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ABSTRACT
The effect of tooth geometry on hacksaw blade performance.

Author: WM M Hales

Published work concerning the influence of tooth geometry
on hacksaw blade performance has been reviewed.

By testing standard and modified hacksaw blades the author
has shown that, contrary to previous belief, pitch is not
a parameter which affects blade performance. Furthermore
experimental evidence is presented to show that gullet
size and shape significantly affect blade performance.

The author proposes that restriction of chip flow by the
gullet causes very inefficient metal removal. This is
supported by examination of hacksaw chips, and a
theoretical model has been developed to show how rapidly
cutting forces increase when the chip is restricted from
flowing.

Two testing procedures have been developed to examine chip
formation in the gullet. The first procedure employs
video equipment to show chip formation and cutting forces
simultaneously on one VDU, during cutting with single
hacksaw teeth. This test is of limited use due to the
slow cutting speeds employed. The second procedure, also
.using single teeth but cutting at realistic speeds, was
capable of testing any tooth/gullet geometry cutting any
material. The test results confirmed that restriction of
chip flow by the gullet produces inefficient cutting. 1It
has been shown that a particular tooth/gullet geometry can
only cut efficiently over a limited range of feeds and
workpiece lengths.

The author has developed a method for accurately
predicting sawing rates from the single tooth data
gathered.

The information gathered from the single tooth tests has
enabled the author to isolate the most important aspects
of tooth geometry affecting blade performance, and as a
result, a new tooth design has been developed which
performs better than the standard tooth.

(ii)
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CHAPTER ONE

* INTRODUCTION

Cutting-off is the first process in many manufacturing
sequences, because material is rarely delivered in
suitable lengths for subsequent forging or machining

processes.

Sawing is one of the most common cut-off processes used in
industry, because it provides good output rates and

tolerances. The sawing processes in commonest use are:

(1) Power hacksawing;
(ii) Bandsawing;
(iii) Circular sawing.

The relative merits of each are briefly considered below.

Power hacksawing has tﬁe slowest output rate because it is
not a continuous cutting process. The blade does not cut
.on the return stroke and therefore the return time is
unproductive. Both bandsaws and circular saws cut
continuously, having no unproductive cutting time.
Circular séwing has the highest output rate«of the three
processes, because the blade is the most rigid, and can

therefore apply the highest cutting forces.

Hacksaw machines are generally cheaper than either
circular saw machines or bandsaw machines. Also the cost
of circular saw blades is higher than for bandsaw and

hacksaw blades. Circular saws are often specials,



designed for particular applications thus making
production costs high. 'They are not throw-away tools,
like band- and hackéaw blades, but have to be re-sharpened
throughout their cutting lives. Some circular saws have
replaceable segmental teeth which prolongs the life of the

blade.

Bandsaw and hacksaw blades are throw-away tools, hacksaw
blades being considerably cheaper. The price of the blade
in a sawing process is particularly important if the
material is difficult to cut, causing rapid or

inconsistent blade wear.

Kerf loss is dgreatest in circular -sawing. The thickness
of a circular saw blade determines the rigidity of the
blade and is therefore thicker than band- and hacksaw
blades in which rigidity is obtained py longitudinal
tensioning. Kerf loss is particularly important when

expensive materials or short pieces are being cut..

Bandsaw blades, being the least rigid, have the worst run-
out. This is particularly severe when cutting broad
workpieces because the blade guides have to be positioned

far apart.

Circular saws cut the mot accurately, this is partly due
to the rigidity of the blade, but it is also due to the

close tolerances to which these blades are manufactured.



The competition which hacksawing has received from
bandsawing and circular sawing is considerable, but there
still appears to be a share of the cut-off market best
served by power hacksawing. The process is particularly
suited to cutting large workpieces of difficult-to-machine

materials.

1.1 Hacksaw Machines

The essential features of a power hacksaw machine
are the swing-arm assembly, which carries the saw
blade and its bow, a mechanical drive to reciprocate
the blade, and a device for developing thrust load
between the blade and the workpiece. The thrust
load is required to feed the blade into the
workpiece. It is applied during the cutting stroke
and relieved to 1lift the blade on the return stroke.
A number of different types of machines are
available, and they can be classified according to

the method used to develop the thrust load.

Gravity fed machines develop the thrust load from
the gravity force acting on a massive blade bow and l'
swing arm assembly. In some machines an adjustable
mass is provided on the swiug arm assembly so that

the gravity force can be adjusted.

These machines are for light-duty work, because of
the practical limitations on the mass of the swing

arm assembly.



In hydraulic machines the thrust load is produced by
the action of a hydraulic device. The control which
the operator has over the thrust load generated by
the hydraulic device is imprecise, and varies over
the length of the stroke. However, this type of
machihe is common and is capable of applying large
thrust loads which makes it applicaﬁle for heavy

duty work.

Positive feed machines control the feed rate to the
blade directly by a mechanical screw device. The
feed rate per stroke is pre-set and remains constant
fhrouéhout the cut. When using gravity fed or
hydraulic machines, feed rate is controlled by the
thrust load. Positive feed machines, however,
control the thrust load by the feed rate. The
developed thrust load increases as the blade wears,
for a given feed rate, and this can lead to
premature blade fracture. This lack of control over
the thrust load and the resultant tendency to break
blades ére the main disadvantages of the positive

displacement machines.

Power Hacksaw Rliades

There are many brands of hacksaw blade on the
market. The types of blade available can be

categorised by the material from which they are made.



(1)

(i)

(iii)

Low alloy steel blades

These blades contain more than 1% tungsten.
The whole blade is hardened and tempered
uniformly, and only a small portion of the
blade around the pinholes is softened.
Blades which have been heat-treated in this
manner are known as 'all—hafd' blades. (BS
1919) .

'All-hard' blades are rigid and will break
into a number of pieces if bent beyond a

critical radius.

High speed steel blades. All-hard.
The high speed steel usually contains
molybdenum. Often M2 or M42 steels are used

for these blades.

Bi-metal high speed steel blades

These blades are manufactured with the
toothed edge formed from high speed steel
joined to a spring steel backing strip. Thé
toothed edge is fully hardened and tempered,
whilst the backing strip is retained in a
spring-like condition. Bi-metal blades are
therefore flexible and shatter-proof.
Shatter-proof means that if the blade
fractures it will only fracture into two
parts. Thus bi-metal blades are safer than

all-hard blades.



1.2.1 Power hacksaw blade nomenclature

BS 1919 defines the nomenclature used for power

hacksaw blades as below:

Nomenc lature

Centre line The longitudinal line which passes
through the centres of the pin holes.

Pin hole The hole at each end of the blade by
means of which the blade is held and tensioned when
in use. |

Teeth The serrations formed across the thickness
of the blade to provide cutting edges.

Toothed edge The longitudinal edge albng which the
teeth have been formed.

Cutting edge The transverse edge of each tooth,
formed by the intersection of the flank and the
face. |

Face The surface of the tooth adjacent to the
cutting edge on which the chip impinges as it is cut
from the material being sawn.

Flank The surface behind the cutting edge of the .
tooth which extends to the root radius.

Root radius The radius connected to the face of
one tooth and the flank of the preceding one.

Back edge The longitudinal edge parallel to the
toothed edge.

Side The flat surface between the toothed edge and

the back edge.



Set The projection of teeth from the sides of the

blade to provide cutting clearance.

Linear dimensions and size designation

Blade length The dimension between the centres of .
the pin holes, measured along the centre line of the
blade.

Overall length The dimension between the ends of
the blade measured along its centre line.

wWidth The dimension between the toothed edge and
the back edge.

Thickness The dimension between the two sides,
excluding the set.

Pitch (P) The distance between adjacent cutting
edges measured in millimetres.

Number of teeth (N) Number of complete teeth
contained in any 25 mm length measured along the
toothed edge.

Size designation The blade length, width,
thickness and pitch and (number of teeth per 25 mm)
are always expressed in this order és given in the
following example:

250 x 13 x 0.65 x 1.4 (18)



~1.2.2 BS 1919

The BS for hand and power blades places few
constraints on blade design, and manufacturers are
free to design any tooth geometry, set pattern and

side clearance.

Blade Performance Assessment Methods

To know how well a blade 'performs' is necessary for

manufacturers' of hacksaw blades;

(a) for quality control; and

(b) for comparison with other manufacturers' blades

Hacksaw blade performance does not have a clearly
defined standard, and as a result there are several

methods of testing performance.

Three of these methods are now discussed:

1.3.1 A blade manufacturer's testing procedure

In this test the performance of blades are tested

over their complete cutting lives. A blade tested

is set in a gravity fed machine to cut through a
workpiece, of standard dimensions and material,
several times until it is "worn out". A blade is
adjudged to be worn out, when it takes more than a
prescribed number of strokes to cut one section of

the workpiece. The number of strokes taken to cut

13



each section is recorded, and from this a peformance
criterion is evaluated, which is a measure of both
the starting performance and wear rate of the blade.
Figure 1.1 shows the perfofmance of three blades; it
is clear that blade A performs worse than the other
two blades, because it takes more strokes to cut
through the workpiece and wears out faster than the
other two blades. However, the relative performance
levels of blades B and C are more difficult to
assess. Blade B's initial output rate is better

than C's, but it wears out faster.

In this test the applied thrust force is not
measured for each blade tested, but is arranged to
be constant from test to test and is assumed to be |
constant from one machine to another. However,.
fundamental studies of hacksaw machines (2) carried
out at Sheffield City Polytechnic, have shown that
the thrust force characteristics of various machines
differ considerably and therefore to compare the
performance of two blades using this method, both
must be tested on the same machine. A better
performance test would eliminate the effect of the
machine characteristics from the performance of the
blade, so that the performance of the blade itself

would be obtained.

Two testing methods have been proposed to solve the

problem of variable machine characteristics.



1.3.2 The BS 1919 British Standard performance test

The British Standard performance test, based on work

carried out at Sheffield City Polytechnic and the

British Hacksaw Manufacturers' Association, attempts

to eliminate as many unwanted test variables (eg

machine characteristics, workpiece length and

material, etc) as possible.

To this end, the proposal specifies the material to

be cut, and the width of the workpiece which varies

depending on the pitch of the blade. It also

specifies the machine characteristics in detail.

The specified machine parameters are:

(a)
(b)
(c)
(@)
(e)
(£)
(9)
(h)

(1)

gravity feed;

cutting in one direction only;

cutting speed}

stroke length;

blade angle;

stroke rate;

level of lift off on return stroke;

the average thrust force per cutting stroke;

the coolant used.

and

For each blade tested the number of sections cut is

specified.

10



The procedure followed to test a blade is:
(i) set up the workpiece of specified width;
(ii) cut the number of sections specified;
(iii) record the number of strokes to cut eéach section;
(iv) calculate the 'wear rate' and 'total time' and
compare them with the standards given. Wear
rate is a measure of the incréase in cutting

time per section cut for the whole test.

Figure 1.2 shows one of the proposed standards

for power hacksaw blades.

1.3.3 The performance test developed by Sarwar and
Thompson

Tests carried out by Sarwar and Thompson (1) had
shown that for a given workpiece width and material,
the deptﬁ of cut per stroke is dependent on the
thrust force applied to the blade. Any performance
criterion, therefore, should be able to take account
of the effect of varying thrust forces which occur

during hacksawing.

The performance criterion, proposed by Sarwar and
Thompson, gave consistent results when various
hydraulic and gravity feed machines were used (2).
This suggested that the machine characteristics of
the sawing process had been eliminated from the

measure of performance.
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The procedure followed in testing a blade is:

(a) Set up a rectangular cross-section workpiece of
known dimensions in a hacksaw machine equipped
with a load measuring device.

(b) Cut through the workpiece, measuring the time
to cut throughvthe workpiece, and the thrust
force for one stroke at approximately mid-way
through the specimen.

(c) A few more cuts are taken at different thrust
forces as in (b) above.

(d) The performancg criterion is calculated using
the time to cut through each section, and the

force measurements.

The performance criterion (K) is calculated by
dividing the average depth of cut per stroke per
tooth (8a) by the average thrust force per unit
- width of tooth per tooth in contact with the

workpiece (f.).

sa = 2. ﬁ-l . ¥ (1.1)
Fe 1
fem " Tt € (1.2)
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where:

D = Depth of workpiece '

w = Width of the saw slot

‘B = Breadth of wofkpiece

t = Thickness of saw teeth

p | = Tooth pitch

s = Stroke length

s.p"1 = Number of teeth cutting per stroke

N = Number of strokes to cut through the
workpiece

Fim = The average thrust force applied to the

blade per stroke

B.p'l = The number of teeth in contact with the
workpiece.
tm

Thus from (1.1) + (1.2) K = F%m"%l?—s (1.3)
Sarwar (2) showed that:

Fem = C;ch ; | (1.4)
where:

Fon = the average cutting fofce applied to the

blade per stroke; and
c = a constant

Substituting (1.4) in (1.3):

D.w.B is the volume of material cut by the blade per

section.

13



1.4

C.Fop-N.S is the total cutting energy reguired to cut
the section.

Thus K, the blade performance criterion, is
proportional to the inverse of specific cutting

energy.

The Sarwar and Thompson blade performance test is
generally used to give the performance of a blade in
its new state. However the test can be used to give
the performance of a blade at different stages of
its cutting life, and can be used to measure blade

wear rate. (3)

Tooth Geometry

The aim of this research project was to gain more
understanding of the influences of the various
elements of tooth geometry on the cutting
performance of power hacksaw blades so that their

performance can be improved.

Hacksaw tooth geometry varies from one brand of
blade to another. The only feature common to all
brands is the pitch, for which there is an

internationally agreed standard. Table 1l.1.
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Pitch 0 ‘ ‘0
of teeth (mm) 08 1.0 1.4 1.8 2.5 . 6.3

4
teeth/25 mm 18 14 10 6

These values are nominal and subject to a variation
of tes.

Table 1.1

Some manufacturers make blades with a larger tooth
pitch than 6.3 mm, but there are no pitches produced

between those shown in Table 1l.1.

Two tooth geometries are shown in Figure 1.3 to
illustrate the difference between brands of

hacksaws.

In the following sections of this chapter, various
aspects of tool geometry are discussed in relation

to hacksaw teeth.

1.4.1 Rake angle and cutting edge radius

Figures l.4 a-d show the effect of rake angle on
continuous chié formation in orthogonal cutting.
The positive rake angle tool ,‘Figure l.4a, produces
a larger shear plane angle, p, than the zero, rake
angle tool, Figure l.4b. 1Its shear plane length AB
is therefore shorter and the forces required to
shear the chip across this plane are less. As fhe

rake angle becomes more negative, Figure 1.4 c, the
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shear plane angle decreases, and the shear plane
length and shear force increase. When the rake
angle becomes very negative, Figﬁre 1.4d, the force
required to shear along the chip/tool interface AC
will approach that required to shear along the shear
plane AB. This model of cutting cannot occur in
practice because the area of metal AOC is unable to
flow under these conditions. Thus AOC becomes a
Qeadxnetal zone and shear planes are created along

AO, OC and OB, Figure 1l.44 (2). .

In most metal cutting operations, eg turning,
milling, shaping, the rake angle is never more
negative than -15°. However, for some processes, eg
grinding and hacksawing, the effective rake angle
can be more negative than -15° ranging between 0°
and -90°. This is due to the small undeformed éhip
thickness to cutting edge radius ratio. Early work
carried out at Sheffield City Polytechnic (1, 4)
showed that the cutting edge radii,tFiQure 1.5, of
hacksaw teeth are large and can vary in size from
0.02 mm to 0.08 mm. The blunt cutting edge is a
result of the heat treatment process which is
carried out after the teeth have beenmilled to
size. (There is no sharpening of the teeth after
heat treatment). The average undeformed chip
thickness per tooth was estimated (4) to vary

between 0.002 mm and 0030 mm which is small compared
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to the cutting edge radius. Figure 1.6 shows the
effective rake angie when ﬁhe cutting edge radius,
(R), to undeformed chip thickness, (%EJ,\ratio is

large.

Cutting tests (2, 5) havé shown that tools‘Qith
large cutting edge radii to undeformed chip
thickness ratios, cut significantly less efficiently
than sharper tools. During these tests (2,5,6),
cutting copper, Sarwar and Thompson observed that a
dead metal cap formed in front of the blunt tools at
the start of each cut. Furthermore they reported
that a transient phase of chip formation occurred
during the beginning of the cut until a steady state
of chip formation was produced. The chip was
thinner in the transient phase and required less
’force to be produced than'in the steady state phase,
despite the undeformed chip thickness remaining
constant throughout the cut. Thus chip formation
was more efficient in the transient phase than the

steady state phase.

Sarwar (2,5) produced a slip-line field modeitof the
chip formation of a tool with a large cutting edge
;adius/undeformed chip thickness ratio. The model
includes a dead metal cap in front of the tool cutting
edge. Shear planes bound the dead metal cap next to
the chip and the workpiece. The predicted cutting

forces from this model correlate well with empirical data.
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Sarwar and Hales also carried out tests on blunt
cutting tools (7) which had nominal rake angles
varying from 0° to 15°. The cutting edge radii

tested were nominally sharp, 0.3 mm and 0.5 mm.

Nominal rake angle had no effect on performance when
cutting EN1lA, a leaded mild steel, but when cutting
copper the 5° rake angle tool performed better than
the 0° rake angle tool. The conclusion drawn from
these tests was that when the cutting edge radius to
undeformed chip thickness ratio is high then nominal
rake angle does not affect cutting performance for
mild steel but does for copper. The relevance of
these tests to hacksawing is discussed in Chapter

Seven.

When the cutting edge radius to undeformed chip
thickness ratio is very large, the chip formed
during the time that the tooth traverses the
workpieces will not grow large enough to give'phip
contact on the tooth face beyond the end of the edge
radius. Under these conditions, rake angle of the

tooth face must be irrelevant to the cutting action.

1.4.2 Set

The teeth on a hacksaw blade are set to give
clearance between the blade and the slot wall which,

if not provided, would cause frictional forces
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sufficient to break the blade and/or temperatures

capable of softening the blade.

The author is unaware of'any published work which
covers theoretical or experimental examinations of
set angle with regard to blade performance. However,
Thompson & Taylor (8) have considered the effect of
set on the lateral displacement of a blade. They
conclude that "setting angle errors are the prime
cause of the lateral displacements produced by new
un-worn blades".

1 1]
Soderberg (9) makes a passing reference to the

effect of set on the undeformed chip thickness cut .
by each tooth on a blade. He reports that there is
a variation in undeformed chip thickness along the
tooth cuttingredge. Sgderberg showed, Figure 1.7,
that some parts of a new tooth edge do not cut at
all. Chips from hacksawing are frequently not as
wide as the teeth on the blade, which corroborates
S;derberg's suggestion.

There are three set patterns, wavy set, alternate
set and raker set. Wavy set is rarely ﬁsed for
power blades. For alternate set the teeth are set

alternately left and right. For the raker pattern

the teeth are set left, right, centre.
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1.4.3 Clearance angle

The clearance angle on a standard hacksaw tooth, 34°
38°, Figure 1.5, is much larger than that found on
conventional tools used for turning, shaping,
milling, etc. A larger clearance angle will
obviously lead to a smaller size of land wear.
However a large clearance angle produces a small
wedge angle which reduces the strength of the tool,
and decreases the wear resistance of the tool
further because heat conduction from the tool tipis
restricted. Therefore a compromise must be made
between the size of the clearance angle and the

wedge angle.

The clearance angle also affects the size of the
gullet. Some manufacturers have two clearance
angles on each tooth, Figure 1.3. The primary
clearance angle proVides a large wedge angle, and
the secondary angle provides space in the gullet for

the chip to form.

1.4.4 Tooth pitch

Performance tests carried out by Sarwar and Thompson
(1,2) have shown that blades with 1argé pitches cut
better than those with small pitches, Figure 1.8.
Thompson (4) explains this effect by reference to

the transient cutting force build-up produced by
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blunt tools (6). The model Thompson (4) proposed,
showed that pitch affected cutting performance. The

pitch effect is discussed in Chapter Two.

1.4.5 Gullet

The effect of the gullet on the cutting performance
of hacksaw blades has not been investigated in the
past. Thompson (10) reports that "A number of
gullet shapes are used, but it is believed that they
do not have a major influence on cutting performance
providing that 'clogging' of the teeth does not
occur. The primary cause of clogging is £he
adhesion of the metal removed to the teeth so that
it is carried by thé blade to the beginning of the

subsequent cut".

A major proportion of the author's work, for this
research project, is concerned with gullet shape and

size.

Blade Wear

Like all other cutting tools, the performance of a
hacksaw blade depends on the rate at which it wears.
Wright and Trent (11) proposed ﬁhe following system
of classification of wear processes and mechanisms

for HSS:
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(i) Superficial plastic deformation by shear at
high temperatures.
(ii) Plastic deformation of the cutting edge.
(iii) Wear based on diffusion.
(iv) Attrition wear.

(v) Abrasive wear.

Thompson & Taylor (3) proposed that mechanisms- (i)
and (ii) were the main processes by which hacksaw
blades wear. Figure 1.9 shows the wear model of a
hacksaw tooth as proposed by Thompson and Taylor.
They suggest that flank wear of this type maintains

the blunt cutting edge profile.

Thompson and Taylor (3) also proposed a model which
could determine the effects of various cutting
conditions on the wear rate of hacksaw blades. Wear
rate being a measure of the loss in cutting
efficiency per cutting stroke. They report that
cutting speed and thrust load had the gfeatest
effect on wear rate: doubling cutting speed
increased wear rate by six-féld, and doubling thrust
force tripled wear rate. Also smali workpiece
‘breadths were shown to induce a higher wear rate

than large workpiece breadths.
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Thompson and Taylor (3) suggested three applications

for their model:

(i) To validate improvements, applications and
developments in blade design;
(ii) To test the effectiveness of coolants; and

(iii) To compare one blade with another.

A more detailed study of wear mechanisms in power
hacksawing has been carried out' by Séderberg et al
(é). They report that wear mechanisms vary
depending on workpiece material. When cutting a
quenched and tempered carbon steel (0.36% C, 322
‘VHN) flank and crater wear were cauﬁed by abrasion.
However, when cutting an austenitic stainless steel
(18% Cr, 183 VHN) they report that flank wear was
caused by plastic deformation due to high
temperatures, and that wear on the rake face was
caused by spalling. Figure 1l.10 shows the
characteristic profile of a tboth after cutting each

of the materiais mentioned above.

An interesting recent development in hacksaw technolégy
is that some hacksaw manufacﬁurers have produced blades
which have the corners of each tooth ground away.
Standard hacksaw teeth generally wear most severely on
the corners due to pdor heat conduction from the
corners. By grinding off the corners of the teeth,

a tooth shape with better heat conduction is created.
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CHAPTER TWO

BLADE PERFORMANCE TESTS

Work carried out by Sarwar and Thompson (1,2) had shown
that, for one make of hacksaw blade, there was a
difference in performance between 4, 6 and 10 TPI blades;
the 4 "I‘PI blade cutting better than the 6 TPI blade which
cut betfer than the 10 TPI blade, Figure 1.8. Furthermore
it had been shown that cutting performance, for a
particular blade, varied according to width of workpiece.
As workéiece width increases, cutting performance falls,
Figure 2.1. These tests have been repeated by the author
using a Kasto hydraulic feed machine, and the results,
Figures 2.2 and 2.3 corroborated those of Sarwar. The
reason given by Thompson (4) for the difference in
performance as workpiece width increases is that, a
smaller proportion of the teeth in contact are cutting in
the transient chip formation phase section for a wide
workpiece than for a narrow workpiece. Cutting in the
transient phase is more efficient than in the steady state
phase, because the cutting forces are not as high.
Furthermore, Thompson (4) produced a mathematical model
showing that as the number of teeth in contact with the

workpiece (Nc) increases the cutting performance falls.

Because Nc = B/p, where B = Breadth of workpiece (mm), and
P = pitch of teeth (mm), it was suggested (4) that cutting
performance would not only fall as breadth of workpiece

increased, but also as pitch of teeth decreased.
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The above supposition would explain why performance varies
with breadth of workpiece, Figure 2.3, assuming that the
transient phase was large in proportion to the breadth of
workpiece. However, whether or not pitch affects

performance needed further investigation.

2.1 Performance Tests on Modified Blades to Determine
the Effect of Pitch

The foilowing results are given in terms of the
éarwar and Thompson performance criterion, section
1.3.3, in which the depth of cut per tooth is
plotted against thrust force per tooth; the steeper

the curve the better the performance.

Test machine: Kasto hydraulic feed

Cutting conditions: -

Cutting rate: 50 strokes/min
Stroke length: 135 mm
Coolant: None

Workpiece specification:

Mild Steel (0.17% Cc, 0.73% Mn, 0.24% Si,
' 0.06% s, 0.13% P, 0.20% Ni,
0.10% Cx, 0.06% Cu, 0.06% Mo,
0.012% aAl).

50 mm wide x 25 mm deep.
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An initial test compared the cutting performance of
a 400 x 40 x 2 mm 4 TPI blade, raker set in its new
condition, Figure 2.4a, and the cutting performance
of the same blade modified by the removal of the
cutting edge of every other tooth, Figure 2.4b.

(The modification did not change the raker set
pattefn). The modified blade was effectively a 2
TPI blade, and would therefore cut better than the
new 4 TPI blade if pitch affected cutting
performance. As can be seen from Figure 2.5, there
was no appreciable difference in cutting performance
between the 4 TPI blade and the 2 TPI blade which
suggests that pitch is not a parameter which affects

performance.

The blade used for the above test was modified
further by the removal of every other tooth, see

Figure 2.4c, and its performance tested once again.

Figure 2.5 shows that the further modification

improved the cutting performance of the blade.

2.1.1 Discuséion of results

From the evidence provided by these results it was
suggested that the size of the gullet affects
cutting performance of hacksaw blades. The
reasoning behind this suggestion is that the first

modification did not alter the gullet size of the
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blade and did not alter the cutting performance of

" the blade, but the second modification enlarged the

gullet and improved the cutting performance of the

blade.

It is indeed feasible that a smalilgullet would
restrict the flow of a chip more than a large gullet
would, and that this restriction could cause a fall

in cutting efficiency. (Chapter Five).

Performance Tests on Modified Blades to Determine the
Effect of Gullet Size

To check the above conclusion concerning gullet size
and cutting performance, three more tests were
carried out using the same experimental set-up as
before, but in this test a 400 x 40 x 2 mm - 6 TPI

blade was used.

Initially the blade was tested in its new condition,
Figure 2.6a. Every other tooth was then removed down
to the root of the gullet, Figure 2.6b, thus

creating a 3 TPI blade with a larger'gullet area

than the 6 TPI blade.

The 3 TPI blade cut more efficiently than the 6 TPI
blade, Figure 2.7, however, it did not perform as
well as the new 4 TPI blade, despite having a larger

gullet area than the new 4 TPI blade.
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A further modification of the 3 TPI blade was made
which enlarged every gullet so that the height of
the gullet was the same as that of a new 4 TPI
blade, Figure 2.6c. The performance of this blade
was better than that of the 3 TPI blade with the
smaller gullet, but it was no better than the 4 TPI

blade which had a smaller gullet, Figure 2.7.

These results show that size is not the only aspect®
of the gullet geometry which affects cutting &
performance. Shape is also important when

considering gullet geometry.

Hacksaw Chip Formation

The premise that gullet size and shape affects the
performance of hacksaw blades has been made in
section 2.2, Evidence to support this aSsumption

has been found in the formation of hacksaw chips.

The sizes and shapes of hacksaw chips vary greatly,
Figure 2.8 a-c. There are several factors in the
hacksawing prdcess which cause the variations in

chip size. -

(i) The variable thrust load applied during each
stroke by hydraulic feed machines causes the
depth of cut per tooth to vary during each

stroke.
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(ii) Hacksaw teeth vary in size, Appendix 1, thus a
large tooth will remove more material than a
small tooth.

(iii) The set of'the.teeth varies along the length of
the blade. A tooth having a large set will
remove more material than one with a smaller

- set. |

(iv) Chip thickness varies from tooth to tooth due
to variations in cutting edge radius.

(v) Due to the set of the teeth some teeth do not
cut across the full width of the cutting

edge, Figure 1.7 (9).

When studying hacksaw chips, it is therefore,
impossible to know which tooth cut which chip, the
undeformed chip thicknesses, or even whether the
chips are broken or whole. Despite these
limitations it is possible to glean some information

by studying hacksaw chips.

2.3.1 Chip formation affected by the gullet

Some chips have been mounted in bakelite, sectioned
and etched in 2% Nital solution, Figures 2.9 a-f.
Consider Figure 2.9, a chip taken from a 10 TPI blade
cutting a 50 mm broad m}ild steel workpiece on a
hydraulic feed hacksaw machine. The bottom part of
the chip is 3-4 times thicker than the top. This

suggests that considerably more energy was required
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to cut the bottom part of the chip than the top.
The flow lines show that the shear plane angle has
decreased towards the bottom of the chip. It is
possible that this type of chip formgtion is caused

by the gullet restricting the flow of the chip up

~ the rake face. (Chapter Five).

Figures 2.9 b-d also show thickening at the base of

the chip.
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CHAPTER THREE

SINGLE TOOTH & GULLET TESTS AT SLOW CUTTING SPEEDS

The effect of gullet size and shape on blade performance
appeared to be sufficiently important for a study of

gullet size and shape to be initiated.

3.1 Test Objectives

A testing procedure was developed with three major

objectives in mind:

(i) To determine the difference in cutting
performance of 4, 6 and 10 TPI teeth-gullet

combinations for various workpiece materials.

(ii) To determine the effect of length of cut on
cutting performance for various workpiece

materials.

(iii) To determine the effect of modifications to
gullet shape and size cutting performance

for various workpiece materials.

3.2 Testing & Instrumentation

In order to avoid the complexities of the hacksawing
process, single teeth were tested on the same rig as
was used by Sarwar (2) for testing the cutting

performance of single point cutting tools.
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A universal miller was used to provide the relative
motion of the tool and workpiece. The workpiece was
securely mounted on a flat reference plate which was
bolted to a three force component dynamcmeter

which in turn was secured to a ground steel plate,
bolted on the milling machine. The dynamometer
measured the cutting and thrust forées and its
output signals were amplified ang recorded on an X-Y

plotter.

The tools used for this test were straight teeth
taken from new all-hard HSS hacksaw blades. The
geometry and dimensions of the teeth are shown in
Figure 3.1, and for the purposes of this thesis will
be referred to as the "standard" tooth/gullet
geometries. Each tooth was viewed under a
microscope and checked for uniformity of geometry,
and the cutting edge radius was estimated using a
shadow-graph projector. Teeth having cutting edge

f’.Ol mm were used. When under

radii of 0.05 mm
test, a tooth was secured in a holder, Figure 3.2,
which was clamped to the headstock of the milling

machine.

The height of the slot surface cut by the tool, was
measured relative té the reference plate, using a
DTI mounted on a bridge, Figure 3.3, before and
after each cut. The difference in height gave the

undeformed chip thickness. Readings were taken in
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three places along the slot and an averade value of
undeformed chip thickness was calculated for each
cut. The test went through three stages of

development.
METHOD 1 Figure 3.4
The procedure for this method was:

(i) Set an undeformed chip thickness by raising

the mill table.

(ii) Start the cut by traversing the table. The
tool cut on the surface of the workpiece, not
in a groove, so that the chip could be viewed

as it formed.

(1ii) An X-Y plotter recorded the cutting and
thrust forces during the cut. The
characteristics of the chip formation was

recorded during the cut.

(iv) The depth of cut was measured before and
after each cut in three placés_using a DTI, to
determine an accurate value for the average

undeformed chip thickness.

The limitation of this method was the imprecise
nature of the recording of the chip formation. It
was impossible to write down, in sufficient detail,

the exact chip formation throughout the cut.
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METHOD 2

The procedure for this méthod was the same as for
Method 1, with the exception that instead of writing
down how the chips formed, every cut was filmed
using video equipment. An oblique view of the
cutting tool was filmed so that both the front and

one side of the chip could be seen at the same time.

Despite the vast improvement made by filming each
cut, it was still difficult to relate a particular
event on the f£ilm, such as the chip breaking, to the
_relevant part of the force trace. The need to
relate chip formation to the cutting forces was
particularly important owing to large variations
occurring in the cutting forces for a single cut, at
a constant undeformed chip thickness. Figure 3.5
shows a cutting force trace exhibiting considerable

variation as the chip formed.
METHOD 3

This method was the same as Method 2, but with the
addition of a storage oscilloscope and a second
video camera. A diagram of the test set-up is shown

in Figure 3.6 and photos of the instrumentation in

Figure 3.7.

The storage occilloscope recorded the same cutting

and thrust forces as the X-Y plotter. The second
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camera filmed the oscilloscope during each cut, and
its picture was superimposed on that of the first
camera giving a picture of the force traces and chip

formation simultaneously on one screen.

This enabled a study of both chip formation and

force variations to be made simultaneously.

Cutting Conditions & Tests

Machine Tool Universal Milling Machine
Cutting speed 95 mm/min

Lubricant None

Material Mild Steel

(0.17% ¢, 0.73% Mn, 0.24% Si,
0.06% s, 0.03% P, 0.20% Ni,
0.10% Cxr, 0.06% Cu, 0.06% Mo,
0.01% Al).
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Table 3.1 below, shows the length of workpieces cut

by the various teeth tested.

TOOTH LENGTH OF WORKPIECE (mm)
10 TPI 25
10 TPI*
(Modified) 25
10 TPI 50
6 TPI 50
4 TPI 50

* The modified 10 TPI tooth, Figure 3.8, has an

enlarged gullet.

Discussion of Results

The comprehensive set of tests covering a range of
workpiece lengths and materials, ahd gullet shapes
and sizes, was not carried out with this testing
procedure, owing to problems relatiﬁg to cutting
speed and chip'formation, see Section 3.4.3. Indeed
all the results related to this testing procedure

must be considered in the light of Section 3.4.3.

The maximum cutting forces developed by the 10 TPI
teeth cutting 25 mm length of workpiece have been
plotted against undeformed chip thickness, Figure

3.9. At undeformed chip thicknesses of less than
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0.03 mm the two teeth perform the same. However at
0.037 mm there is a significant difference in
cutting force. The force traces for the points A
and B, Figure 3.10 show that, for the tooth in its
new state there was a rapid rise in cutting force
towards the end of the cut. This did not happen
with the modified tooth, points C and D, Figure
3.11, nor did it happen when cutting at smaller
undeformed chip th%cknesses with the tooth inits
new state. The rapid rise in cutting force, Figure
3.10 was caused by restriction of the chip flow by

the gullet.

Figure 3.12 shows sketches of the chip formation at
various stages during a cut in which restriction by
thé gullet occurred. These sketches have been made
from the video film of the cut. (It was not
possible to take still photographs from the video
screen, because the video equipment used could not
provide a still picture with good definition). The
chip forms, initially, with a tight curl, Figure
3.12a and does noﬁ‘cugl sharply again until the chip
makes contact with the root, Figure 3;12b. At this
stage in the chip4formation the cutting forces
started to rise rapidly. Because the chip cannot
flow upwards it thickens at its base and continues
to thicken until the end‘of the cut, Figure 3.12d.

The rapid build-up in cutting forces occurs,
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therefore, when the chip is restricted from flowing.
The cuts made at small undeformed chip thickness
values did not produce chips large enough for their
flow to be restricted by the gullet and therefore
the rapid increase in cutting forces did hot occur.
Cutting with the modified tooth, Figure 3.8, did not
cause any rapid increase in cutting force because

there was no gullet to restrict chip flow.

It is interesting to note that restriction of chip
flow by the gullet occurs before the gullet is
completely full of chip material. The area of the
10 TPI gullet profile was approximately 2 mm2. To
completeiy fill this gullet, an undeformed chip
thickness of 0.08 mm would be needed, assuming a 25 mm
length of cut. The force traces, Figure 3.IOa and
b, suggest that the chip flow is restricted when the
gullet is approxmately 35% full of chip material.
The specific cutting energy curve for the tool in
its ne& state, Figure 3.13, shows the rise in
average specific cﬁtting energy as undeformed chip

thickness increases past 0.03 mm.

Several other tests, cutting with 10 TPI teeth
having restricting gullets, have shown the same
characteristic force trace as in Figure 3.10. Two
more sets of traces and sketches of thé chip
formation are shown in Figures 3.14 a and b and 3.15

a and b. The length of cut for these tests was 50 mm,
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and as a result the undeformed chip thickness
required to cause chip flow restriction (0.027 mm)

was less than for the 25 mm length of cut.

3.4.1 Relevance of the results to hacksawing

The results of the above tests can be related
directly to positive feed hacksawing operations.
They show that if too high a feed is set on the
machine, then very high cutting forces will be "
ihduced, possibly resulting in tooth and/or blade

fracture.

The relevance of the above results to gravity and
hydraulic feed hacksawing machines is not so direct.
Feed is controlled by thrust force in these machines
but in thé simulation test the thrust force was
controlled by the applied feed. The thrust force
created by cutting in the simulation test had the
same characteristic shape as the cutting force, when
restriction of the chip flow occurred, Figure 3.10.
On a hydraulic hacksaw, the rise in thrust force
would partially or completely relieve the thrust
force acting between the workpiece and the other
teeth, thus reducing the blade's cutting

performance.

Blade life may be reduced, due to tooth failure at
the high cutting forces generated by the gullet

restricting chip flow.
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3.4.2 Comparison of 4, 6 and 10 TPI teeth

The performance of the 4, 6 and 10 TPI teeth cutting
50 mm length workpieces is shown in Figure 3.16.
Lines of best fit have been drawn through the data
points using linear regression. The 4 TPI todl
performs better than the 6 TPI tool which in turn
performs'better than the 10 TPI tool. This trend is

the same as for hacksaw blades, Figure 2.7.

3.4.3 Effects of slow cutting speed

At this stage it is necessary to report on a
limitation in this simulation test which did not
come to light, until after a great amount of time

had been spent setting up and cérrying out the test.

The cutting speed for this test was 95 mm/min. This
is slow compared to that available on hacksaw
machines, but was used to facilitate observation and
filming of the chip formation. Hacksaws cut over a
range of speeds, eg 0 to 30 m/min, during each
stroke due to the crank action of the drive.
However, most of the material is removed whilst the
blade is moving at its fastest, because the ‘thrust

forces are highest during this time (9).

" Cutting at such a slow speed in the simulation test
produced a very rough surface finish, Figure 3.17,

after the first 7-10 mm length of cut, which made
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accurate measurement of undeformed chip thickness
difficult. Also the backs of the chips had several
transverse cracks, Figure 3.18, and the forces
developed during the cuts were very uneven, Figure
3.5. The chips produced by the 4 to 6 TPI Teeth
appeared to be very weak, frequently breaking when
coming in contact with the gullet root. This was
attributed to the cracks in the backs of the chips.
A study of the microstructure of the chips was made
fo determine the size of the cracks. Some typical
chips were taken from a 4 TPI tooth cutting on the
simulation rig. They were mounted in bakelite,
sectioned and etched using 2% Nital, Figure 3.19.
The chips appear to be discontinuous in the
photographs, however the sides of the chips, which
cannot be seen in the central section shown, ‘were

continuous.

The chip formation bears a close similarity to that
described by Chandiramani and Cook (12) in the
section "Non-built-up-edge". They teport that at
low cutting speeds, below those at which built-up-
edge occurs, a discontinuoué chip is formed. The
chip formation follows a cycle which is repeated
throughout the cut. The first stage of the cycle is
the chip sticking to the tool rake face due to high
frictional forces. This causes the shear plane to

lengthen, increases the chip thickness, and
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increases the stresses around the tool tip.

In the second stage a crack, caused by the high
stresses is formed in the chip at the tool tip.

This crack propogates through the chip, breaking it.
The broken part of the chip no longer applies a
force to the workpiece, and therefore the forces,

stresses, and shear plane length decrease.

In the third stage, the chip flows up the rake face
until again .the frictional forces increase to a

level high enough for the chip to stick. The cycle
then repeats itself. Figure 3.20 shows a diagram of

the chip formation described above.

Furthermore the authors report (12) that at very low

cutting speeds surface finish was very poor.

The simulation test did not produce a chip formation
similar to that which it was designed to simulate.
The number of cracks in the simulation test chips
was far greater than those in hacksawing chips,
Figures 2.8 and 2.9. The cracked cﬁips being very .
weak, prevented any useful data being obtained when
cutting with 4 and 6 TPI teeth, because when t‘he
gullet restricted chip flow the chips broke thus
reiieving the restriction. The data obtained from
cutting with 10 TPI tools is however more reliable.
The initial parts of the chips were free from cracks

and therefore relatively strong, Figure 3.19. The
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10 TPI gullet was small enough to restrict the flow
of this inital part of the chip, which, being free
from cracks did not break. The restriction was
therefore maintained as the cut progressed, causing
the chip fo thicken and the cutting forcss to

increase.

A true picture of the effect of the gullet size on
hacksawing performance could not be obtained on this
simulation rig, because the chip formation was
significantly dissimilar to that produced in

hacksawing, Figure 3.19.

3.4.4 Examinations of video films

The use of the video films was found to be severely
limited for the 4 and 6 TPI tools, because the
cracks in the chips were only visible on the backs
of the chips and therefore not in the view of the
camera. Thus, rises and falls in the cutting forces
could not be explained by réference to the -vidso

films.

However, for the 10 TPI tools the video film gave a
good macro view of the chip restriction in the

gullet.
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CHAPTER FOUR

SINGLE TOOTH & GULLET TESTS AT HIGHER CUTTING SPEEDS

The test rig and procedure described below was developed

to fulfil the objectives stated in Section 3.1 at

realistic power hacksaw cutting speeds.

-4.1

The Test Rig

A screw cutting lathe, Figure 4.1, was used to
pfovide the relative motion between the workpiece
and tooth., The workpiece holder, Figure 4.3, was
held in the three jaw chuck and centred for
rigidity. fhe tool was mounted in a holder, Figure
4.2, which was secured to a Kistler three force
dynamometer platform,‘which in turn was boited to

the cross-slide of the lathe.

The toolholder, Figure 4.2, was designed to hold
tools of the dimensions shown in Figure 3.1. The
function of the two side pieces was to simulate the
slot wall in hacksawing which prevents the chip from
moving sideways out of the gullet whilst a tooth is

cutting.

The workpiece and holder, Figures 4.3 and 4.4 were
desighed such that, by traversing at an appropriate
screw feed, the tool would cut the workpiece once
only per test cut. This was necessary because the

gullet had to be cleared between each cut and each
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chip collected and identified.

The holder has a large diameter for the following

reasons:

(i) To keep the helix angle, at which the tool
cuts to less than 1°, ie to create orthogonal
cutting conditions;

(ii) To simulate the flat slot bed produced in
hacksawing; and

(iii) To maintain rigidity.

The workpiece is both simple and inexpensive to

éroduce. The length of workpiece can be varied from
10-100 mm and any workpiece material can be tested.
The locating pins provide accurate relocation of the

workpiece if required.

The instrumentation used is shown in Figures 4.5a
and b. The cutting and thrust force outputs from
the Kistler charge amplifierslwere fed into a
digital storage oscilloscope. A hard copy of the
- force traces-which had been stored by the
oscilloscope, was taken by an X-Y plotter. (The
oscilloscope was necessary as an intermediate data
store,‘because the X-Y plotter's response time was’
too long to read -data as each test cut was made).
The analogue output from the oscilloscope was also
amplified and fed through an A/D converter to an

Apple microcomputer.
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The microcomputer sampled the output from the
oscilloscope 256 times per force trace, and from
this data calculated and recorded the average and
maxXimum cutting and thrust forces for each test cut.
Using the Apple in this way is not only a time-
saver, but also leads to greater accuracy in
determining average and maximum cutting and thrust
forces. (Section 4.4 comments on the data

- handling facilities of the Apple).

The cutting speed of a hacksaw blade varies
throughout a stroke, owing to the reciprocating
action of the mechanism. However, the speed of an
individual tooth on a blade depends on its position
on the blade and the breadth of the workpiece. For
example, a tooth in contact with the workpiece at
the beginning of a stroke will initially have a
cutting speed of zero, it will then accelerate
rapidly leaving the workpiece at a much higher
cutting speed. However, a tooth cutting during the
middle of a stroke will commence cutting at a high
speed and Qill léave the workpiece at much the same
speed. The difference between the entry and exit
cutting speeds of a tooth also depends on the
breadth of the workpiece. For the purposes of the
single tooth tests a constant cutting speed (30
m/min) was used to simulate the cutting speed of the

teeth in the mid-stroke region. (These teeth cut
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more material than those at the beginning and end of
the stroke (9) because the thrust loading is highest

at mid-stroke and are therefore the most important

teeth to investigate).

The Testing Procedure

1 The workpiece was clamped to the holder, and the
tooth secured in the holder and adjusted to the

centre height on the bar.

.2 An appropriate screw cutting feed was set, so

that the tooth would cut the workpiece once only

per traverse.

3 A depth of cut was set by moving the cross-slide

towards the workpiece.

4 The workpiece was set revolving at 30 m/min, and
the saddle engaged with the screw feed, so that
the tool traversed the workpiece taking a single

cut.

5 During the cut the oscilloscope read, and stored

the cutting and thrust forces.

6 The traverse and workpiece were stopped after

each cut.
7 The chip was collected and identified.
8 The X-Y plotter took a hard copy of the cutting
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4.3

10

11

and thrust forces for the .cut, and the
microcomputer calculated and recorded the

average and maximum cutting and thrust forces.

Steps 3-8 were repeated for increasing
undeformed chip thicknesses until restriction of
the chip flow caused excessively large cutting

and thrust forces.

Each chip was weighed to determine the amount of

material removed per test cut.

The chip weights were typed into the
microcomputer which calculated the volume of
material in each chip and the undeformed chip
thickness, and stored the data on disk for

subsequent analysis.

Measurement of Undeformed Chip Thickness

Weighing the chips to determine the volume of

material removed during each cut, was considered to

be both sufficiently'accurate and convenient for

these tests. The undeformed chip thickness, UCT, is

calculated by:

ucrtT = Weight of chip x 1
Density of chip Length of cut x
material Wwidth of tooth

Thus the average value of undeformed chip thickness

is an average over the length and width of the cut.
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The electronic balance used to weigh the chips,

measured to 10 micro gms.

Data Handling

The tests produced several hundred chips all of
which were examined often by comparison with one
another. Each chip had to be identifiable with its

force traces, cutting tool and workpiece.

Perspex display trays were made, Figure 4.6, having
a matrix of flat-bottomed holes drilled in them.
The chips were thus kept separate from one another,

but could be compared easily.

The quantity of numerical data generated by the
tests was also large (the weight of each chip, the
undeformed chip thickness and related cutting
forces, all had to be recorded for each test cut).
The ease with which the Apple microcomputer can
handle numerical data made storage, recall and
manipulation of data very rapid. Storage was made
on a floppy disk from which data can be retrieved
within seconds. Repetitive calculations using the
data were made rapidly using simple programs
(Appendix 4). Graphs and tables of relevant data
can be drawn and printed accurately by connecting
the Apple to a suitable piece of hardware, eg a

plotter or printer.
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The author found that commercially produced software
was often cumbersome to use, and inappropriate for
the needs of this project. All the software was

therefore written by the author (Appendix 4).

Tests Carried Out at Higher Cutting Speeds

4.5.1 Tools

The first tests were performed using standard tooth
and gullet combinations from ﬁew 4, 6 and 10 TPI
all-hard blades as described in Section 3.2 (Figure

3.1).

4.5.2 Workpiece materials

Three materials were tested.

(a) Aluminium (BS 1474 HE 30 TF)
(10% Cu, .5/12% Mg, .7/1.3% Si, 0.5% Fe
0.4/1.0% Mn, .2% Z, .25% Cr, 0.2% Ti)

66 HV

(b) Mild Steel
(0.17% ¢, 0.73% Mn, 0.24% Si, 0.06% S, 0.013% P,

0.20% Ni, 0.10% Cr, 0.06% Cu, 0.06% Mo, 0.012% Al)

218 HV

(c) Austenitic Stainless Steel EN58J
(0.064% Cc, 1.74% Mn, 0.53% si, 0.009% s, 0.027% P,

10.01% Ni, 16.57% Cr, 2.23% Mo, 0.01% Ti)
200HV
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The length of workpiece that each tooth and gullet
combination cut is shown in Table 4.1 below for each

workpiece material.

Aluminium

Pitch of Tooth 4 6 10

Length of
workpiece (mm) 75 50 25 50 25 12 25 12

Mild Steel

Pitch of Tooth 4 6 10

Length of
workpiece (mm) 75 50 25 50 25 12 50 25 12

Stainless Steel

Pitch of Tooth 4 6 10
Length of
workpiece (mm) 75 50 25 50 25 12 25 12

The Improvements Caused by Testing at Higher Cutting
Speeds

The chips produced by this testing érocedure, Figure
4.10, were similar to those produced in power
hacksawing, Figure 2.8, and more continuous than

those produced at lower cutting speeds, Figure 3.19.

The cutting and thrust force traces were more
consistent than those produced at lower cutting

speeds. Compare Figures 4.11 and 3.5.
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The surface finish of the slot bed, Figure 4.12, was
similar to that produced in hacksawing and
considerably better than the surface finish

generated at lower cutting speeds, Figure 3.17.

Cutting Performance of Single Tooth Tools

The performance of metal-cutting tools is often
stated in terms of specific cutting energy, which is
the cutting energy required to.reméve a unit volume
of material. However, in power hacksawing the metal
removal rate is dependent more on thrust force than
cutting force (1), Section 1.3.3. For this reason
the performances of the single teeth have been
measured by relating the thrust force to the amount
of material removed. This haé been done in two
ways:

(i) by relating the average thrust force per unit

width of tooth to the undeformed chip

thickness; and

(ii) by relating the specific thrust force pressure:
to the undeformed chip thickness. (Specific

"thrust force pressure =

Average Thrust Force
Cross-sectional area of undeformed chip

The second performance criterion has the same units
as the Thompson and Sarwar (1) performance criterion

for power hacksaw blades.
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The above performance criteria for single tools are
best represented graphically (Figure 4.7).
Comparisons of performance can be made between

different tools, (Figure 4.8) and the variation in

‘berformance of a tool as length of cut increases can

be éompared (Figure 4.9). - (The shape and nature of

the curves is discussed in detail in Section 4.8.1)

Results & Discussion

4.8.1 Restriction of chip flow by the gullet

4.8.1.1 ALUMINIUM WORKPIECES

Figure 4.13 shows the performance of a 4 TPI tooth
cutting a 75 mm wide Aluminium workpiece at’various
undeformed chip thicknesses. At low undeformed chip
thicknesses, region 'A', Figure 4.13, the specific
thrust preséure is high. 1In region 'B', the
performance improves and in region 'C', the
performance deteriorates. The tool performs poorly
at low undeformed chip thicknesses because of
"ploughing" forces (13, 14 and 15). Cutting
performance improves as undeformed chip thickness
increases, region 'B', because the ploughing forces
become less significant as a factor of the total
cutting and thrust forces. The performance
continues to improve until the flow of the chip is

restricted, as in region 'C', Figure 4.13.

53



The force traces relating to points X, Y and 2 in
Figure 4.13 are shown in Figure 4.14. The traces
for points X and Y were even from the start of the
cut to the end, however, the thrust forces for point

2, rose as the gullet restricted the chip flow.

The chips which relate to points X, Y and 2, Figure
4.13, are shown in Figure 4.15. The chips for
points X and ¥ each had a consistent thickness. The
chip for point Z, however, is considerably thicker
at its base than at its tip, which.suggests that the
base of the chip was formed less efficiently than

its tip. (See Figure 4.l4c).

Figure 4.16 shows the same data as Figure 4.13 with

the addition of the instantaneous performance of the
tooth at the beginning and at the end of each cut in
region C, Figure 4.13. This highlights the drop in

performance caused by restriction of chip flow. The
specific thrust pressure at the end of cut Z, Figure
4.16, is five times that at the beginning of the

cut.

The chips collected showed that there were two ways
in which the gullet restricted chip flow. Which

form the chip took depended on the thickness of the
chip, the height of the gullet and the curvature of
the root. Figure 4.17 a, b, shows how a particular

thickness of chip may be restricted in two diffeent
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gullet sizes. The chip, Figure 4.17a was thin
enough to curl around the root but the same
thickness of chip was unable to curl around the
smaller radius root, Figure 4.17b. In neither case
was the gullet full of chip material when chip flow
was restricted. How far a chip can flow without
restriction will be important in fﬁrther design

considerations.

The relationship between undeformed chip ghickness
and the length of cut at which chip flow restriction
occurred is shown in Figure 4.18, for 4, 6 and 10
TPI tooth geometries. The results show that the
smaller gullets restri_ct chip flow at a shorter

length of cut than the larger gullets.

An attempt to normalise the results of Figure 4.18
has been made by dividing the length of cut at which
chip flow restriction took place by the height of
the gullet, see Figure 4.19. Over the range of
undeformedbchip thicknesses tested, height is not
the normalising factor, ie it is not solely the
height of the gullet which determines when the chip
will be restricted. The size of the gullet radius
affects how far a chip can flow before it is
restricted as well as the height of the gullet,

Figure 4.17.
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4.8.1.2 MILD STEEL WORKPIECES

The performance of a 4 TPI tooth cutting 75 mm of
.mild steel is shown in Figure 4.20. The curve shows
that performance improves as undeformed chip
thickness increases despite the gullet restricting
chip flow at the higher undeformed chip thickness
(see Figure 4.21 for the force trace and chip for
point X on Figure 4.20). However, the difference
bétween the specific thfust pressure at the
beginning of the cut, and the average specific
thrust pressure, indicates that the tooth's
performance is severely hampered by the gullet

restricting chip flow.
4.8.1.3 STAINLESS STEEL WORKPIECES

When cutting stainless steel gullet restriction of
chip flow had the same characteristic effect on
cutting performance as it did when cutting the
aluminium and mild steel workpieces, Sections

4.6.1.1 and 4.6.1.2. (See Figures 4.22 and 4.24).

4.8.2 The effect of length of workpiece on cutting
performance '

The effect of length of workpiece (ie length of cut)
on cutting performance showed the same trend for all

the materials tested.
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As length of workpiece increased the cutting
performance fell, Figures 4.25 - 4.27, which is the
same trend as shown in the hacksawing process,

Figures 2.1 and 2.3, Chapter 2.

Performance is better for a shorter workpiece,
because a larger undeformed chip thickness is
required to cause chip flow restriction in the
gullet. 1In other words, the efficient cutting
region of the specific thrust force v undeformed
chip thickness curve, extends further for a shorter

workpiece than a longer workpiece, Figure 4.25a.

In some cases the workpiece length was too great for
a tooth to cut efficiently at any undeformed chip
thickness. For example, in Figure 4.29a, the 10 TPI
tooth performs very poorly at all undeformed chip
thicknesses tested. Also in Figure 4.29b, the 6 TPI
tooth does not improve in performance. In both
cases thé tools are either cutting inefficiently at
very low undeformed chip thicknesses, or
inefficiently with the gullet restricting chip flow

at higher undeformed chip thicknesses.

4.8.3 The effect of gullet size on performance

Figures 4.28 - 4,30 show the performance of 4, 6 and
10 TPI teeth cutting various workpiece lengths. For

the three materials tested, the 4 TPI teeth
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performed better than the & TPI teeth, and these in
turn performed better than the 10 TPI teeth. This
is because the smaller gullet restricts chip flow at
lower undeformed chip thicknesses than iarger

gullets.

It is of interest to note that a 1low undeformed chip
thicknesses, when there is no restriction to chip
flow, all the teeth performed much the same as each

other.

Summary of Results

These tests have confirmed that:

(a) the gullet can restrict chip flow, and when
this occurs specific thrust pressure increases,
and cutting efficiency falls.

(b) for a particular undeformed chip thickness, the
length of cut required to cause restriction of
chip flow will be shorter for a small gullet
than a large gullet of the'same geometry.

(c) for a particular length of cut, the range of
undeformed chip thicknesses, and therefore
thrust loads, at which a tooth can cut
efficiently varies according to the gullet
size: the smaller the gullet the smaller the

efficient cutting range.
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The above summary of results corroborates the
results discussed in Chapter 2, which were gained by

testing complete blades.

The tests reported on in this chapter have met
objectives (i) and (ii) as stated in Section 3.1.
The tests which were carried out to meet the third

objective are reported on in Chapter Seven.
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CHAPTER FIVE

THEORETICAL MODEL OF THE INEFFICIENT CHIP FORMATION
CAUSED BY RESTRICTION IN THE TOOTH GULLET

Previously the author has claimed that the thickening in
the chip and the rise in the cutting and thrust forces is
due to the chip flow in the gullet being restricted. 1In
this chapter a simple analytical model is presented,
showing why the chip thickens and why the rate of increase
in cutting force is so rapid when the chip flow is
restricted. The model is not presented for the purpose of
accurate prediction of cutting force and chip thickness,
but rather for the purpose of highlighting the inefficient
chip formation which occurs when the chip flow is

restricted.

5.1 The Model

When the chip is no longer able to flow over the
tooth face, due to it being obstructed by the tooth
gullet, shearing is considered to occur along two

planes 0X and OA as shown in Figure 5.1.

Measurements of chip thickness show that a typical
value of chip thickness ratio,é%-,is 0.2}and

this value has been used in the model examined here.
This fixes the 1engt§ of shear plane OX as a
multiple of undeformed chip thickness, t. When the

inclination of the secondary shear plane is

selected, its length OA is also determined relative to t.
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Let the velocity of the incoming work material,
relative to the hacksaw tooth, ie the cutting
velocity, be V1. The shear plane OX is assumed to
be straight, and the relative velocity of material
either side of this plane is Vox. Similarly the

- relative velocity on either side of the secondary
shear plane is Voa. Both Vox and Voa are determined

as multiples of V; from the velocity diagram, Figure

5.1,

It is assumed that the shear flow stress, k, is the
same on the two shear planes. Then the principle
that rate of work input equals rate of energy
absorption gives cutting force, Fv) from the

equation:

Fv eV = w.k (OX.Vox + OA.Voa)

where w is the width of the tool

The objective is to apply an iterative upper bound
technique (16). It is assumed that the secondary
shear plane takes up the position in which the

cutting force is a minimum.

Figure 5.2 shows alterﬁative inclinations 0OA, OB and
OC. It should be noted that when the inclination is
changed, the relative velocity for the secondary
shear plane is changed and also the relative

velocity for the primary plane OX.
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Assuming unit values of t and Vl'vélues measured

from the diagram give:

Fv .
= (OX.Vox + OA. = 8.
Tk ( OA.Voa) 8.48
or = (OX.Vox + OB.Vob) = 8.34
or = (OX.Vox + OC.Voc) = 8.44

This suggests that the appropriate secondary shear
plane is OB. This plane gives minimum work per unit

volume of material removed.

The validity of this prediction depends on the

general suitability of the simple model adopted.

After the tool has travelléd a small distance, in
this case 3t, with shear taking place along OX and
OB, the wedge OXD is formed, Figure 5.3. For the
sake of this analysis it is assumed that shearing
along OB causes a thin wedge of material either side
of OB to strain harden. The increase in shear
stress of this wedge prevents shear from continuing
along OB and thus the secondary'shear pPlane alters
position, for example to OA or OC, Figure 5.3. A
value of 6° has been taken for the wedge angle AOC ﬁ
because this provides an acceptable value of
increase in shear stress due to strain hardening as

shown below.
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The work used to slip a distance BD over the area

per unit width of OB.1l is:
k.oB.1.BD (Nm) ... 5.2

For homogeneous strain Yy in the volume of the

wedge, V, work done is:
k.Y.V (Nm) .o 5.3
However:

v=_. oBZ .1 ... 5.4

Therefore combining 5.2, 5.3 and 5.4:
k.0B.BD =k . Y . £, oB2

Thus:

2  BD

Y% 0B

From Figure 5.3, OB 0.96 units;

BD 0.06 units; and

8 6° = 0.105 radians

Tberefore:

y = 1.19 m.m~1

The slopes of the compression test results, Figure
5.7, show that a shear strain of 1.19 would increase
the shear stress of the mild steel by about 50 N/mm2

and the aluminium by about 40 N/mmz.
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Now considering the strain energy required to shear
the chip along OA, OB and 0OC, Figure 5.3, for the

mild steel and assuming that the material along OB

has work hardened:

k (0OX.Vox + OA.Voa) = 8.8k Nms-1

k (OX.Vox) + (k + 50) (OB.Vob) = 8.55k + 112 Nms~ 1

k (0OX.Vox + OC.Voc) = 8.6k N‘ms‘l

Thus the chip shears along OC for another 3 units of
travel; again the chip material is assumed to work
harden in a'wedge around OC, and again the secondary
shear plane deviates. Continuing the iterative
analysis it is found that the secondary shear plane
deviates from one side of the original secondary
shear plane to the other, which results in a chip
form similar to that created in practical tests when
chip flow was restricted by the gullet (see Figures

5.4 and 5.5).

Estimation of Shear Stress (k)

The shear stress used in the model is assumed to
have the same value on both the shear planes. Three

methods were used to obtain a value of k.

5.2.1 Estimation of shear stress using cutting &
thrust force data

Cutting data, ie cutting and thrust forces,
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undeformed chip thicknesses and chip thicknesses,
was taken from tests carried out using a hacksaw
tooth having no restricting gullet, cutting on the
test rig described in Chapter 4. The geometrical
relationship of the elements of cutting datais
shown in Figure 5.6 (17) for zero rake angle. Thus

the shear force (Fs), along the primary shear plane

is:
Fs = R.Eos (g +B)

Shear stress, k, is then found by:

where A is the area of the shear plane. Values of k

obtained by this method were for:

mild steel 600 to 700 N/mm2
AND

aluminium 300 to 450 N/mm2

5.2.2 Estimation of shear stress from hardness tests

Vickers hardness tests were made on mild steel chips
cut by hacksaw teeth, giving a range from 335 to 400
HV which, from tables (18) gives a range from 540 to

650 N/mm2 for shear stress.
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5.3

5.2.3 Estimation of shear stress from compression
tests

Compression tests were carried out on the mild steel
and aluminium workpieces. The specimens were
approximately 6 mm diameter and 6 mm high. The
height of the specimen was measured, after each
strain increment, with tﬁe load relieved.
Lubrication was applied to both the specimen and the
plattens before each strain increment (17, pp 80).
Figure 5.7 shows the results obtained, normalised to

give equivalent shear stress.

The values of shear stress obtained from the cutting

data and those obtained from the hardness tests

‘appear to be verified by the compression test

results. At high strains, 2-3, the mild steel has a

2

shear stress of around 600 N/mm“ and the aluminium

has a shear stress of around 300 N/mmz.

The Correlation between the Model and Empirical Data

5.3.1 Chip shape

The modelled chip shape thickens at its base the
further the tooth travels. This simulates the chip
formation which was observed during thé single tooth
tests, Section 3.4, and the shape of chips formed
during hacksawing, Sectiqn 2.3.1, and by the

simulation tésts, Section 4.6.
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5.3.2 Cutting force

The cutting forces predicted by the model show good
correlation in both magnitude and rate of increase
with practical results taken from the simulation
tests, Chapter Four. Figufe 5.8 shows both

experiméntal and theoretical results.

The prediction has not been taken further than 3 mm,
of tooth~£ravel after the chip flow was restricted.
The model assumes that when the chip flow is
restricted the chip does not flow up the rake face
any further. 1In practice, however, it appears that
the chip does move up the rake face when the forces,
increased by the inefficient chip formation, reach a

high enough level.

Slipping up the rake face relieves the cutting force
. to a greater or lesser degree and the chip sticks
again. The model is unable to predict when the chip
will slip or by how much and can therefore only

apply to a few millimetres of tooth travel.

The chip and force trace, Figure 5.9, show that chip
flow has been restricted five times, the chip
slipping up the rake face after each of the first
foq; restrictions thus relieving the cutting force.
The distance that the chip slips determines by how

much the forces will be relieved.
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CHAPTER SIX

PREDICTION OF SAWING TIME FROM SINGLE TOOTH & GULLET DATA

In Chapter Four, the performances of single teeth are
measured in terms of specific thrust pressure. 1In this
chapter an attempt is made, using data from the single
point tooth tests, to predict the number of strokes a
hacksaw blade will take to cut through a particular size
of workpiece on a particular thrust force setting. The
single boint cutting data will be used in the form shown
in Fiéure 6.1 from which can be read the expected
undeformed chip thickness for a particular thrust load
when cutting a 25 mm wide mild steel workpiece with a 4
TPI tooth. (The 4 TPI tooth having the dimensions shown
in figure 3.1). A performance criterion based on the
number of strokes to cut through a workpiece would be of

considerable practical use.

6.1 Theory

As described in Section 1.1, the application of
thrust force by a hydraulic hacksaw machine varies
along the length of the stroke. Figure 6.2 shows a
tvpical thrust force trace for the Kasto machine
used to test the performance of blades as reported
in Section 1.3.3. Using this trace the
instantaneous thrust force applied to each tooth of
a hacksaw blade in contact with the workpiece is

given by:
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FT4

Ft. =

1 N..t
Therefore:
Ft' = E“I‘—i-—— o o0 6.1
1 (B/P) .t
Where:

Ft; is the Instantaneous thrust force per tooth per
unit thickness of tooth;

FT; is the Instantaneous applied thrust force;

No is the Number of teeth in contact;

B is the Breadth of workpiece;

P is the Pitch of the teeth;

and t is the thickness of the tooth.

The instantaneous value of undeformed chip thickness
(di) which is caused by Ft; can be read off from the

single tooth data, Figure 6.1.

The volume of material removed per stroke (Vs) can

be calculated thus:

i=8 ‘
Vs = E (di X Nc x t x d)
i=o
i=8
Vg = Nc.t.d E a;
i=o

where S is the length of the stroke/distance between i

and i + 1.
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and d is the distance travelled by the blade between

the interval i and i+l, Figure 6.2.

The number of strokes to cut through a rectangular

workpiece Ny is found as follows:

Therefore:

N - D.B.w

S vs

where V is the Volume of material removed from a saw
slot;
D is the depth of the workpiece; and

w is the width of the slot.

To carry out this analysis the single tooth data

must be collected using:

(a) the same tooth/gullet geometry as on the
hacksaw bladej;

(b) the same workpiece material as used in the
hacksawing; and

(c) the same length of cut as the breadth of the

workpiece used in the hacksawing.

Predicted Hacksawing Rates

Table 6.1 shows that predicted and actual hacksawing

rates were very close for the narrower workpieces.
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However for wider workpieces, Table 6.1, the

predicted rates were lower than the actual rates.
This is due to the estimation of Ft;, the thrust
force per tooth per unit width of tooth (equation

6.1) being inaccurate when the workpiece width is

wide.

When cutting wide wbrkpieces the calculated value of
Nc is large, giving a low value of Fti and di. This
s.uggests that all the teeth are cutting at a low
inefficient undeformed chip thickness. However in
the hacksawing process some teeth are larger than
others, and therefore cut at a greater undeformed
chip thickness than others. High-speed film of a
hacksaw cutting, Appendix Z, has shown that some
teeth cut considerably more material than others,
indeed some teeth do not appear to remove any

material.

In order to use this model for prédicting cutting
rates on wide workpieces therefore, a value of
number of teéth in contact must be assumed. This
area of work needs further investigation, but the
author decided that work in other areas would prove

more profitable.

However, the predicted results from this model, show
that the simulation tests do provide data which is

relevant to hacksawing.
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Table 6.1.

Workpiece
.TPI Theoretical Experimental Machine Dimensions (mm)
No. of strokes. No.of strokes. Setting. Width Depth
ALUMINIUM, WORKPIECE,
4 26 31 3.5 25 20
20 40 3 25 20
4 41 51 2 25 20
6 28 55 3.5 25 20
6 34 61 3 25 20
6 63 90 2 25 20
4 72 88 3 50 25
4 128 113 2 50 25
6 238 266 2 50 25
6 12 13 3.5 12 20
6 18 25 2 12 20
10 15 19 3.5 12 20
10 23 35 2.5 12 20
MILD STEEL., WORKPIECE.
4 34 45 3.5 25 25
4 82 76 2.5 25 25
4 113 103 2 25 25
6 63 54 3.5 25 25
6 90 80 2.5 25 25
6 125 ©113 2 25 25
10 165 90 2 25 25
6 31 25 3 12 25
10 24 1 30 3 . 12 25
10 35 37 2.5 12 25

Theoretical and experimental no. of strokes to saw through

rectangular cross-section workpieces at various thrust load

settings.



Undeformed Chip Thickness in Hacksawing

An important point arose from the calculations
involved in predicting cutting time as regards the
range of undeformed chip thicknesses which occur in
hacksawing. Thompson (4) has' suggested that hacksaw
blades cut inefficiently because the average
undeformed chip thickness per tooth is very small
(0;002 - 0.030 mm). However relating typical
abplied thrust loads (Figure 6.2) to the single
tooth data (Figure 6.l1l) has shown that undeformed
chip thicknesses of 0.04 - 0.08 mm occur. Furthermore
most of the material removed by a hacksaw bladebis |

removed at this range of undeformed chip thickness.
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CHAPTER SEVEN

THE EFFECT OF TOOTH AND GULLET GEOMETRY ON THE
PERFORMANCE OF HACKSAW BLADES

The experimental work of Chapter Four has conclusively
shown that increased tooth pitch improves cutting
performance of the standard hacksaw teeth, because the
gullet size is increased. However, it was still to be
determined whether performance could be improved by
altering the gullet shape while the pitch remained the

same.

The experimental work reported on in this chapter was
carried out to determine whether tooth/gullet performance

could be improved:

(a) by improving the chip formation mechanism, eg by
increasing the nominal rake angle, (see Section

7.1); and

(b) by reducing the restriction to chip flow imposed by

the gullet (see Section 7.2).

(The Sections 7.1 and 7.2 each contain an introduction,
details of experimental work and a discussion of the

results obtained).
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Improving Tooth/Gullet Performance by Altering the

Nominal Rake Angle

In section 1l.4.1 it has been suggested that nominal

rake angle has no effect on cutting performance if
the cutting edge radius to undeformed chip Ehickness
ratio is 1arge,'bécause the effective rake angle is
negative. The results of the tests carried out by
Sarwar & Hales (7) appeared to uphold this argument.
However, the relevance of the above tests to power

hacksawing is in doubt because:

(a) the cutting speed (95 mm/min) was much slower

than in power hacksawing;

(b) the ratio of undeformed chip thickness to
cutting edge radius was kept less than unity,
which the author has shown is dissimilar to

hacksawing (see section 6.3); and

(c) the simulation tools were considerably larger
than hacksaw teeth, which resulted in

dimensional inconsistencies.

The effect of nominal rake angle on the cutting
performance of hacksaw teeth when cutting ét
realistic speeds and undeformed chip thicknesses,
therefore, requifed further investigation. The
author devised two tests, the first of which tested
hacksaw tooth performance at nominal rake angles of

0° and 11° when there was no gullet to restrict chip
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flow. The second experiment tested hacksaw tooth
performance at nominal rake angles of 0° and 10°
when chip flow was restricted by a standard 4 TPI

gullet.

The hacksaw teeth used in the first test are shown
in Figure 7.1 a and b. The tooth in Figure 7.la is
a standard 4 TPi tooth having a 0° rake angle with
an enlarged gullet which did not affect chip flow.
This tooth, Figure 7.la, was tested using the rig
and procedure described in Chapter Four, cutting a

- 50 mm long mild steel workpiece cutting at a range
of undeformed chip thicknesses (0.01 - 0.08 mm).
The rake angle of the tooth was then altered by
grinding down the back of the tooth shank, Figure
7.1b. When replaced in the test rig éhe tooth was
thus presented to the workpiece with a nominal rake
angle of 119, It should be noted that altering the
rake angle by this method does not alter the cutting
edge radius, or the rake face of‘the tooth. The
zero rake angle hacksaw tooth/gullet used in the
second test is shown in Figure 7.2a. It was a
standard 4 TPI tooth and was tested cutting a 50 mm
long mild steel workpiece at a range of undeformed
chip thicknesses (0.01 - 0.094 mm). The rake angle
of the tooth was then altered to 10° (Figure ?.Zb)

by the method described above and retested.
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The results of the two tests described above are
shown in Figure 7.3 and 7.4. 1In the first test,
when chip flow was not restricted by the gullet, the
iﬁcrease in rake angle caused an improvement in
cutting performance. ‘Thus it was concluded that
nominal rake angle does affect the éhip formation
mechanism of hacksaw teeth. The results of the
second test also showed that performance was
improved by increasing the rake angle. Cutting
performance was improved not only as a result of
improved chip formation at the cutting edge, but
also as a result of the restriction of chip flow
being reduced. The standard 0° rake angle tooth
effectively restricted chip hflow at 0.055 mm
undeformed chip thickness, but the 10° rake angle
tooth did not restrict chip fiow until the
undeformed chip thickness reached 0.074 mm. The
reason for this was that increasing the rake angle
increased the chip thickness ratio; ie the chips
were ﬁore slender than those proauced using smaller
rake angles, ana thus were able to curl further

round the gullet.'

Despite the improvement in cutting performance
caused by increasing the rake angle, the hacksaw
tooth, Figure 7.1lb, did not cut as efficiently as a
sharp lathe tool would be expected to cut. Figure

7.5 shows the specific cutting energy versus

76



undeformed chip thickness curves for the hacksaw
teeth, Figures 7.la and 7.1b, cutting mild steel at
30 m/min. The lowest value of specific cutting
energy for the 11° rake angle tool is 3 kN/mmz.
When cutting mild steel with a sharp léthe tool at
30 m/min, the specific cutting energy would not be
expected to exceed 2 kN/mm2 at 0.08 mm undeformed
chip thickness (17). The difference in performance
i; due to the bluntness of the tooth (7,20); it had
a cutting edge of radius of 0.04 - 0.05 mm which

compared to that of a sharp tool, 0.008 mm, is

large.

Improving the Performance of a 4 TPI Tooth/Gullet
by Reducing the Restriction to Chip Flow Imposed by
the Gullet

It was evident from the work reported on in Chapters
Three and Four that one method of reducing the
restriciton to chip flow was to enlarge the gullet.
However, there is obviously a practical limit to the
size of the gullet, imposed by tﬁe strength of the
tooth. Appendi# 2 contains a theoretical analysis
of tooth strength, developed by the author, from
which it is possible to determine whether a
particular tooth shape will withstand the applied

cutting forces.

Three 4 TPI tooth/gullet geometries were designed by

the author, see Figures 7.6a and 7.6b and 7.7. The
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gullet sizes of these teeth are larger than those of
the standard 4 TPI tooth. The increase in size was

obtained:

1 by heightening the gullet root;
2 by increasing the rake angle; and
3 by reducing the clearance angle and shortening

the flank of the tooth.

The teeth in Figures 7.6a and 7.6b had 10° rake
angles, and single root radii of 1.25 and 1.75 mm
respectively. The tooth in Figure 7.7 also had a
10° rake angle, but had three radii in the root.

All the teeth were tested using the rig described in
Chapter Four cutting 50 mm mild steel workpieces
over a range of undeformed chip thicknesses (0.01 -

0.09 mm) at a cutting speed of 30 m/min.

7.2.1 Results and discussion

Each of the three teeth performed better than the
standard 4 TPI tooth and better than the tooth,
Figure 7.2b, which had the standard 4 TPI shape and
a 10° rake angle (see Figures 7.8a and 7.8b). thus
it was clearly shown that tooth/gullet performance
can be improved by altering gullet geometry in such

a manner as to reduce the restriction to chip flow.

An important result of the tests on the single root

radius teeth was that the chips possessed a small
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amount of elastic recoil which prevented them from
falling out of the guilet, see Figureb7.9. Chip
ejection at the end of the sfroke is essential for
power hacksawing to be efficient. If a chip remains
in a gullet of a hacksaw blade from one stroke to
éhe next, then the effective size 6f the gullet is
reduced which has a vdetrimental effect on the
performance of the blade. Therefore, although the
teeth in Figures 7.6a and 7.6b cut efficiently on
the single-tooth test rig, a hacksaw blade having
that tooth/gullet geometry would perform

inefficiently.

A further interesting result of the above tests was
that the chips curled to the same radius as that of
the root, which suggested that the curl of the chip
could be controlled by the shape of the gullet.
Figure 7.10 shows a mild steel chip which was formed
by a 4 TPI tooth having an 11° rake angle with no
restricting gullet to affect the curl of the chip.
The natural chip curl was much larger than the root
radius of any of the standard gullets. Therefore,
it can be presumed that all the standard gullets
affect the chip curl. 1If a gullet could be designed
which curled the chip tightly, then more chip
material would be accommodated by the gullet before
restriction of chip flow occurred, which would

result in more efficient metal removal by the tooth.
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The tooth in Figure 7.7 had three radii in the root,
the first of which was 1.2 mm, the second 1.7 mm and
the third 2.9 mm. The purpose of the two small
radii was to curl ?he chip tightly, thus producing a
compact chip form. The third radius was made large
to provide clearance for the chip to fall out of the
gullet. The chips, Figures 7.11la and 7.11lb, were
produced by this tooth cutting a 50 mm long mild
‘speel workpiece. The chip, Figure 7.lla, ﬁas curled
tightly and its shape appears to have been -
controlled by the two smaller root radii. However,
the thicker chip, Figure 7.10b, has not curled
tightly and its final radius of curl is larger than
the two smaller root radii. The amount of control
over chip curl which can be obtained by altering the
root radius/radii of a hacksaw .gullet, was thus

shown to be dependent on the thickness of the chip.

The tooth/gullet, Figure 7.7, aléo performed better
than the standard 4 TPI tooth/gullet when cutting 75
mm long mild steel workpieces, énd when cutting 25
and 50 mm long aiuminium workpieces, see Figures
7.12 and 7.13. Although the new tooth/gullet,
Figure 7.7, is an improvemént over the standard, it
does not follow that this is the best tooth/gullet
geometry that could be produced. Further tests are,
therefore, required to determine the effect of

further tooth/gullet geometry modifications.
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CHAPTER EIGHT

CONCLUSIONS AND FURTHER WORK

Introduction

At the initiation of the work reported on in this thesis,
the state of knowledge as regards the effect of tooth
geometry on hacksaw blade performance was as follows.
Thompson and Sarwar had shown (1,2) that blades with large
pitches. cut faster than blades with small pitches. Also
it had been shown (1,2) that a hacksaw blade cut faster
through a narrow workpiece than a wider workpiece. 1In
order to explain why the above phenomena occurred,
Thompson (4) produced a mathematical model showing that
tooth pitch directly affected the performance of a hacksaw
blade. However, the validity of the model was
unconvincing (see Chapter Two). Furthermore, Thompson
.(10) claimed that gullet shape had a negligible effect on
blade cutting performance, although no experimental

evidence was provided to substantiate this claim.

Thompson and Sarwar (5) had also concluded from an
analysis of their experimental work, that hacksaw teeth
were blunt cutting tools because their cutting edge radii
were larger than the "average undeformed chip thickness".
Sarwar (2) went on to show that blunt cutting tools had a
chip formation mechanism which was significantly less

efficient than that of a sharp cutting tool.
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The following conclusions drawn from the work in this

thesis are hoped to broaden the understanding of why the

performances of different hacksaw blades vary, and how
7/

this understanding can be used to improve the performance

of hacksaw blades.

8.1 Conclusions

(1)

(ii)

(iii)

Pitch is not a parameter which directly
affects the performance of a hacksaw blade.
A chahge in pitch only influences hacksaw
blade performance 1f it is accompanied by

a change in gullet size and/or geometry (see

Chapter Two).

Both the size and shape of the gullet
significantly affect the performance of power

hacksaw blades (see Chapter Two).

Experimental work using single hacksaw teeth
has shown that, when cutting mild steel at
low undeformed chip thicknesses (less than
0.2 mm), the performances of the standard 4,
6 and 10 TPI teeth were the same. However,
as undeformed chip thickness increased, the 4
TPI cut more efficiently than the 6 TPI tooth
which, in turn, cut more efficiently than the
10 TPI tooth. Thus, it can be concluded that

the performances of individual teeth of
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different gullet size vary for identical

cutting conditions. (See Chapters 3 & 4).

(iv) The performance of a single hacksaw tooth
decreases as length of cut increases, when
cutting mild steel, aluminium and stainless

steel. (See Chapter 4).

(v) The effects stated in conclusions (iii) and
(iv) occur because the gullets of hacksaw
teeth restrict the flow of the chips and,
when this restriction occurs, the chip
formation mechanism alters, becoming
continually less efficient in terms of
specific cutting energy and specific thrust

pressure.

(vi) Using the upper-bound technique, a
theoretical model has been developed of the
chip formation process after the chip has
been restricted from flowing. The model
shows that the chip formation mechanism
alters when restriction occurs causing a
continual increase in the shear plane length
and the cutting and thrust forces as the cut
progresses. The model highlights the
extremely inefficient metal removal mechanism
caused by restricting chip flow. (See

Chapter‘S).
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(vii)

(viii)

(ix)

Restriction of chip flow has been shown to
occur before the gullet is completely full of
chip material. Typically, chip material
filled less than one third of the gullet when
the chip flow was restricted. Therefore, the
volume of the gullet must be at least’three
to four times larger than the volume of chip
material which it has to accommodate.

(See Chapters 3 & 4).

A mathematical analysis of the empirical data
collected from the single tooth tests, and
power hacksaw blade tests, has enabled
hacksawing rates to be predicted from the
performance of a single tooth. Thus, in
order to test a new tooth/gullet design, iig
is not necessary to produce a ¢omplete blade;
it is only necessary to test a small number

of single teeth.

The analysis only predicts the sawing rates

of blades in an unworn state.

Experimental work has shown that the

performance of a hacksaw tooth and gullet

combination can be improved by altering the

tooth and gullet geometry but without
altering pitch. 1Increasing the nominal

rake angle improved tooth/gullet performance
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despite the cutting edge radius being large
compared to the undeformed chip thickness.
Also enlarging the rodot radius improved
tooth/gullet performance owing to the
restriction of chip flow being reduced.

(See Chapter 7).

Suggestions for Further Work

8;2.1 Power hacksaw blades

The performance of other tooth/gqullet geometries
should be investigated on the single-tooth-test-rig.
The data collected could be used to determine the
optimum tooth/gullet a blade should have to cut a
particular workpiece size and material (see also
8.2.2). The scale of these investigations would be
immense, but the information could also be related

to bandsaw and broach tooﬁh/gullet geometry .

8.2.2 Wear tests

The single-tooth-test-rig should be used to
investigate the performance of various hacksaw
tooth/gullet geometries at various stages of wear.
The overall performance of a hacksaw blade, as with
other cutting tools, is largely dependent on its

wear rate.
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8.2.3 Chipbreaking

Methods of chipbreaking in hacksaw gullets should be
investigated as a means for reducing restriction of
chip flow in the gullet. Breaking hacksaw chips

into smaller pieces would enable more chip material
to be accommodated in the gullet before restriction

of chip flow occurred and hence performance would be
improved. :

8.2.4 Removal of chips from the gullet and saw slot

Chips which remain in the gullet of a hacksaw tooth
effectively reduce the size of the gullet and thus
reduce the performance of the blade. Some chips
also fall onto the bed of the saw slot,.during the
return stroke, and thus produce a barrier between
the teeth and the workpiece on the subsequent
stroke. Mechanisms could be designed to remove

chips both from the gullet and slot bed.
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Table 5. Test conditions and acceptance limits for power blade cutting tests
(high speed steel, all hard and bi-metal)

Blade dimensions Speed No. of | Test bar Wear 1:oul
cuts rate time
Length Width Thickness | Pitch No. of | Thickness
strips | of strip
mm mm mm mm .nmhd mm min
min
300 and 25 1.26 1.8 124 10 15 26+0.05 | 66 66
350
: 300 and 25 1.25 2.5 124 10 20 2.6+0.05 | 56 61
350
350
400 32 1.60 25 124 10 20 26+0.05 | 65 87
450
350
400 32 1.60 4.0 124 10 25 2.6+0.05 | 47 60
450
400 40 2.00 4.0 124 10 25 26+0.05 | 81 80
450
400 40 2.00 6.3 124 10 25 26+0.05 | 69 76
450

Fig 1.2 BS 19109,

Test Conditions and Acceptance Limits
for Power Hacksaw Blades



SINGLE CLEARANCE ANGLE TOOTH GEOMETRY

TOOTH

(a)

PRIMARY AND SECONDARY CLEARANCE ANGLE

GULLET

(b)

Fig. 1.3. Two different tooth and gullet geometries
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WORKPIECE

PSSR
" St S o

Fig. 1.6. Diagram of effective rake angle 6, when
cutting edge radius R is large compared to
undeformed chip thickness t. Nominal rake
angle is zero degrees.



left
set

zero
set -

right
set

Fig. 1.7. Soderberg's model showing the variation
in undeformed chip thickness (shaded area)
along the edge for an averaged feed per

tooth of 50 um (9).



cutting specwmen 25mm 1 25T Eq la
curting frud o

cuiting speed 76 strokes’man
mgchine w.cksteed 200mm hyGra=g* 2 sow
blades os supphea (4SS
36 O0-—40014012:477
© == 4001401216TP,
8- 40C«32116110T>
32}
28} ’
a
E 241
E
?
Q
o 20}~
Q
16
12t
8}
al-
I A Jd i 1 1
[¢] 20 40 6C 8C e 120 140
() Nmm™'

The average depth of cut per tooth against the
thrust’ joud per tooth per unit thickness ror bludes having
ditferent tecth pitch.

Fig. 1.8. Experimental data presented by
Sarwar and Thompson (1,2).



PLASTIC FLOW
LINES IN THE

BASE OF TOOTH

METAL BREAKING
AWAY FROM THE
REAR OF THE
BLADE TOOTH

TS CRACKS
T ;
DIRECTION OF -.,___,_:;;:,_--:‘;:____:-_._;__:}_‘
b BLADE MOTION - / AT
HEAVILY DEFORMED LAYER
WORKPIECE AND CRACKS BELOW THE

WORKPIECE SURFACE

. Deformation occurring in both the blade tooth and workpiece, compiled from microscopic
observations during wear tests on En 44E in phase Il wear.

Fig. 1.9. Thompson and Taylor's wear model for
hacksaw teeth.

sawing direction_ ;  sawing direction

a) b)
" Characteristic profile of worn saw tooth.

a) Work material AlS! 4337 and b) AISI 316
(dotted line examplifies extension of future
tooth spalling).

Fig. 1.10. Soderberg's wear model for hacksaw
teeth cutting
(a) a quenched and tempered carbon steel, and
(b) an austenitic stainless steel

’



o
4
o5} 3
workpiece breodth (B) x25mm, Enla. /
cutting fhwd o S
045k cutting speed 76 strokes/mn ./
mochine - wicksteed 200vn hydramatc sow /'-GTPI
04} 4
I, a
'd
’
038}t .~
] 4= I0TPY
(=}
-
T o0 B:25mm
'E 025
x
02
015}
blodes o3 suppked (HSS)
O~ 4002402224 TPI
o1 0—400x4012x6 TR
8 — 30023211 6x0THY
005

£

The cumng constant against the reciprocal of the
number of leexh in contact with the workpiece.

Fig. 2.1. Experimental data presented by
Sarwar and Thompson showing the
effect of workpiece width on
cutting performance. (1,2).



£ 01 i
Workpiece:- 50mm x 25mm deep Mild steel

Hydraulic feed

18 ‘ Cutting speed:- 50 sfrokes/min
) Stroke length:- 135mm

327

281

Average Depth of Cut per Tooth (mm x 10°?)

e 4 TPI BLADE
o 6 TPl BLADE
_________ @ 10 TPI BLADE

100

Average Thrust Force per Tooth per Unit Width of Tooth
(N/mm)

Fig. 2.2. Performance curves of blades. (as

new condition). 50 mm wide by 25 mm
deep.Mild Steel Workpiece. Y
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404
36
321
NYorkpiece:- 50 x 25mm deep
o 28 mild steel
!
=1 Hydraulic feed
; ” Cutting speed:- 60 strokes/min
~ Stroke length:- 135mm
g 20
[
[
.Q.
5
© 18
[
s ]
g' 124
Q
<]
[~
2
4 o 2 TPI BLADE Fig. Z.4c
o 3 TPI BLALE Fig. 2.4b
¢ » 4 TPI GLADE . PFig, 2.4a
o 6 TPI SLADE Fig. 2‘.63
i ———————_ _ . 10 TPI BLADE
(] - —
0 S0 1do
Average Thrust Force per Tooth per Unit Width of Tooth
(N/mm)
Fig. 2.5. Performance of blades with modified gullets.

50 mm wide x 25 mm deep Mild Steel Workpiece.
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241

A
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o

—
o

Workpiece:- 50 x 25mm deep
mild steel

Hydraulic feed

Cutting speed:- 60 strokes/min

Stroke length:- 135mm

-
N

Undefarmed Chip thiclkness (mm)

0 . i 0 . 4 100:
Thrust force per tooth per width of tooth (N/mm)

® L TPI Blade FPRig, 2,4

- o 3 TPI Blade Fig. 2.60

=« 3 TPI Blade Fig. 2.6b-

o 6 TPI Blade Fig, 2.6a

e e e @ 10 TPI Blade

Fig. 2.7. Performance of blades with modified gullets.
50 mm wide x 25 mm deep Mild Steel Workpiece.



L 5

Fig. 2.8a.

Small chips and debris cut by a 4 TPI blade. 50 mm
wide Mild Steel Workpiece. Magnification x 5

/

CTTTRTCT

E ..
! N N 2 3

Fig. 2.8b.

Broken chips cut by a 4 TPI blade. 50 mm wide
Mild Steel workpiece. Magnification x 5.



Fig. 2.8c. Curly chips cut by a 4 TPI blade.
50 mm wide Mild Steel workpiece.
Magnification x 5.



Direction of cut

Tooth

Chip

The sketch shows the orientation of the chips
in the gullet.

Fig. 2.9 (a-b) Hacksaw chips cut by a 10 TPI blade.
50 mm wide mild steel workpiece.
Magnification x 30.



(c) (d)

Direction of Cut

TOOTH

CHIP

The sketch shows the orientation of the chips
in the gullet.

Fig. 2.9 (c-d) Hacksaw chips cut by a 6 TPI blade.
50 mm wide mild steel workpiece
Magnification x 30.



Directioax of cut

TOOTH

The sketch shows the orientation of the chips
in the gullet.

Fig. 2.9. (e-f) Hacksaw chips cut by a 4 TPI blade.
50 mm wide mild steel workpiece,
Magnification x 30.
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8.5 gl

-
Bt
=
L

2 D]

©

=7
L
e

80 mm
-

”~
Id
7

Z

Fig. 3.2. TOOL HOLDER for individual hacksaw teeth

: see Fig. 3.1.
The hacksaw tooth is clamped in the 2.5 mm
'slot by two' grub screws.



Fig. 3.3. Close up of Bridge and D.T.TI.
arrangement, for measurement of
undeformed chip thicKness.



TOOL HOLDZR

oL
WORKPIECE DIRZCTION OF
b3 CuT
C - DYNAMCMETZR .
¥ MEASURING THRUST
T AND CUTTING
FORCE

UNIVERSAL MILLING TABLZ (

AMPLIPIERS X - Y PLOTTER

Fig. 3.4. Original design for single tooth and gullet test.
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Fig.

Fig.

3.7(a).

3.7(b).

Equipment used for method 3 of the
simulation test.

Close-up of the workpiece, reference plate,
force platform, and flat plate. Also shown
a tooth held in the holder and secured to
the headstock of the miller.



ALL DIMENSIONS
NOT MARKED, AS
FIG.3.1.

— e w———

mm

|
2 b 7/ .
7

Modified gullet
Perimeter

Unmodified gullet
perimeter

Fig. 3.8. 10 TPI tooth as new and with modified gullet.
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The chip curls tightly initially

B
The chip starts to curl again when contact is
made with the gullet.

C
The Chip cannot curl further thus its flow up
the rake face is restricted.

D

Material builds up in front of the chip, because it
cannot flow up the rake face.

Fig. 3.12. Sketches of stages in chip formation in a 10 TPI
gullet, cutting mild steel at 95 mm/min. A,B,C and
D relate to points on fig. 3.9.
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Chip curls unrestrained by gullet

Chip stops flowing up the rake face because
it can no longer curl

Material has piled up in front of the chip
because it cannot flow upwards

Fig. 3.14b. Chip Formation in 10 TPI Gullet
A, B and C relate to points on the Force

Trace fig. 3.14a.
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CHIP

Chip curls unrestrained by gullet

Chip has stopped flowing up the rake face,
because it can no longer gurl and has started
to’ thicken. ‘

Material has piled up in front of the chip
because it cannot flow upwards.

Fig. 3.15.b. Chip Formation in a 10 TPI Gullet

A, B and C relate to points on force
trace fig. 3.15.a.



UNDEFORMED CHIP THICKNESS (w0

116.3
(]
L

o —
+ oo Y e

© —0— 10 TP1

T T T T 7 T T 7 T T T 1
0.00 23.00 50.00 75.00 100.00 125.00 150.00

THRUST FORCE / TOOL WIDTH (N/MM)

Fig. 3.16. 4, 6 and 10 TPI Tooth and Gullet
Cutting 50 mm Mild Steel Workpiece.

Cutting speed 95mm/min
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Fig.3.18. SEM photograph of a chip cut by a single 4 TPI hacksaw
tooth at 95 mm/min. 50 mm wide mild steel workpiece.



Fig. 3.19.

Chips produced cutting mild steel with single hacksaw
teeth at 95 mm/min. 50 mm wide workpiece.

Magnification x 30



L.ateral Deformation

Crack

Discontinuity
on front
of chip

Flow along
shear plane

crack on machined
surface

Workpiece

Fig. 3.20. Diagra@ of 'Non-Built-Up-Edge' chip
formation at low speeds, as described by
K.L. Chandiramani and N E Cook (ref. 12.)



Fig. 4.1. The Screw Cutting Lathe used in the
single tooth tests at realistic cutting
speeds.



100

Fig. 4.2. The holder for the single hacksaw teeth
in fig. 3.1. Dimensions in millimetres.



WORKPIECE HOLDER

CLAMP

Fig. 4.3. Workpiece holder for Single Tooth Tests
at realistic cutting speeds.

(Workpieces fig. 4.4.). Dimensions in mm.
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:::1
O O O = E
3
] |[Emm
- A -
{
Length of cut 75 50 25 12
(mm)
IDimension A(mm) | 72 48 24 11.5

Fig. 4.4. Workpiece dimensions for single tooth
tests at realistic speeds




Fig. 4.5.a. The Instrumentation used for the
Single Tooth Tests at realistic

cutting speeds.



Workpiece

éZTool and
Holder
. Fp
Force Platform %7
Fv

Cross Slide

Digital
Storare - Amplifiers -
Oscilloscope - v -
] Y
A 'A/D Converter
TN pe

Apple IIX
Microcomputer

X-Y Plotter and Disk Drive

Fig. 4.5.b. Diagrammatic Lay-out of the Instrumentation
used for the Single Tooth Tests at realistic
cutting speeds.
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Fig.

4.7,

and

(N3 137 2)

THRUST FORCE

(KN/MM12)

SPECIFIC THRUST PRESSURE

3

Workpiece:- Aluminium 50mm

Cutting speed:- 30 m/min
Std. 4TPI tooth

(a)

— k= e
o - N

O

2 3 4 S 6 2 8 S 10 11 12 15

UNDEFORMED CHIP THICKNESS (MM*101-2)

' //}/4 (b)
< .o 4 :

5% 4 S 6 7 8 9 10 11 12 13

UNDEFORMED CHIP THICKNESS (MM101-2)

The performance of a 4 TPI tooth cutting aluminium
a) showing thrust force/unit width of tooth v UCT
b) showing specific thrust pressure Vv UCT.



11} Workpiece:- Aluminium 50mm
, Cutting speed:- 30 m/min
Std. 4TPI tooth

SPECIFIC THRUST PRESSURE (KN/MM!12}
@

6T T S 5t 6§ 7 8 9§ 10 11 12 13

UNDEFORMED CHIP THICKNFSS (MMx]10t-2]

Fig. 4.8. The performance of a 4 TPI tooth cutting
aluminium 10} .
and the performance of a 6 TPI tooth cutting aluminium g

Length of cut 50 mm




120

11l Workpiece:- Aluminium
S 1a) Cutting speed:~ 30 m/min
z
S g Std. 4TPI tooth
=
w 8
=
@

@ 7

tJ

« 6l

@ s

= s

- 4

o

o3

S o B,

& LR . .
1 R e
0 N

0T 2 5 4 § 6 7 6 § 10 11 12 13

UNDEFORMED CHIP THICKNESS IMM*ID?—Zj

Fig. 4.9. The performance of a 4 TPI tooth cutting
aluminium at three different lengths of cut.

¢© 75 mm
8 50 mm
A 25 mm



10TPI

4 TPI

Fig 4.10 Some Mild Steel Chips Produced by Single Hacksaw
Teeth Cutting at a Realistic Cutting Speed
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61

- (KN)

Fig. 4.11.

CUTTING

/////?ORCE

|__——THRUST
FORCE

Cutting and thrust *orce traces for a
standard 4 TPI Tooth Cutting 25 mm of
Mild Steel. Undeformed Chip thickness
0.071 mm
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T 12

l 1 -
1 l Workpiece:~ Aluminium 75mm

101 Cutting speed:- 30 m/min

9

Std. 4TPI tooth

SPECIFIC THRUST PRESSURE "KN/MM12]
[o4)

01 2 5 & 5 6 7 8 & 10 11 12 13

UNDEFORMED CHIP THICKNESS (MM#101-2)

Fig. 4.13. Performance of a standard 4 TPI tooth

cutt%ng Aluminium. Length of cut. 75 mm.
Cutting speed 30 m/min.



(KN} /*’*”~"“‘"“‘“"‘"~"ﬂ~\
0 ' |

75 mm

(a)

(KN)

(b)

111

1-01

0- (c) ~——

Fig. 4.14. Thrust force traces for points X, Y and 2 in fig.4.13.
Trace (a) is for point X, (b) is for point Y and
(c) is for point Z.



Fig. 4.15. Chips relating to points X, Y and Z in 4.13
Chip (a) relates to point X, (b) to point Y, and
(c) to point Z.



SPECIFIC THRUST PRESSURE (KN/NN12)

Workpiece:~ Aluminium 75mm
Cutting speed:- 30 m/min
Std. 4TPI tooth

2 3 4 S & 7 8 8 10 11 12 13

UNDEFORMED CHIP THICKNESS (MM*101-2)

Fig. 4.16. Graph showing, for a standard 4 TPI tooth

and

cutting aluminium

a) the average performance over each cut,
b) the instantaneous maximum specific thrust
pressure, x

c) the instantaneous specific thrust pressure
before restriction of chip flow occurred. o

Length of cut 75 mm. Cutting speed 30 m/min.



Fig. 4.17. Aluminium chips cut by a) a standard 4 TPI tooth
and b) a standard 10 TPI tooth

Undeformed chip thickness for a) was 0.04 mm
and for b) was 0.039 mm

Length of cut for a) was 75 mm
and for b) was 12 mm

Cutting speed 30 m/min






LENGTH OF CUT AT WHICH CHIP RESTRICTION OCCURRED (mm)

(L)

s 4 TPI 75 mm Workpiece
@l 4 TPI SO mm Workpiece
@ 4 TPI 25 mm Workpiece
8| 6 TPI 50 mm Workpiece
. +| 6 TPI 25 mm Workpiece
x| 6 TPI 12 mm Workpiece
] ¢/10 TPI 25 mm Workpiece
50 ' ©{10 TPI 12 mm Workpiece
Typical
40 thrust force
trace.
1 L ]
start of enrd of
cut cut
30 1 The iasert s.aows how L was determined from
the experimental data., Y is the point at
which restriction of chip flow first occurred.
20 1
10 1
X
0 v T T N v ji
0 2 4 6 8 10 12

UNDEFORMED CHIP THICKNESS (mm X 10_2)

Fig. 4.18. Graph showing the length of cut at which chip
flow was first restricted in standard 4, 6 and 10

TPT teeth cutting aluminium at 30 m/min.
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11} 3
3 Workpiece:- Mild steel 75mm
%‘0} Cutting speed:- 30 m/min
Z 9 Std. 4TPI tooth
w 8}
o
a
@ 2l
w
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w 3
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cu i 2 5 4 S 6 7 8 9 10 11 12 13

UNDEFORMED CHIP THICKNESS (MM%101-2)

Fig. 4.20. The performance of a standard 4 TPI tooth

cutting mild steel. Iength of cut 75 mm.
Cutting speed, 30m/min.



' 75 mm

Fig. 4.21. Chip and Associated Thrust Force Trace
for a standard 4 TPI tooth cutting a
75 mm Length of Mild Steel. .
Both the chip and force trace relate to



Fig.

1 Workpiece:- Stainless steel 75mm
10 Cutting speed:- 30 m/min
9 Std. 4TPI tooth

SPECIFIC THRUST PRESSURE (KN/MM12)
m

o 1 2 3 4 S 6 7 8 9 10 11 12 13

UNCEFORMED CHIP THICKNESS (MMxi0t-2)

4.22. Performance of a standard 4 TpI tooth
cutting Stainless Steel. Length of cut
75 mm. Cutting speed 30m/m1n.

P i



ol L

Fig. 4.23. The thrust force trace relating to point X
on fig. 4.22.

Fig. 4.24. The chip relating to point X on fig. 4.22.
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CHIP

';t. TooL

Fig. 5.6. Diagram showing the geometrical relationship

between the cutting and thrust forces and
the force acting along the shear plane.
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Cutting force per unit width of tooth (N/mm)

3001

Theoretical o
_B---0""

’e./

Experimental

100

0 ' 1 o 2 3

Travel after chip flow has been restricted (mm)

Fig. 5.8a. Theoretical & experimental values of cutting
force subsequent to chip flow restriction
occurring, for a standard 4TPI tooth cutting
aluminium. Undeformed chip thickness is
0.067 mm, :



Cutting force per unit width of tooth (N/mm)

3004 |
Experimental
V’
’/,
0
0_-00“-—0’, .
el Theoretical
2004 _o—=%
va
100 -
0w T T 1]
o 1 2 3

Travel after chip flow has been restricted (mm)

Fig. 5.8.b. Theoretical & experimental values of cutting
forces subsequent to chip flow restriction
occurring, for a standard 6 TPI tooth cutting
aluminium. Undeformed chip thickness is
0.074 mm.



600+ .

300

Cutting force per unit width of tooth (N/mm)

200

Travel after chip flow has been restricted (imm)

Flg. 5.8c. Theoretical & experimental values of cutting
force subsequent to chip flow restriction
occurring, for standard 4 TPI and 6 TPI teeth

cutting mild steel.

4 TPI 0.093 mm Undeformed chip thickness
6 TPI 0.068 mm Undeformed chip thickness
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5 Workpiece:- Nild steel 25mm
Cutting Speed:- 30 m/min

A Std. 4TPI tooth

THRUST FORCE (Nx1012)

s %t & 5 8 § 1o 11 1z 13

UNDEFORMED CHIP THICKNESS (MM%101-2)

Fig. 6.1. Single tooth data used to predict
sawing times, showing thrust force per
unit width of tooth v. undeformed chip
thickness for standard 4 TPI tooth
cutting a 25 mm long mild steel workpiece
Cutting speed 30 m/min.
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10 mm

1"e

T v aan cup wup e - -

FIG 7.1 »
4 TPI tooth having no restricting gullet with;-

a) a zero degree rake angle
& b) all° rake angle



10 mm

i

10
p———

Pig 7.2 Standard 4 TPI Tooth/Gullet Geometry with:

(a) a zero degree rake angle; and
"(b) a 10° rake  angle
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I

_ 14 Workpiece:- Mild steel 50mm
T
10
= Cutting Speed:- 30 m/min
z 9
-~ 7 No restricting gullet
w 8 a
oc
2 7 \ & 0° Rake angle
@ .
s (o]
= ¢ \. B8 11° Rake angle
- b\ '
02] \
e }
o
I
!—.
(&}
w
G
[{X)
a.
Lz

0 . . -

0 1 2 3 &4 S 6 7 8 9 10 11 12 13

UNDEFGRMED CHIP THITKNESS (MM%101-2)

Fig 7.3 Performance of Hacksaw Tooth (4 TPI) with no
Restricting Gullet:

(a) with a 0° rake angle; and
(b) with an 11° rake angle

Mild Steel Workpiece, Length of Cut 50 mm
Cutting Speed 30 m/min



12

11l Workpiece:- Mild steel 50mm
10 Cutting speed:- 30 m/min
9

Std. 4TPI tooth

\ & 0° Rake angle
[\ B 11° Rake angle

@ o N ©
e

o

" T . a
.\'x.\\?h.L_‘ T—_'::‘_"/,/‘
\“‘,:___'__,!-’ﬂr" b

N o

SPECIFIC THRUST PRESSURE (HN/MM12)

1 :

0123456789]0111213

UNDEFORMED CHIP THICKNESS (MMx101-21

Fig. 7.4 . Performanceoof a standard 4 TPI tooth
a) with a O 0rake angle.
and b) with a 10~ rake angle,

Mild Steel Workpiece, Length of cut 50 mm
Cutting speed 30 m/min.



Workpiece:- Mild steel 50mm
Cutting speed:— 30 m/min

No restricting gullet

1 | S |

O 0° Rake angle
+ 11° Rake angle

ESP (KN/mm?)
>

)
D]
oo
af
S
Pl
T
3}
[RAE
I 0
=
1=
[y
Pose
[y
[

. ~2
Undeformed chip thickness (mm x 10 °)

Fig 7.5 Specific Cutting Energy V Undeformed Chip
Thickness, for Single Hacksaw Teeth having no
Restricting gullet. Workpiece Mild Steel.
Length of Cut 50 mm.



Fig 7.6

x4 Magn-

Single Hacksaw Teeth Having a Single Radius Root:

(@) 1.25 mm radius
() 1.50 mm radius
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Fig 7.8

SPECIFIC THRUST PRESSURE [KN/MM12)

SPECIFIC THRUST PRESSURE (KN/MM!2)

10 <& 175 Rad

o Workpiece:- mild steel
8} :
Cutting speed:~ 30 m/min
7#
6| Modified 4TPI tooth -
S} a
4] o
3
a L
e o [ ]
1
0 - $ = "
0 1 2 3 & § 6 272 B8 9 10 11 12 i3
UNDEFORMED CHIP THICKNESS (MM&101-2)
12[ )
. B Std 4TPI tooth
10 <& New tooth
g9 Workpiece:— mild steel
8 Cutting speed:- 30 m/min
71
6 b
S
4
3
2
* ®
l e
D e

0 1 2 5 & § 6 7 6 § 10113233

UNDEFORMLD CHIP THICKNESS (MM%10%-2)

The Performances of:

(a) the Single Root Radius Teeth, Fig 7.6; and
(b) the New Tooth/Gullet, Fig 7.7

Compared to the Performance of a Standard 4 TPI
Tooth Cutting a 50 mm Workpiece.



Fig 7.9 The Single Teeth Shown in Fig 7.6 with Chips
which have Curled to the Same Radius as the
Roots. There is Sufficient Spring in These
chips to Prevent Them from Falling Out of the

Gullet.



4 mm

Fig 7.10 chip Created by a Hacksaw Tooth having no
Restricting Gullet.



(a) A thin chip which has curled tightly

(b) A thicker chip which could not curl as tightly as (a)

Fig 7.11 Chips Produced by the New Tooth/Gullet, Fig 7.7



SPECIFIC THRUST PRESSURE (KN, MM

Fig 7.12

11]
10
Workpiece:- Mild gteel T75mm

94

g Cutting speed:- 30 m/min

2 _ 0 Std. 4tpi tooth

. )

6 & New tooth

5]

4

3

2 0. 4y * S - )] ‘—-"‘.

l‘ L J

oL . . - . e

0 1 2 3 4 5 6 7 8 8 10 11 12 13

UNDEFCRMED CHIP THICKNESS (j4}#4101--2)

The Performances of:

O Standard 4 TPI Tooth/Gu}let; and
& the New Tooth/Gullet, Fig 7.7

Cutting a 75 mm Mild Steel Workpiece



11 Workpiece:~ Aluminium 25mm !

10, Cutting speed:- 30 m/min

8 @ Std. 4TPI tooth
<& New tooth

SPECIFIC THRUST PRESSURE (KN/MMt2)
2]

0 . i " o —

01 2 5 4 s 6 7 8 8 10 11 12 13

UNDEFORMED CHIP THICKNESS (MMx101-2)

12
1 Workpiece:— Aluminium 50mm
!
;z; 10] Cutting speed:- 30 m/min
=9
x [
; g [ Std. 4TPI tooth
5 © New tooth .
2 ol
i)
& 6

-
L}

THRUS
b

SPECIFIC

0 — + - + i e

0T TS TS A TS 6 7 8 9 10 11 1z 13

UMDEFORMED CHIP THICKNESS (MM*101-2) o
Fig 7.13 The Performances of:

a Standard 4 TPI Tooth/Gullet; and
the New Tooth/Gullet, Fig 7.7

Cutting 25 and 50 mm Aluminium Workpieces

The difference in performance between the std, tooth and
the new tooth at low undeformed chip thicknesses is
due to a difference in the cutting edge radii
of the two teeth



APPENDIX 1

Tooth Size

The author has measured the height of 48 consecutive teeth
on a new 350 x 32 x 1.6(6) hacksaw blade. Each tooth height
was measured relative to a datum plane using a dial gauge

which measured to 0.001 mm. Table Al.l1l shows the height of

each tooth relative to the tooth preceding it.

The maximum difference in height of the teeth measured was
0.118 mm. This is large compared to the average undeformed

chip thickness per tooth (0.002 - 0.03 mm) (1,2).



Blade: 6 TPI

TOOTH NO

Voo wNhH

TABLE Al.l

SET

Straight
Left
Right

Straight

Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right

‘Straight

Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right
Straight
Left
Right

HEIGHT DIFFERENCE
'FROM PREVIOUS TOOTH
(mm)

-.051
T +.042
-.014
-.08
+.049
+.079
-.102
+.041

: +.069
-.134
+.023
+.035
-.090
+.041
+.021
-.072
+.012
+.041
-.090
+.031
+.009
-.042
+.033
+.024
-.077
+.047
+.015
-.077
+.054
+.042
-.095
+.056
-.039
-.095
+.063
+.059
-.109
+.015
+.104
-.075
-.002
+.040



TOOTH No SET HEIGHT DIFFERENCE
: FROM PREVIOUS TOOTH

(mm)
43 Straight -.091
44 Left +.022
45 Right +.118
46 Straight . -.088
47 Left +.066
48 Right +.008

48 teeth = 8" of blade



APPENDIX 2

High Speed Photography of Hacksawing

a2.1

The Filming Rig

There are two physical problems which have to be
overcome in order to film chip formation in

hacksawing.

Firstly, the saw cuts in a slot and is therefore
hidden from view during cutting. This problem was
overcome by cutting on the end of a bar, Figure
2.1. (The guides on either side of the workpiece
prevented the blade from running out and the glass

prevented the chips from escaping from the gullets

during the cut).

The second problem wés related to light. Filming
at high speeds, in_this case 1000 frames/sec,
requires a lot of 1ight because the exposure time
per frame is very short. The high magnification
required also reduced the amount of light
available. The close proximity of the lens to the
workpiece caused the external light sources to be
shone at an oblique angle to the viewing axis which
caused shadows to be thrown by the teeth on the

gullet area and therefore the chips.



a2.2

The mirror arrangement, FigureAZ.l, was used to
shihe 1igh£ parallel to the viewing axis. The

centre of the mirror was not silvered so as to

allow light reflected from the chips to‘pass

through the mirror to the camera.

Discussion of Films

High speed photography is expensive; at 1000
frames/second, a 100 ft film lasts only about 5

seconds. The cost was therefore too high for an

extensive study of hacksawing to take place by this

"method.

However, the films did corroborate the following

claims made in the main text of this thesis:

1 Some teeth cut significantly more material than

others in the blades new state (Figure A2.2).

2 The saw removes most material at mid stroke

when the thrust force is at its highest.

3 Chip flow is restricted by the gullet causing

inefficient chip formation (Figure A2.3).
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Fig. A2.2. Frame from high-speed film of a 4 TPI
hacksaw blade cutting. Only one tooth is
cutting.



Fig. A2.3. Frame from high-speed film of a 4 TPI hacksaw
blade cutting

The indicated chip is forming inefficiently.



APPENDIX 3

Hacksaw Tooth Strength

A3.1

A3.2

Introduction

Before designing a new tooth and gullet it is
necessary to know whether the tooth is strong
enough to cut. A theoretical analysis‘has been
made of tooth strength and a short computer program
written to show the principal stresses caused by’

cutting, at various planes in the tooth.

Theoretical Analysis

The aim of the analysis is to estimate the maximum
principal stress in a hacksaw tooth, given applied
cutting and thrust loads, and compare this with the

fracture stress of the tooth.

Figure A3.1 shows the cutting and thrust force
components, which are assumed to be concentrated at
the cutting edge, acting on a standard all-hard
hacksaw tooth. It has been assumed in the analysis
that the tooth is triangular, ie the rake and
clearance faces are straight, which will result in

an over-estimation of principal stress.



A3.2.1 The stress caused by the cutting force

component:

1l Stress due to shear, Ogv

|

sv 23.1

0 1

is the shear stress at a particular

where Ogy

cross section,

F, is the cutting force component

v
(Figure A3.1);
and H is the cross sectional area at which

g occurs.

sV

However,
ﬁi = t.d _ -~ a3.2
where t is the thickness of the tooth and 4d is

the width of the tooth (Figure A3.1).
d =L + x.tan0 - x.tana A3.3

where L is the width of the tooth at the
cutting edge:
X is the height at which 0gy Occurs
o is the rake angle

and 0 is the wedge angle
Substituting A4.2 and A4.3 in A4.1:

Ogy = Fv A3.4
t(L + x(tan0 - tana)




A3.2.2

Bending stress (caused by the cutting force

component) :

- Mv.d/2
I
where 0, is the bending stress at distance x

from the cutting edge. M, is the bending

v
moment due to F,, and I is the second moment of
area of the tooth at distance x from the

cutting edge,

therefore:

|
b4
b
Q,

N
N

Opy =

- 6.Fv.X
= A3.6
%bv t (L + x(tan0. - tana) ¢

The bending stress due to the thrust force

component.

o = Fp 4 Mp.d/2
bp I

where °bp is:the bending stress due to the thrust
force component.
Mp is the bending moment due to the thrust

force component = Fp.d/2.



Therefore:

4] = Fp + i;gg
bp t(L + x(tan0 - tana) t.d

= 4.Fp A3.7
t(L + x(tan0 - tana)

a3.2.3 The total stress due to bending:
Ub = va - pr A3.8
where oy is the total stress due to bending.

Therefore, substituting A3.6 and A3.7 in A3.8:

0L = 6.Fv.x _ 4.Fp
b t(L + x(tan0 - tana)2 t(L + x(tan0 - tana)

- 6.Fv.x - 4.Fp (L - x(tan - tan )
t(L + x(tan0 - tana) A3.9

A3.2.4 The principal stress at a height

]

- ob 1 2 2
01 = 7— + i Ob + 4OSV A3.10

where o) is the principal stress at height x.
Calculating 0, for different values of x, O, L, Fy
and Fp requires a computer. The program, listed
at the end of this appendix, will run on an Apple
microcomputer and permits a, 6, L, F, and Fp to be
varied, giving values of 0gy/s Opyr %bp’ b and 04

for values of x ranging from 0.5 mm upwards in

steps of 0.2 mm.

A.9



Table A3.1 shows the principal stresses calculated
by the program for a standard all-hard 4 TPI
hacksaw tooth. The values of Fyr 1000 N and Fp,
700 N, are taken from the single tooth and gullet
cutting data (Chapter Four) for a high undeformed
chip thickness cutting a 50 mm mild steel
workpiece. The highest value of principal stress
is 1102 N/mmz. This is lower than the blade
-material's fracture stress of 2 KN/mmz, which

'implies that the tooth is strong enough to cut at

the specified forces.

A3.3 Deflection of a Standard Set Tooth

The set teeth on a hacksaw blade are subjected
during cutting to a net force which deflects the
teeth away from the side of the slot on which they
are cutting. This reduces the overall set on the
blade. A theoretical analysis has been made to
estimate the deflection of a hacksaw tooth given a
side loéd W, assumed to be concentrated at the

cutting edge.

It is assumed that the tooth is triangular, Figure
A3.2, and that it is rigidly supported where it

joins the body of the blade.



a3.3.1

The deflection yb due to bending:

ax2  E.I

where M is the bending moment
E is Young's modulus for the tooth material

X is the distance from the cutting edge

and I is the second moment of area.
Therefore:
dgyb - 1l2.W.x A3.11

dx?2 bd3.E

where W is the load
b is the width of the tooth

and d is the thickness of the tooth

However:
b = x(tan0 - tana) A3.1l2

where a is the rake angle

and 0 is the wedge angle -
Therefore, substituting A4.12 and A4.1ll:

d2yb _ 12 W.X e A3.13
. dx2 (tan0 - tana).d3.E

where C is a constant.



applying boundary conditions:

)

.d_ztl= =
= 0 when x h

‘Therefore: C = -12.W.h A3.14
(tan0 - tana) d3.E

Substituting A3.14 in A3.13:

dyb - 12.W.x - 12.W.h

dx (tan0 - tana) .d3.E
Therefore:
2
yb = G.W.X - lZ.W.h + Cl A3.15

(tan0 - tana).d3.E

where C; is a constant.

Applying béundary conditions:
yb = o when x = h

Therefore:

6 .Wh? o A3.16
(tan0 - tana).d3.E

C1=
Substituting A4.16 in A4.15:

yb = 6W (x%2 - 2.h.x - h?
(tan0 - tana)d3.E

Maximum deflection due to bending occurs at the

cutting edge of the tooth, when x = 0.



A3.3.2

Therefore the maximum deflection due to bending

= 6. Wh 2 A3.17
(tan0 - tanu)d3.E

The deflection due to shear Yoo of a set tooth at

- a distance x from the cutting edge.

N

The average shear stress, = T b

h
= _W__ 3.18
¥s = 1[ gan & A

X

where G is the shear modulus.
However:
b = x(tan0 - tana) ' A3.19

Substituting A4.19 in A4.18:

j=

Y, = L

X
S G.d.(tan0 - tana) X d

Therefore:

- W.ln(h) - 1n(x) A3.20
s G.d. (tan0 - tana) ‘

The maximum deflection occurs at the cutting edge

when x = o. However, this gives a meaningless
value of deflection when used in equation A3.20.
Therefore, a value close to the cutting edge must

be taken, for example when x = 1 micron.



A3.4 "

A3.4.1

The maximum deflection of a set tooth, y can be

~estimated by combining the maximum deflections due

to bending and shear (equations A4.17 and R4.20).

6.W.h2 _ W.1ln(h) A3.21
(tan0 - tana)d3.E G.d.(tan0 - tana)

y =

However, G is very large and therefore the second
term in A4.21 can be ignored, giving:

6.W.h2 A3.22

y = 3
(tan0 - tana)d-.E

Deflection of a Non-Standard Hacksaw Tooth Having a

Primary and Secondary Clearance Angle

The analysis in Section A3.3.1 has to be extended
in order -to estimate the deflection of a hacksaw
tooth form having both a primary and secondary
clearance angle, because the cross-sectional area
of the tooth is not directly proportional to its

distance from the cutting edge.

It is assumed that the primary clearance angle is
0° and that the tooth is rigidly supported where
it joins the body of the blade. The rake face and
secondary clearance face are assumed to be flat.

Figure A3.3

The deflection due to bending, yy

d%yb _ M
ax2 E.I

A.1l4



where M is the bending moment = W(x-a)
E is Young's modulus
- ba3

I is the second moment of area = o

X is a distance varying between 'a' and
'h' (Figure A3.3)

a is the distance OB, Figure A3.3

b is the width of the tooth = x(tan@ - tana)
d is the thickness of the tooth

a is the rake angle

- and 0 is 90° - the secondary clearance angle

Thus:

a2yb _ 12 W. (x-a)
dx2 x(tan0 - tana)d3.E

12 RW(l - &)
X

1
(tan0 - tana)d3.E

where K

Therefore:

b
X

:

12 KWx - 12 K.W.a In(x) + C A3.23

o}

where C is a constant.

Applying boundary conditions:

dyb - o when x = h
dx
Therefore C = 12.K.W.a 1In(h) - 12 K.W.h A3.24



Substituting A3.23 in A3.24:

gxb‘ = 12.K.Wx - 12 K.W.a.ln(x) + 12 K.W.a.ln(h)
- 12 KoWoh
Therefore:

Yp = 6 KWx? - 12 K.W.a.(x.lnx-x) + 12 K.W.a.ln(h).x

- 12 K.w.hx + C A3.25
Where C is a constant.
Applying boundary condiﬁions:
Yp = 0 when x = h
Therefore:

C = -6 KWh2 + 12 K.W.a.(h.1n(h)-h)

- 12 K.W.a.h.1lnh + 12 K.W.h? A3.26
Substituting A3.26 in A3.25:

Yp = 6 Kw(x2 - 2a(x.lnx-x) + Za.lnh.x-ZJLx.-hz

+ 2a(h.lnh-h) - 2.a.h.lnh + 2h?)

s

Maximum deflection due to bending occurs at the

cutting edge when x = a.

Therefore, the maximum deflection:

6 KW(a2 + 2a2 . 1lna + 2a2. lnh - 2.a.h.-h%-2a.h

+ 2a.h.lnh - 2ah.lnh + 2h?%)

6 KW(3a2-2a2.ina + 2a2.1lnh - 4ah + h?) = a3.27



'A3.4.2 Deflection due to shear, Yg-

Equation A4.20 can be used to find maximum
deflection due to shear. For a tooth having both

a primary and secondary clearance angle maximum

deflection occurs when x = a (Figure-A3.3).

Thus:

W.1ln

Maximum Yo = o—5—Ttano

A3.28

||

tana)

A3.3 Total Deflection at the Cutting Edge

Total maximum deflection, y, is calculated by
summing the deflection due to bending and shearing

(equations A3.27 and A3.28).

Thus:

y = 6 KW(3a2 - 2a2.1lna + 2a2.1lnh-4ah+h?)
h

+ W.1ln a -

G.d.(tan0 - tan a)

A3.29

However G'is very large and therefore the second

term in equation A3.29 can be ignored.'
Thus:

y =6 KW(3a2 - 2a2lna + 2a? . lnh—4ah+h2)



A3.5

Errors Caused by Assumptions

The assumption that the rake and clearance faces
are straight, causes the estimation of tooth width,
where the tooth joins the blade, to be under-
estimated. Thus, calculated values of principal
stresses will be over-estimated, as will values of

deflection.

The assumption that the primary clearance angle is

- zero, section A4.4.1, will cause an under-

estimation of tooth deflection, which will be
negligible if the primary clearance angle is small,

ie less than 25°.
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Cross section at height x

Fig. A3.1. Diagram of tooth considered for determination of

tooth strength.
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Cross section at

distance x from cutting
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A3.2. Diagram of tooth considered for determination of
deflection of a set tooth subjected to a net force W

at its cutting edge.
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A3.3. Diagram of tooth considered for determination of
deflection of a set tooth, having a primary and
secondary clearance angle, subjected to a net force

W at its cutting edge.



TOOTH WIDTH 2

POINT WIDTH 1.5

RAKE ANGLE 10

BACK ANGLE 26

V FORCE 1000

P FORCE 700

SHEAR BENDING BENDING BENDING PRINCIPAL ANGLE HEIGHT

STRESS STRESS STRESS STRESS STRESS

(V) (P) TOTAL

301 547 845 ~299 187 =27 .5
291 711 814 -104 243 -11 .7
280 851 786 65 315 6 .9
271 ' 971 759 212 397 21 1.1
262 1074 734 339 482 , 32 1.3
254 1162 711 451 565 ' 41 1.5
246 1238 689 548 642 48 1.7
239 1302 669 633 713 52 1.9
232 1357 649 707 777 56 2.1
225 1404 631 772 834 59 2.3
219 1444 614 830 884 : 62 2.5
213 1478 598 880 929 64 2.7
208 1506 582 4 923 968 65 2.9
202 1529 567 962 1003 67 3.1
197 1549 553 995 1033 68 3.3
193 1565 540 1024 1059 - 69 3.5
188 1577 527 1049 1082 70 3.7
184 1587 515 1071 1102 71 3.9
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A4.2

APPENDIX 4

Program Listings

Listings of the tabulating and graphics programs
are not given, because the output comamnds are
specific to the equipment which thé author had
available, and will not therefore, be of general

interest.

Computer Programs used in the Single Hacksaw Tooth
Tests at Realistic Cutting Speeds

This appendix contains listings of BASIC programs
written by the author for the storage and
manipulation of data obtained from the test rig

described in Chapter Four.
The function of each program is described below:

1 The "Sample Program" calculates the average and
maximum cutting and thrust forces created by
each test cut, and stores the data on disk. The,
data for the calculations is read from a storage
oscilloscope via a Mountain Com. Inc. A/D

converter.

2 The "Calculations Program" calculates from the
weight of each chip and the data created by the
Sample Program, and the volume of chip material

removed, the undeformed chip thickness, the

A.20



specific cutting energy, the average cutting and
thrust force per tooth thickness. This data is

stored on disk for subsequent analysis.

The "Tabulating Program" is used to obtain hard

copies of the data stored on disk.

The "Graphics Program" is used td compare data
from different tests. Graphs can be drawn on a
monitor and hard copies can be taken. The data
used is that stored on disk by the Calculations

Program.



T o
Rt bt

R L G B e A e e s

PRI el SRR OBCLLLOs O
A0 Dl !
SDIE OV

RURT
I
IR

A

Rar mEe

Flednd F )

FroMy v

|Z'Z'

-
R
: FRLMT
FRIMT & R

SN,
SRy
PR
FrreEl ]

il 1

" o

Gl CUL T DS
FYiLE

w

1000

RRER I

00
AoFiy
PAEnD

sl LNG

R AL LR U Lika HOUR =R UM Ido.

CHER
SLOT

&HO
70

L9

80 N = oG e la) 4+ HANMEL

70 KRR TALN SEMFLES FROM CHARNPZL Q% fekws
100
L1

LoTn s
START GOMVERS LU %6505
EE(AD)
D CONVERTED
T
FRCREATE TLME DELA S 008830
Jo= 4 Tu 8T

-t K

LG ML #3 % %
140
150
1&O
165
170
180
270

®ROBTATN FROM CHANMMEL O FOR SAMFLE S ##iase

I TG
wRGT AT

=

LCOMYERTED ValuEx #eraer

4,

o

S

1

T

RIES I
G 6
ENEUT "CUT  MUEER P
<k X CEAlLCUL ATE AREG UNDER GURSE % e
Oy 00/ ()
LT 2%

[ARN

ALy o

THEK Y = ¢+ 1

CESN

-
IR

I8

o= (X~ (il o S /W s

REM exCALCULATE AVERAGE CUTTING FORCE®® k&K

Ui TR

v

JEAU

GET

AR
[ i

BRINT

vedta
.

TYPE DYz =R

“@/71 COVERTER %

LINT



PG
[MEE
o Lo
RN CRD

[N

CISE FHEN Y = ¥ 4 |
BCLy o X OTHER £ o= E(l)
T

FERINT "6y

HOO i) =

GON FRINT A ‘

BLO FRINE "TYPE M OFOR MENU": GET A%
G

5

= BOLYy & 10 % OF /0 2D

TR ==

APt
I COMVERSTON FACTOR "3 UF

PO "ol
HOTO &

Pl R DL MG FV Y MG, FE - MAaX s s
PRIFUTT UpUrae i OF CUts 2y

ir ML o= O (HEM KL = M
Dir o= CHIRE (4
Ly MOREN Yy B
YWRLTE My ek

FRIMT L
FRIMT A

M1
=4 T M)
INT O 0T
TT (VERCT )
T FE LY s s PRINMT O INT (FRCTD

NEXT I
FEINT Dy "CLOSE "3
EMD

A.30.



A0
S0
GO
100

b

)
el

550
G570
580
589
550
HOO
a10
620

HA0
&G0
bHEHO
&LT0
HEO
HFO)
AR
FARS)

oL T R R il I el N I N N R R O Y

HOME
REM »#FROS. TO DO CALCULATLIONS FUR

REM #%USEE DATA IM FILES CREATED BY
FRIME ¢ FRINT @ PRINY @ PRINT "

: PRINT
PRINMT "
FRINT "

SET U
IMET WETGHTS
CORRECTTO
CoL.CULATTIOMNS
CREATE FI1LE
FIRIRT
et THER
"EOTHIEM
TSYOTHEM
"OMOTHEN  ROTO S
TETOTHEW  GOTO 8%0
AR S "EYOTHEN  GUTO 40
®¥HUALC VOLUMES
VO MR UETY (WD
= 1 T0 MW:NVO LD
#KCALC UNDEFORMED CHIF THICENESS
FOR I 1 TO NW:UCT(I) = V(D)
FEM *##CALC ESF & ESP (MAX) ##Exssrk
DIM VF MW VEHONIDY  FFAMWY  FM ORI
REM #*RECALL DATA IN FILEX#Exxxr
D# CHR# (4)

GBITE 20040
5T
GUTO

1
IF
iF
IF
IF
IF
REM
STH
FUR
REM

e
F
fyf
%2
[k

o NT(I) / ﬁN:

DA

/WD s

Fo e L0 e oy Bl -3 e e e i -

BINGLE HACESAW TEETH ON LATHE
SEAMFLINMG  FROGRAM %38 55

MEMU": FRINT @ PRINT
FRIMT

FRLNT
AT LIMT

[

=
FRINT
¢ PRINT

=L

33 1= 3

P T e e e e e 36

NEXT 1

P 1 O T R e e K

LMz MEXT I

FRINT

FRINT

ITHFUT
ORI
INFUT

D3 "OFEN "3 BF
DE; "READ "3Es
N

=1 TO N

VE ()

VMIT)
FE(I)
FrECT)

INFEUT
INFUT
INFUT
MEXT I
FRINT D#; "CLLOSE “3R#$

BIM VTN VN T (M) F UMD ES (MY, BN
FOR I 1TO WMeVT L) = VFI) / W

Vil VMIT) /7 WD

FT(I) FFE(I) 7/ WD

B FMCIY /7 WD

ES(1) YECLY 7 (Vi(Ly s

EM(I) = VMLI) /7 (vG(LY S
MEXT T

L)
LD

GOTO

HEM #%7

DM Z
FOR 1
REM
FOR T

; VT (D)

Vil) =
FT (1)
F(I) =
VoI
VFA(T)

'3

340

IS THE CUT NO. %xezgRses
(N

= 1 TO MeZ (s = L
*¥UHANGE EVERY MHIMNG
= 1 TO N

Pl X

THTOE OR 4 DIGLTS#kwx kxedgn

= INT (VT + .5)
INT (VeI + .50
= IMT (PTCIDY + 1)
IMT (FLIY + .3)
= INT (VO ® 100) + .5) / 100
=  INT (VF(I) + .5



hr gt

[ IR A

RRMN]

A3 I B W A -t
G40 UCTL) = LN CUCT (Y 5 0D L 5)
9EO EW(1) = INT (ES(L) /7 10) + .5 / 100
Qe EM(I) =  INMF ((EMCLD)Y 7/ 10) + .5) /7 100
Oas MEXT ¥
G770 REM #%HAKE FILE OF Z,WT,VE,VM,YT,V,FF,PM,PT,F,ES,EM, V0, UCT#®8x%
G0 FRINT DF; "OFEM "3 R
990 PRINT Dy "DELETE "B

1 OO0
1010

L

10264

AR
LOsO
1045
FOE0
LOOLE
1060
1065
1070
175
1080
1088
1090
1095
1100
L1550
1500
LALO
1320
1330
1500
1510
1912
1515
1520
15730
1540
1550
18560
15970
1580
1590
16HOO
1410
1&E20
1650
1H60
1670
1680
16Q0
2000

2040
2045

2030

1

FRIMT
FReLNT
(M
FRIMT
FRINT
FRINT
FRINT
FRIMT
FRINT
FRUNT
FIRINT
FOR 1
FRINT
FRIMT
FRINT
FRINT
FRINT
FRIMT
FRINT
FRINT
FRINT
PRINT
FRIMT
PRINT
PRINT
FRINT

A —
- =

NEXT I

FRINT
FPRINT
EMD

HOME @
INFUT
DIM
FRINT
FOR I
TP

Dy "OFERM
Dy "WRLTE
¥ L4y 4+ 7
e} )
B
Wn
RT
[LE
1Y)
s
.M
=
i
WL
V(T
Vil (1)
VT (1)
VI
FIFCLD)
Frcl)
FT )
FOID
ES(I)
EMCL)
VoI
ueT (1)

"y kel

"y B

TO N

O#3 "CLLOSE "“sbF -
"FILE CREATED"

FRINT : FRIMNT

"HOW MANY WEIGHTS 7
WT (NW)

" ENTER DATAH "
= 1 TO NW

WTC(IY

";MW: FRINT = PRINT

NEXT
HOME

I

: PRINT @ FRINT

FOR I = 1 TO Nz FPRINT "WEIGHT "3 I,WT(I)

IF I = 20 OR I = 40 THENM PRINT " FRESS ANY EEY TG CONTINUE"
IF I = 20 OR T = 40 THEN GET Af: PRINT

MIEXT I

THELIT
IFUF

' pRED THRESE FOINMTS Ol %P Y/M R % 2
mo OYMOTHIER GONTD g0

(F C¥F <

REM
FRLMT
FRINT
FRINT
GOTO
HOME s

"y

CHAMETME

THEN  GOTO 1600

WETGHT DATA

: PRIMT @ INPUT " WHICH WEIGHT DO YOU WANT TO CHANGE 7 ":1
s PRINT ¢ PRINT " REEMTER WEIGHT "3I :
: FRINT 2 INFUT WT(I)

1530

: PRIMT =2 PRINT @ INFUT " WN&ME OF TOOL 7 i BF

FPRIMT
IMFUT.
FRIMT
FRINT
PRIMNT
el

: FRINT @ INPUT " WIDTH OF TOOL 7? "sWD: PRINT : PRINT
"OTOOL RADIUS 7 "3 RT

: FRINT ¢ INFUT " MATERIAL 7? R ENES

: FRINT @ INFUT " DENSITY OF CHIF % GM/MM™3 "3 DN

t FRINT = INFUT " CUTTING SFEED M/MIN % "0y

s PRINT @ IMPUT " LENGTH OF CUT 7 1M "5l

GOTO 40



