the coolant in promoting good
chip breaking can be explained by the fact that quenching of the chip
will help in developing fractures.

It is also significant to mention that using a strong jet of
coolant will prevent the chips from flying, therefore reducing hazards

to the operator, Coolant is also used to direct the chips towards the

swarf removal units,

3,9 THE EFFECT OF THE GRINDING ON CHIP BREAKING

The chip breaking effectiveness is significantly affected by
the grinding finish of the contact surfaces of the tool and chip=-
pbreaker. For accurately polished tool and chip-breaker faces the
chip flow is conditioned by the chip-breakers geometry. As the tool
atarts to wear off the chip flow control becomes mainly dependent on
the roughness of the cutting face of the tool. Opitz(g) has shown
that as the depth of the crater formed on the cutting face of the
tool is increased, the radius of the chip curl drops, and the tendency
towards producing small chips increases., However, excessively small
radius of the chip curl will obstruct the chip flow and lead to a

considerable increase in the cutting forces(g’ 17, 714 95, 101),
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(96)

Kozacka has found that the chip breaking process is
affected by the direction of the grinding marks on the chip-breaker's
face, which leads to a change in the cutting forces, If the grinding
marks are parallel to the side cutting edge (i.es if the chip slides
perpendicular to the marks), then the cutting forces produced are less
than if the marks are at right angles to the cutting edge (i.e. if the
chip slides along the grooves left by the grinding wheel)., However,
this effect disappears if the marks are shallow. For best chip-breaker

(96)

performance Kozacka suggests the lapping of the carbide tool tips.

3,10 CHIF BREAKING BY MEANS OF INTERRUPTED FEED DEVICES AND

VIZRATORY METHODS

Recently the use of interrupted feed devices for different
cutting operations have shown a satisfactory chip breaking performance,
In these devices the breakage of the chip is achieved by a periodical
change in the chip thickness, due to the discontinuity of.the cutting
cycle. Interrupted feed is applied either by electrical or mechanicall
vibration of the cutting tools. The chip breaking effectiveness of
these devices depends mainly on the direction, amplitude and frequency
of the applied vibration, For effective chip breaking the following
requirements must be satisfied.

1, The direction of the vibration should coincide with the

direction of the feed,

2. The amplitude of the vibration must be made as high as

possible.

3, The frequency of the vibration should be between 5 and

120 cycles pef second,
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The reasons why interrupted feed devices are widely used in
metal cutting operations are based on the following advantages:
1. Interrupted feed devices can be applied to different

cutting operations such as turning, boring, milling, etc,

2. The tool life obtained from these devices is longer than
those obtained from a conventional chip-breaker,

3. Interrupted feed devices ensure a reliable chip breaking
for a wide range of materials (including hard materials)
and cutting conditions,

L, Tool vibration enables the coolant to distribute and
penetrate more effectively.

Reduced efficiency of the machine tool as a result of increased
machining time caused by interrupting the feed; is the main drawback of
jnterrupted feed devices. However, this could be improved by using
high cutting speeds and feeds. It is also significant to mention
that interrupted feed devices are complex and expensive to install,
and that some of these devices produce a poor quality of the surface
finish.

(93)

The vibratory turning of the highly ductile metals with

tool vibration of low frequency up to 5 cycles per second and high
amplitude of about 1.5 mm ensure reliable chip breaking within a wide
range of cutting conditions., Chip breaking based on this method(93)
has shown an increase of 50% in the tool life, a reduction of up to
65% in the consumed power and a satisfactory surface finish,

Chip breaking methods based on self-exciting vibrations(gh)
induced by the cutting process is highly reliable, It is suitable
for use in mass=production conditions when machining components with
a uniform machining allowance and with metals which ensure the

possibility of inducing self-excited vibrations.
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(97)

Zakharov describes a hydraulic interrupted feed device,
whereby the £ool is given an interrupted movement by means of an
auxiliary hydraulic systeme. He found that the chip length can be
accurately predicted and depends mainly on the diameter of the work-
piece. Zakharov suggests a combination of interrupted feed device
and conventional chipbreaker, for effective chip breaking when
work=piece of large diameters ( 50 mm) are machined..

Several interrupted feed devices are also described by

(98) (93) (99) (94)' w9111(1oo)'

Koponov 3 Baranov sy Schnellmann , Podugaev

and others.

3,11 CHIP CURL RADIUS

Chip curl radius is one of the most significant parameters
determining good machinabilitj characteristics, dﬁe to the fact that
the chip-tool contact is controlled by the chip curl radius., It is
also significant as it was suggested earlier in this chapter that

the chip curl radius represents the effectiveness of the chip breaking

ProcessSe

The chip curling mechanism has been investigated in detail

by Ernst and Merchant(1u), Albricht(za)

01) (71)

Fujinawa(1 y Henriksen

(104)

s Okoshima, Hoshi and

’ Nakayama(SO), Ponkeshe(102), Lamm(103),

(105)

Cook, Jhaveri and Nayak ¢+ Dave and Rubenstein

and many others,

As a result of these investigations, different suggestions were made

to explain why the chip curls, Ernst and Merchant(14) were first to
suggest that the chip curling is a result of greater extension in the
underside of the chip compared with the upper side as a result of
variation in the rate of deformation across the shear plane. Henriksen(17)

by considering the chip as a cantilever beam under the action of the

chip-tool contact pressure, suggests that the chip bends as a result
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(28)

of non-uniformity of the chip-tool contact pressure. Albricht
suggested that the chip curls as a result of non-collinearity between
the lines of action of the resultant cutting force acting on the work-
piece and the cutting tool, which leads to the appearance of a bending
m&ment which forces the chip to curl, Similar suggestion was made(103)
by taking into consideration the thermal strains produced in the chip

during cooling. Ponkshe(102)

suggests that non-uniformit& of the shear
szone width, leads to a different degree of strain hardening across the
chip widthe. Since the chip is unstressed after it leaves the cutting
face of the tool, there must be a stress-relieving zone adjacent to

the shear zone, resulting in non-uniform residual shear strain across
the width of the chip and hence rotation. Cook, Jhaveri and Nayak(104)
nave found that when materials which do not strain-harden (such as lead)
were cut at low cutting speeds and at room temperature the chips do not
curl, while the chips curl when strain-hardening materials (such as

steel, aluminium, copper) were cut under the same identical conditions.

From this they concluded that the chip curls due mainly to the strain-
nardening.. They also concluded that the chip breakage i; strongly

dependent upon the natural curling tendencies of a material, which vary

from one material to. another. Conclusions similar to those of

Albricht were arrived at by Dawe and Rubestein(105). They suggested

that the phenomenon of chip curl can be attributed, basically to non-
collinearity of the resultant cutting force acting on the work~piece

and the resultant cutting force acting on the chip.. All these suggestions
are based on experimental evidence and therefore they are equally plausible.
However, some of these suggestions are in better agreement with theo-

retical explanations of the nature of the chip curvature than the

otherse.
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All these suggestions which were made are to explain the chip
curling mechanism without the use of a chipbreaker. However, the
situation is changed when chipbreakers are used and the chip curl radius
will mainly devend on the geometry of the chipbreaker. It is signi-
ficant to mention that these effects which were suggeéted earlier
still exist and will have a secondary effect.

The theoretical chip curl radius was first determined by
Henriksen from purely geometrical considerations. From the geometrical
relationships between the chipbreaker's width and height and the chip
curl radius, Henriksen has developed the formula described earlier in
this chapter for determining the theoretical chip curl radius. However,
this formula does not take into consideration the effect of the cutting
conditions on the chip curl radius. By taking into consideration the
effect of cutting conditions, tool characteristics and cutting
material, Okushima(101) has analysed the mechanism of chip curling and
found a theoretical expression for the chip curl radius in terms of
the above mentioned factors. The writer considers that .the theoretical
analysis of chip curling mechanism suggested by Okushima is fairly
representative if the effect of the chip-tool contact on the chip.
curl radius has also been taken into consideration. Therefore, it
was decided to show in detail the theoretical analysis of chip curling
mechanism originated by Okushima by taking into consideration the fact
that the chip starts curling away from the face of the tool as soon
as it reaches the end of the chip-tool contact region. This means
that the effective chipbreaker width must be taken as the distance
from the end point of the chip-tool contact to the chipbreaker heel
(i.e. distance L-f, Fig. 48), instead of the whole chipbreaker width
(i.e. the distance from the cutting edge to the chipbreaker heel,la,

Figo l}8).
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NOMENCLATURE

L

6

ad-a =

chipbreaker width, Fig. 48
distance from the cutting edge
to the heel of the chipbreaker
measured parallel to tool rake
face

chip=-tool contact length,

Fig. 48

bending force exerted by the heel
of the chipbreaker on the chip
bending moment

normal stress

upper and lower half of the

chip thickness

b = width of the chip

y'

G
I

M
a

Vc

height of an element above the

centre-line of the chip

yield stress of the chip

moment of inertia of chip cross
section
= bending moment caused by the
bending force exerted by the
chipbreaker when the stress on
the chip surface reaches yielding
point.
= chip velocity
chip direction co=ordinate
Vertical co-ordinate

chip thickness

constants for a given

material

I

the length over which the
final plastic deformation
of the chip is obtained,
1.5 Ma

radius of the centre-line
of the chip,

time

constant

chip length from the end
point of the chip-tool
contact to the chipbreaker
heel.

modulus of elasticity of
the chip

B1 =
equation (3.14)

constants, see

32 = constants, see
equations (3.15)
chipbreaker height

natural radius of the chip
curvature bent by the chip-
breaker

shear angle

rake angle

feed

C2 = constants depending on

the cutting material, tool,

geometry, chip thickness, and

cutting speed
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The chip curl radius is calculated by applying the theory

of plasticity under the following assumptions:

1e

2.

Je

The material being cut has no work hardening, Fig. 49.
The chip flows straight along the cutting face of the tool
for a tool without a chipbreaker,

The cross section of the chip which was plane before bending

remains plane after bending, and the neutral layer is always

at the middle of the chip thickness.

The heel of the chipbreaker exerts a bending force F on
the chip, Fig. 48. The bending moment produced by this
bending force is assumed to be linearly distributed along

the chip length, Fig. 50.

By taking into consideration the time rate, and by considering

the chip as a beam of rectangular section, the normal stress

at any arbitrary point in a cross section and the bending

moment at the same section can be represented by the following

equation:

a
M = b f 6 y' dy' (3.3)
_ La

At yielding point, the bending moment is calculated from

equation (3.3) by taking

6 = 6a(y'/a) _ (3.4)
a 5 >
Moo= b Saga/a y! dy'- = 3¢g b = G I/a (3.5

When the whole cross section is under plastic deformation,,

the bending moment is:

& > 3
- ' T = =
Moo= 6a'[.2y who= bsaa B .2-65‘ /a = 1, 5Ma
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When the bending moment M is more than 1,5 Ma’ it is assumed
that the bending deformation increases with the time. However, the
duration of the time for the chip flowing at a constant velocity Vc
under such a bending action is short. Therefore, the rate of the
deformation is significant in this case. Since the bending moment
along the chip length (1) is maximum at the end point of the chip-
tool contact which is at a distance f from the cutting edge, the
time rate of deformation will be maximum at the same point. As the
chip leaves the end point of the chip-tool contact, the bending
moment decreases, and therefore decreasing the rate of the deformation,
The point 1,5 Ma corresponds to the end of plastic deformation. It
means that the chip has had sufficient pllastic deformation within
x = X, and as the bending moment value drops below 1,5 Ma the chip
will undergo no further plastic deformation. Therefore, as long
as M L1,5 M, i.e. X» X, the deformation of the chip conforms to
the theory of elasticity.

Assuming that the time rate of the deformation {s prop=-
ortional to M - 1,5 Ma as long as M >1,5 Ma? and writing 1,5 M& = Mp,
we have

.d_(.l@_)_ = CM-M), (0<x<x) (3.7)
dt P ¢

From assumption (%)

l -x

l -x
fe)
Hence, "
d(1/R) = C ( -l-—-...x_ - 1 ) M = C M o -
at 1 - x P Py !
(¢] o)

(0¢x<x,) (3.9)
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Since the chip flows perpendicular to the cutting edge,

v, = dx/dt (3.10)

Hence equation (3.9) becomes,

d(1/R) i CMp (xo-x

dx Vc l - X,

) , (0¢ x(xo) (3.11)

Integrating equation (3.11) with 1/R = 0 at x = 0,

CM 2

_%_ 2 L (xx-2) , (0 (xLx,) (3.12)

O
Vc(l - xo) 2
According to assumption (5) when x)xo s the chip conforms to
the theory of elasticity. As the bending moment decreases, the chip

curvature reduces by an amount which at any distance x is equal to

Mp X - xm

El 1 - X,

So curvature at points (x )xo’) is

M xc2 Mp X =X,

—f—— - ' (x@(xLl) (3.13)
h— xvo 2 El 1 - xOv '

-
R

< |Q

c

2
Now we have two equations (3.12) and (3.13) giving curvature -%-: d_%.
. dx

By integrating equation (3.12) we have:

CM 2 3

ﬂ- = -———2—————— (xo‘lt-"}-'l' A1) )
ax Vc(;l - xo) 2 6 )
)

) (o ) ~1b

CM <3 ) Cx<H, (3.1
o — xo-—-—+A1x+B) )
V(1 -x) 6 24 1 )
¢ 0 )
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By integrating equation (3.13) we have:

cC x xo2 -;-' X X )
y - w | = - + A, )
dx Ply 1-x, 2 EI(1 - x_) g
. 2 X3 X2 ) (xo X l)
c x° 1 X 6 " %02 )
y = M_ |— — - + A, x4 B, ) (3.15)
Plv 2 1-x_2 EI(1 - x ) )
c o . )
From initial conditions dy/dx = 0 at x = 0, we get,
A1 = B1 = 0
Hence,
CM xo3
& = —E2 2 (3.16)
dx x= 3Vc ( l-xo_)
o
and
. CM x°4
y ‘ = p (3.17)
X=X 8vc(1-xo)
These expressions are used in (3.15) to determine constants A2 and B2
1 C xo3 xo‘2
Ay = =— - (3.18)
6 Vc(l-xo) 2EI(1 - xo)
' 3
1 ¢ xoh 1 %o
Ba = — o+ — (3019)
24 Vv (1 - x ) 6 EI(l-x)
. c o o

Hence equation (3.15) becomes in general terms
22 sk x)

g | =S £°' -"°"+"°}+__1_
p Vc(l-xo) b 6 24 EI(1x )

2 2 3
o X _X x “x x
b P ey 2 } (3.20)
6 2 2 6
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As the conditions for chip contact with the chipbreaker is y = H at

x = 1, we have
2 ' 3
M C x M1
S [ ] 2 s
= 1 T " ) + op> - 1_ 1 e
vc(l-xo) . ¥ & 241 EI(1-x_) I3 2 1 )
)
x X
* é%(ig)a,' i%(129§] (3.21)
or .
e
MpC %o ol [j“ M .
) S - —0 - G
Vc(l—xo) 6—’-&»(xo/1) + (xo/l)a 12 6EI 1 ] (3.22)

But as Mp = 1,5 M_, hence equation (3,22) becomes:
2
MPC x° o . MQ
—_— = - = -— (1-2(--)+( )}
Vc(l-xo) 6 - l"(To-) + (_1_0)2 1 LET

(3.23)

From equation (3.23), (3.20), (3.13) and (3.5) when x=1 or
1 = L-f, the natural radius of the chip curvature Rc bent by the

chipbreaker is,

M C xg MP l - xo )
e ( ) ) EI 1 )
c c 2 l-xo - x°
1 H _{: x
= 12 - - 12 - 13(._0) + Ga 1
bb e aa2n? [ (-0° A S
~H Tt/ T L-f

(3.24)

X .
Now it is assumed that the ratio y—=is determined by the chip

velocity, chip-tool contact length, work material and tool geometry.
Therefore, the expressions

6 - h(=2) 4 (=2)2
- It .* L-f

and 12 - 12( ) + b 5( 2)
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are considered to be determined by the same factors, 6; and E are
properties of £he material, and they vary with the temperature of the
chip. Consequently ( GA/E) is a function of cutting velocity as this
affects the temperature of the chip.

Since a is half of the chip thickness and is given in terms

of shear plane angle by

- Cos(Q -A) '

2Sing

the expression (3.25) reduces to:

Lo, —E -0, (3.25)
R (L - £) S
c
i ing (106) ,
But according to Creveling, Jordan and Thomsen y the chip tool

contact length is represented in terms of chip thickness as follows:

f=Ktc

They(106) also found that for steel, K = 1 and although this is probably
not true for all conditions and materials it seemss unlikely that the
value of K will vary considerably and that for the present purpose it

would seem reasonable to assume that

Hence equation (3.25) becomes,

1 H
— . a
R * C, ZL-tc52 - G5 (3.26)

Equation (2.26) will now allow the natural radius of curvature of chips
to be estimated for a chipbreaker of given dimensions and will take
jnto consideration the effect of the chip-tooll contact length,

However, there seem to be severe limitations in the significance of
this analytical result, It indicates that at a particular tool and

cutting conditions, radius R should vary with L and H as predicted
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by expression (3.26), However, any change in tool geometry or cutting
conditions will give different C1 and 02.

During this work a series of tests were carried out so that
to establish the values of the constants C1 and 02 in equation (3.,26).
The values of C1 and 02 were determined, by measuring the chip curl
radius and chip thickness for a large number of chips. As a result
of these measurements the values of C1 and Ca'were established for
each particular tool and cutting conditions., For steel EN1A and
aluminium alloy HE3OWP using carbide tipped and high speed tools of
15o rake angle at a cutting speed of 50 to 100 m/min, a feed range of
0.05 to 0,50 mm/rev, and with 3 and 6 mm depth of cut and with coolant,
the values of C, and C, were found to be 1.8; 1.52 and 2,2 x 107%; 3,0x 1072

respectively. The values of C1 and C2 obtained for steel EN1A differ

(101)

noticeably from those obtained by Okushima for carbon steell

(0.4%C) cut at conditions similar to those mentioned above for steell

EN1A (according to Okushima C, = 4.4 and C, = 1.2 x 10'2), This is

expected to be so due to the fact that the values of C, and C

1 2
obtained from the experimental tests carried out during this work,
do take into account the effect ofvthe chip=tool contact length as
well as the effect of the parameters mentioned by Okusﬂima.

In appendix I the author suggests a different theoretical
approach to the mechanism of chip curling for both ground step and
clamped chipbreakers,

Trim and Boothroyd(107)

have developed a theoretical
expression for the chip curl radius based on the Henriksen formula
for chip curl radius, by taking into consideration the effect of

_ the chip=-tool contact length,
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2
(L -t.)
c +3L

2H 2

This equation allows to determine the radius of the curvature of
chips obtained from a chipbreaker of given dimensions and will take
into account the effects of any changes in feed rate or undeformed

chip thickness.

3,12 CHIPBREAKING EFFECTIVENESS

In this investigation, the chipbreaking process ié analysed
on the basis that the experimentally measured chip curl radius agrees
with the theoretical and that for a given material and feed, the
theoretical radius of the chip curl expresses the effectiveness of
chipbreaking. For the sake of simplicity, it is also suggested that
the chip curl radius should be some multiple of chip thickness.
Since it is difficult to have an accurate measurement of the chip
thickness and for a convenient plotting of the results it was decided
to represent the chip curl radius in terms of feed(S) per revolution,
that is the uncut chip thickness. Figs. 51, 52, 53, 54 show some of

(74) Cip1)

the experimental results obtained by Henriksen s Okushima
and this recent work. Figs. 53 and 54 were plotted as follows:

The chip curl radius was measured for many chips obtained with different
chipbr;aker proportions and feed at the conditions mentioned on each

of Figs. 53 and 54. The chips state unbroken, broken (half turn,

one turn or more with chip length over 5 mm), over broken (half turn

or less with chip length less than 5 mm) was registered, All these
results were glotted., After plotting a fair améunt of measurements,
three lines were drawn., The first line (A) Figs. 53-54 was drawn

gso that to separate the points correspoﬁding to unbroken chips from
those corresponding to broken chips. The second line (C) separates

the over broken and -built-up chips from those of effecti#ely broken

ones « Chips were considered effectively broken when their length
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was not more than 50 mm. In order to separate the effectively broken
chips from those half broken a third line (B) was drawn. The
relationship between the chip curl radius and the feed defining a line
of equal chipbreaking effectiveness appears to be parabolic rather
than linear. This could be explained by taking into consideration

the fact that the strength of the chip does not increase with the
thickness in the manner of a homogeneous beam, because a thicker chip
will contain deeper cracks on its top surface, with a relatively
thinner zone of secondary shear on its underside. It is also signi-
ficant that the tool vibration increases with an increase in the feed.
This will tend to deepen the fissures in the chip and the chip will
tend to break due to chattering of the tool. However, it is difficult
to explain in a completely satisfactory way the causes leading to the
parabolic shape of these chipbreaking boundary curves.,

In each of the Figs. (51, 52, 53, 54) a linear dotted curve is
shown for a particular cutting material and a limited range of feeds.
All the points on these lines correspond to effectively broken chips.
The dotted lines represent a linear relationship between the chip curl
radius Rc and the feed S, On the basis that the chips obtainedRat the

chipbreaker geometries corresponding to the points on the line Eg were
R

effectively broken, the factor-gg was, therefore, considered to

e

S

will vary with a variation in the cutting conditions, and in particular
R

for high cutting speeds the factor‘gg will be smaller than those for

represent the chipbreaking effectiveness, However, the factor

1ow cutting speeds. That is because the chipbreaking becomes more
4ifficult at high cutting speeds'?d’.
According to Henriksen, Fig. 51, two zones of chipbreaking are

recognised., The first zone covers a usable range of feed at which a

reliable chipbreaking is obtained and called the usable range., Best
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chipbreaking results are obtained within the preferred range. The
second zone covers the feeds below and above this range, For feeds below
this range the chip is not broken and for feeds above this range the
chips are overbroken and extremely small in size, Both the unbroken
and overbroken chips are not recommended due to the chip disposal
problem and reduced tool life respectively. For best chipbreaking
effectiveness the factor—gg-for free cutting steels at cutting speeds
of 50 to 150 m/min. and a depth of cut of 2 to 6 mm, was found to be
equal to-z—c— = 30,

Okushima has carried out a similar experiment and found that
best chipbreaking results for carbon steel (O0.4%C) at a depth of cut

R
of 3 mm and cutting speed of 50 to 200 m/min,, was obtained when —=

S
= 18, Fig. 52.

In this investigation the chipbreaking effectiveness was
fully studied. Different materials such as aluminium alloys,copper,
high, medium and low carbon steels and stainless steel were tested
under different cutting conditions using different shapes of the
cutting tools and chipbreakers, dry and with coolant, Some of the
experimental results is shown in Fig. 53 and 54, It was the aim of
this investigation to find a reliable parameter for controlling the
chipbreaking process. Experimental evidence suggests that the
factor-gg-more or less represents the chipbreaking effectiveness.

According to the experimental results shown in Fig. 53, the
factor g&, = 25 was found to characterise an effective chipbreaking
when cutting aluminium alloys HE3OWP at a speed of up to 10 m/min,
using a ground chipbreaker with 15°% rake angle and coolant, At high
cutting speeds up to 120 m/min. the factor-g2 was found to be within

18 to 20. Accordingly the experimental results obtained when

“machining aluminium alloys at cutting speeds up to 120 m/min., suggest
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R
that best chipbreaking results is obtained when—= = 18 to 25. In

S
Fig. 53 four regions are recognised. The first region covers the no
chipbreaking range, where a continuous chip is produced at very low
feed, It is not recommended to work within this range of feed due to
the disadvantages accompanied with the appearance of continuous chips,
The second region is the broken chips range. This range of feeds
produce chips half broken and half unbroken, and for good chip disposal
performance, it is preferred not to work within this range of feeds,
The third region covers the effectively broken chips. The chips are
of small size and very convenient for disposal. The tool life and
surface finish are satisfactory., The fourth region covers the
overbroken chips. It is not recommended to work with this range of
feed due to the increased tool wear at high feeds,

Similar results were obtained for steel EN1A, Fig, 54 shows
the experimental results obtained when machining steel EN1A at cutting
speed up to 120 m/min., and rake angle of 15° using coolant, These
results show that effective chipbreaking is obtained when-gE = 20,
Covering a wide range of steels and some other materials it was found

‘ R
that best chipbreaking is obtained when factor-gi = 15 to 20.
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CHAPTER 4

L,1 ANALYSIS OF THE EXPZRIMENTAL RESULTS

4,1.1 General Analysis of the Experimental Results

The aim of this work was to find a suitable solution to the
chip breaking problem and to provide reliable information concerning
the efficiency of chipbreakers. To analyse this process, different
materials (aluminium alloys, steels) were tested under different
cutting conditions using différent geometries of the chipbreaker,

The tests attempted during this investigation can be clas-
sified in the following way:

(1) Tests on ground step chipbreakers and on clamped wedge

chipbreakers, _

(2) Tests at low cutting speeds up to 10 m/min and at high

cutting speeds up to 100 m/min using a feed range of
0.05 to 0.5 mm/rev.

(3) Tests on aluminium alloys and soft steels,

(4) Force measurement,

(5) Chip curl radius and chip thickness measurements,

The effect of rake angle, depth of cut and coolant were alsa taken
into account, A dial gauge dynamometer has been used for measuring
cuttiﬁg forces in the low speed range. A strain gaﬁged and calibrated
tool shank was used to measure the cutting forces in the high speed
range. Both the dial gauge and the strain gauge dynamometers were
described earlier in Chapter 2. A micrometer was used to measure

the chip thickness and chip curl radiuse.

As far as the chipbreaker effectiveness was concerned, this
work considered it important to confirm that the measured radius of
the chip curl, should not only agree with theoretical (suggested in

Chapter 3) but also for a given material and feed, the theoretical
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chip curl radius should express the chipbreaker effectiveness in
breaking up the chip.

This work has been carried out in two stages:

First Stage

T ———

This part of the investigation included experimental tests
in the low range of cutting speeds up to 10 m/min, These tests were
performed on a lathe equipped with a 12,5 H.P. main motor, using high-
speed tools with ground step chipbreakers of different dimensions,
A set of results given by slow speed tests on aluminium alloy HE3OWP
in the shape of bars of 80 mm in diameter using a sharp tool of 150

rake angle with a ground step chipbreaker are shown in Fig.55 .

CHTMICAL COMPOSITION AND MECHANICAT. PROPERTIES OF ALUMINIUM ALLOY HE30WP

COMPOSITION (PER CENT) MINIMUM MECHANICAI FRCPERTIES

Size [1.00 Elong=-
(Dia=|Proof |Tensile |ation
meter |Stress|Strengthlon 50mm

A1 {Cu JMg [Si |Fe |Mn Zn|Cr |Ti. | mm kg/mm2 kg/mm2 %
Oult=0.6= Oult= up to

reme 0.1]1.5 1.3 ]0.6|1.0 }01}0.5]0.2] 150 25.2] 2949 10

These tests were carried out in dry conditions with a speed range of
1.2 to 5,0 m/min, and a feed rate of 0,08 mm/rev., using different chip-
breakers heights (1.5; 1.0; 0.6; .e.)e Fig.55 demonstrates that as

the chipbreaker width (L) Fig.37 was increased from 0,5 to 6,0 mm,

the chip thickness reached a certain minimum value (at L = 3,6 mm

for chipbreaker height H = 1,5 mmy L = 2,7 mm for H = 1,0 mm, and

L = 1.5 mm for H = 0.6 mm) and then increased to the value obtained
with a large width, that is, for the conditions when the chipbreaker

was virtually absent. The width of the chipbreaker at which the chip
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thickness was minimum depended mainly on the height of the chipbreaker.
The higher the chipbreaker step the larger the optimum width of the
chipbreaker, It can also be seen from Fige. 55 that the change in the
cutting speed in the range of 1.2 to 5.0 m/min has no significant
effect on the optimum width of the chipbreaker at which chip thickness
was minimum. From Fig. 55 it is clear that the use of chipbreakers
will not lead to an increase in the chip thickness but actually gives
a reduced chip thickness compared to those obtained without chipbreakers.,
Similar results were obtained for feeds 0.13; 0,163 and 0,25 mm/rev.
(Figs. 56, 57 and S8 respectively). From Figs. 55-58 it can be seen
that the optimum chipbreaker width is slightly affected by the feed.
However, the larger the feed the larger the optimum chipbreaker width
should be. It may be concluded from Figs. 55-58 that in order to
obtain minimum cutting ratio the chipbreaker dimensions must be chosen
by taking into consideration the effect of the feed.

It was considered important to analyse the effect of the rake
angle on the chip thickness, so that to be able to judge the chip
breaking process from this aspect. A set of experimental results
obtained at the same conditions mentioned earlier but with a 30° rake
angle are shown in Figs. 59-62. From Figs. 55-62 it was pointed out
that positive rake angles within 15° to. 30° had a small effect on the
chip tﬂickness. However, this effect was significant for rake angles
within +8° to -150; where large chip thickness values were obtained at
negative rake angles. Negative rake angles will lead to a discont-
inuous cutting, and can be useful in obtaining broken chips. However,
use of negative rake angles will lead to a considerable reduction in
the tool life caused by extreme conditions of high force and temper-

ature at the cutting zone,
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Similar relations between the chip thickness and chipbreaker

width Figs. 63-66 have been obtained from tests on steel (EN 1A) bars

of 80 mm in diameter.

CHFMICAL COMPCSITION AND MECHANICAL PROPERTIES OF STEEL EN1A

CHEI;ICAL COMPOSITION (PER CENT)

MECHANICAL PROPERTIES

Size
o] Si Mn S P Diameter Tensile Strength
(mm) 2
kg/mm
0.07- 0.10 0080‘- 0020- 0.07
0.15 max. | 1.20 | 0.30 |max, | Over 65 36

The chip thickness curves shown in figs. 63-66 have similar points of

minimum chip thickness which correspond to particular values of chipe

breaker widthe

The significance of this variation in chip thickness for both

aluminium alloy HE30WP and steel EN1A is that cutting forces (Figs. 67=-

69) follow a similar pattern,

Figs. 67=-69 show the variation in the

vertical component of the cutting force in relation to the change in

the chipbreaker width for those two materials when a ground step

chipbreaker with 15° rake angle was used, Figs, 67=68 show the

effect of the feed upon the vertical component of the cutting force

obtained for aluminium alloy HE30WP, From Figs. 67-68 it was clear

that the optimum chipbreaker width at which the cutting force was

minimum is noticeably effected by the feed.

Here from the cutting

force curves it can be concluded that the use of chipbreakers may

give lower cutting forces,

horizontal component of the cutting force,

Similar results were obtained for the

By analysing the experimental

results shown in figs. 67-68 it was suggested that the manner in which

the cutting force and the chip thickness were changed might be

connected to the change in the mean coefficient of friction of the

chip-tool contact which resulted in change in the specific normal

PO
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pressure on the cutting face of the tool, however, no theoretical
support to the above explanation has been obtained. The character-
jstic change in the cutting force shown in figs. 67-68 was explained
as follows: When the chipbreaker width was reduced, the chip was
forced away from the tool face and the extent of the tool-chip
contact was reduced. Due to this there was. an increase in the
specific normal pressure and a drop in the mean coefficient of
friction which led to a reduction in the cutting force and chip
thickness. That was so up to the characteristic points of minimum
cutting force and chip thickness. Further reduction in the chip-
breaker width led to the condition that the chip was bent so tight
so that it gave an extra frictional force. Very small chipbreaker
width will lead to over-breaking or building-up the chips in the
vicinity of the chipbreaker which lead to an extensive increase
in the cutting force and chip thickness and finally breaking the
tool, The additional cutting force and change in chip thickness
are to some extent affected by the amount of bending of the chip.
Although chip breaking at low cutting speeds can be satisfactorily
obtained by using ground step chipbreakers in dry conditioms,
coolant was found to be very helpful in providing good chipbreaking
results when small chipbreaker width was used..

| From each curve in Fig. 55 and similarly 56-69, two character=-
istic values of chipbreaker width may be selected, One of these was
taken to be the value at which chip thickness or cutting force
reached the highest allowable, beyond which built-up and over-broken
chips occurred. This condition corresponded to the lowest permissible
chipbreaker ratio (width/height). The other value of the chipbreaker

width was that giving minimum chip thickness or cutting force,
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Figs., 70-74 sgmmarize these values, and show that optimum proportions
of the chipbreaker are almost independent of feed. Figs, 70, 71 and

73 show the chipbreaker proportion for two conditions for aluminium
alloy HE30WP and steel EN1A respectively. The first condition
corresponds to the minimum chip thickness, and the other condition
corresponds to the lowest permissible chipbreaker ratio, below which
built-up and over=-broken chips occur. By classifying the chips
obtained during these tests (when using chipbreaker proportion ratios
varying from those giving minimum cutting force and chip thickness, to
those beyond which built-up chips were obtained) to effectively broken,
partially broken and unbroken chips, low values of chipbreaker ratio
were found to give more effectively broken chips. Similarly Figs., 72
and 74 show the conditions for minimum cutting force and lowest
permissible chipbreaker ratio to avoid built-up and over-broken chips.
The lowest permissible chipbreaker ratios for steel EN1A are distinctly
higher than those for aluminium alloy HE30WP. The intérpretation of
Fig. 70 is that for the conditions mentioned, the chipbreaker might
have a preferred shape WIDTH/HEIGHT = 2.5, or any other value not less
than 1.5. From Figs. 70-74 it can be concluded that in order to obtain
broken chips with lower cutting force on the tool face, the chipbreaker
ratio must be taken equal to the largest chipbreaker ratio within the
conditions of lowest permissible chipbreaker ratio which avoids the
built-up chips, and minimum cutting force which gives broken chips.

It is significant to mention that during these experiments, some of

the dial gauge readings were affected by the chatter of the tool
dynamometer and machine tool system., However, this did not change

the manner in which the cutting forces changed in relation to the

change in the chipbreaker width,



ANFY e —GS T (T3 A

»

oc

i

o = =i [SEET SECES SEERS B
B BEH I ]

™ - - S SOEES s egmn

> : e B 3 (23 ISR SO

o T o e gy

e Bt BE

2 i 4

Lot B ?

R ! :

Lo i th

PORRS T bat

e i :

Foot

oot

M Q1LY HINUTYIAIH D




T

PRI IR

e

...... U«

RE 3
R gE
T :
coi B

.4.

;

‘

:

o

1

i

' SIS TITT LR SE ...,J.:.“M::Mﬁt

oYy

HIM = 0114 HIHETLTIIHD




AFY [ wee ~ G = (7T oS
o

T
i IO S

asid

R B ey o

SRR SEENS AN OO

H/M ~ 01104 TMYTHTAIHI




HIM 01V Y YINYIHTIIHD




ANFS/INN -

e =&Z
12

ERTETY
e S - SUMIE SRS SO U NS W S
SR e ISR SR N S - LV K I SR SO U N BEN
e g O . e AL
: S iR bl MM YIYHIGGHD L
: R Mgl O EIIAS PPULLITD
: fd e bl ae IUING IMGE o]
; e R Lo o e b s VENS TTIFLS R

SN ¥ .. e e B . . . b

H/M -0I1Y Y ST IHT D I1H D



- 102 =«

Second Stage

This part of the investigation included the analysis of the

experimnental results obtained at high cutting speeds up to 100 m/min,

Tests were performed on a lathe equipped with 12.5 HP main motor using
a ;Recial tool holder fitted with highly polished sintered carbide

tip (Fige. 33), Strain gauges were mounted on the shank of the tool
nolder to provide an accurate measurement of the vertical énd horizontal
components of the cutting force. Curves were plotted of cutting

force and chip thickness versus distance of the chipbreaker wedge

from the cutting edge (distance w Fig.. 38). A set of results for
aluminium alloy HE30YP cut at a speed up to 70 m/min using a tool of
zero rake angle and a chipbreaker of 55° wedge angle (angle of the
jnclination of the chipbreaker face from the cutting face of the tool)
are shown in Fig. 75. Similar to cutting at low cutting speeds the
cutting forces (both the vertical and horizontal) as well as the chip
thickness passed through a certain minimum value as the chipbreaker
width was increased. From each curve in Figs. 75-77 two particular
values of chipbreaker width may be selected., First value of chip-
breaker width was taken to be the value at which cutting force and
chip thickness reached minimum. The other value of the chipbreaker
width was taken to be the value at which cutting force and chip
thickness reached a level 10% higher than those obtained at very

jarge width (virtually without chipbreaker). This value was taken
first by assuming that if the cuttihg force (or chip thickness) is

not increased by more than 10% the tool wear will not be significantly
jncreased., During these tests, it was found that the number of regrinds
required by the tool tip at those two conditions of cutting force
were nearly the same. Therefore, the assumption made earlier was
considered to be valid. The significance of the chipbreaker width

at which the cutting force was 10% higher than those for large
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width was in producing good chipbreaking performance provided coolant
was used to eliminate the appearance of the built-up edge and to
reduce the danger of built-up chips. By examining the chips pfoduced
during these tests it was found that the tendency toward producing
effectively broken chips was increased as the chipbreaker width
approached the value corresponding to 10% increase in the cutting
force. However, sometimes built~-up and over~broken chips were
produced at that value of the chipbreaker widthe From Fig. 75 it
can be seen thét the conditions for both minimum cutting force

and cutting force not exceeding 10% for the vertical component of
the cutting force were obtained at a chipbreaker width slightly
smaller than those for the horizontal component of the cutting force,
Figs. 76 and 77 show the effect of the chipbreaker width on cutting
forces and chip thickness for aluminium alloy using a hSa’wedge
angle. Curves shown in Figs. 76 and 7?7 are similar to those shown
in Fig. 75. From Figs. 75 and 76 it can be pointed out that the
ratio of chipbreaker width to feed for 55° wedge angle is slightly
larger than that for h5° wedge angle, That means, in order to
obtain good chipbreaking results, the chipbreaker wedge should be

set closer to the cutting edge when using small wedge angles,

From Fig. 75, for 55° wedge angle, the conditions for an increase

in the cutting force not exceeding 10% was found to be w/s 210.5

for the vertical force and Q/s ;;12 for the horizontal force.
Similarly from Fige 76 for 45°\wedge angle, the conditions for an
inecrease in the cutting force not exceeding 10% was found to be

w/s > 9,2 for the vertical force and w/s > 10.0 for horizontal
force. However, the numerical values for lower speeds were slightly
higher.. From Figs. 75 and 76 it is clear that the cutting forces

- increase with a decrease in the wedge angle. That is explained by
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the fact that the length of the chipbreaker contact increases with
the reduction in the wedge angle, However, extremely large wedge
angles may obstruct the chip flow, Experimental results obtained
when cutting steel EN1A using a chipbreaker wedge angle of 450,
Figs. 78-79, show that conditions for cutting force not exceeding
10%, was obtained at a slightly larger ratio w/s for both vertical
and horizontal force (w/sz 10,5 for vertical force and w/é > 12
for horizontal force) than those obtained for aluminium alloy HE3OWP,
The coolant was found to be very effective in promoting good chip-
breaking and at some small chipbreaker width it was not possible to
work without coolant. Such an effect of coolant was explained by
the fact that it was responsible for the eliminationof the built-up
edge, and reduction in the friction and temperature effects, On
the basis of these experimental results it may be concluded for
this type of clamped wedge chipbreaker that, in order to obtain
satisfactory chipbreaking, the chipbreaker wedge need not only to
be set at a certain distance w, which can be expressed as some
multiple of the feed s, depending on the material being cut, but
also to have a certain angle of the inclination of the chipbreaker
face (wedge angle) taken in accordance with (w).

’To establish the performance of the ground step chipbreakers,
different chipbreaker dimensions were tested with different materials
at cutting speeds up to 100 m/min., Figs. 80-83 show some results of
the experimental tests for aluminium alloy HEZOWP and steel EN1A
obtained at the conditions mentioned using coolant, Similar to those
results obtained at low cutting speed, the chipbreaker width was. found
to be the most important parameter in controlling the chipbreaking
processe. The chipbreaker height, feed and.cutting speeds vere found

to have a similar effect to those at low cutting speeds,

g
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4,1.,2 Summary of Some of the Experimental Results

It was a part of this investigation to make the task of chip
control as easy as possible for the machine oﬁerator. A solution was
found to the problem of chip breaking within the conventional cutting
conditions, A simple method of finding the dimensions of the chip-
breaker was found, Different types of chips were rroduced from
different materials using different geometries of the chipbreaker.
The chip thickness and the chip curl radius were carefully measured

with a micrometer. Different regions of chip breaking were recognised

such as over=broken and built-up chips (the chip length <:5 mm) .
(This type of chip is not recommended mainly due to the reduced tool
1ife or some times breakage of the tool as a result of increased
cutting force), effectively broken (up to 30 mm), broken (over 30 mm)
and no chip breaking region. The recommended type was found to be
the effectively broken chips. The chips of up to 30 mm long produced
within the effectively broken region ensures satisfactory chip removal,
In order to find the optimum chipbreaker width which would
give a reliable chip breaking it was necessary to have a diagram of
the chip bréaking effectiveness (that means the chip breaking degree
in relation to the chip curl radius/feed ratio)e. In éccordance with
that a series of tests were carried out on aluminium alloy HE30WP
and steel EN1A at different cutting conditions and with different
tool geometries. As a result, chip breaking effectiveness was
established for aluminium alloy HE3OWP and steel EN1A. Figs. 53-54
show the chip breaking effectiveness for aluminium alloy HE3O0WP and
steel EN1A respectively using a rake angle of 15° and cutting speeds
of up to 100 m/min, From Figs. 53-54 it can be seen that in order
to obtain effectively broken chips the chip curl radius should have

a certain value which is some fixed multiple of the feed. Accordingly
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the chip breaking effectiveness would best be represented by the ratio
of the chip curl radius to feed (Rc/s). The reason that the ratio of
Rc/S was considered to represent the chip breaking effectiveness is
based on the experimental evidence derived from Figs, 53=-54, and

which show that all points corresponding to lines RC/S = 20 for steel
EN1A and Rc/S = 25 for aluminium alloy HE3OWP, give effectively broken
chips. By taking into consideration the characteristic ratios of chip
curl radius and feed at which effectively chip breaking was obtained
(namely Rc/s = 25 for aluminium alloy HE3OWP and Rc/S = 20 for steel
EN1A), charts shown in Figs. 84 and 85 were arranged for the conditions
mentioned, so that to provide a speedy method of finding the
dimensions of the ground step chipbreaker. An example of finding the
dimensions of the chipbreaker is shown in each chart,

To use any of those charts suppose, for example, we want to
obtain an effectively broken chip when cutting steel EN1A at a cutting
speed of 70 m/min with a feed rate of 0,2 mn/reve, and depth of cut of
3 mm using a rake angle of 15°, According to the chart (Fig. 85) for
steel EN1A we start from the point corresponding to the feed 0.2 mm/rev,,
and move horizontally till the intersection with the characteristic
line of effectively broken chips'(Rc/S = 20). The projection of that
point will give the chip curl radius, In this example the bending
radius of the chip curl is 4 mm. According to equation (3.26) this
chip curl radius for a chipbreaker height of 0.7 mm corresponds to a
chipbreaker width of 2,46mm « That means in order to obtain effectively
broken chips for the conditions mentioned the chipbreaker step of
0.7 mm high should be grounded at a distance of 2.,46mm from the
cutting edge. Charts shown in Figs. 84 and 85 are of significant
help to the operator and therefore it is reasonable to suggest that
similar charts should be available for the conditions used in any

particular work shop in order to obtain satisfactory chip breaking

[
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results, It is important to mention that charts of this form were
first developed by Henriksen(7)Q. However, the charts shown in
Figs. 84=85 which were obtained for materials and conditions specified
on them are different from those used by Henriksen, in that different
approach was made for the arrangement and determination of the results,
It is significant to mention tﬁat these charts are strictly
recomnended for the conditions mentioned on them, and any change in
any parameter affecting the cutting process (such as approach angle)
will give different results.
During this work many other experimental tests were carried
out such as tests on different chipbreaker wedge configuration (Fig. 86),
and other shapes of the ground chipbreaker. However, it was suggested
that there is no need for showing all the experimental results obtained
during this investigation, and a typical example will suffice,

L.2 DEDUCTIONS FROM THE ANALYSIS OF THE EXPERIMENTAL RESULTS

ke2.1 Deductions from the Analysis of the Experimental Results Obtained

at Low Cutting Speeds

Te The chip thickness as well as the cutting forces will have

minimum values at a certain chipbreaker width, Figs. 55=69.

2e For ground step chipbreakers the width of the chipbreaker at
which the chip thickness and the cutting force are minimum depends

to a great extent on the height of the chipbreaker, Figs. 55=69,

3 The change in cutting speed up to 10 m/min has no significant
effect on the optimum chipbreaker width at which chip thickness and
cutting force are minimum, Fig. 55,

4, The chipbreaker width at which chip thickness and cutting
force are minimum cannot be considered as the hest from chip breaking
point of view., However, for best chip breaking results the chip-

breaker might need to be set closer to the cutting edge.
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Se The optimum chipbreaker width at which chip thickness and
cutting force are minimum is related to the feed, Figs. 55-69. The
chipbreaker width reduces with the reduction in feed.
6o Positive rake angles over 8°.ﬁave no significant effect on
the chip thickness. However, negative rake angles will greatly
increase the chip thickness, and cutting force, Fig. 87,
7 The range of continuous chips was found to increase with
increase in rake angle.
8. Negative rake angles are characterised by the production of
discontinuous chips, and reduced tool life caused by the extreme
conditions of high cutting force and temperature at the cutting zone,
9. The materials were found to fall in the following order in
decreasing the size of the range of discontinuous chips:

Aluninium alloy HE3OWP

Steel EN1A
10, The use of chipbreakers may give a reliable chip breaking
with lower forces on the cutting tool,
1. The change in the cutting force and chip thickness may be
explained in terms of changes in the mean coefficient of friction
of the chip=-tool contact,
12, The additional cutting force and change in chip thickness
are to some extent affected by the amount of bending of the chip.
13, Coolant is considered to be helpfull in promoting effective
chip breaking, due to the elimination of the built-up edge.
14, Chip breaking is bounded by the conditions of lowest permis-
sible chipbreaker proportions to avoid the appearance of the o§er-

broken and builte-up chips, Figs, 70-74,
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15¢ The lowest permissible chipbreaker proportions for steel

El1A are hiéher than those for aluminium alloy HE30YP, Figs. 70-74,
16. Chipbreaker proportion for satisfactory chip breaking taken
within the condition of lowest permissible chipbreaker proportion

and condition of minimum cutting force and chip thickness, will not
lead to a significant increase in the tool wear,

17. The lathe being used was found to be satisfactory for the
purpose of this work. However, some of the readings of the dial

gauge dynamometer were affected by the chatter of the tool dymamometer

and machine tool system,

4,2.2 Deductions From the Analysis of the Experimental Results

Obtained At Xigh Cutting Speeds

48, Similar to cutting at low cutting speedé, the vertical and
horizontal components of cutting force as well as the chip thickness
pass through a certain minimum value as the chipbreaker width is
jncreased, Figs. 75-79. From this it is concluded that the use of
chipbreakers for the purpose of satisfactory chip breaking will

not lead to a significant increase in the cutting force and chip
thickness compared with those obtained from tools without chipbreaker,
However reduced cutting force and chip thickness might be observed.
19, It was concluded that if the cutting force acting on the
cutting tool is not increased by more than 10% when using a §hip-
breaker, than those acting on the cutting tool when no chipbreaker
was used, the tool wear will not be significantly increased (this
is considered to be so due to the fact that during these tests it
was observed that the number of regrindings required by the cutting
tool at those two conditions were nearly the same).

20, The closer the chipbreaker is set to the cutting edge the
more effective the chip breaking is, and the greater the danger of

over-broken and built-up chips will be,
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21. Conditions of minimum cutting force and 10% higher than those
without chipbreaker for vertical component of the cutting force are
obtained at a chipbreaker width slightly smaller than those for the
horizontal component of the cutting force, Fig. 75.

22. For clamped wedge chipbreaker, in order to obtain effectively
broken chips, the chipbreaker wedge must be set closer to the cutting
edge as the wedge angle is reduced, In order to avoid the built-up
chips, the chipbreaker wedge should not be set closer than those
values corresponding to the condition of 10% increase in the cutting
force.

23, The numerical values of the ratio w/s for lower cutting
speeds are strictly higher than those for higher cutting speeds,

24, The cutting forces increase slightly with the reduction in
the wedge angle, Figs. 75-76, due to the increase in the chip-tool
contact length.

25S. The ratio w/s corresponding to theconditions of minimum
cutting force and chip thickness and 10% higher than those obtained
without chipbreaker for both vertical and horizontal components of

the cutting force for steel EN1A is higher than those for aluminium
alloy HE3OWP,

26, The range of effective chip breaking for aluminium alloy
HE30WP is larger than steel EN1A.

27 At high cutting speeds, the use of coolant will help
significantly in promoting an effective chip breaking.

28. The manner in which the height of the ground step chipbreaker,
the feed, the rake angle and cutting speed affect the performance of

the ground step chipbreaker is similar to those at low cutting speeds.
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2.4.3 General Deductions from the Experimental Results

29. According to the length and type of chips produced, chip
breaking effectiveness is classified as follows:

(a) Over-broken and built-up chips (half turn-up to 5 mm long),

(b) Effectively broken chips (half turn, full turn, one and

a half turns - up to 30 mm long).

(¢) Broken chips (more than two turns - over 30 mm long)

(da) Continuous chip - no chip breaking, Figs. 53=Sk,
30, Effective chip breaking can be obtained at considerably
smaller feed when chipbreakers were used compared with the condition
of discontinuous cutting with tools having no chipbreaker, Fig. 88,
31. The feed necessary to break the chip increases with the
increase in the cutting speed, Fig. 88.
32. The lowest permissible chip thickness and cutting force
corresponding to the condition of satisfactory chip breaking are not
affected by change in the cutting speed, Fig.-89. However, increase
in the cutting speed will increase the feed necessary to break the
chipe
33, For each material, chip breaking effectiveness is characterised
by ratios of chip curl radius to feed and of chipbreaker width to its
height for ground step chipbreaker, and by the ratio of chipbreaker
width to wedge angle for clamped chipbreaker,
34, The ratio of chip curl radius to feed corresponding to the
condition of effective chip breaking for aluminium alloy is higher
than steel,
354 The depth of cut has no significant effect on chip breaking,
Fig. 90, However, at depths of cut smaller than 2 mm, the lowest
permissible chip thickness for effective chip breaking is considerably
affected by the change in the direction of chip flow, Decrease in

depth of cut leads to a decrease in the angle between the direction



Mu/w - @334S  ONILLAD
St os

1

T A B
r,...mifh:‘:“:.l“,::.,.:.f
i i ol 4 : i
M t

.

:

|

~4

t . . ! ‘

e e T R SRR
. : 4

5 S YN P I S MO OO S
a.zu zurummzam ey

i

R
Wi.. - fiw»{
“W :

|

|

QEH NI SO Y

mw% S T , mg ITIM
WW ¢t tsﬁ? Sv‘(wmmm\w\b
WK E LAF S0 HidFE

- VINF T33LS ..

— e ..Iiinkl» e

B st“\smﬂ Q\\\.u §

334 THSSIN A LSIMDT B

- TS SR RS NS SIS I P LSS SRS S S S S

1
1
:
!

SRR et PASIDUURD SESDS AEU SIS SIS SU

o
+

Wﬁr
|

i
' .

1

i

I

|

i

+
e

...‘....__‘-.“4., H

i

o 51
4
" aie

.
i
T
1
i

}

!

i

,,,,, - - - PR S-S &
: d!

a3z

AT/ 0N —




94 = [121183A) IIHOS INILLNI

0e

.ﬁm.\

i

P h.j -4

IES\: R
| | AHIIFH,

4
i
i
.

g

NI/ @ 3IILS w&t ino

47}-4

b

RN ﬁﬁw { NI FIHIY
nz«m@c YAHL dIff7 3t

PR SR

PR DG anaes
[

- 1_... e m

P2 A1E1S.

- 1 w e r.
T T e
S i e R RTINS AP b
= : % | | :
: , j SEie __
L e e ,wvm e = et
: HM . o W A :
s w _ L m m Lo Ty
HL A2 BTHSSHNH I 1STIMOT : NS
m ] o m P L ” R IR Rt
- w T i “ T
i . oo ! .. M
i «W:Jr‘ s ety e R et et e S VR e - *wav —i]
SIS : _ : R

i} ,..%quummu mﬁw sqz
o ey zwﬁmn R

o

1 I D) o Lo
_ o) L . ﬁ

B G

——ep

.U,Tt%i.” R

_“u."
N

1
1

B

L

!

~
- ~ .
TV

|

SNSRI NI i SUUUUS S S
T : ;

53 SR5EY DU SRS PR P B
. 1

i
l

; i h
: i : !
S : :
SR SUNS DS SO SIS SO SO
: J ! :
| B
[ U . I S
1

.....

Ww ~ SSINYIIHL dIHI




ww -

A1 40 I&QMQ

.....

,,,,,

IO SN S
]

) SM

SN

i
!

Tma or
W
MmO

e

Sl
Lo
: i
. T
! H
. ;
H H
, i
1
;
—
|

“HTNE Dbﬁaa, E

R Eh&ﬁ gmtnkﬁu

w\ng&w &5. §u

TTTTTTYTITTTTTTTYTTITTTT T o T

Qmwlm wZEh.u

| amk mq@mw\&mﬁwu‘ hmmimq

e e

P SN

: ,‘41
| DR S S,

i B . et ¢
4_ ; ! ! M ! T ! ! _ i : WQ
! ! ] ; * ; ; ‘ ! | ;
. N 1 ' { 4 H s o ! M
SRR M [ A R P m
3 i i |I|w N L i H i : H i
¥ T H M M M H H T H
i : : : i ; . : i : ; !
i ! : ; : ; : i ! _ ; i
! : i- 1 .. 4 NI e 4 ST ! T S
: : ! ! i oo t : : : t
”Yo g e oy ; ; | e -4 : ; i i
! ! ' ; ? - :
i : ; ! : | { t :
- 4 4 e R e & + G EEE e P
: ' : : ! o ; ! :
It . - i : : ] ; {
i . T T I ! t ; !
1 { BN cd b i ..>,‘ 1 — s
! ! . I ¢ i T w ° m )
! ' T ) '
| : : H Lo . i :
| S At i T T T t - t T ‘s
., ; ! ! . . €0
H H : : " ; :
”; - 8 ‘ o ; Ll .
X : ' ;
o : i . i )
. ; P U\s{c@m&m _
U - :
* !
L n E@Nﬁﬂ hgg T D U D
m ;- -1 h S e
! 1 . . ..
- + --r :
! 1~< o

e

_
: ﬁ

R
N

i
.
«
i

.
+
4
. T
SN
1
4

SIS WU DEPRES IR T
i

+
SUNIURD IS SR
—
!

'
U .

C

| R S
R

| SRR RUUN SUSNSEERES RIEEY U SEO
b M IR R

!
1

SR A N N

A3/ W = (TTFT S

SS INMIH,

ww —




- 112 = )

of the chip flow and side cutting edge which will direct the chip
much more easily to contact with the workpiece, On the other hand,
this will lead to an increase in the chip curl radivs, therefore
‘making the chip breaking much more difficult

36, Charts for finding the chipbreaker dimensions are considered
to be quite reliable for the purpose of designing tools with chip-

breakers which will produce effectively broken chips.



DISCUSSION

5.1 GENERAL DISCUSSION

In the last few years much attention has been given to chip
'breaking without any final solution being reached. Nevertheless
many manufacturing organisations'are in need of satisfactory methods of
chipbreaking. For the chips to be controlled at the cutting zone and
effectively transported from the vicinity of the machine tool, it is
essential that chipbreakers are used,

In practice, the length of coil produced in cutting operations
can be controlled quite accurately by using chipbreakers, and coils up
to 100 mm long are preferred., Possibly a consistent length of coil is
attained because of the bending stress set up when the coil wags about,
as the inertia of a certain length is sufficient to cause fracture.
Cracks in the chip develop from the tightly coiled inner edge, and
periodically, one of these cracks extends across the chip to cause
fracture.

When the cut is continuous, curling of the chip by means of a
chipbreaker step or a clamped wedge, is not always sufficient to ensure
that the chip will break. It offen breaks on coming into contact with
some obstacle. Generally speaking, the coil must be unwound to break
the chip. The lower surface of the chip is smooth and free from flaws,
and the chip will stand severe bending in the direction of increasing
tightness of coiling which puts this surface into tension., On the
other hand, the upper surface of the chip is rough and full of cracks
and fissures, so that if the chip is bent so as to put this surface
into tension, i.,e. bent s0 as to uncoil the chip, fracture occurs
much sooner, than when the outer surface of the chip is compressed,
For example, the chip produced by a parting tool coils back on

itself., As the coil diameter grows} the chip is forced into an
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increasing radiusof curvature, which means that it is partially
straightened, or bent to put tensile stress in upper surface. Hence
when the coil reaches a certain diameter it breaks off. This can
occur with cylindrical turning with zero obliquity, i.e. with the
feed direction vector making a right angle with the cutting edge.
In Chapter 3 chip straightening was sufficiently analysed. It is
justified to say that any obstacle that arrests rotation of the coil
will tend to break the chip,

As cutting speed increases, the chip tends to lose its curl.
The explanation involves reduced friction at the tool face. Friction
gives compressive stress on the under-side of the chip near the cutting
edge, which after a short movement, is relaxed to produce curvature
of the chipe It is also significant that when the chip is blued,
it loses its hardening and gains ductility, and therefore will he
harder to breake

During prolonged cutting, a crater is formed on the cutting
(rake) face of the tool, which gives a chipbreaking effect, especially
when negative rake is used. The chip must cool down before proper
chipbreaking occurs. This is why better chipbreaking is obtained
when coolant is used.s When a high positive rake is used, the chip
curvature is reduced, and the chip remains in contact with the rake
face for an increased distance., Because this gives additional
friction, it may nullify the reduction in power expected from the
theoretically low strain in the chip. Here it may be expected that
a chipbreaker would 1lift the chip away from the face of the tool
at a short distance from the cutting edge, thus reducing friction

and cutting force,
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The chipbreaking problem is more acute for finishing operations
than for roughing. In many roughing operations, an irregular depth of
cut tends to prevent the chip from becoming too long. As the chip-
breaker is brousht nearer to the cutting edge, vertical and horizontal
eomponents of cutting force, chip thickness, and tool temperature will
increase., Accordingly extreme conditions of high cutting force and
temperature will reduce the tool life. To obtain best chipbreaking
results, the chipbreaker should be set back from the cutting edge a
distance equal to some fixed multiple of the feed, depending on the
material being cut. For clamped chipbreakers the chipbreaker wedge
should have an acute angle to avoid clogging. For this type of chip-
breaker, provided the chip impinges on it, the height of the chip~-
breaker face is not significant, For any setting, chipbreaking
performance varies with feed rate. For a very light feed there will
be no chipbreaking action; at the other extreme, a feed rate will
be reached when jamming-up occurs.

Apart from the ground step and clamped chipbreakers, various
profiles of tool tend to promote breaking of the chip. With a normal
rake angle, say +9°. a negative rake land may be formed on the cutting
edge of true width equal to 3 to % of the feed, which is usually a
land width of 0.10 to 0,15 mm, but not more, This tends to promote
chip curl, A radiused cutting edge may be helpful, say up to 0.1 mm,
However, if this is used for low feeds, say 0.05 mm/rev. a very poor
finish results.

A chipbreaker groove can often give satisfactory chipbreaking.
For best chipbreaking performance the groove must approach the cutting
edge to within a small distance comparable to the feed rate. The groove
type chipbreaker is characterized by low cutting force. This is due
to a reduced length of the chip contact path on the rake face(81’82’85)

where friction is high,



- 16 =

542 DISCUSSION OF THE EXPERIMENTAL RESULTS

From the analysis of the experimental results obtained during
this work jt is well established that cutting forces acting on the

tool when using a chipbreaker can be less than the cutting forces

acting when no chipbreaker is used. Therefore, it is justified to
suggest that the introduction of chipbreaker into the geometry of the

cutting tools will not lead to an increase in the cutting forces

acting on the tool, but may even give lower forcess By considering

the force acting on the tool as a parameter affecting the tool wear

(althoush they are not directly related), the reduced force obtained

when chipbreakers are used can therefore be seen as an improvement

jn the conditions effecting the tool wear. On the other hand incorrect

chipbreaker proportions may lead to an extensive increase in the force

and temperature acting on the cutting face of the tool. This occurs

as & result of over-breaking and building=-up of the chips in the

vicinity of the chipbreaker when small chipbreaker width is used.

po eliminate guch a possibility the chipbreaker proportion ratio

ghould pe taken larger than those corresponding to the lowest perm-

jssible chipbreaker proportion for effective chipbreaking. Physically,

st is clear that on moving a chipbreaker nearer to the cutting edge,

the cutting force may be first reduced due to the reduced tool-chip

contact areas put ultimately the force must increase due to obstruction

of the chips. The assumption made during the course of this work that
if the cutting force is not increased by more than 10% the taol wear

will not pe excessively increased was verified by tests. However, a

theoretical examination of the cutting forces would be very useful.

The significance of this condition is in providing effective chip-

preaking when chipbreakers were used. Therefore effective chipbreaking
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may be characterized by the conditions of lowest permissible chipbreaker
proportion ratio and 10%: increased cutting force.

In order to design a chipbreaker which would give a satisfactory
chipbreaking for any particular material it is considered to be
attractively simple procedure if the material could be characterized by
two experimental factors only, these factors being ratios Rc/S and L/H,
The ratio of chip curl radius to feed expressing a satisfactory degree
of chipbreaking while the chipbreaker proportion ratio expressing the
condition for minimum cutting force. According to the experimental
results obtained during this work, theratio Rc/S was found to be the
most reliable parameter in determining the degree of chipbreaking,
Different chip curl radius corresponds to different degrees of chip-
breaking. The effect of the feed on chip curl radius is determined
by the degree of chipbreakinge. For any set of cutting conditions,
tool geometry and cutting material the chipbreaking effectiveness is
characterized by some constant Rc/S ratio, For example, effective
chipbreaking for the conditions mentioned in Figs. (53 = 54) when cutting
aluminium alloy HE30WP and steel EN1A can be obtained at RC/S = 25
and 20 respectively., The chipbreaker ratio expressing the force
'condition at the cutting face of the tool should be taken in agreement
with ratio Rc/S so that to obtain effective chipbreaking without a
significant increase in the cutting force.

On the basis of the experimental as well as the theoretical
results it is justified to say that chipbreaking effectiveness is
devendent on chip curl radius, feed and the properties of the material,
In appendix I and II a simple theoretical analysis of the chip
breaking is shown, Here also the chipbreaking effectiveness was found

(80)

to be determined mainly by the parameters mentioned earlier., Nakayama

(101)

and Okushima, Hoshi and Fujinawa have concluded that limiting
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condition for chip breaking is determined only by radius of the chip
curl, the material tobecut and chip thickness.,

The theoretical expressions shown in Chapter 3 as well as
those in appendix I expressing the chipbreakers proportion in terms
of chip curl radius can be used quite satisfactorily for the purpose
of designing ground step and clamped chipbreakers. By substituting
the value of chip curl radius corresponding to effectively broken chips
together with constant C1 and C2 which depend on the cutting material,
tool geometry and cutting conditions in equation (3.26), the chip-
breaker dimensions can be calculated. However, the effects of cutting
speed and depth of cut in equation (3.20) are not significant, This
is due to the fact (based on the experimental results) that the cutting
speed will not lead to a significant change in the chip curl radius
when the feed used is not less than 0,08 mm/rev., however, at feeds
smaller than 0.08 mm/reve reduction in the cutting speed will result
in a decrease in the chip curl radius in the direction of tightening
the chip coile. During this work the change in depth of cut was found
to have no significant effect on chip breaking. However, reduced
depth of cut less than 1.5 mm will lead to a reduction in the chip
flow angle (angle between the direction of chip flow and side cutting
edge)e Although this will lead to an easier contact of the chip with
the work-piece which may give easy chip breaking, reduction in chip
flow angle will lead to an increase in the actual radius of the chip
flow in the direction of harder chip breaking. Similar effects of
cutting speed and depth of cut on chip breaking effectiveness have

(80) and Okushima(101). Yoshida(108) has

been recosnised by Nakayama
also confirmed that increase in depth of cut leads to an increase in
the chip curl radius,

Simply speaking the chip breaking effectiveness can be

~controlled quite effectively by means of the chipbreaker proportion
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ratio (WIDTY/4®EIGHT, L/H, Fige. 37, for ground step chipbreaker and
the factor of chipbreaker width to wedge angle, W4A o Tig. 38,

for clamped wedge chipbreaker) by taking into consideration the ratio
of the chip curl radius to feed (Rc/S).

5.3 RECOMNENDATIONS FOR FUTURE WORK ON CHIPBREAKING

In the light of this recent work the following points were

recommended for the future attention:

1, The mode of action of the notch chipbreaker in the
tool face is not very well understood, and exploration
of the flow would be useful, though this might mean
elaborate quick-stopping techniques,

2. Measurement of chip ductility, to be related to the
cutting conditions and metallurgical condition of
the chipe.

3, Visual and photographic studies of chip formation.

Lk, A theoretical method of examining cutting forees as

affected by the chipbreaker would be very useful.
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CHAPTER 6

CONCLUSIONS

On the basis of the experimental results obtained during

this investigation, the following conclusions were drawn:

1. For ground step chipbreaker, the ratio of the width of
the chipbreaker (the distance from the cutting edge of
the tool to the chipbreaker wedge) to its height is the
most significant parameter in controlling the chipbreaking
process.

2. For ground step chipbreaker, the optimum chipbreaker
width corresponding to a satisfactory chipbreaking
increases with the increase in the height of the chip-
breaker and the feed,(Pigs.55=56).

3. In roughing operations, chipbreaking can be satisfactorily
achieved by changing the feed.'>

4, For clamped wedge chipbreaker, the wedge angle (angle of
the inclination of the chipbreaker wedge from the cuttig
face of the tool) as well as the chipbreaker width are
the most significant parameters in controlling the chip
flow. The best results were obtained with wedge angle
40° to 500.

S« For both ground step and clamped wedge chipbreaker, the
cutting force as well as the chip thickness pass through
a certain minimum value as the width of the chipbreaker
is reduced.

6. Degree of chipbreaking can bhe specified in terms of the

types of chips produced,
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7. For any particular material, the chipbreaking effective-
ness can be represented in terms of the ratio of chip curl
radius to feed which expresses the degree of chipbreaking
and the chipbreaker proportions which expresses the condition
for minimum cutting force,

8. Chipbreaking effectiveness is affected by the feed and
cutting speed only through the change in the chip thickness.
However, parameters not affecting the chip thickness will
have no significant effect on the chipbreaking effective-
ness.

9, The chipbreaking effectiveness can be expressed in terms
of theoretical relationships. Accordingly charts for des-
igning effective chipbreakers can be drawn,

10, Chipbreaker proportions are limited on the one hand by the
need to get sufficiently broken chips and on the other hand
by the need to avoid an excessive increase in cutting
forces, which should not increase by more than 10 % ,

11. Use of chipbreakers may improve the conditions at the

cutting edge (by giving reduced cutting force).
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APPENDIX I

THFORETICAL ANALYSIS OF CHIP CURLING

MESHANISM FOR BOTH CLAMPED WEDGE AND

GRCUND STEP CHIPBREAKERS

The mechanism of chip curling by the action of the chipbreaker
(71) (101)
]

has been analysed theoretically by Henriksen

80) (105)

Nakayama( , Dawe and Rubenstein

y Okushima

s Trim and Boothroyd(1o7)

s this
recent work and others. BEach auther has suggested a different theoretical
explanation of the mechanism of chip curling by the chipbreaker. However
some of these theoretical analysis were in good agreemen£ with the experi-
mental results, In this appendix the chip curling mechanism will be
analysed from different éspect.

when the chip is straightened (as shown in Figs,91a-c and 92a-c)

from its initial radius R to a radius Rc’ the strains and stresses

jnvolved can simply estimated.

NOMENCLATURE
R = Initial chip curl radius or flow W = Distance from the chipbreaker
circle radius, Figs.91 & 92 Wedée to the cutting edge of
Rca Final chip curl radius caused by the tool, Fig'91c

the action of an obstacle, Figs, €

£ Strain corresponding to the

91 & 92 rupture of the chip
€ = Strain in the outer fibre of the C

Constant depending on the

chip (beam) properties of the material
" ¢t = Chip thickness being cut
c

E%: Flow stress <?= Chip=tool contact length

E = Modulus of elasticity K = Constant for a given material

dB = Angle of the inclination of the H = Height of the step of the
chipbreaker wedge from the ground step chipbreaker
cutting (rake) face of the tool, L = Distance from the cutting edge

of the tool to the heel of the chipbreaker



b)
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The strain in the outer fibres of a straight beam of thickness

(tc) bent to a radius Rc is simply(1ou)
t
€. *_¢S
2R
c

Hence, when a beam of radius R is bent to a new radius of Rc’ the strain

in the outer fibre is

t
c- te¢l_2) (A.1)
2 R Rc

If the straightening is elastic, the product (E€) cannot exceed the

flow stress 6%. Hence the maximum change of radius is

1 = 2 6;
Relastic E tc
. ‘ . (104) . .
According to Cook, Jhaveri and Nayak for a typical steel chip,

6 . 2 .
1b/in", tc = 0,005 in; R = 0,020 in.

E% = 100,000 lb/inz, E = 30 x 10
Elastically, the initial radius of the chip curl could be increased to
Rc = 0,0205 in., so it can be seen that the elastic effect is insign~
ificant and can be ignored., This means that the final chip curl radius
is determined only by the plastic bending action.

As the chip comes in contact with the chipbreaker, it receives
an extra bending action imposed by the chipbreaker. The final strain
in the chip (as a result of its contact with any obstacle) will be
calculated according to equation (AI.1).

However, from the geometrical relationships, Figs. 91c-and
92¢ the initial chip curl radius (i.e. chip flow circle radius) for

clamped wedge and ground step chipbreakers can be expressed as

follows:
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(80)

For clamped wedge chipbreaker, Fige. 91c.
R = W cotp/2 (A7.2)

For ground step chipbreaker(71), Fig. 92¢

R 2 e— (AIOB)
2H

Hence from equations (AI.1), (AI.2) and (AI.B) we obtain:

For clanped wedge chipbreaker

€= —=( 1 -1 (Ag.4)
2 W cotj&/Z Rc
For ground step chipbreaker
t
2'
€= = (F——p-1) (Age5)
2 L™ + H R
¢
By considering
_1..-.1..¢==o
R R
c
Equations (A;.4) and (A;.5) will become
For clamped wedge chipbreaker
1 1
R, W cotd/2
For ground step chipbreaker
1 2H
- = . (A;.7)
R 12 4 Ho I

c

The chip will break away when the bending strain produced in
the chip reaches a critical value corresponding to the rupture of the

chip material. Therefore, equations (AI.h) and (AI.5) will become:
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For clamped wedge chipbreaker

t
€. = —= (1/vcot,3/2 - 1/R )
5 ¢
or 2 €
1 1 _ f (AL.8)
R, W cot/3/2 te |

For ground step chipbreaker

t

c 2H 1
& = — (-]
2 L™ + H R
[
or 1 _ _H . 2 & (A..9)
Rc L2 + H2 tc

By taking into consideration the effect of chip-tool contact
length on the chip curl radius, the effective chipbreaker width will
be W _.éand 1,-€ for both clamped wedge and ground step chipbreakers

respectively. But according to Creveling, Jordan and Thomsen(106)

L. «x b, oty (K=1)

Hence equation (AI.S) will become:

2 €
1 1 : .
- = ( ) - £ (AI.10)
R, W-t cot 3/2 t,

Putting 2 €, = C in equation (AI.1O) we get

1 1

R, (W-t ) cotP/2 ¢ (Ape11)

And similarly equation (AI.9) will become:

2H C

1
R (L-t )2 + H2 t (AI.12)
(o] [¢] [+
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Putting W =W = tc and L =1L - tc in equations

effective effective

(AI.6) and (AI.7) we obtain:

Rc (w-tc) cot /2 :

1 24

- = (A e1l4)
R (1t )2 + B I

[o} C

Equation (A;.14) is similar to that of Trim and Boothroyd(1o7)

It can be seen from equations (AI.11) and (AI.12) that the
final chip curl radius for any particular set of cutting conditions
is determined by the chipbreaker proportions, the properties of the
material being cut and the chip thickness (or feed), It can also be
seen that the chip curl radius decreases with an increase in the chip
thickness (or feed). That explains why built-up chips occurs at large
feeds, Fig.93 shows tﬁe comparison between the experimental and the

theoretical (calculated according to equations A..2, AI.11 and AI.1h)

I
values of chip curl radius for a clamped chipbreaker of 450 wedge angle
and with 1,5 mm chipbreaker width, The experimental results seem to

be in better agreement with the results calculated according to equa-

tion AI.11 rather than those obtained from equations AI.Z and AI.13.
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APPERDIX II

FORCES ACTING ON THE CHIPBREAKER

In order to obtain satisfactory chipbreaking result with
csmparatively long effective life, the chipbreaker must be designed
so that to minimize the force acting on its surface. The mainAforce
acting on the chipbreaker is chip curling forcg (force necessary to
curl the chip as it leaves the cutting edge. Nevertheless the
chipbreaking force (force necessary to break the chip as it comes
in contact with an obstaclé)has some effect on the chipbreaker,
However, this force has an intermittent action and comparatively

small, On the basis of this, the chip curling force will be con-

sidered as the main and only force acting on the chipbreaker, \
NOMENCLATURE

MB = bending moment at the Ju.= coefficient of friction
cutting edge B "between the chip and the

F = resultant chipbreaker chipbreaker
force Fv = vertical component of

R = radius of the chip : the chipbreaker force
flow circle, Fige. 94 ql = horizontal component of

B = chipbreaker wedge the chipbreaker force
angle, Fig. 94 b = chip width

6 = angle between the resultant t = chip thickness

chipbreaker force and the yield stress of the chip

P o

vertical to the chipbreaker

face, Fig. 94
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(80)

According to Nakayama s the bending moment at the
cutting edze B of the tool Fig.9% caused by the chipbreaker

force (chip curling force acting on the chipbreaker) is:

My=F xBC =F xR Sin($+6) - 5inf (A;1e1)
B = tan"L = 90° - /5 - tan™ (F /F,) (Ap7e2)
From the condition of the stress distribution‘in the chip at
the cutting edge B as shown in Fig;95(80), we obtain,
M, = b x t2 6 /b (Ay7e3)
B ¢ B I1

Accordingly from equation (A;;.1) and (Ay7e3) we obtain:

2
F = k. (A
4R Sin(pB+8) - Sin 8 | II°®

4

Equation (AII.A) is the equation of the force acfing
on the chipbreaker..

The action of the cutting forces acting on the chip=
breaker has also been investigated by Subramanian and Bhatte-

acharyya(109).
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