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UNIT - I 

Analysis of machining processes 

INTRODUCTION 

In an industry, metal components are made into different shapes and dimensions by using various metal 

working processes. 

Metal working processes are classified into two major groups. They are: 

 Non-cutting shaping or chips less or metal forming process - forging, rolling, pressing, etc. 

 Cutting shaping or metal cutting or chip forming process - turning, drilling, milling, etc. 

MATERIAL REMOVAL PROCESSES 

Definition of machining 

Machining is an essential process of finishing by which work pieces are produced to the desired dimensions 

and surface finish by gradually removing the excess material from the preformed blank in the form of chips 

with the help of cutting tool(s) moved past the work surface(s). 

Principle of machining 

Fig. 1.1 typically illustrates the basic principle of machining. A metal rod of irregular shape, size and surface is 

converted into a finished product of desired dimension and surface finish by machining by proper relative 

motions of the tool-work pair. 

Fig. 1.1 Principle of machining (Turning) Fig. 1.2 Requirements for machining 

 

Purpose of machining 

Most of the engineering components such as gears, bearings, clutches, tools, screws and nuts etc. need 

dimensional and form accuracy and good surface finish for serving their purposes. Preforming like casting, 

forging etc. generally cannot provide the desired accuracy and finish. For that such preformed parts, called 

blanks, need semi-finishing and finishing and it is done by machining and grinding. Grinding is also basically a 

machining process. 

Machining to high accuracy and finish essentially enables a product: 

 Fulfill its functional requirements. 

 Improve its performance. 

 Prolong its service. 

Requirements of machining 

The essential basic requirements for machining a work are schematically illustrated in Fig. 1.2. 

The blank and the cutting tool are properly mounted (in fixtures) and moved in a powerful device called 

machine tool enabling gradual removal of layer of material from the work surface resulting in its desired 

dimensions and surface finish. Additionally some environment called cutting fluid is generally used to 

ease machining by cooling and lubrication. 
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THEORY OF METAL CUTTING 

Types of cutting tools 

Cutting tools may be classified according to the number of major cutting edges (points) involved as 

follows: 

 Single point: e.g., turning tools, shaping, planning and slotting tools and boring tools. 

 Double (two) point: e.g., drills. 

 Multipoint (more than two): e.g., milling cutters, broaching tools, hobs, gear shaping cutters etc. 

Geometry of single point cutting (turning) tools 

Both material and geometry of the cutting tools play very important roles on their performances in 

achieving effectiveness, efficiency and overall economy of machining. 

Concept of rake and clearance angles of cutting tools 

The word tool geometry is basically referred to some specific angles or slope of the salient faces and 

edges of the tools at their cutting point. Rake angle and clearance angle are the most significant for all 

the cutting tools. The concept of rake angle and clearance angle will be clear from some simple 

operations shown in Fig. 1.3. 

 

Fig. 1.3 Rake and clearance angles of cutting tools 

Definition 

 ‘ake a gle γ : Angle of inclination of rake surface from reference plane. 

 Cleara e a gle α : Angle of inclination of clearance or flank surface from the finished surface. 

Rake angle is provided for ease of chip flow and overall machining. Rake angle may be positive, 

or negative or even zero as shown in Fig. 1.4 (a, b and c). 

(a) Positive rake (b) Zero rake (c) Negative rake 

Fig. 1.4 Three possible types of rake angles 

Relative advantages of such rake angles are: 

 Positive rake - helps reduce cutting force and thus cutting power requirement. 

 Zero rake - to simplify design and manufacture of the form tools. 

 Negative rake - to increase edge-strength and life of the tool. 

Clearance angle is essentially provided to avoid rubbing of the tool (flank) with the machined 

surface which causes loss of energy and damages of both the tool and the job surface. Hence, clearance 

angle is a must and must be positive (30 ~ 150) depending upon tool-work materials and type of the 

machining operations like turning, drilling, boring etc. 
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Systems of description of tool geometry 

 Tool-in-Hand System - where only the salient features of the cutting tool point are identified or 

visualized as shown in Fig. 1.5 (a). There is no quantitative information, i.e., value of the angles. 

 Machine Reference System 

 Tool Reference System 

- ASA system. 

- Orthogonal Rake System 

 

- ORS. 

 - Normal Rake System - NRS. 

 Work Reference System - WRS.  

 

Description of tool geometry in Machine Reference System 

This system is also called as ASA system; ASA stands for American Standards Association. Geometry of a 

cutting tool refers mainly to its several angles or slopes of its salient working surfaces and cutting edges. 

Those angles are expressed with respect to some planes of reference. 

In Machine Reference System (ASA), the three planes of reference and the coordinates are chosen based on 

the configuration and axes of the machine tool concerned. The planes and axes used for expressing tool 

geometry in ASA system for turning operation are shown in Fig. 1.5 (b). 

  
Fig 1.5 (a) Basic features of single point Fig. 1.5 (b) Planes and axes of reference 

cutting (turning) tool  in ASA system 

The planes of reference and the coordinates used in ASA system for tool geometry are: 

∏R - ∏X - ∏Y and Xm - Ym - Zm; where, 

∏R = Reference plane; plane perpendicular to the velocity vector. Shown in Fig. 1.5 (b). 

∏X = Machine longitudinal plane; plane perpendicular to ∏R and taken in the direction of assumed 

longitudinal feed. 

∏Y = Machine transverse plane; plane perpendicular to both ∏R and ∏X. [This plane is taken in the direction 

of assumed cross feed] 

The axes Xm, Ym and Zm are in the direction of longitudinal feed, cross feed and cutting velocity (vector) respectively. 
The main geometrical features and angles of single point tools in ASA systems and their definitions will be clear 
from Fig. 1.6. 

 
Fig. 1.6 Tool angles in ASA system 

Downloaded from  be.rgpvnotes.in

Page no: 3 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


4 

 

 

 

Definition of: 

Shank: The portion of the tool bit which is not ground to form cutting edges and is rectangular 

in cross section. [Fig. 1.5 (a)] 

Face: The surface against which the chip slides upward. [Fig. 1.5 (a)] 

Flank: The surface which face the work piece. There are two flank surfaces in a single point 

cutting tool. One is principal flank and the other is auxiliary flank. [Fig. 1.5 (a)] 

Heel: The lowest portion of the side cutting edges. [Fig. 1.5 (a)] 

Nose radius: The conjunction of the side cutting edge and end cutting edge.  It provides strengthening 

of the tool nose and better surface finish. [Fig. 1.5 (a)] 

Base: The underside of the shank. [Fig. 1.5 (a)] 

Rake angles: [Fig. 1.6] 

γx = Side rake angle (axial rake): angle of inclination of the rake surface from the reference plane (∏R) 

and measured on machine reference plane, ∏X. 

γy = Back rake angle: angle of inclination of the rake surface from the reference plane and measured 

on machine transverse plane, ∏Y. 

Clearance angles: [Fig. 1.6] 

αx = Side clearance angle (Side relief angle): angle of inclination of the principal flank from the 

machined surface (or CV) and measured on ∏X plane. 

αy = Ba k lea a e a gle E d elief a gle : sa e as αx but measured on ∏Y plane. 

Cutting angles: [Fig. 1.6] 

φs = Side cutting edge angle (Approach angle): angle between the principal cutting edge (its projection 

on ∏R) and ∏Y and measured on ∏R. 

φe = End cutting edge angle: angle between the end cutting edge (its projection on ∏R) from ∏X 

and measured on ∏R. 

Designation of tool geometry 

The geometry of a single point tool is designated or specified by a series of values of the salient angles 

and nose radius arranged in a definite sequence as follows: 

Designation (Signature) of tool geometry in ASA System - γy, γx, αy, αx, φe, φs, r (in inch) 

Example: A tool having 7, 8, 6, 7, 5, 6, 0.1 as designation (Signature) in ASA system will have the 

following angles and nose radius. 

Back rack angle = 70 

Side rake angle = 80 

Back clearance angle = 60 

Side clearance angle = 70 

End cutting edge angle = 50 

Side cutting edge angle = 60 

Nose radius = 0.1 inch 

 

Types of metal cutting processes 

The metal cutting process is mainly classified into two types. They are: 

 Orthogonal cutting process (Two - dimensional cutting)   - The cutting edge or face of the tool  

is 900 to the line of action or path of the tool or to the cutting velocity vector. This cutting 

involves only two forces and this makes the analysis simpler. 

 Oblique cutting process (Three - dimensional cutting)       - The cutting edge or face of the tool  

is inclined at an angle less than 900 to the line of action or path of the tool or to the cutting 
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velocity vector. Its analysis is more difficult of its three dimensions. 

Orthogonal and oblique cutting 

It is appears from the diagram shown in Fig. 1.7 (a and b) that while turning ductile material by a sharp tool, 

the o ti uous hip ould flo  o e  the tool s ake su fa e a d i  the di e tio  appa e tl  pe pe di ula  to 
the principal cutting edge, i.e., along orthogonal plane which is normal to the cutting plane containing the 

principal cutting edge. But practically, the chip may not flow along the orthogonal plane for several factors 

like p ese e of i li atio  a gle, λ, et . 
The role of i li atio  a gle, λ o  the direction of chip flow is schematically shown in Fig. 1.8 which visualizes 

that: 

 Whe  λ = 0, the hip flo s alo g o thogo al pla e, i.e, c = 00. 

 When λ ≠ 00, the chip flow is deviated from o and c = λ where c is chip flow deviation (from 

o) angle. 

Fig. 1.7 (a) Setup of orthogonal and oblique cutting Fig. 1.7 (b) Ideal direction of chip flow in turning 

 
Fig. .  ‘ole of i li atio  a gle, λ o  hip flo  di e tio  

Orthogonal cutting: Whe  hip flo s alo g o thogo al pla e, o, i.e., c = 00. 

Oblique cutting: Whe  hip flo  de iates f o  o thogo al pla e, i.e. c ≠ 00. 

But p a ti all  c a  e ze o e e  if λ = 0 a d c a  ot e e a tl  e ual to λ e e  if λ ≠ 0. Because there is 

so e othe  tha  λ  fa to s also a  ause hip flo  de iatio . 
Pure orthogonal cutting 

This efe s to hip flo  alo g o a d φ = 0 as typically shown in Fig. 1.9. Where a pipe like job of uniform 

thi k ess is tu ed edu ed i  le gth  i  a e te  lathe  a tu i g tool of geo et ; λ = 0 a d φ = 0 

esulti g hip flo  alo g o hi h is also x in this case. 

 
Fig. 1.9 Pure orthogonal cutting (pipe turning) 

Downloaded from  be.rgpvnotes.in

Page no: 5 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


6 

 

 

Types of chips 

Different types of chips of various shape, size, colour etc. are produced by machining depending upon: 

 Type of cut, i.e., continuous (turning, boring etc.) or intermittent cut (milling). 

 Work material (brittle or ductile etc.). 

 Cutting tool geometry (rake, cutting angles etc.). 

 Levels of the cutting velocity and feed (low, medium or high). 

 Cutting fluid (type of fluid and method of application). 

The basic major types of chips and the conditions generally under which such types of chips form are given 

below: 

Continuous chips without BUE 

When the cutting tool moves towards the work piece, there occurs a plastic deformation of the work 

piece and the metal is separated without any discontinuity and it moves like a ribbon. The chip moves along 

the face of the tool. This mostly occurs while cutting a ductile material. It is desirable to have smaller chip 

thickness and higher cutting speed in order to get continuous chips. Lesser power is consumed while 

continuous chips are produced. Total life is also mortised in this process. The formation of continuous chips is 

schematically shown in Fig. 1.10. 

  
Fig. 1.10 Formation of continuous chips Fig. 1.11 Formation of discontinuous chips 

The following condition favors the formation of continuous chips  

 Work material - ductile. 

 Cutting velocity - high. 

 Feed - low. 

 Rake angle - positive and large. 

 Cutting fluid - both cooling and lubricating. 

Discontinuous chips 

This is also called as segmental chips. This mostly occurs while cutting brittle material such as cast iron 

or low ductile materials. Instead of shearing the metal as it happens in the previous process, the metal is 

being fractured like segments of fragments and they pass over the tool faces. Tool life can also be more in 

this process. Power consumption as in the previous case is also low. The formation of continuous chips is 

schematically shown in Fig. 1.11. 

The following condition favors the formation of discontinuous chips: 

 Of irregular size and shape: - work material - brittle like grey cast iron. 

 Of regular size and shape: - work material ductile but hard and work hardenable. 

 Feed rate - large. 

 Tool rake - negative. 

 Cutting fluid - absent or inadequate. 
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ORTHOGONAL METAL CUTTING 

Benefit of knowing and purpose of determining cutting forces 

The aspects of the cutting forces concerned: 

 Magnitude of the cutting forces and their components. 

 Directions and locations of action of those forces. 

 Pattern of the forces: static and / or dynamic. 

Knowing or determination of the cutting forces facilitate or are required for: 

 Estimation of cutting power consumption, which also enables selection of the power source(s) 

during design of the machine tools. 

 Structural design of the machine - fixture - tool system. 

 Evaluation of role of the various machining parameters (process - VC, fo, t, tool - material and 

geometry, environment - cutting fluid) on cutting forces. 

 Study of behavior and machinabilty characterization of the work materials. 

 Condition monitoring of the cutting tools and machine tools. 

Cutting force components and their significances 

The single point cutting tools being used for turning, shaping, planing, slotting, boring etc. are 

characterized by having only one cutting force during machining. But that force is resolved into two or three 

components for ease of analysis and exploitation. Fig. 1.12 visualizes how the single cutting force in turning 

is resolved into three components along the three orthogonal directions; X, Y and Z. 

The resolution of the force components in turning can be more conveniently understood from their display in 

2-D as shown in Fig. 1.13. 

  
Fig. 1.12 Cutting force R resolved into PX, PY and PZ 

The resultant cutting force, R is resolved as, 

Fig. 1.13 turning force resolved into PZ, PX and PY 

R = PZ + PXY 1.13 

and PXY = PX + PY 1.14 

where, PX = PXY si φ 1.15 

and PY = PXY cosφ 1.16 

PZ - Tangential component taken in the direction of Zm axis. 

PX - Axial component taken in the direction of longitudinal feed or Xm axis. 

PY - Radial or transverse component taken along Ym axis. 

In Fig. 1.12 and Fig. 1.13 the force components are shown to be acting on the tool. A similar set of forces 

also act on the job at the cutting point but in opposite directions as indicated by PZ', PXY', PX' and PY' in Fig. 

1.13. 
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Significance of PZ, PX and PY 

 PZ: Called the main or major component as it is the largest in magnitude. It is also called power 

component as it being acting along and being multiplied by VC decides cutting power (PZ.VC) 

consumption. 

 PY: May not be that large in magnitude but is responsible for causing dimensional inaccuracy 

and vibration. 

 PX: It, even if larger than PY, is least harmful and hence least significant. 

 

Mercha t’s Circle Diagra  a d its use 

I  o thogo al utti g he  the hip flo s alo g the o thogo al pla e, 0, the cutting force (resultant) 

and its components PZ and PXY remain in the orthogonal plane. Fig. 1.14 is schematically showing the 

forces acting on a piece of continuous chip coming out from the shear zone at a constant speed. That chip 

is apparently in a state of equilibrium. 

 
Fig 1.14 Development of Me ha t s Fig. 1.15 Me ha t s Ci le Diag a  

circle diagram  with cutting forces 

The forces in the chip segment are: 

 From job-side: 

 Ps - Shear force. 

 Pn - force normal to the shear force. 

 From the tool side: 

 R1 = R (in state of equilibrium) where, R1 = F + N 

N - Force normal to rake face. 

F - Friction force at chip tool interface. 

The resulting cutting force R or R1 can be resolved further as, 

R1 = PZ + PXY where, PZ - Force along the velocity vector. 

PXY - force along orthogonal plane. 

The circle(s) drawn taking R or R1 as dia ete  is alled Me ha t s i le hi h o tai s all the 
force components concerned as intercepts. The two circles with their forces are combined into one 

circle having all the forces contained in that as sho  y the diagra  alled Mer ha t s Cir le Diagram 

(MCD) in Fig. 1.15. 

The sig ifi a e of the for es displayed i  the Mer ha t s Cir le Diagra  is: 
Ps - The shear force essentially required to produce or separate the chip from the parent body by 
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shear. Pn - Inherently exists along with Ps. 

F - Friction force at the chip tool interface. 

N - Force acting normal to the rake surface. 

PZ = PXY – PX + PY = main force or power component acting in the direction of cutting velocity. 

The magnitude of PS provides the yield shear strength of the work material under the cutting action. 

The values of F and the ratio of F and N indicate the nature and degree of interaction like friction at the chip 

tool interface. The force components PX, PY, PZ are generally obtained by direct measurement. Again PZ helps 

in determining cutting power and specific energy requirement. The force components are also required to 

design the cutting tool and the machine tool. 

Adva tageous use of Mercha t’s circle diagram 

Proper use of MCD enables the followings: 

 Easy, quick and reasonably accurate determination of several other forces from a few known 

forces involved in machining. 

 Friction at chip tool interface and dynamic yield shear strength can be easily determined. 

 Equations relating the different forces are easily developed. 

Some limitations of use of MCD: 

 Me ha t s i le diag a  MCD  is o l  alid fo  o thogo al cutting. 

 By the ratio, F/N, the MCD gives apparent (not actual) coefficient of friction. 

 It is based on single shear plane theory. 

Development of equations for estimation of cutting forces 

The two basic methods of determination of cutting forces and their characteristics are: 

(a) Analytical method: Enables estimation of cutting forces. 

Characteristics: 

 Easy, quick and inexpensive. 

 Very approximate and average. 

 Effect of several factors like cutting velocity, cutting fluid action etc. are not revealed. 

 Unable to depict the dynamic characteristics of the forces. 

(b) Experimental methods: Direct measurement. 

Characteristics: 

 Quite accurate and provides true picture. 

 Can reveal effect of variation of any parameter on the forces. 

 Depicts both static and dynamic parts of the forces. 

 Needs measuring facilities, expertise and hence expensive. 

The equations for analytical estimation of the salient cutting force components are conveniently 

de eloped usi g Me ha t s Ci le Diag a  MCD  he  it is o thogo al utti g  a  si gle poi t 
cutting tool like, in turning, shaping, planing, boring etc. 

Development of mathematical expressions for cutting forces 

Tangential or main component, PZ 

This a  e e  o e ie tl  do e  usi g Me ha t s Ci le Diag a , as sho  i  Fig. .15. 

From the MCD shown in Fig. 1.15, 

PZ = ‘ os  – γ  1.17 

Ps = ‘ os β +  – γ  1.18 

Dividing Eqn. 1.17 by Eqn. 1.18, 

PZ = Ps os  – γ  / os β +  – γ  1.19 

It was already shown that, Ps = t.f. τs / si β 1.20 

he e, τs - Dynamic yield shear strength of the work material. 
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Thus,   PZ = t.f. τs os  – γ  / si β os β +  – γ  1.21 

For brittle work materials, like grey cast iron, usuall , β +  – γ = 0 a d τs remains almost unchanged. 

Then for turning brittle material, 

PZ = t.f. τs cos(900 – β  / si β os 0 – β  1.22 

or PZ = 2 t.f. τs otβ 1.23 

Whe e, otβ = c – 

ta γ c = a2 / a1 = a2 / f 

si φ 

It is difficult to measure hip thi k ess a d e aluate the alues of  hile a hi i g ittle ate ials 
a d the alue of τs is roughly estimated from 

τs = 0.175 BHN 1.24 

where, BHN - B i el s Ha d ess u e . 
But most of the engineering materials are ductile in nature and even some semi-brittle 

materials behave ductile under the cutting condition. The angle relationship reasonably accurately 

applicable for ductile metals is 

β +  – γ = 450 
1.25 

a d the alue of τs is obtained from, 

τs = 0.186 BHN (approximate) 1.26 

or τs = . 4σuε . ∆ (more suitable and accurate) 1.27 

he e, σu - Ultimate tensile strength of the work material 

ε - Cutting strain, ε ≅ rc – ta γ 

∆ - % elongation 

Substituting Eqn. 1.25 in Eqn. 1.21, 

PZ = t.f. τs ot β + 1) 1.28 

Agai  otβ ≅ rc – ta γ 

So, PZ = t.f.τs(rc – ta γ + 1) 1.29 

 

Axial force, PX and transverse force, PY 

From the MCD shown in Fig. 1.40, 

PXY = PZ ta  – γ  1.30 

Combining Eqn. 1.21 and Eqn. 1.30, 

PXY = t.f.τs si  – γ  / si β os β +  – γ  1.31 

Agai , usi g the a gle elatio ship β +  – γ = 450, for ductile material 

PXY = t.f.τs otβ – 1) 1.32 

or PXY = t.f.τs(rc – ta γ – 1) 1.33 

he e, τs = . 4σuε . ∆ or τs = 0.186 BHN 

It is already known, 

 PX = PXYsi φ and PY = PXY osφ  

Therefore, PX = t.f.τs(rc – ta γ – )si φ 1.34 

and PY = t.f.τs(rc – ta γ – ) cosφ 1.35 

 

Friction force, F, normal force, N and apparent coefficient of friction µa 

From the MCD shown in Fig. 1.40, 

 F = PZ si γ + PXY osγ 1.36 

and N = PZ osγ – PXY si γ 1.37 

 µa = F / N = PZ si γ + PXY osγ / PZ osγ – PXY si γ 1.38 

or µa = PZ ta γ + PXY / PZ – PXY ta γ 1.39 
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Therefore, if PZ and PXY are known or determined either analytically or experimentally the values 

of F, N and µa can be determined using equations only. 

Shear force Ps and Pn 

From the MCD shown in Fig. 1.40, 

Ps = PZ cosβ – PXY si β 1.40 

and Pn = PZ si β + PXY cosβ 1.41 

From Ps, the d a i  ield shea  st e gth of the o k ate ial, τs can be determined by using the 

relation, 

Ps = Asτs 

where, As = t.f / si β = Shea  a ea 
Therefore, τs = Ps si β / t.f 

τs = (PZ cosβ – PXY si β)si β / t.f 1.42 

 

Metal cutting theories 

Earnst - Merchant theory 

Ea st a d Me ha t ha e de eloped a elatio ship et ee  the shea  a gle β, the utti g ake a gle 
γ, a d the a gle of f i tio   as follo s: 

β + η – γ = C  

where C is a machining constant for the work material dependent on the rate of change of the shear 

strength of the metal with applied compressive stress, besides taking the internal coefficient of friction into 

account. 

Modified - Merchant theory 

According to this theo  the elatio  et ee  the shea  a gle β, the utti g ake a gle γ, a d the a gle of 
f i tio   as follo s: 

β = g - y + y 

4 2 2 

 Shear will take place in a direction in which energy required for shearing is minimum. 

 Shear stress is maximum at the shear plane and it remains constant. 

  

Lee a d Shaffer’s theory 

This theory analysis the process of orthogonal metal cutting by applying the theory of plasticity for an ideal 

rigid plastic material. The principle assumptions are: 

 The work piece material ahead of the cutting tool behaves like an ideal plastic material. 

 The deformation of the metal occurs on a single shear plane. 

 This is a stress field within the produced chip which transmits the cutting force from the shear 

plane to the tool face and therefore, the chip does not get hardened. 

 The chip separates from the parent material at the shear plane. 

Based on this, they developed a slip line field for stress zone, in which no deformation would 

occur even if it is stressed to its yield point. From this, they derived the following relationship. 

β = g - η + γ 
4 

 

Velocity relationship 

The velocity relationships for orthogonal cutting are illustrated, where VC is the cutting velocity, Vs is the 

velocity of shear and Vf is the velocity of chip flow up the tool face. 

Vs = VC osγ / os β – γ  1.43 

and Vf = si β / os β – γ  1.44 

From equation Vf = VC / rc 
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It can be inferred from the principle of kinematics that the relative velocity of two bodies (here tool and the 

chip) is equal to the vector difference between their velocities relative to the reference body (the work 

piece). So, VC = Vs + Vf 1.45 

Metal removal rate 

It is defined as the volume of metal removed in unit time. It is used to calculate the time required to 

remove specified quantity of material from the work piece. 

Metal removal rate (MRR) = t. f.VC 1.46 

where, t - Depth of cut (mm), f - Feed (mm / rev) and VC - Cutting speed (mm / sec). 

If the MRR is optimum, we can reduce the machining cost. To achieve this: 

 The cutting tool material should be proper. 

 Cutting tool should be properly ground. 

 Tool should be supported rigidly and therefore, there should be any vibration. 

For turning operation, MRR = t.f.VC 1.47 

For facing and spot milling operation, MRR = B.t.T 1.48 

where B - Width of cut (mm) and T- Table travel (mm /sec). 

For planing and shaping, MRR = t.f.L.S 1.49 

where L - length of workpiece (mm) and S - Strokes per minute. 

 

Evaluation of cutting power consumption and specific energy requirement 

Cutting power consumption is a quite important issue and it should always be tried to be reduced but 

without sacrificing MRR. 

Cutting power consumption (PC) can be determined from, PC = PZ.VC + PX.Vf 1.50 

where, Vf = feed velocity = Nf / 1000 m/min [N = rpm] 

Since both PX and Vf, specially Vf are very small, PX.Vf can be neglected and then PC ≅ PZ.VC 1.51 

 

Specific energy requirement (Us) which means amount of energy required to remove unit 

volume of material, is an important machinability characteristics of the work material. Specific energy 

requirement, Us, which should be tried to be reduced as far as possible, depends not only on the work 

material but also the process of the machining, such as turning, drilling, grinding etc. and the machining 

condition, i.e., VC, f, tool material and geometry and cutting fluid application. 

Compared to turning, drilling requires higher specific energy for the same work-tool materials 

and grinding requires very large amount of specific energy for adverse cutting edge geometry (large 

negative rake). Specific energy, Us, is determined from, 

Us = PZ.VC / MRR = PZ/ t.f 1.52 

 

CUTTING TOOL MATERIALS 

Essential properties of cutting tool materials 

The cutting tools need to be capable to meet the growing demands for higher productivity and 

economy as well as to machine the exotic materials which are coming up with the rapid progress in 

science and technology. The cutting tool material of the day and future essentially require the following 

properties to resist or retard the phenomena leading to random or early tool failure: 

 High mechanical strength; compressive, tensile, and TRA. 

 Fracture toughness - high or at least adequate. 

 High hardness for abrasion resistance. 

 High hot hardness to resist plastic deformation and reduce wear rate at elevated temperature. 

 Chemical stability or inertness against work material, atmospheric gases and cutting fluids. 

 Resistance to adhesion and diffusion. 
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 Thermal conductivity - low at the surface to resist incoming of heat and high at the core to 

quickly dissipate the heat entered. 

 High heat resistance and stiffness. 

 Manufacturability, availability and low cost. 

Characteristics and applications of cutting tool materials 

a) High Speed Steel (HSS) 

Advent of HSS in around 1905 made a break through at that time in the history of cutting tool 

materials though got later superseded by many other novel tool materials like cemented carbides and 

ceramics which could machine much faster than the HSS tools. 

The basic composition of HSS is 18% W, 4% Cr, 1% V, 0.7% C and rest Fe. Such HSS tool could 

machine (turn) mild steel jobs at speed only up to 20 ~ 30 m/min (which was quite substantial those 

days) 

However, HSS is still used as cutting tool material where: 

 The tool geometry and mechanics of chip formation are complex, such as helical twist drills, 

reamers, gear shaping cutters, hobs, form tools, broaches etc. 

 Brittle tools like carbides, ceramics etc. are not suitable under shock loading. 

 The small scale industries cannot afford costlier tools. 

 The old or low powered small machine tools cannot accept high speed and feed. 

 The tool is to be used number of times by resharpening. 

With time the effectiveness and efficiency of HSS (tools) and their application range were gradually 

enhanced by improving its properties and surface condition through: 

 Refinement of microstructure. 

 Addition of large amount of cobalt and Vanadium to increase hot hardness and wear resistance 

respectively. 

 Manufacture by powder metallurgical process. 

 Surface coating with heat and wear resistive materials like TiC, TiN, etc. by Chemical Vapour 

Deposition (CVD) or Physical Vapour Deposition (PVD). 

The commonly used grades of HSS are given in Table 1.1. 

Table 1.1 Compositions and types of popular high speed steels 

 

Type C W Mo Cr V Co RC 

T - 1 0.70 18  4 1   

T - 4 0.75 18  4 1 5  

T - 6 0.80 20  4 2 12  

M - 2 0.80 6 5 4 2  64.7 

M - 4 1.30 6 5 4 4   

M - 15 1.55 6 3 5 5 5  

M - 42 1.08 1.5 9.5 4 1.1 8 62.4 

Addition of large amount of Co and V, refinement of microstructure and coating increased 

strength and wear resistance and thus enhanced productivity and life of the HSS tools remarkably. 

 

b) Stellite 

This is a cast alloy of Co (40 to 50%), Cr (27 to 32%), W (14 to 19%) and C (2%). Stellite is quite 

tough and more heat and wear resistive than the basic HSS (18 - 4 - 1) But such stellite as cutting tool 
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material became obsolete for its poor grindability and especially after the arrival of cemented carbides. 

 

c) Sintered Tungsten carbides 

The advent of sintered carbides made another breakthrough in the history of cutting tool 

materials. 

i) Straight or single carbide 

First the straight or single carbide tools or inserts were powder metallurgically produced by 

mixing, compacting and sintering 90 to 95% WC powder with cobalt. The hot, hard and wear resistant 

WC grains are held by the binder Co which provides the necessary strength and toughness. Such tools 

are suitable for machining grey cast iron, brass, bronze etc. which produce short discontinuous chips 

and at cutting velocities two to three times of that possible for HSS tools. 

 

ii) Composite carbides 

The single carbide is not suitable for machining steels because of rapid growth of wear, 

particularly crater wear, by diffusion of Co and carbon from the tool to the chip under the high stress 

and temperature bulk (plastic) contact between the continuous chip and the tool surfaces. 

For machining steels successfully, another type called composite carbide have been developed 

by adding (8 to 20%) a gamma phase to WC and Co mix. The gamma phase is a mix of TiC, TiN, TaC, NiC 

etc. which are more diffusion resistant than WC due to their more stability and less wettability by steel. 

 

iii) Mixed carbides 

Titanium carbide (TiC) is not only more stable but also much harder than WC. So for machining 

ferritic steels causing intensive diffusion and adhesion wear a large quantity (5 to 25%) of TiC is added 

with WC and Co to produce another grade called mixed carbide. But increase in TiC content reduces 

the toughness of the tools. Therefore, for finishing with light cut but high speed, the harder grades 

containing up to 25% TiC are used and for heavy roughing work at lower speeds lesser amount (5 to 

10%) of TiC is suitable. 

 

Gradation of cemented carbides and their applications 

The standards developed by ISO for grouping of carbide tools and their application ranges are 

given in Table 1.2. 

Table 1.2 Broad classifications of carbide tools 

 

ISO Code Colour Code Application 

 

P 

 

Sky blue 
For machining long chip forming common materials like plain carbon and 

low alloy steels. 

 

M 

 

Yellow 
For machining long or short chip forming ferrous materials like Stainless 

steel. 

 

K 

 

Red 
For machining short chipping, ferrous and non-ferrous material and non- 

metals like Cast Iron, Brass etc. 

 

K-group is suitable for machining short chip producing ferrous and non-ferrous metals and also 

some non metals. 

 

P-group is suitably used for machining long chipping ferrous metals i.e. plain carbon and low 
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alloy steels. 

 

M-group is generally recommended for machining more difficult-to-machine materials like 

strain hardening austenitic steel and manganese steel etc. 

Each group again is divided into some subgroups like P10, P20 etc., as shown in Table 1.3 

depending upon their properties and applications. 

Table 1.3 Detail grouping of cemented carbide tools 

 

ISO 

App. 

group 

 

Material 

 

Process 

P01 Steel, Steel castings Precision and finish machining, high speed 

P10 Steel, steel castings Turning, threading and milling high speed, small chips 

P20 
Steel, steel castings, 

malleable cast iron 
Turning, milling, medium speed with small chip section 

P30 
Steel, steel castings, 

malleable cast iron forming 

long chips 

Turning, milling, low cutting speed, large chip section 

P40 
Steel and steel casting with 

sand inclusions 
Turning, planning, low cutting speed, large chip section 

P50 
Steel and steel castings of 

medium or low tensile strength 

Operations requiring high toughness turning, planning, 

shaping at low cutting speeds 

K01 
Hard grey C.I., chilled casting, 

Al. alloys with high silicon 
Turning, precision turning and boring, milling, scraping 

 

K10 

Grey C.I. hardness > 220 HB. 

Malleable C.I., Al. alloys 

containing Si 

 

Turning, milling, boring, reaming, broaching, scraping 

K20 
Grey C.I. hardness up to 220 

HB 
Turning, milling, broaching, requiring high toughness 

K30 
Soft grey C.I. Low tensile 

strength steel 
Turning, reaming under favourable conditions 

K40 Soft non-ferrous metals Turning milling etc. 

M10 
Steel, steel castings, 

manganese steel, grey C.I. 

Turning at medium or high cutting speed, medium chip 

section 

 

M20 

Steel casting, austenitic 

steel, manganese steel, 

spherodized 

C.I., Malleable C.I. 

Turning, milling, medium cutting speed and medium 

chip section 

 

M30 
Steel, austenitic steel, 

spherodized C.I. heat resisting 

alloys 

Turning, milling, planning, medium cutting speed, 

medium or large chip section 

 

M40 
Free cutting steel, low 

tensile strength steel, brass 

and light alloy 

Turning, profile turning, especially in automatic 

machines. 

The smaller number refers to the operations which need more wear resistance and the larger 

numbers to those requiring higher toughness for the tool. 
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d) Plain ceramics 

Inherently high compressive strength, chemical stability and hot hardness of the ceramics led to 

powder metallurgical production of indexable ceramic tool inserts since 1950. Table 1.4 shows the 

advantages and limitations of alumina ceramics in contrast to sintered carbide. Alumina (Al2O3) is 

preferred to silicon nitride (Si3N4) for higher hardness and chemical stability. Si3N4 is tougher but again 

more difficult to process. The plain ceramic tools are brittle in nature and hence had limited 

applications. 

Table 1.4 Cutting tool properties of alumina ceramics 

 

Advantages Shortcoming 

Very high hardness Poor toughness 

Very high hot hardness Poor tensile strength 

Chemical stability Poor TRS 

Antiwelding Low thermal conductivity 

Less diffusivity Less density 

High abrasion resistance  

High melting point  

Very low thermal conductivity*  

Very low thermal expansion coefficient  

* Cutting tool should resist penetration of heat but should disperse the heat throughout the core. 

Basically three types of ceramic tool bits are available in the market: 

 Plain alumina with traces of additives - these white or pink sintered inserts are cold pressed and 

are used mainly for machining cast iron and similar materials at speeds 200 to 250 m/min. 

 Alumina; with or without additives - hot pressed, black colour, hard and strong - used for 

machining steels and cast iron at VC = 150 to 250 m/min. 

 Carbide ceramic (Al2O3 + 30% TiC) cold or hot pressed, black colour, quite strong and enough 

tough - used for machining hard cast irons and plain and alloy steels at 150 to 200 m/min. 

The plain ceramic outperformed the existing tool materials in some application areas like high speed 

machining of softer steels mainly for higher hot hardness as indicated in Fig. 1.16. 

 

Fig. 1.16 Hot hardness of the different commonly used tool materials (Ref. Book by A. Bhattacharya) 
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VC 

However, the use of those brittle plain ceramic tools, until their strength and toughness could be 

substantially improved since 1970, gradually decreased for being restricted to: 

 Uninterrupted machining of soft cast irons and steels only 

 Relatively high cutting velocity but only in a narrow range (200 ~ 300 m/min) 

 Requiring very rigid machine tools 

Advent of coated carbide capable of machining cast iron and steels at high velocity made the ceramics 

almost obsolete. 

Development and applications of advanced tool materials 

a) Coated carbides 

The properties and performance of carbide tools could be substantially improved by: 

 Refining microstructure. 

 Manufacturing by casting - expensive and uncommon. 

 Surface coating - made remarkable contribution. 

Thin but hard coating of single or multilayer of more stable and heat and wear resistive materials like 

TiC, TiCN, TiOCN, TiN, Al2O3 etc on the tough carbide inserts (substrate) (Fig. 1.17) by processes like 

chemical Vapour Deposition (CVD), Physical Vapour Deposition (PVD) etc at controlled pressure and 

temperature enhanced MRR and overall machining economy remarkably enabling: 

 Reduction of cutting forces and power consumption. 

 Increase in tool life (by 200 to 500 %) for same VC or increase in VC (by 50 to 150 %) for same 

tool life. 

 Improvement in product quality. 

 Effective and efficient machining of wide range of work materials. 

 Pollution control by less or no use of cutting fluid, through - 

 Reduction of abrasion, adhesion and diffusion wear. 

 Reduction of friction and BUE formation. 

 Heat resistance and reduction of thermal cracking and plastic deformation. 

Fig. 1.17 Machining by coated carbide insert. Fig. 1.18 Role of coating even after its wear and rupture 

The contribution of the coating continues even after rupture of the coating as indicated in Fig. 1.18. 

The cutting velocity range in machining mild steel could be enhanced from 120 ~ 150 m/min to 

300 ~ 350 m/min by properly coating the suitable carbide inserts. 

About 50% of the carbide tools being used at present are coated carbides which are obviously 

to some extent costlier than the uncoated tools. 

Different varieties of coated tools are available. The appropriate one is selected depending 

upon the type of the cutting tool, work material and the desired productivity and product quality. 

The properties and performances of coated inserts and tools are getting further improved by: 

 Refining the microstructure of the coating. 
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 Multilayering (already up to 13 layers within 12 ~ 16 µm). 

 Direct coating by TiN instead of TiC, if feasible. 

 Using better coating materials. 

b) Cermets 

These si te ed ha d i se ts a e ade  o i i g e  f o  e a i s like TiC, TiN o  TiCN and 

et  f o  etal i de  like Ni, Ni-Co, Fe etc. Since around 1980, the modern cermets providing 

much better performance are being made by TiCN which is consistently more wear resistant, less 

porous and easier to make. 

The characteristic features of such cermets, in contrast to sintered tungsten carbides, are: 

 The grains are made of TiCN (in place of WC) and Ni or Ni-Co and Fe as binder (in place of Co) 

 Harder, more chemically stable and hence more wear resistant. 

 More brittle and less thermal shock resistant. 

 Wt% of binder metal varies from 10 to 20%. 

 Cutting edge sharpness is retained unlike in coated carbide inserts. 

 Can machine steels at higher cutting velocity than that used for tungsten carbide, even coated 

carbides in case of light cuts. 

c) Coronite 

It is already mentioned earlier that the properties and performance of HSS tools could have 

been sizably improved by refinement of microstructure, powder metallurgical process of making and 

surface coating. Recently a unique tool material, namely Coronite has been developed for making the 

tools like small and medium size drills and milling cutters etc. which were earlier essentially made of 

HSS. 

Coronite is made basically by combining HSS for strength and toughness and tungsten carbides 

for heat and wear resistance. Micro fine TiCN particles are uniformly dispersed into the matrix. 

Unlike solid carbide, the coronite based tool is made of three layers: 

 The central HSS or spring steel core. 

 A layer of coronite of thickness around 15% of the tool diameter. 

 A thin (2 to 5 µm) PVD coating of TiCN. 

Such tools are not only more productive but also provide better product quality. The coronite tools 

made by hot extrusion followed by PVD-coating of TiN or TiCN outperformed HSS tools in respect of 

cutting forces, tool life and surface finish. 

d) High Performance ceramics (HPC) 

Ceramic tools as such are much superior to sintered carbides in respect of hot hardness, 

chemical stability and resistance to heat and wear but lack in fracture toughness and strength as 

indicated in Fig. 1.19. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.19 Comparison of important properties of ceramic and tungsten carbide tools 
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HPC Tools 

Oxide Ceramics Nitride Ceramics 

 

Through last fe  years  re arka le i pro e e ts i  stre gth a d tough ess a d he e overall 

performance of ceramic tools could have been possible by several means which include: 

 Sinterability, microstructure, strength and toughness of Al2O3 ceramics were improved to some 

extent by adding TiO2 and MgO. 

 Transformation toughening by adding appropriate amount of partially or fully stabilized zirconia 

in Al2O3 powder. 

 Isostatic and hot isostatic pressing (HIP) - these are very effective but expensive route. 

 Introducing nitride ceramic (Si3N4) with proper sintering technique - this material is very tough 

but prone to built-up-edge formation in machining steels. 

 Developing SIALON - deriving beneficial effects of Al2O3 and Si3N4. 

 Adding carbide like TiC (5 ~ 15%) in Al2O3 powder - to impart toughness and thermal 

conductivity. 

 Reinforcing oxide or nitride ceramics by SiC whiskers, which enhanced strength, toughness and 

life of the tool and thus productivity spectacularly. But manufacture and use of this unique tool 

need especially careful handling. 

 Toughening Al2O3 ceramic by adding suitable metal like silver which also impart thermal 

conductivity and self lubricating property; this novel and inexpensive tool is still in experimental 

stage. 

The enhanced qualities of the unique high performance ceramic tools, specially the whisker and zirconia 

based types enabled them machine structural steels at speed even beyond 500 m/min and also 

intermittent cutting at reasonably high speeds, feeds and depth of cut. Such tools are also found to 

machine relatively harder and stronger steels quite effectively and economically. 

The successful and commonly used high performance ceramic tools have been discussed here: The HPC 

tools can be broadly classified into two groups as: 

 

 

 

 

Nitride based ceramic 

tools 

Silicon Nitride Alumina toughened by 

(i) Plain (i) Zirconia 

(ii) SIALON (ii) SiC whiskers 

(iii) Whisker toughened (iii) Metal (Silver, etc.) 
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i) Plain nitride ceramics tools 

Compared to plain alumina ceramics, Nitride (Si3N4) ceramic tools exhibit more resistance to 

fracturing by mechanical and thermal shocks due to higher bending strength, toughness and higher 

conductivity. Hence such tool seems to be more suitable for rough and interrupted cutting of various 

material excepting steels, which cause rapid diffusion wear and BUE formation. The fracture toughness 

and wear resistance of nitride ceramic tools could be further increased by adding zirconia and coating 

the finished tools with high hardness alumina and titanium compound. 

Nitride ceramics cannot be easily compacted and sintered to high density. Sintering with the aid of 

ea tio  o di g  a d hot p essi g  a  edu e this p o le  to so e e te t. 
ii) SIALON tools 

Hot pressing and sintering of an appropriate mix of Al2O3 and Si3N4 powders yielded an excellent 

composite ceramic tool called SIALON which are very hot hard, quite tough and wear resistant. 

These tools can machine steel and cast irons at high speeds (250 - 300 m/min). But machining of steels by 

such tools at too high speeds reduces the tool life by rapid diffusion. 

iii) SiC reinforced Nitride tools 

The toughness, strength and thermal conductivity and hence the overall performance of nitride ceramics 

could be increased remarkably by adding SiC whiskers or fibers in 5 - 25 volume %. The SiC whiskers add 

fracture toughness mainly through crack bridging, crack deflection and fiber pull-out. 

Such tools are very expensive but extremely suitable for high production machining of various soft and hard 

materials even under interrupted cutting. 

iv) Zirconia (or partially stabilized Zirconia) toughened alumina (ZTA) ceramic 

The enhanced strength, TRS and toughness have made these ZTAs more widely applicable and more 

productive than plain ceramics and cermets in machining steels and cast irons. Fine powder of partially 

stabilized zirconia (PSZ) is mixed in proportion of ten to twenty volume percentage with pure alumina, then 

either cold pressed and sintered at 16000 C - 17000 C or hot isostatically pressed (HIP) under suitable 

temperature and pressure. The phase transformation of metastable tetragonal zirconia  (t-Z) to monoclinic 

zirconia (m-Z) during cooling of the composite (Al2O3 + ZrO2) inserts after sintering or HIP and during 

polishing and machining imparts the desired strength and fracture toughness through volume expansion (3 

- 5%) and induced shear strain (7%). The mechanisms of toughening effect of zirconia in the basic alumina 

matrix are  stress  induced  transformation  toughening  as  indicated  in Fig. 1.20 and micro crack 

nucleation toughening. 

 

Fig. 1.20 The method of crack shielding by a transformation zone 

Their hardness has been raised further by proper control of particle size and sintering process. 

Hot pressing and HIP raise the density, strength and hot hardness of ZTA tools but the process becomes 

expensive and the tool performance degrades at lower cutting speeds. However such ceramic tools can 

machine steel and cast iron at speed range of 150 - 500 m/min. 
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v) Alumina ceramic reinforced by SiC whiskers 

The properties, performances and application range of alumina based ceramic tools have been 

improved spectacularly through drastic increase in fracture toughness (2.5 times), TRS and bulk thermal 

conductivity, without sacrificing hardness and wear resistance by mechanically reinforcing the brittle 

alumina matrix with extremely strong and stiff silicon carbide whiskers. The randomly oriented, strong 

and thermally conductive whiskers enhance the strength and toughness mainly by crack deflection and 

crack-bridging and also by reducing the temperature gradient within the tool. 

After optimization of the composition, processing and the tool geometry, such tools have been 

found too effectively and efficiently machine wide range of materials, over wide speed range (250 - 600 

m/min) even under large chip loads. But manufacturing of whiskers need very careful handling and 

precise control and these tools are costlier than zirconia toughened ceramic tools. 

vi) Silver toughened alumina ceramic 

Toughening of alumina with metal particle became an important topic since 1990 though its 

possibility was reported in 1950s. Alumina-metal composites have been studied primarily using 

addition of metals like aluminium, nickel, chromium, molybdenum, iron and silver. Compared to 

zirconia and carbides, metals were found to provide more toughness in alumina ceramics. Again 

compared to other metal-toughened ceramics, the silver-toughened ceramics can be manufactured by 

simpler and more economical process routes like pressureless sintering and without atmosphere 

control. 

All such potential characteristics of silver-toughened alumina ceramic have already been 

exploited in making some salient parts of automobiles and similar items. Research is going on to 

develop and use silver-toughened alumina for making cutting tools like turning inserts.. The toughening 

of the alumina matrix by the addition of metal occurs mainly by crack deflection and crack bridging by 

the metal grains as schematically shown in Fig. 1.21. 

 

Fig. 1.21 Toughening mechanism of alumina by metal dispersion 

Addition of silver further helps by increasing thermal conductivity of the tool and self lubrication 

by the traces of the silver that oozes out through the pores and reaches at the chip-tool interface. Such 

HPC tools can suitably machine with large MRR and VC (250 - 400 m/min) and long tool life even under 

light interrupted cutting like milling. Such tools also can machine steels at speed from quite low to very 

high cutting velocities (200 to 500 m/min). 

e) Cubic Boron Nitride 

Next to diamond, cubic boron nitride is the hardest material presently available. Only in 1970  

and onward CBN in the form of compacts has been introduced as cutting tools. It is made by bonding 

a- 1 mm layer of polycrystalline cubic boron nitride to cobalt based carbide substrate at very high 
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temperature and pressure. It remains inert and retains high hardness and fracture toughness at 

elevated machining speeds. It shows excellent performance in grinding any material of high hardness 

and strength. The extreme hardness, toughness, chemical and thermal stability and wear resistance led 

to the development of CBN cutting tool inserts for high material removal rate (MRR) as well as 

precision machining imparting excellent surface integrity of the products. Such unique tools effectively 

and beneficially used in machining wide range of work materials covering high carbon and alloy steels, 

non- ferrous metals and alloys, exotic metals like Ni-hard, Inconel, Nimonic etc and many non-metallic 

materials which are as such difficult to machine by conventional tools. It is firmly stable at 

temperatures up to 14000 C. The operative speed range for CBN when machining grey cast iron is 300 ~ 

400 m/min. Speed ranges for other materials are as follows: 

 Hard cast iron (> 400 BHN): 80 - 300 m/min. 

 Superalloys (> 35 RC): 80 - 140 m/min. 

 Hardened steels (> 45 RC): 100 - 300 m/min. 

In addition to speed, the most important factor that affects performance of CBN inserts is the 

preparation of cutting edge. It is best to use CBN tools with a honed or chamfered edge preparation, 

especially for interrupted cuts. Like ceramics, CBN tools are also available only in the form of indexable 

inserts. The only limitation of it is its high cost. 

 

(f) Diamond Tools 

Single stone, natural or synthetic, diamond crystals are used as tips/edge of cutting tools. Owing 

to the extreme hardness and sharp edges, natural single crystal is used for many applications, 

particularly where high accuracy and precision are required. Their important uses are: 

 Single point cutting tool tips and small drills for high speed machining of non-ferrous metals, 

ceramics, plastics, composites, etc. and effective machining of difficult-to-machine materials. 

 Drill bits for mining, oil exploration, etc. 

 Tool for cutting and drilling in glasses, stones, ceramics, FRPs etc. 

 Wire drawing and extrusion dies. 

 Superabrasive wheels for critical grinding. 

Limited supply, increasing demand, high cost and easy cleavage of natural diamond demanded a more 

reliable source of diamond. It led to the invention and manufacture of artificial diamond grits by ultra- 

high temperature and pressure synthesis process, which enables large scale manufacture of diamond 

with some control over size, shape and friability of the diamond grits as desired for various 

applications. 

 

i) Polycrystalline Diamond (PCD) 

The polycrystalline diamond (PCD) tools consist of a layer (0.5 to 1.5 mm) of fine grain size, 

randomly oriented diamond particles sintered with a suitable binder (usually cobalt) and then 

metallurgically bonded to a suitable substrate like cemented carbide or Si3N4 inserts. PCD exhibits 

excellent wear resistance, hold sharp edge, generates little friction in the cut, provide high fracture 

strength, a d had good the al o du ti it . These p ope ties o t i ute to PCD tooli g s lo g life i  
conventional and high speed machining of soft, non-ferrous materials (aluminium, magnesium, copper 

etc), advanced composites and metal-matrix composites, superalloys, and non-metallic materials. 

PCD is particularly well suited for abrasive materials (i.e. drilling and reaming metal matrix 

composites) where it provides 100 times the life of carbides. PCD is not usually recommended for 

ferrous metals because of high solubility of diamond (carbon) in these materials at elevated 

temperature. However, they can be used to machine some of these materials under special conditions; 
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for example, light cuts are being successfully made in grey cast iron. The main advantage of such PCD 

tool is the greater toughness due to finer microstructure with random orientation of the grains and 

reduced cleavage. 

But such unique PCD also suffers from some limitations like: 

 High tool cost. 

 Presence of binder, cobalt, which reduces wear resistance and thermal stability. 

 Complex tool shapes like in-built chip breaker cannot be made. 

 Size restriction, particularly in making very small diameter tools. 

The above mentioned limitations of polycrystalline diamond tools have been almost overcome by 

developing Diamond coated tools. 

 

ii) Diamond coated carbide tools 

Since the invention of low pressure synthesis of diamond from gaseous phase, continuous effort 

has been made to use thin film diamond in cutting tool field. These are normally used as thin (<50 µm) 

or thick (> 200 µm) films of diamond synthesized by CVD method for cutting tools, dies, wear surfaces 

and even abrasives for Abrasive Jet Machining (AJM) and grinding. 

Thin film is directly deposited on the tool surface. Thick film (> 500 µm) is grown on an easy 

substrate and later brazed to the actual tool substrate and the primary substrate is removed by 

dissolving it or by other means. Thick film diamond finds application in making inserts, drills, reamers, 

end mills, routers. 

CVD coating has been more popular than single diamond crystal and PCD mainly for: 

 Free from binder, higher hardness, resistance to heat and wear more than PCD and properties 

close to natural diamond. 

 Highly pure, dense and free from single crystal cleavage. 

 Permits wider range of size and shape of tools and can be deposited on any shape of the tool 

including rotary tools. 

 Relatively less expensive. 

However, achieving improved and reliable performance of thin film CVD diamond coated tools; 

(carbide, nitride, ceramic, SiC etc) in terms of longer tool life, dimensional accuracy and surface finish of 

jobs essentially need: 

 Good bonding of the diamond layer. 

 Adequate properties of the film, e.g. wear resistance, micro-hardness, edge coverage, edge 

sharpness and thickness uniformity. 

 Ability to provide work surface finish required for specific applications. 

While CBN tools are feasible and viable for high speed machining of hard and strong steels and similar 

materials, Diamond tools are extremely useful for machining stones, slates, glass, ceramics, 

composites, FRPs and non ferrous metals specially which are sticky and BUE former such as pure 

aluminium and its alloys. CBN and Diamond tools are also essentially used for ultra precision as well as 

micro and nano machining. 

 

 TOOL WEAR 

Failure of cutting tools 

Smooth, safe and economic machining necessitates: 

 Prevention of premature and terrible failure of the cutting tools. 

 Reduction of rate of wear of tool to prolong its life. 

To accomplish the aforesaid objectives one should first know why and how the cutting tools fail. 
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Cutting tools generally fail by: 

 Mechanical breakage due to excessive forces and shocks. Such kind of tool failure is random and 

catastrophic in nature and hence is extremely detrimental. 

 Quick dulling by plastic deformation due to intensive stresses and temperature. This type of 

failure also occurs rapidly and is quite detrimental and unwanted. 

 Gradual wear of the cutting tool at its flanks and rake surface. 

The first two modes of tool failure are very harmful not only for the tool but also for the job and the 

machine tool. Hence these kinds of tool failure need to be prevented by using suitable tool materials 

and geometry depending upon the work material and cutting condition. 

But failure by gradual wear, which is inevitable, cannot be prevented but can be slowed down 

only to enhance the service life of the tool. The cutting tool is withdrawn immediately after it fails or, if 

possible, just before it totally fails. For that one must understand that the tool has failed or is going to 

fail shortly. 

It is understood or considered that the tool has failed or about to fail by one or more of the 

following conditions: 

(a) In R&D laboratories 

 Total breakage of the tool or tool tip(s). 

 Massive fracture at the cutting edge(s). 

 Excessive increase in cutting forces and/or vibration. 

 Average wear (flank or crater) reaches its specified limit(s). 

(b) In machining industries 

 Excessive (beyond limit) current or power consumption. 

 Excessive vibration and/or abnormal sound (chatter). 

 Total breakage of the tool. 

 Dimensional deviation beyond tolerance. 

 Rapid worsening of surface finish. 

 Adverse chip formation. 

Mechanisms and pattern (geometry) of cutting tool wear 

For the purpose of controlling tool wear one must understand the various mechanisms of wear 

that the cutting tool undergoes under different conditions. 

The common mechanisms of cutting tool wear are: 

(a) Mechanical wear 

 Thermally insensitive type; like abrasion, chipping and de-lamination. 

 Thermally sensitive type; like adhesion, fracturing, flaking etc. 

Flank wear is a flat portion worn behind the cutting edge which eliminates some clearance or relief. It 

takes place when machining brittle materials. Wear at the tool-chip interface occurs in the form of a 

depression or crater. It is caused by the pressure of the chip as it slides up the face of the cutting tool. 

Both flank and crater wear take place when feed is greater than 0.15 mm/rev at low or moderate 

speeds. 

(b) Thermo chemical wear 

 Macro-diffusion by mass dissolution. 

 Micro-diffusion by atomic migration. 

In diffusion wear the material from the tool at its rubbing surfaces, particularly at the rake surface 

gradually diffuses into the flowing chips either in bulk or atom by atom when the tool material has 

chemical affinity or solid solubility towards the work material. The rate of such tool  wears increases 

with the increase in temperature at the cutting zone. This wear becomes predominant when the 
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cutting temperature becomes very high due to high cutting velocity and high strength of the work 

material. 

(c) Chemical wear 

Chemical wear, leading to damages like grooving wear may occur if the tool material is not 

enough chemically stable against the work material and/or the atmospheric gases. 

(d) Galvanic wear 

Galvanic wear, based on electrochemical dissolution, seldom occurs when the work and tool 

materials are electrically conductive, cutting zone temperature is high and the cutting fluid acts as an 

electrolyte. 

The usual pattern or geometry of wear of face milling inserts, turning tools and turning inserts 

are typically shown in Fig. 1.22 (a, b, c and d). 

 
Fig. 1.22 (a) Schematic view of wear pattern of face milling insert 

 
Fig. 1.22 (b) Geometry and major features of Fig. 1.22 (c) Photographic view of the 

wear of turning tools  wear pattern of a turning tool insert 

 

Fig. 1.22 (d) Different types of wears of turning tools 

In addition to ultimate failure of the tool, the following effects are also caused by the growing tool-wear: 
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 Increase in cutting forces and power consumption mainly due to the principal flank wear. 

 Increase in dimensional deviation and surface roughness mainly due to wear of the tool-tips and 

auxiliary flank wear (Vs). 

 Odd sound and vibration. 

 Worsening surface integrity. 

 Mechanically weakening of the tool tip. 

  

Measurement of tool wear 

The various methods are: 

 By loss of tool material in volume or weight, in one life time - this method is crude and is 

generally applicable for critical tools like grinding wheels. 

 By grooving and indentation method - in this approximate method wear depth is measured 

indirectly by the difference in length of the groove or the indentation outside and inside the 

worn area. 

 Using optical microscope fitted with micrometer - very common and effective method. 

 Using scanning electron microscope (SEM) - used generally, for detailed study; both qualitative 

and quantitative. 

 Talysurf, especially for shallow crater wear. 

  

TOOL LIFE 

Definition: 

Tool life generally indicates the amount of satisfactory performance or service rendered by a 

fresh tool or a cutting point till it is declared failed. Tool life is defined in two ways: 

 

(a) In R & D: Actual machining time (period) by which a fresh cutting tool (or point) 

satisfactorily works after which it needs replacement or reconditioning. The modern tools hardly fail 

prematurely or abruptly by mechanical breakage or rapid plastic deformation. Those fail mostly by 

wearing process which systematically grows slowly with machining time. In that case, tool life means 

the span of actual machining time by which a fresh tool can work before attaining the specified limit of 

tool wear. Mostly tool life is decided by the machining time till flank wear, VB reaches 0.3 mm or crater 

wear, KT reaches 0.15 mm. 

(b) In industries or shop floor: The length of time of satisfactory service or amount of 

acceptable output provided by a fresh tool prior to it is required to replace or recondition. 

 

Assessment of tool life 

For R & D purposes, tool life is always assessed or expressed by span of machining time in 

minutes, whereas, in industries besides machining time in minutes some other means are also used to 

assess tool life, depending upon the situation, such as: 

 Number of pieces of work machined. 

 Total volume of material removed. 

 Total length of cut. 

 

 Effect of side cutting edge angle on tool life 

The side utti g edge a gle φs) may improve tool life under non-chatter conditions: 

VCT0.11 = 78 ("s + 150)0.264 1.56 

 

 Tool life in terms of metal removal 
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The volume of metal removal from the work piece between tool sharpening for definite depth 

of cut, feed and cutting speed can be determined as follows. For example in case of turning: 

Cutting speed VC = DN / 1000 m/min 1.57 

where D - Diameter of work piece (mm). 

N - Rotation speed of work piece (rpm). 

Let t - Depth of cut (mm). 

f - Feed rate (mm/min). 

ttf - Time of tool failure (min). 

T - Tool life in 1 mm3 of metal removal. 

Volume of metal removed per revolution = .D.t.f mm3 
1.58 

Volume of metal removed per minute = .D.t.f.N mm3 
1.59 

Volu e of etal e o ed i  ttf  i ute = .D.t.f.N.ttf mm3 
1.60 

Therefore, Volume of metal removed between tool grinds = .D.t.f.N.ttf mm3 
1.61 

T = .D.t.f.N.ttf mm3 = 1000.VC.t.f.ttf mm3 
1.62 

T = VC.t.f.ttf cm3 
1.63 

 

 Factors affecting tool life 

The life of the cutting tool is affected by the following factors: 

 Cutting speed. 

 Feed and depth of cut. 

 Tool geometry. 

 Tool material. 

 Cutting fluid. 

 Work piece material. 

 Rigidity of work, tool and machine. 

 

Machinabilty 

Concept, definition and criteria of judgment of machinabilty 

The te ; Machinabilty  has ee  i t odu ed fo  g adatio  of o k ate ials ith espe t to 
machining characteristics. But truly speaking, there is no unique or clear meaning of the term 

machinabilty. People tried to des ri e Machinabilty  i  se eral ays su h as: 
 It is generally applied to the machining properties of work material. 

 It refers to material (work) response to machining. 

 It is the ability of the work material to be machined. 

 It indicates how easily and fast a material can be machined. 

But it has been agreed, in general, that it is difficult to clearly define and quantify Machinabilty. For 

i sta e, sayi g aterial A is ore a hi a le tha  aterial B  ay ea  that o pared to B :  

 A  auses lesse  tool ea  o  lo ge  tool life. 

 A  requires lesser cutting forces and power. 

 A  p o ides ette  su fa e finish. 

Attempts were made to measure or quantify machinabilty and it was done mostly in terms of: 

 Tool life which substantially influences productivity and economy in machining. 

 Magnitude of cutting forces which affects power consumption and dimensional accuracy. 

 Surface finish which plays role on performance and service life of the product. 

Often cutting temperature and chip form are also considered for assessing machinabilty. 
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cpeed(fpm)ofmachining the work giving 60 minute tool life 
Machinability rating (MR) = 

cpeed(fpm)ofmachining the ctandard metaS giving 60 minute tooS Sife 
x 100 1.64

 

 

The free cutting steel, AISI - 1112, when machined (turned) at 100 fpm, provided 60 min of tool 

life. If the work material to be tested provides 60 min of tool life at cutting velocity of 60 fpm (say), 

under the same set of machining condition, then machinability (rating) of that material would be, 

 
60  

100 
x 100 = 60 % or simply 60 (based on 100% for the standard material) or, simply the MR = 
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value of the cutting velocity expressed in fpm at which a work material provides 60 min tool life was 

directly considered as the MR of that work material. In this way the MR of some materials, for instance, 

were evaluated as, 

 

Metal MR 

Ni 200 

Br 300 

Al 200 

CI 70 

Inconel 30 

 

CUTTING FLUIDS 

Purposes and application of cutting fluid 

The basic purposes of cutting fluid application are: 

 Cooling of the job and the tool to reduce the detrimental effects of cutting temperature on the 

job and the tool. 

 Lubrication at the chip - tool interface and the tool flanks to reduce cutting forces and friction 

and thus the amount of heat generation. 

 Cleaning the machining zone by washing away the chip - particles and debris which, if present, 

spoils the finished surface and accelerates damage of the cutting edges. 

 Protection of the nascent finished surface - a thin layer of the cutting fluid sticks to the 

machined surface and thus prevents its harmful contamination by the gases like SO2, O2, H2S, 

and NXOY present in the atmosphere. 

However, the main aim of application of cutting fluid is to improve machinability through reduction of 

cutting forces and temperature, improvement by surface integrity and enhancement of tool life. 

Essential properties of cutting fluids 

To enable the cutting fluid fulfill its functional requirements without harming the Machine - Fixture - 

Tool - Work (M-F-T-W) system and the operators, the cutting fluid should possess the following properties: 

 For cooling: 

 High specific heat, thermal conductivity and film coefficient for heat transfer. 

 Spreading and wetting ability. 

 For lubrication: 

 High lubricity without gumming and foaming. 

 Wetting and spreading. 

 High film boiling point. 

 Friction reduction at extreme pressure (EP) and temperature. 

 Chemical stability, non-corrosive to the materials of the M-F-T-W system. 

 Less volatile and high flash point. 

 High resistance to bacterial growth. 

 Odourless and also preferably colourless. 

 Non toxic in both liquid and gaseous stage. 

 Easily available and low cost. 

 

 Principles of cutting fluid action 

The chip-tool contact zone is usually comprised of two parts; plastic or bulk contact zone and 

elastic contact zone as indicated in Fig. 1.23. 
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Fig. 1.23 Cutting fluid action in machining Fig. 1.24 Apportionment of plastic and elastic 

contact zone with increase in cutting 

velocity The cutting fluid cannot penetrate or reach the plastic contact zone but enters in the elastic 

contact zone by capillary effect. With the increase in cutting velocity, the fraction of plastic contact 

zone gradually increases and covers almost the entire chip-tool contact zone as indicated in Fig. 1.24. 

Therefore, at high speed machining, the cutting fluid becomes unable to lubricate and cools the tool 

and the job only by bulk external cooling. 

The chemicals like chloride, phosphate or sulphide present in the cutting fluid chemically reacts 

with the work material at the chip under surface under high pressure and temperature and forms a thin 

layer of the reaction product. The low shear strength of that reaction layer helps in reducing friction. 

To form such solid lubricating layer under high pressure and temperature some extreme 

pressure additive (EPA) is deliberately added in reasonable amount in the mineral oil or soluble oil. 

For extreme pressure, chloride, phosphate or sulphide type EPA is used depending upon the 

working temperature, i.e. moderate (2000 C ~ 3500 C), high (3500 C ~ 5000 C) and very high (5000 C ~ 

8000 C) respectively. 

 

 Types of cutting fluids and their application 

Generally, cutting fluids are employed in liquid form but occasionally also employed in gaseous 

form. Only for lubricating purpose, often solid lubricants are also employed in machining and grinding. 

The cutting fluids, which are commonly used, are: 

 

Air blast or compressed air only 

Machining of some materials like grey cast iron become inconvenient or difficult if any cutting 

fluid is employed in liquid form. In such case only air blast is recommended for cooling and cleaning. 

 

Solid or semi-solid lubricant 

Paste, waxes, soaps, graphite, Moly-disulphide (MoS2) may also often be used, either applied 

directly to the workpiece or as an impregnant in the tool to reduce friction and thus cutting forces, 

temperature and tool wear. 

Water 

For its good wetting and spreading properties and very high specific heat, water is considered as the best 

coolant and hence employed where cooling is most urgent. 

 

Soluble oil 

Water acts as the best coolant but does not lubricate. Besides, use of only water may impair the 

machine-fixture-tool-work system by rusting. So oil containing some emulsifying agent and additive like EPA, 

together called cutting compound, is mixed with water in a suitable ratio ( 1 ~ 2 in 20 ~ 50). 

This milk like white emulsion, called soluble oil, is very common and widely used in machining and grinding. 
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Cutting oils 

Cutting oils are generally compounds of mineral oil to which are added desired type and 

amount of vegetable, animal or marine oils for improving spreading, wetting and lubricating properties. 

As and when required some EP additive is also mixed to reduce friction, adhesion and BUE formation in 

heavy cuts. 

 

Chemical fluids 

These are occasionally used fluids which are water based where some organic and or inorganic 

materials are dissolved in water to enable desired cutting fluid action. 

There are two types of such cutting fluid: 

 Chemically inactive type - high cooling, anti-rusting and wetting but less lubricating. 

 Active (surface) type - moderate cooling and lubricating. 

 

Cryogenic cutting fluid 

Extremely cold (cryogenic) fluids (often in the form of gases) like liquid CO2 or N2 are used in 

some special cases for effective cooling without creating much environmental pollution and health 

hazards. 

 

 Methods of application of cutting fluid 

The effectiveness and expense of cutting fluid application significantly depend also on how it is 

applied in respect of flow rate and direction of application. In machining, depending upon the 

requirement and facilities available, cutting fluids are generally employed in the following ways (flow): 

 Drop-by-drop under gravity. 

 Flood under gravity. 

 In the form of liquid jet(s). 

 Mist (atomized oil) with compressed air. 

 Z-Z method - centrifugal through the grinding wheels (pores) as indicated in Fig. 1.25. 

Fig 1.25 Z-Z method of cutting fluid application in grinding Fig. 1.26 Application of cutting fluid 

at high pressure through the hole in the tool 
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The direction of application also significantly governs the effectiveness of the cutting fluid in 

respect of reaching at or near the chip-tool and work-tool interfaces. Depending upon the requirement 

and accessibility the cutting fluid is applied from top or side(s). In operations like deep hole drilling the 

pressurized fluid is often sent through the axial or inner spiral hole(s) of the drill. 

For effective cooling and lubrication in high speed machining of ductile metals having wide and 

plastic chip-tool contact, cutting fluid may be pushed at high pressure to the chip-tool interface 

through hole(s) in the cutting tool, as schematically shown in Fig. 1.26. 

 Selection of cutting fluid 

The benefits of application of cutting fluid largely depend upon proper selection of the type of 

the cutting fluid depending upon the work material, tool material and the machining condition. As for 

example, for high speed machining of not-difficult-to-machine materials greater cooling type fluids are 

preferred and for low speed machining of both conventional and difficult-to-machine materials greater 

lubricating type fluid is preferred. 

Selection of cutting fluids for machining some common engineering materials and operations 

are presented as follows: 

Grey cast iron: 

 Generally dry for its self lubricating property. 

 Air blast for cooling and flushing chips. 

 Soluble oil for cooling and flushing chips in high speed machining and grinding. 

Steels: 

 If machined by HSS tools, sol. Oil (1: 20 ~30) for low carbon and alloy steels and neat oil with 

EPA for heavy cuts. 

 If machined by carbide tools thinner sol. Oil for low strength steel, thicker sol. Oil ( 1:10 ~ 20) for 

stronger steels and straight sulphurised oil for heavy and low speed cuts and EP cutting oil for 

high alloy steel. 

 Often steels are machined dry by carbide tools for preventing thermal shocks. 

Aluminium and its alloys: 

 Preferably machined dry. 

 Light but oily soluble oil. 

 Straight neat oil or kerosene oil for stringent cuts. 

Copper and its alloys: 

 Water based fluids are generally used. 

 Oil with or without inactive EPA for tougher grades of Cu-alloy. 

Stainless steels and Heat resistant alloys: 

 High performance soluble oil or neat oil with high concentration with chlorinated EP additive. 

The brittle ceramics and cermets should be used either under dry condition or light neat oil in 

case of fine finishing. 

Grinding at high speed needs cooling (1: 50 ~ 100) soluble oil. For finish grinding of metals and 

alloys low viscosity neat oil is also used. 
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Broaching operation 

Like any other machining, broaching is also accomplished through a series of following 

sequential steps: 

 Selection of broach and broaching machine. 

 Mounting and clamping the broach in the broaching machine. 

 Fixing work piece in the machine. 

 Planning tool - work motions. 

 Selection of the levels of the process parameters and their setting. 

 Conducting machining by the broach. 

Selection of broach and broaching machine 

There are various types of broaches available. The appropriate one has to be selected based on: 

 Type of the job; size, shape and material. 

 Geometry and volume of work material to be removed from the job. 

 Desired length of stroke and the broach. 

 Type of the broaching machines available or to be used. 

Broaching machine has to be selected based on: 

 The type, size and method of clamping of the broach to be used. 

 Size, shape and material of the work piece. 

 Strength, power and rigidity required for the broaching machine to provide the desired 

productivity and process capability. 

Function of broaching machines 

The basic function of a broaching machine is to provide a precise linear motion of the tool past a 

stationary work position. There are two principal modifications of the broaching machines, horizontal, and 

vertical. The former are suitable for broaching of relatively long and small diameter holes, while the later are 

used for short lengths and large diameters. 

The unique characteristics of broaching operation are: 

 For producing any surface, the form of the tool (broach) always provides the Generatrix and the 

cutting motion (of the broach relative to the job surface) provides the Directrix. 

 So far as tool – work motions, broaching needs only one motion and that is the cutting motion 

(velocity) preferably being imparted to the broach. 

Hence design, construction and operation of broaching machines, requiring only one such linear 

motion, are very simple. Only alignments, rigidity and reduction of friction and wear of slides and guides are 

to be additionally considered for higher productivity, accuracy and surface finish. 

Specification of broaching machines 

Broaching machines are generally specified by: 

 Type; horizontal, vertical etc. 

 Maximum stroke length. 

 Maximum working forces (pull or push). 

 Maximum cutting velocity possible. 

 Type of drive - Electro-Mechanical, Hydraulic etc. 

 Power rating of electrical motor. 

 Floor space required. 

Most of the broaching machines have hydraulic drive for the cutting motion. Electro-mechanical drives are 

also used preferably for high speed of work but light cuts. 

Classification of broaching machines 

There are different types of broaching machines which are broadly classified as: 
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According to purpose of use 

 General purpose. 

 Single purpose. 

 Special purpose. 

According to nature of work 

 Internal broaching. 

 External (surface) broaching. 

According to configuration 

 Horizontal. 

 Vertical. 

According to number of slides or stations 

 Single station type. 

 Multiple station type. 

 Indexing type. 

According to tool / work motion 

 Intermittent (one job at a time) type. 

 Continuous type. 

According to the type of drive 

 Mechanical drive. 

 Hydraulic drive. 

PUSH BROACHING MACHINES 

In these machines the broach movement is guided by a ram. These machines are simple, since the 

broach only needs to be pushed through the component for cutting and then retracted. The work piece is 

fixed into a boring fixture on the table. Even simple arbor presses can be used for push broaching. 

Push down type vertical surface broaching machine 

Fig. 1.27 Push down type vertical surface broaching machine 

Fig. 1.27 shows the push down type vertical surface broaching machine. It consists of a box shape 

column, slide and drive mechanism. Broach is mounted on the slide which is hydraulically operated and 

accurately guided on the column ways. Slide with the broach travels at various speeds. The slide is provided 

with quick return mechanism. The worktable is mounted on the base in front of the column. The fixture is 

clamped to the table. The work piece is held in the fixture. 

 

After advancing the table to the broaching position, it is clamped and the slide with the broach travel 

downwards for machining the workpiece. Then the table recedes to load a new work piece and the slide 

returns to its upper position. The same cycle is then repeated. 
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Vertical broaching machines occupy less floor space and are more rigid as the ram is supported by the 

base. They are mostly used for external or surface broaching though internal broaching is also possible and 

occasionally done. 

PULL BROACHING MACHINES 

These machines consist of a work holding mechanism, and a broach pulling mechanism along with a 

broach elevator to help in the removal and threading of the broach through the work piece. The work piece 

is mounted in the broaching fixture and the broach is inserted through the hole present in the work piece. 

Then the broach is pulled through the work piece completely and the work piece is then removed from 

the table. Afterwards the broach is brought back to the starting point before a new work piece is located on 

the table. The same cycle is then repeated. 

Pull type horizontal internal broaching machine 

Fig. 1.28 Pull type horizontal internal broaching machine 

Fig. 1.28 shows the pull type horizontal internal broaching machine. This machine has a box type 

bed. The length of bed is twice the length of stroke. Most of the modern horizontal broaching machines 

are provided with hydraulic or electric drive. It is housed in the bed. The job is located in the adopter. 

The adopter is fitted in the front vertical face of the machine. The small end of the broach is inserted 

through the hole of the job and connected to the pulling head. 

The pulling head is mounted in the front end of the ram. The ram is connected to the hydraulic 

drive mechanism. The rear end of the broach is supported by a guide. The broach is moved along the 

guide ways. It is used for small and medium sized works. It is used for machining keyways, splines, 

serrations, internal gears, etc. 

Horizontal broaching machines are the most versatile in application and performance and hence 

are most widely employed for various types of production. These are used for internal broaching but 

external broaching work is also possible. The horizontal broaching machines are usually hydraulically 

driven and occupy large floor space. 

 

 Pull down type vertical internal broaching machine 

This machine has an elevator at the top. The pulling mechanism is enclosed in the base of the 

machine. The work piece is mounted on the table by means of fixture. The tail end of the broach is 

gripped in the elevator. The broach is lowered through the work piece. 

The broach is automatically engaged by the pulling mechanism and is pulled down through the 

job. After the operation is completed, the broach is raised and gripped by the elevator. The elevator 

returns to its initial position. This is illustrated in Fig. 1.29 (a). 

 

Pull up type vertical internal broaching machine 
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In this type, the ram slides on the vertical column of the machine. The ram carries the pulling 

head at its bottom. The pulling mechanism is above the worktable and the broach is in the base of the 

machine. The broach enters the job held against the underside of the table and is pulled upward. At the 

end of the operation, the work is free and falls down into a container. This is illustrated in Fig. 1.29 (b). 

 

Fig. 1.29 Vertical internal broaching operation (a) pull down type (b) pull up type 

 

 SURFACE BROACHING MACHINES 

In horizontal surface broaching machines, the broach is pulled over the top surface of the work 

piece held in the fixture on the worktable as shown in Fig. 1.30. The cutting speed ranges from 3 to 12 

mpm with a return speed up to 30 mpm. The construction and working principle of horizontal surface 

broaching machine is similar to that of pull type horizontal internal broaching machine. 

In vertical surface broaching machines, the work piece is held in the fixture while the surface 

broach is reciprocated with the ram on the vertical guide ways on the column as shown in Fig. 1.31. 

Surface broaching is relatively simple since the broach can be continuously held and then it will carry 

out only a reciprocating action.  

Instead of using simple broach some times the progressive cut type broach with the teeth 

segments distributed into the three areas as shown in Fig. 1.56 (b) is used in surface broaching. The 

progressive action reduces the maximum broaching force, but results in a longer broach. 

  
Fig. 1.30 Horizontal surface broaching machine Fig. 1.31 Vertical surface broaching machine 
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 CONTINUOUS BROACHING MACHINES 

These broaching machines are also known as high production broaching machines. The 

reciprocation of the broach always involves an unproductive return stroke, which is eliminated in a 

continuous surface broaching machine. These machines are used for fast production of large number of 

pieces by surface broaching. 

 

 Horizontal continuous broaching machine 

In this the small work pieces are mounted on the broaching fixtures which are in turn fixed to an 

endless chain continuously moving in between two sprockets. Broaches which are normally stationary 

are kept above the work pieces. The work pieces are pushed past the stationary broaches by means of 

the conveyor for cutting. The work pieces are loaded and unloaded onto the conveyor manually or 

automatically. This is illustrated in Fig. 1.32 (a). 

 
Fig. 1.32 Continuous broaching machine (a) Horizontal type (b) and (c) Rotary type 

 

 Rotary continuous broaching machine 

Type I: This machine has a rotary table and a vertical column. The vertical column has a 

guide way. An arm is fixed in the vertical column and it moves up and down in the guide way. Work 

pieces are clamped in the fixtures horizontally above the work table. The broach is fixed underside of 

the arm. Now the work table is rotated and the broaching operation is carried out. Depth of cut is given 

by moving the work table in upward direction. This is illustrated in Fig. 1.32 (b). 

 

Type II: This machine has a ring shaped rotating work table. Work pieces are clamped in 

the fixtures in the inner periphery of the work table. The stationary broaches are fixed in the outer 

periphery of the vertical column located inside the work table. Now the table is rotated and the 

broaching operation is carried out. This is illustrated in Fig. 1.32 (c). 

 

Broaching operation and broaching machines are as such high productive but its speed of 

production is further enhanced by: 

 Incorporating automation in tool – job mounting and releasing. 

 Increasing number of workstations or slides for simultaneous multiple production. 
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 Quick changing the broach by turret indexing. 

 Continuity of working 

Thread chaser  

A chaser is a multipoint threading tool having the same form and pitch of the thread to be chased. An 

external thread chaser is shown in Fig. 1.33 (a). A chaser is used to finish a partly cut thread to the size and 

shape required. Fig. 1.33 (b) shows finishing of a partly cut thread by a thread chaser. Thread chasing is done 

at about ½ of the speed of turning. 

 
Fig. 1.33 (a) External thread chaser Fig. 1.33 (b) Finishing of a partly cut thread 

HONING 

Honing is a low abrading process which uses bonded abrasive sticks for removing stock from metallic 

and non-metallic surfaces. This process is used primarily to remove the grinding or the tool marks left on the 

surface by previous operations. However, it can be used for external cylindrical surfaces as well as flat 

surfaces. It is most commonly used for internal surfaces. 

The advantages of honing are: 

o Correction of geometrical accuracy. 

o Dimensional accuracy. 

Honing is a finishing process performed by a honing tool called as hone [shown in Fig. 1.34], which 

contains a set of three to a dozen and more bonded abrasive sticks. The sticks are equally spaced about the 

periphery of the honing tool. The sticks are held against the work surface with controlled light pressure, 

usually exercised by small springs. 

The honing tool is given a complex rotational and oscillatory axial motion, which combine to produce a 

crosshatched lay pattern [shown in Fig. 1.35] of very low surface roughness. In addition to the surface finish 

of about 0.1 µm, honing produces a characteristic crosshatched surface that tends to retain lubrication 

during operation of the component, thus contributing to its function and service life. 

A cutting fluid must be used in honing to cool and lubricate the tool and to help remove the chips. A 

common application of honing is to finish the holes. Typical examples include bores of internal combustion 

engines, bearings, hydraulic cylinders, and gun barrels. 

   
Fig. 1.34 Honing tool 

Fig. 1.35 Lay pattern produced by combination of rotary and oscillatory motion 
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The honing stones are given a complex motion so as to prevent every single grit from repeating 

its path over the work surface. The critical process parameters are: 

 Rotation speed. 

 Oscillation speed. 

 Length and position of the stroke. 

 Honing stick pressure. 

With conventional abrasive honing stick, several strokes are necessary to obtain the desired finish on 

the work piece. However, with introduction of high performance diamond and CBN grits it is now 

possible to perform the honing operation in just one complete stroke. Advent of precisely engineered 

microcrystalline CBN grit has enhanced the capability further. 

 

Honing stick with microcrystalline CBN grit can maintain sharp cutting condition with consistent results 

over long duration. Super abrasive honing stick with monolayer configuration, where a layer of CBN 

grits are attached to stick by a galvanically deposited metal layer [shown in Fig. 1.36], is typically found 

in single stroke honing application. 

 

 

 

 

 

Fig. 1.36 Super abrasive honing stick with single layer configuration 

With the advent of precision brazing technique, efforts can be made to manufacture honing 

stick with single layer configuration with a brazed metal bond. Like brazed grinding wheel such single 

layer brazed honing stick are expected to provide controlled grit density, larger grit protrusion leading 

to higher material removal rate and longer life compared to what can be obtained with a galvanically 

bonded counterpart. 

 

LAPPING 

Lapping is a surface finishing process used on flat or cylindrical surfaces. Lapping is the abrading 

of a surface by means of a lap (which is made of a material softer than the material to be lapped), 

which has been charged with the fine abrasive particles. The process is employed to get: 

 Geometrically true surface. 

 Extreme accuracy of dimension. 

 Correction of minor imperfections in shape. 

 Refinement of the surface finish, and 

 Close fit between mating surfaces. 

Lapping methods: 

 Hand lapping for flat work. 

 Hand lapping for external cylindrical work, (Ring lapping). 

 Machine lapping. 

In lapping, instead of a bonded abrasive tool, oil-based fluid suspension of very small free abrasive 

grains (aluminum oxide and silicon carbide, with typical grit sizes between 300 and 600) called a 

lapping compound is applied between the work piece and the lapping tool. 

The lapping tool is called a lap, which is made of soft materials like copper, lead or wood. The 

lap has the reverse of the desired shape of the work part. To accomplish the process, the lap is pressed 

against the work and moved back and forth over the surface in a figure-eight or other motion pattern, 

subjecting all portions of the surface to the same action. Lapping is sometimes performed by hand, but 
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lapping machines accomplish the process with greater consistency and efficiency. 

The cutting mechanism in lapping is that the abrasives become embedded in the lap surface, 

and the cutting action is very similar to grinding, but a concurrent cutting action of the free abrasive 

particles in the fluid cannot be excluded. Lapping is used to produce optical lenses, metallic bearing 

surfaces, gauges, and other parts requiring very good finishes and extreme accuracy. Fig. 1.37 

schematically represents the lapping process. Material removal in lapping usually ranges from .003 to 

.03 mm but many reach 0.08 to 0.1mm in certain cases. 

Characteristics of lapping process: 

 Use of loose abrasive between lap and the work piece. 

 Usually lap and work piece are not positively driven but are guided in contact with each other. 

 Relative motion between the lap and the work should change continuously so that path of the 

abrasive grains of the lap is not repeated on the work piece. 

 

 
Fig. 1.37 Schematics of lapping process showing the lap and 

the cutting action of suspended abrasive particles. 

Cast iron is the mostly used lap material. However, soft steel, copper, brass, hardwood as well as 

hardened steel and glass are also used. 

Abrasives of lapping: 

 Al2O3 and SiC, grain size 5~100µm. 

 Cr2O3, grain size 1~2 µm. 

 B4C3, grain size 5-60 µm. 

 Diamond, grain size 0.5~5 V. 

Vehicle materials for lapping: 

 Machine oil. 

 Rape oil. 

 Grease. 

Technical parameters affecting lapping processes are: 

 Unit pressure. 

 The grain size of abrasive. 

 Concentration of abrasive in the vehicle. 

 Lapping speed. 

Lapping is performed either manually or by machine. Hand lapping is done with abrasive powder as 

lapping medium, whereas machine lapping is done either with abrasive powder or with bonded 

abrasive wheel. 

Electro polishing 

Electro polishing is the reverse of electroplating. Here, the work piece acts as anode and the 

material is removed from the work piece by electrochemical dissolution. The process is particularly 

suitable for polishing irregular surface since there is no mechanical contact between work piece and 
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polishing medium. The electrolyte electrochemically etches projections on the work piece surface at a 

faster rate than the rest, thus producing a smooth surface. This process is also suitable for deburring 

operation. 

BUFFING 

Buffing is a finishing operation similar to polishing, in which the abrasive grains in a suitable carrying 

medium such as grease are applied at suitable intervals to the buffing wheel. Negligible amount of material 

is removed in buffing while a very high luster is generated on the buffed surface. Fig. 1.38 schematically 

shows the buffing process. 

 
Fig. 1.38 Schematics of the buffing operation 

As in polishing, the abrasive particles must be periodically replenished. As in polishing, buffing is 

usually done manually, although machines have been designed to perform the process automatically. 

Polishing is used to remove scratches and burrs and to smooth rough surfaces while buffing is 

used to provide attractive surfaces with high luster. The dimensional accuracy of the parts is not 

affected by polishing and buffing operations. 

 

External centreless grinder  

 

This grinding machine is a production machine in which out side diameter of the workpiece is ground. The  

workpiece is not held between centres but by a work support blade. It is rotated by means of a regulating 

wheel and ground by the grinding wheel. In through-feed centreless grinding, the regulating wheel revolving at 

a much lower surface speed than grinding wheel controls the rotation and longitudinal motion of the 

workpiece. The regulating wheel is kept slightly inclined to the axis of the grinding wheel and the workpiece is 

fed longitudinally as shown in Fig. 1.39. C B A A 

 
Fig 1.39 Centreless through feed grinding 

 

Parts with variable diameter can be ground by Centreless infeed grinding as shown in Fig. 1.40(a). The 

operation is similar to plunge grinding with cylindrical grinder. End feed grinding shown in Fig. 1.40 (b) is used 

for workpiece with tapered surface. 
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Fig. 1.40 Centreless (a) infeed and (b) end feed grinding 

 

The grinding wheel or the regulating wheel or both require to be correctly profiled to get the required taper on 

the workpiece. 

 

******* 
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We hope you find these notes useful. 
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