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ABSTRACT

The work includeé summaries of the mechanics of wear in sliding

. systems under light loading, and severe wear mechanisms under metal
cutting conditions. Applicationé of different wear mechanisms to
cutting tool wear, and the'problems associated.with defining cutting

t00l life and failure criteria are discussed.

Applications of dimensional analysis to the metal cutting problem

are presehted and - include sections on: tool témperature, tool life /

cutting speed relationships, tool life / temperatﬁre and temperature /

time relationships, Colding's three dimensional tool life equation

and. an analysis of the Taylor consfant.”‘

The development of empirical cutting tool life equations is reviewed

and includes Taylor type relationships, equations based on the concept

of the chip equivalent and Cdidiﬁé's fooi life equgtion; The effects
of cﬁtﬁing conditions,‘tool geometry, tool material and workpiece

material on cutting tool life are considered. -

The fundamentals of sawing are outlined and the variations of modern
power hacksaw and bandsaw machines discussed. This section includes

a description of modern saw blades and saw blade nomenclature.

A comprehensive review of previous work carried out on both the

power hacksaw and bandsaw operations shows the present state of

,/
.



knowledge in this field.

.The experimental wérk based on an adaptation of Colding's three
dimensionai tool life equation forms the first thorough inveétigation
of baﬁdsaw blade wear and.its effécts on cutting rates and economiés.
Relationships between the wear rate of the band and relevant péfameters
such as bénd’speed, machine load and geometry of the workpiece are
shown. Wear rate and cutting rate have been expressed in terms of a
cutting constaht, which defines the penetration of the teeth and its
decay with use. A computér based simulation of the bandsaw operation
has been dé;eloped and used to investigate-the influence of relevant
engineering parametersion productivity and cutting economics. The
data obtained from the simulation model has been used to determine
cutting rates and costs of bahdsaw oﬁerations using c;nstant feed
rate and constant thrust léad‘principles. The data is based on tests
carried out on workpiece material classified as difficuit to cut and
trends obtained are believed to be typical of those that_would be

obtained when cutting the more common materials. For the first
time, direct comparfgons are made between carbon blades and high speed
"steel bi-metal blades under various bandsaw conditions, and the bandsaw

and power hacksaw operations are directly compared.

The inVestigation results in the following conclusions. The bandsaw
operation may be a low cost, high cutting rate operation when high
speed steel bi-metal blades are used under optimised operating

conditions. High speed steel bi-metal blades should be preferréd



.'bo.carbon. A bandsaw machine operating witlﬁ constant feedirate

is superior to one operating with a constant thrust logq,'éystem.

A reduction in the total cost ber cut can usuvally be ot;;bained;

by optimising feed rates at the expense of blade life., The bandsaw
operation can be asreconomical é,s the power hackéaw operation'w-hilst

achieving a higher cutting rate.
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1 GENERAL INTRODUCTION

More manufactured products begin life with a cut-off operation than
with any other machining method. The cut-off operation is frequently
the first of a long sequence of operations and although frequently
neglected needs, as a constituent operation in the manufacturing
cycle, to be considered and optimized in the saﬁe way as other

production processes.

Sawing is the most widely used method in performing the cut-off
function. Sawing machines that accomplish this function include
bandsaws, hacksaws and circular saws. Different machines cut with
different rates, material losses, surface finish, safety, ease of
handling, power consumption, etc. So the choice of a means of

- cut-off can be a complex one, and to complicate the choice, there
are non-sawing techniques available. Whereas all sawing involves
the cutting action of a series of small teeth, other basic V
machining methods can be adapted so that essentially the same job

can be accompiished.

This investigation is concerned with.the wear characteristics

of bandsaw blades and is based, mainly on previous work that has
been carried out on the power hacksaw process; particular attention
will be directed to these two processes in this introduction.
However, the introduction also reviews the processes of circular

sawing; high-speed sawing; friction sawing and slicing with



knife—edge bands along with some of the techniques that cannot be
classified as sawing, but, nevertheléss are used to cut-off metal

and other materials. These include: single point cut-off on a

lathe; shearing; abrasive cut-off; electric-discharge and electro-
chemical cut-off. It is felt thaf the following process reviews

will help the reader to recognise their potential use as’ alternatives

to the more wide-spread methods of band and hacksawing.

1.1> ATTERNATIVE METHODS OF CUT-OFF

1.1.1 Single Point Cut-0ff

The primary metalworking tool is the lathe, and single point

cut—off is one of the basic methods of parting stock.

Traditionally, lathe cut-off tools are thin and flat, and take a
necking-down cut. When the cut starts on the outside diameter of
the workpiece, cutting can be just as effective as normal turning,
» with high speed, good feed rate, good chip characteristics, and
:good surface finish. As the tool tip approaches the centre of the

work though, conditions get.more severe.

The first thing that happens is loss of surface speed; that is the
speed of the work relative to the tool tip, due to a decrease in
diameter. If good characteristics depend on high surface speed,

the tool is 1likely to be affected by forces and pressures beyond
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its design limits. Tool-design problems include the tendency to
jam in a tight neck (because of design or overheating), to wander
or flex, or to cut under or over centre. These problems intensify

as the tool feed nears the centre of the workpiece.

Solutions to these problems might include variable speed drive

units. But short of that, thefe are three important rules to follow.
First, the éupport to the tool must be as firm and solid as possible.
Second, fhe overhang of the tool must be kept to a minimum to

reduce deflection of the tip. Fiﬁally, the tool shape must be
strong; front relief should be as little as possible to prevent

rubbing and friction-heat build-up.

Single point cut-off operations embody another problem in that the
~tool actually parts the material continuously until breakthrough,
but unless'there is an automatic pick—off mechanism or some kind of
outboard support to keep the workpiece from moving away from the

plane of cutting, the piece will flex and damage the tool.

Special purpose cut-off lathes are available; these machines
typically spin tube stock at up to 1000 revolutions per minute,
and cut-off either with single point tools or with circular blades

mounted on the front slide.



1.1.2 Shearing

Shearing is a general name for most sheet metal cutting, but in a
specific sense, it designates a cut in a straight line completely
across strip, sheet, or bar. Good shearing depends on four factors:

blade rake, clearance, sharpness and machine adjustment.

Bar shears are availéﬁle in two general types: guillotine, with
blade support at both ends; and open-end machines. Open-end bar
shears are usually fitted with straight blades, but can have 'V’f
notched or cut out blades. Guillotine shears often have a set of
blades of various shapes, all on the same lever to allow easy

feeding.

Most tube shears work with a 'V'-shaped blade that punches through
the top wall, shears down the sides, and punches out the bottom of
the tube, all in a continuous stroke. HoWever, this action>

usually causes a nick to be produced in the end of the +tube.

'1.1.5 Abrasive Cut-0ff

1.1.3.1 Abrasive Disc

This type of operation is fundamentaly that of the grinding process.
An abrasive cut-off disc is a thin grinding wheel with thickness no

more than 1/48 the diameter.



The process is extremely fast. Typical cut-off times are 5 seconds
for a 25.4mm. diameter high speed steel round and 2 seconds for a
%8.1mm. diameter brass pipe. Cutting times depend on wheel size,

surface speed and machine horse power.

Normal grinding precautions are essential because the wheel speed
of abrasive cut-off units is very high. Most wheels are marked by
the manufacturer to indicate maximum.operating revolutions per
minute, and this statistic should be taken very seriously. At
‘recommended speed, a cut-off wheel has high radial strength, and.
there is a reasonable safety margin left to keep down the danger from
shoék and vibration induced wheel break up. If a wheel is run at

a higher speed, most or all of its strength may be taken up by
centrifugal force, and even the least amount of shock incurred when
the blade enters the workpiece could cause wheel shatter. Modern
abrasive cut-off machines are well guarded, and wheels have reserve
'strength, so the method is not particularly hazardous.

The ;ﬁeed with which material can be cut off with abrasive methods
-has its drawﬁacks. In a mechanical sense, one of these is power.
Machines with 37, 75 and 102kW. driving motors are not uncommon.
"Replacement wheels are also a factor to consider., While the initial
cost of an abrasive machine is‘often far less than that of a sawing
uwnit with similar capacity, annual abrasive-wheel costs can

occasionally exceed the cost of the machine itself.



Considerable amounts of cut-off work is done with small portable
power machines, which usually are provided with reinforced

resinoid-bonded wheels for dry cutting.

For high volume production, cut-off is done on large machines with
special coolant systems and complex materials handling systems. For
“these big machines, water or water based emulsions are used as normal
coolants, and they are applied to both sides of the wheel through
piping systems. Larger machines may incorporate.oscillators to

~help the abrasive wheel feed into the workpiece.
1¢1.3.2 Cutting With Diamond-Edge Bands

When you have to cut super hard or friable materials, -a diamond-edge
saw band can accomplish tremendous feats. These bands have a
uqiformly high concentration of industrial diamonds fused to the
cutting edge by. a special process that prevents chipping or peeliné
as tgg band flexes over the saw band carrier wheels of a high speed
band machine. They are designed especially for straight or contour
xcutting of abrasive plastics; ceramics, epoxy, fibre glass, gfanite,
hard carbons, glass, silicon, germanium, barium titanate and/many

other extensively used materials.

Diamond-edge saw bands operate at an optimum velocity of between
10 and 15m/s., hence the necessity of a high speed band machine,

they make cut-offs in heavy sections that would be impossible by



any other method. A diamond-edge saw band will cut through fibre
glass at a rate of 1—1.6cm2 /s., hard carbons at a rate of 0.86-1.7

cm2 /s. and glass at a rate of'0.2—1.6cm2 /s.

Although it is possible to perform dry diamond band sawing, it is
usually carried out with flood coolant because the abrasive cutting
edges of this type of band tool generate tremendous heat. The

coolant flushes the cutting edges keeping them clean and cool.
1.7.%3.3 Cut-0ff With Abrasive Coated Wire

This process was used by the Egyptians to cut (ReTows) 2540kg. stone

blocks for the Pyramids.

A wire or similarly flexible tool is drawn back and forth (or in a
continuous motion) across the workpiece, and an abrasive agent is
.sprinkled into the cut or bonded to the wire. The technique has
come a long way; wire-sawing machines were recently used to cut
preciﬁus Moon rocks, with an absolute minimum of material loss.
‘Todays sawing Wires are diamond encrusted (similar to the diamond-
edge saw band) enabling them to cut any material, regardlesé of
hardness. Since the diamond abrasive material is uniformly bonded
around fhe entire circumference of the wire, very precise contouring

can be achieved.

It is this combination of cutting and contouring capability that



makes diamond-encrusted wire saws particularly useful in cutting
carbides. In the unsintered (green) state, carbides can be cut

off at a rate of .43cm2 /s. Even when the technique is used on
sintered carbides, the resulting finish is often so good that
additional grinding is unnecessary. Surface finish is a factor

of wire tension, since the higher the tension on a wire, the
straighte: it becomes, with improved cut and surface finish. Latest
sawing wires, made of heat treatable alloys which are coated with
copper to improve diamond bonding, have tensile'étrengths of over
3.4kN}/mm2. This results in a 0.02mm. diameter wire that can be

operated at a tension of 3.49%g.
1.1¢3.4 Line Grinding

Line grinding is a band machining process. Line grinding bands
are similar to diamond-edge saw bands but are less expensive.
They have an abrasive cuttiﬁg edge bonded to the éteel band in a
cont}nuous coating. There are two kinds of coating available:
those coated with silicon carbide grind ceramic, glass, quartz,
‘marble, granite and vitrified materiais. Those coated with
aluminium oxide are best for grinding metals, especially heat
treated alloy steels, heat resistant steels, wear resistant

non-ferrous alloys and other 'non-machinables'.

Line grinding bands have extremely long fatigue life, and their

continuous abrasive action quickly removes hardened material.
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They produce a clean, smooth finish and the only limit to their

working depth is the capacity of the band machine.

The abrasive cutting action of line grinding bands generates high
temperatures, just as diamond-edge bands do. Therefore, the coolant
application is the same as for diamond-edge sawing. Band speeds
between 15-25m /s. are best for most kinds of line grinding. To
sharpen the abrasives on the band you can dress it before starting
the cut by moving a diamond dressing stick lightly back and forth
over the cutting edge while running the band. A clean smooth
running band will grind efficiently, with a minimum of heat and -

wear when light feeding forces are used.

1.1.4 Electro~Cut-0ff Methods

1.1.4.1 Electro-Discharge Band Machining

 One gf the newest and most unigue of all band machining methods
is the electric-discharge process. For machining éuch materials
"as aluminium, stainless steel and titanium honeycomb as well as
other fraéile, cellular structures ﬁade of metal foil, thin wall

tubing or a combination of the two, its use is steadily increasing.

The principle of electric-discharge band machining is known as
quenched arc cutting. A low voltage, high amperage current is fed

into a knife type band at a rate that causes it to discharge a



sustained arc off the knife edge into the material being cut. At
the same time a flood of coolant limits, or 'quenches' the arc to
prevent it from burniﬁg the surrounding workvmaterial. The arc
literally disintegrates the material but the band never touches it.
With all the factors properly balanced, the resulting finish is

burr free and equivalent to that produced by electrolytic grinding.

Cutting rates are relatively high. For work requiring fine finish,
O.5—5.4cm2 /s. are common. Since the electric afc makes the actual
'cut', neither the work nor the band tool experiences the kind of
stresses that occur in sawing, grinding or milling., Therefore,
fixturing, or clamping devices need only be strong enough to hold
the workpiece in place so its own weight does not deflecf it. Hand
feeding is impractical, therefore all electric-discharge band

machines have power feed worktables.

1.1.4.2 Electrolytic Cutting

~ .
For this process a metal or graphite wheel with abrasive particles
“is used. The wheel and spindle are insulated from the rest of the
machine and current is passed from.the wheel to the workpiede.
Actual contact of the wheel and work is prevented by the insulating
abrasive particles which protrude from the surface of the wheel
and leave a gap into which a stream of electrolyte is directed.
The workpiece is fed into the wheel, and some metal is removed

abrasively but about 90per cent by electrolytic action.
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The process can be used as a cut-off operation with metal bonded -
diamond wheels for cutting carbide tools, while the introduction
of carbon bonded solid abrasiVe wheels has extended its scope to

stainless and hardened steels.

1.1.5 Friction Sawing

Friction sawing is literally what the name implies: cutting by

friction.

This technique uses either a solid, large diameter ciréular-blade
rotating at high speed or a bandsaw m&ving at anywhere between
20-76m /s., to create friction instead of chips. Friction heats
the workpiece to a point between red heat and its melting point.
With the material in this condition, the weakened surface can no
longer resist the sliding action of the blade and the material is

literally wiped away.

Oxygen carried in the gullets between the blade teéth causes the
blade to burn its way thréugh the work. The resulting action is
similar to that of a cutting torch, although many materials'that
cannot be flame cut may be friction cut. But not all materials

can be cut with friction. The process works well on steel and iron,
but not so well on such non-ferrous metals as aluminium, brass and
magnesium. Some plastics; the thermosetting type filled with hard

materials such as glass and mica, can be succesfully friction cut;

11
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thermoplastics, of course, camnot.

Even though friction sawing generates tremendous heat, it is
confined to a small area immediately ahead of the saw band, and

$0 a small extent, to the sides of the teeth set. Since the ferrous
metals which lend themselves to friction sawing are poor heat
conductors, the heat penetration into the sides of the cut is

quite shallow. The extent of this heat penetration depends upon

the thermal conductivity of the metal ﬁeing cut, but it seldom is

more than 0,005mm.

In contrast with the temperature at the point of cut, the saw band
remains relatively cool. The reason is that the band is long and
any tooth or portion of it is only in momentary'contact with the
workpiece. In its long journey around the saw band carrier wheeis

each tooth has ample time to cool before it again engages the work.

- A limiting factor to the process is workpiece thickness. Because
high pressures between the saw band and the work must be maintained
to generate the heat required, friction sawing is practical for

only workpieces 25.4mm. or less in fhickness.

Because friction sawing softens and removes material just ahead
of the saw band by creating frictional heat, tooth sharpness is
not as critical a factor as it is in conventional sawing. In fact,

the heavy feeding pressure and fast band speed required to produce

12
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the frictional heat require dull teeth. This dullness actually
makes the teeth more efficient heat generators because a blunt
surface produces greater friction than a sharp one. A low carbon,
flexible friction cutting blade is better than a very hard one
since it is less likely to crack from flexing over the drive wheels.
Because the blade is moving fast, coarser tooth pitches can be used
~on thin materials than in conventional sawing, with little danger

of tearing out teeth.

Blade 1ife‘is determined more by set, or blade waviness, than by
tooth sharpness. When the set has been worn off the blade will
still friction cut, but it is difficult to guide it accurately.
Special friction-cutting bandsaw blades areAavailable with increased

set to minimize this problem.

Friction cutting can also be done on circular sawing machines as
long as surface speed is fast enough. Most circular frictioh
.machiges, however, are specialized pieces of equipment and have
very high power, accurate speed control and a high pressure water

bump for blade cooling.

Although convection air currents set up by the blade rotation
do help in cooling the blade, this often is not enough. Compared
with a friction-cutting bandsaw blade, a circular blade has much

more metal, and therefore retains heat better.

13



While heat is fﬁe cutting force in circular friction sawing, it

is also a limiting factor, egpecially in cutting heavy stock.

Heat increases directly as the length of contact between the
workpiece and ﬁhe blade increases. This contact arc can be
controlled somewhat by the saw arrangement. A downstroke machine,
most often used for cutting bar, rod, angle and similar stock, is
set up for the most efficient friction cutting with the contact arc
between the blade and work nearly horizontal. On séuare or
rectangular section, the arc length can only be as long as the
workpiece is wide. Pivot-stroke machines and horizontal feed units
lengthen the arc as the circular blade cuts diagonally through the

stock.

1.1.6 High Speed Band Sawing

High speed sawing is a term referring to the speed of the saw band
as it cuts the work. The normal range of band speeds embraced fy
this term is 10-30m /s. High speed sawing should not be confused
with friction sawing previously discussed. True, friction sawiné
requires extremely high band speeds; higher actually than the high
speed sawing application. But in ffiction sawing you use high
band speeds to generate enough heat in ferrous metals to remove
the metal in semi-molten form. In high speed sawing you use high
band speeds to saw a wide range of materials quter. High speed
sawing, in fact, occupies a position between the normal band |

machining of ferrous materials, which must be sawn' at low band

14



speeds, and friction sawing, which requires the fastest band speeds.

Materials which lend themselves to high speed band sawing include
wood, paper, plastics, rubber, fibrous products and such free--
machining non-ferrous metals as aluminium, brass, bronze, zinc and
magnesium. These materials may be in bar, sheet, plate, extruded,

cast or tube form.
1.1.6.1 Slicing With Knife-Edge Bands

High speed and friction sawing along with conventional sawing
all use blades with teeth, whether they be made of carbon alloy or
high speed steel, However high speed band machines can be used

with knife-type blades that have no cutting teeth.

Knife blades are made especially for cutting soft and fibrous
materials that would tear_or fray if cut with tooth-type bands.
The continuous cutting edge has little downward drag, SO no
tearing occurs and the finish produced is excellent. These blades
:are available in three edge forms: knife, wavy and scallop. The
knife-edge band comes with either a single or double cutting'edge;

wavy—-edge and scallop-edge bands have double bevel cutting edges.
Since knife-edge bands cut efficiently at relatively high speeds

they are made to withstand maximum flexing over the band carrier

wheels. They are made of special alloy steels, so they can be

15



~ precision ground to razor sharpness and hold that sharpness

through long usage.

Knife-edge bands slice through, or separate maferial without
éroviding clearance for the back of the band as in conventional
tooth sawing; hence produce no chips, dirt or dust. The kind of
knife—edge band used depends upon the nature of the material cut.
When cutting loose, fibrous material such as stacked wool cloth,
fibre glass insulation or packing materials, the straight knife-
edge band works bést because there is very little tendency of the
material to bind. More compact materials offer increased resistance
to cutting; for these materials a wavy-edge band cuts better. With
even more compact materials such as stacked cotton cloth, cellulose

sponge, and soft paper the scallop-edge band should be preferred..

Knife-edge bands find widespread use in cutting cloth and fabric of
all kinds in the furniture and in the garment industry. Drésses,
skirts, shirts, suits and many other articles of clothihg are
regularly cut from patterns by knife-edge bands. Other applications
for knife-edge bands include the cutting té length of copper
transformer coils wound around a long tube. Soft aluminium |
‘corrugated material can be cut using a scallop-edge band and results
in a smooth burr-free, high quality finish. Another efficient way
to cut this type of material is by electro-discharge. band machining

which has already been described.
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1.1.7 Circular Sawing

Circular sawing was developed in Germany round about 1910. -

Circular sawing uses a continuous cutting blade with many teeth,
which can rotate through a large range of speeds. The process 1is
often called 'cold' sawing which distinguishes it from the kind often

seen in foundries, where the workpiece is actually cut hot.

Since circular sawing is done at the fixed periphery of the wheel,
machine design is affected. Surface speed at the blades cutting

edge varies directly with wheel radius. Cutting speed can thus be
changed without an elaborate motor transmission by designing the
machine to accept different blade sizes. Nevertheless, most circular
sawingvmachines do offer several spindle speeds, even if they are

not designed with the special high speed gearing needed for abrasive

disc and friction cut-off applications.

Machines can be built in several basic feed configurations: horizontal,
vertical, pivot and variations on these., With vertical feed, the
iotating blade travels downward in a straight iine to engage»the
workpiece. Blade feed motion is assisted by gravity, and the workpiece
can be positioned directly beneath the centre line of the saw blade

for optimum cutting accuracy and minimum vibration. Some vertical

feed machines push a table-recessed blade up into the workpiece.

Other machines are designed for horizontal feed. The blade here is

17



pushed into the workpiece from the side. Variations on basic
horizontal féed units include specialized plate cutting saws which
traverse the blade along the length of plate. A third basic feeding
configuration is pivot motion where the blade is fed through an arc
from a pivot point like a chopping motion. The pivot feed motion
can sometimes be manually fed, but air or hydraulic feed is used on

almost all other machines.

The deeper a sawing blade penetrates into the wofkpieoe the greater
its tendency to jam in the cut. Teeth in a circular blade get their
rigidity from the entire blade and, in many operations, most of the -
blade body follows the teeth into the cut. This means that a
circular blade must cut a wider slot into the workpiece than other
types of blades to preyent jamming. In a typical operation, a
bandsaw might need a 1.52-3,175mm. slot width to prevent jamming;
| the same cut-off operation on a circular saw might need a slot width
of 6.35mm, This additional material loss may be of some significance,
depegding on specific cases. To allow for blade clearance a parabolic
cross—seétional geometry is used in solid steel blades; in carbide
tipped blades, the cutting tips are wider than the straight sided
body. Both these designs increase the radial side clearance of the

body for free cutting into the workpiece.
Two different types of tooth patterns are common in large circular

saws: alternate~bevel palterns and high-low patterns. Alternate

~bevel tooth patterns use an adjoining pair of teeth to cut the
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clearance. Both teeth in the pair are the same height, and each
has a side bevel: one left, one right. The first tooth removes a
chip out of one side of the cut, the next tooth cuts material from

the other side,

In the high-low pattern, the first footh is high and chamfefed
(usually toAa A5degree angle) on both sides. This tooth removes
material from the centre section of the cut. The following tooth

is lower than the first (between 0.254-0.508mm. lower) and it opens
up the cut removing material from both sides of the slot made by the
preceding tooth. Each pair of teeth produces three cutting chipé:
for this reason the pattern is alternatively known as the 'triple-
chip' method. This method places the greatést possible chip load
on each tooth. The height difference in each pair of teeth (called
lead) is the major determining fact for the blade feed rate into the

workpiece: infeed should never exceed lead.

7 Other considerations in the tooth design are back clearance angles,
rake angles, and pitches for different materials. .Increased side
clearance and back clearance angles‘allow more room for chip removal.
Greéter clearance will reduce the tendency to load the saw, énd thus
will increase saw life. However, too much clearance will reduce tooth
strength. A high rake angle reduces cutting forces, but also reduces

the strength of the tooth.

Circular saw blades are available in segmented styles, thus greatly
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feduéing replacement costs, should teeth be damaged. As another

cost saving, cold saw blades are designed to be reground. For
instance an 81.28cm. diameter degmented blade from one manufacturer
(cost price £225) is designed to be ground (a £17 service not counting
freight) until a total of 25.4mm. of radius is removed. FEach grinding
removes'approximately 0.762mm., so about 33 regrinds per blade are

possible.

Blade manufacturers often introduce controlled amounts of stress in
blades by hammering them. This process is called tensioning, and it
is not unlike tensioning a hacksaw or bandsaw blade, in that it helps

to hold the blade. true under cutling. - force.

Circular saws are carbide more than any of the other major sawing
methods; carbon tool steel and high speed steel are also commonly
.used. Requirements for a circular saw material include resistance

to thermal shock, high hardness and toughness, and fhe ability to
maintain these properties at cutting temperatures. Carbon steel is
generally acceptable, but hardness drops at high cutting temperatures.
‘Elevated temperatures are better handled with high speed steel |
combined with proper use of coolant. Tungsten carbide has the

highest hardness and is less sensitive to heat: it is however,

sensitive ‘o mechanical shock.

Cooling the circular saw blade / workpiece interface is similar to

the cooling used with other sawing methods. It depends largely on
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speed and type of material being cut. Tlood cooling with oil or
water-soluble fluids is most often used, but some applications need
special methods. One.of these is traverse sawing; having a down

feed blade travel over a long length of plate. Mist cooling is often
used in this situation, and the blade is shrouded in a cover to contain

the coolant.

Circglar sawing machines, perhaps more than any others, make optimum
use of large scale material handling and automatic gauging systems.

In fact, many cold saws destined for high volume production situations
are sold mostly on the merit of their conveying and material handling
systems, with little emphasis on the virtues of the saws themselves.
The nature of the circular sawing operationApermits automatic gauging

to a high degree.

In the simplest type of length gauging, a swing arm ahd a deadétop

are provided. The operator controls vice opening manually, and

pushes the material in towards the blade. From this basic
configuration, automation can take over virtually the entire operation.
:In the most highly automated structural fabrication plants, sforage
tables, acting as magazines, cross feed random length material to
automatic inpﬁt tables which in turn feed the production saw.

After gauging and cut-off, the sliced pieces are discharged via
conveyors to the next operation. The number of possible variations
between the simple hand feed and the totally automated cut-to-length

line are almost limitless.
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Material clampiﬁg and vices, like feeding systems, can range from
simple to highly complex. Factors to‘consider include mitreing
capability, double mitreing, slotting capability, how many sides of
workpieces can be clamped, the shortest length that can be fully

clamped and attachments for bundle cutting.
1.2 POWER HACKSAWING

Power hacksawing is different from bandsawing in that the blade makes
a discontinuous cut. A single blade is tensioned in a bow, with pins,
while it is drawn back and forth across the workpiece. Cutting is
done only during half of the stroke cycle. The blade returns to its
starting position on the second halfj the return stroke. Another
design basic is the construction of the machines frame itself. Older
designs use cast iron frames to hold the saw rigid and stable. More
modern machines use welded steel frames for higher strength, plus
better adaptability. Although cast gear boxes and guidewayé provide

excellent vibration resistance and good lubrication characteristics.

While the basic operatingkmotion of the hacksaw is different from
that of other sawing machines, hacksaw teeth can readily be compared
to those on a bandsaw blade. Hacksaw blades are c¢onstructed 6f
materials similar to those used for bandsaw blades. Blades range

in size from 305mm. long, 15.8mm. wide, 0.8mm. thick for small,
general duty machines to 135cm. long, 5-18cm. wide and 3.8mm, thick

for heavy duty T7.5kW. machines. Power hacksawing ic usually done



Qith high speed steel blades. Although high speed steel blades
provide the best overall cutting chafacteristics, they. do have a
safety drawback. Should a solid high steel blade, fully tensioned
in the clamping arrangement, break during cutting, the blade itself
will have a tendency to shatter in sharp pieces. The welded-edge
hacksaw blade has largely overcome this dangerous problem. In a
welded~edge blade, a strip of high speed steel is first welded to
the cutting edge of a blade body made of steel alloy. Cutting
teeth are then milled into the high speed steel edge. Wifh such
bi-metal blades, both heavier feed pressures and higher blade speeds
can be used., Bandsaw blades are also available with welded high speed

steel cutting edges.

When oﬁtting the hacksaw blade actually curves away from the workpiece
“because of the heavy forces exerted on it. Some manufacturers design
ﬁheir blades with pin holes closer to the cutting edge, that is,
below the vertical centre of the blade. Tension is greater near
the teeth, and the rest of the blade absorbs these bowing forces

better.

Blades are held in the saw frame by pins through holes; if the pin
diameter is much smaller than the hole diameter the ends of the blade
may break off. Proper matching of the blade to the machine is very

important.
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1.2.1 Power 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 impart the reciprocating motion to the blade, and a device for
developing a thrust load between the blade and workpiece. The
machine applies the thrust load during the cutting stroke and lifts
the blade clear of the workpiece during the return stroke. A number
of different types of machines are available and may be classified

by ‘the method used to develop the thrust load,.

The operator can control the cutting performance by choice of the
blade, the magnitude of the thrust load, and the number of cutting
strokes per minute. DPower hacksaw machines are used exclusively foxr

cutting-off{ operations.

1.2.17.,1 Gravity FPeed Machines

This type of machine develops the thrust load by virtue of the
‘gravity force acting on a massive blade bow and swing-arm assembly.
In some machines an adjustable mass is provided on the swing-arm
assembly so that the gravity force can be adjusted. While these
machines are mechanically simple they are limited in respect of the
magnitude of the thrust load which can be generated and, therefore
are light duty machines. The magnitude of the thrust load is not

constant during the cutting stroke due to the reciprocating movement
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of the blade bow and the action of the 1lift-off mechanism.
1.2.1.2 Hydraulic Machines

The thrust load developed by this type of machine is produced by
the action of a hydraulic device, the most common of which may be
said to operate on a restricted back flow principle [1] . In this
type of machine the saw bow is carried in a slideway housed in the
swing-arm assembly. This assembly rotates about a fulcrum. The
slideway in the swing-arm assembly and the blade clamps on the saw
bow are arranged so that a small taper exists between the cutting
edge of the blade and the swing-arm slideway. The effect of this
taper is such that during the cutting stroke the blade and the swing-
arm assembly ride over the workpiece to rotate ébout the pivot point.
This rocking motion is transmitted via mechanical linkage to the
'piston of a hydraulic cylinder, causing the piston to displace

0il through a flow control valve. The back pressure thus created

‘ deve}ops pressure in the hydraulic cylinder and causes a torque

o deveiop about the pivot point of the swing-arm éssembly. This
“torque produces the thrust load between the blade and the workpiece.
The magnitude of this load is goverﬁed‘by the flow valve setfing,
deflection of the blade, the cutting performance achieved, and the
cutting speed. As the operator only has control over the flow
valve setting and the cutting speed, the system is-subject to much
variation beyond his control. Also, the magnitude of the thrust .

load varies throughout the cutting stroke, FIGURE 1. reaching a
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ﬁeak value at approximately mid-stroke position. However, this
system is common and is capable of developing a large thrust load;

hence the use of hydraulic machines for heavy duty applications.
1.2.1.3 Positive Displacement Machines

A few machines are available in which the feed rate of the blade

is directly controlled b& a mechanical screw device. In this type
of machine the blade is indexed into the workpiece by a fixed amount
per cutting stroke. BSuch direct control of the cutting rate is
unique to this type of machine. In these machines already described
the feed rate is only indirectly controlled by adjustment of .the
thrust load. The thrust load developed between the blade and the
workpiéce by a positive displacement machine arises as a result of
the depth of cut the blade teeth are forced to make as a result of
the positive feed. The magnitude of the thrust load depends on the
rate of blade feed, the metal cut, the geometry of the workpiece,
and jhe condition of the blade teeth. Once the teeth become worn
the thrust load developed by a given feed rate increases and can
ﬁincrease to such an extent that the blade fractures. This lack of
control over the thrust load and the resultant tendeﬁoy to bieak
blades are the main disadvantages of the positive displacement

(feed rate) machine.
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1.2,2 Developménts In Power Hacksawing

Until the introduction of the horizontal bandsaw for cut-off work,
powered hacksaw machines were the heart of cutting off operations.
It is not difficult to see why recent advances made in bandsawing

machines are now being applied to the hacksaw machine.

These advances include increased capacity and versatility; the use
of fully and semi-automatic cycles, and hydraulically raising the
saw bow. Some machines have infinitely variable stroke speeds too.
Hydraulic systems have been developed to control the downfeed
according to the material being cut. Materials handling equipment
is being introduced along with accelerated return stroke, to try
and upgrade the performance of the power hacksaw machine to that of

band machining.
1.3 BANDSAWING

Bandsawing like circular sawing, is a continuous cﬁtting operation.
'An endless blade (properly called a)band) is tensioned between two
shrouded, rotating wheels, and a portion of it is exposed to(do the
cutting. A typical band may be 31.75mm. wide by 1.27mm. thick; the
loop length will be as long as the machine design requires. Teeth
are on one edge of the band only; as it travels in a continuous
motion they feed against the workpiece and chips are milled away.

Barly bandsaws were limited by the basic design of the moving band.
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{.3.1 A Brief History Of The Bandsaw
1.3.1.1 Barly Wéodcutting Bandsaws

In 1808 Englishman William Newberry paténted the bandsaw. This
was the first mechanical arrangeﬁent to use a saw band that cut
in one direction continuously. Newberry experienced difficulty in
that band breakage was frequent since no one had yet found a way to
‘make strong, smooth band joints, hence the first bandsaw was not a

practical proposition.

The bandsaw was 're-invented' by Lemuel Hedge, an Amexrican in 1849
and in 1855, by a Frenchman named Perin. B& this time a satisfactory
method‘of brazing metal had been developed so that a steel saw band
could run over carrier wheels for a long time without snapping.

With these developments the bandsaw became very popular with timber
mills because of the smaller slot width produced by the thinvbandsaw

blade.

Band machines of this type were amongst the most spectacular industrial
exhibits at the Chicago Worlds Fair in 1893. By this time ail of the
basic machine tools (Boring Mill, John Wilkinson, 1775 Bersham

England; ScrewlCutting Lathe, Henry Maudslay, 1800 London Ingland;
Planer, Richard Roberts, 1817 Manchester England; Milling Machine,

Eli Whitney, 1818 New Haven Connecticut; Power Feed Press Drill,

James Nasmyth, 1840 Manchester England; Grinder circa 1880) except
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the metal cutting bandsaw had been invented. The invention of the
metal cutting bandsaw was still 40 years away, not because of any
difficulty in devising a machine for the tool, but because steel

makers had not come up with a steel suitable for cutting metal.

Spring tempered steel, which made the firsf woodcutting bandsaw
practical Jjust was not good enough for cutting metal. In 1898

in Philadelphia, Frederick Taylor and Mounsel White perfected a
way to heat-treat alloy steels so that théy would.cut other metal
under the severe conditions produced. This was the kind of steel
-needed for metal cutting, but the process of rolling it into thin

strip form suitable for a saw blade was years away.
1.3.1.2 Invention Of The Metal Cutting Bandsaw

ALeighton A, Wilkie invented the first practical metal cﬁtting
contour bandsaw. Wilkie thought of the increased produvctivity

and {gduced cost that would result if he could develop a bandsaw
capable of cutting contours in metal with the same efficiency his
wood cutting bandsaw cut timber. He adapted a wood saw so thaf it
became more rigid and supplied more power, and built a brazef into
the saw frame so he could join the saw blade into. a band after
passing it through a starting hole in the workpiece when making
internal cuts. In 1933 he patented his machine confident he had
a metal cutting bandsaw. More experimental and deveiopment work

‘produced saw guides that would hold the saw blade rigid at the
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point of cut and a continuous file band for finishing cuts.

In May 1935 he sold the first band machine built speéially to saw
and file metal; it was essenfialy a bench-type sawing machine
mounted on a cast base. Its blaae life was limited to cutting an
average of only 1480m2. of mild steel. Even so the metal cutting
industry quickly realised its potential énd versatility as the

fastest precision method for removing unwanted metal.
1.3.1.3 Improving The Metal Cutting Bandsaw

Since the saw blade must be under great tension to cut metal
effectively a high strain on the column which supports the idler
wheel is developed. The feeding pressure applied to the workpiece
exerts a downward force on the idler wheel and so imparts a further
strain on the column support. Since the deflection or vibration in
‘the column is magnified at the point of culting the importance of a
rigi@ column cannot be exaggerated.

‘A much more rigid frame was one of the first improvements made to-
the metal cutting bandsaw. Another vital improvement was the
incorporation of a high-low speed pulley system which enabled the
operator to select a band speed suitable for the material he was
sawing., In 1937 a variable speed pulley replaced the high-low
system. In the same year a resistance-typé butt welder was

developed and replaced the brazer used on earlier machines.
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The butt welder makes a much stronger band in the weld area and
results in much longer blade life. Butt welding fuses the endsv
together to form a continuoﬁs band of steel of constant thickness.
The earlier brazing operation formed a Joint by overlapping the
ends of the blade, adding solder as a welding agent and then
grinding down the overlap. This reéulted,in a joint much weaker
than the rest of the band so the saw guides had to be set to pass
this thick bart of the band. The rest of therbandlwas not properly
supported, and inaccurate sawing resulted. By 1938, developments
had progressed to the point where a vertical bandsaw took on the

characteristic appearance it still has today.
1.3.1.4 Improvements To Saw Blades

__The standard carbon alloy blade which could cut 1480m2. of mild
steel in 1935, graduvally improved until in 1939 it was more than
10 times better and could cut an average of 19350m2.. Then in
1953, after many years of testing, research engineers came up
with a solid high speed steel saw blade. This was.probably the
‘greatest single advance in saw blades since the invention of the

metal cutting bandsaw machine.

With its greater hot hardness, tooth tip hardness, resistance to
abrasion and tensile strength, high speed steel blades cut up to
10 times faster and lasted 30 times longer than carbon alloy

blades under normal conditions and sawing conventional materials.
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It could saw ffom 19000—640000m2. of steel and up to 960000m2.,of

non-ferrous metals, N

In 1965 the bi-metal blade was introduced. These are composite
blades consisting of flexible alloy steel bands eléctron beam
welded to high speed steel strip. The teeth are then cut into
the high speed steel strip through to the flexible band so that
the finished blade has high speed steel tipped teeth. As the high
speed steel cutting edge does not have to be flexible, it can be
harder than a conventional solid high speed steel blade. This
hardness, coupled with the flexibility and fatigue resistance of
the band, is reflected in the life of the band. High speed steel
bi-metal blades can cut up to 1é9OOOcm2. of‘metal at improved
cutting rates. A further development of the composite blade is
~one which has teeth which are made of a cobalt high speed tool
steel. This combination is said to offer excellent resistance
against wear and abrasion under service conditions which generate

high-tool temperatﬁres.
"1.3.1.5 The Modern Band Machine Evolves

Concurrent with saw blade developments was the improvement of
machine design and construction. Development of an improved version
of the variable speed drive in 1937 that increased the range of

band speeds to 0.25-4m /s. This increased speed made it possible

to cut softer materials. The following year continued improvements
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raised the band speeds to 7.6m /s., further increasing the number-

of non-ferrous materials the bandsaw.could cut. In 1943, the

high speed band machine was introduced and it was capable of
developing band speeds up to 76m /s. Mechanical drive uﬁits that
could turn the saw band at higher speeds once again emphasized the
need for greater rigidity. Designers had already met the challenge,
beginning in 1938, by using én all welded, steel frame construction
instead of the three piece, cast iron construction of earlier models.
Along with increased band speeds came an increase iﬁ the diameter of
band carrier wheels to reduce band flex fatigue. The 30.48cm. vheels
of the original bandsaw increased to 35.6cm. and then 40,6cm. Today,

the size ranges up to 91.4cm.

By the end of the 1940's the development of better saw blades, more
rigid construction and higher band speeds had extracted the full .
capability of machine design. Designers were under pressure to
come up with machines of greater built-in potential. The modern

A powegrtable band machine supplied the answer. Its added power and
hydraulically actuated feeding force provided fastér, more accurate
'éawing and embraced a whole new group of materials that previously
could not be band machined efficiently. The first of fhese bower—
table machines appeared in 1949 but these prototypes were followed

by more sophisticated models in 1953.

As band machines became more widely used, the need arose for machines

designed for specialized rather than general work. The big, powerful
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éower-table model was too much machine and too costly to use for
making an occasional cut in the machine shop, and the small fixed
table machine was incapable of handling productioh slotting or
shaping a 2.74m., SOOkg. connecting rod from a solid piece of metal.
So manufacturers gradually provided users with a complete range of
vertical bandsaws, from the lightweight, low-cost utility machines
for intermittent work to the huge band mills and articulated contour
machines. They also provided a complete range of horizontal cut-off
saws, ffom the small, light duty models to huge models capable of
sawing 60cm. rounds or bars and high speed models especially designed

for cut-off production.

1.%3.2 Modern Bandsaw Machines

A modern bandsaw machine carries a continuous cutting band, contains
‘& drive which maintains a constant cutting speed, and enables a thrust
load to be applied between the band and the workpiece. During cutting
the band is applied nbrmally constant. The operator can control the
cutting performance by choice of the band, the band speed, and the
ﬁmagnitude of the thrust load. A number of different machines are
available and they may be classified according to the orienfation

qf the band and the method used to develop the thrust load.

1¢3%.2.1 Vertical Band Machines

In this type of machine the band is carried vertically while the
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workpiece is moved in the horizontal plane. In the most common
form of this machine the workpiece is fed over a fixed work table
‘and manually controlled. With this arrangement the thrﬁsﬁiload
needed to achieve a cutting action is provided by the operator.

More sophisticated machines exist in which the workpiece is carried
on a power feed table; such machines are capable of automatic
control and, like the positive displacement power hacksaw machines,
the thrust load developed is governed by the feed rate of the blade.
While vertical bandsaw machines can be used for parting-off
operations their main use is for cutting intricate shepee in

materials in the form of sheet and slab.
1.3.2.2 Horizontal Band Machines

In this type of machine the band is carried horizontally on either
a swing arm assembly pivotted at one end, PLATEI, or by means of
‘vertical hydraulic cylinders. Both these have means by which the
thruet load can be developed and adjusted. The workpiece, normally
in the form of a bar or tube, is held stationary in a clamping vice
‘during actual cutting. Gravity fed machines exist for light duty
work in which the thrust load is developed by virtue of the éravity
foree acting on a.massive swing-arm assembly. Other more heavy
duty machines are available in which the thrust load is developed
and controlled by a hydraulic device, Horizontal band machines, like
power hacksaw machines, are used exclusively for cutting-off

operations,
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1¢3.3 Band Machining - A Unique Principle

Band machining has cerfain édvantages over other machining:methods.
It cuts to shape rapidly, its operation is relativel& safe and easy,
it saves material and can be a very low cost operation. ‘All thesg
features result from the unique way the band machine removes ’
wnwanted material in sectionéjinstead éf in piles of wasted chips.
Producing chi?s reqﬁires a éreat deal of effort and a method that
produces the desired shape with the least production of chips is
very efficient. Thisvefficienéy provides distinct advantages in
that the power requiréd is small. Even more important is the speed
with which the operation can be carried out. With band machining,
.because a minimum amount of material is removed to achieve the
desired shape, the joﬁ can be rapidiy completed.,

%
1.3.3.1 Cutting Forces Aid Workholding

The gffort required to make a cut is resisted by the material béing
cut. When cuts are heavy,cﬁassive machines and workholdiﬁg fiitures
‘are needed. The ease'with_ﬁhich the work may be held for band
machining not only results from the relatively light cutting’force,
but also from the unique characteristics of this force. Unlike most
other machining hethods, the cﬁtting force from band machining is |
continuous, approximately uniform and acts dowﬁward into the table

on a vertical machine, or into the vice in the case of a horizontal

machine, which helps to hold the workpiece in position. In addition,
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the force required to feed the work into the band combines with
the cutting force to create an even more stable work holding

condition.

It is for these reasons that hand guiding of intricate contour
cutting on vertical machinesris the most pracfical method. It is
impractical to hand hold and guide work on other standard machine
tools. On a vertical band machine the operator can devote his
attention to following layout lines, making intricate work both
fast and accurate. The machine itself can be designed for maximum
convenience and versatility since resiéting heavy cutting pressure

is not the main consideration.
1.3.3.2 The Unique Band Tool

Saws are cutting tools with narrow toothed or abrasive edges. They
change the shape of materials by parting them along a pre—détermined
layout line. The unwanted portions are then removed. In order to
exert cutting force, saw blades must be held by a frame; it is this
‘ﬁecessity that severely limits the éapacity of the power hacksaw,

but not the bandsaw., It is the need for a tool holder that restricts
all other part-éutting tools such as slitting saws for milling

.

machines and cut—-off tools for lathes.

The heavier the cut, the larger the tool must be and, in turn, the

more massive the tool holder. The more massive the tool holder, the
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less freedom there is of cutting parameters such as depth of cut.

This limitation applies to the baéic cutting tool, the single point
cutter, which is indispensable for lathe, shaper and planer work.
Another limitation of the single point cutting tool concerns the
tooth load, the force exerted by one tooth in order to remove a
chip. The maximum tooth load determines the most material that can
be removed in a given period of time without causing physical damage
to the teeth. If this is not sufficient to bring the work to'the
desired size and shape, additional cuts with the tool are necessary.
With machines such as planers and power hacksaws this requires a
reciprocating motion. On the forward stroke the work is partially

cut to size and then the tool is idle on the back or return stroke.
1.3.3.3 Reciprocation Is Inefficient

Reciprocating machines, such as the planer, shaper, and power
hacksaw are inefficient. One half of the cutting motion is lost
in t@e return stroke. Power is wasted for the deceleration and
acceleration at each end of each stroke. The tool-is subjected to

repeated shocks since the action is discontinuous.

A partial solution was the development of the mﬁltiple tooth rotary
cutter which can remove more of the unwanted material in fewer passes
and still not exceed maximum tooth load. The milling cutter is_an
obvious example. The more teeth that can be shaped around the cut%er,

the more uniform the cutting action. Increasing the number of teeth



élso decreases the tooth size, and this in turn reduces the
permissable tooth load. A tremendoué number of cutters are
therefore needed to take care of the many different materials,

types of cuts and levels of production.

These cutting tooth problems are greatly éimplified for band tools.
For example, consider the relationship between tooth size and number
of teeth. By their diameter, milling cutters are restricted in the
number of teeth, they can contain. In order to have a large number
of . teeth, each toofh must be made very small. This reduces chip
clearance d£astically. In contrast, due to the length of the saw
bénd each tooth in the band can be designed to have ample chip
clearance and because the band is long, weaf is spread over many
cutting edges. Consequently a band tool stays sharp longer and has
to be replaced less frequently, thus greatly reducing down time

for tool changing.
134344 Superior Heat Dissipation

Heat dissipation is another aspect in which band tools are supexrior.
Nearly the entire effort expended in machining is ultimately
dissipated as heat. Although most of the heat is removed with the
chips, both the ftool and the wo€k become heated, and both can be
damaged. That is the reason fof the development of high speed and
carbide cutting tools that hold their hardness at high temperatures.

In spite of these improved cutting tool materials and the use of
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coolants, heat remains a limiting factor in machining.

A single point cutting tool is continuously in contact with the
workpiecg during the cutting stroke. It is therefore seriously
affected by heat build up. In a multi-tooth cutting tool each
tooth can cool between passes through the work. In this respect
a milling cutter is superior to a single point cutter. A bandsaw
blade with its many teeth, no one of which is cutting more than a
small percentage of the time, dissipates the cutting heat better

than any other cutting tool.

1¢3.4 Developments In Bandsawing

Much wérk has been going on into bandsaw machine design to take

full advantage of the developments in blade materials and design.

On production bandsawing machines the blade tension is usually
applied hydréulically or manually and on some machines fullvtension
is applied during the cutting cycle only, to prevent wnecessary
fatigue during idle time. Another advanced feature on machines is
some system of monitoring the resistance met by the band during the
cut and automatically adjusting the feed pressure accordingly. This
being of particular benefit when cutting tubes or sections where the
area of contact between the band tool and the work is constantly
changing. These and other developments have been applied to both

scissor and pillar type bandsaws of varying sizes.
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One of the 1argést available pillar type bar cutting bandsaw is
capable of cutting bar up to 104cm. diameter and is constructed on
the twin pillar principle but with the sawing head running on rack

and pinion guides and mechanically counterbalanced.

Although pillar type bandsaws have a parallel cutting motion which
results in consistent square blank cut-off to clqse tolerances, the
scissor type of machine is generally far more popular. There are

~ many such machines on the market offering advanced features, increased
capacities and overall improvement in cutting performance. Developments
in these machines seem to be concentrated on improved versatility

such as automatié swivelling for cutting mitres, semi and full

automatic cycles, increased power and improved work clamping., Nearly
all modern machines have infinitely variable blade speeds and make

good use of hydraulics.

At the Paris machine tool exhibition of 1975 there were several
machines on view making use of concrete in their bed aﬁd framework.
One well known manufacturer in the bandsaw world has developed a
'éonstruction technique involving concrete for its machines. This
concrete construction is supported and reinforced by a stroné exterior
shell of steel sheet or plate as well as interior reinforcing members.
The resulﬁing construction produces components with strength and
structural stability characteristics as good or better than those of
either iron castings or steel weldments and with 4 times the vibration

damping capabilities of either.
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1.4 SAW BLADE NOMENCLATURE

While there are obvioﬁs differences between hacksaw énd bandsaw
blades, the geometries of fhe cutting edges, which primarily

control the cutting performance, are very similar. The foilowing
are brief discussions on some of the more important geometric factors

of the cutting edge of saw blades.

More detailed discussions of these and other properties of saw blades
will be found in the relevant publications of the British Standards
Tnstitution [ 2,3] . FIGURE 2., shows the nomenclature of metal

cutting saw blades.
Pitch of Teeth:

qumally stated as the number of teeth per unit length of the cutting
edge, and, as will be discussed later, is an important parameter in
deciding the cutting performance of the blade. The pitch of the
teeth commonly used for cutting metals varies in the range 1-12 teeth

per cm,
Set Pattern:
In order to achieve clearance between the sides of the saw blade and

the slot produced, some of the tceth are bent (set) away from the

centre line of the blade. The following set patterns are used for
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this purpose:

(i) alternate set: right-left-right etc.
(ii)  raker set: centre-right-left etc.
(iii) wavy set: the teeth are set in a periodic manner. This set

pattern is used only for fine pitch of teeth.

Overall Set:

Is the overall thickness of the blade measured across the set teeth.
It controls the width of slot generated and, therefore the amount of

material removed during cutting.
Gullet:

Is the chip space formed between adjacent teeth. A number of gullet
shapes are used but it is Dbelieved that they do not have a major
influence on cutting performance, prcvided that 'clogging' of the

teeth does not occur.

Rake Angle:

Is the inclination of the cutting face of the teeth measured from
the normal to the cutting edge. Blades with positive and negative
rake angles are available, but the most common tooth profile has a

zero rake angle, sometimes called the 'radial' rake tooth profile.
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FIGURE 3., shows a typical tooth profile illustrating principle

angles.
Cutting Edge Sharpness:

The sharpnesé of the cutting edges is not usually specified when
describing the cutting edge geometry. Ixaminations of the cutting
edges of saw blade teeth have shown them to be irregular. Describing
the cutting edge profile as a radius, measuremenfs carried out on

unused blades have shown the radius to vary in the range 0.02-0.076

m. [4] .

1.4.1 Recent Blade Developments

Since the introduction of the composite high speed steel bléde the
only real development on the blade scene is the bi-metal band which
has teeth made of a cobalt high speed tool steel. This combination
is said to offer excellent resistance against wear and abrasion under

service conditions which generate high tool temperatures.

Fabrication of the blade is accomplished by edge butt weldiﬁg a
strip of the cobalt tool steel to a strip of carbon steel of the
same thickness, using the electron beam welding process. The teeth
being then milled into the cobalt tool steel and then heat treated
to impart optimum properties to the composite blade. Tests on low

2lloy steels, stainless steels and precipitation hardened alloys are
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said to show that the cobalt bi-metal blade can out perform other

bi-metal blades and solid high speed steel blades by as much as

4 to 1.
1.5 ECONOMICS OF MACHINING

It is not sufficient to devise a feasible procedure for the manufacture
of a desired component. The procedure must be economically justified
and cutting conditions may be established which give satisfactory
results very rapidly. However, this may entail rapid tool wear and
hence require frequent tool changes or resharpening. Thus there is

a need'to relate technological factors involved in the cutting process

to the economics of the situation.

1.5.1 Variables And Criteria For Selecting Economic Conditions

The veriables affecting the economics of a machining operation, the
tool\material, the machine tool capacity and the cutting conditions
are numerous. Since these variables are readily aécesible on the
ﬁmachine tool, their selection has been considered part of the

machine operators duties. However, the economical selection of the
cutting conditions invoives technical and cost data not readily
aveilable to the operator, so that an optimum selection cén seldom

be achieved by this approach. The situation is further complicated
by the fact that in general most manufacturing machine tools are ﬁsed

for more than one type of component, and these may give different
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economic returns.

Two criteria frequently used in the optimization of machining
operations are the 'maximum production rate' criterion and the-
'minimum cost per component' criterion. These two will alwayé give

a different cost and production rate. The miﬁimum cost criterion

will give a lower production rate, while the maximum production rate
criterion will have a higher cost per component. The overall optimum
situation will generally be fairly close to. the éonditions established

by these criteria, usually somewhere between the two.

In selecting economic operating conditions, machine tool capabilities
mst be accounted for. Often the desired céndition may be unattainable
on the machine tool proposed for a particular operation. It is thgn

~ necessary to either change the operating conditions or review the
machine tool selection. The change may involve purchase of a new
machine, re-scheduling of another machine, or possibly modifying the
existing machine. On the other hand, it may happen that the machine
conditions selected on economic grounds are using the chosen machine
:tool far below its capacity (power, speed, feed etc.). 1In this case,
the machine selection should be reviewed, to see if a machiﬁé with

lower capacity can be used for this operation.

The capacity limits of a machine tool, limiting the selection of

machining conditions may be listed as follows:

46



rd

(1) machine tool maximum feed.
(ii) machine tool maximum speed. |

(iii) machine tool maximum power.

(iv) maximum allowable cutting or thrust force.

(v) feed and speed limits for the desired component surface
finish.

(vi) machine tool feed and speed increments.

Improved tool materials and tool geometry which give ionger tool

life values will reduce the number of tool replacements and hence
lower the cost per component. Similarly, work materials giving less
to0l wear can reduce the cost per component. Overhead costs cannot-
normally be expected to drop, so that cost reductions will have to

be based on improved technigues. The cost per component can also be
lowered by decreasing machining time. Increasing the cutting speed

or feed reduces the machining time but reduces the tcol life at a
faster rate.

The production rate is dependant on the cutting coﬁditions and the
/tool life. Decreases in non—froductive time and time required to
change the cutting tool, will increase the production rate.'”Increases
in cutting speed will reduce the machining time per component and
increase the tool chénging time per component; a minimum time per
component or maximum production rate will therefore result. Varigtions
in cutting speed will give optimum values of cost per component and

production rate.,
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In general, the speed for maximum production rate will differ from

the speed for minimum cost;
1.6 AIM OF THE INVESTIGATION

The aim of this investigation is to undertake wear tests on bandsaw
blades in which relevant parameters including band speed, machine
load, workpiece geometry and blade geometry are varied. To correlate
these results using dimensional analysis in order to reduce the wear
performance of the blade to easily definable parameters. Also, to
use the parameters obtained in a computer simulation of the bandeaw
operation using both constant feed rate and constant thrust load

principles, in order to estimate sawing rates and costs.

1.6.1 Relationship To Previous Work

Previous work [ 5,6,7 ] has produced a technique based on dimensional
analysis and it has been used to analyse blade wear appiied to the

power hacksaw operation.

This investigation extends this technique to the bandsaw operation

for the first time.

1.6.2 Plan 0Of Work

The investigation consisted of the five main work areas shown:
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(i) to survey previous work undertaken on sawing operations and
cutting tool wear.

(ii) to develop an experimental rig based on a commercial bandsaw
machine in which the relevant engineering parameters can be
measured.

(iii)  to undertake a systematic series of wear tests and to correlate
the results using dimensional analysis.

(iv) to develop an algorithm to simulate the bandsaw operation
suitable for use on a digital computer.

(v) to use the computer simulation to estimate the sawing rates
and costs of the bandsaw operation under different combinations

of load, speed and geometries.

The thesis covers each section in the same order as they appear

above.
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2 CUTTING TOOL WEAR

2.1 INTRODUCTION

Cutting tools are subjected to extremely severe conditions when in
use because they are in metal to metal contact with the chips and.
workpieces under conditions of wvery high streés and temperature.
The putting conditions are further aggravated by extreme stress and

temperature gradients near the surface of the tools.

Tools wearlby the actions of many méchanisms on both the rake and
clearance faces. The effects of wear can be observed when a cutting
tool is examined, a cavity or crater frequeﬁtly occurs on the rake
face and the clearance face is often worn, to produce a flat surface

extending back from the cutting edge, known as a wear land.

Great developments have been made in material cutting operafions in
recent years, tool materials have been improved, the size and speed

of machine tools have increased considerably and machine tool pontrol
'has been improved. Therefore it is of great importance for economical

machining that the phenomenon of tool wear is better understood.

Wear may be classified ihto two groups of differing severity, namely,
mild and severe wear. Mild wear occurs during the sliding of lightly
loaded surfaces under both dry and lubricated conditions, in for

example modern bearing assemblies, whilst severe wear conditions
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exist in metal cutting applications.

The analysis of wear is complicatedkby the fact that wear is not a
process involving one unique mechanism. There are several alternative
mechanisms which are known to be operating; either singly or in

combinations, depending on the physical conditions existing."

The following is intended to give an introduction to the mechanisms
of wear under both mild and severe conditions. In addition, the
specification of tool life and failure criteria are discussed
followed by a study of wear during metal cutting based on dimensional
.analysis. Some important tool life equations are given and the
variables affecting tool 1ife are discussed without regard to any

particular metal cutting operations.
2.2 MILD WEAR MECHANISMS IN SLIDING SYSTEMS UNDER LIGHT LOADING

Under the action of‘sliding the contacting asperities between two
rsurfaces can be destrbyed in a number of different ways. Any one
‘type of destruction depends on both the properties of the surface
materials and the external conditions such as load and speed. The
mutual interaction of the surfaces regulated by the applied load
gives rise to certain types of destruction mechanisms of the
frictional bonds. During sliding the surface layers aré heated
which causes changes in the matgrial properties. Over certain

ranges of conditions, governed by temperature and mutual interaction
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of the surfaces, the type of destruction of the frictional bonds .

may remain unchanged, consequently, there will be a characteristic
wear mechanism for a particularrrange of conditions. However in
general more than one mechanism will be operating. Numerous authors
[ 8-11] have classified wear into several types, and four main wear

mechanisms have been identified and they are:

(1) adhesive wear (due to welding of.surfaée asperities)

(ii) abrasive wear (due to the cutting action of hard particles)

(iii) diffusion wear (due to atomic or molecular interactions across
_ the tool / work interface)

(iv) fatigue wear (due to either repeated mechanical or temperature

interactions)

Within each of these, several variations in mechanism can exist and
frequently more than one process is taking place at the same time.
It is convenient to discuss wear in these four categories.

~.

2.2.1 Adhesive Wear Mechanism

In the case of adhesive wear the méting surfaces come close enough
together to form strong bonds. If the bonds established are stronger
than the local strength of the material a particle may transfei from
one surface to the other. After this has occured several times a
loose fragment may be formed and leave the system as a wear paftiéle.

If these particles are very small (sub-microscopic) this process is
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called ‘attritious wear'. If the particles are visible under the
microscope the process is feferred to as 'galling'. Galling is
characterized by considerable welding and tearing of the softer
rubbing surface at high wear rate, and the forﬁation of relatively
large wear particles. TUnder mild wear conditions (attrition), the
surface finish of the sliding surfaces improves, apparently due té
the removal of high spots. The wear rate is ielatively low when
attrition wear conditions exist. Thé‘mild or éttrition wear
mechanism is believed to differ from se&ere wear,'by the formation
of an oxide film. In the early stages of rubbing, contact regions
grow by metal transfer., An oxide film then forms on the contact
regions, preventing metallic contact. Eventually a balance between
the formation and removal‘of the protective‘oxide film is reached,
with the wear rate being controlled largely by the rate of oxide
formation. If the applied load is increased the protective film may
be‘destroyed and galling conditions will result. It is relatively
difficult to achieve pure adhesive wear, for the material transferred

during adhesive wear will often cause some abrasive wear.

'2.2.2 Abrasive Wear Mechanism

Abrasive wear iﬁvolves the loss §f material by the formation of

chips by cutting, as in abrasive machining. Since the process
involves cutting it depends on the hardness, the elastic properties,
and the geometry of the two mating surfaces. The abraéive resistance

of a material depends on the amount of elastic deformation a surface
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can sustain.

Kragelskii [ 12] has reviewed the conditions governingAtransition
between different deformation modes of a surface 1ogded by a sliding
indentor (which may be considered to répresenf a surface asperity).
Depending on the strength of adhesion of frictional bonds and the
relative depth of penetration, h / R (where h = depth of penetration,
R = radius of the penetrating asperity), Kragelskii shows that a

- transition occurs between plastic deformation and micro-cuttiﬁg of

the surface, when h / R is equal to or greater than 0.1.

2.2.3 Diffusion Wear Mechanism

‘Wear hés been referred to as a process of atomic transfer at contacting
~asperities, which means wear purely by diffusion. More recent concepts
consider diffusion to be an integral part of other wear mechanisms.
Some diffusion must occur in the adhesion mechanism of contacting
asperities., Diffusion may also be classified as part of the abrasicn
wear mechanism under certain conditions. One of the well known
/éxamples of this is in the wear of tungsten carbide toéls when used

.to cut steels. The diffusion rate is temperature dependant énd is

a direct product of the rubbing speed. However the amount of material
transferred by diffusion is dependant on the time of contact of the

mating surfaces which is an inverse function of speed.
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2.2.4 Fatigue Wear Mechanism

Kragelskii [12] describes a fatigue wear mechanism which has been
proposed by a number of Russian workers. He describes how each
surface asperity is associéted with a wave of deformation; for some
distance in front of the asperity the material is compressed, and
behind the asperity the material is’elongated'because of the
frictional force. Each cross sectioﬁ of the rubbing surface is
successively subjected to compressive and tensile stresses. It is
this change in surface stresses, which even though very small, may
lead to wear by a fatigue failure of the surface. In theory, wear
particles are created by cracks, formed below the surface, spreading
and moving up to the surface. Generally it is thought that oxidation
of the surface may take place, the oxide layer itself being removed
by a fatigue process. Kragelskii points out that this model of wear
| can be used tg explain Wear in the presence of a 1ubricant film.
The lubricant does not remove the load acting on the surface but
' mere}y balances it and the frictional force is reduced. The material
below the surface is still subject to a fluctuatiné stress and so
‘wear may occur by fatigue, even though there may be no metal to

metal contact.

The fatigue wear mechanism has been presented as a completely
alternative explanation to the adhesion mechanism. However, there
seems to be reasonable cause to consider that both mechanisms play

a part in the wear process, the conditions of sliding dictating
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which is the more important mechanism in any situation.
2.3 SEVERE WEAR MECHANISMS UNDER METAL CUTTING CONDITIONS

In 1973, Wright and Trent [ 13 ] made a considerable contribution to
formulating concepts of wear mechanisms. They investigated the wear
mechanisms occuring on high speed steel tools used to machine steels,
cast iron and nickel ﬁased alloys under practical conditions. Wright
and Trent presented evidence of five different wear processes and

mechanisms:

(i) superficial plastic deformation by shear at high temperature.
(ii) plastic deformation of the cutting edge.

(iii) " wear based on diffusion.

~(iv) attrition wear.

(v) abrasion wear.

2.3.1 Superficial Plastic Deformation By ShearlAt High Temperature

.Wright and Trent observed this mechanism on tools used at relatively
high cutting speeds (3m /s.) where a 'crater' formed on the ;ake
face under the éhip. They show metallographic evidence that a
'flow-zone' occurs adjacent to the rake surface of the tool. The
top of this zone moves with the chip while the bottom is bonded to
the tool. This flow zone becomes the major heat source raising the

temperature of the tool, and causing the surface layers of the tool
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to shear in the direction of chip flow to form a shallow crater, with

tool material swept to the back to form a ridge.

Wright and Trent state that certain requirements must be met for the

occurence of this wear mechanism:

(1) the flow pattern under conditions of seizure (seizure occurs
when two surfaces become intérlocked or metalluréically bonded
so that sliding no longer takes place at the interface) must
be such that a very thin layer of the work material at the
interface forms a flow zone, with very high strain rate which
constitutes a heat source giving very high femperatures.

(ii)  the cutting speed must be high. |

(iii)  the material being cut must be relatively high melting point
so that stress and temperature in the flow zone are high
enough to shear the tool steel,

(iv) the tool material must be so softened that it can be sheared

by the work material.

ﬁWe are told that the occurence of a crater on a tool cannot be taken
as evidence that this mechanism is operative. wright and Tr;nt
report that shailow craters were observed on tools after machining
at low speeds with nb evidence of plastic deformation. . When speed
and feed were raised, the rapid cratering by plastic deformation
became the factor limiting the maximum rate of metal removal and

leads to rapid rates of wear.
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2.3.2 Plastic Deformation Under Compressive Stress

‘The vertical componeﬁt of the cutting force is supported by that
portion of the tool rake face in contact with tﬁe under side of the
forming chip. When cutting steels, the meaﬁ stress on this contact
area 1is reported to be over T50MN /m2( This stress is largely
compressive and is superimposed on the shéar stress acting at the
intexrface. This coﬁpressive stress fends to deform the tool in a
direction normal to the rake face, and a basic réquirement of a
cutting tool material is high yield stress in compression. This
change of shape due to deformation may alter the flow pattern over
the tool, causing accelerated failure by greatly increased heating
at the cutting edge. The last stages are abcompanied by generation
of high temperatures at the tool flank and wear by the shear process

as for cratering.

2.3.3 Diffusion Wear

~

Wright and Trent show metallographic evidence that conditions exist

xwheré diffusion across the tool / work interface is probable.‘ When
cutting steel and cast iron at fairly high speed and feed réte they
report a graduai structural change acr&ss the interface, suggesting
interdiffusion. They also observed features, consistent with a wear
procesé in which matrix atoms from the tool diffused into the work

material, on the surfaces of craters of tools used at relatively low

cutting speeds.
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Wright and Trent summarise by saying that with high speed steel %ools
primary cratering at moderate speeds is probably based on diffusion,
but temperatures are rélatively low and craters develop slowly. As
the cutting speed is raised, diffusion wear does not become rapid
becausé it is superseded by the plastic deformation process, which

is so rapid that it completely masks any diffusion process which

ﬁay be taking place. With high speed steel tools wear based on
diffusion is probably of minor importance on the rake face. However,

they report that some flank wear may be based on diffusion.

2.3.4 Attrition Weaxr

Metallographic evidence is given showing the character of the work
process in which f:agmgnts of the tool of microscopic size are

_ torn from the tool. There is a suggestion of fracture along grain
boundaries and the work material is firmly bonded to the tool surface.
A worn tool surface is most probably formed by the pulling éway of
fragments of the tooi material subjected to localised tensile stresses:
when the work material is torn off. Sections through tools used for
:increasing times have shown a slow uneven nibbling away of the edge,
the wear rate probably depending largely on the stability of the

flow pattern of.a built up edge. Attrition wear rate is probably

influenced greatly by factors such as rigidity and tool rake angle.
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é.3.5 Abrasion

To abrade a high speed éteelAtool there must be particles in the

work material harder than the martensitic matrix. Wright and Trent
found direct evidence for abrasion only on tools used for cutting
stainless steel (En58B), and only a few examples of abrasion were
found oﬁ all the tool / work interfaces examined. They concluded
that abrasion mechanics may account for the difference in wear rate
when cutting different steels and that abrasion éives an initial high

wear rate which diminishes rapidly with time.
2.4 APPLICATION OF WEAR MECHANISMS TO CUTTING TOOL WEAR

Typicaily cutting tools wear by the rubbing of the chip and workp;ece
against the rake and clearance faces. Since this is a sliding process
one would expect that the wear mechanisms known to apply to lightly
loaded surfaces will apply to metal cutting. However, there are
threg\sﬁecial factors in the wearing of cutting tools, which make it
a more severe wearing problem:

(i) the surface against which the tool is rubbing is newiy cut
from the work material (virgin metal), and there is little
time for oxidation to form.

(i1) the surface on which the tool is rubbing has severely work
hardened in the plastic processes involved in forming the

chip.
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(iii) the temperatures and pressures at the chip / tool interface

are extreme.

"Most of the studies used in developing wear relationships deal with
the wear of a soft metal rider rubbing against a harder surface. In
metal cutting the wear we are interested in is that of a hard metal

rider (the tool) rubbing on a softer surface.

The flow pattern around the cutting edge plays a decisive role in
determining which wear mechanism becomes operati%e and the rate of
wear, Wright and Trent account three ways in which the flow pattern

can influence the wear mechanisms:

(i)  the rate of flow at and near the ool / work interface can
have a direct influence on the rate of wear, as is clear in
the case of attrition wear, crateiing by high temperature
shear and in diffusion wear, in which the atoms of tool
) material diffusing into the work are carried away.
(ii) the pattern of flow can have an indirect influence because
the character and location of the heat sourcé depends on the
flow pattern and temperature distribution has been shown to
* be impoftant in controlling wear, (diffusion wear and cratering
by plastic deformation).
(iii)  the flow pattern can have an indirect influence because it
can greatly modify the distribution of sitress (both compressive

and shear stress) near the cutting edge, thus controlling
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processes in which the tool shape is changed by plastic

deformation.

As cutting speed increases, temperatures rise, and as the limiting
rate of metal rgmoval is approached, the rates of cratering wear,
flank wear and deformation of the cutting edge increase rapidly and
tool life falls. Vhich one of the wear mechanisms is dominant depends
on many factors including tool material, tool geometry, and the
character of the work material; but.-all are sufficiently dependant
on temperature that fairly simple tool life-cutting speed
relationships hold. It is in this region that tool life may be
found to conform, at least approximately, to the Taylor relationship.
At lower cutting speeds other wear mechanisﬁs come into operation
not dependant on temperature and the relatively simple relationships

between cutting speed and tool life no longer hold.

2.4.1 Adhesion Wear Theory

Shaw and Dirke [ 14 ] have applied an adhesion wear theory to the
“formation of a wear land on a cutting tool. They obtained the wear

volume per unit distance of sliding as

W=K(nCI g | O

Shaw and Dirke state that the quantity K will:
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(1) be less for the harder metal of a sliding pair. .

(ii) be greater for metals having a strong tendency to weld.
(iii)  increase with temperature.

(iv) increase with time of contact (inverse of sliding»speed).
(v) decrease as low shear strength films are formed between the

surfaces (by introduction of a cutting fluid).

Shaw and Dirke suggest that the product (n.C) may be assumed
"independant of load and thus (1) states that wear rate should be

a linear function of applied load (N). Other workers have shown
that this is the case over a wide load range, up to very high loads
where catastrophic wear occurs. Shaw and Dirke exélain the gfowth
of the wear land on the clearance space of a tool in terms of (1)
and when plotted against time, or length of cut, they observed three
distinct stages of wear land growth. An initial region of rapid wear,
tben an approximately constant wear rate region, and finally a much
more rapid or even catastrophic wear region. This general nature

of wear land growth has been reported by many workers and is
illustrated in FIGURE 4., based on a very fine depth of cut milling

" operation [ 15] .

J. Taylor [16]'suggests that it is reasonable to assume that the
'volume rate of tool wear is proportional to the area of the wear
scar'. From this assumption, relations for the growth of wear land
and depth of crater with respect to time can be estéblished.

Considering an orthogonal cut the wear land can be assumed to form
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as a plane surface parallel to the direction of cut, as shown in-
FIGURE 5. The wear volume (W) at any given wear land (w), can be

given by:

) .
W Abw (2)

=L
2

The wear proportionality assumed by Taylor [16] may be written:

dW = Kwb - (3)
dt

2.4.2 Diffusion Wear Theory

A number of workers have considered that the mechanism of tool wear
must involve chemical action and diffusion. Trent [17] has
demonstrated welding and préferred chemicé} attack of tungsten
carbide in tungsten-titanium carbide tools. Bhattacharyya and

Gosh [ 18 ] have shown micrograph evidence of the diffusion of tool

- constituents into the workpiece and chip.

There are several ways in which the wear process may be depéndant
on the diffusion mechanism. Cook and Nayak [ 19] have suggested the

following:
(1) gross softening of the tool. Diffusion of carbon in a

relatively deep surface layer of the tool may cause

softening and subsequent plastic flow of the tool. This
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may produce major geometrical changes in the tool, which
result in high forces and complete failure of the tool.

(ii) diffusion of major tool constituents into the work. The
tool mafrix may dissolve into the work and chip surfaces
as they pass the tool. This process may constitute the
removal of tool material. Ih cast alloy, carbide or ceramic
tools this may be the prime wear mechanism. With high speed
steel tools iron diffusion is possible.

(iii) diffusion of minor tool constituents into the work. A

' component of the tool material may dissclve away leaving a
thin surface layer with deteriorated material properties.
With high speed steel tools the carbon content of a surface
layer may be reduced by diffusion. |

(iv) diffusion of a wérk material component into the tool. A

constituent of the work material diffusing into the tool

may alter the physical properties of a surface layer. For

example, it is conceivable that diffusion of lead into the

tool may produce a thin brittle surface layer, subject to
removal fracture.

‘(v) diffusion of a tool constituent influencing the work material.
Opitz [ 20] has suggested that the major‘influence offa
diffusién mechanism on the wear of carbide tools is not from
loss of consfituents from the tool, but from the influence
of these constituents on the strength of the chip materialf
A carbon enrichment increases the strength of the chip .

surface and this in turn draws more material out of the tool.
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The mechanisms (i) to (v) are not mutually exclusive. All may play

a part in the tool wear process, or for particular conditions, one

mechanism may predominate. However, all the mechanisms depend on

diffusion,Aand clearly the examination of diffusion rate relationships

is likely to provide realistic wear rate estimates. Dorinson [ 21]

applied a reaction rate equation to tool wear. He has shbwn that

an equafion of this form can lead to a linear'felationship between

the natural logarithms of the rake féce wear rate and thé cutting

speed. This provides a possible explanatioh of the empirical tool

life relationship originally proposed by F.W. Taylor[ 22 1].

Dorinson analysed a model of the wear process in which material

from the chip diffused into the tool and chemical reaction (alloying),

produced a soft layer at the tool surface. Dorinson developed an

equation for wear per unit time, which involved.geometrical factors
of both the workpiece and the tool, together with the diffusion

| rate constant which is femperature dependant., The wear volume per

unit time can be written:

2.4.3 RElectrochemical Effects In Tool Wear

Due to the high temperatures between dissimilar materials at the
tool / chip interface, a thermo-electric current flow is set up
between the tool / chip / workpiece / machine tool. Opitz [ 23] has

suggested that this current may aid the diffusion of carbon ions
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from carbide tools into the work material. Opité has also claimed
that by electrically insulating the cutting tqol from the machine
tool the wear rate of the tool is reduced. A further reduction is
claimed if an opposing electro-motive force is applied to the tool.
Some workers have reported that they could find no change in {ool
wear with either electrical insulation or with a back electro-motive
force. It seems that the presence of an oxide film at the tool /

chip interface determines whether or not this mechanism takes effect.
2.5 CUTTING TOOL LIFE - WHAT IS IT?

‘Tool life represents the useful life of a tool, expressed~in time

(or other units) from the start of a cpt to some end point defined
by a failure criterion. A tool that no 1qnger performs the desired
function is said to have failed and hence reached the end of its
useful life. At such an end point the tool is not necessarily unable
to cut the workpiece but is merely unsatisfactory for the purpose
requ%red. The tool may be resharpened and used againj; used on a less

demanding machining operation, or scrapped.

2.5.1 Specification Of Tool Life And Failure Criteria
Tool life may be and has been specified in a number of ways, namely:

(1) actual cutting time to failure.

(ii) total time to failure, as in the case of a continuous cutting

67



process (milling).

(iii) length of work cut to failure.

(iv) volume of metal removed to failure.
(v) number of components produced to failure.
(vi) cutting speed for a given time to failure.

Tool life can be readily expressed in physicai qﬁantities and hence
seems a simple concept, yet it is actually based on some definition

of tool failure. A tool fails when it no longer performs its function,
so the failure criterion will depend on the requirements of the
component being produced. In a finishing operation the surface finish
and dimensional accuracy will be of major importance and the tool will
fail when the specified conditions can no lohger be achieved. With
form téols, accuracy is vital and only limited changes in tool shape
can be tolerated. Also these failures are principally related to the

wear on the clearance face of a tool as discussed previously.

Various tool failure criterion have been used to determine tool life,
these include: |
(i) chipping or fine cracks developing at the cutting edée.
(i1) wear land size on the clearance face.
(iii) crater depth, width or other parameters of the crater in
the rake face.
(iv) a combination of (ii) and (iii).

(v) volume or weight of material worn off the tool.
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(vi) total destruction of the cutting tool.

(vii) 1limiting value of surface finish produced on the component.
(viii) 1limiting value of change in component size.

(ix) fixed increase in cutting forces, power or cutting time

required to perform a cut.

These vérious t601 féilure criteria have been introduced gradually
as the full implications of tool lifé became clearer, though the
problem is by no means fully solved; The first éix are based on
measurements of cutting tool wear, while the remainder are mainly

a resﬁlt of the tool wearing when in use.

Studies of the tool flank wear have shown that the wear land growth
follows three stages, yielding a curve similar to a creep test curve,

FIGURE 6.

Various explanations have.been put forward by many workers and>have
been\discussed previously. The adhesion weai theory and the diffusion
theory have been applied to wear land growth. Shaw and Dirke [14]
;uéing the adhesion wear theorxry élaimed that the approximate 1inear
second stage of the wear land curve is represented by L propbrtional
w, if the normal force (N), on the weaf land (w)4is proportional to
the wear 1aﬁd size. If the normal force is constant then L is
proportional w2. Taylor's experimental data [ 16 ] shows that L is
proportional w for a wide range of cutting conditions. Taylor claimed

that these results are consistent with the adhesion wear theoxry.
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Colding [ 24,25] measured ool wear by radioactive methods and showed
that the volume wear rate is constant in stage II wear,(FIGURE 6:),‘

so'that:

. . 9 _
L o volume wear «< w | (5)

The diffﬁsién wear théory as applied by Coiding éuggests that wear
‘rate is constaht’provided that temperature is constant.‘ whi1e these
theories have been applied to cutting tool wear withvsome success,
none has quantitatively predicted the tool wear and resort.to some .
experimental testing ﬁust be sought. It now becomes apparent that
all these wear theories show that many variables play an importent

part in the life of a cutting tool.

2.6 DIMENSIONAL ANALYSIS APPLIED TO METAL CUTTING

2.6.1 Dimensional Analysis

~
The idea of dimensiona% consistency is used in the procedure known
Jas dimensional analysis in whiqh variables ofba given situation are
grouped into dimensionless parametérs which are less numeroﬁs than
the original variables. ©Such a procedure is very helpful in
experimental work in which the very number of significant variables
presents an impdsing task of correlation. By combining the variables
into a smaller number of dimensionless parameters,lthe work of

experimental data reduction is considerably reduced.
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The methods of dimensional analysis are of very wide application but

it was only in 1939 that it was first applied to metal cutting.

2.6.2 Applications Of Dimensional Analysis To Various Metal Cutting

Problems
2.6.2.1 Tool Temperature

Kronenberg [ 26 ] assumes that temperature of a cutting tool is primarily

affected by the physical gquantities shown below:

Variable . » Symbol Dimension
temperature Te V)

chip cross sectional area v A l_z

cutting speed . \Y ]_T--1
| wnit cutting force ks ML—1T_2
‘thermal conductivity of work material W ML T—3 9‘1
volu;z\letric specific heat of work material h ML 1 T—Z 9_1

'Po find the relationship between these variables we have to find two .
dimensionless ‘quantities des:‘LglrzatecﬂT1 and'ﬂ-2 s it is advisable to

select a core of five of the six variables for each group such that:

a b ¢ d

Tr,] = V kS W h Te ‘ (6)
e f g i

TTZ =V ks W h A (7)
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The exponents have to be determined such thatTH and1T2Abecome
dimensionless., Substituting the dimensions of the variables into

the 11 , equations gives:

00 O O -a b-b-2b cc =3c-c d—d -2d -d
MLTO:LTMLTMLT@ LT ©.60

The exponent must equal zero; consider:

[L] ~ a-b+c-d =0
[T]  -a-2b-3c-2d =0
[M] b+c+d =0
(el “c-d+1 =0
fromwhich a=0 b=0 c¢=0 d=0
and m = kS h.Te |
" or M = h.Te : | (8)

Repeating the process forT5 gives:

- 2 2 —2
TTZ:V.h.A.W
2 Z . ) B
M=o nCA | o
2 T |
W

Tﬁ andﬂé may be expressed in the form:

T2



Kronenberg found the relationship betweenTﬂ and-ﬂz by replotting'
data obtained by Gottwein [27] in the form]ﬁ and ﬂé . FIGURE 7.,
shows numerous values ofTH and]TZ which have been computed and
plotted on log / log scales. All the points lie reasonably well
on a straight line, although the values cover a great range of
éutting speeds, cutting forces, chip cross sectional areas etc;
This shows the advantage of using dimensional analysis which makes
it possible‘to represent all tests by a single line; ordinarily,
data must be représented on various.diagrams whiéh do nof show

their mutval interdependance.
The equation of the straight line FIGURE 7., is:
n :
mecm)' . (11)

- vhere C is the magnitude ofTH when-n2 = 1. The exponent n is the

slope of the line of FIGURE 7., and equals 0,22,

~.

The equation now becomes:

0-22
2 2
ks w? , (12)
| 04t 022
ox Te = CksV A (13)
044 056
W R
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Kronenberg made the following conclusions from this relafionship,

namelys:

(i) the major quantity affecting the cutting temperature is
the wnit cutting force (and thﬁs the éhear strength of the
work material). Temperature variés directly proportional to

: the wnit cutting force.

(ii) the two thermal quantities of specific heat per unit volume
and the‘heat conductivity of the work material, have the
second largést effect on temperature. The lower they are
the higher the temperature.

(iii)  the cutting speed has considerably more effect on the

temperature than the chip cross sectional area.

Based bn the hypothesis that an exponential relationship between
‘cutting variables such as.nj and1T2 is often found in metal cutting
investigations, [ 28] , when plotted on bi~logarithmic papei; the
equations (11) and (12) could be derived even without actual
cutting tests., This shows the power of dimensional analysis.
Actual testing then would have been necessary only for a series of
runs where the cutting speed was varied while the chip cross
sectional area was constant. This would have given the numerical
value of exponent n. A few further tests, varying the chip cross
sectional area would suffice to derive the entire temperature

relationship.
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Shaw and Loewen [ 29] investigated temperatures in metal cutting
and derived complete formulas which they finally simplified to

the following equation:‘

| 05 05 05

Te = 5S¢Vt 8 .

| 05 .05 | -4
wW>RP Y

If equation (14), (based purely on cutting tests) is compared with
Krononberg'é (13), (based on dimensional analysis), the two equations
agree in many respects except in the exponents for the feed and the
cutting speed. These exponents are equal in Shaw and Loewen's
equation (namely both 0.50) while the feed exponent (0.22) is only
half the cutting speed exponent (0.44) in Kronenberg's equation.
Equal exponents for feed and speed do not agree with common
experience where the cutting speed has a greater effect on the
temp;rature than the feed. Hence, by dimensional analysis it is
possible to derive an equation expressing the different effécts of
speed. and feed, while Shaw and Loewen's equation b;sed on cutting
tests, failed to take this into consideration. From evaluation of
'fests by Herbert[ 30] and Chao and Trigger [ 31] exponents are
obtained for the cutting speed-temperature relationship of from

0.35-0.43, and 0.195-0.212, respectively.
2.6.2.2 Tool Life -~ Cutting Speed Relationship

Dimensional amnalysis leads to very interesting investigations of
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the tool life-cutting speed relationship. Kronenberg [ 26]

introduces a single new quantity, namely,the 'consolidated heat

value (H)'.

The following shows the physical quantities considered in the tool

life~cutting speed relationship:

Variable

temperature

tool life

chip cross sectional area

cutting speed

unit cutting force

thermal conductivity of work material
volumetric specific heat of work material

consolidated heat value (W.h)

Symbol

Dimension
8
T
2
LT
mit T2
MLT 38"
M T2¢
25 2

The variables are analysed in the same way as in the tool temperature

relations. A new set of dimensionless productsTﬁgandTEQ , are

"obtained, namely:

"|T3=TeH
%
T2 ks V
Tl-[*’: A
V2 T2

(15)

(16)
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It is now assumed thafﬂé is an exponential function of Il, and

that the relationship may be expressed:

" _
1T3 = c1(1T4) (17)

By substituting (15) and (16) into (17) we have:

m 1-2m 05-Z2m
Te = ks C1 A V T

0-5
H

(18)

We want to find out how tool life changes with cutting speed if the
temperature remains constant when machining a given work material

at a given feed and depth of cut.

The chip cross sectional area (feed x depth of cut) in (18) is a
constant under these conditions and the unit cutting force and the
consolidated heat value, are also constant for a given work.material.
Hence, the fractional value of (18) is constant and may be represented

by 02, such that:

m -
C2 = ks ¢ A (19)
-5
HO
Equation (18) can now be simplified to:
V1-—2m TO-5—2m ']V
AR (20)
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If temperature remains constant then (20) may be written:

1-2m *_0-5-2m
V T = constant

(21)

Now one of the most important features of dimensional analysis is’
the poséibility of making assumptions and drawing conclusions, which

can be later verified or modified by sample testing.

Let us assume that the exponent m in (17-21) has the same value as

n had in the previous section on tool temperature.

Substituting for m = 0.22 in (21) gives:
0-56 _0-06
V T = constant

. Dividing the exponents by 0.56 gives:

0-107 :
~ V T = constant (22)

It will be seen that (22) is identical to the well known Taylor

equation [ 22] for the tool life—cutting speed relationship:

= G ' | (23)
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Dimensional analysis leads to the Taqur equation in a very simple
way, while Taylor needed a number of‘years to establish thié
relationship. It can be concluded that tﬁe Taylor relationship
applies to constant temperature as iong as the values of (19) do

not change.
2.6.2.3 Generalization Of The Taylor Equatioh

Experience and tests have proved that the exponent n, in the Taylor
equation changes with the work and tool materials. Dimensional
analysis may be used to try and generalize and extend the Taylor
equation beyond its present range [26] . A generalized equation

can be obtained for the tool life-cutting sfeed relationAby dividing

(21) by the exponent (1-2m), to give:

#(OB—Znﬁ/(1—2mH

= CT "(24)

~.

2.6.2.4 Colding's Generalization Of Taylor's Equation

Previous investigations have shown the importance of temperéfure,
thermal properfies of the work material, energy per unit volume
of metal rempved, ohip equivalent (or feed~and depth of cut), and
cutting speed on tool life [ 29,32,53,34] . Since tool life is a
direct function of temperature where Taylor's equation is valid |

Colding [ 35] has neglected cutting temperature and substituted the
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thermal properties of.the workpiece.

Colding makes use of the chip equivalent which is a function of the

specific energy necessary to cut the metal, on the premise that for

a constant combination of work and tool material this variable will

be accounted for. A definition of a chip equivalent is given in a

later section. Since the chip equivalent accounts for feed, depth

of cut, nose radius and side cutting'edge angle, Colding considers

that chip equivalent is as important a variable as the cutting speed.

The quantities regarded for Colding's analysis are shown below:

Variable

tool life

cutting speed

chip equivalent
-thermal conductivity
volq?e specific heat

thermal diffusivity

Symbol
T

\
q
k

[°cC
K(%%)

Dimension

LT

MO T2gT

An application of the principles of dimensional analysis to the

quantities shown above yields:

Let core = Tq

therefore ﬂs =
and ﬂé =

a b
T qV
c d
T g K
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’ a b

COnsidering'ﬂé ]ﬂs =T q V
I R oL
[T] - 0=a-1 a=1
[L] O=—=b+1 b=1
TT5 =TqV (25)
| ' c d
Considering TTG : -”6 =T q K
O O c -d 1
L T = T L L T

(T ] 0=c-1 c =1
(L] 0=-d+2 d=2

- 2 ’ ’
M. =T q°K . (26)
Now as beforqﬂS and-ne may be expressed in the form:

T

= f (1T5) | (27)
' Substituting (25) and (26) into (27) gives:

2

KTq =f(VTq) (28)

Now let us choose another core.

Let core = VT
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This gives us Tr7 = VTK
and M, =V Tqg
8 a_b
Considering Tf7 =V T K
: o _0 a -a_b 2 _-

L T =L T T L T

[T] O = —-a+b-1 b=+
[L] O =a=+2 a=—2
2 A T Vi
M=V T or  Ty=K/VET |
which gives TT7 = V2 T (29)
| " |
c d
Considering Tr8 TT8 =V T q
-c_d -1
C1%= 5 T
[T] 0 = -c+d d =1
(L] 0 = c¢c—1 c =1
vhich gives | TT8 = VTaq (30)

As beforen7 andﬂ8 may be expressed in the form:

~.

Substituting (29) and (30) into (31) gives:

VTq =f{v2T] - (32)
K .

Equations (28) and (32) are Colding's three dimensional tool life

equations.
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Colding expressed (28) in the form of an exponential funcfion givings:

[

B |
. 9 ‘/é ‘
KTq:U[VTq] (33)

Where B is the slope of a line produced by plotting the logarithm

of the dimensionless groups based on cufting tests.
2.6.2.5 Analysis Of The Taylor Constant

The Taylor constant of (23) has’ been defined as the cutting speed

for a 1 minute tool life. Kronenberg|[ 26 )has analysed this constant

by means of (20) from which: |
| L 1/(1=2m)
CT = _TE__
L C2.
or when substituting (19)u'5
— 05 = 1/(1-2m)
Z Te H .
- Cr = . -
AT ks g BETS

Kronenberg has shown [ 26 ] that the Taylor-line (on a bi-logarithmic
co~ordinate system) is a line of constant temperature. From (34)
it may be concluded that this is true as long as the constant

defined by this equation, does not change.

This conclusion has been C6nfirmed by tests carried out by
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Kronenberg [ 36]. It was found that the relationship between cutting
speed and temperaturevat the chip / fool interface is represented
by a straight line on a bi-logarithmic co-ordinate system, except
iﬁ cases where the feed was changed. This agrees with (34) since
the unit cutting force would change when the chip créss sectional

area changes: hence the Taylor constant would also change.
2.6.2.6 Tool Life - Temperature Relationship

Kronenberg [ 26 ] has used (18) for forming conclusions with regard

to the tool life-temperature relationship.

Solving (18) for the tool life, yields:

o 1/(0-5—2m)
T, Te H

(35)

—
1

1=2m)
ks o VM

Kronenberg has tabulated Yalues‘of the exponent m such that m
frequently lies between 0,188-0,228. It follows from (35) that the
fool life would vary with the eigth to the twenty third power of
the temperature. Schallbrock [ 37] and his associates have actually
found that toolvlife varies with the twentieth power of temperature.
This is excellent confirmation of both the dimensional analysis and
of Schallbrock's tests. This also agrees with Kronenberg's values
derived theoretically for the exponent m, because a variation with

the twentieth power corresponds to a temperature exponent of 0.225.
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2.6.2.7 Temperature — Time Relationship

Kronenberg [ 26 ] has used the variables of section 2.6.2.2 and

applied tﬁem to’ﬁhe problem of the temperature-time relationship.

The tool life.is replaced by the time Z indicating continuous.cutting,
A1l dimensions remain the same and the corresponding diménsionless

quantities are (compare with (15) and (16)) namely:

My = T1e/ - (36)
Z 2 ks V

== <
Ve 7

These two dimensionless quantities must be correlated in order that
the desired relationship between time and cutting temperature may

be found. However, Kronenberg could only find one source of sample
data\which included unit cutting force, time, cutting Speed, and chip
cross sectional area. This source lacked uniformity in that more
“than one variable was changed from test to test. Kronenberg |
therefore makes some important conclusions based on assumptibns

(which are most likely to be correct) that tests would result in a

straight line on bi-logarithmic paper.

Letting the slope of such a straight line be n and letting Coo be

the value ofTT3 for]tg = 1.0 (the intersection of the straight line
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with the y--axis atTﬁg = 1.0) the equation for the temperature-time

relationship is formed thus:

- n (1-2n) _(V2—2n)
oo Coo A ks v “lz AT

(36)
H1/2'

Using this relationship Kronenberg has been able to bring out a basic
fact very clearly,}namely that the temperature rises almost -
instantaneously at the start of the cut. Hence it may often be
sufficient to run short time cuts when temperature investigations
Aare undertaken. Kronenberg has validated this claim»by measuring

temperature oscillograms during actual cutting[ 26 ] .

2,7 EMPIRICAL CUTTING TOOL LIFE EQUATIONS

2.7.1 The Taylor Type Relationship

The best known tool life equation is that of F. W. Taylor [22] :

n

VT=2Z¢C (39)

T

This formula indioates a linear relationship between log T and
log V (n is a constant) as shown in FIGURE 8., for any given

conditions of feed rate, depth of cut, and tool geometry.

Taylor considered the exponent to be constant, resulting in linearity.
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Experience has shown that in general a curve results from a log T-
log V plot and that constant exponenf is a special case which occurs
in certain conditions. FIGURE 9., shows linear Taylor plots obtained

at the University of Manchester Institute of Science and Technology

[ 38 ].

FIGURES 9-12., and general experience of tool life testing suggests
that non-linear Ta&lor plots are most likely to occur in the following

conditions:

(1) when machining high strength thermal resistant materials with
all types . of tool materials.

(ii) when machining in conditions which give very long tool lives.

(iii) at high rates of metal removal.

(iv) - in finish turning conditions as indicated by Kronenberg [ 26 ] .

The conditions used by Taylor when he de&eloped his V-T relationships

weres:

(1) Taylor used plain carbon steel and high speed steel tools;
the only tool available at that time.

(ii) only cast steel and forged steel workpieces were used.

(iii) only one type of turning tocl was used; the 'Taylor Tool'
with a large nose radius..
(iv) Taylor employed only large cuts; these corresponding to rough

machining conditions.
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(v) the failure criterion employed was 'complete tool failure'
| and the tool life was expressed as the cutting speed to
produce failure in 20 minutes.
(vi) only one speed range was used; this being épeeds to give

what Taylor termed 'Type II tool wear'.
Taylor defined three types of tool wear and these are:

I that in which the heat‘generated in cuttihg has no effect
on the tool hardness and on the wear rate.

'II that in which the heat produced softens the tool slightly
during the greater part of its life, leading to increased
wear, increased temperature, and fihally, rapid failure.

ITT that in which the heat generated, completely softens the

cutting tool, leading to rapid failure.

The Taylor equation seems to be reasqnably valid when machining

carbgp and alloy steels with all types of tool material in semi-
roughing conditions (depth of cut 1.27-%.81mm. and feeds of less than
’0.5mm.) when cutting with speeds to give tool life of between 10 and .

50 minutes.

Kronenberg [ 42 ] has suggested a method of 'straightening' a curved
log T-log V plot. This is achieved by adding or subtracting a constant
straightening factor to or from all values of speed and tool life and

re-plotting the results in the form:
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]

(VEKs)T (C*Ks) (40)

The curvature of the orig;nal data determines whether the stréightening
factor is added or subtracted, as ihdicated in FIGURE 13. Kronenberg
used trial and error to determine the straightening factor, taking

as a guide the fact'that the greater the curvature of the original
data, the larger thé straightening factor must be; bHaving suggested

a value for the straightening factof, it'may be mathematically
.checked to show whether it is correct; For a straight line, the slope

must be constant:

n = LoglVy + (Ks/Vp) + Kg ] R
| Log(T1/T2)

Yellowly and Barrow [ 43] have shown that equation (40) implies that

I+

Ks n C (42)
V

n1:n

'Therefore, if the amount of non-linearity is small the straightehing

factor and exponent can be obtained by plotting 1/ V against’n1.

Equation (39) only relates cutting speed to tool life for a particular
tool / workpiece combination, and does not consider other cutting
variables and tool geometiy. To connect tool life with several

variables, Taylor derived the equation:
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" - C; [1 - ¥y (32r)2}

_ (43)
2 ' 2 ]
5, 012 (48 d /15 +0-06 [32r » 0:8(32r)
5+32r |32r © 6(32r) +48d

Although this equation includes the important variables, feed and
depth of cut, it is too complex and limited to be of any practical
use. Taylor considered that feed and depth of cut could not be

combined into a single wvariable.

Kronenberg[ 26 ] used the data obtained by Taylor and found that in

most cases the area of cut (feed x depth of'cut) could be used as

a single variable. By plotting data in the form of log VT—log A,.

he developed the relationship:

V= L2 (44)
(1000 A)°

~.

Where G, is a constant; that is the cutting speed for an area of

‘cut of 0.00650m2., and z the slope of the log VT—log A plot.

Combined with Taylor's relationship (39), equation (44) becomes:

: n
vt = 80 G (45)

(1000 A)’

A slope effect was introduced by'a consideration of a 'slenderness
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ratio! G, such that G = depth of cut / feed.

| u n
vit = C2 (¥5) 60

(46)
-

(1000 A)
The term G / 5 relates G to an average value of G which Kronenberg
considered to be 5. Although equation (46) considers both feed and
depth of cut, the nose radius is not accounted for. Thus, the equation
omits a relatively important variable and is felt to be inferior to
equations using the concept of chip equivalent which are discussed

later,

Although Taylor connected tool life with cutting sbeed, feed and depth
of cut in separate equations, he never attempted to combine them.

This is now done regularly and is known as the 'Iixtended Taylor

Equation'. Taylor comnected tool life with cutting speed; (39), and

he connected tool life with feed rate:

VT = C/Sm (47)

He connected tool life with depth of cut:

voo= C |
T /d”Z | (48)
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The extended equation becomes:

C3

1 1 1 (49)
7/, /, /
v gt g2 |

This equation is used extensively but it still omits tool geometry
and assumes that the exponents are constant. As in the simple
Taylor equation, this is ﬁot generally so and large errors can
occur. The general trendAof tool life with the cutting speed, feed
and depth of cut is shown schematically in FIGURE 14. The amount
of gurvature in a particular case depends on the tool and workpiece

combination and the cutting conditions.

It is usuwally noticed thattq\:;bh1:>tﬁz so that the cutting speed
~has the greatest influence on tool life. The constants in the
extended Taylor equation can only be found through empirical tests.
Provided the exponents are reasonably constant, equation (49) is
quite useful, but the evaluation of the exponents and the constant,
is quite laborious as at least three sets of tests involving fifteen

tool life values are required.

2.7.2 Egquations Based On The Chip Equivalent Concept
In 1931 / 32 Woxen [45,46 ]proposed‘a tool life relationship based

upon cutting temperature, by evaluating a heat balance in steady

state cutting conditions.
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He assumed that:

(i) the actual area of éut, to be a measure of the quantity of
heat generated at a certain cutting speed.
(i1) the engaged Cutting edge length, to be a measure of the

guantity of heat carried off at that instant.

Woxen showed that cqtting temperature was a diréct'function of the
chip equivalent, for a given cutting speed and tool / workpiece
combination. The chip equivalent is defined as the ratio between
the length of the tool edge contacting the work and the area of cut

as shown in FIGURE 15.

In some caseé the inverse of the chip equivalent is used and is
~called the 'Bquivalent Chip Thickness'. The proposal by Woxen that
temperature is a function of chip equivalent has been substantiated
by several workers using tool / work thermocouple techniques [ 34,47 ].
Woxen assumed that the conditions resulting in constant temperature
also resulted in a constant tool life. TUsing this‘assumption he

‘was able to predict the shape of a putting speed-temperature plot,

as shown in FIGURE 16. These plots of cutting speed-chip edﬁivalent
.were construcﬁéd from the cutting speed-temperature plots in the

following manner.

A vertical line was drawn through curves of cutting speed-temperature

at a certain value of temperature as shown in FIGURE 16. From the
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points of intersection a temperature curve of cutting speed-chip
equivalent was constructed for a constant temperature. This
results in the right hand diagram of FIGURE 16., and as Woxen
believed that conditions which result in a constant cutting
temperature also resulted in a constant tool life, he interpretedj'
his cutting speed (constant temperature)-chip equivalent plot as

a cutting speed (constant tool life)-chip equivalent plot, FIGURE 17.

By constructing a number of these curves, he found that the shallow
curve produced could, in each case be approximated to a straight
line with little error. When extrapolated to zero, these straight
lines for several cutting temperatures (and hence tool lives) all

had the same intercept.

Woxen proposed the variation of tool life with chip equivalent and

cutting speed as:

Vp = Gplag +a) | (50)

He found that in general cutting speed (constant tool life)-chip
equivalent plots were not linear and introduced a factor to account

for this fact and ammended his equation to:

do + 9
V = GT O

51
. (51)
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To introduce tool life as a separate factor, Woxen assumed that
the Taylor equation (39) was generaliy valid and added a term so

that the relationship became:

N
V TX GS qO + 9
T 1 +gq (52)

Woxen recognized that the Taylor exponent could vary and added a

further term to overcome this difficulty, thus:

V= X[+ gT| Gs |90+ 9
53
T 1 + gq ()

Although the equations developed by Woxen seem té be valid for a

' wide range of cutting conditions, they are rather complex and
difficult to use. It appears that Woxen never plotted his results
on bi-logarithmic scales, he always used his assumption of the
linearity of the cutting speed (constant tool life)-chip equivalent
plots. These plots seem to deviate from linearity in the same way,
;consequently Woxen was able to employ a correction factor. If

log V., is plotted against log q the resulting lines are ofteh linear,

T

thus tool life can be expressed as:
Vi =714 (54)

Equation (54) can be expanded to include tool life as a separate
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term, resulting in:

o
VT = M ¢! (55)

Colding{ 35 ] and Brewer and Rueda [48] used relationships of the
form of (55) and showed that the exponents are not necessarily

constant.,

2.7.3 Colding Tool Life Equation

Dimensional analysis has proved to be a very handy method in many
Tields of engineering. To perform such an analysis it is most
important to know the fundamental physical quantities affecting the
cutting process. DPrevious investigations.have éhown the importance
~of temperature, thermal properties of work material, energy per

unit volume of metal femoved, chip equivalent (or feed and depth

of cut), and cutting speed on tool life[ 29,32,33,34 ].

There.also seems to be general agreement that tool life is a direct
“function of temperature in the region where Taylor's equation is
valid. Therefore, in a dimensionalhanalysis aiming at a genéralization
of Taylor's original equation (39) temperature should not be included
in the analysis, but the thermal propefties of the workpiéce. To
take into account the specific energy necessary to cut the metal, the
chip equivalent, being a function of specific energy, might ver& Qell

take care of this variable for a constant combination of work and
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tool material. As the chip equivalent in particular takes care of

feed, depth of cut, nose radius, and side cutting angle, the chip
equivalent therefore would be a variable as important as the cutting
speed. The quantities regarded essential by Colding for the analysis
have been shown in Section 2.6f2.4, and the application of the

principles of dimensional analysis to these quantities yields either:

VTg = |V T o
L < (56)

or in a more general form:

KTq? = §(VTq) -

"In an attempt to establish the law governing the relations (56) and
V(57) a oonvenient way is often to plot actual data on bi-logarithmic
- graph paper. However, owing to the lack of temperature, diffusivity,
énd‘gbol life data for corresponding cutting speeds etc., Colding's
-investigations were limited to plotting the felations (56) and (57)
for varying chip equivalent and cutting speed values, holding tool
life constant. As tool life is assumed to depend entirely on
temperature, then thermal diffusivity must also assume a constant
value for constant tool life. In doing so Colding found ‘that (56)

‘gave curves while (57) yielded straight lines
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FIGURE 18., shows the terms of (57) plotted, where three test series
covering high speed steel tools cutting of 0.6C, 0.45C, and Cr-Ni
steels, and two test series for carbide tools cutting carbon and
Cr-Ni steels are represented. As the values of thermal diffusivity

are unknown, this was set equal to 1.

The relative displacement between the relatioﬁs for tool life equal
to 60 and 1 minute, in FIGURE 18., hés no meaning: only the slopes
are important. The slopes are different for the‘two tool life values
chosen as well as between different materials. It is seen that over
a large range of chip equivalent values the relations are essentially

straight.

To further test the validity of the assumption of the dependance of
tool life on temperature, tests by Colding [ 49] using the tool-
thermocouple methods are shown in FIGURE 19. Assuming a relation

equivalent to (57):

| 1
KE q° =U(VEq)/2

- (58)
The plotted relétions valid for two different carbide grades and
0.6C and Cr-Ni steel, are of the same shape and slope as those in
FIGURE 18. The straight line dependance is neither valid for large
values of chip equivalént when based on electro-motive force

measurements nor when based on tool life data. This observation
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is important, since it confirms the great dependance of tool life

upon temperature and chip equivalent. The relations shown in

FIGURES 18,19., indicate thaﬁ a straight line approximation seems
Justified in the chip equivalent region corresponding to rough
machining. Woxen[ 32,46 ] has concluded that straight line relations
regarding (52) are obtained for the chip equivalent region corresponding

to finish machining.

It may be assumed that a relation of the form:
b
KTq2 =C(VTq)/2 (59)

may be applied in either the region of rough cutting or finishing.
In (59) b is the slope in FIGURES 18,19., corresponding to a certain

tool life.

2.8 VARIABLES AFFECTING CUTTING TOOL LIFE

~

The variables affecting the tool 1life may be listed as:

(i) cutting conditions; speed, feed and depth of cut.
(ii) tool geometry.
(iii)  tool material.
(iv) work material.

(v) cutting fluid.
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The type and condition of the machine tools.used are also very

important.

2.8.1 Effects 0f Cutting Conditions

The variables, speed, feed rate and depth of cut are important since
they control the rate of metal removal and production rate. Tool
life and cutting speed can usually bé related by an equation of the
form of (39). Similar trends occur for the feed and depth of cut,

so that the tool life may be expressed as (49).

Equation (49) is an extension of the Taylor equation, and has been
_suggested by a number of workers [ 261]. Thé values of the exponeﬁts
and thé constant in (49) will depend on the failure criterion. It

is also found that the exponents will vary with different tool and
work materials. The exponents describe the effects of the variables

on tool life. The larger the exponent the steeper the cutting speed-
tool life slope and the greater the change in tool life for a given
change in cutting speed. It is usually found thatBGW:J/n1>JAW2 S0
/that the cutting speed has the greatest influence on the tool life,
followed by the feed and depth of cut, respectively; The iﬁfluence

of these variaBles is often explained in terms of cutting temperatures.
It has been suggested that tool 1life is a direct function of temperature
irrespective of the cutting conditions and from a practical point of
view it is to be expected that the cutting temperature will rise

with increases in the three variables; this having been confirmed by

100



Takeyama and Murata [ 50 ] . The tool life equation has been expressed
in terms of the cutting velocity and the chip equivalent or its
reciprocal called the equivalent chip thickness. One such equation

shows the effect of chip equivalent on the cutting speed for a fixed

tool life as (54).

Combining (39) with (54) the tool life equation becomes:

T = K g (60)

FIGURES 20,21., show the effects of cutting speed on tool life for

various speeds, feeds and depths of cut.

Colding [ 35] considered fool life to be a direct function of
tgmperature so that the latter was not included as a variable in

his analysis. The size of cut was represented by the chip éguivalent,
such\ﬁhat the chip equivalent takes care of the feed arnd depth of cut.
Colding established the two dimensionless groups shown in (59).
JColding plotted experimental data for fixed tool life values éf 1 and
60 minutes respectively and since he assumed température and tool life
to be directly ielated, then for a fixéd tool lifé, thermal diffusivity
was considered constant and given an arbitrary value of 1. By
plotting the dimensionless éroups on logarithmic co-ordinates it was
shown that approximately linear relations were obtained for a wide

range of chip equivalent values, although the slopes for 1 and €0
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minute tool life were not equal, FIGURE 18., shows the trends.

Colding re—arranged (59) and compared it to the Taylor type tool

life equation thus:

1-2 2f blp—1
/b Ky /bq

61
¢ (61)

VT

2.8.2 Effect Of Tool Geometry

Increasing the normal rake angle of a cultting tool reduces the cutting
forces and the heat generated in cutting. Increasing the rake angle
can reduce the path for heat transfer, which can tend to increase

the cutting temperatures. TFrom the temperature aspect, an optimum

rake angle may occur which gives rise to a maximum tool life.

Tests by Crawford and Merchant [ 52] in which steel was face milled
with\? single tooth fly cutter of various rake angles gave results
which indicated that with 0 or 10 rake, tool life decreasgd regularly
with increasing cutting speed in the accepted manner. When 1aiger
rake angles were used, the tool life at high cutting speeds was
improved while the life at low cutting speeds was reduced; FIGURE 22.,
shows the effects of rake angle on tool temperature. FIGURE 23.,

shows the effects of cutting speed on tool life for different rake

angles,
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Crawford and Merchant also found that the size of the built up

edge decreased with an increase in cutting speed or true rake

angle. The nose‘radius of cutting tools affects tool life. The
larger the nose radius, the longer the life, or in other words, the
higher the cutting speed for a given tool life. An increase in nose
radius generally causes a reduction in tool tip temperature [ 53 ].
As would be expected therefore, the 1ower temperature aﬁd longer
tool life go together. In practice, it may be necessary to reduce
nose radius to avoid chatter and vibration.

4

2.8.3 Effect Of Tool Material

The requirements of cutting tools are high hardness and toughness,
good wear resiétance, mechanical and thermal shock resistance and
~the ability to maintain these properties at the temperatures occuring
during cutting. Tests on the variation of tool hardness with
{temperatures up to 76d’C have been conducted [ 54 ] . FIGURE.24.,
shows the effect of temperature on the hardness of.various tool
materials. In this representation we can take hardness as a guide
‘to wear resistance. As a rough guide the toughness of these tool
materials may be ranked in the reverse order to their hot hardness,

so that carbon steel and high speed steel head the toughness list.

A brief review of carbon and high speed steel tool material is of

interest at this stage.
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2.8.3.1 Carbon Steel

Carbon steel with about 1 ?er cent carbon has been used as a cutting
tool material. Although a number of alloying elements are usually
added, the tool is still classed as a carbon tool steel. Additions

of chromium and manganese improve the hardenability and the inclusion
of tungsten increases the weaxr resistance. Tungsten forms hard
tungsten carbide particles which are dispersed in the tool material.
This tool material can be used at slow cutting speeds and for materials
which develop low cutting temperatures. Carbon tool steel is
relatively cheap and may be economically justified in small production

runs.,
2.8.3.2 High Speed Steel

.High speed steel toocls are steel alloys with a high percentage of
tungsten (or molybdenum) and chromium, together with vanadium.
'Thesg\steels have a high hot hardness and are tough and shock resistant.
High speed steel tools can be used for roughing and finishing cuts

‘and are not susceptible to chipping of the cutting edge; For higher
hardness and abrasive wear resistance higher percentages of éobalt
(5-12%) and vanadium (2-5%) are added. Additions of vanadium usually

require higher carbon content to achieve the required hardness.

The effect of cutting speed on tool life for various common tool

materials is shown in FIGURE 25.
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