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         UNIT I 

THEORY OF METAL CUTTING 

Introduction – Material removal processes – Types of machine tools – Theory of 
metal cutting – Chipformation – Orthogonal cutting – Cutting tool materials – Tool 
wear – Tool life – Surface finish –Cutting fluids. 

Geometry of single point 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. 
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. 

(i) 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 
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(i) 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 – V , s , t, tool – 

    material and geometry, environment – cutting fluid) on cutting forces 
• Study of behaviour and machinability characterisation of the work materials 
• Condition monitoring of the cutting tools and machine tools. 

C o 

(ii) Cutting force components and their significances 
The single point cutting tools being used for turning, shaping, planing, slotting, boring etc. 
are characterised 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. 8.1 
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 

Mechanism of chip formation in machining brittle materials 

The basic two mechanisms involved in chip formation are 
   • Yielding – generally for ductile materials 
   • Brittle fracture – generally for brittle materials 

During machining, first a small crack develops at the tool tip as shown in Fig. 5.5 due to 
wedging action of the cutting edge. At the sharp crack-tip stress concentration takes 
place. In case of ductile materials immediately yielding takes place at the crack-tip and 
reduces the effect of stress concentration and prevents its propagation as crack. But in 
case of brittle materials the initiated crack quickly propagates, under stressing action, 
and total separation takes place from the parent work piece through the minimum 
resistance path as indicated in Fig. 5.5. 
Machining of brittle material produces discontinuous chips and mostly of irregular size 
and shape. The process of forming such chips is schematically 
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(i) Need and purpose of chip-breaking 
Continuous machining like turning of ductile metals, unlike brittle metals like grey cast iron, 
produce continuous chips, which leads to their handling and disposal problems. The 
problems become acute when ductile but strong metals like steels are machined at high 
cutting velocity for high MRR by flat rake face type carbide or ceramic inserts. The sharp 
edged hot continuous chip that comes out at very high speed 
         • becomes dangerous to the operator and the other people working in the vicinity 
         • may impair the finished surface by entangling with the rotating job 
         • creates difficulties in chip disposal. 

Therefore it is essentially needed to break such continuous chips into small regular pieces 
for 
      • safety of the working people 
      • prevention of damage of the product 
      • easy collection and disposal of chips. 

Chip breaking is done in proper way also for the additional purpose of improving 
machinability by reducing the chip-tool contact area, cutting forces and crater wear of the 
cutting tool. 

(ii) Principles of chip-breaking 
In respect of convenience and safety, closed coil type chips of short length and „coma‟  
shaped broken-to-half turn chips are ideal in machining of ductile metals and alloys at high 
speed. 
The principles and methods of chip breaking are generally classified as follows : 
       • Self breaking 
           This is accomplished without using a separate chip-breaker either as an 
           attachment or an additional geometrical modification of the tool. 
       • Forced chip breaking by additional tool geometrical features or devices. 
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(iii) Merchant‟ s Circle Diagram and its use 
In orthogonal cutting when the chip flows along the orthogonal plane, π , the cutting force 

O 
(resultant) and its components P and P 

Z XY 
remain in the orthogonal plane. Fig. 8.5 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. 

The circle(s) drawn taking R or R as diameter which contains all the force components 
1 

concerned as intercepts. The two circles with their forces are combined into one circle 
having all the forces contained in that as shown by the diagram called Merchant‟ s Circle 
Diagram. 

Essential properties for 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: 

i) high mechanical strength; compressive, tensile, and TRA 

ii) fracture toughness – high or at least adequate 
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iii) high hardness for abrasion resistance 

iv) high hot hardness to resist plastic deformation and reduce wear rate at elevated 
    temperature 

v) chemical stability or inertness against work material, atmospheric gases and 
     cutting fluids 

vi) resistance to adhesion and diffusion 

vii) thermal conductivity – low at the surface to resist incoming of heat and high at the 
    core to quickly dissipate the heat entered 

viii) high heat resistance and stiffness 

ix) manufacturability, availability and low cost. 

iv)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, V reaches 0.3 

B 
mm or crater wear, K reaches 0.15 mm. 

T 

(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. 
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Needs and Chronological Development of Cutting Tool Materials: 

With the progress of the industrial world it has been needed to continuously develop and 
improve the cutting tool materials and geometry; 

• to meet the growing demands for high productivity, quality and economy of 
  machining 

• to enable effective and efficient machining of the exotic materials that are coming up 
  with the rapid and vast progress of science and technology 

• for precision and ultra-precision machining 

• for micro and even nano machining demanded by the day and future. 

It is already stated that the capability and overall performance of the cutting tools depend 
upon, 

• the cutting tool materials 

• the cutting tool geometry 

• proper selection and use of those tools 

• the machining conditions and the environments 

Out of which the tool material plays the most vital role. The relative contribution of the 
cutting tool materials on productivity, for instance, can be roughly assessed from Fig. 3.3.1 
Version. 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



Definition - • 
Rake angle (γ): Angle of inclination of rake surface from reference 
plane 
clearance angle (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 
maybe positive, or negative or even zero 

(i) Mechanism of chip formation in machining 
Machining is a semi-finishing or finishing process essentially done to impart required or 
stipulated dimensional and form accuracy and surface finish to enable the product to 
    • fulfill its basic functional requirements 
    • provide better or improved performance 
    • render long service life. 

Machining is a process of gradual removal of excess material from the preformed blanks in 
the form of chips. 
The form of the chips is an important index of machining because it directly or indirectly 
indicates: 
    • Nature and behaviour of the work material under machining condition 
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• Specific energy requirement (amount of energy required to remove unit volume of work 
   material) in machining work 
• Nature and degree of interaction at the chip-tool interfaces. 

The form of machined chips depends mainly upon: 
    • Work material 
    • Material and geometry of the cutting tool 
    • Levels of cutting velocity and feed and also to some extent on depth of cut 
    • Machining environment or cutting fluid that affects temperature and friction at the chip- 
        tool and work-tool interfaces. 
The overall deformation process causing chip formation is quite complex and hence needs 
thorough experimental studies for clear understanding the phenomena and its dependence 
on the affecting parameters. The feasible and popular experimental methods [2] for this 
purpose are: 
    • Study of deformation of rectangular or circular grids marked on the side surface as 
        shown in 

It has been established by several analytical and experimental methods including circular 
grid deformation that though the chips are initially compressed ahead of the tool tip, the final 
deformation is accomplished mostly by shear in machining ductile materials. 
However, machining of ductile materials generally produces flat, curved or coiled 
continuous chips. 

(i) Orthogonal and oblique cutting 

It is appears from the diagram in Fig. 6.1 that while turning ductile material by a sharp tool, 
the continuous chip would flow over the tool‟ s rake surface and in the direction apparently 
perpendicular 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 presence of inclination angle, λ, etc. 
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Orthogonal cutting: when chip flows along orthogonal plane, π , i.e., ρ = 0 

Oblique cutting: when chip flow deviates from orthogonal plane, i.e. ρ ≠0 

But practically ρ may be zero even if λ= 0 and ρ may not be exactly equal to λ even if 

λ≠0. Because there are some other (than λ) factors also which may cause chip flow 
deviation. 

c c 

c 

o c 
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Characteristics and Applications of the Primary 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 upto 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) 

 (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 material became obsolete for its poor grindability and specially 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. 
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• 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. 

      • 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. 

      • 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 upto 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 

(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 3.3.4 shows the advantages and limitations of alumina ceramics 
         in contrast to sintered carbide. Alumina (Al O ) is preferred to silicon nitride (Si N ) 

2 3 

3 

3 4 
for higher hardness and chemical stability. Si N is tougher but again more difficult 

4 
to process. The plain ceramic tools are brittle in nature and hence had limited 
applications 
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PART A 

1. What is an orthogonal cutting? Give two examples. 

2. List out the difference between orthogonal cutting and oblique cutting. 

3. What is the function of chip breakers? 

4. Name any two conditions for continous chip formation while machining. 

5. How can built up edge formed during machining be avoided? 

6. What are desirable properties of cutting fluids? 

7. Define tool wear and mention the types. 

8. Define tool life. 

9. What are the four important characteristics of materials used for cutting tools? 

10. What is meant by tool signature? 

11. What are the main functions of cutting fluids? 

12. Name the factors that contribute to poor surface finish in cutting. 

13. Define machinability of metal. 

14. Write Taylor’s tool life equation. 

15. What is shear plane angle? 

16 Marks Questions (Part B Questions) 

16. (i) Describe an expression for the determination of shear angle in an orthogonal metal 
cutting. (8) 

(ii) The following cutting speed and cutting time observations have been noted in a machining 
process. Calculate (1)’n’ and C. (2) Recommend the cutting speed of a desired tool life of 60 
minutes. 

Cutting Speed (V): 25 m/min 35 m/min Cutting Time (T): 90min 20min (8) 
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17. (i) What is a chip? What are the different types of chips? How are they formed? (8) 

(ii) What is the measure of metal removing process machinability? What are the factors that 
affect it? (8) 

18. (i) Explain the types of chip formed during machining process. (8) 

(ii) List the various types of tool wear and discuss the factors affecting them. (8) 

19. (i) Define the various tool parts of a single point cutting tool with a neat sketch. (8) 

(ii) What are the standard angles of cutting tool? Explain in detail. (8) 

20. (i) Explain the essential characteristics of a cutting fluid. (6) 

(ii) The following equation for tool life is given for a turning operation; 

V T 0.13 f 0.77 d 0.37 = C 

A 60 minute tool life was obtained while cutting at V=30 m/min, f=0.3 mm/rev and d=2.5mm. 
Determine the change in tool life if the cutting speed, feed and depth of cut are increased by 20% 
individually and also taken together. (10) 

21. What are the important properties required for cutting tool materials? (16) 

22. What is meant by tool wear? Explain the parameters that influence tool wear. (16) 

23. Draw the merchant’s circle diagram and derive the relationship between various cutting 
forces. (16) 

24. Write a brief note on the type cutting fluids used for metal removal process. (16) 

25. Explain the various factors affecting tool life. (16) 
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               UNIT II 

CENTRE LATHE AND SPECIAL PURPOSE 

              LATHES 

Centre lathe – Constructional features – Cutting tool geometry – Various 
operations – Taper turning methods – Thread cutting methods – Special 
attachments – Machining time and power estimation –Capstan and turret lathes – 
Automats – Single spindle – Swiss type – Automatic screw type – Multispindle – 
Turret Indexing mechanism – Bar feed mechanism. 

Classification Of Lathes 
Lathes are very versatile of wide use and are classified according to several aspects: 
(a) According to configuration 

• Horizontal 

- Most common for ergonomic conveniences 

• Vertical 

- Occupies less floor space, only some large lathes are of this type. 

(b) According to purpose of use 

• General purpose 
   - Very versatile where almost all possible types of operations are carried 
     out on wide ranges of size, shape and materials of jobs; example: centre 
     lathes 

• Single purpose 
    - Only one (occasionally two) type of operation is done on limited ranges 
      of size and material of jobs; example – facing lathe, roll turning lathe etc. 

• Special purpose 
   - Where a definite number and type of operations are done repeatedly 
     over long time on a specific type of blank; example:gear blank machining 
    lathe etc. 
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(c) According to size or capacity 

• Small (low duty) 

- In such light duty lathes (upto 1.1 kW), only small and medium size jobs 
    of generally soft and easily machinable materials are machined 

• Medium (medium duty) 

- These lathes of power nearly upto 11 kW are most versatile and 
  commonly used 

• Large (heavy duty) 

• Mini or micro lathe 

- These are tiny table-top lathes used for extremely small size jobs and 
  precision work; example : swiss type automatic lathe 

(d) According to degree of automation 

• Non-automatic 

- Almost all the handling operations are done manually; example: centre 
  lathes 

• Semi-automatic 

- Nearly half of the handling operations, irrespective of the processing 
  operations, are done automatically and rest manually; example: capstan 
  lathe, turret lathe, copying lathe relieving lathe etc. 

• Automatic 

- Almost all the handling operations (and obviously all the processing 
  operations) are done automatically; example – single spindle automat 
 (automatic lathe), swiss type automatic lathe, etc. 

(e) According to type of automation 

• Fixed automation 

- Conventional; example – single spindle automat, swiss type automatic 
  lathe etc. 

• Flexible automation 

- Modern; example CNC lathe, turning centre etc. 
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(f) According to configuration of the jobs being handled 

• Bar type 

- Slender rod like jobs being held in collets 

• Chucking type 

- Disc type jobs being held in chucks 

• Housing type 
   - Only one (occasionally two) type of operation is done on limited ranges 
     of size and material of jobs; example – facing lathe, roll turning lathe etc. 

• Special purpose 

- Where a definite number and type of operations are done repeatedly 
  over long time on a specific type of blank; example: gear blank 
  machining lathe etc. 
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(iii) Kinematic System And Working Principle Of Lathes 

Amongst the various types of lathes, centre lathes are the most versatile and commonly 
used.Fig. 4.1.1 schematically shows the typical kinematic system of a 12 speed centre 
lathe. 
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The tool-work motions are: 

• Formative motions: - cutting motion - feed motion 

• Auxiliary motions: - indexing motion - relieving motion etc 

In lathes 

Cutting motion is attained by rotating the job 

Feed motion by linear travel of the tool 

- either axially for longitudinal feed 

- or radially for cross feed 

It is noted, in general, from Fig. 4.1.1 

• The job gets rotation (and power) from the motor through the belt-pulley, clutch and 
   then the speed gear box which splits the input speed into a number (here 12) of 
  speeds by operating the cluster gears. 

• The cutting tool derives its automatic feed motion(s) from the rotation of the spindle 
  via the gear quadrant, feed gear box and then the apron mechanism where the 
  rotation of the feed rod is transmitted 

- either to the pinion which being rolled along the rack provides the longitudinal 
  feed 
- or to the screw of the cross slide for cross or transverse feed. 

• While cutting screw threads the half nuts are engaged with the rotating lead screw to 
  positively cause travel of the carriage and hence the tool parallel to the lathe bed i.e., 
  job axis. 

• The feed-rate for both turning and threading is varied as needed by operating the 
Norton gear and the Meander drive systems existing in the feed gear box (FGR). The 
range of feeds can be augmented by changing the gear ratio in the gear quadrant 
connecting the FGB with the spindle 

• As and when required, the tailstock is shifted along the lathe bed by operating the 
  clamping bolt and the tailstock quil is moved forward or backward or is kept locked in 
  the desired location. 

• The versatility or working range of the centre lathes is augmented by using several 
  attachments like 
            - Taper turning attachment 

- Thread milling attachment and Copying attachment 
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(iv) Machining Operations Usually Done In Centre Lathes 
The machining operations generally carried out in centre lathes are: 

• Facing 

• Centering 

• Rough and finish turning 

• Chamfering, shouldering, grooving, recessing etc 

• Axial drilling and reaming by holding the cutting tool in the tailstock barrel 

• Taper turning by 

⎯ offsetting the tailstock 

⎯ swivelling the compound slide 

⎯ using form tool with taper over short length 

⎯ using taper turning attachment if available 

⎯ combining longitudinal feed and cross feed, if feasible. 

• Boring (internal turning); straight and taper 

• Forming; external and internal 

• Cutting helical threads; external and internal 

• Parting off 

• Knurling 

In addition to the aforesaid regular machining operations, some more operations are also 
occasionally done, if desired, in centre lathes by mounting suitable attachments available in 
the market, such as, 

• Grinding, both external and internal by mounting a grinding attachment on the saddle 

• Copying (profiles) by using hydraulic copying attachment 

• Machining long and large threads for leadscrews, power-screws, worms etc. by using 
  thread milling attachment. 
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Methods Of Mounting Job And Cutting Tool In General 
Purpose Machine Tools. 

(a) Job and tool mounting in lathes 

• In centre lathes 

   � Mounting of jobs 
The general systems of holding jobs in centre lathes; 

Δ without additional support from tailstock; 

 

 

 

 

Chucks ⎯ 3-jaw self centering chuck 

4- independent jaw chuck 

Face plate 

Jigs and fixture 

Fig. 4.5.1 visualises 3 – jaw and 4 – jaw chucks which are mounted at the spindle nose 
and firmly hold job in centre lathes. Premachined round bars are quickly and coaxially 
mounted by simultaneously moving the three jaws radially by rotating the scroll (disc 
with radial threads) by a key as can be seen in the diagram (a) 

(a) 3-Jaw chuck (b) 4-Jaw chuck 
             Fig. 4.5.1 Holding jobs in centre lathes by 3-jaw and 4-jaw chucks. 
The four jaw chucks, available in varying sizes, are generally used for essentially more 
strongly holding non-circular bars like square, rectangular, hexagonal and even more odd 
sectional jobs in addition to cylindrical bars, both 
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with and without premachining at the gripping portion. The jaws are moved radially 
independently by rotating the corresponding screws which push the rack provided on the 
back side of each jaw. 

ο For turning, facing, boring, threading and similar operations, jobs of odd shape and size 
  are usually mounted on large face plate (instead of chuck) being fitted on the spindle 
  nose as shown in Fig. 4.5.2. 

ο The job may be (b) directly clamped on the face plate or (c) in case of batch or small lot 
  production, in a fixture which is clamped on the face plate. 
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�  

ο In-between centre 

ο In-between chuck and centre 

ο In-between headstock and tailstock with additional support of rest 

 Fig. 4.5.3 schematically shows how long slender rods are held in between the live 
centre fitted into the spindle and the dead centre fitted in the quill of the tailstock. The 
torque and rotation are transmitted from the spindle to the job with the help of a lathe 
dog or catcher which is again driven by a driving plate fitted at the spindle nose. 

Depending upon the situation or requirement, different types of centres are used at the 
tailstock end as indicated in Fig. 4.5.4. A revolving centre is preferably used when 
desired to avoid sliding friction between the job and the centre which also rotates 
along with the job. 

forces) are essentially held strongly and rigidly in the chuck at headstock with support from 
the tailstock through a revolving centre as can be seen in Fig. 4.5.5. 
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iii) Working Principles and Application of Various Attachments In 

Different Machine Tools. 

(a) Attachments used in centre lathes 

• Taper turning attachment 

Taper cylindrical surface, which is a very common feature of several engineering 
components, is generally produced in lathes in a number of methods, depending upon 
length and angle of the tapered position of the job, such as offsetting tailstock, swivelling the 
compound slide using form tool and combined feed motions. But jobs with wide ranges of 
length and angle of taper are easily machined by using a simple attachment, called taper 
turning attachment. Fig. 4.6.1 schematically shows a taper turning attachment where the 
cross slide is delinked from the saddle and is moved crosswise by the guide block which 
moves along the guide bar preset at the desired taper angle. Thus, the cutting tool, which is 
fitted on the cross slide through the tool post and the compound slide, also moves along 
with the guide black in the same direction resulting the desired taper turning. 

• Copy turning attachment 

There are two common types of copy turning; 

• 

• 

mechanical type 

hydraulic type 
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• Mechanical copying 

A simple mechanical type copy turning attachment has been schematically shown in Fig. 
4.6.2. The entire attachment is mounted on the saddle after removing the cross slide from 
that. The template replicating the job-profile desired is clamped at a suitable position on the 
bed. The stylus is fitted in the spring loaded tool slide and while travelling longitudinally 
along with saddle moves in transverse direction according to the template profile enabling 
the cutting tool produce the same profile on the job as indicated in the Fig. 4.6.2 
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Hydraulic copying attachment 
The mounting and working principle of hydraulic copying attachment for profile turning in 
centre lathe are schematically shown in Fig. 4.6.3. Here also, the stylus moves along the 
template profile to replicate it on the job. In mechanical system (Fig. 4.6.2) the heavy cutting 
force is transmitted at the tip of the stylus, which causes vibration, large friction and faster 
wear and tear. Such problems are almost absent in hydraulic copying, where the stylus 
works simply as a valve – spool against a light spring and is not affected by the cutting 
force. Hydraulic copying attachment is costlier than the mechanical type but works much 
smoothly and accurately. The cutting tool is rigidly fixed on the cross slide which also acts 
as a valve – cum – cylinder as shown. So long the stylus remains on a straight edge parallel 
to the lathe bed, the cylinder does not move transversely and the tool causes straight 
turning. As soon as the stylus starts moving along a slope or profile, i.e., in cross feed 
direction the ports open and the cylinder starts moving accordingly against the piston fixed 
on the saddle. Again the movement of the cylinder i.e., the slide holding the tool, by same 
amount travelled by the stylus, and closes the ports. Repeating of such quick incremental 
movements of the tool, Δx and Δy result in the profile with little surface roughness. 

Milling attachment 
This is a milling head, comprising a motor, a small gear box and a spindle to hold the milling 
cutter, mounted on the saddle after removing the cross slide etc. as shown in Fig. 4.6.4. 
Milling attachments are generally used for making flat surfaces, straight and helical grooves, 
splines, long and deep screw threads, worms etc. in centre lathes by using suitable milling 
cutters. 
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Grinding attachment 
Grinding attachment is very similar to milling attachment. But in the former, there is no gear 
box and the spindle speed is much higher as needed for grinding operation. Such 
attachments are employed for external and internal cylindrical grinding, finishing grooves, 
splines etc. and also for finish grinding of screw threads in centre lathe. But unlike dedicated 
machines, attachments cannot provide high accuracy and finish. 

• Spherical turning attachments 

These simple attachments are used in centre lathes for machining spherical; both convex 
and concave surfaces and similar surfaces. Fig. 4.6.5 schematically visualises the usual 
setting and working principle of such attachments. In Fig. 4.6.5 (b), the distance R can be 

i 
set according to the radius of curvature desired. In the type shown in Fig. 4.6.5 (a) the 
desired path of the tool tip is controlled by the profile of the template which is pre-made as 
per the radius of curvature required. The saddle is disconnected from the feed rod and the 
leadscrew. So when the cross slide is moved manually in transverse direction, the tool 
moves axially freely being guided by the template only. 
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Fig. 4.6.5 (a) Spherical turning using template. 

Fig. 4.6.5 (b) Spherical turning without template. 

• Thread pitch correcting attachment 
While cutting screw thread in centre lathes by single point chasing tool, often the actual 
pitch, p deviates from the desired (or stipulated) pitch, p by an error (say ± Δp) due to 

a s 
some kinematic error in the lathe. 
Mathematically, 
p – p = ± Δp (4.6.1) 

Therefore for correct pitch, the error ± Δp need to be compensated and this may be done by 
a simple differential mechanism, namely correcting bar attachment as schematically 
indicated in Fig. 4.6.7. 
In equation 4.6.1, 
p =1xU xL 

± Δp = p tan(±α).L/(πmZ) (4.6.2) 
s 

a C 

s a 

where, U = transmission ratio 
C 

L = lead of the leadscrew 
m, Z = module and no. of teeth of the gear fixed with the nut and is additionally rotated 
slightly by the movement of the rack along the bar. 
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Such differential mechanism of this attachment can also be used for intentionally cutting 
thread whose pitch will be essentially slightly more or less than the standard pitch, as it may 
be required for making differential screws having threads of slightly different pitch at two 
different locations of the screw. 

Constructional Features and Uses of General Purpose 

Semiautomatic and Automatic Lathes. 
Automation is incorporated in a machine tool or machining system as a whole for higher 
productivity with consistent quality aiming meeting the large requirements and overall 
economy. Such automation enables quick and accurate auxiliary motions, i.e., handling 
operations like tool – work mounting, bar feeding, tool indexing etc. repeatably with 
minimum human intervention but with the help of special or additional mechanism and 
control systems. These systems may be of mechanical, electro-mechanical, hydraulic or 
electronic type or their combination. 
It is already mentioned that according to degree of automation machine tools are classified 
as, 

• Non automatic where most of the handling operations irrespective of processing 
  operations, are done manually, like centre lathes etc. 

• Semiautomatic 

• Automatic where all the handling or auxilliary operations as well as the processing 
  operations are carried out automatically. 

General purpose machine tools may have both fixed automation or flexible automation 
where the latter one is characterised by computer Numerical Control (CNC). 
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Amongst the machine tools, lathes are most versatile and widely used. Here automation of 
lathes only have been discussed. 
The conventional general purpose automated lathes can be classified as, 

    (a) Semiautomatic: 
• capstan lathe (ram type turret lathe) 
• turret lathe 
• multiple spindle turret lathe 
• copying (hydraulic) lathe 

    (b) Automatic: 
 • Automatic cutting off lathe 
• Single spindle automatic lathe 
• Swiss type automatic lathe 
• multiple spindle automatic lathes 

The other categories of semiautomatic and automatic lathes are : 

• 

• 

• 

Vertical turret lathe 

Special purpose lathes 

Non conventional type, i.e., flexibly automatic CNC lathes, turning centre etc. 

(a) Semiautomatic lathes 

The characteristic features of such lathes are; 

• some major auxiliary motions and handling operations like bar feeding, speed 
  change, tool change etc. are done quickly and consistently with lesser human 
  involvement 

• the operators need lesser skill and putting lesser effort and attention 

• suitable for batch or small lot production 

• costlier than centre lathes of same capacity. 

Capstan and Turret lathes 

The semiautomatic lathes, capstan lathe and turret lathe are very similar in construction, 
operation and application. Fig. 4.7.1 schematically shows the basic configuration of capstan 
lathe and Fig. 4.7.2 shows that of turret lathe. 
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In contrast to centre lathes, capstan and turret lathes 

• are semiautomatic 

• possess an axially movable indexable turret (mostly hexagonal) in place of tailstock 

• holds large number of cutting tools; upto four in indexable tool post on the front 
  slide, one in the rear slide and upto six in the turret (if hexagonal) as indicated in 
  the schematic diagrams. 

• are more productive for quick engagement and overlapped functioning of the tools 
  in addition to faster mounting and feeding of the job and rapid speed change. 
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• enable repetitive production of same job requiring less involvement, effort and 
  attention of the operator for pre-setting of work–speed and feed rate and length of 
  travel of the cutting tools 

• are relatively costlier 

• are suitable and economically viable for batch production or small lot production. 

• heavy turret being mounted on the saddle which directly slides with larger stroke 
  length on the main bed as indicated in Fig. 4.7.2 

• One additional guide rod or pilot bar is provided on the headstock of the turret 
  lathes as shown in Fig. 4.7.2, to ensure rigid axial travel of the turret head 

• External screw threads are cut in capstan lathe, if required, using a self opening die 
  being mounted in one face of the turret, whereas in turret lathes external threads 
  are generally cut, if required, by a single point or multipoint chasing tool being 
  mounted on the front slide and moved by a short leadscrew and a swing type half 
  nut. 

Fig. 4.7.3 and Fig. 4.7.4 are showing the pictorial views of a typical capstan lathe and a 
horizontal turret lathe respectively. 
Ram type turret lathes, i.e., capstan lathes are usually single spindle and horizontal axis 
type. Turret lathes are also mostly single spindle and horizontal type but it may be also 

• Vertical type and 

• Multispindle type 

Some more productive turret lathes are provided with preoptive drive which enables on-line 
presetting and engaging the next work-speed and thus help in reducing the cycle time. 
Version 2 
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        Ram type turret lathes, i.e., capstan lathes are usually single spindle and horizontal 
axis type. Turret lathes are also mostly single spindle and horizontal type but it may be also 

• Vertical type and 

• Multispindle type 

Some more productive turret lathes are provided with preoptive drive which enables on-line 
presetting and engaging the next work-speed and thus help in reducing the cycle time. 

Multiple spindle Vertical Turret lathe 
Turret lathes are mostly horizontal axis single spindle type. The multiple spindle vertical 
turret lathes are characterised by: 

• Suitably used for large lot or mass production of jobs of generally; 

Δ chucking type 

Δ relatively large size 

Δ requiring limited number of machining operations 

• Machine axis – vertical for 

Δ lesser floor space occupied 

Δ easy loading and unloading of blanks and finished jobs 

Δ relieving the spindles of bending loads due to job – weight. 
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• Number of spindle – four to eight. 
Such vertical turret lathes are of three categories: 

∗ Parallel processing type: 
The spindle carrier remains stationary. Only the tool slides move with cutting tools radially 
and axially. Identical jobs (say six) are simultaneously mounted and machined in the chucks 
parallely at all stations each one having same set of axially and / or radially moving cutting 
tools. 

Progressively processing type: 
The spindle carrier with the blanks fitted in the chucks on the rotating spindle is indexed at 
regular interval by a Geneva mechanism. At each station the job undergoes a few preset 
machining work by the axially and / or radially fed cutting tools. The blank getting all the 
different machining operations progressively at the different work stations is unloaded at a 
particular station where the finished job is replaced by another fresh blank. This type of 
lathes are suitable for jobs requiring large number of operations. 

Automatic (screw cutting) lathe 
                  Swiss type automatic lathe 
                  Multispindle automatic lathe 
                   
Continuously working type: 
Like in parallel processing type, here also each job is finished in the respective station 
where it was loaded. The set of cutting tools, mostly fed only axially along a face of the ram 
continuously work on the same blank throughout its one cycle of rotation along with the 
spindle carrier. The tool ram having same tool sets on its faces also rotate simultaneously 
along with the spindle carrier which after each rotation halts for a while for unloading the 
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finished job and loading a fresh blank at a particular location. Such system is also suitable 
for jobs requiring very few and simple machining operations. 

Hydraulic copying (tracer controlled) lathes 
Jobs having steps, tapers and / or curved profiles, as typically shown in Fig. 4.7.6, are 
conveniently and economically produced in batch or lot in semiautomatically operated tracer 
controlled hydraulic copying lathe. The movement of the stylus along the template provided 
with the same desired job-profile) is hydraulically transmitted to the cutting tool tip which 
replicates the template profile. 

(b) General Purpose Automatic lathes 
Automatic lathes are essentially used for large lot or mass production of small rod type of 
jobs. Automatic lathes are also classified into some distinguished categories based on 
constructional features, operational characteristics, number of spindles and applications as 
follows 

• 
• 

Single spindle 
Automatic cutting off lathes 

Automatic cutting off lathe 
These simple but automatic lathes are used for producing short work pieces of simple form 
by using few cross feeding tools. In addition to parting some simple operations like short 
turning, facing, chamfering etc. are also done. 
Single spindle automatic lathe 
The general purpose single spindle automatic lathes are widely used for quantity or mass 
production (by machining) of high quality fasteners; bolts, screws, studs etc., bushings, 
pins, shafts, rollers, handles and similar small metallic parts from long bars or tubes of 
regular section and also often from separate small blanks. Fig. 4.7.7 shows a typical single 
spindle automatic lathe. Unlike the semiautomatic lathes, single spindle automats are: 
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• preferably and essentially used for larger volume of production i.e., large lot 
  production and mass production 

• used always for producing jobs of rod, tubular or ring type and of relatively smaller 
  size. 

• run fully automatically, including bar feeding and tool indexing, and continuously 
  over a long duration repeating the same machining cycle for each product 

• provided with upto five radial tool slides which are moved by cams mounted on a 
  cam shaft 

• of relatively smaller size and power but have higher spindle speeds 

Swiss type automatic lathe 
The characteristics and applications of these single spindle automatic lathes are : 

• In respect of application: 
Used for lot or mass production of thin slender rod or tubular jobs, like components of small 
clocks and wrist watches, by precision machining; 

• Job size (approximately) 

⎯ Diameter range – 2 to 12 mm 

⎯ Length range – 3 to 30 mm 

Dimensional accuracy and surface finish – almost as good as provided by grinding 
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• In respect of configuration and operation 

ο The headstock travels enabling axial feed of the bar stock against the cutting tools as 
  indicated in Fig. 4.7.8 

ο There is no tailstock or turret 

ο High spindle speed (2000 – 10,000 rpm) for small job diameter 

ο The cutting tools (upto five in number including two on the rocker arm) are fed radially 

ο Drilling and threading tools, if required, are moved axially using swivelling device(s) 

ο The cylindrical blanks are prefinished by grinding and are moved through a carbide 
  guide bush as shown. 

Multispindle automatic lathes 
For further increase in rate of production of jobs usually of smaller size and simpler 
geometry.Multispindle automatic lathes having four to eight parallel spindles are preferably 
used. Unlike multispindle turret lathes, multispindle automatic lathes; 

ο are horizontal (for working on long bar stocks) 

ο work mostly on long bar type or tubular blanks 
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Multiple spindle automats also may be parallel action or progressively working type. 
Machining of the inner and outer races in mass production of ball bearings are, for instance, 
machined in multispindle automatic lathes. 

(ii) Kinematic Systems and Working Principles of Semi Automatic 

and Automatic Lathes 

The kinematic systems and basic principles of working of the following general purpose 
semi-automatic and automatic lathes of common use have been visualised and briefly 
discussed here: 

(a) Semi-automatic lathes: 

• Capstan and single spindle turret lathe 

• Hydraulic copying lathe 

(b) Automatic lathes 

• Single spindle automatic (screw cutting) lathe 

• Swiss type automatic lathe 

Kinematic system and working principle of capstan lathe 
Like general configurations and applications, the basic kinematic systems are also very 
similar in capstan lathes and turret lathes (particularly single spindle bar and horizontal 
types) in respect of their major functions, i.e., 

ο bar feeding mechanism 

ο turret moving and indexing 

ο speed and feed drives 

Turret indexing mechanism in capstan and turret lathes 
Turret indexing mechanism of capstan and single spindle turret lathe is typically shown 
schematically in Fig. 4.7.10. 
The turret (generally hexagonal) holding the axially moving cutting tools have the following 
motions to be controlled mechanically and manually; 

ο forward axial traverse comprising; 

Δ quick approach – manually done by rotating the pinion as shown 

Δ slow working feed – automatically by engaging the clutch 
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Δ stop at preset position depending upon the desired length of travel of 
 the individual tools 

o quick return – manually done by disengaging the clutch and moving the turret 
   back 

o indexing of the turret by 60 (or multiple of it) – done manually by further 
    moving the turret slide back. 

o 

                   Fig. 4.7.9 Typical bar feeding mechanism in capstan lathe. 
Just before indexing at the end of the return stroke, the locking pin is withdrawn by the lever 
which is lifted at its other end by gradually riding against the hinged wedge as indicated in 
Fig. 4.7.10 (a). Further backward travel of the turret slide causes rotation of the free head by 
the indexing pin and lever as indicated in Fig. 4.7.10 (b). Rotation of the turret head by 
exact angle is accomplished by insertion of the locking pin in the next hole of the six 
equispaced holes. After indexing and locking, the turret head is moved forward with the next 
cutting tool at its front face when the roller of the lever returns through the wider slot of the 
wedge without disturbing the locking pin as indicated in the figure. The forward motion of 
the turret head is automatically stopped when the set-screw corresponding to the working 
tool is arrested by the mechanical stop. The end position and hence length of travel of the 
tool is governed by presetting the screw. There are six such screws, each one corresponds 
with particular face or tool of the turret. The drum holding those equispaced six screw with 
different projection length is rotated along with the indexing (rotation) of the turret head by a 
pair of bevel gears (1:1) as indicated in Fig. 4.7.10 (a). The bottom most screw, which 
corresponds with the tool on the front face of the turret, when hits or touches the stop, the 
turret movement is stopped either manually by feeling or automatically by disengaging the 
clutch between the feed rod and the turret slide. 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



(a) sectional view 

Common use. 
This general purpose and widely use spindle automatic screw cutting lathe (SSASCL) 
because such lathes were introduced aiming mainly mass production of fasteners having 
screw threads. Fig. 4.7.13 schematically shows the typical kinematic system of single 
spindle automat. The major characteristic functions that are automatically accomplished in 
sequence and proper synchrony in such lathes are : Δ spindle speed change – magnitude 
and direction of rotation bar feeding 

Δ transverse too 

Δ turret indexing and travelling 
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PART A 

1. Name any four types of cutting tool used in a lathe. 

2. How lathes are specified? 

3. What are the requirements for tool material? 

4. Give the expression to estimate the power required in machining. 

5. Differentiate capstan and turret lathe. 

6. What are the functions of feed rod and lead screw? 

7. Why were power chucks developed? 

8. What are the advantages of automatic lathes? 

9. Calculate the power required for a steel rod of diameter at 200 rpm. Assume cutting force of 
160 kg. 

10. How is the size of a turret lathe specified? 

11. Why is hollow spindle used in lathe? 

12. What is meant by semi automatic lathe? 

13. A shaft of 25 mm diameter is turned at a cutting speed of 50 m/min.Find the rpm of the shaft. 

14. What are the applications of offset cutter holder? 

15. What is meant by tool signature? 

16. State the need for tumbler gear mechanism. 

16 Marks Questions (Part B Questions) 

17. Explain the operation and working principle of a centre lathe with neat sketch. (16) 

18. Explain the mechanisms used for driving the headstock in a lathe. (16) 

19. (i) What is a lathe carriage? Explain the various parts of a lathe carriage with a neat sketch 
(8) 

(ii) Explain the various attachments used on a centre lathe. (8) 
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20. With a suitable sketch, explain any two taper turning methods. (16) 

21. With a neat sketch, explain the thread cutting mechanism of a lathe. (16) 

22. (i) How do you specify a lathe? Explain with suitable diagram. (6) 

(ii) Explain the working principle of apron mechanism with neat sketch. (10) 

23. (i) Differentiate between capstan and turret lathe. (6) 

(ii) Explain the turret indexing mechanism with neat sketch. (10) 

24. Explain the construction and working principle of a multi spindle automatic lathe with neat 
sketch. (16) 

25. Explain the various lathe operations with neat sketch. (16) 

26. Explain the bar feeding mechanism and turret indexing mechanism of a semi automatic lathe 
with neat sketch. (16) 

27. (i) Briefly explain the principle of working of the sliding head type single spindle automatic 
machine. (8) 

(ii) Describe with a neat sketch a turret automatic screw machine. (8) 

28. What is a Swiss type automatic screw machine? How it functions and what are its main 
applications? (16) 

29. Explain the working principle of capstan and turret lathe with neat sketch. (16) 

30. Explain various tool-holding devises of semi automatic lathe with neat sketch. (16) 

31. (i) Explain the types of possible machining operation on a turret lathe. (8) 

(ii) Describe the single spindle automatic cutting off machine with neat sketch. (8) 

. 
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       UNIT III 

OTHER MACHINE TOOLS 

Reciprocating machine tools: shaper, planer and slotter – Milling: types, milling 
cutters, operations –Hole making – Drilling – Quill mechanism, reaming, boring, 
tapping – Sawing machine – Hack saw, band saw, circular saw – Broaching 
machines – Broach construction – Push, pull, surface and continuous broaching 
machines 

Configurations and basic functions of 

• Shaping machines 

• Planing machines 

• Slotting machines 

• Shaping machine 
A photographic view of general configuration of shaping machine is shown in Fig. 4.4.1. 
The main functions of shaping machines are to produce flat surfaces in different planes. 
Fig. 4.4.2 shows the basic principle of generation of flat surface by shaping machine. 
The cutting motion provided by the linear forward motion of the reciprocating tool and 
the intermittent feed motion provided by the slow transverse motion of the job along with 
the bed result in producing a flat surface by gradual removal of excess material layer by 
layer in the form of chips. The vertical infeed is given either by descending the tool 
holder or raising the bed or both. Straight grooves of various curved sections are also 
made in shaping machines by using specific form tools. The single point straight or form 
tool is clamped in the vertical slide which is mounted at the front face of the 
reciprocating ram whereas the workpiece is directly or indirectly through a vice is 
mounted on the bed. 
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Planing machine 
The photographic view in Fig. 4.4.3 typically shows the general configuration of planing 
machine. Like shaping machines, planing machines are also basically used for 
producing flat surfaces in different planes. However, the major differences between 
planing machines from shaping machines are : 

o Though in principle both shaping and planing machines produce flat surface in 
  the same way by the combined actions of the Generatrix and Directrix but in 
  planing machine, instead of the tool, the workpiece reciprocates giving the fast 
  cutting motion and instead of the job, the tool(s) is given the slow feed 
  motion(s). 

o Compared to shaping machines, planing machines are much larger and more 
  rugged and generally used for large jobs with longer stroke length and heavy 
  cuts. In planing machine, the workpiece is mounted on the reciprocating table 
  and the tool is mounted on the horizontal rail which, again, can move vertically 
  up and down along the vertical rails. 

o Planing machines are more productive (than shaping machines) for longer and 
  faster stroke, heavy cuts (high feed and depth of cut) possible and 
  simultaneous use of a number of tools. 

As in shaping machines, in planing machines also; 

Δ The length and position of stroke can be adjusted 

Δ Only single point tools are used 

Δ The quick return persists 

Δ Form tools are often used for machining grooves of curved section 

Δ Both shaping and planing machines can also produce large curved surfaces by 
  using suitable attachments. 
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Slotting machine 
Slotting machines can simply be considered as vertical shaping machine where the 
single point (straight or formed) reciprocates vertically (but without quick return effect) 
and the workpiece, being mounted on the table, is given slow longitudinal and / or rotary 
feed as can be seen in Fig. 4.4.4. In this machine also the length and position of stroke 
can be adjusted. Only light cuts are taken due to lack of rigidity of the tool holding ram 
for cantilever mode of action. Unlike shaping and planing machines, slotting machines 
are generally used to machine internal surfaces (flat, formed grooves and cylindrical). 
Shaping machines and slotting machines, for their low productivity, are generally used, 
instead of general production, for piece production required for repair and maintenance. 
Like shaping and slotting machines, planing machines, as such are also becoming 
obsolete and getting replaced by plano-millers where instead of single point tools a 
large number of large size and high speed milling cutters are used. 
Cutting tool in action 
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Fig. 4.4.4 Photographic view of a slotting machine 

Kinematic system and working principles of 

• Shaping machine 

• Planing machine 

• Slotting machine 

• Shaping machine 
The usual kinematic system provided in shaping machine for transmitting power and 
motion from the motor to the tool and job at desired speeds and feeds is schematically 
shown in Fig. 4.4.5. 
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The central large bull gear receives its rotation from the motor through the belt-pulley, 
clutch, speed gear box and then the pinion. The rotation of the crank causes oscillation 
of the link and thereby reciprocation of the ram and hence the tool in straight path. 
(Version 2 ME, IIT Kharagpur) Cutting velocity which needs to be varied depending 
upon the tool-work materials, depends upon 

ο The stroke length, S mm 

ο Number of strokes per min., N and 
s 

ο The Quick return ratio, QRR (ratio of the durations of the forward stroke and 
  the return stroke) 

As, 111000sCsxNVQRR⎛⎞=+⎜⎟⎝⎠ (4.5.1) 
To reduce idle time, return stroke is made faster and hence QRR > 1.0 (4.5.2) 
Since 22LsQRRLs+=− (4.5.3) 
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where, L = length (fixed) of the oscillating lever 
and s = stroke length 
The benefit of quick return decreases when S becomes less. 
The changes in length of stroke and position of the stroke required for different 
machining are accomplished respectively by 

Δ Adjusting the crank length by rotating the bevel gear mounted coaxially with 
  the bull gear 

Δ Shifting the nut by rotating the leadscrew as shown in Fig. 4.4.5. 

The value of N is varied by operating the speed gear box. 
s 

The main (horizontal) feed motion of the work table is provided at different rate by using 
the ratchet – paul systen as shown in Fig. 4.4.5. The vertical feed or change in height of 
the tool tip from the bed can be obtained either by lowering the tool or raising the bed by 
rotating the respective wheel as indicated in Fig. 4.4.5. 
• Planing machine 
The simple kinematic system of the planing machine enables transmission and 
transformation of rotation of the main motor into reciprocating motion of the large work 
table and the slow transverse feed motions (horizontal and vertical) of the tools. The 
reciprocation of the table, which imparts cutting motion to the job, is attained by rack- 
pinion mechanism. The rack is fitted with the table at its bottom surface and the pinion is 
fitted on the output shaft of the speed gear box which not only enables change in the 
number of stroke per minute but also quick return of the table. 
The blocks holding the cutting tools are moved horizontally along the rail by screw-nut 
system and the rail is again moved up and down by another screw-nut pair as indicated 
in Fig. 4.4.3. 
• Slotting machine 
The schematic view of slotting machine is typically shown in Fig. 4.4.6 
The vertical slide holding the cutting tool is reciprocated by a crank and connecting rod 
mechanism, so here quick return effect is absent. The job, to be machined, is mounted 
directly or in a vice on the work table. Like shaping machine, in slotting machine also 
the fast cutting motion is imparted to the tool and the feed motions to the job. In slotting 
machine, in addition to the 
longitudinal and cross feeds, a rotary feed motion is also provided in the work table. 
The intermittent rotation of the feed rod is derived from the driving shaft with the help of 
a four bar linkage as shown in the kinematic diagram. 
It is also indicated in Fig. 4.4.6 how the intermittent rotation of the feed rod is 
transmitted to the leadsrews for the two linear feeds and to the worm – worm wheel for 
rotating the work table. The working speed, i.e., number of strokes per minute, N may 

be changed, if necessary by changing the belt-pulley ratio or using an additional “speed 
gear box”, whereas, the feed values are changed mainly by changing the amount of 
angular rotation of the feed rod per stroke of the tool. This is done by adjusting the 
amount of angle of oscillation of the paul as shown in Fig. 4.4.6. The directions of the 

s 
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o 
feeds are reversed simply by rotating the tapered paul by 180 as done in shaping 
machines. 

Fig. 4.4.6 Kinematic system of a slotting machine. 
Various applications of 

• Shaping machine 

• Planing machines 

• Slotting machines 

• Shaping machines 
It is already mentioned that shaping machines are neither productive nor versatile. 
However, its limited applications include : 
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Δ Machining flat surfaces in different planes. Fig. 4.4.7 shows how flat surfaces 
  are produced in shaping machines by single point cutting tools in (a) 
  horizontal, (b) vertical and (c) inclined planes. 

(a) horizontal surface (b) vertical surface 

(c) inclined surfaces (dovetail slides and guides) 

Fig. 4.4.7 Machining of flat surfaces in shaping machines 

Δ Making features like slots, steps etc. which are also bounded by flat surfaces. 
 Fig. 4.4.8 visualises the methods of machining (a) slot, (b) pocket (c) T-slot and 
(d) Vee-block in shaping machine by single point tools. 

Δ Forming grooves bounded by short width curved surfaces by using single point 
 but form tools. Fig. 4.4.9 typically shows how (a) oil grooves and (b) straight 
 tooth of spur gears can be made in shaping machine 

Δ Some other machining applications of shaping machines are cutting external 
 keyway and splines, smooth slitting or parting, cutting teeth 

of rack for repair etc. using simple or form type single point cutting tools. Some unusual 
work can also be done, if needed, by developing and using special attachments. 
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However, due to very low productivity, less versatility and poor process capability, 
shaping machines are not employed for lot and even batch production. Such low cost 
primitive machine tools may be reasonably used only for little or few machining work on 
one or few pieces required for repair and maintenance work in small machine shops. 
• Planing machines 
The basic principles of machining by relative tool-work motions are quite similar in 
shaping machine and planing machine. The fast straight path cutting motion is provided 
by reciprocation of the tool or job and the slow, intermittent transverse feed motions are 
imparted to the job or tool. In respect of machining applications also these two machine 
tools are very close. All the operations done in shaping machine can be done in planing 
machine. But large size and stroke length and higher rigidity enable the planing 
machines do more heavy duty work on large jobs and their long surfaces. Simultaneous 
use of number of tools further enhances the production capacity of planing machines. 
The usual and possible machining applications of planing machines are 

Δ The common machining work shown in Fig. 4.4.7, Fig. 4.4.8 and Fig. 4.4.9 
  which are also done in shaping machines 

Δ Machining the salient features like the principal surfaces and guideways of 
 beds and tables of various machines like lathes, milling machines, grinding 
 machines and planing machines itself, broaching machines etc. are the 
 common applications of planing machine as indicated in Fig. 4.4.10 where the 
 several parallel surfaces of typical machine bed and guideway are surfaced 
 by a number of single point HSS or carbide tools. Besides that the long 
 parallel T-slots, Vee and inverted Vee type guideways are also machined in 
 planing machines. 

Version 2 ME, IIT Kharagpur 
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Δ Besides the general machining work, some other critical work like helical 
 grooving on large rods, long and wide 2-D curved surfaces, repetitive oil 
 grooves etc. can also be made, if needed, by using suitable special 
 attachments. 

Fig. 4.4.10 Machining of a machine bed in planing machine 
• Slotting machine 
Slotting machines are very similar to shaping machines in respect of machining 
principle, tool-work motions and general applications. However, relative to shaping 
machine, slotting machines are characterised by : 

Δ Vertical tool reciprocation with down stroke acting 

Δ Longer stroke length 

Δ Less strong and rigid 

Δ An additional rotary feed motion of the work table 

Δ Used mostly for machining internal surfaces. 

The usual and possible machining applications of slotting machines are : 

ο Internal flat surfaces 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



ο Enlargement and / or finishing non-circular holes bounded by a number of flat 
  surfaces as shown in Fig. 4.4.11 (a) 

ο Blind geometrical holes like hexagonal socket as shown in Fig. 4.4.11 (b) 

ο Internal grooves and slots of rectangular and curved sections. 

ο Internal keyways and splines, straight tooth of internal spur gears, internal 
  curved surface of circular section, internal oil grooves etc. which are not 
  possible in shaping machines. 

However, it has to be borne in mind that productivity and process capability of slotting 
machines are very poor and hence used mostly for piece production required by 
maintenance and repair in small industries. Scope of use of slotting machine for 
production has been further reduced by more and regular use of broaching machines. 
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BASIC PRINCIPLES OF BROACHINING 
Broaching is a machining process for removal of a layer of material of desired width and 
depth usually in one stroke by a slender rod or bar type cutter having a series of cutting 
edges with gradually increased protrusion as indicated in Fig. 4.10.1. In shaping, 
attaining full depth requires a number of strokes to remove the material in thin layers 
step – by – step by gradually infeeding the single point tool (Fig. 4.10.1).. Whereas, 
broaching enables remove the whole material in one stroke only by the gradually rising 
teeth of the cutter called broach. The amount of tooth rise between the successive teeth 
of the broach is equivalent to the infeed given in shaping. 
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Machining by broaching is preferably used for making straight through holes of various 
forms and sizes of section, internal and external through straight or helical slots or 
grooves, external surfaces of different shapes, teeth of external and internal splines and 
small spur gears etc. Fig. 4.10.2 schematically shows how a through hole is enlarged 
and finished by broaching. 

Construction And Operation Of Broaching 

� Construction of broaching tools 

Construction of any cutting tool is characterised mainly by 

• Configuration 

• Material and 

• Cutting edge geometry 
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• Configuration of broaching tool 

Both pull and push type broaches are made in the form of slender rods or bars of 
varying section having along its length one or more rows of cutting teeth with increasing 
height (and width occasionally). Push type broaches are subjected to compressive load 
and hence are made shorter in length to avoid buckling. 
The general configuration of pull type broaches, which are widely used for enlarging and 
finishing preformed holes, is schematically shown in Fig. 4.10.3. 

The essential elements of the broach (Fig. 4.10.3) are: 

• Pull end for engaging the broach in the machine. 
• Neck of shorter diameter and length, where the broach is allowed to fail, if at 
  all, under overloading 
• Front pilot for initial locating the broach in the hole 
• Roughing and finishing teeth for metal removal 
• Finishing and burnishing teeth 

       • Rear pilot and follower rest or retriever 
Broaches are designed mostly pull type to facilitate alignment and avoid buckling. The 
length of the broach is governed by; 

ο Type of the broach; pull or push type 
ο Number of cutting edges and their pitch depending upon the work material and 
 maximum thickness of the material layer to be removed 
ο Nature and extent of finish required. 

Keeping in view that around 4 to 8 teeth remain engaged in machining at any instant, 
the pitch (or gap), p, of teeth is simply decided from 
1.25pL= to 1.5L 
where, L = length of the hole or job. 
The total number of cutting teeth for a broach is estimated from, 
T ≥ (total depth of material) / tooth rise, a (which is decided based on 

the tool – work materials and geometry). 
n 1 
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Broaches are generally made from solid rod or bar. Broaches of large section and 
complex shape are often made by assembling replaceable separate sections or 
inserting separate teeth for ease of manufacture and maintenance. 

• Material of broach 

Being a cutting tool, broaches are also made of materials having the usual cutting tool 
material properties, i.e., high strength, hardness, toughness and good heat and wear 
resistance. 
For ease of manufacture and resharpening the complex shape and cutting edges, 
broaches are mostly made of HSS (high speed steel). To enhance cutting speed, 
productivity and product quality, now-a-days cemented carbide segments (assembled) 
or replaceable inserts are also used specially for stronger and harder work materials like 
cast irons and steels. TiN coated carbides provide much longer tool life in broaching. 
Since broaching speed (velocity) is usually quite low, ceramic tools are not used. 

• Geometry of broaching teeth and their cutting edges 

Fig. 4.10.4 shows the general configuration of the broaching teeth and their geometry. 
The cutting teeth of HSS broaches are provided with positive radial or orthogonal rake 

o o o o o o 
(5 to 15 ) and sufficient primary and secondary clearance angles (2 to 5 and 5 to 20 
respectively) as indicated in Fig. 4.10.4. 
Small in-built chip breakers are alternately provided on the roughing teeth of the broach 
as can be seen in Fig. 4.10.2 to break up the wide curling chips 

and thus preventing them from clogging the chip spaces and increasing forces and tool 
wear. More ductile materials need wider and frequent chip breakers. 

�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 workpiece in the machine 
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• 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 

ο type of the job; size, shape and material 

ο geometry and volume of work material to be removed from the job 

ο desired length of stroke and the broach 

ο type of the broaching machines available or to be used 

Broaching machine has to be selected based on 

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

ο Size, shape and material of the workpiece 

ο Strength, power and rigidity required for the broaching machine to provide the 
 desired productivity and process capability. 

• Mounting and clamping broach in the machine 

The broach needs to be mounted, clamped and moved very carefully and perfectly in 
the tool holding device of the broaching machine which are used for huge lot or mass 
production with high accuracy and surface finish. 
Pull type and push type broaches are mounted in different ways. 
Version 2 ME, IIT Kharagpur 
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Fig. 4.10.5 typically shows a broach pull head commonly used for holding, clamping and 
pulling pull type broach. Just before fitting in or removing the broach from the broach 
pull head (Fig. 4.10.5 (a)), the sliding outer socket is 
Fig. 4.10.5 Mounting and clamping pull type broach. 
pushed back against the compression spring. After full entry of the pull end of the 
broach in the head the socket is brought forward which causes locking of the broach by 
the radially moving strips as shown in Fig. 4.10.5 (b). 
Pull type broaches are also often simply and slight flexibly fitted by a suitable adapter 
and pin as can be seen in Fig. 4.10.6. 
Fig. 4.10.6 Fitting pull type broach by an adapter and a pin. 

• Mounting of workpiece or blank in broaching machine 

Broaching is used for mass production and at fast rate. The blanks are repeatedly 
mounted one after another in an appropriate fixture where the blanks can be easily, 
quickly and accurately located, supported and clamped. (a) (b) unclamp / fitting 
inclamp comp. spring broach pin 
Fig. 4.10.5 typically shows a broach pull head commonly used for holding, clamping and 
pulling pull type broach. Just before fitting in or removing the broach from the broach 
pull head (Fig. 4.10.5 (a)), the sliding outer socket is 

pushed back against the compression spring. After full entry of the pull end of the 
broach in the head the socket is brought forward which causes locking of the broach by 
the radially moving strips as shown in Fig. 4.10.5 (b). 
Pull type broaches are also often simply and slight flexibly fitted by a suitable adapter 
and pin as can be seen in Fig. 4.10.6. 
Fig. 4.10.6 Fitting pull type broach by an adapter and a pin. 
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• Mounting of workpiece or blank in broaching machine 

Broaching is used for mass production and at fast rate. The blanks are repeatedly 
mounted one after another in an appropriate fixture where the blanks can be easily, 
quickly and accurately located, supported and clamped. pin 

� Mounting of workpiece or blank in broaching machine 
Broaching is used for mass production and at fast rate. The blanks are repeatedly 
mounted one after another in an appropriate fixture where the blanks can be easily, 
quickly and accurately located, supported and clamped. 
In broaching, generally the job remains fixed and the broach travels providing cutting 
velocity. 
Fig. 4.10.7 schematically shows a typical method of mounting push or pull type external 
broach for through surfacing, slotting or contouring. 
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Tool – work motions and process variables 
Any machining is associated with 2 to 5 tool – work motions as well as cutting velocity, 
feed and depth of cut as process variables. But broaching operation / machine needs 
only one motion which is cutting motion and is mostly imparted to the tool. In broaching 
feed is provided as tooth rise. The magnitude of cutting velocity, V is decided based on 

the tool – work materials and the capability of the broaching machine. In broaching 
metals and alloys, HSS broaches are used at cutting velocity of 10 to 20 m/min and 
carbide broaches at 20 to 40 m/min. The value of tooth rise varies within 0.05 mm to 0.2 
mm for roughing and 0.01 to 0.04 mm for finishing teeth. Some cutting fluids are 
preferably used mainly for lubrication and cooling at the chip – tool interfaces. 
Fig. 4.10.8 typically shows mounting of blank in fixture. But occasionally the job is 
travelled against the stationary broach as in continuous working type broaching 
machine. 

C 
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Different Types Of Broaches And Their Applications 
Broaching is getting more and more widely used, wherever feasible, for high productivity 
as well as product quality. Various types of broaches have been developed and are 
used for wide range of applications. 
Broaches can be broadly classified in several aspects such as, 

• Internal broaching or external broaching 

• Pull type or Push type 

• Ordinary cut or Progressive type 

• Solid, Sectional or Modular type 

• Profile sharpened or form relieved type 

� Internal and external broaching (tool) 

ο Internal broaching and broaches 

Internal broaching tools are used to enlarge and finish various contours in through holes 
preformed by casting, forging, rolling, drilling, punching etc. Internal broaching tools are 
mostly pull type but may be push type also for lighter work. Pull type internal broaching 
tools are generally provided with a set of roughing teeth followed by few semi-finishing 
teeth and then some finishing teeth which may also include a few burnishing teeth at the 
end. The wide range of internal broaching tools and their applications include; 
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ο through holes of different form and dimensions as indicated in fig. 4.10.9 

ο non-circular holes and internal slots (fig. 4.10.9) 

ο internal keyway and splines 

ο teeth of straight and helical fluted internal spur gears as indicated in fig. 
  4.10.9 
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External broaching 
External surface broaching competes with milling, shaping and planing and, wherever 
feasible, outperforms those processes in respect of productivity and product quality. 
External broaching tools may be both pull and push type. 
Major applications of external broaching are : 

ο un-obstructed outside surfacing; flat, peripheral and contour surfaces (fig. 
  4.10.11 (a)) 

ο grooves, slots, keyways etc. on through outer surfaces of objects (Fig. 4.10.8) 

ο external splines of different forms 

ο teeth of external spur gears or gear sectors as shown in Fig. 4.10.10 and Fig. 
   4.10.11 (b) 

External broaching tools are often made in segments which are clamped in fixtures for 
operation. 
Fig. 4.10.11 Typical external broaching (a) making slot 
(b) teeth of gear sector 

�Pull type and push type broaches 

During operation a pull type broach is subjected to tensile force, which helps in 
maintaining alignment and prevents buckling. 
Pull type broaches are generally made as a long single piece and are more widely used, 
for internal broaching in particular. Push type broaches are essentially shorter in length 
(to avoid buckling) and may be made in segments. Push type broaches are generally 
used for external broaching, preferably, requiring light cuts and small depth of material 
removal. 

�Ordinary – cut and Progressive type broach 

Most of the broaches fall under the category of Ordinary – cut type where the teeth 
increase in height or protrusion gradually from tooth to tooth along the length of the 
broach. By such broaches, work material is removed in thin (a) (b) gear sector broach 
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Pull type and push type broaches 
During operation a pull type broach is subjected to tensile force, which helps in 
maintaining alignment and prevents buckling. 
Pull type broaches are generally made as a long single piece and are more widely used, 
for internal broaching in particular. Push type broaches are essentially shorter in length 
(to avoid buckling) and may be made in segments. Push type broaches are generally 
used for external broaching, preferably, requiring light cuts and small depth of material 
removal. 

Ordinary – cut and Progressive type broach 

Most of the broaches fall under the category of Ordinary – cut type where the teeth 
increase in height or protrusion gradually from tooth to tooth along the length of the 
broach. By such broaches, work material is removed in thin layers over the complete 
form. Whereas, Progressive – cut type broaches have their teeth increasing in width 
instead of height. Fig. 4.10.12 shows the working principle and configuration of such 
broach. 
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Solid, Sectional and module type broaches 
Broaches are mostly made in single pieces specially those used for pull type internal 
broaching. But some broaches called sectional broaches, are made by assemblying 
several sections or cutter-pieces in series for convenience in manufacturing and 
resharpening and also for having little flexibility required by production in batches having 
interbatch slight job variation. External broaches are often made by combining a number 
of modules or segments for ease of manufacturing and handling. Fig. 4.10.13 typically 
shows solid, sectional and segmented (module) type broaches. 

Broaching Machines 
The unique characteristics of broaching operation are 
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• 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. 
Broaching machines are generally specified by 

ο Type; horizontal, vertical etc. 

ο Maximum stroke length 

ο Maximum working force (pull or push) 

ο Maximum cutting velocity possible 

ο Power 

ο Foot print 

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. 
There are different types of broaching machines which are broadly classified 

• According to purpose of use 

Δ general purpose 

Δ single purpose 

Δ special purpose 

• According to nature of work 

Δ internal broaching 

Δ external (surface) broaching 
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• According to configuration 

Δ horizontal 

Δ vertical 

• According to number of slides or stations 

Δ single station type 

Δ multiple station type 

Δ indexing type 

• According to tool / work motion 

Δ intermittent (one job at a time) type 

Δ continuous type 

Some of the broaching machines of common use have been discussed here. 

ο Horizontal broaching machine 

Horizontal broaching machines, typically shown in Fig. 4.10.14, 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 are also 
possible. The horizontal broaching machines are usually hydraulically driven and 
occupies large floor space. 
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Fig. 4.10.14 Horizontal broaching machine. 

Vertical broaching machine 
Vertical broaching machines, typically shown in Fig. 4.10.15, 

Δ occupies less floor space 

Δ are more rigid as the ram is supported by base 

Δ mostly used for external or surface broaching though internal broaching is 
  also possible and occasionally done. 
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High production broaching machines 
Broaching operation and broaching machines are as such high productive but its speed 
of production is further enhanced by; 

Δ incorporating automation in tool – job mounting and releasing 
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Δ increasing number of workstations or slides for simultaneous multiple 
  production 

Δ quick changing the broach by turret indexing 

Δ continuity of working 

Fig. 4.10.16 schematically shows the principle and methods of continuous broaching, 
which is used for fast production of large number of pieces by surface broaching. 

ADVANTAGES AND LIMITATIONS OF BROACHING 

�Major advantages 

• Very high production rate (much higher than milling, planing, boring etc.) 

• High dimensional and form accuracy and surface finish of the product 

• Roughing and finishing in single stroke of the same cutter 

• Needs only one motion (cutting), so design, construction, operation and 
  control are simpler 

• Extremely suitable and economic for mass production 

�Limitations 

• Only through holes and surfaces can be machined 

• Usable only for light cuts, i.e. low chip load and unhard materials 
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• Cutting speed cannot be high 

• Defects or damages in the broach (cutting edges) severely affect product 
  quality 

• Design, manufacture and restoration of the broaches are difficult and 
  expensive 

• Separate broach has to be procured and used whenever size, shape and 
  geometry of the job changes 

• Economic only when the production volume is large. 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



           UNIT IV 

ABRASIVE PROCESSES AND GEAR 

          CUTTING 

Abrasive processes – Grinding wheel – Specifications and selection – Types of 
grinding process –Cylindrical grinding – Surface grinding – Centre less grinding 
– Honing, lapping, super finishing, polishing and buffing – Abrasive jet machining 
– Gear cutting – Forming – Generation – Shaping – Hobbing. 

Grinding 

Grinding is the most common form of abrasive machining. It is a material cutting process 
which engages an abrasive tool whose cutting elements are grains of abrasive material 
known as grit. These grits are characterized by sharp cutting points, high hot hardness, 
chemical stability and wear resistance. The grits are held together by a suitable bonding 
material to give shape of an abrasive tool. 

Major advantages and applications of grinding 

Advantages 
A grinding wheel requires two types of specification 

• dimensional accuracy 

• good surface finish 

• good form and locational accuracy applicable to both hardened and unhardened material 

28.1Grinding wheels 

Grinding wheel consists of hard abrasive grains called grits, which perform the cutting or 
material removal, held in the weak bonding matrix. A grinding wheel commonly identified by 
the type of the abrasive material used. The conventional wheels include aluminium oxide 
and silicon carbide wheels while diamond and cBN (cubic boron nitride) wheels fall in the 
category of superabrasive wheel. 

28.1.2 Specification of grinding wheel 

A grinding wheel requires two types of specification 
(a) Geometrical specification 
(b) Compositional specification 
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Geometrical specification 
This is decided by the type of grinding machine and the grinding operation to be performed 
in the workpiece. This specification mainly includes wheel diameter, width and depth of rim 
and the bore diameter. The wheel diameter, for example can be as high as 400mm in high 
efficiency grinding or as small as less than 1mm in internal grinding. Similarly, width of the 
wheel may be less than an mm in dicing and slicing applications. Standard wheel 
configurations for conventional and superabrasive grinding wheels are shown in Fig.28.1 
and 28.2. 

Compositional specifications 

Specification of a grinding wheel ordinarily means compositional specification. Conventional 
abrasive grinding wheels are specified encompassing the following parameters. 

1) the type of grit material 

2) the grit size 

3) the bond strength of the wheel, commonly known as wheel hardness 

4) the structure of the wheel denoting the porosity i.e. the amount of inter grit spacing 

5) the type of bond material 

6) other than these parameters, the wheel manufacturer may add their own identification 
    code prefixing or suffixing (or both) the standard code. 

Marking system for conventional grinding wheel 

The standard marking system for conventional abrasive wheel can be as follows: 
                                51 A 60 K 5 V 05, where 

• The number „51‟  is manufacturer‟ s identification number indicating exact kind of 
   abrasive used. 

• The letter „A‟  denotes that the type of abrasive is aluminium oxide. In case of silicon 
   carbide the letter „C‟  is used. 
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• The number „60‟  specifies the average grit size in inch mesh. For a very large size grit 
  this number may be as small as 6 where as for a very fine grit the designated number 
  may be as high as 600. 

• The letter „K‟  denotes the hardness of the wheel, which means the amount of force 
  required to pull out a single bonded abrasive grit by bond fracture. The letter symbol 
  can range between „A‟  and „Z‟ , „A‟  denoting the softest grade and „Z‟  denoting the 
  hardest one. 

• The number „5‟  denotes the structure or porosity of the wheel. This number can 
  assume any value between 1 to 20, „1‟  indicating high porosity and „20‟  indicating low 
  porosity. 

• The letter code „V‟  means that the bond material used is vitrified. The codes for other 
  bond materials used in conventional abrasive wheels are B (resinoid), BF (resinoid 
  reinforced), E(shellac), O(oxychloride), R(rubber), RF (rubber reinforced), S(silicate) 

• The number „05‟  is a wheel manufacturer‟ s identifier. 

Marking system for superabrasive grinding wheel 

Marking system for superabrasive grinding wheel is somewhat different as illustrated below 
                               R D 120 N 100 M 4, where 

• The letter „R‟  is manufacture‟ s code indicating the exact type of superabrasive used. 

• The letter „D‟  denotes that the type of abrasive is diamond. In case of cBN the letter „B‟  
    is used. 

• The number „120‟  specifies the average grain size in inch mesh. However, a two 
  number designation (e.g. 120/140) is utilized for controlling the size of superabrasive 
  grit. The two number designation of grit size along with corresponding designation in 
  micron is given in table 28.1. 

• Like conventional abrasive wheel, the letter „N‟  denotes the hardness of the wheel. 
  However, resin and metal bonded wheels are produced with almost no porosity and 
  effective grade of the wheel is obtained by modifying the bond formulation. 

• The number „100‟  is known as concentration number indicating the amount of abrasive 
  contained in the wheel. The number „100‟  corresponds to an abrasive content of 4.4 

carats/cm . For diamond grit, „100‟  concentration is 25% by volume. For CBN the 
corresponding volumetric concentration is 24%. 

• The letter „M‟  denotes that the type of bond is metallic. The other types of bonds used 
  in superabrasive wheels are resin, vitrified or metal bond, which make a composite 
  structure with the grit material. However, another type of superabrasive wheel with 
  both diamond and cBN is also manufactured where a single layer of superabrasive 
  grits are bonded on a metal perform by a galvanic metal layer or a brazed metal layer 

3 
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as illustrated in Fig.28.3. 

Selection of grinding wheels 
Selection of grinding wheel means selection of composition of the grinding wheel and this 
depends upon the following factors: 

1) Physical and chemical characteristics of the work material 

2) Grinding conditions 

3) Type of grinding (stock removal grinding or form finish grinding) 

28.2.1 Type of abrasives 

Aluminium oxide 

Aluminium oxide may have variation in properties arising out of differences in chemical 
composition and structure associated with the manufacturing process. 
Pure Al O grit with defect structure like voids leads to unusually sharp free cutting action 

2 3 
with low strength and is advantageous in fine tool grinding operation, and heat sensitive 
operations on hard, ferrous materials. 
Regular or brown aluminium oxide (doped with TiO ) possesses lower hardness and higher 

2 
toughness than the white Al O and is recommended heavy duty grinding to semi finishing. 

2 3 
Al O alloyed with chromium oxide (<3%) is pink in colour. 

2 3 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



Monocrystalline Al O grits make a balance between hardness and toughness and are 
2 3 

efficient in medium pressure heat sensitive operation on ferrous materials. 
Microcrystalline Al O grits of enhanced toughness are practically suitable for stock removal 

2 3 
grinding. Al O alloyed with zirconia also makes extremely tough grit mostly suitably for high 

2 3 
pressure, high material removal grinding on ferrous material and are not recommended for 
precision grinding. Microcrystalline sintered Al O grit is the latest development particularly 

2 3 
known for its toughness and self sharpening characteristics. 

Silicon carbide 

Silicon carbide is harder than alumina but less tough. Silicon carbide is also inferior to Al O 
2 3 

because of its chemical reactivity with iron and steel. 
Black carbide containing at least 95% SiC is less hard but tougher than green SiC and is 
efficient for grinding soft nonferrous materials. 
Green silicon carbide contains at least 97% SiC. It is harder than black variety and is used 
for grinding cemented carbide. 

Diamond 

Diamond grit is best suited for grinding cemented carbides, glass, sapphire, stone, granite, 
marble, concrete, oxide, non-oxide ceramic, fiber reinforced plastics, ferrite, graphite. 
Natural diamond grit is characterized by its random shape, very sharp cutting edge and free 
cutting action and is exclusively used in metallic, electroplated and brazed bond. 
Monocrystalline diamond grits are known for their strength and designed for particularly 
demanding application. These are also used in metallic, galvanic and brazed bond. 
Polycrystalline diamond grits are more friable than monocrystalline one and found to be 
most suitable for grinding of cemented carbide with low pressure. These grits are used in 
resin bond. 

cBN (cubic boron nitride) 

Diamond though hardest is not suitable for grinding ferrous materials because of its 
reactivity. In contrast, cBN the second hardest material, because of its chemical stability is 
the abrasive material of choice for efficient grinding of HSS, alloy steels, HSTR alloys. 
Presently cBN grits are available as monocrystalline type with medium strength and blocky 
monocrystals with much higher strength. Medium strength crystals are more friable and 
used in resin bond for those applications where grinding force is not so high. High strength 
crystals are used with vitrified, electroplated or brazed bond where large grinding force is 
expected. 
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Microcrystalline cBN is known for its highest toughness and auto sharpening character and 
found to be best candidate for HEDG and abrasive milling. It can be used in all types of 
bond. 

28.2.2 Grit size 

The grain size affects material removal rate and the surface quality of workpiece in grinding. 
Large grit- big grinding capacity, rough workpiece surface 
Fine grit- small grinding capacity, smooth workpiece surface 

28.2.3 Grade 

The worn out grit must pull out from the bond and make room for fresh sharp grit in order to 
avoid excessive rise of grinding force and temperature. Therefore, a soft grade should be 
chosen for grinding hard material. On the other hand, during grinding of low strength soft 
material grit does not wear out so quickly. Therefore, the grit can be held with strong bond 
so that premature grit dislodgement can be avoided. 

28.2.4 Structure / concentration 

The structure should be open for grinding wheels engaged in high material removal to 
provide chip accommodation space. The space between the grits also serves as pocket for 
holding grinding fluid. On the other hand dense structured wheels are used for longer wheel 
life, for holding precision forms and profiles. 

28.2.5 Bond 

vitrified bond 

Vitrified bond is suitable for high stock removal even at dry condition. It can also be safely 
used in wet grinding. It can not be used where mechanical impact or thermal variations are 
like to occur. This bond is also not recommended for very high speed grinding because of 
possible breakage of the bond under centrifugal force. 

Resin bond 

Conventional abrasive resin bonded wheels are widely used for heavy duty grinding 
because of their ability to withstand shock load. This bond is also known for its vibration 
absorbing characteristics and finds its use with diamond and cBN in grinding of cemented 
carbide and steel respectively. Resin bond is not recommended with alkaline grinding fluid 
for a possible chemical attack leading to bond weakening. Fiberglass reinforced resin bond 
is used with cut off wheels which requires added strength under high speed operation. 

Shellac bond 

At one time this bond was used for flexible cut off wheels. At present use of shellac bond is 
limited to grinding wheels engaged in fine finish of rolls. 
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Rubber bond 
Its principal use is in thin wheels for wet cut-off operation. Rubber bond was once popular 
for finish grinding on bearings and cutting tools. 
Metal bond 
Metal bond is extensively used with superabrasive wheels. Extremely high toughness of 
metal bonded wheels makes these very effective in those applications where form accuracy 
as well as large stock removal is desired. 
Electroplated bond 
This bond allows large (30-40%) crystal exposure above the bond without need of any 
truing or dressing. This bond is specially used for making small diameter wheel, form wheel 
and thin superabrasive wheels. Presently it is the only bond for making wheels for abrasive 
milling and ultra high speed grinding. 
Brazed bond 
This is relatively a recent development, allows crystal exposure as high 60-80%. In addition 
grit spacing can be precisely controlled. This bond is particularly suitable for very high 
material removal either with diamond or cBN wheel. The bond strength is much greater than 
provided by electroplated bond. This bond is expected to replace electroplated bond in 
many applications. 

28.3 Truing and dressing of grinding wheel 

28.3.1 Truing 

Truing is the act of regenerating the required geometry on the grinding wheel, whether the 
geometry is a special form or flat profile. Therefore, truing produces the macro-geometry of 
the grinding wheel. 
Truing is also required on a new conventional wheel to ensure concentricity with specific 
mounting system. In practice the effective macro-geometry of a grinding wheel is of vital 
importance and accuracy of the finished workpiece is directly related to effective wheel 
geometry. 

28.3.2 Truing tools 

There are four major types of truing tools: 

Steel cutter: 

These are used to roughly true coarse grit conventional abrasive wheel to ensure freeness 
of cut. 

Vitrified abrasive stick and wheel: 

It is used for off hand truing of conventional abrasive wheel. These are used for truing resin 
bonded superabrasive wheel. 

Steel or carbide crash roll 

It is used to crush-true the profile on vitrified bond grinding wheel. 
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Diamond truing tool: 

Single point diamond truing tools 

Fig 28.4 
The single point diamond truing tools for straight face truing are made by setting a high 
quality single crystal into a usually cylindrical shank of a specific diameter and length by 
brazing or casting around the diamond. During solidification contraction of the bonding 
metal is more than diamond and latter is held mechanically as result of contraction of metal 
around it. Some application of single point diamond truing tool is illustrated in Fig.28.4 

Multi stone diamond truing tool 

In this case the truing tool consists of a number of small but whole diamonds, some or all of 
which contact the abrasive wheel at the same time. The diamond particles are surface set 
with a metal binder and it is possible to make such tool with one layer or multilayer 
configuration. Normal range of diamond used in this tool is from as small as about 0.02 
carat to as large as of 0.5 carat. These tools are suitable for heavy and rough truing 
operation. Distribution pattern of diamond in this tool shown in Fig.28.5 
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This wheel truing tool consists of crushed and graded diamond powder mixed with metal 
powder and sintered. The diamond particles are not individually set in a pattern but are 
distributed evenly throughout the matrix in the same way that an abrasive wheel consists of 
abrasive grains and bonding agent. The size of diamond particles may vary from 80-600 
microns. By using considerably smaller diamond grit and smaller diamond section it is 
possible to true sharp edge and fine grit grinding 
wheel. The use of crushed diamond product ensures that there are always many sharp 
points in use at the same time and these tools are mainly used in fine grinding, profile 
grinding, thread grinding, cylindrical grinding and tool grinding. Truing action of an 
impregnated diamond tool is shown schematically in Fig28.6. 
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Rotary powered diamond truing wheels 
Rotary powered truing devices (Fig.28.7) are the most widely recommended truing tool in 
long run mass production and are not ideally suited for those wheels with large diameters 
(greater than 200 mm). They can be pneumatic, hydraulic or electrically powered. Rotary 
powered truing device can be used in cross axis and parallel axis mode. Basically there are 
three types of truing wheels. 

Surface set truing wheels 
Here the diamond particles are set by hand in predetermined pattern. A sintered metal bond 
is used in this case. These truing wheels are designed for high production automated 
operations. 
Impregnated truing wheels 
In this case impregnated diamond particles are distributed in a random pattern to various 
depths in a metal matrix. This type of roll finds its best applications (i.e. groove grinding) 
where excess wheel surfaces must be dressed of. 
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Electroplated truing tool 

In this truing wheel diamond particles are bonded to the wheel surface with galvanically 
deposited metal layer. Main advantage of this technique is that no mould is necessary to 
fabricate the diamond truing wheel unlike that of surface set or impregnated truing wheels. 

Diamond form truing blocks 

`Diamond form truing block can be either diamond impregnated metal bond or electroplated, 
as shown in Fig.28.8. Brazed type diamond truing block has also come as an alternative to 
electroplated one. They can be as simple as flat piece of metal plated with diamond to true 
a straight faced wheel or contain an intricate form to shape the grinding wheel to design 
profile. Truing block can eliminate the use of self propelled truing wheels and are used 
almost exclusively for horizontal spindle surface grinder to generate specific form. 

Dressing 

Dressing is the conditioning of the wheel surface which ensures that grit cutting edges are 
exposed from the bond and thus able to penetrate into the workpiece material. Also, in 
dressing attempts are made to splinter the abrasive grains to make them sharp and free 
cutting and also to remove any residue left by material being ground. Dressing therefore 
produces micro-geometry. The structure of micro-geometry of grinding wheel determine its 
cutting ability with a wheel of given composition. Dressing can substantially influence the 
condition of the grinding tool. 
Truing and dressing are commonly combined into one operation for conventional abrasive 
grinding wheels, but are usually two distinctly separate operation for superabrasive wheel. 

Dressing of superabrasive wheel 
Dressing of the superabrasive wheel is commonly done with soft conventional abrasive 
vitrified stick, which relieves the bond without affecting the superabrasive grits. 
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However, modern technique like electrochemical dressing has been successfully used in 
metal bonded superabrasive wheel. The wheel acts like an anode while a cathode plate is 
placed in front of the wheel working surface to allow electrochemical dissolution. 

Vertical spindle reciprocating table grinder 
This grinding machine with all working motions is shown in Fig. 29.3. The grinding operation 
is similar to that of face milling on a vertical milling machine. In this machine a cup shaped 
wheel grinds the workpiece over its full width using end face of the wheel as shown in Fig. 
29.4. This brings more grits in action at the same time and consequently a higher material 
removal rate may be attained than for grinding with a peripheral wheel. 
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Horizontal spindle rotary table grinder 
Surface grinding in this machine is shown in Fig.29.5. In principle the operation is same as 
that for facing on the lathe. This machine has a limitation in accommodation of workpiece 
and therefore does not have wide spread use. However, by swivelling the worktable, 
concave or convex or tapered surface can be produced on individual part as illustrated in 
Fig. 29.6 
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Vertical spindle rotary table grinder 

The principle of grinding in this machine is shown in Fig. 29.7. The machine is mostly 
suitable for small workpieces in large quantities. This primarily production type machine 
often uses two or more grinding heads thus enabling both roughing and finishing in one 
rotation of the work table. A: 

Creep feed grinding machine: 

This machine enables single pass grinding of a surface with a larger downfeed but slower 
table speed than that adopted for multi-pass conventional surface grinding. This machine is 
characterised by high stiffness, high spindle power, recirculating ball screw drive for table 
movement and adequate supply of grinding fluid. A further development in this field is the 
creep feed grinding centre which carries more than one wheel with provision of automatic 
wheel changing. A number of operations can be performed on the workpiece. It is implied 
that such machines, in the view of their size and complexity, are automated through CNC. 

High efficiency deep grinding machine: 
The concept of single pass deep grinding at a table speed much higher than what is 
possible in a creep feed grinder has been technically realized in this machine. This has 
been made possible mainly through significant increase of wheel speed in this new 
generation grinding machine. 

29.2 Cylindrical grinding machine 
This machine is used to produce external cylindrical surface. The surfaces may be straight, 
tapered, steps or profiled. Broadly there are three different types of cylindrical grinding 
machine as follows: 

1. Plain centre type cylindrical grinder 
2. Universal cylindrical surface grinder 
3. Centreless cylindrical surface grinder 
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29.2.1 Plain centre type cylindrical grinder 

Figure 29.8 illustrates schematically this machine and various motions required for grinding 
action. The machine is similar to a centre lathe in many respects. The workpiece is held 
between head stock and tailstock centres. A disc type grinding wheel performs the grinding 
action with its peripheral surface. Both traverse and plunge grinding can be carried out in 
this machine as shown in Fig.29.9. 

Universal cylindrical surface grinder 

Universal cylindrical grinder is similar to a plain cylindrical one except that it is more 
versatile. In addition to small worktable swivel, this machine provides large swivel of head 
stock, wheel head slide and wheel head mount on the wheel head slide. 
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Special application of cylindrical grinder 
Principle of cylindrical grinding is being used for thread grinding with specially formed wheel 
that matches the thread profile. A single ribbed wheel or a multi ribbed wheel can be used 
as shown in Fig. 29.11. 

Roll grinding is a specific case of cylindrical grinding wherein large workpieces such as 
shafts, spindles and rolls are ground. 
Crankshaft or crank pin grinders also resemble cylindrical grinder but are engaged to grind 
crank pins which are eccentric from the centre line of the shaft as shown in Fig. 29.12. The 
eccentricity is obtained by the use of special chuck. 

Cam and camshaft grinders are essentially subsets of cylindrical grinding machine 
dedicated to finish various profiles on disc cams and cam shafts. The desired contour on 
the workpiece is generated by varying the distance between wheel and workpiece axes. 
The cradle carrying the head stock and tail stock is provided with rocking motion derived 
from the rotation of a master cam that rotates in synchronisation with the workpiece. Newer 
machines however, use CNC in place of master cam to generate cam on the workpiece. 
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29.2.4 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. 29.14. 

Parts with variable diameter can be ground by Centreless infeed grinding as shown in Fig. 
29.15(a). The operation is similar to plunge grinding with cylindrical grinder. 
End feed grinding shown in Fig. 29.15 (b) is used for workpiece with tapered surface. 

The grinding wheel or the regulating wheel or both require to be correctly profiled to get the 
required taper on the workpiece. 
29.2.5 Tool post grinder 
A self powered grinding wheel is mounted on the tool post or compound rest to provide the 
grinding action in a lathe. Rotation to the workpiece is provided by the lathe spindle. The 
lathe carriage is used to reciprocate the wheel head. 

29.3 Internal grinding machine 
This machine is used to produce internal cylindrical surface. The surface may be straight, 
tapered, grooved or profiled. 
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Broadly there are three different types of internal grinding machine as follows: 

1. Chucking type internal grinder 

2. Planetary internal grinder 

3. Centreless internal grinder 

29.3.1 Chucking type internal grinder 

Figure 29.16 illustrates schematically this machine and various motions required for 
grinding action. The workpiece is usually mounted in a chuck. A magnetic face plate can 
also be used. A small grinding wheel performs the necessary grinding with its peripheral 
surface. Both transverse and plunge grinding can be carried out in this machine as shown in 
Fig. 29.17. 

Planetary internal grinder 
Planetary internal grinder is used where the workpiece is of irregular shape and can not be 
rotated conveniently as shown in Fig. 29.18. In this machine the workpiece 
does not rotate. Instead, the grinding wheel orbits the axis of the hole in the workpiece. 
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Centreless internal grinder 
This machine is used for grinding cylindrical and tapered holes in cylindrical parts (e.g. 
cylindrical liners, various bushings etc). The workpiece is rotated between supporting roll, 
pressure roll and regulating wheel and is ground by the grinding wheel as illustrated in Fig. 
29.19 

Tool and cutter grinder machine 
Tool grinding may be divided into two subgroups: tool manufacturing and tool resharpening. 
There are many types of tool and cutter grinding machine to meet these requirements. 
Simple single point tools are occasionally sharpened by hand on bench or pedestal grinder. 
However, tools and cutters with complex geometry like milling cutter, drills, reamers and 
hobs require sophisticated grinding machine commonly known as universal tool and cutter 
grinder. Present trend is to use tool and cutter grinder equipped with CNC to grind tool 
angles, concentricity, cutting edges and dimensional size with high precision. 
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Lapping 
Lapping is regarded as the oldest method of obtaining a fine finish. Lapping is basically an 
abrasive process in which loose abrasives function as cutting points finding momentary 
support from the laps. Figure 30.1 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: 

�  

�  
  each other 

� elative motion between the lap and the work should change continuously  
the abrasive grains of the lap is not repeated on the workpiece. 
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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: 

• Al O and SiC, grain size 5~100μm 
2 3 

• Cr O , grain size 1~2 μm 
2 3 

• B C , grain size 5-60 μm 
4 3 

• 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. 
30.1.1 Hand lapping 
Hand lapping of flat surface is carried out by rubbing the component over accurately 
finished flat surface of master lap usually made of a thick soft close-grained cast iron block. 
Abrading action is accomplished by very fine abrasive powder held in a vehicle. Manual 
lapping requires high personal skill because the lapping pressure and speed have to be 
controlled manually. 
Laps in the form of ring made of closed grain cast iron are used for manual lapping of 
external cylindrical surface. The bore of the ring is very close to size of the workpiece 
however, precision adjustment in size is possible with the use of a set screw as illustrated in 
Fig.30.2(a). To increase range of working, a single holder with interchangeable ring laps 
can also be used. Ring lapping is recommended for finishing plug gauges and machine 
spindles requiring high precision. External threads can be also lapped following this 
technique. In this case the lap is in the form of a bush having internal thread. 
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Solid or adjustable laps, which are ground straight and round, are used for lapping holes. 
For manual lapping, the lap is made to rotate either in a lathe or honing machine, while the 
workpiece is reciprocated over it by hand. Large size laps are made of cast iron, while those 
of small size are made of steel or brass. This process finds extensive use in finishing ring 
gauges. 

30.1.2 Lapping Machine 

Machine lapping is meant for economic lapping of batch qualities. In machine lapping, 
where high accuracy is demanded, metal laps and abrasive powder held in suitable vehicles 
are used. Bonded abrasives in the form wheel are chosen for commercial lapping. Machine 
lapping can also employ abrasive paper or abrasive cloth as the lapping medium. 
Production lapping of both flat and cylindrical surfaces are illustrated in Fig. 30.3 (a) and (b). 
In this case cast iron plate with loose abrasive carried in a vehicle can be used. 
Alternatively, bonded abrasive plates may also be used. Centreless roll lapping uses two 
cast iron rolls, one of which serves as the lapping roller twice in diameter than the other one 
known as the regulating roller. During lapping the abrasive compound is applied to the rolls 
rotating in the same direction while the workpiece is fed across the rolls. This process is 
suitable for lapping a single piece at a time and mostly used for lapping plug gauges, 
measuring wires and similar straight or tapered cylindrical parts. 
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The bonded abrasive lapping wheel as well as the regulating wheel are much wider than 
those used in centreless grinding. This technique is used to produce high roundness 
accuracy and fine finish, the workpiece requires multi-pass lapping each with progressively 
finer lapping wheel. This is a high production operation and suitable for small amount of 
rectification on shape of workpiece. Therefore, parts are to be pre-ground to obtain 
substantial straightness and roundness. The process finds use in lapping piston rings, 
shafts and bearing races. 
Machines used for lapping internal cylindrical surfaces resembles honing machines used 
with power stroke. These machines in addition to the rotation of the lap also provide 
reciprocation to the workpiece or to the lap. The lap made usually of cast iron either solid or 
adjustable type can be conveniently used. 

Honing 
Honing is a finishing process, in which a tool called hone carries out a combined rotary and 
reciprocating motion while the workpiece does not perform any working motion. Most 
honing is done on internal cylindrical surface, such as automobile cylindrical walls. The 
honing stones are held against the workpiece with controlled light pressure. The honing 
head is not guided externally but, instead, floats in the hole, being guided by the work 
surface (Fig. 30.9). It is desired that 

1. honing stones should not leave the work surface 

2. stroke length must cover the entire work length. 

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: 

1. rotation speed 
2. oscillation speed 
3. length and position of the stroke 
4. honing stick pressure 
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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. 
Superabrasive honing stick with monolayer configuration (Fig. 30.11), where a layer of cBN 
grits are attached to stick by a galvanically deposited metal layer, is typically found in single 
stroke honing application. 

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 

Superfinishing 

Figure 30.15 illustrates superfinishing end-face of a cylindrical workpiece. In this both 
feeding and oscillation of the superfinishing stone is given in the radial direction. 
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Figure 30.16 shows the superfinishing operation in plunge mode. In this case the abrasive 
stone covers the section of the workpiece requiring superfinish. The abrasive stone is slowly 
fed in radial direction while its oscillation is imparted in the axial direction. 
Superfinishing can be effectively done on a stationary workpiece as shown in Fig. 30.17. In 
this the abrasive stones are held in a disc which oscillates and rotates about the axis of the 
workpiece. 
Fig. 30.18 shows that internal cylindrical surfaces can also be superfinished by axially 
oscillating and reciprocating the stones on a rotating workpiece. 

Burnishing 
The burnishing process consists of pressing hardened steel rolls or balls into the surface of 
the workpiece and imparting a feed motion to the same. Ball burnishing of a cylindrical 
surface is illustrated in Fig. 30.19. 
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30.3.2 Magnetic float polishing 
Magnetic float polishing (Fig.30.20) finds use in precision polishing of ceramic balls. A 
magnetic fluid is used for this purpose. The fluid is composed of water or kerosene carrying 
fine ferro-magnetic particles along with the abrasive grains. Ceramic balls are confined 
between a rotating shaft and a floating platform. Abrasive grains ceramic ball and the 
floating platform can remain in suspension under the action of magnetic force. The balls are 
pressed against the rotating shaft by the float and are polished by their abrasive action. Fine 
polishing action can be made possible through precise control of the force exerted by the 
abrasive particles on the ceramic ball. 

Magnetic field assisted polishing 
Magnetic field assisted polishing is particularly suitable for polishing of steel or ceramic 
roller. The process is illustrated schematically in Fig. 30.21. A ceramic or a steel roller is 
mounted on a rotating spindle. Magnetic poles are subjected to oscillation, thereby, 
introducing a vibratory motion to the magnetic fluid containing this magnetic and abrasive 
particles. This action causes polishing of the cylindrical roller surface. In this technique, the 
material removal rate increases with the field strength, rotational speed of the shaft and 
mesh number of the abrasive. But the surface finish decreases with the increase of material 
removal rate. 
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Electropolishing 
Electropolishing is the reverse of electroplating. Here, the workpiece acts as anode and the 
material is removed from the workpiece by electrochemical dissolution. The process is 
particularly suitable for polishing irregular surface since there is no mechanical contact 
between workpiece and polishing medium. The electrolyte electrochemically etches 
projections on the workpiece surface at a faster rate than the rest, thus producing a smooth 
surface. This process is also suitable for deburring operation. 

Abrasive Jet Machining 

In Abrasive Jet Machining (AJM), abrasive particles are made to impinge on the work material at 
a high velocity. The jet of abrasive particles is carried by carrier gas or air. The high velocity 
stream of abrasive is generated by converting the pressure energy of the carrier gas or air to its 
kinetic energy and hence high velocity jet. The nozzle directs the abrasive jet in a controlled 
manner onto the work material, so that the distance between the nozzle and the work piece and 
the impingement angle can be set desirably. The high velocity abrasive particles remove the 
material by micro-cutting action as well as brittle fracture of the work material. Fig. 9.1.3 
schematically shows the material removal process. 
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AJM is different from standard shot or sand blasting, as in AJM, finer abrasive grits are used 
and the parameters can be controlled more effectively providing better control over product 
quality. 
In AJM, generally, the abrasive particles of around 50 μm grit size would impinge on the work 
material at velocity of 200 m/s from a nozzle of I.D. of 0.5 mm with a stand off distance of 
around 2 mm. The kinetic energy of the abrasive particles would be sufficient to provide material 
removal due to brittle fracture of the work piece or even micro cutting by the abrasives. 

Equipment 

In AJM, air is compressed in an air compressor and compressed air at a pressure of around 5 
bar is used as the carrier gas as shown in Fig. 9.1.4. Fig. 9.1.4 also shows the other major parts 
of the AJM system. Gases like CO2, N2 can also be used as carrier gas which may directly be 

issued from a gas cylinder. Generally oxygen is not used as a carrier gas. The carrier gas is 
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first passed through a pressure regulator to obtain the desired working pressure. The gas is 
then passed through an air dryer to remove any residual water vapour. To remove any oil 
vapour or particulate contaminant the same is passed through a series of filters. Then the 
carrier gas enters a closed chamber known as the mixing chamber. The abrasive particles enter 
the chamber from a hopper through a metallic sieve. The sieve is constantly vibrated by an 
electromagnetic shaker. The mass flow rate of abrasive (15 gm/min) entering the chamber 
depends on the amplitude of vibration of the sieve and its frequency. The abrasive particles are 
then carried by the carrier gas to the machining chamber via an electro-magnetic on-off valve. 
The machining enclosure is essential to contain the abrasive and machined particles in a safe 
and eco-friendly manner. The machining is carried out as high velocity (200 m/s) abrasive 
particles are issued from the nozzle onto a work piece traversing under the jet. 

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: 

1. rotation speed 
2. oscillation speed 
3. length and position of the stroke 
4. 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. 
Superabrasive honing stick with monolayer configuration (Fig. 30.11), where a layer of cBN 
grits are attached to stick by a galvanically deposited metal layer, is typically found in single 
stroke honing application. 
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PART A 

1. What do you mean by loading of grinding wheels? 

2. State the abrasives used in the manufacture of grinding wheels. 

3. What are the uses of lapping process? 

4. What is meant by dressing and truing of grinding wheels? 

5. List any four common abrasives used in a grinding wheel. 

6. What are the types of surfaces that could be produced using plain cylindrical grinders? 

7. What are the advantages of honing process? 

8. Explain buffing process. 

9. Name any two gear finishing methods. 

10. What is meant by differential indexing? 

11. What is the significance of grit in a grinding wheel? 

12. What is glazing? How will you rectify this? 

13. Compare and contrast the gear generation process with gear forming process. 

14. A grinding wheel is specified as A 24 K 7 V. What does each letter indicates? 

15. What is the difference between spur gear and helical gear? 

16. What do you mean by balancing of grinding wheels? 

16 Marks Questions (Part B Questions) 

17. (i) Discuss the standard method of specifying a grinding wheel by taking an example. (8) 

(ii) How do you classify cylindrical grinders? What is the difference between ‘plain and 
universal’ cylindrical grinder? (8) 

18. (i) Compare gear hobbing with gear shaping. (8) 

(ii) Explain the bevel gear generation process. (8) 

19. (i) Explain self-sharpening characteristics of grinding wheel. (5) 
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(ii) Describe the use of cutting fluids in grinding. (5) 

(iii) Explain wheel truing and dressing. (6) 

20. (i) Discuss the various bonding materials used for making grinding wheels. (8) 

. (ii) Sketch and explain the three methods of external cylindrical centreless grinding. (8) 

21. (i) Explain how a spur gear is machined in a gear shaping machine. (8) 

(ii) Explain the process of gear hobbing process. (8) 

22. (i) With neat sketches, explain the various types of centreless grinding process. (12) 

(ii) Explain abrasive grinding process. (4) 

23. (i) Explain the barrel finishing process with neat diagram. (8) 

(ii) Explain the abrasive jet grinding with neat sketch. (8) 

24. Write short notes on surface finishing processes. (16) 

25. With a neat sketch, describe any two gear cutting methods. (16) 

26. (i) What are the different methods of production of gears by machining operations? (6) 

(ii) Explain the working mechanism of a universal dividing head. (10) 

27. Explain with neat sketches the working principle of bevel gear generator. (16) 

28. (i) Explain the working principle of centreless grinding machine. (8) 

(ii) Explain the generation of straight bevel gears with neat sketch. (8) 
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          UNIT V 

CNC MACHINE TOOLS AND PART 

      PROGRAMMING 

Numerical control (NC) machine tools – CNC – Types – constructional details, 
special features –Design considerations of CNC machines for improving 
machining accuracy – Structural members –Slide ways – Linear bearings – Ball 
screws – Spindle drives and feed drives – Part programming fundamentals – 
Manual programming – Computer assisted part programming – Turing and 
machining centre. 

Computer Numerical Control: 

Numerical Control Automatically controlling a machine tool based on a set of pre- 
programmed machining and movement instructions is known as numerical control, or 
NC. In a typical NC system the motion and machining instructions and the related 
numerical data, together called a part program, used to be written on a punched tape. 
The part program is arranged in the form of blocks of information, each related to a 
particular operation in a sequence of operations needed for producing a mechanical 
component. The punched tape used to be read one block at a time. Each block 
contained, in a particular syntax, information needed for processing a particular 
machining instruction such as, the segment length, its cutting speed, feed, etc. These 
pieces of information were related to the final dimensions of the workpiece (length, 
width, and radii of circles) and the contour forms (linear, circular, or other) as per the 
drawing. Based on these dimensions, motion commands were given separately for each 
axis of motion. Other instructions and related machining parameters, such as cutting 
speed, feed rate, as well as auxiliary functions related to coolant flow, spindle speed, 
part clamping, are also provided in part In CNC systems multiple microprocessors and 
programmable logic controllers work in parallel for simultaneous servo position and 
velocity control of several axes of a machine for contour cutting as well as monitoring of 
the cutting process and the machine tool. Over a period of time, several additional 
features were introduced, leading to increased machine utilisation and reduced operator 
intervention. Some of these are: 
(a) Tool/work monitoring: For enhanced quality, avoidance of breakdowns. 
(b) Automated tool magazine and palette management: For increased versatility and 
reduced operator intervention over long hours of operation 
(c) Direct numerical control (DNC): Uses a computer interface to upload and download 
part programs in to the machine automatically. 
  Advantages of a CNC Machine : 
CNC machines offer the following advantages in manufacturing. 

• Higher flexibility: This is essentially because of programmability, programmed 
   control and facilities for multiple operations in one machining centre, 
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• Increased productivity: Due to low cycle time achieved through higher material 
  removal rates and low set up times achieved by faster tool positioning, changing, 
  automated material handling etc. 

• Improved quality: Due to accurate part dimensions and excellent surface finish that 
  can be achieved due to precision motion control and improved thermal control by 
 automatic control of coolant flow. 

• Reduced scrap rate: Use of Part programs that are developed using optimization 
  procedures 

• Reliable and Safe operation: Advanced engineering practices for design and 
  manufacturing, automated monitoring, improved maintenance and low human 
  interaction 

• Smaller footprint: Due to the fact that several machines are fused into one. 

Disadvantages of NC systems are: 

• Relatively higher cost compared to manual versions 

• More complicated maintenance due to the complex nature of the technologies 

• Need for skilled part programmers. 

Classification of NC Systems: 
CNC machine tool systems can be classified in various ways such as: 

1. Point-to-point or contouring : depending on whether the machine cuts metal while 
   the work piece moves relative to the tool 

2. Incremental or absolute : depending on the type of coordinate system adopted to 
   parameterize the motion commands 

3. Open-loop or closed-loop: depending on the control system adopted for axis 
   motion control 

Point-to-point systems: 
Point-to-point (PTP) systems are the ones where, either the work piece or the cutting 
tool is moved with respect to the other as stationary until it arrives at the desired 
position and then the cutting tool performs the required task with the motion axes 
stationary. Such systems are used, typically, to perform hole operations such as drilling, 
boring, reaming, tapping and punching. In a PTP system, the path of the cutting tool and 
its feed rate while traveling from one point to the next are not significant, since, the tool 
is not cutting while there is motion. Therefore, such systems require only control of only 
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the final position of the tool. The path from the starting point to the final position need 
not be controlled. 

Contouring systems: 
In contouring systems, the tool is cutting while the axes of motion are moving, such as 
in a milling machine. All axes of motion might move simultaneously, each at a different 
velocity. When a nonlinear path is required, the axial velocity changes, even within the 
segment. For example, cutting a circular contour requires sinusoidal rates of change in 
both axes. The motion controller is therefore required to synchronize the axes of motion 
to generate a predetermined path, generally a line or a circular arc. A contouring system 
needs capability of controlling its drive motors independently at various speeds as the 
tool moves towards the specified position. This involves simultaneous motion control of 
two or more axes, which requires separate position and velocity loops. It also requires 
an interpolator program that generates the position and velocity setpoints for the two 
drive axes, continuously along the contour. 
In modern machines there is capability for programming machine axes, either as point- 
to-point or as continuous (that is contouring) 

Coordinate Systems: 
The coordinate system is defined by the definition of the translational and rotational 
motion coordinates. Each translational axis of motion defines a direction in which the 
cutting tool moves relative to the work piece. The main three axes of motion are referred 
to as the X, Y. and Z axes. The Z axis is perpendicular to both X and Y in order to 
create a right-hand coordinate system, such as shown in Fig. 23.5. A positive motion in 
the Z direction moves the cutting tool away from the work piece. The location of the 
origin is generally adjustable. Figure shows the coordinate system for turning as in a 
lathe while Fig. 23.5 shows the system for drilling and milling. 
For a lathe, the in feed/radial axis is the x-axis, the carriage/length axis is the z-axis. 
There is no need for a y-axis because the tool moves in a plane through the rotational 
center of the work. Coordinates on the work piece shown below are relative to the work. 
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Mounting of job and tool in CNC machine tools : 
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Contour Generation by Interpolation: 
In contouring systems the machining path is usually constructed from a combination of 
linear and circular segments. It is only necessary to specify the coordinates of the initial 
and final points of each segment, and the feed rate. The operation of producing the 
required shape based on this information is termed interpolation and the corresponding 
unit is the “interpolator”. The interpolator coordinates the motion along the machine 
axes, which are separately driven, by providing reference positions instant by instant for 
the position-and velocity-control loops, to generate the required machining path. Typical 
interpolators are capable of generating linear and circular paths. 
Basically there are two types of CNCs, the reference-pulse and the reference words 
systems. These two CNC types require distinct interpolation routines in the control 
program to generate their corresponding reference signals (pulses or binary words). 
         In the reference-pulse system, the computer produces a sequence of reference 
pulses for each axis of motion, each pulse generating a motion of one BLU. The 
accumulated number of pulses represents position, and the pulse frequency is 
proportional to the axis velocity. These pulses can either actuate a stepping motor in an 
open loop system, or be fed as a reference to a closed-loop system. With the sampled- 
data technique the control loop of each axis is closed through the computer itself, which 
generates reference binary words. 
        Reference-pulse interpolators are simpler to program, but there is a restriction on 
the maximum axis velocity imposed by the interpolation execution time. Reference- 
pulse interpolators execute cyclically with a clock. The maximum axis velocity is 
proportional to the maximum attainable clock frequency, which, in turn, depends on the 
execution time of the interpolator algorithm. Consequently, reference-pulse interpolators 
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are often written in assembly language to improve the computing speed so as to attain 
higher maximum attainable axis velocity. 

Part Programming: 
As mention earlier, a part program is a set of instructions often referred to as blocks, 
each of which refers to a segment of the machining operation performed by the machine 
tool. Each block may contain several code words in sequence. These provide: 

1. Coordinate values (X, Y, Z, etc.) to specify the desired motion of a tool relative to 
   a work piece. The coordinate values are specified within motion codeword and 
   related interpolation parameters to indicate the type of motion required (e.g. 
   point-to-point, or continuous straight or continuous circular) between the start and 
   end coordinates. The CNC system computes the instantaneous motion 
   command signals from these code words and applies them to drive units of the 
   machine. 

2. Machining parameters such as, feed rate, spindle speed, tool number, tool offset 
   compensation parameters etc. 

3. Codes for initiating machine tool functions like starting and stopping of the 
   spindle, on/off control of coolant flow and optional stop. In addition to these 
   coded functions, spindle speeds, feeds and the required tool numbers to perform 
   machining in a desired sequence are also given. 

4. Program execution control codes, such as block skip or end of block codes, block 
   number etc. 

5. Statements for configuring the subsystems on the machine tool such as 
   programming the axes, configuring the data acquisition system etc. 

A typical block of a Part program is shown below in Fig. 23.7. Note that the block 
contains a variety of code words such G codes, M codes etc. Each of these code words 
configure a particular aspect of the machine, to be used during the machining of the 
particular segment that the block programmes. 
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Interpolation 
Interpolation consists in the calculation of the coordinated movement of several axes 
using the programmed parameters, in order to obtain a resulting trajectory, which can 
be of various types, such as: 
- Straight line 
- Circular 
- Helicoidal 
The interpolation module computes instant by instant position commands for the servo 
module, which in turn, drives the motors. There are two types of interpolators, namely: 
- Process interpolator (for continuous axes) 
- Point-to-point interpolator (for point-to-point axes) 
Servo Control 
Servo control consists of all the activities which allow several axes to effectively 
maintain the trajectory calculated by the interpolator. Continuous axes are continuously 
controlled by the system both for “speed” and for “position” so as to guarantee that the 
calculated trajectory is maintained. In contrast, for point-to-point axes there is no 
guarantee that the trajectory will be maintained. The only guarantee is that the final 
point will be reached. 
Types of servo control for motion axes : 
The axes controlled by the axis manager may be divided into various types according to 
the specific function they perform on the machine tool. Some of these types are 
described below. 
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Coordinated Axis 
This is a working axis, which may be interpolated along with other axes of the same 
type. This is necessary for generating specific 2D or 3D contours. The movement of one 
of the axes can be taken as the master and the other axes slaved to it. The mechanical 
and electrical features of the slave axis must be identical to those of the master. A 
coordinated axis can also be rotary and programmed in degrees. Note that for rotary 
axes, it may or may not be needed to map angular displacements to a (0-2π) interval. 

Point-to-point Axis 

This axis is not required to be interpolated with others, since it is used for only for 
positioning from one point to another. Such an axis may be viewed as an independent 
mechanical component fitted with a positioning transducer. 

Spindle Axis 

There are two types of spindle axes. For some, only the speed of the axis need to be 
controlled and not the position by the spindle servo control system. Such an axis 
essentially realizes a “motorized” tool. For the second type, the speed of this spindle 
axis, as well as its angular position can be controlled. This has application in controlling 
threading processes. It is also possible to drive the spindle in coordinated motion, 
interpolated with the other axes. This uses the spindle transducer value as the set point 
for the other axes. A typical example is the C axis in lathes. One can command a 
controlled acceleration ramp for the spindle rotation command. However, for improved 
angular positioning, this must be eliminated. It is also possible to have spindle drives 
without servo control, generally for spindles driven with ac motors. The only control 
needed in such a case is for reversal of spindle rotation. 
For control of tool and work piece motion in the various ways described above, one of 
two kinds of control systems is employed. 

Open Loop Systems 

The term open-loop means that there is no feedback, and in open loop systems the 
motion controller produces outputs depending only on its set points, without feedback 
information about the effect that the output produces on the motion axes. We have 
already seen that the effects of controller outputs on the plant may not be the same 
always, since it depends on factors such as loads, parameter variations in the plant etc. 
In open loop systems, the set points are computed from the instructions in the Part 
program and fed to the controller, which may reside in a different microprocessor, 
through an interface. These motion commands may be in the form of electrical pulses 
(typical for step motor drives) or analog or digital signals, and converted to speed or 
current set points by the controller. These set points, in turn, are sent to the power 
electronic drive system that applies the necessary voltage/current to the motors. The 
primary drawback of open-loop system is that there is no feedback system to check 
whether the commanded position and velocity has been achieved. If the system 
performance is affected by load, temperature or friction then the actual output could 
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deviate from the desired output. For these reasons, the open-loop system is generally 
used in point-to-point systems where the accuracy requirements are not critical. 
Contouring systems do not use open-loop control. 

Closed Loop systems 

Closed-loop control, as described in the module on controllers, continuously senses the 
actual position and velocity of the axis, using digital sensors such as encoders or analog 
sensors such resolvers and tachogenerators and compares them with the set points. 
The difference between the actual value of the variable and its set point is the error. The 
control law takes the error as the input and drives the actuator, in this case the servo 
motor and its drive system, to achieve motion variables that are close to the set points. 
As we know, closed loop systems can achieve much closer tracking of set points even 
with disturbances and parameter variations in the system with, say, with temperature. 
Closed-looped systems, on the other hand, require more complex control as well as 
feedback devices and circuitry in order for them to implement both position and velocity 
control. Most modern closed-loop CNC systems are able to provide very close 
resolution of 0.0001 of an inch. 

Servo Control: 

Servo control consists of all the activities, which allow several axes to effectively 
maintain the trajectory calculated by the interpolator. In CNC systems the position and 
velocity of the machine tool axes must be controlled closely and in a coordinated 
manner. Each axis is separately driven and follows the command signal produced by 
the interpolator. The control system can be either open-loop (as in PTP systems) or 
closed-loop (as in contouring systems). 

Control of PTP Systems: 

In PTP systems only the final position of the table is controlled and the trajectory of 
motion in between the final and initial points are of no concern, since the tool is not 
cutting metal during motion. Open-loop controls using stepping motors as the drive 
devices of the machine table can be utilized in on small-sized point-to-point systems in 
which the load torque is small and constant.. Therefore, the velocity must be gradually 
reduced towards the end, to avoid overshooting the final position, due to the limited 
braking torque compared to the momentum of the drive system and the table at high 
speed. As already explained, PTP systems can use incremental or absolute 
programming. In incremental point-to-point systems a counter is loaded with the 
incremental coordinate of the destination by the interpolator. In closed loop systems it is 
decremented by pulses from the encoder, which indicate actual axis motion. In open 
loop control it is decremented at a suitable rate, by a pulse generator, as the step motor 
has turns by one step angle for each pulse. The motor is decelerated based on the 
content of the counter, which represents the distance to the destination point. A block 
diagram of an open-loop point-to-point control system for incremental programming for 
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a single axis is shown in Fig. 24.7. When the motor axis reaches the destination point, 
counter content is zero 

         In open loop control, it is implicitly assumed that the shaft rotates by 1 BLU for 
every command pulse applied to the drive. Thus the pulse generator frequency cannot 
be increased beyond a certain level, which depends on the load, since then the stepper 
motor would not be able to turn under the load with each pulse. To obviate this difficulty, 
feedback is used. The incremental change in the shaft position is taken from an 
incremental position sensor, such as an encoder, on the leadscrew, as shown in Fig. 
24.8. produced by the pulse generator in the open-loop control. 
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The decelerator circuit slows down the motor before the target point in order to avoid 
overshoot. Note that, even in a closed loop system, to avoid errors due to backlash in 
gears, an overshoot is to be avoided. When the table is at a close distance of the target 
point, the table “creeps” toward the final point at very low velocity, before it stops. In 
absolute positioning systems utilizing an incremental feedback device, two alternative 
sequences of pulses from the incremental encoder, one for each direction of motion, 
feed the up and down inputs of a position counter. Thus, its contents are incremented 
for a rightward movement of the corresponding axis and are decremented for a leftward 
motion. The position counter value, therefore, indicate the actual absolute position of 
the axis. A command register is loaded with the required absolute destination position of 
the axis, by the interpolator. The subtractor unit indicates the instantaneous actual 
difference between the required and actual position, which is the distance to the target 
point. The subtractor output is the position error of the loop. Till the subtractor output is 
zero, pulses are fed through a deceleration circuit to the motor. 

Control of Contouring Systems: 

In contouring systems the tool is cutting while the machine axes are moving. The 
contour of the part is determined by the ratio between the velocities, along the two axes. 
The control in contouring systems operates in closed loop. Therefore, a contouring 
system uses a cascade control structure involving an inner velocity loop and an outer 
position loop for each feed axis improved dynamic response. In such systems the 
interpolator generate reference signals (in form of a sequence pulses or position words) 
for each axis of motion, in a coordinated manner so that a desired contour is generated. 

Typical cascade control structure of contouring systems is shown in Fig. 24.9. It uses an 
inner velocity feedback loops incorporating a tachometer usually mounted directly on 
the motor shaft and an outer position feedback loop which is capable of measuring 
incremental (such as from an incremental encoder) or absolute angular position of the 
leadscrew shaft (such as a resolver or inductosyn). 

In encoder-based systems each pulse indicates a motion of 1 BLU of axis travel. 
Therefore, the number of pulses over a period represents incremental change in 
position over the period and the encoder pulse frequency is proportional to the axis 
velocity. In such a system, fed from a reference pulse interpolator the comparison is 
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done by an up-down counter which is fed by two sequences of pulses: reference pulses 
from the interpolator and feedback pulses generated by the encoder. The counter 
produces a number representing the instantaneous position error in pulse units. This 
number can be converted by the DAC and fed to an analog position control system. 

Axis and Spindle Drives: 

The primary function of the drive is to cause motion of the controlled machine tool 
member (spindle, slide, etc.) to conform as closely as possible to the motion commands 
issued by the CNC system. In order to maintain a constant material removal rate, the 
spindle and the tool movements have to be coordinated such that the spindle has a 
constant power and the slide has a constant torque over varying speed. In order to 
ensure a high degree of consistency in production, variable speed drives are necessary. 
With the developments in power electronics and microprocessor systems, variable drive 
systems have been developed. These are smaller in size, very efficient, highly reliable 
and meet all the stringent demands of the modern automatic machine tools. A 
discussion of variable speed drives for AC and DC motors can be found in Lessons 33- 
35. For CNC, typically AC/DC Servo and Stepper motor drives are used. For spindle 
drive adjustable speed DC or Induction motor drives are used. 

Spindle Drives: 

The requirements of a spindle drive are mainly to control the set speed accurately within 
a wide constant power band, in the face of torque disturbances occurring with variations 
in material hardness. Large speed ranges up to 10-20,000 rpm and 1:1000 rangeability 
is often needed. The dc spindle drives are commonly used in machine tools. However, 
with the advent of microprocessor-based ac frequency inverter, of late, the ac drives are 
being preferred to dc drives as they offer many advantages. One of the main 
advantages with the microprocessor-based frequency inverter is the possibility of using 
the spindle motor for C-axis applications for speed control in the range of 1:10,00,000 
with positioning. High overload capacity is also needed for unintended overloads on the 
spindle, say, due to an inappropriate feed. 

Feed Drives: 

A feed drive consists of a feed servomotor and an electronic controller. Unlike a spindle 
motor, the feed motor needs to operate with constant torque characteristics. The drive 
speed should be extremely variable with a speed range of at least 1: 20,000, which 
means that both at a maximum speed, say of 2-3000 rpm, and at a minimum speed of 
0.1 rpm, the feed motor must run smoothly. Positioning resolution corresponding to 
angular rotations of angular minutes is needed with quick response four-quadrant 
operation that needs a high torque-inertia ratio. Also, in contouring operations, where a 
prescribed path has to be followed continuously, several feed drives have to work 
simultaneously. This requires a fast response and matched dynamic characteristics high 
bandwidth for different axes. 
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Variable speed dc feed drives are very common in machine tools because of their 
simple control techniques. However, with the advent of the latest power electronic 
devices and control techniques ac feed drives are becoming popular due to certain 
advantages. 
According to the orientation of the spindle(s). 

       • Plain horizontal knee type (Fig. 4.3.6) 
This non-automatic general purpose milling machine of small to medium size possesses 
a single horizontal axis milling arbour; the work-table can be linearly fed along three 
axes (X,Y, Z) only; these milling machines are most widely used for piece or batch 
production of jobs of relatively simpler configuration and geometry 
Horizontal axis (spindle) and swivelling bed type These are very similar to the plain 
horizontal arbour knee type machines but possess one additional swivelling motion of 
the work-table 
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        • Vertical spindle type 
In this machine, typically shown in Fig. 4.3.7, the only spindle is vertical and works using 
end mill type and face milling cutters; the table may or may not have swivelling features 

        • Universal head milling machine 
These versatile milling machines, typically shown in Fig. 4.3.8, not only possess both 
horizontal milling arbour and the vertical axis spindle, the latter spindle can be further 
tilted about one (X) or both the horizontal axes (X and Y) enabling machining jobs of 
complex shape. 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



Applications of NC/CNC machine tools 

CNC was initially applied to metal working machinery: Mills, Drills, boring machines, 
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punch presses etc and now expanded to robotics, grinders, welding machinery, EDM's, 
flame cutters and also for inspection equipment etc. The machines controlled by CNC 
can be classified into the following categories: CNC mills and machining centres. 

CNC lathes and turning centers 
CNC EDM 
CNC grinding machines 
CNC cutting machines (laser, plasma, electron, or flame) 
CNC fabrication machines (sheet metal punch press, bending machine, or press 
brake) 
CNC welding machines 

CNC coordinate measuring machines: 

              A coordinate measuring machine is a dimensional measuring device, 
designed to move the measuring probe to determine the coordinates along the surface 
of the work piece. Apart from dimensional measurement, these machines are also used 
for profile measurement, angularity. 
              A CMM consists of four main components: the machine, measuring probe, 
control system and the measuring software. The control system in a CMM performs the 
function of a live interaction between various machine drives, displacement transducers, 
probing systems and the peripheral devices. Control systems can be classified 
according to the following groups of CMM 

Programming fundamentals 

Machining involves an important aspect of relative movement between cutting tool and 
workpiece. In machine tools this is accomplished by either moving the tool with respect 
to workpiece or vice versa. In order to define relative motion of two objects, reference 
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directions are required to be defined. These reference directions depend on type of 
machine tool and are defined by considering an imaginary coordinate system on the 
machine tool. A program defining motion of tool / workpiece in this coordinate system is 
known as a part program. Lathe and Milling machines are taken for case study but other 
machine tools like CNC grinding, CNC Hobbing, CNC filament winding machine, etc. 
can also be dealt with in the same manner. 

Reference Points 

Part programming requires establishment of some reference points. Three reference 
points are either set by manufacturer or user. 

a) Machine Origin 
The machine origin is a fixed point set by the machine tool builder. Usually it cannot be 
changed. Any tool movement is measured from this point. The controller always 
remembers tool distance from the machine origin. 

b) Program Origin 
It is also called home position of the tool. Program origin is point from where the tool 
starts for its motion while executing a program and returns back at the end of the cycle. 
This can be any point within the workspace of the tool which is sufficiently away from 
the part. In case of CNC lathe it is a point where tool change is carried out. 

c) Part Origin 
The part origin can be set at any point inside the machine's electronic grid system. 
Establishing the part origin is also known as zero shift, work shift, floating zero or 
datum. Usually part origin needs to be defined for each new setup. Zero shifting allows 
the relocation of the part. Sometimes the part accuracy is affected by the location of the 
part origin. Figure 29.1 and 29.2 shows the reference points on a lathe and milling 
machine. 
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Axis Designation 

An object in space can have six degrees of freedom with respect to an imaginary 
Cartesian coordinate system. Three of them are liner movements and other three are 
rotary. Machining of simple part does not require all degrees of freedom. With the 
increase in degrees of freedom, complexity of hardware and programming increases. 
Number of degree of freedom defines axis of machine. Axes interpolation means 
simultaneous movement of two or more different axes to generate required contour. 
For typical lathe machine degree of freedom is 2 and so it called 2 axis machines. For 
typical milling machine degree of freedom is, which means that two axes can be 
interpolated at a time and third remains independent. Typical direction for the lathe and 
milling machine is as shown in figure 12 and figure 13) Setting up of Origin 
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In case of CNC machine tool rotation of the reference axis is not possible. Origin can 
set by selecting three reference planes X, Y and Z. Planes can be set by touching tool 
on the surfaces of the workpiece and setting that surfaces as X=x, Y=y and Z=z. 

(1.4 ) Coding Systems 

The programmer and the operator must use a coding system to represent information, 
which the controller can interpret and execute. A frequently used coding system is the 
Binary-Coded Decimal or BCD system. This system is also known as the EIA Code set 
because it was developed by Electronics Industries Association. The newer coding 
system is ASCII and it has become the ISO code set because of its wide acceptance. 
CNC Code Syntax 

The CNC machine uses a set of rules to enter, edit, receive and output data. These 
rules are known as CNC Syntax, Programming format, or tape format. The format 
specifies the order and arrangement of information entered. This is an area where 
controls differ widely. There are rules for the maximum and minimum numerical values 
and word lengths and can be entered, and the arrangement of the characters and word 
is important. The most common CNC format is the word address format and the other 
two formats are fixed sequential block address format and tab sequential format, which 
are obsolete. The instruction block consists of one or more words. A word consists of an 
address followed by numerals. For the address, one of the letters from A to Z is used. 
The address defines the meaning of the number that follows. In other words, the 
address determines what the number stands for. For example it may be an instruction to 
move the tool along the X axis, or to select a particular tool. 

Most controllers allow suppressing the leading zeros when entering data. This is known 
as leading zero suppression. When this method is used, the machine control reads the 
numbers from right to left, allowing the zeros to the left of the significant digit to be 
omitted. Some controls allow entering data without using the trailing zeros. 
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Consequently it is called trailing zero suppression. The machine control reads from left 
to right, and zeros to the right of the significant digit may be omitted. 
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Types of CNC codes 

(3.1) Preparatory codes 

The term "preparatory" in NC means that it "prepares" the control system to be ready for implementing the 
information that follows in the next block of instructions. A preparatory function is designated in a program 
by the word address G followed by two digits. Preparatory functions are also called G-codes and they specify 
the control mode of the operation. 

(3.2) Miscellaneous codes 

Miscellaneous functions use the address letter M followed by two digits. They perform a group of instructions 
such as coolant on/off, spindle on/off, tool change, program stop, or program end. They are often referred to 
as machine functions or M-functions. Some of the M codes are given below. 

M00 Unconditional stop 
M02 End of program 
M03 Spindle clockwise 
M04 Spindle counterclockwise 
M05 Spindle stop 
M06 Tool change (see Note below) 
M30 End of program 

In principle, all codes are either modal or non-modal. Modal code stays in effect until cancelled by 
another code in the same group. The control remembers modal codes. This gives the programmer an 
opportunity to save programming time. Non-modal code stays in effect only for the block in which it is 
programmed. Afterwards, its function is turned off automatically. For instance G04 is a non-modal code to 
program a dwell. After one second, which is say, the programmed dwell time in one particular case, this 
function is cancelled. To perform dwell in the next blocks, this code has to be reprogrammed. The control 
does not memorize the non-modal code, so it is called as one shot codes. One-shot commands are non- 
modal. Commands known as "canned cycles" (a controller's internal set of preprogrammed subroutines 
for generating commonly machined features such as internal pockets and drilled holes) are non-modal 
and only function during the call. 
On some older controllers, cutter positioning (axis) commands (e.g., G00, G01, G02, G03, & G04) are 
non-modal requiring a new positioning command to be entered each time the cutter (or axis) is moved to 
another location. 
Module F (1) : CNC Part Programming I 
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 G- 
code 

Function and Command 
       Statement Illustration 

G00 
Rapid traverse 
G00 Xx Yy Zz 

G01 
Linear interpolation 
 G01 Xx Yy Zz Ff 

Tool motion 

G02 

Circular Interpolation in clock- 
wise direction 

G02 Xx Yy Ii Jj 
G02 Xx Zz Ii Kk 
G02 Yy Zz Jj Kk 

Circular interpolation in counter- 
clockwise direction 

G03 Xx Yy Ii Jj 
G03 Xx Zz Ii Kk 
G03 Yy Zz Jj Kk G03 
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Prof.Madhusudan Rao 

<NEXT 
PREV> 
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Module F (1) : CNC Part Programming I 

Command group G-code Function and Command Statement Illustration 

G17 
XY - Plane selection 

Plane Selection G18 ZX - Plane selection 

G19 YZ - plane selection 

<NEXT 
PREV> 

Prof.Madhusudan Rao 

Module F (1) : CNC Part Programming I 
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Command group G-code Function and Command Statement Illustration 

G20 or 
 G70 

Unit Selection 

G21 or 
 G71 

Inch unit selection 

Metric unit selection 

<NEXT 
PREV> 

Prof.Madhusudan Rao 

G –codes: 
G00 - Rapid move (not cutting) 
G01 - Linear move 
G02 - Clockwise circular motion 
G03 - Counterclockwise circular motion 
G04 - Dwell 
G05 - Pause (for operator intervention) 
G08 - Acceleration 
G09 - Deceleration 
G17 - x-y plane for circular interpolation 
G18 - z-x plane for circular interpolation 
G19 - y-z plane for circular interpolation 
G20 - turning cycle or inch data specification 
G21 - thread cutting cycle or metric data specification 
G24 - face turning cycle 
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G25 - wait for input to go low 
G26 - wait for input to go high 
G28 - return to reference point 
G29 - return from reference point 
G31 - Stop on input 
G33-35 - thread cutting functions 
G35 - wait for input to go low 
G36 - wait for input to go high 
G40 - cutter compensation cancel 
G41 - cutter compensation to the left 
G42 - cutter compensation to the right 
G43 - tool length compensation, positive 
G44 - tool length compensation, negative 
G50 - Preset position 
G70 - set inch based units or finishing cycle 
G71 - set metric units or stock removal 
G72 - indicate finishing cycle 
G72 - 3D circular interpolation clockwise 
G73 - turning cycle contour 
G73 - 3D circular interpolation counter clockwise 
G74 - facing cycle contour 
G74.1 - disable 360 deg arcs 
G75 - pattern repeating 
G75.1 - enable 360 degree arcs 
G76 - deep hole drilling, cut cycle in z-axis 
G77 - cut-in cycle in x-axis 

www.rejinpaul.comwww.rejinpaul.com

Download Useful Materials from Rejinpaul.com



G 78 - multiple threading cycle 
G80 - fixed cycle cancel 
G81-89 - fixed cycles specified by machine tool manufacturers 
G81 - drilling cycle 
G82 - straight drilling cycle with dwell 
G83 - drilling cycle 
G83 - peck drilling cycle 
G84 - taping cycle 
G85 - reaming cycle 
G85 - boring cycle 
G86 - boring with spindle off and dwell cycle 
G89 - boring cycle with dwell 
G90 - absolute dimension program 
G91 - incremental dimensions 
G92 - Spindle speed limit 
G93 - Coordinate system setting 
G94 - Feed rate in ipm 
G95 - Feed rate in ipr 
G96 - Surface cutting speed 
G97 - Rotational speed rpm 
G98 - withdraw the tool to the starting point or feed per minute 
G99 - withdraw the tool to a safe plane or feed per revolution 
G101 - Spline interpolation 

M-Codes control machine functions. 
M00 - program stop 
M01 - optional stop using stop button 
M02 - end of program 
M03 - spindle on CW 
M04 - spindle on CCW 
M05 - spindle off 
M06 - tool change 
M07 - flood with coolant 
M08 - mist with coolant 
M08 - turn on accessory (e.g. AC power outlet) 
M09 - coolant off 
M09 - turn off accessory 
M10 - turn on accessory 
M11 - turn off accessory or tool change 
M17 - subroutine end 
M20 - tailstock back 
M20 - Chain to next program 
M21 - tailstock forward 
M22 - Write current position to data file 
M25 - open chuck 
M25 - set output #1 off 
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PART A 

1. List the commonly used coordinate systems of CNC machine tools. 

2. What is the difference between absolute and incremental system? 
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3. What is the role of computer for CNC machine tool? 

4. Compare closed loop and open loop NC system. 

5. What is a preparatory function? How is it important in CNC programming? 

6. Differentiate NC and CNC machine tool. 

7. Differentiate NC and conventional machine tool. 

8. What is point-to-point system? 

9. What are G-codes and M-codes? Give examples. 

10. Differentiate between fixed zero and floating zero in CNC terminology. 

11. Define a part program. 

12. List out the applications of CNC system. 

13. Define contouring motion. 

14. What are the types of CNC system? 

15. What are the functions of slide ways? 

16. What are the functions of ball screws? 

16 Marks Questions (Part B Questions) 

17. (i) Discuss the major elements of CNC machine tools. (8) 

(ii) Compare NC and CNC machines. (8) 

18. The fig. Shows the finished size of a round bar. The original diameter of the bar was 28 mm. 
Make a part program for facing, parting and reduction of diameter. Take feed =200 m/min, 
spindle speed =640 rpm and depth of cut =2 mm per cut. (16) 

19. (i) Discuss the advantages of CNC system. (8) 

(ii) What is the difference between positioning machines and contouring machines? (8) 

20. (i) Describe in brief the basic components of a tape-operated NC machine tool. (8) 

(ii) State a few typical applications where the use of NC system would be justified. (8) 
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21. (i) Explain the basic components of an NC system. (8) 

. (ii) List down the various features of CNC machines. (8) 

22. (i) Explain point-to-point and contour path programming with simple example program 
statements. (8) 

(ii) Compare manual and computer assisted part programming. (8) 

23. With a neat sketch, write a critical note on the constructional features and working of a CNC 
machine. List their special features over conventional machines. (16) 

24. Explain the following with neat sketch and with suitable examples. 

(i) Closed loop system (ii) Open loop system (iii) Straight line system and (iv) Continuous 
system. (16) 

25. (ii) Describe with neat sketch various steps in computer assisted part programming. (8) 

(ii) Explain the spindle drives and feed drives in CNC system with neat sketch. (8) 

26. (i) With suitable sketch, describe the types of CNC machine tools. (12) 

(ii) Explain the special features available in a CNC machine. (4) 
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